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HEART RATE DETECTION ARCHITECTURE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation-in-part applica-
tion of U.S. application Ser. No. 14/731,711, filed Jun. 5,
2015, and claims the priority benefit of U.S. Provisional
Application Ser. No. 62/503,042, filed on May 8, 2017 and
Taiwan Application No. 103133698 filed Sep. 26, 2014, the
full disclosures of which are incorporated herein by refer-
ence.

BACKGROUND

1. Field of the Invention

[0002] This disclosure generally relates to a heart rate
detection architecture. More particularly, this disclosure
relates to a heart rate detection architecture that integrates
PPG data and MEMS data with MCU for heart rate detec-
tion.

2. Description of the Related Art

[0003] A heart rate detector can calculate the user’s heart
rate based on photoplethysmography (PPG) signals. How-
ever, when the part of a human body being detected has a
relative movement with respect to the heart rate detector, a
disturbed signal can be detected such that it is difficult to
detect a correct heart rate. Therefore, a correct heart rate may
not be obtainable under a condition of a non-static state, e.g.,
especially for the heart rate detector being adapted to por-
table electronic devices or wearable electronic devices.

SUMMARY

[0004] The present disclosure provides a system architec-
ture including a PPG hardware module and a microelectro-
mechanical systems (MEMS) hardware module. The PPG
hardware module is configured to process PPG raw data,
which is generally composed of analog signals or digital
signals. The PPG hardware module is configured to filter the
raw data for later digital calculation to, for example, find out
frequency signals with higher peak values, e.g., higher than
a predetermined amplitude. And the PPG hardware module
then outputs the selected frequency signals to MCU for heart
rate calculation. The MEMS hardware module is configured
to receive MEMS raw data from a motion detector made of
MEMS elements. The MEMS raw data represents a motion
status of a user that could possibly affect the heart rate
determination result. The MEMS hardware module is con-
figured to filter the raw data for later digital calculation to
find out frequency signals with higher peak values, e.g.,
higher than a predetermined amplitude, caused by motion.
[0005] The present disclosure further provides a system
architecture to output a confidence level parameter of output
signals. The confidence level parameter is adapted for later
calculation in response to various algorithms. The system
architecture is also configured to apply the hardware mod-
ules to enter hardware acceleration mode that share a portion
of MCU loading.

[0006] The present disclosure provides a heart rate detec-
tion device including a photoplethysmography (PPG) hard-
ware module, a microelectromechanical systems (MEMS)
hardware module and a microcontroller unit (MCU). The
PPG hardware module is configured to receive PPG raw data
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and generate PPG frequency data. The MEMS hardware
module is configured to receive MEMS raw data and gen-
erate. MEMS frequency data. The MCU is electrically
coupled to the PPG hardware module and the MEMS
hardware module, and configured to estimate a heart rate
according to the PPG frequency data in referencing the
MEMS frequency data.

[0007] The present disclosure further provides a heart rate
detection device configured to receive a photoplethysmog-
raphy (PPG) raw data from a PPG detector and a micro-
electromechanical systems (MEMS) raw data from a MEMS
accelerometer. The heart rate detection device includes a
PPG hardware module and a MEMS hardware module. The
PPG hardware module is configured to receive the PPG raw
data and includes a first bandpass filter, a first conversion
module and a first peak extraction module. The first band-
pass filter is configured to filter the PPG raw data. The first
conversion module is configured to convert the filtered PPG
raw data to PPG frequency data. The first peak extraction
module is configured to search PPG peak values among the
PPG frequency data, and output the PPG peak values and the
PPG frequency data. The MEMS hardware module is con-
figured to receive the MEMS raw data and includes a second
bandpass filter, a second conversion module and a second
peak extraction module. The second bandpass filter is con-
figured to filter the MEMS raw data. The second conversion
module is configured to convert the filtered MEMS raw data
to MEMS frequency data. The second peak extraction
module is configured to search MEMS peak values among
the MEMS frequency data, and output the MEMS peak
values and the MEMS frequency data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Other objects, advantages, and novel features of the
present disclosure will become more apparent from the
following detailed description when taken in conjunction
with the accompanying drawings.

[0009] FIG. 1 is a schematic block diagram of a heart rate
detection module according to one embodiment of the
present disclosure.

[0010] FIG. 2A is a schematic diagram of a PPG signal
before being filtered according to one embodiment of the
present disclosure.

[0011] FIG. 2B is a schematic diagram of a PPG signal
after being filtered according to one embodiment of the
present disclosure.

[0012] FIG. 3 is a flow chart of a heart rate detection
method according to one embodiment of the present disclo-
sure.

[0013] FIG. 4A is a spectrum diagram of a frequency
domain PPG signal according to one embodiment of the
present disclosure.

[0014] FIG. 4B is a schematic diagram of first frequency
domain information corresponding to the spectrum diagram
of FIG. 4A.

[0015] FIG. 5A is a spectrum diagram of a frequency
domain acceleration signal according to one embodiment of
the present disclosure.

[0016] FIG. 5B is a schematic diagram of second fre-
quency domain information corresponding to the spectrum
diagram of FIG. 5A.

[0017] FIG. 6 is a schematic diagram of first frequency
domain information and second frequency domain informa-
tion according to one embodiment of the present disclosure.
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[0018] FIG. 7 is a flow chart of a denoising method
according to one embodiment of the present disclosure.
[0019] FIG. 8 is a schematic diagram of frequency
indexes, a reference index and a denoising range according
to one embodiment of the present disclosure.

[0020] FIG. 9 is a schematic block diagram of a heart rate
detection architecture of the present disclosure.

[0021] FIGS. 10a-10d are various embodiments of the
connection structure among a PPG hardware module, a
MEMS hardware module, and an MCU of the present
disclosure.

[0022] FIG. 11 is a schematic block diagram of the control
parameter setting of the present disclosure.

[0023] FIG. 12 is a schematic block diagram of heart rate
detection architecture according to another embodiment of
the present disclosure.

[0024] FIG. 13 is a schematic diagram of a heart rate
variation including calculated heart rates and estimated heart
rates.

DETAILED DESCRIPTION OF THE
EMBODIMENT

[0025] Ttshould be noted that, wherever possible, the same
reference numbers will be used throughout the drawings to
refer to the same or like parts.

[0026] The present disclosure provides a heart rate detec-
tion module with a denoising function and adaptable to a
smart watch, a wristband, glasses, a wearable device or a
portable device, but not limited thereto. In some embodi-
ments, the wearable device or the portable device may or
may not have a display function. In some embodiments, the
heart rate detection module is an individual detection device
and is attached to the devices in an appropriate manner while
being used so as to improve the usability thereof.

[0027] Referring to FIG. 1, it is a schematic block diagram
of a heart rate detection module 1 according to one embodi-
ment of the present disclosure. The heart rate detection
module 1 includes a photoplethysmography (PPG) measur-
ing device 10, a motion sensor 12 and a processing unit 14,
wherein the processing unit 14 includes a conversion mod-
ule 140, a peak value extraction module 142 and a calcula-
tion module 144. In some embodiments, two band pass
filters 16 are respectively disposed between the PPG mea-
suring device 10 and the processing unit 14 and between the
motion sensor 12 and the processing unit 14. In some
embodiments, the processing unit 14 further includes a heart
rate monitoring module 146 configured to record heart rates
calculated by the calculation module 144. It is appreciated
that a power module (not shown) is electrically connected to
the heart rate detection module 1 for providing power
required by the heart rate detection module 1 in operation.
[0028] The PPG measuring device 10 is configured to
detect a skin surface in a detection period to output a PPG
signal S,. Generally speaking, the PPG measuring device 10
has a light emitting module and a sensing region. The PPG
measuring device 10 is a reflective PPG measuring device or
a transmissive PPG measuring device without particularly
limitations. The method for the PPG measuring device 10 to
generate the PPG signal 8, according to detected light
signals is known to the art and thus details thereof are not
described herein. A location of the skin surface to be
detected by the PPG measuring device 10 is not particularly
limited and is determined according to an electronic device
to which the heart rate detection module 1 adapted.
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[0029] The motion sensor 12 is, for example, a gyroscope,
an accelerometer, a G sensor or other devices configured to
sense human body movement. In this embodiment, the
motion sensor 12 is illustrated by taking an accelerometer as
an example. The motion sensor 12 is configured to output an
acceleration signal S, corresponding to the detection period
of the PPG measuring device 10 so that the acceleration
signal S, has a corresponding relationship with the PPG
signal S,. In one embodiment, the motion sensor 12 is
manufactured by  microelectro-mechanical ~ systems
(MEMS) technology.

