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SYSTEM AND METHOD FOR HEART RATE
DETECTION WITH MOTION ARTIFACT
REDUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a non-provisional patent
application claiming priority to European Patent Application
No. EP 17163225.0, filed Mar. 28, 2017, the contents of
which are hereby incorporated by reference.

FIELD OF THE DISCLOSURE

[0002] The present description relates generally to biosig-
nal acquisition systems and more specifically to systems and
methods for heart rate detection using motion artifact reduc-
tion techniques.

BACKGROUND

[0003] Sensors and sensor modules worn on the body to
measure or monitor biosignals, such as for example elec-
trocardiogram (ECG), or photoplethysmogram (PPG) sig-
nals, frequently suffer from artifacts caused by motion of the
body, especially when the sensors are intended to operate in
continuous or ambulatory mode. A key technical challenge
in such application environments is overcoming motion
artifacts that significantly affect the measurements when the
body is moving.

[0004] Patent applications US 2008/0208028 and US
2012/0143020 describe systems for the analysis of biopo-
tential signals in which further motion artifact reduction or
motion artifact handling techniques are used.

[0005] A technique of mitigating motion artifacts in PPG
acquisition systems is described in “Artifact-resistant
power-efficient design of finger-ving plethysmographic sen-
sors”, by S. Rhee et al., IEEE Transactions on Biomedical
Engineering, vol. 48, no. 7, pp. 795-805, July 2001. The
authors rely on mechanically stabilizing the LED and PD
pair housed in a double ringed aluminum unit. This
mechanical approach, however, is limited to PPG sensors
that have a specific form factor; the ones that can be worn
as a ring.

[0006] There is a motivation to improve current state of
the art systems and methods for robust HR detection.

SUMMARY

[0007] The present disclosure provides an improved elec-
tronic system and method for HR detection with motion
artifact reduction.

[0008] The scope of the invention is defined by the claims.
[0009] According to example embodiments, there is pro-
vided a low power, robust random subsampling PPG readout
circuit for HR detection with motion artifact reduction. In
some embodiments, compressive sampling (CS) enables to
reduce the LED driver power consumption of the PPG
readout.

[0010] There is an ever increasing interest in wearable
medical devices as a reaction to the population’s increased
vulnerability to cardiovascular diseases (CVD) and mental
disorders. Continuous monitoring of heart rate (HR) and
heart rate variability (HRV) provides critical information
about an individual’s cardiovascular and mental health state.
[0011] PPG based continuous HR and HRV monitoring is
emerging as an attractive alternative to ECG based methods.
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Unlike ECG PPG is a non-contact, single point biosignal
measurement technique, resulting in an increased patient
comfort.

[0012] According to example embodiments, a CS based
PPG readout is presented, which enables reduction of rela-
tive LED driver power consumption. The ASIC also inte-
grates a digital back-end, which performs direct feature
extraction from the CS signal to estimate average HR,
without requiring complex reconstruction techniques. Fea-
ture extraction is performed in the compressed domain,
using a Lomb-Scargle periodogram (LSP) to extract the
average heart rate and variability, without requiring complex
signal reconstruction techniques. Increased robustness is
achieved through digital motion artifact reduction for PPG
signals, using a spectral subtraction technique.

[0013] According to example embodiments, there is pro-
vided an electronic system for heart rate detection compris-
ing: a random sampling sensor module including a first
sensor circuit configured for providing nonuniform random
samples below Nyquist rate of a PPG signal; a second sensor
circuit configured for providing nonuniform random
samples below Nyquist rate of a motion signal, where the
motion signal is sampled with the same nonuniform pattern
as the PPG signal; and a heart rate detection module con-
figured for receiving a plurality of the PPG signal nonuni-
form random samples and calculating a power spectral
density value set based on a Lomb-Scargle periodogram of
the PPG signal samples; receiving a plurality of the motion
signal nonuniform random samples and calculating a power
spectral density value set based on a Lomb-Scargle peri-
odogram of the motion signal samples; normalizing the
calculated PPG and motion signal power spectral density
value sets; subtracting the normalized motion signal power
spectral density values from the normalized PPG signal
power spectral density values; renormalizing the PPG signal
power spectral density value set; and calculating a heart rate
value based on the frequency corresponding to a highest
power peak of the calculated PPG signal power spectral
density value set in a frequency range of interest.

