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(54) Heart rate monitor

(57)  Aheartrate monitor is disclosed comprising two
main components: a user system in form of a wristwatch
type device including a plurality of sensors, and a second
device, such as a smart phone, that receives and proc-
esses the transmitted sensor signals. The user system
includes an optical blood concentration sensing system
(310) for detecting the heart rate, a motion sensor (320)
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to sense changes in the position of the user system with
respect to the skin in order to compensate for noise, and
an accelerometer (330) to provide information about the
motion of the user system with respect to the user’s heart.
A heart rate Kalmanfilter is configured to compute a heart
rate on the basis of signals obtained from the plurality of
Sensors.
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Description
BACKGROUND
Field

[0001] The present disclosure relates generally to
health monitoring systems and methods, and more par-
ticularly to monitoring heart rate under various conditions
of exercise.

Background

[0002] A pulse is the rate at which the heart beats,
measured in beats per minute (bpm). Basil pulse is the
pulse measured at rest. The pulse measured during
physical activity is generally higher than the basil pulse,
andtherise in pulse during physical exertion is a measure
of the efficiency of the heart in response to demand for
blood supply.

[0003] A person engaging in physical activity often
wishes to monitor the heart rate via pulse measurement
in order to monitor and/or regulate the degree of exertion,
depending on whether the exercise is intended for fitness
maintenance, weight maintenance/reduction, cardiovas-
cular training, or the like.

[0004] A standard method of measuring pulse manu-
ally is to apply gentle pressure to the skin where an artery
comes close to the surface, e.g., atthe wrist, neck, temple
area, groin, behind the knee, or top of the foot. However,
measuring pulse this way during exercise is usually not
feasible. Therefore, numerous devices provide pulse
measurement using any of a variety of sensors attached
to the body in some fashion. Monitors attached to the
wrist, chest, ankle and upper arm, are preferably placed
over a near-skin artery, are common. The method of
measurement may involve skin contact electrodes.
[0005] A wireless heart rate monitor conventionally
consists of a chest strap sensor-transmitter and a wrist-
watch-type receiver. The chest strap sensor has to be
worn around the chest during exercise. It has two elec-
trodes, which are in constant contact with the skin, to
detect electrical activities coming from the heart. Once
the chest strap sensor-transmitter has picked up the
heart signals, it transmits the information wirelessly and
continuously to the wristwatch. The number of heart
beats per minute is then calculated and the value dis-
played on the wristwatch.

[0006] The wireless heart rate monitor can be further
subdividedinto digital and analog, depending on the wire-
less technology the chest strap sensor-transmitter uses
to transmit information to the wristwatch. The wireless
heart rate monitor with analog chest strap sensor-trans-
mitter is a popular type of heart rate monitors. There is,
however, a possibility of signal interference (cross-talk)
if other analogue heart rate monitor users are exercising
nearby. If that happens, the wristwatch may not accu-
rately display the wearer’s heart rate.
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[0007] One type of analog chest strap sensor-trans-
mitter transmits coded analog wireless signals. Coded
analog transmission tend to reduce (but not eliminate
entirely) the degree of cross talk while simultaneously
preserving the ability to interface with remote heart rate
monitor equipment.

[0008] A digital chest strap sensor-transmitter elimi-
nates the problem of cross-talk when other heart rate
monitor users are close by. By its very nature, the digital
chest strap sensor transmitter is engineered to talk only
to its own receiver (e.g., wristwatch).

[0009] Strapless heart rate monitors are wristwatch-
type devices that may be preferred by users engaged in
physical training because of convenience and combined
time keeping features. In some cases the user is required
to press a conductive contact on the face of the device
to activate a pulse measurement sequence based on
electrical sensing at the finger tip. However, this may
require the user to interrupt physical activity, and does
not always provide an "in-process" measurement and,
therefore, may not be an accurate determination of heart
rate during continuous exertion.

[0010] There are 2 sub-types of strapless heart rate
monitors. The first type of monitor measures heart rate
by detecting electrical impulses. Some wristwatch-type
devices have electrodes on the device’s underside in di-
rect contact with the skin. These monitors are accurate
(often called ECG or EKG accurate) but may be more
costly. The second type of monitor measures heart rate
by using optical sensors to detect pulses going through
small blood vessels near the skin. These monitors based
on optical sensors are less accurate than ECG type mon-
itors but may be relatively less expensive.

[0011] Optical sensing, related to pulse oximetry, may
also be used. The arrangement of heart rate sensor and
display may be similar to that described above. The meth-
od of measurement is based on a backscattered intensity
of light that illuminates the skin’s surface and is sensitive
to the change of red blood cell density beneath the skin
during the pulse cycle. Motion of the sensor may intro-
duce noise that corrupts the signal.

