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Abstract— Robustness of estimating cardiorespiratory 

parameters from photoplethysmography (PPG) signal is highly 

dependent on the quality of the signal, which heavily affected by 

motion artifacts. To increase the estimation accuracy of 

cardiorespiratory parameters, the present work describes a novel 

fusion method to efficiently and effectively reduce the motion 

artifacts from the acquired PPG signal. The proposed fusion 

technique requires simultaneously acquiring data from a PPG 

sensor and accelerometer. To filter out the frequencies associated 

with motion, the method uses stopband filters with a central 

rejection frequency and bandwidth determined by the output 

signal of the accelerometer. Under such, the proposed method to 

remove the motion artifacts does not depend on the quality of the 

reference signal and has almost no impact on the nature of PPG 

signals (i.e., amplitude, baseline, and periodicity). The 

effectiveness of the proposed method in the suppression of in-band 

and out-of-band frequencies of motion is numerically and 

experimentally evaluated. It is shown that the filtered PPG signal 

has sufficient information to estimate different cardiac parameters 

such as heart-rate (HR), respiration rate (RR) and blood oxygen 

saturation (SpO2). The motion artifacts free PPG signal obtained 

using our proposed method can estimate HR, RR, and SpO2 with 

an accuracy of above 95%. This level of accuracy confirms the 

usefulness of the proposed fusion method for accuracy 

improvement of cardiorespiratory parameters monitoring by the 

filtered PPG signal.   

 
Index Terms—Motion artifacts, fusion, heart-rate, respiration 

rate, blood oxygen saturation, photoplethysmography (PPG) 

 

I. INTRODUCTION 

ARDIORESPIRATORY parameters such as heart-rate (HR), 

respiration rate (RR) and blood oxygen saturation (SpO2), 

are recognized as important indicators of cardiovascular 

diseases. HR can be measured by using electrocardiogram 

(ECG) signals. Such signals can also be used for RR monitoring 

[1]. The ECG-based monitoring technique is beneficial in terms 

of accuracy and reliability [2]. However, it requires placing 

multiple electrodes at different body locations, making this 

monitoring technique uncomfortable -especially during 

movement- and impractical particularly for wearable devices. 

Furthermore, SpO2, as a marker of hypoxia and apnea [3], 

cannot be acquired from the ECG signals.  

Photoplethysmography (PPG) has been identified as a 

potential alternative to ECG signals. In PPG-based sensing, a 

single or double light source is used at a specific wavelength. 

The light reflected from or transmitted through the skin 

indicates blood flow changes and is measured by a 

photodetector [4]. The PPG signal periodicity variation 

contains crucial information about HR, RR, and SpO2. Thus, a 

single PPG sensor unit can offer a standalone multisensory 

platform for comprehensive monitoring of cardiorespiratory 

signals. In addition, due to the ease of use and low-cost of PPG 

sensors in comparison to other devices (e.g., ECG), PPGs are 

widely implanted in advanced wearable devices, such as Fitbit 

and smartwatches. 

In PPG-based monitoring approaches, motion artifacts 

adversely disturb the PPG output. These artifacts can be caused 

by hemodynamic effects [5], tissue deformation and 

mechanical movement of the sensor [6]. Hence, motion artifacts 

lead to faults and degrade the overall accuracy and validity of 

cardiorespiratory parameters monitoring with PPG signals [7]. 

Several approaches have been proposed in the literature to 

minimize the motion artifacts in PPG signals. 

One widely used method to reduce motion artifacts in the 

PPG signals is independent component analysis (ICA) [8]. In 

this method, an assumption of the independence between the 

PPG signals and motion artifacts has to be met [9]. However, 

the PPG signals with motion artifacts cannot fully satisfy this 

prerequisite [10]. Therefore, the accuracy level of this method 

in many real cases is quite low [11]. Another commonly used 

method for the removal of motion artifacts is adaptive filtering 

[12]. This method is advantageous for removing in-band 

frequency of motion, while its effectiveness is highly dependent 

on the quality of the designed reference signal [13]. This means 

that the identified improper reference signal will degrade the 

capability of the filters to remove the motion artifacts. Since a 

linear correlation between PPG signal and motion signal is 

necessary for this technique, the adaptive filter performance in 

the motion artifacts reduction would be relatively poor if the 

introduced motion is complex and only accelerometer output is 

considered for constructing the reference signal [14]. Adaptive 

filtering with synthetic noise generation methods is an iterative 

process that is computationally expensive [15]. As a result, 

reducing motion artifacts by the adaptive filters cannot be 

effectively implemented in wearable and portable systems 

because the amount of available power in those type of the 

systems is relatively low. Thus, computationally efficient 

approaches are highly desirable. 
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Another motion artifacts reduction method, which was 

proposed by Reddy et al. [16], is using cycle-by-cycle Fourier 

Series Analysis (CFSA). The efficacy of this method is 

dependent on correctly determining periods of the PPG signals, 

while such an objective can be hardly met for the PPG signals, 

as the quasi-periodic and nonstationary signals. The usefulness 

of artificial neural network (ANN) for eliminating the motion 

artifacts in the acquired PPG signals was discussed in [17]. 

Obviously, this method requires the training data set, and in 

order to perform real-time and onboard signal processing has to 

be implemented on the graphics-processing unit (GPU) or 

highly advanced microcontroller (e.g., Arm Cortex-M).         

