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Abstract: Photoplethysmography (PPG) is an easy and convenient method by which to measure heart
rate (HR). However, PPG signals that optically measure volumetric changes in blood are not robust to
motion artifacts. In this paper, we develop a PPG measuring system based on multi-channel
sensors with multiple wavelengths and propose a motion artifact reduction algorithm using
independent component analysis (ICA). We also propose a truncated singular value decomposition
for 12-channel PPG signals, which contain direction and depth information measured using the
developed multi-channel PPG measurement system. The performance of the proposed method is
evaluated against the R-peaks of an electrocardiogram in terms of sensitivity (Se), positive predictive
value (PPV), and failed detection rate (FDR). The experimental results show that Se, PPV, and FDR
were 99%, 99.55%, and 0.45% for walking, 96.28%, 99.24%, and 0.77% for fast walking, and 82.49%,
99.83%, and 0.17% for running, respectively. The evaluation shows that the proposed method is
effective in reducing errors in HR estimation from PPG signals with motion artifacts in intensive
motion situations such as fast walking and running.
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1. Introduction

Photoplethysmography (PPG) is an optical method used to detect volume changes in blood in the
peripheral circulation. PPG can determine these volume changes from the surface of the skin, and is a
low-cost and noninvasive method. This technique provides useful information related to cardiovascular
systems such as heart rate, oxygen saturation, blood pressure [1], and cardiac output [2,3], and is also
used to determine stress levels by analyzing the response of the autonomic nervous system based on
pulse rate variability (PRV) [4].

Recently, wearable PPG sensors have attracted attention because they can continuously measure
and monitor heart rate (HR), and numerous devices in the form of bands or watches (e.g., Apple
watch, Fitbit, and Samsung Gear) are being used to monitor instantaneous heart rate using PPG. While
these PPG-based devices have the advantages of being lightweight, portable, and easy to use, the
distortion of the signal due to motion artifacts in the PPG signal is a challenge to overcome. Currently,
these devices are only used for general wellness purposes because they are accurate only in limited
conditions such as resting or walking slowly.

PPG uses a sensor composed of light-emitting and light-receiving elements. When light is
irradiated to the body tissue by the light-emitting element, it is transmitted, reflected, and scattered
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by the Beer–Lambert law in the tissues, blood vessels, and blood of the body and detected by the
light-receiving element [5,6]. In general, a green, red, or infrared light-emitting diode (LED) is used as
a light-emitting unit, and a photo diode (PD) is used for a light-receiving unit [7]. LEDs used for PPG
measurements generally have a wavelength of 400–1000 nm. Short wavelengths do not reveal much
cardiac activity and blood vessel information due to low skin penetration depths, but are less affected
by motion artifacts due to the shorter light path. In the case of long wavelengths, the penetration depth
of the skin is deep, which can clearly indicate activity of the heart and blood vessels such as the dicrotic
notch, but these are affected by motion artifacts because of the long light path [8].

The normal frequency range for PPG signals is 0.5 to 5 Hz, while for motion artifacts it is 0.01 to
10 Hz [9–11]. Therefore, it is not easy to obtain a clean signal by applying a general filter to a PPG signal
contaminated by motion artifacts. In order to solve this problem, adaptive filters or moving average
filters are commonly used in the industrial field. However, satisfactory performance in removing
or reducing motion artifacts has not yet been achieved, and various signal processing methods for
reducing motion artifacts of PPG signals have been proposed.

Poh M.-Z. et al. developed an earlobe-wearable PPG measuring device and presented a method of
removing motion artifacts by applying adaptive noise cancellation (ANC) using an accelerometer [12].
The correlation between the heart rate calculated via electrocardiogram (ECG) and the heart rate
measured via PPG was shown as a performance evaluation. The results showed a correlation coefficient
of 0.75 (p < 0.001) when ANC was applied while running. Due to the size of the earlobe-wearable
measurement system, it is difficult to apply in everyday life and it may be inconvenient when
measuring because the attachment method uses neodymium magnets. In addition, the ANC method
requires an additional sensor, such as an accelerometer, because it must provide a reference signal for
motion artifacts.

In a recent study, Zhang Y. et al. proposed the use of optical signals rather than accelerometers as the
motion reference for the cancellation of motion artifacts [13]. The proposed framework uses the infrared
(IR) PPG signal as the motion reference and the green PPG signal for HR estimation. This approach helps
to reduce burden on additional hardware such as accelerometers and the computational complexity.

Reddy K. A. et al. proposed the CFSA (Cycle-by-cycle Fourier Series Analysis) method using
Fourier series analysis for each cycle using the autocorrelation of PPG signals [14]. The results show
that randomly applied Gaussian noise is removed. However, due to the limitation that CFSA can only
be applied to periodic signals, it is difficult to apply to situations where loss of periodicity occurs due
to distortion caused by motion artifacts during the actual PPG measurement.