[0014] According to example embodiments, the heart rate
detection module is configured for detecting a motion signal
power spectral density peak value and the frequency corre-
sponding to that power spectral density peak value, and
normalizing the PPG and the motion signal power spectral
density value sets based on a value given to the value
corresponding to the frequency of that power spectral den-
sity peak value. According to example embodiments, the
motion signal power spectral density peak value is the
highest value in a frequency range of interest.

[0015] According to example embodiments, the PPG and
the motion signal power spectral density value sets are
normalized by setting the value corresponding to the fre-
quency of that power spectral density peak value to the same
normalization value and adapting the rest of the values
accordingly. According to example embodiments, the nor-
malization value is one.

[0016] According to example embodiments, the heart rate
detection module is configured for calculating a renormal-
ization factor for the normalized PPG signal power spectral
density value set based on the ratio between the value of the
PPG power spectral density at the frequency corresponding
to the detected motion signal power spectral density peak
value, and the highest value of the PPG power spectral
density corresponding to a different frequency.
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[0017] According to example embodiments, the motion
signal is a signal from an accelerometer or a gyroscope.
[0018] According to example embodiments, the first and
the second sensor circuit of the random sampling sensor
module are located in the same body part of a subject.
[0019] According to example embodiments, the frequency
range of interest is 0.5 to 5 Hz.

[0020] There is also provided an electronic device com-
prising a system for heart rate detection according to any of
the example embodiments herein described.

[0021] There is also provided a method for heart rate
detection comprising: receiving a plurality of nonuniform
random samples below Nyquist rate of a PPG signal; receiv-
ing a plurality of nonuniform random samples below
Nyquist rate of a motion signal, the motion signal being
sampled with the same nonuniform pattern as the PPG
signal; calculating power spectral density value sets of the
PPG signal and the motion signal, based on a Lomb-Scargle
periodogram of the received plurality of samples; normal-
izing the calculated PPG and motion signal power spectral
density value sets; subtracting the normalized motion signal
power spectral density values from the normalized PPG
signal power spectral density values; renormalizing the PPG
signal power spectral density value set; detecting a fre-
quency corresponding to the highest power peak value of the
PPG signal power spectral density in a frequency range of
interest; and calculating a heart rate value based on the
detected frequency.

[0022] There is also provided a computer program product
and a computer readable storage medium, according to
example embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The above and other aspects of the system and
method according to the present description will be shown
and explained with reference to the non-restrictive example
embodiments described hereinafter.

[0024] FIG. 1A shows a general block diagram of a system
for heart rate detection, according to example embodiments.
[0025] FIG. 1B shows a more detailed implementation of
the CS based PPG readout circuit of FIG. 1A, according to
example embodiments.

[0026] FIG. 2 shows a general block diagram of a system
for heart rate detection with motion artifact reduction,
according to example embodiments.

[0027] FIG. 3 shows a more detailed implementation of
the system for heart rate detection with motion artifact
reduction of FIG. 2, according to example embodiments.
[0028] FIG. 4 shows graphs of the PPG and motion signal
both in time domain and their PSD transformation and the
resulting PPG power spectral density after motion artifact
subtraction, according to example embodiments.

[0029] FIG. 5 shows a flow diagram of a method for
calculating HR with motion artifact reduction, according to
example embodiments.

DETAILED DESCRIPTION

[0030] In the following, in the description of example
embodiments, various features may be grouped together in
a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the
understanding of one or more of the various inventive
aspects. This is however not to be interpreted as the inven-
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tion requiring more features than the ones expressly recited
in the main claim. Furthermore, combinations of features of
different embodiments are meant to be within the scope of
the disclosure, as would be clearly understood by those
skilled in the art. Additionally, in other instances, well-
known methods, structures and techniques have not been
shown in detail in order not to obscure the conciseness of the
description.

