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1
LOW-COMPLEXITY SENSOR
DISPLACEMENT TOLERANT PULSE
OXIMETRY BASED HEART RATE
MEASUREMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional Patent
Application Ser. No. 61/757,505, filed Jan. 28, 2013, and
U.S. Provisional Patent Application Ser. No. 61/757,897,
filed Jan. 29, 2013, which are incorporated by reference
herein in their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

Embodiments of the present invention generally relate
heart rate measurement and more specifically relate to pulse
oximetry based heart rate measurement that is tolerant to
sensor displacement.

Description of the Related Art

Heart rate measurement is an important problem in the
context of many applications including medical monitoring,
sports training, and fitness. Traditionally, heart rate moni-
toring has been performed in a static medical setting by
trained professionals. However, recent trends in sports and
fitness have created a demand for effective unsupervised
heart rate monitoring in an uncontrolled environment. The
demand for continuous monitoring suggests that the device
used to measure the heart rate should be wearable and
seamless. A watch-like form factor is suitable for these
requirements since this form factor is a commonly used form
factor for heart rate monitoring during sports or fitness
training. Further, the use of light (visible or otherwise) as the
sensing modality may have fewer limitations than traditional
approaches like electrocardiogram (EKG) in a wrist
mounted device as there may not be sufficient distance
between the electrodes to obtain a good EKG signal.

Pulse oximetry is a commonly used noninvasive light-
based technique for measuring the oxygen saturation level of
arterial blood and pulse (heart rate). Typically, the sensor
portion of a pulse oximeter passes light through blood
perfused tissue, e.g., a finger or an ear lobe, and photoelec-
trically senses the absorption of light in the tissue. Arteries
expand and contract due to blood flow and, thus, the amount
of absorbed light changes in the course of a heart beat. The
resulting signal is referred to as a photoplethysmograph
(PPG). The PPG signal may be analyzed to determine,
among other thing, the heart rate of the person to which the
PPG sensor is attached.

Typical pulse oximetry techniques assume that the person
to whom the PPG sensor is attached is relatively stationary
and motionless. Thus, such techniques may not account for
motion artifacts and relative displacement of the sensor
when analyzing the PPG signal. Many approaches have been
proposed to address motion artifacts in PPG signals includ-
ing adaptive filtering with a reference of an additional
sensor, e.g., an accelerometer, and different statistical learn-
ing models. Some such approaches are described in L.
Wang, et al., “Multichannel Reflective PPG Earpiece Sensor
With Passive Motion Cancellation,” Biomedical Circuits
and Systems, IEEE Transactions on, Vol. 1, No. 4, pp.
235-241, December 2007, M. R. Ram, et al., “On the
Performance of Time Varying Step-Size Least Mean Squares
(TVS-LMS) Adaptive Filter for MA Reduction from PPG
Signals,” Communications and Signal Processing (ICCSP),
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2011 International Conference on, pp. 431-435, February
2011, and K. Naraharisetti, et al., “Comparison of Different
Signal Processing Methods for Reducing Artifacts from
Photoplethysmograph Signal,” Electro/Information Tech-
nology (EIT), 2011 IEEE International Conference on, pp.
1-8, May 2011. None of these approaches, however, address
the issue of relative sensor displacement, i.e., changes in
position or orientation of the sensor. In addition, the pro-
posed approaches for removing motion artifacts need
improvement.

SUMMARY

Embodiments of the present invention relate to methods,
apparatus, and computer readable media for pulse oximetry
based heart rate measurement. In one aspect, a method for
heart rate measurement in a photoplethysmograph (PPG)
heart rate monitor device is provided that includes capturing
a PPG signal using a first light emitting diode (LED) of the
PPG heart rate monitor device, capturing a reference signal
using a second LED of the PPG heart rate monitor device,
wherein a current used to drive the second LED is lower than
a current used to drive the first LED, using the reference
signal to remove motion noise from the PPG signal, wherein
a motion noise compensated PPG signal is generated, and
estimating a heart rate using the motion noise compensated
PPG signal.

In one aspect, a method for heart rate measurement in a
photoplethysmograph (PPG) heart rate monitor device is
provided that includes capturing a PPG signal using a first
light emitting diode (LED) of the PPG heart rate monitor
device, capturing a reference signal using a second LED of
the PPG heart rate monitor device, wherein a wavelength of
the second LED is complementary to a wavelength of the
first LED, using the reference signal to remove motion noise
from the PPG signal, wherein a motion noise compensated
PPG signal is generated, and estimating a heart rate using the
motion noise compensated PPG signal.

In one aspect, a method for heart rate measurement in a
photoplethysmograph (PPG) heart rate monitor device is
provided that includes capturing a PPG signal using a first
light emitting diode (LED) of the PPG heart rate monitor
device, determining whether or not a first portion of the PPG
signal includes displacement noise, discarding the first por-
tion of the PPG signal when the first portion includes
displacement noise, and using the first portion of the PPG
signal for heart rate measurement when the first portion does
not include displacement noise.