In order to improve the performance of the noise reduction algorithm, methods using a
multi-channel PPG system have been proposed. Warren K. et al. measured six-channel PPG signals at
the forehead using six red and infrared LEDs [15]. They proposed an algorithm that selects the channel
with the least influence of noise by quantifying the amount of motion artifacts for each channel during
exercise. As a result, it was possible to automatically select an accurate channel from the measured
multi-channel PPG signals. However, since the algorithm does not include noise reduction, and selects
the signal with the lowest noise level from the measured signals, it is difficult to apply when motion
artifacts exist in all channels.

It is necessary to design a filter suitable for multiple channels, and various algorithms such as
independent component analysis (ICA), principal component analysis (PCA), and singular value
decomposition (SVD) have been actively studied [9,16–19]. PCA is used to find an orthogonal linear
transformation that maximizes the variance of variables, whereas ICA is used to find the linear
transformation of the basis vectors that are statistically independent and non-Gaussian. Unlike PCA,
the major feature of ICA is that the basis vectors are neither orthogonal nor ranked in order. The PPG
signal and the motion artifacts are independent components of the detected signal, so ICA or PCA can
be used to separate the cleaned PPG signal from these artifacts. However, in most studies, the number
of PPG channels used for verifying a multi-channel signal processing algorithm is limited, and the
relationship between the multi-channel signal and the algorithm is not clear.
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In this study, we develop a multi-channel PPG measurement to consider the effects of motion
artifacts on the direction of the sensor module and the change of penetration depth in the skin according
to the wavelength. Further, we propose a multi-channel motion artifact reduction algorithm based on
the signals obtained through this system. Using a multi-channel PPG system, 12-channel PPG signals
for three wavelengths are acquired in four directions (up, down, left, and right). We present a method
by which to reduce motion artifacts through applying ICA and a truncated SVD to 12 channels of
PPG signals. We extract the independent components using an ICA of three channels of PPG signals
measured in each module, then select the most pulsatile components. Using PCA, the statistical
method by which the basis vectors are ranked in order, we can obtain the cleaned PPG signal. PCA can
be implemented with powerful, robust techniques such as singular value decomposition (SVD) [20].
Ultimately, we implement PCA with SVD.

2. Materials and Methods

Our research focuses on reducing motion artifacts using multi-channel PPGs. In this section,
we introduce our in-house-built wearable multi-channel PPG measurement system and describe the
proposed motion artifact reduction algorithm using a multi-sensor module. We also describe in detail
the experimental protocol and data acquisition using the measurement system.

2.1. Wearable Multi-Channel PPG System

We developed a wearable multi-channel PPG system consisting of the main system, inertial
measurement units (IMUs), and PPG sensors, as shown in Figure 1a. The sensor module connected to
the main system has sensors arranged in four directions perpendicular to its center, with each sensor
consisting of a green, red, and infrared LED and one PD (Figure 1b). In addition, the sensor module
includes a nine-axis IMU to detect movement.
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Figure 1. In-house-built wearable multi-channel PPG acquisition system: (a) wearable PPG hardware
system consisting of a main system, sensor module (PPG and IMU), and battery; (b) the direction and
wavelength (G: green; R: red; IR: infrared) of the sensor for each channel when the wearable system is
worn on the wrist.

The system architecture of the in-house-built wearable multi-channel PPG measurement system
is shown in Figure 2. The main system consists of an ARM Cortex TM-M4-based microcontroller
(STM32F407VGT, STMicroelectronics, Geneva, Swiss), an analog front-end (AFE4900, Texas Instruments,
Dallas, TX, USA), and a Bluetooth module (PAN1321i, Panasonic, Osaka, Japan). The sensor module
was designed and implemented using four SFH7050 sensors (OSRAM, Munich, Germany) and
one motion sensor (MPU9250, InvenSense, San Jose, CA, USA). SFH7050 is a sensor for heart rate
monitoring or oximetry. It is an integrated sensor that contains three LEDs (green, red, and IR) of
different wavelengths.
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The readings of the PPG sensor are acquired via the analog front-end under the control of the
microcontroller, then the amplified digital signals are sent to the microcontroller using serial peripheral
interface (SPI) communication. Motion sensor data are transmitted to the microcontroller via I2C
communication. The main system includes a Bluetooth module so that the data can be transferred
to a PC via wireless communication. Additionally, we have implemented in-house data acquisition
software for wireless transmission and storage to the PC.

The PPG signal of each channel was acquired at a 100-Hz sampling rate with a 24-bit high
resolution, while the three-axis acceleration data were acquired at 16 bits and 100 Hz. In this paper, we
use the vector sum magnitude of three-axis acceleration to determine the degree of motion.