[0012] Compensation and removal of noise due to mo-
tion of an optical pulse sensor relative to the skin during
exercise imposes an additional hardware and signal
processing burden on the pulse monitoring device. An
apparatus and method of signal processing that compen-
sates and removes noise corrupting the actual pulse, and
provides a user friendly apparatus (such as not requiring
a chest or ankle sensor, or placement over an artery)
would be beneficial and more convenient for physical
training.

SUMMARY

[0013] A heartrate monitor is disclosed comprising two
main components. A first wristwatch type device meas-
ures three categories of sensor signal, digitizes the sig-
nals, correlates them to a generated clock signal, en-
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codes them for transmission, and transmits the encoded
data to a second device. An exemplary method of trans-
mission may be Bluetooth, although other protocols may
be employed, including hard wired signal transmission.
The second device may be, for example, a smart phone
(e.g., an iPhone™ or equivalent device equipped to
transceiver wireless data) or other device, running an
application to decode the transmitted data, process the
signals to obtain a noise compensated heart rate, store
data, and transmit a return signal to the first device on
the basis of the processed signals. Additional data may
be collected by the first device, such as battery life, pulse
signal strength, and the like, which may also be trans-
mitted to the second device. In turn, the second device
may return signals to the first device to alert the user with
status indicator, such as low battery, pulse rate too
high/low, etc. More detailed information may be provided
on the display of the second device.

[0014] In addition, audio data may be transmitted from
the second device to audio earphones either coupled to
the first device, or by further receiving a wireless signal
such as via Bluetooth™.

[0015] In an aspect of the disclosure a signal process-
ing apparatus for determining a heart rate includes a plu-
rality of sensors configured to detect changes in blood
properties in a user’s skin and heart rate Kalman filter
configured to compute a heartrate on the basis of signals
obtained from the plurality of sensors.

[0016] Inan aspect of the disclosure a method of com-
puting a heart rate includes detecting changes in blood
properties with a plurality of sensors, and computing with
a heart rate Kalman filter the heart rate on the basis of
signals obtained from the plurality of sensors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1is aconceptual illustration of a heart rate
sensing user system in an aspect of the disclosure.
[0018] FIG. 2 is a conceptual illustration of a remote
processing system for communicating with and control-
ling the user system of FIG. 1.

[0019] FIG. 3 is a conceptual illustration of a sensing
system of the user system of FIG. 1.

[0020] FIG. 4 illustrates a conceptual view of the un-
derside of the user system 100.

[0021] FIG. 5illustrates a conceptual view of the front
face of the user system 100.

[0022] FIG. 6 illustrates a method of operating a heart
rate monitor comprising the heart rate sensing user sys-
tem of FIG. 1 and the remote processing system of FIG. 2.
[0023] FIG. 7 is block diagram of the signal processing
system of a heart rate sensing system in an aspect of
the disclosure.

DETAILED DESCRIPTION

[0024] FIG. 1 illustrates a heart rate user system 100.
The user system 100 may be worn on a user’s wrist, but
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other locations besides the wrist, such as the ankle, arm
or forearm may be used. The user system 100 includes
a user processing CPU 105, a user memory 110, a clock
signal generator 115, a sensing system 120, a user trans-
ceiver 125, and a user interface 135. The CPU 105 may
be coupled to the other indicated components, for exam-
ple, either directly or via a bus 140. A user antenna 145
is coupled to the user transceiver 125. The user antenna
145 may be a wireless connection to aremote processing
system (discussed below), or it may be representative of
a direct wired connection to the remote processing sys-
tem.

[0025] A battery 150 is coupled to the user processor
CPU 105, the user memory 110, the clock signal gener-
ator 115, the sensing system 120, the user transceiver
125, and the user interface 135 to power all functions of
the indicated elements.

[0026] FIG. 2 illustrates a remote processing system
200 for receiving and analyzing signals transmitted from
the user system 100. The remote processing system 200
may comprise, for example, a smart phone such as the
Apple iPhone™ executing an application program to
process the transmitted signals, as will be disclosed in
more detail below. The remote processing system 200
may alternatively be a console, such as a dedicate piece
of instrumentation for communicating and interacting
with the user system 100. For example, the remote con-
sole may be used in a hospital, a fitness facility, or the like.
[0027] As an exemplary case, the remote processing
system 200 may be a smart phone, such as aniPhone™,
executing a heart rate monitoring application 260 on a
remote CPU 205, where the application 260 may be
stored in a remote memory 210 coupled to the remote
CPU 205. The remote processing system 200 may also
include a remote antenna 245 and a remote transceiver
225. The remote CPU 205 may execute the application
commands and process the signals received from the
user system 100, and generate output signals to the user
system 100 via wireless transmission such as Blue-
tooth™, or the like, or via hard wire communication, on
the basis of the processed received signals.