BRIEF DESCRIPTION OF THE DRAWINGS

Particular embodiments will now be described, by way of
example only, and with reference to the accompanying
drawings:

FIG. 1 is a block diagram of an example photoplethys-
mograph (PPG) heart rate monitor unit;

FIG. 2 is an example form factor for housing the PPG
heart rate monitor unit of FIG. 1;

FIGS.3.8,9, 12, 14, 15,17, and 19 are flow diagrams of
a method for heart rate measurement that may be performed
by a PPG heart rate monitor unit such as that of FIG. 1;

FIGS. 4-7 are graphs illustrating various concepts of the
heart rate measurement method; and

FIGS. 10, 11, 13, 16, 18, and 20 are examples.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Specific embodiments of the invention will now be
described in detail with reference to the accompanying
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figures. Like elements in the various figures are denoted by
like reference numerals for consistency.

Example embodiments of the invention provide for heart
rate measurement using a single PPG sensor in a photopl-
ethysmograph (PPG) heart rate monitor unit worn on the
wrist. The heart rate measurement technique used can tol-
erate some degree of relative displacement of the PPG
sensor. More specifically, portions of the PPG signal data
that correspond to periods of significant sensor displacement
are identified and discarded from the heart rate estimation in
order to maintain a robust heart rate estimate.

Further, in some embodiments, artifact compensation
based on a reference signal is performed on the PPG signal
data to remove artifacts in the signal that may be caused, for
example, by changes in ambient light and/or motion of the
person wearing the monitor unit. In some embodiments, the
reference signal used for artifact compensation is generated
by lowering the current applied to the light emitting diode
(LED) used to generate the PPG signal. In some embodi-
ments, the reference signal used for artifact compensation is
generated by a secondary (LED) driven by a significantly
lower current than the primary LED used to generate the
PPG signal. In some embodiments, the reference signal used
for artifact compensation is generated using an LED of a
complementary wavelength to that of the LED used to
generate the PPG signal. Generation of reference signals is
described in more detail herein.

FIG. 1 is a block diagram of an exemplary photoplethys-
mograph (PPG) heart rate monitor unit 100 suitable for heart
rate monitoring in a watch-like form factor such as that of
FIG. 2. The PPG heart rate monitor unit 100 includes a PPG
sensor component 104 configured to capture a PPG signal
from the person wearing the monitor unit and a processing
component 102 configured to process the PPG signal to
measure the heart rate of a person wearing the monitor unit.

In some embodiments, the PPG sensor component 104
includes a single light emitting diode (LED) arranged to pass
light through a blood vessel in the wrist and a single
photodiode arranged to detect the wavelength of the light
from the LED after it passes through the blood vessel. In
some embodiments, the PPG sensor component 104
includes two LEDs, a primary LED and a secondary LED,
and a single photodiode arranged to detect the wavelengths
of the light from both LEDs after it passes through a blood
vessel. In such embodiments, the primary LED is arranged
to pass light through a blood vessel in the wrist for PPG
signal generation and the secondary LED is arranged to pass
light through the blood vessel to generate a reference signal
for artifact compensation. In some such embodiments, the
secondary LED has a wavelength complementary to that of
the primary LED. In other such embodiments, the primary
LED is driven at a current sufficient to penetrate the blood
vessel to the extent needed to sense the pulsatile component
(the component corresponding to the heart pulse) while the
secondary LED is driven at a much lower current to sense
ambient light and motion while not picking up a significant
amount (or none) of the pulsatile component.

An LED or LEDs producing light of any suitable wave-
length, e.g., red, infrared, blue, etc., may be used. In some
single LED PPG sensor embodiments, the single LED is an
infrared LED. In some two LED PPG sensor embodiments,
the primary LED is an infrared LED and the secondary LED
is an LED producing light at a complementary wavelength,
e.g., red or green. In some two LED PPG sensor embodi-
ments, the primary LED and the secondary LED produce
light at the same wavelength.
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The processing component 102 includes a microcontroller
(MCU) 108, an accelerometer 112, a Bluetooth transceiver
114, an analog front end (AFFE) 110, and memory 118. The
MCU 108 may be any suitable microcontrollet, such as, for
example, an MSP430 device available from Texas Instru-
ments, Inc. The MCU 108 includes memory that can be used
to store software instructions to perform heart rate measure-
ment as described herein. Memory 118 may be any suitable
memory device or devices, such as, for example, one or
more ferroelectric random access memory (FRAM) devices.
Memory 118 is coupled to the MCU 108 and may be used,
for example, to store data used in the execution of the heart
rate monitoring and to store a heart rate history.

The accelerometer 112 is coupled to the MCU 108 via an
interface provided by the MCU 108 and provides data
regarding the motion of a person wearing the monitor unit
100. The accelerometer 112 may be, for example, any
suitable three axis accelerometer.

The Bluetooth transceiver 114 is coupled to the MCU 108
and may be used, for example, to transfer the computed heart
rate measurement of a person wearing the monitor unit 100
to another device for display and/or further processing. For
example, the heart rate measurement may be transmitted to
a smart phone or other personal digital assistant, a laptop
computer, a desktop computer, a medical monitoring device,
etc. The Bluetooth transceiver 114 may be any suitable
Bluetooth device, such as, for example, a CC25xx Bluetooth
system-on-a-chip (SOC) available from Texas Instruments,
Inc.

The USB (universal serial bus) transceiver 116 is coupled
to the MCU 108 and may be used, for example, to transfer
the computed heart rate measurement of a person wearing
the monitor unit 100 to another device for display and/or
further processing. For example, the heart rate measurement
may be transmitted to a smart phone or other personal digital
assistant, a laptop computer, a desktop computer, a medical
monitoring device, etc. The associated USB port may also be
used to charge a battery (not shown) in the monitor unit 100.