2.2. Data Acquisition

The subjects were seven healthy males and one female without cardiovascular disease between
the ages of 20 and 30 years (mean age: 27.1 years). This study was approved by Hanyang University
IRB (IRB Approved no. HYI-17-048-4) and informed consent was received from all subjects before
the experiment.

Since ECG is characterized by robustness to motion artifacts, most studies use ECG as the ground
truth [21,22]. Therefore, in this study, the experiment was conducted using the polar chest strap
electrode with high reliability in ECG measurement. In addition, the electrode was wetted with water
before the experiment to minimize contact noise between the skin and the electrode. The R-peak could
be easily extracted from the measured ECG through the Pan–Tompkins algorithm.

PPG and ECG were measured in walking, fast walking, and running environments that may
occur in everyday life. The developed multi-channel PPG measurement system was worn on the
subject’s wrist to measure 12-channel PPG and acceleration signals. The ECG signal to be used as a
reference for the heart rate was obtained at a sampling rate of 300 Hz using the developed prototypes
of ECG acquisition systems [23] based on ADS1298 (Texas Instruments, Dallas, TX, USA) and the
chest strap (Polar Pro Strap, Polar Electro, Ltd., Kempele, Finland). In order to minimize the time
delay difference between the multi-channel PPG and ECG systems, two systems can simultaneously
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perform Analog-to-Digital Conversion (ADC) and transmit measured data based on trigger signals
transmitted from the in-house program. Figure 3 shows a photograph of a subject wearing an ECG
and multi-channel PPG measurement system. The ECG system for measuring the signal to be used
as a reference for HR is mounted on the chest strap, and the main system of the multi-channel PPG
measuring system is fixed with a stretchable band on the arm. The sensor module is also fixed with a
wrist support band.
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Experimental protocols consisted of resting, walking, fast walking, and running sessions.
The measured signals were normalized using PPG measured during the first 1-min resting session.
In order to minimize the effect between sessions, each session had a 1-min rest period. In the walking
(about 1 m/s) session, the subjects walked for 2 min at the typical pace of their daily activities.
Next, 2 min of fast walking (about 1.8 m/s) and 2 min of running (about 2.2 m/s) were performed.
The experiment was carried out by the subject reciprocating a distance of 20 m in the corridor of the
building. Subjects were allowed to move along both sides close to the wall instead of the center of the
corridor for a smooth turn of the subject at both turning points. In order to maintain the subject’s speed
at each session, the observer induced the subject to reach a fixed time at the start of the round trip.
By conducting this protocol two times for each subject, a total of 16 datasets were obtained (one additional
dataset whose ECG was damaged by the lead fault of the electrode was excluded). The number of beats
for walking, fast walking, and running were 2757, 2913, and 3563, respectively, for a total of 9233 beats.

2.3. Motion Artifact Reduction Algorithm Based on Multi-Sensors

The penetration depth of radiation in human skin is known to increase with increasing
wavelengths [24]. When measuring PPG in different directions and locations on the wrist, different
signals are detected for the same movement due to the diversity of the directions and distribution
of blood vessels in the skin of the wrist. Therefore, in the presence of motion artifacts caused by
movement, multi-channel PPG signals measured by sensors with multiple wavelengths and in various
locations contain information about blood vessel characteristics under the skin and movement in
various directions and depths.

In this study, we extracted three independent component signals via preprocessing and
independent component analysis for three channels of PPG signals with three different wavelengths
(green: solid line arrow; red: dashed line arrow; infrared: dotted line arrow) for each of the four
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sensors, as shown in Figure 4. Among these signals, the signal with the component pulsating the most
was selected, and a reconstructed PPG signal was obtained by applying the truncated SVD to a total of
four pulsating component signals selected one by one.
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Figure 5 shows the detailed proposed algorithm. The raw signals measured by the sensors
contained various noise components such as power line interference, baseline drift, and ambient noise.
In order to remove or reduce these noises, digital filtering was performed using a 3-order Butterworth
band pass filter with cutoff frequencies of 0.5 and 5 Hz.
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In little or no motion environments, all channel signals can be measured with high quality.
Therefore, heart rate can only be obtained by detecting peak points in PPG signals without any special
processing. In this case, we used a signal with a green wavelength that is known to be measured well
on the wrist. To quantify the motion, we used the three-axis accelerometer of the IMU mounted on
the sensor module. High-pass filtering was performed to remove the gravity component from the
acceleration, and the vector sum (accsum) was calculated for three axes of the gravity-free accelerometer,
as shown in Equation (1). The threshold of the presence or absence of motion was set to the vector sum
value to distinguish resting and walking.

accsum =
√
(acc2

x + acc2
y + acc2

z) (1)

In the presence of movement, PPG signals are a mixture of pulsation and motion artifact components.
In this multi-PPG system, the PPG measured by sensors facing different directions showed the change
of blood volume of various depths at each location, so the pulsatile component of each sensor can
be extracted through ICA algorithms. However, because the output components of the ICA appear
in random order and the signals can be reversed, a reverse-check and pulsatile component selection
algorithm is required. The reverse-check algorithm (shown as a dotted box in Figure 5) performs
differential and peak detection on each independent component (IC), calculates the average of the peak
values, and applies the same process to the inverted signal. Due to the morphological characteristics of
the PPG, the IC signal with the largest average peak value among the inverted and non-inverted signals
becomes the correct PPG. Therefore, the IC with a large average value is the output.