[0028] Alternatively, all processing functions may oc-
cur on the user system 100, where all the processing
functions of remote processing system 200 may not be
occur or be implemented. Further, the distribution of
processing functions between the user system 100 and
the remote processing system 200 may be splitaccording
to system design descisions and still express aspects of
the invention.

[0029] FIG. 3is aconceptualillustration of the sensing
system 120 of the user system 100 of FIG. 1. The sensing
system 120 includes a blood concentration sensing sys-
tem 310, described in more detail below. As the heart
pumps blood through the arteries to microscopic blood
vessels, the blood concentration varies periodically be-
tween a minimum and a maximum concentration, syn-
chronously with a periodic variation in blood pressure.
The blood concentration sensing system 310 senses this
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change in concentration in the blood vessels beneath the
skin and transmits the signal level to the CPU 105. The
blood concentration sensing system 310 may also sense
small motions of the user system 100 with respect to the
user’s skin, because the blood concentration sensing
system 310 may be sensing information from a different
area of blood vessels beneath the user’s skin if the user
system 100 moves relative to the skin. This component
of the sensed signal may be regarded as noise, which
may contaminate a true determination of the heart rate.
[0030] Compensation ofthissignalis enabled by a sen-
sor that is sensitive to motion, but not to blood concen-
tration. The sensing system 120 furtherincludes a motion
sensor 320. The motion sensor functions in a manner
analogous to a computer optical mouse, but is relatively
insensitive to blood concentration near the surface of the
skin. The motion sensor 320 senses changes in the po-
sition of the user system 100 with respect to the skin and
sends a signal corresponding to that motion to the CPU
105, but contains relatively no substantial signal due to
blood concentration. The signal from the motion sensor
320 and the signal from the blood concentration sensing
system 310 may be correlated in time with the signal from
the clock generator 115 to provide a compensated signal
in which the noise contribution due to motion is substan-
tially reduced. The compensated signal may then be an-
alyzed for a more accurate determination of heart rate.

[0031] The sensing system further includes an accel-
erometer 330. The accelerometer 330 may be a chip-set
comprising a plurality of sensing elements capable of re-
solving acceleration along three orthogonal axes. Micro-
electromechanical system (MEMS) sensors, capacitive
sensors, and the like, are well known in the art of accel-
eration sensing. The accelerometer 330 may provide in-
formation about the motion of the user system 100 with
respect to the user’s heart. For example, if the user sys-
tem 100 is worn on the wrist, and the nature of the exer-
cise requires the wrists and hands torise above the heart,
the consequent elevation may cause a drop in the mini-
mum and maximum (min/max) of the blood pressure at
the point of sensing relative to that which may be meas-
ured when the user system 100 is as the same level or
lower than the heart. This information may be used to
qualify or disqualify the blood concentration measure-
ments if the measured min/max values fall outside an
acceptable range for determining the heart rate.

[0032] Some judgment may be used in making most
effective use of the accelerometer 330. For example, if
the exercise comprises bench presses, where the user’'s
arms and hands are constantly being raised above the
chest, placement of the user system at a relatively motion
neutral location, such as an ankle or upper calf. The sig-
nal measured by the accelerometer 330 will not then in-
dicate a shifting "baseline" for the effect of blood pressure
on blood concentration measurements due to altitude
change relative to the heart, and more data will qualify.

[0033] FIG. 4 illustrates a conceptual underside view
400 of the user system 100, showing elements of the
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blood concentration sensing system 310 and the motion
sensor 320. In the illustration shown in FIG. 4, a photo-
detector 410 is positioned between two sets 420 of light
emitting diodes (LEDs), although other light sources may
be contemplated within the scope of the invention. Only
one set 420 of LEDs is required, as a minimum, as dis-
cussed below, but a plurality of such LEDs can improve
the sensitivity and performance of the user system 100.
The photodetector 410 and the LED set 420 are posi-
tioned in close proximity, e.g., adjacent, to the user’s skin
and close to each other. Light emanating from an LED
in the set 420 will penetrate a limited skin depth and a
portion of the penetrating light will backscatter and be
detected by the photodetector 310. As will be described
below, the photodetector 410 has a spectral sensitivity
that spans at least from green to red, or at least spanning
the spectral bandwidths of the two LEDs.