The AFE 110 is coupled to the MCU 108 and the PPG
sensor component 104 and provides a control interface
between the MCU 108 and PPG sensor component 104. The
AFE 110 includes functionality to receive a PPG signal from
the PPG sensor component 104, convert the signal to a
digital signal, apply analog signal conditioning such as
changing the gain of the signal, and provide the digital PPG
signal to the MCU 108 for heart rate measurement. The AFE
110 also includes functionality to drive current to one or
more LEDs in the PPG sensor 104 as directed by the MCU
108. The particular current to be used and the timing of when
to apply the current may be controlled by the MCU 108. The
AFE 110 may be any suitable AFE device, such as, for
example, the AFE4400 provided by Texas Instruments, Inc.

In some embodiments, the PPG heart rate monitor unit
100 includes a display component (not shown) coupled to
the MCU 108. The display component may be used to
display the heart rate of a person wearing the monitor unit
100.

FIG. 2 shows an example watch-like form factor suitable
for housing a PPG heart rate monitor unit such as that of
FIG. 1. Particularly, a top view of the watch-like form factor
and two alternate bottom views are shown. The bottom
views illustrate, respectively, an example placement of a
single LED embodiment of the PPG sensor 104 and a dual
LED embodiment of the PPG sensor 104. In the single LED
bottom view, the PPG sensor 104 is arranged such that the
single LED and the photodiode are exposed on the bottom
side of the watch-like form factor. In the dual LED bottom
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view, the PPG sensor 104 is arranged such that both LEDs
and the photodiode are exposed on the bottom side of the
watch-like form factor. The watch-like form factor may be
worn by a person such that the exposed LED or LEDs and
photodiode are centrally placed on the top of the person’s
wrist such that the sensor 104 can sense the pulsatile flow in
the wrist. Alternatively, the watch-like form factor may be
worn with the exposed LED and LEDs centrally placed on
the bottom of the person’s wrist. If the PPG heart rate
monitor unit includes an integrated display device, the top
view of the watch-like form factor may include a suitably
sized opening for the display device.

FIGS. 3, 8,9, 12,14, 15,17, and 19 are flow diagrams of
a method for heart rate measurement that may be performed
by a PPG heart rate monitor unit such as that of FIG. 1. More
specifically, FIG. 3 is a flow diagram illustrating the overall
flow of the heart rate measurement signal processing and
FIGS. 8, 9, 12, 14, 15, 17, and 19 provide more detail
regarding various aspects of the heart rate measurement
signal processing. For simplicity of explanation, the method
is described relative to the example PPG heart rate monitor
unit of FIG. 1. One of ordinary skill in the art will understand
that method embodiments are not limited to the particular
monitor unit of FIG. 1.

The heart rate estimation method does not attempt to
strictly recognize every single heart beat. Rather, the method
is based on the idea that some pulses may be contaminated
by relative displacement artifacts that may not be recover-
able. As is explained in more detail herein, this issue is
addressed in part by evaluating the quality of the PPG signal
data and in part by evaluating the quality of each individual
detected heart pulse. Based on these evaluations, the method
selects a subset of pulses from the PPG signal data to be used
in the estimation of the heart rate.

Referring first to FIG. 3, the raw PPG signal data received
from the PPG sensor 104 via the AFE 110 is first filtered 300
to focus on the frequency band in the signal having the
pulsatile component. The filter used may be, for example, a
bandpass filter such as a 3" order Butterworth bandpass
filter between 0.5 Hz (Hertz) and 4 Hz. FIG. 4 shows
example graphs illustrating filtering results using a Butter-
worth filter. The top graph illustrates a PPG signal corre-
sponding to an infrared LED and the bottom graph illustrates
the signal data after the filter is applied. The filtering may
also remove some ambient noise, e.g., ambient noise in the
50-60 Hz range, and noise introduced by a charger.

Human movements and relatively slow sensor displace-
ment take place in the same frequency band. This notion is
demonstrated in the graphs of FIG. 5. The top graph illus-
trates a PPG signal sample in the presence of random
movement and relative sensor displacement. The bottom
graph illustrates the signal data after the filter is applied. As
this bottom graph shows, it is possible to detect heart pulses
in the filtered signal but the pulses are not as pronounced and
symmetric as those shown in the bottom graph of FIG. 4.
Thus, filtering alone will not necessarily yield signal data for
reliable heart rate estimation.

Referring again to FIG. 3, the first derivative of the
filtered PPG signal is taken 302 and data quality analysis 304
is performed on the resulting data. In general, the data
quality analysis 304 analyzes the data to determine whether
or not noise due to physical displacement of the PPG sensor
104 (relative to the original placement) is present. Displace-
ment of the sensor 104 changes the nature of the PPG signal.
For example, FIG. 6 shows graphs illustrating the PPG
signal resulting from rotating a finger mounted pulse oxi-
meter clip 90 degrees about the finger every 5 seconds. This
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6

rotation results in three distinct positions of the clip. In this
experiment, the LED light shined on the finger from the top,
left, and right. The top graph shows the raw signal and the
bottom graph shows the filtered signal.

The raw PPG signal data clearly shows the three distinct
positions. The signal portions that appear flat around 2%10°
represent the signal when the sensor is shining top down.
The other two positions result in a signal slightly above and
slightly below 4*10°. The difference comes from the fact
that the finger was not symmetrically shaped on the left and
right. The left side of the subject’s finger was slightly more
curved which allowed more light to go through. This experi-
ment demonstrates two ideas.