The number of outputs of the ICA is the same as the number of input channels, and the output
signals are randomly output regardless of the order of the input signals. The pulsation component is
periodic because it is a change of blood volume that occurs with every beat of the heart. Therefore,
by analyzing the periodicity for each IC signal, it is possible to select an IC with a pulsation component.
We applied fast Fourier transform (FFT) to IC signals of each sensor module and selected one pulsatile
component based on the maximum to mean ratio (MMR) in power spectral density.

As shown in Figure 4, the four components selected based on the MMR were pulsatile components
measured at different locations. The truncated SVD [25] was applied to reduce the motion artifacts
remaining on the pulsatile components extracted from four sensor modules with different directions,
and to obtain the PPG signal that best reflected the change in blood volume. By applying the truncated
SVD, the PPG is reflected in the largest singular value. Therefore, reconstruction using only this
singular value yields a pure PPG signal with motion artifacts removed.

Figures 6–8 show an example of applying the proposed motion artifact reduction algorithm to a
subject’s data. Figure 6 shows the 12-channel PPG signals measured in the running state most affected
by motion artifacts. The x-axis represents the time elapsed after 70 s, including 1 min of resting and
10 s of running.

Figures 7 and 8 show the results of applying the algorithm to each step shown in Figure 5. Figure 7
shows the 12 ICs after passing the ICA. Figure 8a shows four ICs selected through pulsatile component
selection for each sensor module, and Figure 8b shows the results of applying the truncated SVD.

Figure 6 shows a 12-channel PPG signal measured from sensors placed in four directions while
running at about 8 km/h. The four rows represent signals measured by the four sensor modules, and
each column is a frequency-specific (green, red, and infrared) signal that can reflect information of the
same depth. It can be seen that all channels are contaminated by motion artifacts. The R-peak time
points extracted from the ECG are marked with the symbol (H), and purple dotted lines represent the
heart rate. The Pan–Tompkins algorithm was used to detect R-peaks from ECG data [26]. In this paper,
all algorithms (including the motion artifact reduction algorithm) were implemented in Matlab 2019
(MathWorks Inc, Natick, MA, USA).

Figure 7 shows the 12 independent components (ICs) applying ICA to the 12-channel input PPG
signals shown in Figure 6. This represents the same number of ICs as the number of input signals
and includes pulsatile, motion artifacts, and other noise components for the signals acquired from
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each sensor. Each component appears in random order and some may appear as inverted signals.
Each sensor module has three ICs for PPG signals from three wavelengths, which are the signals shown
in each row of Figure 7.

In Figure 7, the most periodic signals for the IC signals and their inverted signals for each sensor
module are IC1, IC1, and IC3 for the sensor modules 1, 2, and 3, respectively; the signals for sensor 4
are unclear. The results of applying the reverse-check and pulsatile component selection algorithm
to select these pulsatile components are shown in Figure 8a. One pulsatile signal was selected for
each sensor. In this example, the signals selected for each of the sensor modules 1, 2, and 3 are the
reversed signals of IC1 and the reversed signal of IC1 and IC2. After applying the truncated SVD to
the four selected ICs, reconstruction using only the largest singular value yielded a pure PPG signal
with motion artifacts reduced, as shown in Figure 8b.Sensors 2020, 20, x FOR PEER REVIEW  8  of  14 
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3. Experimental Results

In order to evaluate the proposed algorithm, the motion artifact reduction algorithm was applied
to the signal measured by the multi-channel PPG measurement system, and the indexes for evaluating
the performance of the algorithm were calculated by comparing the ECG with the reference signal.
Sensitivity (Se) as Equation (2), positive predictive value (PPV) as Equation (3), and failed detection rate
(FDR) as Equation (4) were used as performance indexes [27]. In these equations, TP (True Positive) is
the number of peaks detected, FN (False Negative) is the number of peaks non-detected, and FP (False
Positive) is the number of artifacts or noise classified as peaks. Algorithms based on the best signal
selection [15], ICA [28], or SVD [25] were compared with the proposed method and evaluated using
performance indexes.