[0034] For operation of the blood concentration sens-
ing system 310, the LED set 420 includes a green LED
424. Green light is preferentially absorbed by red blood
cells in the skin. Therefore, a systolic increase in blood
pressure and vascular blood concentration during the
course of a pulse may result in a decreased backscat-
tered green light intensity. During the diastolic interval,
blood concentration is lower, leading to an increased
backscattered green light. The sensed signal level pro-
vided by the photodetector 410, when synchronized with
the clock signal generator 115, may be analyzed under
the control of a computer program stored in the user
memory 110 and executable on the CPU 105 to deter-
mine a periodicity of the min/max signals, and thus de-
termine a heart rate. Alternatively, signal may be export-
ed to the remote user system 200, where the remote
processing system 200 performs substantially the same
functions.

[0035] During exercise, a degree of motion of the user
system 100 along the skin may occur. Because this
changes the detailed microvascular network illuminated
by the green LED 424, a motion signal, which may be
regarded as noise, may be included in the backscattered
green light. Therefore, a motion sensor independent of
blood concentration is beneficial.

[0036] Foroperation of the motion sensor 320, the LED
set 420 includes ared LED 426. Red light backscattered
from vascular tissue in the skin is not substantially affect-
ed changes in blood concentration, and is not substan-
tially sensitive to the pulsing of blood near the skin sur-
face. However, the red LED 426 and photodetector 410
may function in a manner similar to an optical mouse,
which is sensitive to motion relative to a surface, which
in the present case happens to be the user’s skin. The
red LED 426 is used to sense small motion of the sensor
with respect to the microvascular structure just beneath
the skin. In an embodiment of the implementation of the
motion sensor 320, the photodetector 410 may be a spe-
cial purpose image processing chip that measures pixel-
to-pixel changes in light intensity to compute motion of
the user system relative to the user’s skin. Such motion
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is to be expected in the course of exercise. This may
result in a variation in signal levels having a temporal
spectrum consistent with the periodicity of physical mo-
tion and which corrupts the primary heart rate signal of
interest.

[0037] Operation of both the blood concentration sens-
ing system 310 and the motion sensor 320 with a com-
mon photodetector 410 is achieved by alternately firing
the green LED 424 and the red LED 426 under control
of the CPU 105, synchronized with the clock signal gen-
erator 115. Thus, the photodetector 410 must have sen-
sitivity to spectral bands including both LED colors. The
clock signal rate may be high enough, e.g., typically a
kilohertz or more, that the two signals - for blood concen-
tration and motion - may appear to be quasi-continuous,
with enough granularity to extract sufficient detail from
each-i.e., blood concentration and motion from the green
LED 424 and motion only from the red LED 426. Addi-
tionally, there may be included a time interval between
red and green pulses when neither LED is fired, enabling
the photodetector to acquire an ambient "background"
signal that may include, for example, fluorescent lighting,
wireless or circuitry generated signals that constitute
noise added to the system user 100 signal in addition to
the signal detected by the concentration sensing system
310, motion sensor 320 and accelerometer 330.

[0038] One of the functions of the user CPU 105 may
further include reading the battery level to the CPU 205
of the remote processing system 200 as transmitted, for
example, via Bluetooth™, and returning a command to
the user system 100 to display an indication that the bat-
tery level is normal or low.

[0039] Another function of the remote CPU 205 may
be to determine, on the basis of the received sensor sig-
nals, whether the pulse signal peak values are too large
(causing saturation) or two weak (causing poor signal-
to-noise ratio (SNR)). If the detected pulse is two weak,
the remote CPU 205 may provide feedback to the user
CPU 105 instructing it increase the intensity of the LEDs
by increasing the pulse peak power or pulse width, or
reducing the intensity of the LEDs by reducing the pulse
peak power or pulse width if the signal is saturating. This
is especially valuable because normative values of blood
pressure may differ for different people, e.g., different
skin pigment and light absorption properties, and may
also change significantly as the course of a variable ex-
ercise regimen progresses through different levels of ac-
tivity. For example, when the user is engaged in a sports
activity, blood pressure and blood concentration is usu-
ally higher, so less light may be required to pick up a
signal. Therefore, the pulse driven fluctuation of the
green LED light is affected by blood pressure, and the
current to the green LED may be controlled to conserve
power and prevent signal saturation.

[0040] Alternatively, as mentioned above, this function
may be performed locally on the user system 100. In this
alternative configuration, the user CPU 105 may be to
determine, on the basis of the sensor signals output from
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the photodetector 410, or the power applied to the LEDs,
whether the pulse signal peak values are too large (caus-
ing saturation) or two weak (causing poor signal-to-noise
ratio (SNR)). If the detected pulse is two weak, the user
CPU 205 may increase the pulse peak power or pulse
width, or reduce the pulse peak power or pulse width if
the signal is saturating.