First, the amount of measured light depends on the
geometry of the finger. For simplicity, the total light absorp-
tion in the finger from a perspective i, where a perspective
is defined as a physical location and orientation of the LEDs
and photodiodes, can be represented as the sum of blood
absorption, tissue absorption, and bone absorption:

Absorption,,,,/=Absorption,,,+Absomption,; ... /+
Absorption,,,,..

When the sensor 1s displaced, meaning that the perspective
is changed from 1 to j, each of the absorption components
will change. The blood absorption components of the dif-
ferent perspectives are not the same when a displacement
takes place; however, they are both highly correlated to the
heart rate. This can be seen in top graph of FIG. 6, where the
amplitude changes in the signal have different shapes and
amplitudes at different DC levels, but very similar periods.
The tissue and bone absorption properties are unclear in the
context of the optics of the human body. However, they are
consistent for any given position of the clip.

Second, a transition between two different orientations of
the clip can be thought of as a transition from the perspective
i to the perspective j for tissue and bone absorption:

Absorption,l-ssuei+At)_sorption bome. —>Absorption, ., J+
Absorptiony,,, /.

This transition is not instantaneous, which means that for the
duration of the transition, the observed signal corresponds to
the samples of perspectives on the path from perspective i to
perspective j. Note that many perspectives will produce
observations that are similar due to their physical proximity.
Transitions have significant effect on the data when they
have a very high slope which indicates a sharp transition
over a short period of time.

Referring again to FI1G. 3, these ideas form the basis for
the data quality analysis 304. The structure of the PPG signal
in cases of the rapid transition from perspective i to per-
spective j may be used to detect portions of the signal that
contain a higher number of such transitions so that such
portions of the signal may be treated as noisy. As the
experiment illustrates, a significant relative displacement of
the PPG sensor will result in a sharp slope transition in the
PPG signal. The zero crossings in the signal may be used to
identify periods in the signal data corresponding to rapid
transitions, i.e., displacement.

More specifically, to perform data quality analysis 304,
first the zero crossings in the derivative data of the filtered
PPG signal are computed 316. Two sets of zero crossing data
are extracted in order to verify the slope. One set approxi-
mates a derivative value to be zero when the value is
between [-a, a|, while the other approximates the derivative
value to zero when the value is between [-b, b], where b>a.
The intervals [-a, a] and [-b, b] may be referred to as
threshold intervals herein. The values of a and b are imple-
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mentation dependent and may be empirically determined.
The particular values may depend on the particular LED and
photodiode used in the PPG sensor. In some embodiments,
a=10 and b=15.

Since b is a larger threshold, it can capture sharper
transitions in the signal that are otherwise missed by the
threshold a, as demonstrated in FIG. 7. Note that this figure
assumes b=15 and a=10. The dots on the curves correspond
to points captured by the intervals. The [-10, 10] threshold
can capture all of the points in the dotted curve and the [-15,
15] threshold captures the points in the solid curve as well
as the points in the dotted curve.

Referring again to FIG. 3, the ratio of the number of zero
crossings captured by the threshold a and the number of zero
crossing captured by the threshold b in a window of data is
computed 318. The size of the data window may be imple-
mentation dependent and may be determined empirically.
This ratio is an indicator of the amount of displacement
present in the signal. Specifically, when no device displace-
ment is present, the ratio remains consistent and does not
change significantly.

The computed ratio is then used to determine 306 the
noise type in the PPG signal. If the ratio value changes
significantly, the sensor is being displaced and thus displace-
ment noise is present. The corresponding signal data is
disregarded (discarded) until the displacement ends. In some
embodiments, the noise type decision for the current data
point is determined as per

If IR-R_iI>Thresh*R

then discard data point
where R_i is the ratio value computed for the current data
point, Thresh is a pre-determined threshold, and R is the
average of the last n (e.g., 10) R_i values of data points that
were not discarded. The value of n may be an empirically
determined constant.

As is explained in more detail herein, a method used for
determining the heart rate estimate extracts each pulse from
a buffer of the signal data. If the data points are discarded
due to displacement noise, discontinuity in the sequential
data corresponding to one or more pulses is created. Accord-
ingly, when data points are discarded, a flag indicating that
displacement noise was detected and data points have been
discarded is set so that the method can adapt to such
discontinuities.

The filtered PPG signal (with those portions correspond-
ing to displacement discarded) is then compensated 308
based on a reference signal for noise introduced by physical
movements of a person wearing the monitor unit and/or
ambient light. More specifically, the reference signal is used
to cancel motion noise in the filtered PPG signal, resulting
in a compensated PPG signal. In some embodiments, a
method for LED power adjustment noise cancellation as
illustrated in FIG. 8 is performed for noise compensation. In
some embodiments, a method for complimentary LED
wavelength noise cancellation as illustrated in FIG. 9 is
performed for noise compensation.

Referring now to FIG. 8, this method for noise cancella-
tion is based on the idea of using a reference signal resulting
from reduced current applied to a single LED also used for
capturing the PPG signal or reduced current applied to a
secondary LED. The light of an LED driven at a lower
current than that used to capture the PPG signal will not
penetrate the skin to the same extent as the light of an LED
driven at “normal” current levels, i.e., current levels suffi-
cient to capture the pulsatile component (the component
corresponding the heart pulse). Hence, the resulting refer-
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8

ence signal will not include much, if any, of the pulsatile
component but will include changes in ambient light con-
ditions as well as artifacts introduced by locomotion (which
are also present in the PPG signal).