Se =
TP

TP + FN
× 100% (2)

PPV =
TP

TP + FP
× 100% (3)



Sensors 2020, 20, 1493 10 of 14

FDR =
FP
TP
× 100% (4)

Figure 9 shows the results of applying the proposed method and algorithms based on the best
signal selection, ICA, or SVD to the measured data at about 8 km/h. The R-peak time points extracted
from the ECG as a reference for the heartbeat are indicated by the (H) symbol and purple dotted lines.
Compared with other methods, the proposed algorithm is clearest in terms of the heart rate extraction
of PPG signals and had a low FDR.
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Table 1 shows Se, PPV, and FDR as performance indexes for peak detection on 12-channel data
measured during walking, fast walking, and running. As the intensity of the motion increases,
Se decreases and PPV changes less. From the results, it can be seen that as the motion artifacts became
more severe, the false negative (FN) for beat detection increased a lot while the false positive (FP)
tended to fall slightly. In terms of wavelength, the green wavelength channels Ch1, Ch4, Ch7, and
Ch10 had high sensitivity.

Table 1. Comparison of the results of Se, PPV, and FDR for the 12-channel signals acquired during
walking, fast walking, and running conditions.

Conditions Performance
Parameters Channels

Ch1 Ch2 Ch3 Ch4 Ch5 Ch6

Walking

Se (%) 93.66 91.14 92.22 97.07 88.33 91.27
PPV (%) 97.63 92.19 94.03 99.10 92.77 93.99
FDR (%) 2.43 8.47 6.35 0.91 7.79 6.39

Ch7 Ch8 Ch9 Ch10 Ch11 Ch12

Se (%) 96.59 88.46 90.36 96.48 90.39 92.10
PPV (%) 99.47 92.96 95.96 98.30 92.68 94.80
FDR (%) 0.53 7.57 4.21 1.73 7.90 5.49

Fast
walking

Ch1 Ch2 Ch3 Ch4 Ch5 Ch6

Se (%) 84.17 80.47 82.80 93.69 77.07 79.73
PPV (%) 98.23 94.10 95.70 99.08 94.07 95.48
FDR (%) 1.80 6.27 4.49 0.93 6.30 4.73

Ch7 Ch8 Ch9 Ch10 Ch11 Ch12

Se (%) 91.03 78.95 82.74 90.05 80.50 84.64
PPV (%) 99.43 93.60 95.21 98.58 94.29 95.04
FDR (%) 0.57 6.84 5.03 1.44 6.06 5.22
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Table 1. Cont.

Conditions Performance
Parameters Channels

Running

Ch1 Ch2 Ch3 Ch4 Ch5 Ch6

Se (%) 72.48 67.67 68.68 76.53 66.54 68.21
PPV (%) 99.42 99.12 99.41 99.60 99.43 99.17
FDR (%) 0.58 0.89 0.59 0.40 0.57 0.84

Ch7 Ch8 Ch9 Ch10 Ch11 Ch12

Se (%) 77.28 67.53 69.36 76.60 66.14 66.94
PPV (%) 99.57 99.05 99.29 99.69 98.75 99.04
FDR (%) 0.43 0.96 0.72 0.31 1.27 0.97

Table 2 shows the performance parameters Se, PPV, and FDR from algorithms based on the best
selection method, SVD, ICA, and proposed method for the data measured in walking (2757 beats),
fast walking (2913 beats), and running (3563 beats). As the movement increased with walking, fast
walking, and running, the detection rate of heart beats decreased. The performance of the proposed
method for walking was 99%, 99.55%, and 0.45% for Se, PPV, and FDR, respectively. The performance
of the proposed method was higher than that of the other algorithms, and the SVD-based algorithm
had the lowest accuracy. For the fast walking and running conditions, the proposed method showed
the best performance, as well as for these two conditions with a lot of motion.

Table 2. Comparison of the results of Se, PPV, and FDR from algorithms based on the best signal
selection method, SVD, ICA, or the proposed method for signals acquired under the walking, fast
walking, and running conditions.

Conditions Performance Best Signal Selection SVD ICA Proposed

Walking
Se (%) 97.07 91.30 98.65 99.00

PPV (%) 99.10 92.89 99.03 99.55
FDR (%) 0.91 7.65 0.98 0.45

Fast walking
Se (%) 93.69 82.33 95.42 96.28

PPV (%) 99.08 93.71 99.06 99.24
FDR (%) 0.93 6.71 0.95 0.77

Running
Se (%) 77.28 68.00 79.98 82.49

PPV (%) 99.57 99.09 99.81 99.83
FDR (%) 0.43 0.92 0.19 0.17

4. Discussion

ECG is a representative signal for calculating heart rate that measures the bio-potential generated
by electrical signals that control the expansion and contraction of the heart. Another signal is that
of PPG, a light-based technology to sense volumetric changes in blood in peripheral circulation as
controlled by the heart’s pumping action. ECG produces an electrical signal that is robust in the
presence of motion artifacts and has the advantage of stably extracting heartbeats even compromised
by motion. However, ECG signals are obtained by measuring a weak electrical potential difference
between two points, and thus cannot be measured on a single arm. In the case of using both hands
with more electrical potential difference, the user must intentionally make contact with the electrode.
In contrast, PPG has an advantage over ECG in terms of user convenience and wearability, as it can
take measurements in any location with a high concentration of blood vessels.