[0031] FIG. 1A shows a general block diagram of an
example system for heart rate detection 50 comprising a
random sampling module 10 providing a randomly sampled
biosignal S1, a signal conditioning module 20, and a HR
detection module 30 providing information about a subject’s
HR and/or HRV S2. The random sampling module 10 may
include a sensor that generates an analogue version of a PPG
and the signal is then sampled according to current state of
the art nonuniform random sampling techniques (below
Nyquist sampling rate) so that a random-sampled version S1
of the sensed biosignal is provided to the next signal
conditioning, transmission and/or processing stages. Refer-
ences for nonuniform random sampling techniques can be
found in “Compressive Sensing by Random Convolution”,
by I. Romberg, SIAM Journal on Imaging Sciences, vol. 2,
no. 4, October 2009; and “Sparsity and Incoherence in
Compressive Sampling”, by E. Candes and J. Romberg,
Inverse Prob., vol. 23, no. 3, pp. 969-985, 2007. Alterna-
tively, the random sampling module 10 may trigger or
activate a sensor according to current state of the art non-
uniform random sampling techniques (below Nyquist sam-
pling rate) so that the sensor directly generates a random
sampled version S1 of the sensed biosignal. The signal
conditioning module 20 may be optional and comprise an
analogue to digital converter and/or any other element for
conditioning of the randomly sampled signal S1 to a trans-
mission device. The HR detection module 30 is adapted to
receive information concerning the random sampled signal
S1, e.g. value and time stamp when the signal was sampled,
and process the received samples in order to calculate an
estimation of the HR S2. According to an embodiment, the
HR detection module 30 calculates an estimation of the HR
based on the spectral information of the random sampled
signal S1. According to example embodiments, the HR
detection module 30 performs least-squares frequency
analysis of the random sampled signal S1 in order to
calculate an estimation of the HR. Least-squares spectral
analysis (LSSA) or Lomb-Scargle periodogram is a method
of estimating a frequency spectrum of unequally spaced data
as described, for example, in “Least-squares Frequency
Analysis of Unequally Spaced Data”, N. R. Lomb, Astro-
physics and Space Science 39, 447-462, 1976, in which the
power spectral density (PSD) of the samples is calculated
using

1 { (Z x(tj)cosw(t; — 1'))2 (Z X(ij)sinw(i; — T)"z } m
Plw)= > -
(@) 2 ¥ costw(t; - 7) * > sinfaw(; - 1)
Z sin2etf @
tan(2wt) = W

[0032] where x(t,) is the signal at time instant t; (j™ sample
of the signal) and w is the frequency at which the PSD is to
be estimated in rad/sec.
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[0033] According to example embodiments, the HR detec-
tion module 30 calculates the PSD of a plurality of samples
of the received randomly sampled signal S1 and infers the
HR information from the same. According to example
embodiments, an average HR over a certain predetermined
time interval or window, e.g. 4 seconds, is calculated by
finding the frequency (fpk) corresponding to the highest
power peak in the PSD of the samples received during that
time period or window and then calculating the HR, in beats
per minute (bpm), as