[0041] As described earlier, the operation of the blood
concentration sensing system 310 and the motion sensor
320 with a common photodetector 410 may be achieved
by alternately firing the green LED 424 and the red LED
426 under control of the CPU 105. In an alternative con-
figuration of the sensing system, the firing sequence may
include a blanking period after the green and red LEDs
are fired. In this configuration, the user CPU 105 will
cause, by way of example, the green LED 424 to fire,
followed by the red LED 426, and then followed by a
blanking period before the sequence repeats. The re-
mote CPU 205 may then determine on the basis of the
received sensor signal for the blanking period the effect
that sunlight, fluorescent light or stray electronic emis-
sions are having on the measurements. The remote CPU
205 may then compensate the received sensor signals
for the green and red LEDs when computing the heart
rate of the user, or provide this information back to the
user CPU 105 in the form of feedback for adjusting the
intensity of the green and red LEDS.

[0042] The usersystem 100 as shown in the underside
view 400, may also include recharging ports 430 for re-
charging the user battery 150.

[0043] Using the remote interface 235 of the remote
processing system 200, an exercise schedule may be
created. The remote interface 235 may be, for example,
a touch screen, such as found on an APPLE iphone™,
a smart phone keyboard and screen, and a screen, key-
board and mouse of a computer console. A maximum
estimated heart rate may be determined based on vari-
ous factors, including the user’'s age. A maximum esti-
mated heart rate may correspond to an extreme level of
performance, and different levels of performance may
correspond to different ranges spanning from the maxi-
mum estimated heartrate down to arange corresponding
to a resting state, so that a range of heart rates may be
established for each range of exercise performance. Typ-
ical ranges of performance may correspond to resting,
moderate exercise (e.g., walking), up to an extreme
range corresponding to a maximum recommended level
of activity, keepingin mind that such levels are only guide-
lines, and subject to appropriate modification. Having
chosen alevel of exercise, the remote processing system
200 CPU 205 may communicate via the transceivers 145
and 245 to the user system CPU 105 to signal when the
received sensor signals indicate the heart rate is below,
within, or above the selected exercise performance
range. In this manner, the user may control and monitor
his/her level of activity.

[0044] ReferringnowtoFIG.5, illustratingaconceptual
view of the front face 500 of the user system 100, the
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user CPU 105, on the basis of performance range infor-
mation received from the remote system 200, may control
display features on the front face 500, away from the
user’s skin, which is thus accessible to the user. For ex-
ample, in one embodiment, a red light indicator 510 on
the display face may indicate that the heart rate is above
a prescribed range for a selected exercise performance,
and the user should exercise more slowly. Conversely,
a green light indicator 520 may indicate that the perform-
ance level is below the prescribed range, and the user
should exercise harder. At an appropriate level of exer-
cise, neither light may be on, indicating an appropriate
level of exercise is obtained. Other combinations of light
indicators and colors may me contemplated within the
scope of the invention.

[0045] Additional functionality may be included in the
user system 100 in coordination with functionality avail-
able in the remote processing system 200. For example,
the remote processing system 200 may also serve as an
audio player (MP3, iPod™, etc.) storing a number of mu-
sic tracks, or accessing a number of radio stations, made
available by an appropriate entertainment software ap-
plication running on the remote processing system 200.
Referring to FIG. 5, a set of buttons ("+" = volume up/
track forward 530, "-" = volume down/track backward
540, and "select" S 550) on the user system 100 front
face 500 enable the user to selectan audio file or channel
and volume. The select button S 550 may provide enter-
tainment selection functions, such as pause, play, etc.
[0046] Additionally, the select button S 550 may serve
as an emergency alert button. For example, repeated or
continuously press S 550 may initiate a signal from the
user system 100 to the remote processing system 200
to activate an alarm, such as an emergency alert phone
message (911, private physician, or the like). If the re-
mote processing system 200 is also equipped with GPS,
the emergency alert message may also contain the lo-
cation of the user, and vital statistics, such as the heart
rate and/or high or low blood concentration level, which
may indicate a high or low blood pressure, together with
the identity of the user.

[0047] The remote system 200 may be carried by the
user, for example, on a wrist, arm or waist strap, with
viewing access easily available. The remote system 200
may therefore provide on its display (not shown) more
detailed information, such as heart rate, calories burned,
distance run, and the like, as determined by the applica-
tion.