Over the past decade, there HR monitors and wearable fitness equipment have been made
commercially available. Many people use HR monitors to inform their training and to access
aerobic fitness.

In the clinical field, physicians and trainers often refer to physiological and behavioral data
such as energy consumption, step counts, sleep/wake information, and HR obtained from patients’
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wearable devices. Energy consumption is calculated using HR and accelerometer motion information.
If accurate HR information is provided, more accurate energy consumption can be estimated. Accurate
HR monitoring is an essential component of a systematic exercise prescription because a target HR is
set to guide patient-specific exercise intensity.

As another field of the clinical application of HR, heart rate variability (HRV) is widely used
to investigate the state of autonomic nervous systems and related diseases. HRV is calculated
using beat-by-beat HRs, and accurate HR detection is required because HR errors lead to false ANS
(Autonomic nervous system) analysis.

Currently, many devices are being used to monitor heart rate in the form of bands or watches
(e.g., Apple watch, Fitbit, and Samsung Gear), and these PPG devices have the advantages of being
lightweight, portable, and easy to use. However, the PPG signal is very vulnerable to motion artifacts.
It is well known that the depth of penetration of light into human skin increases with decreasing
wavelength [29]. Therefore, the wavelength of the LED and the direction of the PPG sensor module are
important factors for analyzing the influence of motion artifacts in the PPG signal. In this study, we
developed a 12-channel PPG measurement system with up, down, left, and right directions using three
wavelengths (green, red, and infrared) for each direction. In addition, we proposed a multi-channel
PPG motion artifact reduction algorithm based on independent component analysis and truncated
singular value decomposition. In this study, PPG signals were measured at multiple skin penetration
depths according to LED wavelength. In addition, PPG signals for each position and direction of blood
vessels in the skin were measured through sensor modules with up, down, left and right directions.
In order to apply independent component analysis to multi-channel PPG signals, signal inversion
and pulsation component detection ability were confirmed by comparing MMR in the power spectral
density through FFT. Furthermore, truncated singular value decomposition was applied to the detected
pulsating components to reduce motion artifacts. When the proposed algorithm was applied to
the signal measured during running using the developed system, a sensitivity of 82.49%, a positive
predictive value of 99.83%, and a false detection rate of 0.17% were obtained. These results are due
to the motion artifact reduction algorithm applied to the multi-channel PPG measurement system
using various wavelengths and directions of the sensor modules. As the wavelengths increased, the
change in blood volume at a deeper depth could be measured. Therefore, each PPG has a different
amount of information, and when applied to the ICA algorithm, a pulsatile component can be obtained.
In addition, the pulsatile components acquired from the sensor modules in different directions are
represented as a single PPG signal that shows the change in blood volume without being affected by
motion through the truncated SVD.

The proposed algorithm extracts the independent component signals from PPG signals with
different wavelengths measured for each sensor module, as shown in Figure 4. In addition, in order to
compare the effect of the wavelength and the direction of the sensor, we applied the proposed algorithm
for PPG signals with the same wavelength in each senor module. This approach did not provide clear
results as compared with the use of ICA-based algorithms for each sensor module. This means that
signals measured by LEDs of the same wavelength in each sensor are measured through different
positions and paths of light, so that information on motion artifacts is inconsistent when applying
independent component analysis. Therefore, applying independent component analysis to the signals
measured by the same sensor module rather than the same wavelength signals can increase the motion
artifact reduction performance.

The limitation of this study is that the protocols for PPG measurement were limited to walking, fast
walking, and running; therefore, more detailed protocols need to be set up to remove the noise caused
by various kinds of movements in real life. Additional experiments and research are needed to develop
real-world applications. As further work, we plan to quantitatively analyze the effects of motion
artifacts on PPG signals at various speeds on the treadmill. In addition, long-term measurements are
required to analyze the various features in the signal measured during physical activity. We will try to
diversify the protocols and measure data in various environments through long-term experiments.
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The proposed method is effective for monitoring heart rate. Furthermore, if the beat-to-beat
interval can be obtained precisely like the R-peak of ECG in the presence of motion artifacts, it can be
applied to various fields, such as emotion or stress, by analyzing the autonomic nervous system based
on pulse rate variability.