FIGS. 10 and 11 illustrate this concept for, respectively, a
single LED embodiment of the PPG sensor 104 and a dual
LED embodiment of the PPG sensor 104. For the single
LED embodiment, the LED is alternately driven at the
normal current by the MCU 108 at time t1 and at a
sufficiently lower current at time t2, where 12 follows t1
closely. For the dual LED embodiment, the primary LED at
the normal current and the secondary LED at a sufficiently
lower current are alternately driven by the MCU 108 at time
t1 and t2, where t2 follows t1 closely. More specifically, at
time t1, the MCU 108 causes the primary LED to be turned
on with the normal current value and the secondary LED is
off. At time t2, the MCU 108 causes the current to be
removed from the primary LED, thus turning it off, and
causes the secondary LED to be turned on with the lower
current value. The particular current values used may be
determined empirically. The current values needed in a
particular implementation may depend on factors such as the
particular LED(s) and photodiode used, the relative posi-
tions of the LED(s) and the photodiode, and the overall
mechanical design of the monitor unit. The normal current
may be, for example, 8 mA (milliamps) while the lower
current may be 0.05 mA, which is almost two orders of
magnitude less than the normal current. The interval
between t1 and t2 may also be determined empirically and
may depend on factors such as the data collection frequency,
the LED duty cycle, and the analog to digital conversion
time.

Referring again to FIG. 8, the artifact compensation is
performed by applying an adaptive filter to the filtered PPG
signal with the lower current signal used as a reference. In
general, adaptive filtering refers to dynamically modifying
the parameters of a digital filter based on removing a
component correlated to the reference signal from the core
signal. Any suitable filter approach may be used, such as, for
example, a Least Mean Square (LMS) filter. The compen-
sated PPG signal output by this method is the input signal
with the correlated part removed.

Referring now to FIG. 9, this method for noise cancella-
tion is based on the idea of using a reference signal resulting
from an alternative light wavelength complementary to the
wavelength of the LED used for capturing the PPG signal.
The second wavelength should carefully selected to have the
same level of light absorption by hemoglobin as the wave-
length of the primary LED, which means that both LEDs
will stimulate a signal with the same pulsatile component.

To generate the PPG signal and the reference signal, the
primary LED and the secondary LED are alternately driven
by the MCU 108 at time t1 and t2, where t2 follows t1
closely. More specifically, at time t1, the MCU 108 causes
the primary LED to be turned on and the secondary LED to
be turned off. At time t2, the MCU 108 causes the primary
LED, to be turned off and the secondary LED to be turned.
The interval between t1 and {2 may be determined empiri-
cally and may depend on factors such as the data collection
frequency, the LED duty cycles, and the analog to digital
conversion time.

The artifact compensation is performed by applying an
adaptive filter to the filtered PPG signal with the different
wavelength signal used as a reference. In general, adaptive
filtering refers to dynamically modifying the parameters of
a digital filter based on removing a component correlated to
the reference signal from the core signal. Any suitable filter
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approach may be used, such as, for example, a Least Mean
Square (LMS) filter. The compensated PPG signal output by
this method is correlated part of the input signal.

Referring again to FIG. 3, either the original filtered PPG
signal or the compensated PPG signal is then selected 310
for heart rate estimation based on how much movement
intensity is present in the signal. The original filtered PPG
signal is considered clean when it contains a low level of
movement artifacts and/or device displacement artifacts.
Such artifacts are associated with motion of either the
hand/arm or the device around the wrist. The signal from the
accelerometer 112 is used to differentiate between a clean
PPG signal and a PPG signal that contains noise due to the
device displacement and/or movement artifacts. More spe-
cifically, a measure of movement intensity is estimated from
the accelerometer signal, and this measure is used to choose
between the two signals. If the intensity measure indicates
that movement intensity is low relative to a predetermined
intensity threshold, the filtered PPG signal is selected 310;
otherwise, the compensated PPG signal is selected. The
value of the intensity threshold is implementation dependent
and may be determined empirically.

The movement intensity may be estimated 312 from the
accelerometer signal as follows. The power of the acceler-
ometer signal is computed and then a linear acceleration is
computed based on the power signal. The linear acceleration
may be computed by applying an alpha filter to the power
signal. A predetermined threshold is then applied to the
linear acceleration to determine if the movement is low or
high. The value of this threshold may be determined empiri-
cally based on collecting movement data from a represen-
tative data set.

A heart rate estimate is then determined 314 using the
selected PPG signal. Any suitable technique for estimating
the heart rate from the selected PPG signal may be used.
FIG. 12 illustrates one method that may be used. In some
embodiments, the estimation processing is performed on a
buffer of the signal data that corresponds to 1.5 times the
number of points per expected heart beat. For example,
initially, the buffer size may be set to 2250 samples, which
is

1.5%500%60
20 ’

where 500 Hz is the sampling rate and 20 BPM (beats per
minute) is the slowest heart rate the method aims to detect.
The size of the buffer may be changed as a better estimation
of a heart rate is calculated. The buffer may be maintained
in the memory 118 of the monitor unit of FIG. 1.