[0048] FIG. 6illustrates a method 600 of operating the
heart rate monitor comprising the user system 100 and
the remote processing system 200. In block 610, the user
initiates and runs the heart rate monitoring application
260 on the remote processing system 200. In block 620
the remote processing system 200 communicates with
and activates the user system 100 heart monitor func-
tions stored in the user memory 110 executable on the
user CPU 105. The user system CPU 105 turns on op-
eration routines controlling the sensing system 120 com-
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prising the green LED 424, the red LED 426 and photo-
detector 410 and also the accelerometer operation rou-
tines in block 630. The routines control the operation of
the LEDs, i.e., the repetition rate, alternating timing of
the green and red LEDs, pulse widths of the LED output,
and photodetector circuitry. The routines may also con-
trol the operation of the accelerometer 330 and associ-
ated circuitry. In block 640 the CPU 105 converts the
analog signal from the photodetector , the accelerometer
and the battery voltage to a digital signal that is then
encoded for transmission as a data packet. In block 650,
a signal is transmitted by the user system 100 CPU via
the transceivers 225, 245, such as a Bluetooth™, and
antennas 245, 345 to the remote processing system 200
including the blood concentration data, motion data ac-
celerometer data, battery voltage, and clock signal. Al-
ternatively, transmission may be via a hard wire link. In
block 660, the remote processing system 200 CPU 205
processes the received data and may transmit various
commands back to the user system 100 CPU 105.
Among these include commands to turn on red or green
LEDs on the front face of the user system to indicate to
the user to exercise faster (green LED), exercise slower
(red LED), and maintain the same level of exercise (no
front LED lit).

[0049] The method functions continuously by return-
ing, for example, to block 640, to obtain and encode the
next packet of data.

[0050] The batterylevelmay beindicated during charg-
ing. For example, when the user system is being charged
through the charging ports 430, the green LED 510 may
blink intermittently once for 25% charged, twice for 50%
charged, three times for 75% charged, and steady on for
100% charged, or the like.

[0051] All operation conditions and exercise parame-
ters may be visually presented on the user interface of
the remote processing device 200, e.g., the touch screen
of an iPhone™ or computer screen.

[0052] The remote processing device 200 display (not
shown) may show a variety of data. Exemplary informa-
tion that may be displayed include a numeric value of the
measured (corrected) heart rate, a workout time indica-
tor, a calorie counter, a level of performance indicator,
exercise, pause and stop soft keys, and a music function
soft key, all accessible using the multifunction key. Other
functions may be contemplated as well.

[0053] FIG. 7 illustrates a conceptual diagram of a sys-
tem 700 for controlling sensors, processing data and de-
tecting heartrate accurately. As indicated above, the sys-
tem 700 includes green LEDs 424, red LEDs 426, pho-
todector 410, and accelerometer 330. The LEDs are driv-
en by an LED driver 428. The LED drive levels and timing
are provided by a Signal Quality Estimation block 710,
described in more detail below. Signals received by the
detector 410 (including red pulses, green pulses and "off"
pulses) are separated in time according to a clock output
of the LED driver 428, by a signal de-interleaver synched
to the LED driver clock, which outputs in separate chan-



11 EP 2 612 594 A2 12

nels the detected red, green and ambient signals. The
detector may be coupled to the signal de-interleaver via
a fixed analog amplifier and a voltage level adjustment
circuitto provide adesired level of detected red and green
signal in a satisfactory range for signal processing. How-
ever, other means of signal amplification and adjustment
may be used and are considered within the scope of the
disclosure.

[0054] Each of the red green and ambient signals are
separately passed through corresponding lowpass filters
to remove high frequency noise not associated with blood
flow rates consistent with the possible ranges of physical
activity such as, forexample, ac ambient light. Thefiltered
ambient signal is subtracted from the red and green sig-
nals to remove ambient artifacts.

[0055] The separate red green and ambient signals
(before lowpassfiltering) are also input to a Signal Quality
Estimator, which determines if the red and green detect-
ed signals are too weak or saturating. Based on the re-
sults, the Signal Quality Estimator provides level control
instructions to the LED Driver to adjust the output of the
LEDs accordingly.

[0056] Returning to the lowpass filtering section, the
ambient adjusted red and green lowpass filtered signals
are each separately converted to a logarithm scale output
and passed through a highpass filter. Conversion of the
light signals to log scale enables signal normalization to
maintain the heart rate AC component of amplitude in
the same range. The filtering step removes, at least, any
DC offsets and drift caused by, for example, skin or sen-
sor-to-skin changes in the signal and any low frequency
noise notassociated with the frequencies related to heart
rate and rhythmic physical motion.

[0057] The accelerometeroutputs a signalin response
to acceleration due to physical motion. This signal may
be a source of noise thatis imposed on the red and green
signals. The accelerometer signal is passed through a
bandpass filter to remove and DC offsets and high fre-
quency noise similar to that discussed above for the red
and green signals.