[0030] Inthis embodiment, the heart rate detection module
1 has two band pass filters 16 respectively between the PPG
measuring device 10 and the processing unit 14 and between
the motion sensor 12 and the processing unit 14, and the two
band pass filters 16 are respectively configured to filter the
PPG signal 8, and the acceleration signal 8,,. For example,
FIGS. 2A and 2B are schematic diagrams of the PPG signal
3, before and after being filtered by the band pass filter 16,
wherein the x-axis indicates the time and the y-axis indicates
the amplitude. Generally speaking, a human heart rate is
between 30 beats/min and 240 beats/min, and a signal
frequency range of the human heart rate is from 0.5 Hz to 4
Hz since a heart rate of 60 beats/min corresponds to 1 Hz.
Therefore, a passband of the band pass filters 16 is selected,
for example, from 0.5 Hz to 4 Hz or from 0.45 Hz to 4.5 Hz
$0 as to improve the signal quality of the PPG signal S, and
the acceleration signal S, (i.e. filtering frequencies not
related to the human heart rate), but not limited thereto. To
simplify the description, the PPG signal and the acceleration
signal after being filtered by the band pass filters 16 are also
indicated by reference numbers S, and S, respectively.
[0031] It should be mentioned that although the band pass
filters 16 are not included in the processing unit 14 in FIG.
1, the present disclosure is not limited thereto. In some
embodiments, the band pass filters 16 are respectively
disposed in the PPG measuring device 10 and the motion
sensor 12. In some embodiments, the band pass filters 16 are
disposed in the processing unit 14.

[0032] The processing unit 14 is, for example, a digital
signal processor (DSP) or other processing devices for
processing signals, and processing functions thereof are
implemented by software, hardware or firmware. The pro-
cessing unit 14 is configured to eliminate, according to the
acceleration signal S, noise in the PPG signal S, generated
by relative movements between the sensing region of the
PPG measuring device 10 and the skin surface. For example,
in some embodiments, the processing unit 14 converts the
PPG signal S, and the acceleration signal S, respectively to
first frequency domain information I, and second frequency
domain information 1,, determines a denoising parameter
according to a maximum spectrum peak value of the second
frequency domain information I, to denoise the first fre-
quency domain information I,, and calculates a heart rate
according to a maximum spectrum peak value of the
denoised first frequency domain information.

[0033] The conversion module 140 of the processing unit
14 is configured to convert the PPG signal S, to a frequency
domain PPG signal, generate a first frequency index set and
a first spectrum value set associated with the first frequency
index set configured as the first frequency domain informa-
tion I, convert the acceleration signal S, to a frequency
domain acceleration signal, and generate a second frequency
index set and a second spectrum value set associated with



US 2018/0092604 A1

the second frequency index set configured as the second
frequency domain information I,.

[0034] The peak value extraction module 142 of the
processing unit 14 is configured to identify a plurality of
spectrum peak values in the first frequency domain infor-
mation I, and the second frequency domain information I,
and output frequency indexes corresponding to the plurality
of spectrum peak values to the calculation module 144.

[0035] The calculation module 144 of the processing unit
14 is configured to eliminate noise in the first frequency
domain information I, according to the frequency indexes
corresponding to the plurality of spectrum peak values and
then calculate the heart rate (described later).

[0036] The heart rate monitoring module 146 is configured
to record a variation tendency of heart rates corresponding
to a plurality of the detection periods so that when the
calculation module 144 is unable to directly calculate a heart
rate according to the denoised first frequency domain infor-
mation, the heart rate is further estimated according the
variation tendency (described later).

[0037] It is appreciated that the conversion module 140,
the peak value extraction module 142, the calculation mod-
ule 144 and the heart rate monitoring module 146 of this
embodiment indicate function blocks or program instruc-
tions inside the processing unit 14. It is appreciated that in
other embodiments, the conversion module 140, the peak
value extraction module 142, the calculation module 144
and the heart rate monitoring module 146 may be imple-
mented by different processing units. It should be mentioned
that two conversion modules 140 and two peak value
extraction modules 142 are shown in FIG. 1, but the present
disclosure is not limited thereto. The processing unit 14 may
include only one conversion module 140 and only one peak
value extraction module 142.

[0038] In some embodiments, the heart rate detection
module 1 further includes an indication unit 18, e.g. a
speaker or a display, configured to represent the heart rate
through audio or images. In this case, the power module
further provides power required by the indication unit 18.

[0039] In some embodiments, the indication unit 18 is not
included in the heart rate detection module 1. For example,
when the heart rate detection module 1 is integrated with a
smart band, the indication unit 18 may be a display screen
of a smart phone. In this case, the heart rate detection
module 1 transmits a signal containing the heart rate infor-
mation from the smart band to the smart phone in a wireless
manner (e.g. Bluetooth, Wi-Fi, ZigBee or other wireless
communication protocols) to show the heart rate and the
variation tendency thereof in real time.

[0040] In some embodiments, the indication unit 18 is
disposed in a computer system connected to a cloud system.
In this case, the heart rate detection module 1 transmits a
signal containing the heart rate information to the cloud
system in a wireless manner for the cloud system to record
the heart rate. In therapeutic applications, a medical staff
may monitor the user’s heart rate through the computer
system.

[0041] It is appreciated that the heart rate detected by the
heart rate detection module 1 may be used for different
applications. In the present disclosure, it is to eliminate
signal noise in the PPG signal by using the acceleration
signal so as to improve the accuracy of calculating the heart
rate.
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[0042] FIG. 3 is a flow chart of a heart rate detection
method according to one embodiment of the present disclo-
sure. The heart rate detection method includes the steps of:
detecting, by a PPG measuring device, a skin surface in a
detection period to output a PPG signal (Step S,,); output-
ting, by a motion sensor, an acceleration signal correspond-
ing to the detection period (Step S,,); receiving, by a
processing unit, the PPG signal and the acceleration signal
(Step S,,); respectively converting the PPG signal and the
acceleration signal to first frequency domain information
and second frequency domain information (Step S,,); deter-
mining a denoising parameter according to a maximum
spectrum peak value of the second frequency domain infor-
mation to denoise the first frequency domain information
(Step S,,); and calculating a heart rate according to a
maximum spectrum peak value of the denoised first fre-
quency domain information (Step S,5).

[0043] Referring to FIGS. 1, 3, 4A, 4B, 5A, 5B and 6
together, details of this embodiment are described hereinaf-
ter, wherein FIGS. 4A and 4B are respectively a spectrum
diagram of a frequency domain PPG signal and a schematic
diagram of first frequency domain information according to
one embodiment of the present disclosure, FIGS. 5A and 5B
are respectively a spectrum diagram of a frequency domain
acceleration signal and a schematic diagram of second
frequency domain information according to one embodi-
ment of the present disclosure, and FIG. 6 is a schematic
diagram of the first frequency domain information and the
second frequency domain information according to one
embodiment of the present disclosure. It is appreciated that
FIGS. 4A, 4B, 5A, 5B and 6 are only intended to illustrate,
but not to limit the present disclosure.