In general, the method attempts to find the start of a heart
pulse, the summit or peak of the pulse, and the end of the
pulse in the data in the buffer. The visualization of this idea
is demonstrated in FIG. 13. The pulse in this figure is a bit
simplistic, because such an obvious labeling only occurs in
the case of a clean signal, which is simple to process.
However, it is meant to provide an intuition of the corre-
spondence of start, summit, and end in the signal. Once the
end of the pulse is discovered, the detected pulse is used to
estimate the heart rate and any data in the buffer unused in
the current pulse is re-used in the next pulse determination
iteration. More specifically, in an iteration of heart rate
estimation method, sufficient samples from the selected PPG
signal are appended 1200 to the buffer to fill the buffer. Note
that at the beginning of any iteration except the first, the
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buffer is not necessarily empty. Rather, it may contain any
samples from the previous iteration that were not part of the
detected pulse.

The start of the pulse in the buffered data is then estimated
1202. FIG. 14 is a flow diagram of a method for estimating
the start of a pulse. The method begins by determining 1400
whether or not the start of the initial pulse in the signal is to
be estimated or if data in the signal has been discarded due
to displacement noise. As previously explained, if data is
discarded as part of determining the noise type 306 in the
PPG signal, a flag is set to indicate this. If either of these
cases is true, the start of the pulse is estimated 1402 from the
buffer data; otherwise, the end of the pulse determined in the
previous iteration is selected 1404 as the start of the current
pulse. The start of the pulse may be estimated, for example,
by computing the first derivative of the data in the buffer and
finding the smallest value (y coordinate) of the first five
zero-crossing points of the resulting derivative signal. The
sample corresponding to this smallest value is selected as the
start of the pulse.

Referring again to FIG. 12, after the pulse start is esti-
mated 1202, the summit of the pulse is estimated 1204. FIG.
15 is a flow diagram of a method for estimating the summit
of a pulse. While the summit of a pulse is not directly used
in the calculation of the heart rate, it is useful for estimating
the end of the pulse. Any pulse can be broken into a
transition from the start of the pulse to the summit, and from
the summit of the pulse to the end. Treating these two
transitions separately, i.e., assuming that the transitions have
similar properties but are not identical, is helpful in the
context of the noisy data. The transition from the start to the
summit represents infusion of the blood in arteries during
the heart beat, while the transition from the summit to the
end represents diffusion of the blood.

Referring now to FIG. 15, the method beings by deter-
mining finding 1500 an initial data point in the buffer that is
a candidate for being the summit of the pulse. More spe-
cifically, the first local maximum after the pulse start is
selected as the initial summit candidate. A local maximum
may be determined, for example, as a zero crossing in the
first derivative of the data points in the buffer. Next, a check
is made to determine 1502 if there is another candidate for
the summit. More specifically, the buffered data is checked
for another local maximum. Each local maximum in the
buffer is a potential candidate for being the peak summit.

If there is another summit candidate 1502, the new
candidate is compared to the current summit candidate to
determine 1504 if it is a better candidate. If the new summit
candidate is the better candidate, the new candidate is
selected 1506 as the current summit candidate; otherwise,
the current summit candidate remains as the previously
selected summit candidate. If there is no other summit
candidates in the buffer 1502, then the current summit
candidate is selected 1508 as the pulse summit.

To determine which of two summit candidates is better,
the two local maximum points are compared based on the
relationship between the direct linear path from the current
summit candidate point to the new summit candidate point
(as shown in FIG. 16) and the indirect path between the two
points tracing the actual signal. If the value (y coordinate) of
the new candidate point is both within a factor a of the value
of the current candidate point and the length of the direct
path between the two points is larger than a factor f§ times
the length of the actual path then the new candidate point is
considered to be better than the current candidate point. The
values of a and f used are determined by the quality of the
PPG signal. That is, there are values for o and 3 that are used
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when data from a compensated PPG signal is used for pulse
determination and different values for ¢ and {3 that are used
when data from a filtered PPG signal are being used for
pulse determination. In the case of a compensated (noisy)
PPG signal, the values of both parameters are more conset-
vative (larger) than in the case of a filtered (clean) PPG
signal. The particular values of o and 3 for compensated and
filtered PPG signals may be determined empirically, for
example, using a test set of representative noisy and clean
PPG signals.

Referring again to FIG. 12, after the pulse summit is
estimated 1204, the end of the pulse is estimated 1206. FIG.
17 is a flow diagram of a method for estimating the end of
a pulse. The method beings by determining finding 1700 an
initial data point in the buffer that is a candidate for being the
peak of the pulse. More specifically, the first local minimum
after the pulse summit is selected as the initial end candidate.
A local minimum may be determined, for example, by
analyzing the first derivative of the data points in the buffer
for a negative to positive transition. Next, a check is made
to determine 1702 if there is another candidate for the end.
More specifically, the buffered data is checked for another
local minimum. Each local minimum in the buffer (after the
summit) is a potential candidate for being the pulse end.

If there is another end candidate 1702, the new candidate
is compared to the current end candidate to determine 1704
if it is a better candidate. If the new end candidate is the
better candidate, the new candidate is selected 1706 as the
current end candidate; otherwise, the current end candidate
remains as the previously selected end candidate. If there is
no other end candidates in the buffer 1702, then the current
end candidate is selected 1708 as the pulse end.