HR=60xfpk

[0034] An example implementation of the system for heart
rate detection according to FIG. 1A is described in EP patent
application 3028629 Al. Compressed sensing or compres-
sive sampling (CS) is an emerging signal processing tech-
nique that asserts that certain signals can be recovered
faithfully from far fewer number of samples or measure-
ments. CS relies on the underlying structure of the signal
which is expressed terms of its “sparsity” and the “incoher-
ence” which is related to the sampling scheme (see for
example “An Introduction to compressive sampling”, E. I.
Candés et al., IEEE Signal Processing Magazine, vol. 25, pp
21-30, March 2008). Known state-of-the-art biosignal
acquisition systems using, for example, the techniques
described in “Compressed Sensing System Considerations
for ECG and EMG Wireless Biosensors”, A. M. R. Dixon et
al., IEEE Transactions on Biomedical Circuits and Systems,
vol. 6, No. 2, April 2012, require, for the detection of a
specific biosignal feature, such as for example the heart rate
(HR), to first reconstruct an approximation of the original
sampled biosignal. This means that complex signal recon-
struction algorithms have to be run on the received samples
in order to obtain a time domain reconstructed signal and
then perform known feature extraction techniques, such as
HR or heart rate variability (HRV) detection, on that time
domain signal. Such reconstruction process and detection
techniques are computationally intensive and hence not
suited for low power sensor nodes. Typically, as described in
“Artifacts Mitigation in Ambulatory ECG Telemetry”, H.
Garudari et al., Proc. IEEE Int. Conf. e-Health Networking
Applications and Services, pp. 338-344, 2010, the recon-
struction complex processing is offloaded from the sensor
and performed at a separated receiver node or base station.
With this technique the sensor can work with low power
budget while the receiver node, which is assumed to have a
better battery budget or no restrictions on power consump-
tion, performs the computationally intensive tasks. Another
example system describing a HR detector using CS tech-
niques is described in paper “An ultra low power pulse
oximeter sensor based on compressed sensing”, P. K. Baheti
et al., Body Sensor Networks 2009, pp 144-148, Berkeley,
USA 2009.

[0035] FIG. 1B shows a more detailed implementation of
the CS based PPG readout circuit of FIG. 1A. The photo-
current (Iph) acquired by the PD comprises of a small AC
component, which arises due to increased flow of blood
during systole. The AC component rides on top of a rela-
tively large DC component, arising due to bone and the static
blood in the tissue. Since, the AC component is related to
heart pulsation, its frequency is highly correlated to the HR.
In a voltage mode signal processing system, this photocur-
rent is converted into a voltage signal through a transim-
pedance amplifier (TIA), which is then processed further.
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Compared to the conventional PPG acquisition, based on
uniform sampling, CS based PPG acquisition acquires signal
at an average sampling rate of fs,CS given by fs,CS=fs,N/
CR, where f5,N is the uniform sampling rate.

[0036] While the acquisition of a signal in the CS frame-
work might be relatively straightforward, recovering the
signal back from the measurements, often referred to as the
reconstruction process, is a very computationally intensive
task. While several algorithms exist for signal recovery, with
varying degrees of computational complexity, only a hand-
ful hardware implementations for the same exist. Many CS
implementations reported in the literature assume the pres-
ence of a powerful base station, to which the measurement
data is off-loaded over a wireless link. The reconstruction is
then performed at the base station, where the power con-
straints are relaxed. In some embodiments, feature extrac-
tion can be performed on the sensor node directly from the
CS data.

[0037] The ASIC embeds an AFE which performs a
pseudo-random sub-sampled acquisition of the PPG signal
and a digital back-end (DBE), which performs the HR
estimation directly from the CS PPG signal. The AFE
integrates a programmable gain TIA, the output of which is
interfaced to a switched integrator (SI), which improves the
SNR. The output of the SI is buffered and digitized through
a 12-bit SAR ADC. A sub-1V bandgap reference is inte-
grated on-chip to provide stable on-chip bias and reference
signals. The DBE comprises a control unit (CU) that gen-
erates the necessary control signals used for the LED driver,
AFE, and the ADC, and also the internal timing and syn-
chronizing signals. Direct memory access (DMA) is inte-
grated into the DBE which transfers the incoming data from
the ADC into one of the data memory (DMEM) banks. The
feature extraction unit (FEU), also part of the DBE, accel-
erates the process of LSP to enable extraction of HR directly
from the CS PPG signal. The DBE is clocked through an
external clock at 32 kHz. The ASIC also provides wide scale
programmability both for the gain and bandwidth settings of
the AFE and CR, thereby extending its utility across a wide
range of photocurrent amplitudes. The first stage of the
readout channel is a TIA that is interfaced to an off-chip
photodiode (PD). The TIA converts the PPG signal that is
acquired as a current signal at the output of the PD into a
voltage signal, which is further processed by the signal
processing chain in voltage domain. The TIA is realized by
employing resistive feedback around a two-stage Miller
compensated OTA. The output of the SI is then digitized
using a 12-bit SAR ADC, which comprises of a split
capacitor DAC to reduce the area requirements, with a umt
capacitance. The pseudo-random sub-sampling instants of
the ADC are controlled by the CU that forms part of the
DBE. The digitized data, at the output of the ADC is fed into
the DBE for further processing to extract the HR.