[0044] Step S, to S,;: Firstly, a PPG measuring device 10
of a heart rate detection module 1 detects a skin surface in
a detection period to output a PPG signal S,. Meanwhile, a
motion sensor 12 outputs an acceleration signal S, corre-
sponding to the detection period. To simplify the descrip-
tion, the PPG signal S, and the acceleration signal S, in the
following descriptions may indicate signals filtered by the
band pass filters 16 without further indications. It should be
mentioned that since the acceleration signal S, is mainly
used to eliminate noise in the PPG signal S, generated by
relative movements between a sensing region of the PPG
measuring device 10 and the skin surface, preferably the
PPG signal S, and the acceletation signal S, ate related to
substantially identical detection periods so that the heart rate
detection module 1 may denoise information related to the
PPG signal S, according to information related to the accel-
eration signal S, in calculating the heart rate.

[0045] Step S, ,: Then, the processing unit 14 receives the
PPG signal S, and the acceleration signal S, together for
post processing. As shown in FIG. 1, the PPG signal S, and
the acceleration signal S, are respectively inputted to a
conversion module 140 of the processing unit 14.

[0046] Step S,5: The conversion module 140 of the pro-
cessing unit 14 converts the PPG signal S, to a frequency
domain PPG signal and generate a first frequency index set
and a first spectrum value set associated with the first
frequency index set, wherein each frequency index corre-
sponds to one spectrum value. It should be mentioned that
the conversion module 140 of this embodiment may use Fast
Fourier Transform (FFT) to convert the PPG signal S, from
time domain to frequency domain to generate the frequency
domain PPG signal, but the present disclosure is not limited
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thereto. In other embodiments, the conversion module 140
may use Discrete Fourier Transform (DFT) or other time
domain to frequency domain conversion methods (i.e. spec-
trum analysis) to convert the PPG signal S,

[0047] It should be mentioned that the frequency domain
PPG signal is a discrete signal so that the processing unit 14
is able to perform digital signal processing accordingly. In
some embodiments, when the PPG signal S, outputted by
the PPG measuring device 10 is a continuous time domain
signal, the conversion module 140 firstly converts the PPG
signal S to a discrete time domain signal (e.g. by sampling
the PPG signal S, with a sampling frequency), and then
converts the discrete time domain signal to a discrete
frequency domain signal accordingly, but not limited
thereto. In other embodiments, the conversion module 140
firstly converts the PPG signal S, to a continuous frequency
domain signal, and then converts the continuous frequency
domain signal to a discrete frequency domain signal accord-
ingly.

[0048] As mentioned above, a signal frequency range of
the human heart rate is from 0.5 Hz to 4 Hz. It is assumed
that a maximum value of the signal frequency of the human
heart rate is 4 Hz (corresponding to 240 beats/min), and a
sampling frequency has to be larger than 8 Hz (e.g. 10 Hz
or 20 Hz) so that Nyquist theorem is satisfied. In one
embodiment in using FFT, the sampling frequency is 20 Hz,
but not limited thereto. The sampling frequency is deter-
mined according to operating capability of the processing
unit 14.

[0049] After the conversion module 140 uses FFT to
convert the PPG signal S, to the frequency domain PPG
signal, a spectrum diagram corresponding to the frequency
domain PPG signal is generated, as shown in FIG. 4A,
wherein the x-axis of the spectrum diagram indicates the
frequency index of FFT and the y-axis indicates the spec-
trum amplitude. In this embodiment, frequency indexes and
spectrum amplitudes corresponding to the frequency
indexes in FIG. 4A are respectively configured as a first
frequency index set and a first spectrum value set associated
with the first frequency index set, i.e. first frequency domain
information 1, as shown in FIG. 4B.

[0050] It should be mentioned that a number of the fre-
quency indexes of FFT is, for example, 1024 bins, but not
limited thereto, wherein each of the frequency indexes
corresponds to one frequency. For example, a frequency
corresponding to a frequency index 256 is (20 Hz/1024)x
256=5 Hz. It is appreciated that when the sampling fre-
quency is 20 Hz and the number of the frequency indexes is
1024 bins, a frequency resolution of the first frequency
domain information I, is about 20 Hz/1024=0.0195 Hz.
When the sampling frequency is a fixed value and the
number of the frequency indexes is higher, a frequency
difference between two adjacent frequency indexes becomes
smaller so that the heart rate detection module 1 has a higher
sensitivity in calculating the heart rate according to the
frequency indexes.

[0051] It should be mentioned that since the human heart
rate is between 30 beats/min and 240 beats/min, a frequency
index range corresponding to the human heart rate in the first
frequency domain information I, is substantially from 25 to
205. Therefore, in some embodiments, the processing unit
14 removes (or releases) frequency indexes smaller than 25
and/or larger than 205 and the associated spectrum values
for saving system resources, but not limited thereto.
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[0052] Similarly, another conversion module 140 in the
processing unit 14 uses the same way as converting the PPG
signal S, to convert the acceleration signal S, to generate a
spectrum diagram corresponding to the frequency domain
acceleration signal, as shown in FIG. 5A, and generate a
second frequency index set and a second spectrum value set
associated with the second frequency index set configured as
second frequency domain information I,, as shown in FIG.
5B. In some embodiments, in the second frequency domain
information I, only frequency indexes within the frequency
index range (e.g. from 25 to 205) and the associated spec-
trum values are reserved.

[0053] Step S,,: After the second frequency domain infor-
mation L, is obtained, the peak value extraction module 142
determines a reference index R according to a frequency
index corresponding to a maximum spectrum peak value
P,,4x 0 the second frequency domain information 1,. For
example, referring to FIG. 6, it is assumed that a maximum
spectrum peak value is 460 in the second frequency domain
information I,. In this case, the peak value extraction
module 142 identifies that the maximum spectrum peak
value P, is 460 and outputs a frequency index 60 corre-
sponding to the maximum spectrum peak value P, to the
calculation module 144 configured as the reference index R.
Then, the calculation module 144 calculates a half of the
reference index R and a double of the reference index R. For
example, when the reference index R is 60, the half of
reference index R, is 30 and the double of reference index
R, is 120. It is appreciated that since each of the frequency
indexes indicates one frequency, a frequency corresponding
to the double of reference index R, is a double of the
frequency corresponding to the reference index R, and a
frequency corresponding to the half of reference index R, ,
is a half of the frequency corresponding to the reference
index R.

[0054] Meanwhile, the calculation module 144 determines
a denoising parameter according to the reference index R
and at least one of the half of reference index R, , and the
double of reference index R, to denoise the first spectrum
value set. For example, the denoising parameter may contain
the reference index R and the half of reference index R, ,,
contain the reference index R and the double of reference
index R,, or contain the reference index R, the half of
reference index R, ,, and the double of reference index R,.
Denoising the first spectrum value set is referred to remove
spectrum values in the first frequency domain information I,
corresponding to the reference indexes and nearby reference
indexes according to the denoising parameter obtained by
the reference index R. For example, when the reference
indexes R, ,, R and R, are 30, 60 and 120 respectively, the
processing unit 14 may determine, by respectively plus and
minus a predetermined range to and from the reference
indexes, a denoising range as 20 to 40, 50 to 70 and 110 to
130 (i.e. 30+10, 60+10 and 120£10), and remove spectrum
values in the first spectrum value set associated with the
denoising range configured as a method to denoise the first
frequency domain information [;. In some embodiments, the
predetermined range is set before the shipment of the heart
rate detection module 1 or in the initialization of the heart
rate detection module 1.