To determine the better candidate between the current end
candidate and the new end candidate, a score is computed
for each of the candidate end points. The score is determined
by the normalized difference between the length of the direct
path from the pulse start point to the summit point and the
length of the direct path from the summit point to the
candidate end point. These paths are illustrated in the
example of FIG. 18. If the score of the new end candidate is
less than p times the score of the current end candidate, the
new end candidate is considered to be better than the current
end candidate. The value of p used is determined by the
quality of the PPG signal. That is, there is a value for p that
is used when data from a compensated PPG signal is used
for pulse determination and a different value for p that is
used when data from a filtered PPG signal are being used for
pulse determination. In the case of a compensated (noisy)
PPG signal, the value is lower than in the case of a filtered
(clean) PPG signal. The particular values p for compensated
and filtered PPG signals may be determined empirically, for
example, using a test set of representative noisy and clean
PPG signals. The motivation behind this scoring system is to
allow for the possibility that the beginning and the end of a
heart pulse will not have the same y coordinate, i.c., the
signal is not strictly sinusoidal but will drift up and down
over time. This approach assumes that if the blood saturation
or de-saturation becomes slower, it will take a longer period
of time for the blood to flow through.

Referring again to FIG. 12, after the pulse start, summit,
and end are determined, the heart rate is estimated 1210.
FIG. 19 is a flow diagram of a method for estimating heart
rate. As was previously mentioned, all identified pulses are
not included in the heart rate estimation. Rather, the quality
of a pulse is evaluated to determine whether or not the pulse
is to be used for heart rate estimation. To understand the
properties of PPG signals, the morphology of such signals

10

15

20

25

30

35

40

45

50

55

60

65

12

should be considered. FIG. 20 shows examples of basic
morphologies of PPG signals in terms of the zero crossing
points. Example (a) shows a pulse that contains 3 zero
crossing points. A pulse is likely to be similar to this example
in the case of a perfectly clean filtered signal. Note that
relative displacement is likely to produce a similar shape.
However, the noisy signal will have a large slope, which
means that the pulse duration will be short in the noisy
signal. Example (b) shows pulses with four zero-crossing
points. These are very particular signal shapes that generally
correspond to a clean pulse in both clean and noisy signals.
A contaminated version of the same pulse is likely to gain a
fifth zero crossing point, as illustrated in the left plot of
example (c). While the left and middle plots of example (c)
correspond to clean pulses, they cannot be differentiated
from the pulse of the rightmost plot. The right plot could be
a set of two pulses with a DC drift in the middle in case of
a clean signal, or a movement contaminated signal in a noisy
signal.

Referring now to FIG. 19, the method begins by comput-
ing 1900 the number of zero crossings between the start and
end of the detected pulse. If the number of zero crossings
found 1902 is three or four, the pulse is used to estimate
1904 the heart rate. If the number of zero crossings found
1902 is two or greater than four, the detected pulse is not
used to estimate the heart rate. The heart rate may be
estimated 1904 as the data collection frequency (in samples
per second) multiplied by 60 seconds and divided by the
pulse duration (in data points per beat).

After the heart rate is estimated 1904, estimation valida-
tion 1904 is performed to decide whether or not the heart
rate estimate is good. The estimation validation is based on
the assumption that the heart rate cannot change instanta-
neously. In general, the estimation validation verifies
whether or not the heart rate estimate is consistent with
previous estimates. If the pulse passes this estimation vali-
dation, the heart rate estimate is output 1908 for further
processing such as, for example, transmission to another
device for display and/or analysis.

The estimation validation may be based on an assumption
that the heart rate will not change by more than 10 beats per
second (bps) and may be performed as follows. Given a new
pulse, compute the elapsed time since the last valid heart rate
estimation. For example, if no pulses have been ignored or
produced a heart rate estimate that failed the sanity check
since the last valid heart rate estimation, then the duration of
the pulse is the elapsed time. If one or more pulses have been
ignored or produced a heart rate estimate that failed the
sanity check between the current pulse and the last valid
heart rate estimation, then the elapsed time is the duration of
those pulses plus the duration of the current pulse. The 10
bps is then scaled with respect to the computed elapsed time.
If the new heart rate estimate is less than the sum of the
previous valid heart rate estimate and the scaled 10 bps
threshold, the current heart rate estimate passes the estima-
tion validation.

OTHER EMBODIMENTS

While the invention has been described with respect to a
limited number of embodiments, those skilled in the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the invention as disclosed herein.

For example, while embodiments have been described
here in reference to a watch-like form factor, one of ordinary
skill in the art will understand that embodiments of the heart
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rate measurement methods described herein may be used in
PPG heart rate monitor units housed in form factors suitable
for monitoring heart rate in locations on the body of a person
such as, for example, the forehead, an ear lobe, a finger, and
an upper arni.

In another example, one of ordinary skill in the art will
understand embodiments in which a motion sensor other
than an accelerometer is used.

In another example, one of ordinary skill in the art will
understand embodiments in which a light detector other than
aphotodiode is used, such as, for example a photoresistor or
a phototransistor. Further, one of ordinary skill in the art will
understand two LED embodiments in which two light detec-
tors are used, one for each LED.

In another example, one of ordinary skill in the art will
understand embodiments having more LEDs and/or light
detectors than the example embodiments described herein.
Further, one of ordinary skill in the art will understand
embodiments in which the LEDs and/or light detectors may
have different positions and orientations on a monitoring
device than the examples described herein.

In another example, one of ordinary skill in the art will
understand embodiments in which the photodiode has an
optical filter such as, for example, a film that restricts the
type of light that the photodiode observes to infrared.