Author Contributions: Conceptualization, J.L. and M.K.; methodology, J.L. and M.K.; formal analysis, J.L.
and M.K.; writing—original draft preparation, J.L. and M.K.; writing—review and editing, I.Y.K. and H.-K.P.;
supervision, I.Y.K. and H.-K.P.; funding acquisition, H.-K.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (No. 2018R1A5A7025522).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sharma, M.; Barbosa, K.; Ho, V.; Griggs, D.; Ghirmai, T.; Krishnan, S.K.; Hsiai, T.K.; Chiao, J.C.; Cao, H.
Cuff-Less and Continuous Blood Pressure Monitoring: A Methodological Review. Technologies 2017, 5, 21.
[CrossRef]

2. Wang, L.; Pickwell-Macpherson, E.; Liang, Y.P.; Zhang, Y.T. Noninvasive cardiac output estimation using a
novel photoplethysmogram index. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2009, 2009, 1746–1749. [PubMed]

3. Wang, L.; Poon, C.C.Y.; Zhang, Y.T. The non-invasive and continuous estimation of cardiac output using a
photoplethysmogram and electrocardiogram during incremental exercise. Physiol. Meas. 2010, 31, 715–726.
[CrossRef] [PubMed]

4. Mohan, P.M.; Nagarajan, V.; Das, S.R. Stress Measurement from Wearable Photoplethysmographic Sensor
Using Heart Rate Variability Data. In Proceedings of the 2016 International Conference on Communication
and Signal Processing (ICCSP), Melmaruvathur, India, 6–8 April 2016; pp. 1141–1144.

5. Karlen, W.; Raman, S.; Ansermino, J.M.; Dumont, G.A. Multiparameter respiratory rate estimation from the
photoplethysmogram. IEEE Trans. Bio-Med. Eng. 2013, 60, 1946–1953. [CrossRef]

6. Paul, B.; Manuel, M.P.; Alex, Z.C. Design and Development of Non Invasive Glucose Measurement System.
In Proceedings of the 2012 1st International Symposium on Physics and Technology of Sensors (ISPTS-1),
Pune, India, 7–10 March 2012; pp. 43–46.

7. Boulnois, J.-L. Photophysical processes in recent medical laser developments: A review. Lasers Med. Sci.
1986, 1, 47–66. [CrossRef]

8. Clarke, G.W.; Chan, A.D.; Adler, A. Effects of motion artifact on the blood oxygen saturation estimate in
pulse oximetry. In Proceedings of the 2014 IEEE International Symposium on Medical Measurements and
Applications (MeMeA), Lisbon, Portugal, 11–12 June 2014; pp. 1–4.

9. Rojano, J.F.; Isaza, C.V. Singular value decomposition of the time-frequency distribution of PPG signals for
motion artifact reduction. Int. J. Signal Process. Syst. 2016, 4, 475–482. [CrossRef]

10. Bagha, S.; Shaw, L. A real time analysis of PPG signal for measurement of SpO2 and pulse rate. Int. J.
Comput. Appl. 2011, 36, 45–50.

11. Park, H.; Nam, J.; Lee, J. Design of filter to reject motion artifacts of PPG signal using multiwave optical
source. J. Korea Soc. Comput. Inf. 2014, 19, 101–107.

12. Poh, M.-Z.; Swenson, N.C.; Picard, R.W. Motion-tolerant magnetic earring sensor and wireless earpiece for
wearable photoplethysmography. IEEE Trans. Inf. Technol. Biomed. 2010, 14, 786–794. [CrossRef] [PubMed]

13. Zhang, Y.; Song, S.; Vullings, R.; Biswas, D.; Simões-Capela, N.; Van Helleputte, N.; Van Hoof, C.;
Groenendaal, W. Motion artifact reduction for wrist-worn photoplethysmograph sensors based on different
wavelengths. Sensors 2019, 19, 673. [CrossRef]

14. Reddy, K.A.; George, B.; Kumar, V.J. Use of fourier series analysis for motion artifact reduction and data
compression of photoplethysmographic signals. IEEE Trans. Instrum. Meas. 2008, 58, 1706–1711. [CrossRef]

15. Warren, K.; Harvey, J.; Chon, K.; Mendelson, Y. Improving pulse rate measurements during random motion
using a wearable multichannel reflectance photoplethysmograph. Sensors 2016, 16, 342. [CrossRef]

16. Ram, M.R.; Madhav, K.V.; Krishna, E.H.; Reddy, K.N.; Reddy, K.A. Use of multi-scale principal component
analysis for motion artifact reduction of PPG signals. In Proceedings of the 2011 IEEE Recent Advances in
Intelligent Computational Systems, Trivandrum, India, 22–24 September 2011; pp. 425–430.