[0055] In addition, since the second frequency domain
information I, is configured for the processing unit 14 to
determine the denoising parameter, in some embodiments,
the processing unit 14 removes (or releases) the second
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frequency domain information 12 for saving system
resources affer the calculation module 144 obtains the
maximum spectrum peak value P,,, from the peak value
extraction module 142 or after the denoising parameter is
determined, but not limited thereto.

[0056] Step S,5: Finally, the calculation module 144 cal-
culates a heart rate according to a maximum spectrum peak
value of the denoised first frequency domain information.
More specifically speaking, when the maximum spectrum
peak value in the first frequency domain information I, is
identified, the calculation module 144 removes spectrum
values corresponding to the denoising range (i.e. spectrum
values in the first frequency index set corresponding to the
frequency indexes 20 to 40, 50 to 70 and 110 to 130). For
example, after spectrum values corresponding to the denois-
ing range are removed according to the embodiment of FIG.
6 (e.g. areas with oblique lines indicating the range of the
spectrum values to be removed), the maximum spectrum
peak value of the denoised first frequency domain informa-
tion is determined as 930 (i.e. a denoised maximum spec-
trum peak value P,,,"). The calculation module 144 then
calculates a heart rate according to a frequency index (i.e.
100) corresponding to the denoised maximum spectrum
peak value P, ;. As mentioned above, the heart rate is
(20/1024)%x100x60=117.19 beats/min since a heart rate of 60
beats/min corresponds to 1 Hz. Accordingly, even if the PPG
measuring device 10 outputs a PPG signal containing dis-
turbed waveform in a non-static state, the heart rate detec-
tion module 1 is still able to calculate an accurate heart rate
according to the above steps.

[0057] It should be mentioned that in this embodiment, the
calculation module 144 only removes (or ignores) spectrum
values in the first frequency domain information I, corre-
sponding to the denoising parameter but not to directly
delete the spectrum values from a memory in identifying the
maximum spectrum peak value of the first frequency domain
information I, (e.g. in calculating the heart rate), but the
present disclosure is not limited thereto. In some embodi-
ments, before the step S5 or after the denoising parameter
is determined, the processing unit 14 may remove frequency
indexes and spectrum values in the first frequency domain
information I, corresponding to the denoising parameter
from the memory in advance for saving system resources.

[0058] On the other hand, to improve the accuracy of
calculating the heart rate, in some embodiments, the pro-
cessing unit 14 takes a frequency index corresponding to the
maximum spectrum peak value (e.g. P,., ") of the denoised
first frequency domain information as a heart rate index N,
(e.g. 100). Then, a heart rate is calculated according to the
heart rate index N, and frequency indexes adjacent to the
heart rate index N 5. For example, referring to FIG. 6 again,
when the heart rate index N, is 100, the heart rate detection
module 1 calculates an energy center as (99x890+100x930+
101x920)/(890+930+920)=100.011 according to the heart
rate index N, two frequency indexes 99 and 101 adjacent
to the heart rate index N, and spectrum values 930, 890
and 920 respectively corresponding thereto. Then, the cal-
culation module 144 calculates the heart rate as (20/1024)x
100.011x60=117.20 beats/min according to the energy cen-
ter, but not limited thereto. The calculation module 144 may
calculate the heart rate according to the heart rate index and
a plurality of frequency indexes (e.g. 4 or 6 frequency
indexes) adjacent to the heart rate index.
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[0059] Since the heart rate detection module 1 calculates
one heart rate in each detection period, the heart rate
detection module 1 may calculate, according to heart rates of
a plurality of detection periods, a variation tendency of the
heart rates of the plurality of detection periods to estimate a
heart rate accordingly. In some embodiments, the processing
unit 14 further includes a heart rate monitoring module 146
configured to record a variation tendency of the heart rates
corresponding to a plurality of the detection periods. For
example, in the embodiment of FIG. 6, after a user exercises
for a period (wherein the period is, for example, longer than
at least twice of the detection period), it is assumed that the
denoising range is not changed and the heart rate index N,,,,
varies from 100 to 110. As the calculation module 144 may
ignore spectrum values corresponding to the denoising range
(i.e. spectrum values corresponding to the frequency indexes
110 to 130 in the first frequency index set) when identifying
the maximum spectrum peak value in the first frequency
domain information I,, the heart rate index N, will be
ignored in this case, and the calculation module 144 further
estimates a current heart rate according to the variation
tendency (e.g. a tendency that the heart rate index N, varies
from 100 to 110 during the period) recorded by the heart rate
monitoring module 146.

[0060] In one aspect according to the embodiment of FIG.
6, when the heart rate index N, gradually varies from 100
to 110, the calculation module 144 partially ignores spec-
trum values corresponding to the denoising range, e.g.
ignoring spectrum values corresponding to the frequency
indexes 20 to 40 and 50 to 70 but not ignoring spectrum
values corresponding to the frequency indexes 110 to 130 in
the first frequency index set. That is to say, the calculation
module 144 takes the denoising range 110 to 130 as an
invalid denoising range according to a variation of the heart
rate index N,. In this case, the calculation module 144
calculates the heart rate according to the heart rate index
N,z Or a maximum spectrum peak value of the denoised first
frequency domain information (e.g. a frequency index 120
corresponding to the spectrum value 1350 in the first spec-
trum value set).

[0061] FIG. 7 is a flow chart of a denoising method
according to one embodiment of the present disclosure. The
denoising method includes the steps of: receiving a PPG
signal and an acceleration signal in a detection period (Step
S,,); converting the PPG signal to a frequency domain PPG
signal and generating first frequency domain information
containing a first frequency index set and a first spectrum
value set associated therewith (Step S,,); converting the
acceleration signal to a frequency domain acceleration sig-
nal and generating second frequency domain information
containing a second frequency index set and a second
spectrum value set associated therewith (Step S,5); identi-
fying three frequency indexes corresponding to top three
spectrum peak values in the first frequency domain infor-
mation and a reference index corresponding to a maximum
spectrum peak value in the second frequency domain infor-
mation (Step S,,); and denoising the first spectrum value set
according to the three frequency indexes and the reference
index (Step S,s).

[0062] Referring to FIGS. 1, 6, 7 and 8 together, details of
this embodiment are described hereinafter, wherein FIG. 8 is
a schematic diagram of frequency indexes, a reference index
and a denoising range according to one embodiment of the
present disclosure.
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[0063] Step S,,: Firstly, a PPG signal S, and an accelera-
tion signal S, are received in a detection period. It is
appreciated that the PPG signal S, and the acceleration
signal S, are, for example, respectively outputted from a
PPG measuring device 10 and a motion sensor 12, as shown
in FIG. 1.

[0064] Step S,,: Then, the PPG signal S, is converted to
a frequency domain PPG signal by using FFT or other time
domain to frequency domain conversion methods, and first
frequency domain information I, containing a first fre-
quency index set and a first spectrum value set associated
with the first frequency index set is generated, as shown in
FIG. 6.

[0065] Step S,,: The acceleration signal S, is converted to
a frequency domain acceleration signal by using the same
method as converting the PPG signal S,, and second fre-
quency domain information I, containing a second fre-
quency index set and a second spectrum value set associated
with the second frequency index set is generated. In this
embodiment, since the heart rate detection module 1
includes two independent conversion modules 140, the steps
S,; and S,, may be performed at the same time, but not
limited thereto.