[0058] The highpass filtered log scale red and green
signals are input to an adaptive noise removal filter. The
noise signal is supplied by the bandpass filtered accel-
erometer signal. The adaptive noise removal filter digi-
tizes the input filtered red, green, and accelerometer sig-
nals and self-adjusts its transfer function according to an
optimization algorithm driven by an error signal. The error
signal may be supplied by the signal quality estimator.
The output is an adaptively filtered noise removal green
light signal, the color sensitive to changes in blood con-
centration.

[0059] The filtered red, green, and accelerometer sig-
nals (prior to entering the adaptive noise removal filter),
and the adaptively filtered noise removal signal are each
input into separate Fast Fourier Transform (FFT) proc-
essor channelsina coarse heartrate estimator. An output
of a coarse heart rate value is an estimate of the actual
heart rate done by selecting the frequency out of the fit
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spectrum that is most probably the heart rate, taking into
account the amounts of noise on the other channels.
[0060] The coarse heart rate value, in the form of the
four FFT spectrais input to afilter set of adaptive tracking
filters that self-adjust respective transfer functions ac-
cording to an optimization algorithm driven by the error
signal supplied by the signal quality estimator. The adap-
tive tracking filters actively adjust the weight of how much
of the accelerometer FFT spectrum to subtract from the
red and green spectra on the basis of the filtered red FFT,
filtered green FFT, filtered accelerometer FFT and the
adaptively filtered noise removal signal FFT. The output
of each of the adaptive tracking filter is heart rate value
determined on the basis of the optimization algorithm of
each of the adaptive tracking filters. A selection unit se-
lects which adaptive tracking filter output to provide as
the heart rate value on the basis of the error signal from
the signal quality estimator and the signal from the adap-
tive noise removal filter.

[0061] The heart rate value output from the selection
unit of the filter set and the error signal from the signal
quality estimator may be input to a Kalman filtering unit
to provide a filtered hear rate. The filtered heart rate may
then be output, forexample, to a display for a user to read.
[0062] The distribution of processing functions be-
tween a user system and a remote system may vary ac-
cording to design and functional requirements. For ex-
ample, the user system may include only the LEDs, LED
driver, de-interleaver and accelerometer, where the ac-
quired analog signals are digitized and transmitted to a
remote system for processing and determination of the
filtered heart rate. The filtered heart rate may then be
transmitted back to the user system for display to the
user. At the other extreme, all processing functions may
be executed entirely on the user system, and the filtered
heart rate displayed to the user. Data may be temporarily
stored on the user system and then transmitted (period-
ically or on demand) for download to a remote system
for archiving or further processing. Alternatively, an in-
termediate level of signal processing may be performed
on the user system and the balance performed on the
remote system.

[0063] Itis to be understood that such a system may
be applied beyond the example given of a heartrate mon-
itor, such as, for example, gaming, social networking,
emergency alarming, etc.

It is to be understood that the specific order or hierarchy
of steps in the methods disclosed is an illustration of ex-
emplary processes. Based upon design preferences, it
is understood that the specific order or hierarchy of steps
in the methods may be rearranged. The accompanying
method claims present elements of the various steps in
a sample order, and are not meant to be limited to the
specific order or hierarchy presented unless specifically
recited therein.

[0064] The claims are not intended to be limited to the
various aspects of this disclosure, but are to be accorded
the full scope consistent with the language of the claims.
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All structural and functional equivalents to the elements
of the various aspects described throughout this disclo-
sure that are known or later come to be known to those
of ordinary skill in the art are expressly incorporated here-
in by reference and are intended to be encompassed by
the claims. Moreover, nothing disclosed herein is intend-
ed to be dedicated to the public regardless of whether
such disclosure is explicitly recited in the claims. No claim
element is to be construed under the provisions of 35
U.S.C. §112, sixth paragraph, unless the element is ex-
pressly recited using the phrase "means for" or, in the
case of a method claim, the element is recited using the
phrase "step for."

[0065] Other non-limiting aspects of the invention are
as follows:

A. A method of computing a heart rate, comprising:

detecting changes in blood properties with a plu-
rality of sensors; and

computing with a heart rate Kalman filter a heart
rate on the basis of signals obtained from the
plurality of sensors.

B. The method of clause A, wherein the plurality of
sensors comprise:

an optical sensor comprising a plurality of light
emitting devices and one or more photodetec-
tors; and

an accelerometer, the method further compris-

ing:

detecting with the photodetectors optical
signals from the light emitting devices and
ambient light; and
detecting motion adding a noise signal to
the optical signals.

C. The method of any of clause A or B, further com-
prising controlling with a driver a periodic emission
level and timing of light output from the light emitting
devices and a period of off state of the light emitting
devices.