The methods described herein may be implemented in
hardware, software, firmware, or any combination thereof. If
completely or partially implemented in software, the soft-
ware may be executed in one or more processors, such as a
microcontroller, microprocessor, application specific inte-
grated circuit (ASIC), field programmable gate array
(FPGA), or digital signal processor (DSP). The software
instructions may be initially stored in a computer-readable
medium and loaded and executed in the processor. In some
cases, the software instructions may also be sold in a
computer program product, which includes the computer-
readable medium and packaging materials for the computer-
readable medium. In some cases, the software instructions
may be distributed via removable computer readable media,
via a transmission path from computer readable media on
another digital system, etc. Examples of computer-readable
media include non-writable storage media such as read-only
memory devices, writable storage media such as disks, flash
memory, memory, or a combination thereof.

Although method steps may be presented and described
herein in a sequential fashion, one or more of the steps
shown in the figures and described herein may be performed
concurrently, may be combined, and/or may be performed in
a different order than the order shown in the figures and/or
described herein. Accordingly, embodiments should not be
considered limited to the specific ordering of steps shown in
the figures and/or described herein.

It 1s therefore contemplated that the appended claims will
cover any such modifications of the embodiments as fall
within the true scope of the invention.

What is claimed is:

1. A method for heart rate measurement using a photop-
lethysmograph (PPG) heart rate monitor device, the method
comprising:

capturing a PPG signal generated by using a first light

emitting diode (LED) of the PPG heart rate monitor
device;

capturing a reference signal generated by using a second

LED of the PPG heart rate monitor device, wherein a
current used to drive the second LED is lower than a
current used to drive the first LED;
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using the reference signal to remove motion noise from
the PPG signal, wherein a motion noise compensated
PPG signal is generated; and
estimating a heart rate using the motion noise compen-
sated PPG signal, the estimating including:
estimating a start point of a pulse in a portion of the
motion compensated PPG signal;
estimating a summit point of the pulse in the portion;
and
estimating an end point of the pulse in the portion,
wherein estimating the end point comprises:
computing a score for each of two candidate end points,
wherein the score includes a difference between a
first length of a first direct path from the estimated
start point to the estimated summit point and a
second length of a second direct path from the
estimated summit point to the candidate end point;
and
selecting one of the two candidate end points as the
estimated end point based on the scores of the two
candidate end points.
2. The method of claim 1, wherein the first LED and the
second LED are a same LED.
3. The method of claim 1, further comprising:
determining, prior to the using the reference signal to
remove motion noise, whether or not a portion of the
PPG signal includes displacement noise; and

discarding the portion of the PPG signal when the portion
includes displacement noise.

4. The method of claim 3, wherein determining whether
or not a portion of the PPG signal includes displacement
noise comprises:

analyzing the portion to identify rapid transitions in

position of the PPG heart rate monitor device; and
determining whether or not the portion includes displace-
ment noise based on the identified rapid transitions.

5. The method of claim 4, wherein analyzing the portion
comprises:

determining a first number of zero crossings in a first

threshold interval in the portion of the PPG signal; and

determining a second number of zero crossings in a

second threshold interval in the portion of the PPG
signal, and

wherein a ratio of the first number of zero crossings and

the second number of zero crossings is used to deter-
mine if the portion includes displacement noise.

6. A method for heart rate measurement using a photop-
lethysmograph (PPG) heart rate monitor device, the method
50 comprising:
capturing a PPG signal generated by using a light emitting

diode (LED) of the PPG heart rate monitor device;
analyzing a first portion of the PPG signal to identify rapid

transitions in position of the PPG heart rate monitor
device, the analyzing comprising:

determining a first number of zero crossings in a first

threshold interval in the first portion of the PPG
signal; and

determining a second number of zero crossings in a

second threshold interval in the first portion of the
PPG signal,
determining whether or not the first portion includes
displacement noise based on a ratio of the first number
of zero crossings and the second number of zero
crossings;
discarding the first portion of the PPG signal when the
first portion includes displacement noise; and
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using the first portion of the PPG signal for heart rate
measurement when the first portion does not include
displacement noise.
7. The method of claim 6, wherein the LED is a first LED,
and the using the first portion of the PPG signal comprises:
using a reference signal to remove motion noise from the
first portion of the PPG signal to generate a motion
noise compensated first portion of the PPG signal,
wherein the reference signal is captured using a second
LED of the PPG heart rate monitor device, wherein a
current used to drive the second LED is lower than a
current used to drive the first LED; and
estimating a heart rate using the motion noise compen-
sated first portion of the PPG signal.
8. The method of claim 7, wherein the first LED and the
second LED are a same LED.
9. The method of claim 6, wherein using the first portion
the PPG signal for heart rate measurement comprises:
estimating a start point of a pulse in a second portion of
the PPG signal comprising the first portion of the PPG
signal;

15
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estimating a summit point of the pulse in the second
portion; and

estimating an end point of the pulse in the second portion,
wherein estimating the end point is based on the
estimated summit point.

10. The method of claim 9, wherein estimating an end
point comprises:

computing a score for each of two candidate end points,
wherein the score for a candidate end point is a differ-
ence between a length of a direct path from the esti-
mated start point to the estimated summit point and a
length of a direct path from the estimated summit point
to the candidate end point; and

using the computed scores to determined which of the two
candidate end points is the better candidate end point.

11. The method of claim 6, wherein the PPG heart rate
monitor device is housed in a watch-like form factor.
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