[0066] It is appreciated that a processing unit 14 may
reserve required information of frequency indexes and spec-
trum values in the first frequency domain information I, and
the second frequency domain information I, and store in a
memory unit, e.g. only reserving the frequency indexes 0 to
225 and spectrum values associated therewith, but not
limited thereto.

[0067] Step S,,: After the first frequency domain infor-
mation I, and the second frequency domain information I,
are obtained, the processing unit 14 identifies three fre-
quency indexes N, N, and N; corresponding to top three
spectrum peak values in the first frequency domain infor-
mation I, and a reference index R corresponding to a
maximum spectrum peak value in the second frequency
domain information I,. For example, the three frequency
indexes N;, N, and N; corresponding to the top three
spectrum peak values in the first frequency domain infor-
mation I, are respectively 58, 73 and 117, and the reference
index R corresponding to the maximum spectrum peak value
in the second frequency domain information I, is 120, as
shown in FIG. 8.

[0068] Step S,s: Finally, the processing unit 14 calculates
a half of frequency index R, , and/or a double of frequency
index R, as 60 and 240, and determines a denoising range,
wherein the denoising range is, for example, determined by
plus and minus 5 to and from the reference indexes R, ,, R
and R,, as 55 to 65, 115 to 125 and 235 to 245, as shown in
FIG. 8. Accordingly, the processing unit 14 denoises the
frequency domain PPG signal according to the denoising
range determined by the three frequency indexes N, to N,
and the reference index R.

[0069] As mentioned above, in a non-static state, the PPG
measuring device 10 may output incorrect PPG signals so
that the processing unit 14 may not directly calculate a
correct heart rate according to the PPG signal. Therefore,
after the denoising range is determined through the steps S,
to S,s of this embodiment, spectrum values in the first
frequency domain information I, associated with frequency
indexes within the denoising range may be noise, and the
processing unit 14 may remove frequency indexes in the first
frequency domain information I; within the denoising range
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or spectrum values associated with the frequency indexes so
as to denoise the first frequency domain information I,.
[0070] Inone application, the denoising method is adapted
to, for example, calculate a heart rate. Referring to FIG. 8
again, when the frequency indexes N, and N; of the first
frequency domain information I, is in the denoising range
(i.e. 58 and 117 are respectively between 55 to 65 and 115
to 125) and the frequency index N, is not in the denoising
range, the processing unit 14 may determine a heart rate
index Nz as 73 (i.e. the frequency index N,) among the
three frequency indexes N, N, and N; according to the
denoising range. Then, the processing unit 14 calculates a
heart rate according to the heart rate index N. For
example, the heart rate is (20/1024)x73%x60=85.55 beats/
min. In some embodiment, the processing unit 14 calculates
a heart rate according to the heart rate index N, and
frequency indexes adjacent to the heart rate index N .. The
calculation method thereof is described above and thus
details thereof are not repeated herein.

[0071] It should be mentioned that the denoising range is
based on the frequency indexes N, to N; and generated by
plus and minus a predetermined range (i.e. 5) to and from the
frequency indexes N, to N;, wherein the predetermined
range may or may not be related to a sampling frequency of
the conversion module 140 and a number of the frequency
indexes. As mentioned above, a frequency resolution is
determined by the sampling frequency and the number of the
frequency indexes. In some embodiments, the predeter-
mined range is inversely correlated with the frequency
resolution, but not limited thereto.

[0072] In some embodiments, the processing unit 14 fur-
ther determines two residual indexes as 58 and 117 (i.e. the
frequency indexes N, and N;) among the three frequency
indexes N, to N, according to the denoising range. It is
assumed that the denoising range and the residual indexes
N, and N, are not changed. After a user exercises for a
period, since the user’s heart rate rises, the frequency index
N, associated with the heart rate is gradually approaching
the frequency index N; so that the frequency index N, falls
into the denoising range (i.e. the frequency indexes 115 to
125). In this case, the processing unit 14 may not determine
the heart rate index N, among the three frequency indexes
N;, to N; according to the denoising range. Therefore, when
a difference value between the heart rate index N, (e.g. the
frequency index N, ) and one of the residual indexes (e.g. the
frequency indexes N, or N3) is smaller than a threshold, the
processing unit 14 may estimate a heart rate according to a
variation tendency of the heart rate indexes N, correspond-
ing to a plurality of the detection periods.

[0073] For example, it is assumed that the threshold is 10
and the heart rate index N, varies from 73 to 110 after the
period. In this case, a difference value between the heart rate
index N, and the residual index 117 (i.e. the frequency
index N,) is 7, which is smaller than the threshold, and the
processing unit 14 then estimates a heart rate according to
the variation tendency of the heart rate indexes N, corre-
sponding to a plurality of the detection periods, wherein the
heart rate calculation method according to the variation
tendency and the frequency indexes is described above, and
thus details thereof are not repeated herein.

[0074] Inthe above embodiments, the PPG signal S, of the
PPG measuring device 10 and the acceleration signal S, of
the motion sensor 12 are not only configured to calculate a
heart rate. The processing unit 14 further calculates a
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physiology state and exercise data (e.g. step counting, run-
ning/riding velocity calculation, and sport time recording)
according to the PPG signal S, and the acceleration signal S,
according to different applications.

[0075] In the descriptions that follow, the present disclo-
sure will be described in reference to embodiments that
describe heart rate detection architecture. However, the
embodiments of the present disclosure are not limited to any
particular environment, application or implement. There-
fore, the descriptions of the embodiments that follow are for
purposes of illustration but not limitation. It is understood
that elements indirectly related to the present disclosure are
omitted and are not shown in the following embodiments
and drawings.

[0076] The following figures show several examples of the
present disclosure, which is suitable in wearable heart rate
detection devices. That is, the wearable heart rate detection
device using the present disclosure shown below is intended
to be placed on the limb(s) or body of a human being to
detect a heart rate by PPG module. People skilled in the art
know well the functions of conventional wearable devices,
and redundant explanation is omitted hereinafter.

[0077] FIG. 9 is a block diagram of heart rate detection
architecture. The heart rate detection architecture includes a
PPG hardware module 101, a MEMS hardware module 102,
and a microcontroller unit (MCU) 103 electrically coupled
to the PPG hardware module 101 and the MEMS hardware
module 102. The PPG hardware module 101 is configured to
receive and filter PPG raw data for digital process. In this
embodiment, Fast Fourier Transformation (FFT) is applied
to complete the digital process and generate a frequency
distribution result, or referred as PPG frequency data. The
frequency distribution result includes many frequency val-
ues, and sometimes the frequency distribution result is a
continuous frequency distribution. Among these frequency
values, there are several peak values comparing with the
rest, e.g., referring to FIG. 4A. One of the peak values
represents a heart rate, and the MCU 103 is configured to
calculate these peak values to find out the frequency repre-
senting the heart rate.