D. The method of any of clauses A to C, further com-
prising determining with a signal quality estimator a
drive level of the light emitting devices on the basis
of the detected optical signals.

E. The method of any of clauses A to D, wherein a
one or more of the plurality of filters is configured to
filter noise outside specified frequency bands from
the optical signals, comprising subtracting filtered
noise from an ambient signal when the light emitting
devices are off from the optical signals when the light
emitting devices are on.

F. The method of any of clauses A to E, further com-
prising removing, with an adaptive noise removal fil-
ter, noise on the basis of the accelerometer noise
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signal from the noise filtered optical signals and pro-
vide a noise removal filtered signal.

G. The method of any of clauses A to F, further com-
prising:

providing, with a spectrum analyzer, spectra of
the optical signals, accelerometer noise signal,
and noise removal filtered signal; and
determining a coarse rate heart estimation on
the basis of the spectra.

H. The method of any of clauses A to G, further com-
prising determining, with a plurality of adaptive track-
ingfilters, a heartrate value on the basis ofthe coarse
heart rate estimation, the error signal from the signal
quality estimator and the noise removal filtered sig-
nal.

I. The method of any of clauses A to H, further com-
prising computing a heart rate with the heart rate
Kalman filter to compute the heart rate on the basis
of an error signal from the signal quality estimator
and the heart rate value from the plurality of adaptive
tracking filters.

Claims
1. A signal processing system comprising:

a sensor means for generating a plurality of sen-
sor signals;

a means for Kalman filtering configured to com-
pute a heart rate on the basis of the sensor sig-
nals.

2. Asignal processing systemtodetermine a heartrate,
comprising a signal processing system as claimed
in claim 1, wherein:

the sensor means comprises a plurality of sen-
sors configured to detect changes in blood prop-
erties in a user’s skin; and

the means for Kalman filtering is a heart rate
Kalman filter configured to compute a heart rate
on the basis of signals obtained from the plurality
of sensors.

3. The system of claim 1 or 2, wherein the sensor
means comprises:

an optical sensing means comprising a plurality
of light emitting devices and one or more pho-
todetectors, wherein the photodetector is con-
figured to detect optical signals from the light
emitting devices and ambient light; and

an acceleration sensing means configured to
detect motion adding a noise signal to the optical
signals.
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The system of claim 3, further comprising means for
removing an optical signal noise due at least to the
ambient light and the motion noise signal to compute
a heart rate.

The system of claim 3 or 4, further comprising adriver
to control a periodic emission level and timing of light
output from the light emitting devices and a period
of off state of the light emitting devices.

The system of claim 3, 4 or 5, further comprising a
signal quality estimator to determine a drive level of
the light emitting devices on the basis of the detected
optical signals.

The system of any of claims 3 to 6, wherein a one
or more of a plurality of filters is configured to filter
noise outside specified frequency bands from the
optical signals, and wherein filtered noise from an
ambient signal when the light emitting devices are
off is subtracted from the optical signals when the
light emitting devices are on.

The system of claim 7, wherein the acceleration
sensing means is an accelerometer and further com-
prising an adaptive noise removal filter configured
to remove from the noise filtered optical signals noise
on the basis of the accelerometer noise signal and
provide a noise removal filtered signal.

The system of claim 8, further comprising a spectrum
analyzer to provide spectra of the optical signals,
accelerometer noise signal, and noise removal fil-
tered signal, wherein the spectra provide a coarse
rate heart estimation.

The system of claim 9, further comprising a plurality
of adaptive tracking filters to determine a heart rate
value on the basis of the coarse heart rate estimation,
the error signal from the signal quality estimator and
the noise removal filtered signal.

The system of claim 10, wherein the heart rate Ka-
Iman filter is configured to compute a heart rate on
the basis of an error signal from the signal quality
estimator and the heart rate value from the plurality
of adaptive tracking filters.

A method of computing a heart rate, comprising:

detecting changes in blood properties with a plu-
rality of sensors; and

computing with a heart rate Kalman filter a heart
rate on the basis of signals obtained from the
plurality of sensors.

The method of claim 12, wherein the plurality of sen-
sors comprise:
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an optical sensor comprising a plurality of light
emitting devices and one or more photodetec-
tors; and

an accelerometer, the method further compris-

ing:

detecting with the photodetectors optical
signals from the light emitting devices and
ambient light; and
detecting motion adding a noise signal to
the optical signals.

14. The method of claim 13, further comprising control-

ling with a driver a periodic emission level and timing
of light output from the light emitting devices and a
period of off state of the light emitting devices.

15. The method of claim 13 or 14, further comprising

determining with a signal quality estimator a drive
level of the light emitting devices on the basis of the
detected optical signals.
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