[0038] FIG. 2 shows a general block diagram of an
example system 100 for heart rate detection with motion
artifact reduction. The system comprises a random sampling
sensor module 10 including a first sensor circuit configured
for providing nonuniform random samples below Nyquist
rate of a PPG signal S1; a second sensor circuit configured
for providing nonuniform random samples below Nyquist
rate of a motion signal S3, where the motion signal are
sampled with the same nonuniform pattern as the PPG
signal; and a heart rate detection module 30 configured for
receiving a plurality of the PPG signal nonuniform random
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samples S1 and calculating a power spectral density value
set based on a Lomb-Scargle periodogram of the PPG signal
samples; receiving a plurality of the motion signal nonuni-
form random samples S3 and calculating a power spectral
density value set based on a Lomb-Scargle periodogram of
the motion signal samples; normalizing the calculated PPG
and motion signal power spectral density value sets; sub-
tracting the normalized motion signal power spectral density
values from the normalized PPG signal power spectral
density values; renormalizing the PPG signal power spectral
density value set; and calculating a heart rate value S2 based
on the frequency corresponding to a highest power peak of
the calculated PPG signal power spectral density value set in
a frequency range of interest.

[0039] According to example embodiments, the motion
signal S3 is a signal from an accelerometer or a gyroscope.
[0040] According to example embodiments, the first and
the second sensor circuit of the random sampling sensor
module 10 are located in the same body part of the subject,
such that the motion signal represents a motion artifact
actually affecting the PPG sensor module.

[0041] According to example embodiments, the frequency
range of interest is 0.5 to 5 Hz, representing a HR between
30 and 300 bpm.

[0042] FIG. 3 shows a more detailed implementation of
the system for heart rate detection with motion artifact
reduction of FIG. 2.

[0043] FIG. 4 shows graphs of the PPG and motion signal
both in time domain and their PSD transformation and the
resulting PPG power spectral density after motion artifact
subtraction. According to example embodiments, the heart
rate detection module 30 is configured for detecting a
motion signal power spectral density peak value and the
frequency fpk.ma corresponding to that power spectral den-
sity peak value, and normalizing the PPG and the motion
signal power spectral density value sets based on a value
given to the value corresponding to the frequency fpk,ma of
that power spectral density peak value. According to
example embodiments, the motion signal power spectral
density peak value is the highest value in a frequency range
of interest. According to example embodiments, the PPG
and the motion signal power spectral density value sets are
normalized by setting the value corresponding to the fre-
quency fpk,ma of that power spectral density peak value to
the same normalization value and adapting the rest of the
values accordingly. According to example embodiments, the
normalization value is one.

[0044] According to example embodiments, the heart rate
detection module 30 is configured for calculating a renor-
malization factor for the normalized PPG signal power
spectral density value set, based on the ratio between a first
value V1 of the PPG power spectral density at the frequency
fpk,ma corresponding to the detected motion signal power
spectral density peak value, and a second value V2 being the
highest value of the PPG power spectral density value set
corresponding to the rest of frequencies of interest.

[0045] FIG. 5 shows a flow diagram of a method for
calculating HR with motion artifact reduction according to
example embodiments.

[0046] It shall be noted that the HR detection module 30
may be implemented according to hardware and/or software
state of the art techniques, comprising for example a micro-
processor, microcontroller or digital signal processor that
can understand and execute software program instructions.
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Some programmable hardware logic and memory may be
specifically designed also for executing the method or parts
of it, according to example embodiments.