[0078] The MCU 103 is also configured to generate a
confidence level of the frequency distribution result. The
confidence level is directly related to the heart rate calcu-
lation result and would be outputted as well for later process.
For example, the corresponding algorithm can determine
whether or not to adopt the heart rate result based on the
confidence level. Or the corresponding algorithm can also be
designed to ignore the confidence level and just adopt the
heart rate result. The confidence level indicates a signal
grade or quality of the PPG frequency data. The higher the
confidence level is, the better the signal grade of the PPG
frequency data. For example, if the PPG frequency data has
only one peak value larger than a predetermined threshold,
the confidence level is set as the highest. If the PPG
frequency data has several peak values larger than the
predetermined threshold, the confidence level is set to be
smaller. If the PPG frequency data has no peak value larger
than the predetermined threshold, the confidence level is set
as smallest. In some embodiments, the confidence level is
indicated by the indication unit 18 as shown in FIG. 1.
[0079] For example, the PPG hardware module 101
includes a first bandpass filter (e.g., the filter 16 in FIG. 1),
a first conversion module (e.g., the module 140 in FIG. 1)
and a first peak extraction module (e.g., the module 142 in
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FIG. 1), and the PPG hardware module 101 is configured to
receive the PPG raw data from a PPG detector (e.g., the
device 10 in FIG. 1). The first bandpass filter is configured
to filter the PPG raw data, e.g., using a pass band between
0.5 Hz and 4 Hz, but not limited thereto. The first conversion
module is configured to convert the PPG raw data to PPG
frequency data (e.g., frequency domain PPG signal men-
tioned above), e.g., using Fast Fourier Transform, but not
limited thereto. The first peak extraction module is config-
ured to search PPG peak values among the PPG frequency
data, e.g., referring to FIG. 4A, and output the PPG peak
values (e.g., frequencies associated with the peak values)
and the PPG frequency data to the MCU 103. The filtering,
time-frequency conversion and peak searching of the PPG
hardware module 101 have been illustrated above, and thus
details thereof are not repeated herein.

[0080] The MEMS hardware module 102 is configured to
receive MEMS raw data. The MEMS raw data represents the
motion status of a human being, i.e. a user wearing the heart
rate detection device. When the user moves his/her body or
limb(s), the motion would some degree shake the wearable
heart rate detection device and generate some strong fre-
quency signal when the PPG hardware module 101 is
generating said peak values. If the peak values caused by the
motion are too strong, it may influence the later calculation
done by the MCU 103 and result in generating wrong heart
rate values. The MEMS hardware module 102 can take the
MEMS raw data for digital process, such as the FFT process
to generate MEMS frequency data (e.g., frequency domain
acceleration signal mentioned above), to generate some peak
frequency values representing the motion of user. The peak
values can be applied for later calculation to correct, adjust
or estimate heart rate calculation. The MCU 103 estimates a
heart rate according to the PPG frequency data in referenc-
ing the MEMS frequency data. For example, the peak values
generated by the MEMS hardware module 102 can be used
to eliminate the peak values generated by the PPG hardware
module 101 with the same frequency, e.g., referring to FIG.
6. In some cases, if the architecture determines that the heart
rate is similar or equal to the peak frequency value related
to the motion of user, the architecture can also not to
eliminate the peak value generated by the MEMS hardware
module 102. Or the architecture can take the peak values
generated by the MEMS hardware module 102 as a refer-
ence for generating the confidence level. The use of peak
values generated by the MEMS hardware module 102 can be
various depending on the algorithms.

[0081] For example, the MEMS hardware module 102
includes a second bandpass filter (e.g., the filter 16 in FIG.
1), a second conversion module (e.g., the module 140 in
FIG. 1) and a second peak extraction module (e.g., the
module 142 in FIG. 1), and the MEMS hardware module
102 is configured to receive the MEMS raw data from a
MEMS accelerometer (e.g., the sensor 12 in FIG. 1). The
second bandpass filter is configured to filter the MEMS raw
data, e.g., using a pass band of 0.5 Hz and 4 Hz, but not
limited thereto. The second conversion module is configured
to convert the MEMS raw data to MEMS frequency data,
e.g., using Fast Fourier Transform, but not limited thereto.
The second peak extraction module is configured to search
MEMS peak values (e.g., referring to FIG. 5A) among the
MEMS frequency data, and output the MEMS peak values
(e.g., frequencies associated with the peak values) and the
MEMS frequency data to the MCU 103.
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[0082] In another embodiment, the PPG hardware module
101 and MEMS hardware module 102 are configured to
output many parameters for later calculation depending on
different system designs. This can be called as hardware
acceleration function since the hardware modules (i.e. the
PPG hardware module 101 and the MEMS hardware module
102) can directly output parameters without MCU operation.
The parameters includes, for example, PPG peak values,
MEMS peak values, PPG FFT output, MEMS FFT output,
PPG filter output, and MEMS filter output.

[0083] For example, the aforementioned parameters can
be applied for airborne detection. When the wearable device
is taken off from the limb(s) or body. the PPG detection
should be ceased to prevent continuously outputting data.
On the other hand, when the wearable device is placed on the
limb(s) or body, the PPG detection should be activated. Both
the PPG hardware module 101 and MEMS hardware module
102 can be applied for airborne detection. For example,
when the wearable device is taken off from the limb(s), the
PPG hardware module 101 is unable to receive normal PPG
raw data. If the status continues for a certain period, then the
output of the PPG hardware module 101 can be adapted to
indicate the airborne status. For the MEMS hardware mod-
ule 102, when the wearable device is taken off from the
limb(s), the MEMS raw data may indicate a rapid and huge
motion, and the output of the MEMS hardware module 102
can be adapted to indicate the airborne status too. The
outputs of the PPG hardware module 101 and MEMS
hardware module 102 can be jointly or independently con-
sidered for airborne determination. Similarly, when the
wearable device is placed on limb(s), the PPG hardware
module 101, for example, can receive significant PPG raw
data indicating the status. Or the MEMS hardware module
102 can receive MEMS raw data indicating a significant
motion followed by a relative steady or weak motion.

[0084] It is important to tell the airborne status and the
placed-on status, especially for power saving issue. If the
wearable device is not placed on the limb(s), then the
wearable device can stay in stand-by mode or power saving
mode to only keep essential hardware consuming power
instead of whole device. The PPG hardware module 101 and
MEMS hardware module 102 can be applied for airborne
status and/or placed-on status detection. In other embodi-
ment, the PPG hardware module 101 and MEMS hardware
module 102 can jointly be operated with other elements,
such as ambient light sensor, touch sensor, and etc., to detect
the airborne status and/or placed-on status. The MCU 103 is
machine trained previously to recognize said taken-off and
placed-on statuses. In some embodiments, said taken-off and
placed-on statuses are indicated by the indication unit 18 in
FIG. 1.

[0085] In addition, the MEMS hardware module 102 can
be applied to determine the motion type of a user, such as the
run, indoor walk, outdoor walk, upper limb wave, lower
limb wave, swimming, cycling and walk plus run. When the
user moves different limb(s) or the body, MEMS detection
would generate different MEMS raw data corresponding to
different motions. Generally, when the motion carries more
energy, it would cause larger reaction in MEMS detection
and result in significant peak value at certain frequency after
processed by the MEMS hardware module 102. The MCU
13 is machine trained to recognize different MEMS fre-
quency data according to the comparison between currently
detected MEMS frequency data and previously categorized
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(i.e. corresponding to different motion types mentioned
above) frequency data. One method to recognize a sport
state is referred to U.S. patent application Ser. No. 15/231,
690, filed on Aug. 8, 2016, assigned to the same assignee of
the present disclosure, and the full disclosure of which is
incorporated herein by reference.

[0086] Furthermore, in order to reduce the cost, circuit
complexity and circuit board size, the heart rate detection
device of the present disclosure employs an adjustable
oscillator instead of a crystal oscillator. However, an oscil-
lation frequency of the adjustable oscillator may not be
correct such that the calculated heart rate by the MCU 103
has a deviation from an actual heart rate of the user.
Accordingly, the MCU 103 further calibrates the estimated
or calculated heart rate according to a local oscillation
frequency of an adjustable local oscillator of the heart rate
detection device and an external oscillation frequency
received from an external host, e.g., a cell phone or a
computer system for receiving and using the estimated or
calculated heart rate. In this embodiment, said external
oscillation frequency is a correct clock signal used to
calibrate the estimated or calculated heart rate which is
obtained based on the local oscillation frequency of the heart
rate detection device. When the local oscillation frequency
of the heart rate detection device is faster or slower than the
external oscillation frequency of the external host, the cal-
culated heart rate is calibrated according to a difference or a
ratio between the local oscillation frequency and the external
oscillation frequency. Methods of calibrating the estimated
or calculated heart rate are referred to U.S. patent applica-
tion Ser. No. 14/728,051, filed on Jun. 2, 2015, assigned to
the same assignee of the present disclosure, and the full
disclosure of which is incorporated herein by reference.
[0087] Alternatively, the MCU 103 performs device set-
ting control for controlling the operation of heart rate
detection device, e.g., a sensor input setting, a first heart rate
(HR) output setting, a heart rate estimation model setting, a
heart rate filter setting and a heart rate tracking setting as
shown in FIG. 11.