http://dx.doi.org/10.3390/technologies5020021
http://www.ncbi.nlm.nih.gov/pubmed/19963762
http://dx.doi.org/10.1088/0967-3334/31/5/008
http://www.ncbi.nlm.nih.gov/pubmed/20395650
http://dx.doi.org/10.1109/TBME.2013.2246160
http://dx.doi.org/10.1007/BF02030737
http://dx.doi.org/10.18178/ijsps.4.6.475-482
http://dx.doi.org/10.1109/TITB.2010.2042607
http://www.ncbi.nlm.nih.gov/pubmed/20172836
http://dx.doi.org/10.3390/s19030673
http://dx.doi.org/10.1109/TIM.2008.2009136
http://dx.doi.org/10.3390/s16030342


Sensors 2020, 20, 1493 14 of 14

17. Ram, M.R.; Madhav, K.V.; Krishna, E.H.; Komalla, N.R.; Sivani, K.; Reddy, K.A. ICA-based improved DTCWT
technique for MA reduction in PPG signals with restored respiratory information. IEEE Trans. Instrum. Meas.
2013, 62, 2639–2651. [CrossRef]

18. Lee, H.-W.; Lee, J.-W.; Jung, W.-G.; Lee, G.-K. The periodic moving average filter for removing motion
artifacts from PPG signals. Int. J. Control Autom. Syst. 2007, 5, 701–706.

19. Ram, M.R.; Madhav, K.V.; Krishna, E.H.; Komalla, N.R.; Reddy, K.A. A Novel Approach for Motion Artifact
Reduction in PPG Signals Based on AS-LMS Adaptive Filter. IEEE Trans. Instrum. Meas. 2012, 61, 1445–1457.
[CrossRef]

20. Chawla, M. PCA and ICA processing methods for removal of artifacts and noise in electrocardiograms:
A survey and comparison. Appl. Soft Comput. 2011, 11, 2216–2226. [CrossRef]

21. Gilgen-Ammann, R.; Schweizer, T.; Wyss, T. RR interval signal quality of a heart rate monitor and an ECG
Holter at rest and during exercise. Eur. J. Appl. Physiol. 2019, 119, 1525–1532. [CrossRef]

22. Vogelaere, P.; De Meyer, F.; Duquet, W.; Vandevelde, P. Sport Tester PE 3000 vs Holter ECG for the
measurement of heart rate frequency. Sci. Sports 1986, 1, 321–329. [CrossRef]

23. Ahn, H.J.; You, S.M.; Cho, K.; Park, H.K.; Kim, I.Y. Multi-modal Wearable Device for Cardiac Arrest Detection.
J. Biomed. Eng. Res. 2017, 38, 330–335.

24. Spigulis, J.; Gailite, L.; Lihachev, A.; Erts, R. Simultaneous recording of skin blood pulsations at different
vascular depths by multiwavelength photoplethysmography. Appl. Opt. 2007, 46, 1754–1759. [CrossRef]

25. Lee, H.; Chung, H.; Ko, H.; Lee, J. Wearable multichannel photoplethysmography framework for heart rate
monitoring during intensive exercise. IEEE Sens. J. 2018, 18, 2983–2993. [CrossRef]

26. Pan, J.; Tompkins, W.J. A real-time QRS detection algorithm. IEEE Trans. Bio-Med. Eng. 1985, 230–236.
[CrossRef] [PubMed]

27. Lin, S.-T.; Chen, W.-H.; Lin, Y.-H. A pulse rate detection method for mouse application based on multi-PPG
sensors. Sensors 2017, 17, 1628.

28. Kim, B.S.; Yoo, S.K. Motion artifact reduction in photoplethysmography using independent component
analysis. IEEE Trans. Bio-Med. Eng. 2006, 53, 566–568. [CrossRef] [PubMed]

29. Vizbara, V. Comparison of green, blue and infrared light in wrist and forehead photoplethysmography.
Biomed. Eng. 2013, 17, 78–81.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TIM.2013.2259114
http://dx.doi.org/10.1109/TIM.2011.2175832
http://dx.doi.org/10.1016/j.asoc.2010.08.001
http://dx.doi.org/10.1007/s00421-019-04142-5
http://dx.doi.org/10.1016/S0765-1597(87)80024-2
http://dx.doi.org/10.1364/AO.46.001754
http://dx.doi.org/10.1109/JSEN.2018.2801385
http://dx.doi.org/10.1109/TBME.1985.325532
http://www.ncbi.nlm.nih.gov/pubmed/3997178
http://dx.doi.org/10.1109/TBME.2005.869784
http://www.ncbi.nlm.nih.gov/pubmed/16532785
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Wearable Multi-Channel PPG System 
	Data Acquisition 
	Motion Artifact Reduction Algorithm Based on Multi-Sensors 

	Experimental Results 
	Discussion 
	References