What is claimed is:

1. An electronic system for heart rate detection compris-
ing:

a random sampling sensor module comprising:

a first sensor circuit configured to provide nonuniform
random samples below a Nyquist rate of a photop-
lethysmographic signal; and

a second sensor circuit configured to provide nonuni-
form random samples below a Nyquist rate of a
motion signal, wherein the motion signal is sampled
with an equivalent nonuniform pattern as the pho-
toplethysmographic signal; and

a heart rate detection module configured to:

receive a plurality of the nonuniform random samples
below the Nyquist rate of the photoplethysmo-
graphic signal;

calculate a power spectral density value set based on a
Lomb-Scargle periodogram of the nonuniform ran-
dom samples below the Nyquist rate of the photop-
lethysmographic signal;

receive a plurality of the nonuniform random samples
below the Nyquist rate of the motion signal,

calculate a power spectral density value set based on a
Lomb-Scargle periodogram of the nonuniform ran-
dom samples below the Nyquist rate of the motion
signal;

normalize the calculated power spectral density value
sets corresponding to the photoplethysmographic
signal and the motion signal;

subtract the normalized power spectral density value
set corresponding to the motion signal from the
normalized power spectral density value set corre-
sponding to the photoplethysmographic signal;

renormalize the power spectral density value set cor-
responding to the photoplethysmographic signal; and

calculate a heart rate value based on a frequency
corresponding to a highest power peak value of the
calculated power spectral density value set corre-
sponding to the photoplethysmographic signal in a
frequency range of interest.

2. The electronic system for heart rate detection according
to claim 1, wherein the heart rate detection module is further
configured to:

detect a motion signal power spectral density peak value

and a frequency corresponding to the motion signal

power spectral density peak value;

normalize the power spectral density value set corre-

sponding to the photoplethysmographic signal based on

the motion signal power spectral density peak value;
and

normalize the power spectral density value set corre-

sponding to the motion signal based on the motion

signal power spectral density peak value.

3. The electronic system for heart rate detection according
to claim 2, wherein the motion signal power spectral density
peak value is a maximum value in a frequency range of
interest.

4. The electronic system for heart rate detection according
to claim 2, wherein the power spectral density value set
corresponding to the photoplethysmographic signal and the
power spectral density value set corresponding to the motion
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signal are normalized by setting a power spectral density
value corresponding to the frequency of the motion signal
power spectral density peak value to an equivalent normal-
ization value and adapting a remainder of the power spectral
density values accordingly.

5. The electronic system for heart rate detection according
to claim 4, wherein the equivalent normalization value is
one.

6. The electronic system for heart rate detection according
to claim 2, wherein the heart rate detection module is further
configured to:

calculate a renormalization factor for the normalized

power spectral density value set corresponding to the

photoplethysmographic signal based on a ratio
between: (i) a first value of the power spectral density
value set corresponding to the photoplethysmographic
signal at the frequency corresponding to the motion

signal power spectral density peak value and (ii) a

second value that is a maximum value of the power

spectral density value set corresponding to the photop-

lethysmographic signal, which corresponds to a

remainder of frequencies of interest.

7. The electronic system for heart rate detection according
to claim 1, wherein the motion signal is a signal from an
accelerometer or a gyroscope.

8. The electronic system for heart rate detection according
to claim 1, wherein the first sensor circuit and the second
sensor circuit of the random sampling sensor module are
located in a single body part of a subject.

9. The electronic system for heart rate detection according
to claim 1, wherein the frequency range of interest is 0.5 Hz
to 5.0 Hz.

10. An electronic device comprising an electronic system
for heart rate detection, wherein the electronic system for
heart rate detection comprises:

a random sampling sensor module comprising:

a first sensor circuit configured to provide nonuniform
random samples below a Nyquist rate of a photop-
lethysmographic signal; and

a second sensor circuit configured to provide nonuni-
form random samples below a Nyquist rate of a
motion signal, wherein the motion signal is sampled
with an equivalent nonuniform pattern as the pho-
toplethysmographic signal; and

a heart rate detection module configured to:

receive a plurality of the nonuniform random samples
below the Nyquist rate of the photoplethysmo-
graphic signal;

calculate a power spectral density value set based on a
Lomb-Scargle periodogram of the nonuniform ran-
dom samples below the Nyquist rate of the photop-
lethysmographic signal;