[0088] The sensor input setting is, for example, to set the
sample rate or a number of sampled dots of the PPG
hardware module 101 and the MEMS hardware module 102.
The MCU 103 generates a control signal to change said
sensor input setting.

[0089] The first heart rate output setting is, for example, to
set a time interval between a start time of the detection
device and an output time of generating a heart rate. Under
some conditions, the heart rate detection device needs to
take a longer time to calculate a heart rate according to the
PPG raw data, e.g., during a placed-on status. However, the
MCU 103 still outputs a heart rate even the heart rate is not
calculated according to the PPG raw data. For example, the
MCU 103 outputs a general heart rate according to the
motion type and/or historic data of a user that are recorded
in a memory of the heart rate detection device when the heart
rate is not obtainable according to the PPG raw data.
Changing the first heart rate output setting changes the
correctness or confidence level of the outputted heart rate as
well.

[0090] The heart rate estimation model setting is, for
example, to change the estimated heart rate when the heart
rate is not directly obtainable according to the detected PPG
raw data, e.g., referring to U.S. patent application Ser. No.
15/231,690. For example, when the user starts to exercise
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(e.g., during T1 in FIG. 13), the MCU 103 initially detects
that the heart rate is increasing at a specific rate which has
a specific slope. However, during the exercise, the heart rate
detection device is not able to detect the PPG signal anymore
due to the relative movement between the heart rate detec-
tion device and the detected skin. The MCU 103 of the
present disclosure still outputs the estimated heart rate (e.g.,
during T2 in FIG. 13) according to the trend of the heart rate
detected previously (e.g., during T1' in FIG. 13). By chang-
ing the heart rate estimation model setting, the trend of the
estimated heart rate is changed. In this embodiment, the
estimated heart rate is referred to a heart rate estimated
according to the historical heart rate in referencing the
motion type of the user.

[0091] Theheart rate setting is, for example, to set the pass
band of the bandpass filters of the PPG hardware module
101 and the MEMS hardware module 102. The MCU 103
changes the range, e.g., 0.5 Hz to 4 Hz, according to
different applications. For example, when a motion type
such as a sport state is detected, the MCU 103 can change
the range to be between 1.5 Hz and 4 Hz. For example, when
amotion type such as a sleep state is detected, the MCU 103
can change the range to be between 0.5 Hz and 3 Hz.
[0092] The heart rate track setting is, for example, to set a
tracking response of the heart rate. For example, when the
MCU 103 changes the estimated (guessed) heart rate to the
calculated (real) heart rate (i.e. calculated according to the
obtained PPG raw data), the MCU 103 is set to directly or
in a step-by-step manner to change from the estimated heart
rate to the calculated heart rate if there is an apparent
difference therebetween. Changing the heart rate track set-
ting is referred to, for example, changing a step interval to
trace the calculated heart rate.

[0093] For example, the above motion state is configured
to determine at least one of the heart rate estimation model
setting and the heart rate tracking setting. If the motion state
is a sport state, the increasing trend (e.g., slope) of the heart
rate determined by the heart rate estimation model is higher,
and the heart rate tracking speed is faster. On the contrary,
if the motion state is a rest state, the increasing trend (e.g.,
slope) of the heart rate determined by the heart rate estima-
tion model is smaller or close to zero, and the heart rate
tracking speed is slower. The control parameter setting is
used to change the outputted heart rate feature, e.g., by
changing parameters used in operation algorithms, corre-
sponding to different requirements.

[0094] FIG. 12 is a schematic block diagram showing that
the MCU 13 operates different functions mentioned above
according to the parameters received from the PPG hard-
ware module 101 and MEMS hardware module 102. For
example, the MCU 13 includes at least one of a signal grade
detector 131 for detecting and outputting a confidence level,
an airborne detector 132 for detecting and outputting an
airborne status or placed-on status, a motion detector 133 for
detecting and outputting a motion type, a HR calibrator 134
for correcting the heart rate generated according to the
detected PPG raw data, and a setting controller 135 for
setting the detecting and operating control parameters of the
heart rate detection device. The operation of the above
function blocks 131-135 are implemented by hardware,
firmware or a combination thereof.

[0095] In other embodiments, the operations performed by
at least a part of the functional blocks 131-135 are performed
by an external host which includes a central processing unit
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(CPU), microcontroller unit (MCU) or an application spe-
cific integrated circuit (ASIC) to share the loading of the
MCU 103. More specifically, the parameters from the PPG
hardware module 101 and from the MEMS hardware mod-
ule 102 are outputted to more than one devices or chips to
perform the heart rate calculation, the heart rate calibration,
the signal grade determination, the airborne detection, the
motion detection and/or the parameter setting as mentioned
above.

[0096] FIGS. 10a-10d are various embodiments of the
connection structure among the PPG hardware module 101,
MEMS hardware module 102 and MCU 103.

[0097] FIG. 10a shows a common connection structure.
The PPG hardware module 101 and the MEMS hardware
module 102 are separately connected to the MCU 103. In
this embodiment, the MCU 103 requests data from two
modules to send the PPG frequency data and the MEMS
frequency data respectively, and the two modules do not
communicate with each other.

[0098] FIG. 106 shows another embodiment, the PPG
hardware module 101 is configured to request data or
monitor data from the MEMS hardware module 102 and
provide PPG data together with MEMS data in response to
the MCU 103 request. In some embodiments, the PPG
hardware module 101 receives the MEMS raw data from the
MEMS hardware module 102 at first, and then PPG hard-
ware module 101 (e.g., the first conversion module thereof)
converts the MEMS raw data to MEMS frequency data to be
sent to the MCU 103. In this embodiment, the PPG hardware
module 101 converts the received MEMS raw data to
MEMS frequency data at first, and then the MCU 103
receives both the PPG frequency data and the MEMS
frequency data from the PPG hardware module 101. In this
embodiment, the MEMS hardware module 102 may or may
not perform the FFT and peak searching according to
different applications. Also the MCU 103 can directly
request data (e.g., the MEMS frequency data) from MEMS
hardware module 102. In other embodiments, the PPG
hardware module 101 receives the MEMS frequency data
from the MCU 103 to filter the PPG frequency data (e.g.,
referring to FIG. 6). The PPG hardware module 101 outputs
the filtered PPG frequency data to the MCU 103.

[0099] FIG. 10c¢ shows another embodiment, the PPG
hardware module 101 is configured to request data from the
MCU 103 as a hub or using the data from the MCU 103 for
correction. The rest connection of FIG. 10c¢ is the same as
FIG. 104a. In some embodiments, the PPG hardware module
101 receives the MEMS raw data from the MEMS hardware
module 102 via the MCU 103 at first, and then the PPG
hardware module 101 (e.g., the first conversion module
thereof) converts the MEMS raw data to MEMS frequency
data to be sent to the MCU 103. In this embodiment, the
MCU 103 receives both the PPG frequency data and the
MEMS frequency data from the PPG hardware module 101.
In this embodiment, the MEMS hardware module 102 may
or may not perform the FFT and peak searching according
to different applications. In other embodiments, the PPG
hardware module 101 receives the MEMS frequency data
from the MCU 103 to filter the PPG frequency data (e.g.,
referring to FIG. 6). The PPG hardware module 101 outputs
the filtered PPG frequency data to the MCU 103.

[0100] FIG. 104 shows another embodiment, the PPG
hardware module 101 is connected to the MEMS hardware
module 102 first, then the two modules jointly transmit data
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to the MCU 103 in response to the MCU 103 request. Also
the PPG hardware module 101 is configured to request data
or monitor data from the MEMS hardware module 102. In
some embodiments, the MEMS hardware module 102 sends
the MEMS raw data to a bus line at first, the PPG hardware
module 10 receives the MEMS raw data from the bus line to
convert (e.g., the first conversion module thereof) the
received MEMS raw data to MEMS frequency data, and
then the MCU 103 receives both the PPG frequency data and
the MEMS frequency data from the PPG hardware module
101. In this embodiment, the MEMS hardware module 102
may or may not perform the FFT and peak searching
according to different applications. In other embodiments,
the PPG hardware module 101 receives the MEMS fre-
quency data from the bus line to filter the PPG frequency
data (e.g., referring to FIG. 6). The PPG hardware module
101 outputs the filtered PPG frequency data to the MCU
103.

[0101] The connection protocol of aforementioned
embodiments can be 12C, SPI, SMBUS or other protocols
without particular limitations.

[0102] It should be mentioned that although FIGS. 9 and
10a-10d show that the PPG hardware module 101, the
MEMS hardware module 102 and the MCU 103 are three
functional blocks, they are only intended to illustrate but not
to limit the present disclosure. For example, the PPG hard-
ware module 101 and the MEMS hardware module 102
respectively include a digital signal processor (DSP) for
performing the filtering, time-frequency conversion and
peak searching. In other embodiments, the three functional
blocks are all integrated in the MCU 103 to form one
package, and said one package performs all the operations of
the PPG hardware module 101, the MEMS hardware mod-
ule 102 and the MCU 103 mentioned above after receiving
the PPG raw data from an external PPG detector and the
MEMS raw data from an external MEMS accelerometer.
[0103] The aforementioned embodiments are described
for people skilled in the art to know the flexibility and ability
among various connection structure. People skilled in the art
can modify or arrange similar connection based on knowl-
edge of aforementioned embodiments.

What is claimed is:

1. A heart rate detection device, comprising:

a photoplethysmography (PPG) hardware module config-
ured to receive PPG raw data and generate PPG fre-
quency data;

a microelectromechanical systems (MEMS) hardware
module configured to receive MEMS raw data and
generate MEMS frequency data; and

a microcontroller unit (MCU), electrically coupled to the
PPG hardware module and the MEMS hardware mod-
ule, and configured to estimate a heart rate according to
the PPG frequency data in referencing the MEMS
frequency data.

2. The heart rate detection device as claimed in claim 1,
wherein the MCU is further configured to calibrate the
estimated heart rate according to a local oscillation fre-
quency of the heart rate detection device and an external
oscillation frequency received from an external host.

3. The heart rate detection device as claimed in claim 1,
wherein the MCU is further configured to generate a con-
fidence level of the PPG frequency data.

4. The heart rate detection device as claimed in claim 1,
wherein the MCU is further configured to determine an
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airborne status according to at least one of the PPG fre-
quency data and the MEMS frequency data.

5. The heart rate detection device as claimed in claim 1,
wherein the MCU is further configured to perform at least
one of a sensor input setting, a first heart rate output setting,
a heart rate estimation model setting, a heart rate filter
setting and a heart rate tracking setting.

6. The heart rate detection device as claimed in claim 5,
wherein the MCU is further configured to output a motion
state according to the MEMS frequency data.

7. The heart rate detection device as claimed in claim 6,
wherein the motion state is configured to determine at least
one of the heart rate estimation model setting and the heart
rate tracking setting.

8. The heart rate detection device as claimed in claim 1,
wherein

the PPG hardware module is further configured to receive

the MEMS raw data from the MEMS hardware module
to convert the received MEMS raw data to MEMS
frequency data at first, and then

the MCU is further configured to receive both the PPG

frequency data and the MEMS frequency data from the
PPG hardware module.

9. The heart rate detection device as claimed in claim 1,
wherein

the PPG hardware module is further configured to receive

the MEMS raw data from the MEMS hardware module
via the MCU to convert the received MEMS raw data
to MEMS frequency data at first, and then

the MCU is further configured to receive both the PPG

frequency data and the MEMS frequency data from the
PPG hardware module.
10. The heart rate detection device as claimed in claim 1,
wherein
the MEMS hardware module is configured to send the
MEMS raw data to a bus line at first,

the PPG hardware module is further configured to receive
the MEMS raw data from the bus line to convert the
received MEMS raw data to MEMS frequency data,
and then

the MCU is further configured to receive both the PPG

frequency data and the MEMS frequency data from the
PPG hardware module.

11. The heart rate detection device as claimed in claim 1,
wherein the PPG hardware module is further configured to
search peak values among the PPG frequency data.

12. The heart rate detection device as claimed in claim 1,
wherein the MEMS hardware module is further configured
to search peak values among the MEMS frequency data.

13. The heart rate detection device as claimed in claim 1,
wherein the PPG hardware module comprises a bandpass
filter to filter the PPG raw data.

14. The heart rate detection device as claimed in claim 1,
wherein the MEMS hardware module comprises a bandpass
filter to filter the MEMS raw data.

15. A heart rate detection device, configured to receive a
photoplethysmography (PPG) raw data from a PPG detector
and a microelectromechanical systems (MEMS) raw data
from a MEMS accelerometer, the heart rate detection device
comprising:

a PPG hardware module configured to receive the PPG

raw data, the PPG hardware module comprising:
a first bandpass filter configured to filter the PPG raw
data;
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a first conversion module configured to convert the
filtered PPG raw data to PPG frequency data; and

a first peak extraction module configured to search PPG
peak values among the PPG frequency data, and
output the PPG peak values and the PPG frequency
data; and

a MEMS hardware module configured to receive the

MEMS raw data, the MEMS hardware module com-

prising:

a second bandpass filter configured to filter the MEMS
raw data;

a second conversion module configured to convert the
filtered MEMS raw data to MEMS frequency data;
and

a second peak extraction module configured to search
MEMS peak values among the MEMS frequency
data, and output the MEMS peak values and the
MEMS frequency data.

16. The heart rate detection device as claimed in claim 15,
wherein the first and second conversion modules are con-
figured to perform fast Fourier transform.

17. The heart rate detection device as claimed in claim 15,
wherein a pass band of the first and second bandpass filters
is between 0.5 Hz and 4 Hz.
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18. The heart rate detection device as claimed in claim 15,
wherein
the PPG hardware module is further configured to receive
the MEMS raw data from the MEMS hardware module
at first, and then
the first conversion module is configured to convert the
received MEMS raw data to MEMS frequency data.
19. The heart rate detection device as claimed in claim 15,
wherein
the PPG hardware module is configured to receive the
MEMS raw data from the MEMS hardware module via
the MCU at first, and then
the first conversion module is configured to convert the
received MEMS raw data to MEMS frequency data.
20. The heart rate detection device as claimed in claim 15,
wherein
the MEMS hardware module is configured to send the
MEMS raw data to a bus line at first,
the PPG hardware module is configured to receive the
MEMS raw data from the bus line, and then
the first conversion module is configured to convert the
received MEMS raw data to MEMS frequency data.
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