receive a plurality of the nonuniform random samples
below the Nyquist rate of the motion signal;

calculate a power spectral density value set based on a
Lomb-Scargle periodogram of the nonuniform ran-
dom samples below the Nyquist rate of the motion
signal;

normalize the calculated power spectral density value
sets corresponding to the photoplethysmographic
signal and the motion signal;

subtract the normalized power spectral density value
set corresponding to the motion signal from the
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normalized power spectral density value set corre-
sponding to the photoplethysmographic signal;

renormalize the power spectral density value set cor-
responding to the photoplethysmographic signal; and

calculate a heart rate value based on a frequency
corresponding to a highest power peak value of the
calculated power spectral density value set corre-
sponding to the photoplethysmographic signal in a
frequency range of interest.

11. The electronic device according to claim 10, wherein
the heart rate detection module is further configured to:

detect a motion signal power spectral density peak value

and a frequency corresponding to the motion signal
power spectral density peak value;

normalize the power spectral density value set corre-

sponding to the photoplethysmographic signal based on
the motion signal power spectral density peak value;
and

normalize the power spectral density value set corre-

sponding to the motion signal based on the motion
signal power spectral density peak value.

12. The electronic device according to claim 11, wherein
the motion signal power spectral density peak value is a
maximum value in a frequency range of interest.

13. The electronic device according to claim 11, wherein
the power spectral density value set corresponding to the
photoplethysmographic signal and the power spectral den-
sity value set corresponding to the motion signal are nor-
malized by setting a power spectral density value corre-
sponding to the frequency of the motion signal power
spectral density peak value to an equivalent normalization
value and adapting a remainder of the power spectral density
values accordingly.

14. The electronic device according to claim 13, wherein
the equivalent normalization value is one.

15. The electronic device according to claim 11, wherein
the heart rate detection module is further configured to:

calculate a renormalization factor for the normalized

power spectral density value set corresponding to the
photoplethysmographic signal based on a ratio
between: (i) a first value of the power spectral density
value set corresponding to the photoplethysmographic
signal at the frequency corresponding to the motion
signal power spectral density peak value and (ii) a
second value that is a maximum value of the power
spectral density value set corresponding to the photop-
lethysmographic signal, which corresponds to a
remainder of frequencies of interest.

16. The electronic device according to claim 10, wherein
the motion signal is a signal from an accelerometer or a
gyroscope.

17. The electronic device according to claim 10, wherein
the first sensor circuit and the second sensor circuit of the
random sampling sensor module are located in a single body
part of a subject.

18. The electronic device according to claim 10, wherein
the frequency range of interest is 0.5 Hz to 5.0 Hz.

19. A method for heart rate detection comprising:

receiving a plurality of nonuniform random samples

below a Nyquist rate of a photoplethysmographic sig-
nal;

receiving a plurality of nonuniform random samples

below a Nyquist rate of a motion signal, wherein the
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motion signal being is sampled with an equivalent
nonuniform pattern as the photoplethysmographic sig-
nal;

calculating a power spectral density value set based on a
Lomb-Scargle periodogram of the plurality of nonuni-
form random samples below the Nyquist rate of the
photoplethysmographic signal;

calculating a power spectral density value set based on a
Lomb-Scargle periodogram of the plurality of nonuni-
form random samples below the Nyquist rate of the
motion signal;

normalizing the calculated power spectral density value
sets corresponding to the photoplethysmographic sig-
nal and the motion signal;

subtracting the normalized power spectral density value
set corresponding to the motion signal from the nor-
malized power spectral density value set corresponding
to the photoplethysmographic signal;

renormalizing the power spectral density value set corre-
sponding to the photoplethysmographic signal;

detecting a frequency corresponding to the highest power
peak value of the power spectral density value set
corresponding to the photoplethysmographic signal in a
frequency range of interest; and

calculating a heart rate value based on the detected
frequency.

20. The method of claim 19, wherein the method is

performed by a processed executing instructions stored in a
non-transitory, computer-readable storage medium.

® % % % %
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