The quality of sensor output often varies due to the influence 

of disturbances in the environment, such as motion, 

temperature. A practical method to deal with these disturbances 

is fusing signals from multiple sensors. In the past, it has been 

shown that the sensor fusion technique by using the outputs of 

different biomedical sensors can increase the overall robustness 

and accuracy of the measurement [18]. In this context, we 

propose a novel sensor fusion technique by acquiring data from 

a PPG sensor and accelerometer to reduce the motion artifacts 

in the recorded PPG signals. The motion artifacts reduction is 

performed by filtering out the frequencies of motion through 

stopband filters. The lower and upper bands of the stopband 

filters are defined based on the measured accelerometer signal 

frequencies. The performance of our proposed methodology is 

not dependent on the quality of a certain reference signal and 

can reduce the motion artifacts effectively and efficiently.  

The contributions of this study can be summarized as 

follows: 

1. We propose a less complex sensor fusion technique, 

which can be readily implemented on the basic 

processor platforms, i.e., microcontrollers, for PPG-

based wearable and portable systems.  

2. The capability of the proposed method in the 

suppression of motion artifacts is not dependent on 

the quality of reference signal, hence, the reference 

signal does not need any preprocessing or 

conditioning.  

3. Our proposed method is able to remove effectively 

and efficiently both in-band and out-of-band 

frequencies of motion, while it performed with almost 

no impact on the nature of PPG signals (i.e., 

amplitude, baseline, and periodicity). 

4. Analysis and measurement show that the filtered PPG 

signals by our proposed method have sufficient 

information to accurately estimate multiple 

cardiorespiratory parameters, i.e., HR, RR, and SpO2.        

The remaining parts of this manuscript are constructed as 

follows. Section II describes the working principle of our 

proposed method to remove motion artifacts. The estimation of 

cardiorespiratory parameters is briefly discussed in Section III. 

Numerical and experimental results, as well as discussion, are 

provided in Section IV. Finally, Section V provides concluding 

remarks and describes our future work. 

II. METHODOLOGY 

The working principle of our proposed motion artifacts 

reduction method is shown in Fig. 1. According to this figure, 

in addition to the PPG sensor, an accelerometer has to be 

deployed to measure the movements of the subject. Therefore, 

the PPG and accelerometer signals need to be recorded 

simultaneously. Afterward, a small-time window with T 

seconds is sliding on the accelerometer output signal to 

compute its spectrum. As a result, the frequency of motion is 

identified for T seconds. In the next step, a stopband filter, 

whose central rejection frequency, Fm, chosen based on the 

accelerometer spectrum, is applied to the PPG signal captured 

in the same time window, i.e., T. The PPG signal baseline 

includes information about RR and it is necessary to keep 

nature of the PPG signals unchanged after performing filtering. 

Consequently, the width of the stopband filters has to be 

relatively narrow. In our method, a quarter of the central 

rejection frequency, Fm/4, is assumed to be the width of the 

stopband filter. It is worth mentioning that multiple stopband 

filters can be also deployed if different frequencies of motion 

are recognized in the accelerometer spectrum for time window 

T. 

III. ESTIMATION OF CARDIORESPIRATORY PARAMETERS 

A. Heart-rate (HR) 

One of the widely utilized methods to extract HR from the 

PPG signals is the analysis of frequency response of the PPG 

signals, namely, Singular Spectrum Analysis (SSA) [19]. 

However, in this work, to reduce the complexity of our 

computation, we estimate HR from analysis of the PPG signal 

in the time domain to obtain HR beat per minute (bpm). 

Therefore, by detecting the peak locations in the PPG signals 

and obtaining the time difference between two consecutive 

peaks, as shown in equation (1), the average value of HR can 

be estimated.  

 
 

Fig. 1.  Working principle of the proposed fusion method for efficient 

motion artifacts reduction. 

Record 

PPG and Accelerometer 

Signals  

Compute Accelerometer Spectrum for 

Time Window of T Seconds

Identify Motion Frequency,   

Apply Band-stop Filter with Rejection Frequency of   , and  

Rejection Bandwidth of   /4 on PPG Signal

Estimate Cardiorespiratory Parameters 

from the Filtered PPG Signals 

End
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HR =
1

N − 1
∑

60

ti+1 − ti
 .

N

i=1

     N ≥ 2 (1) 

where N is the total number of the detected peaks in a certain 

time, and ti is the time when the ith peak detect.   

B. Respiration rate (RR) 

Another beneficial data that can be extracted from the raw 

PPG signals is RR. In the literature, it is extensively discussed 

that respiration induces variation in peak-peak amplitude, 

intensity, and frequency of the PPG signals, respectively [20]. 

It should be noted that estimation of RR from PPG signal-

especially one with the motion artifacts- has a low accuracy. 

However, it has been shown that RR can be estimated with an 

acceptable level of accuracy from respiratory-induced peak-

peak amplitude variation or respiratory-induced intensity 

variation in the PPG signals. Consequently, in this study, after 

removing the motion artifacts from the PPG signal, analysis of 

the peak-peak amplitude of the PPG signal in the time-domain 

is utilized for the monitoring of RR. It is worth pointing out that 

using time-frequency representation methods cascaded with a 

particle filtering can further improve the accuracy estimation of 

RR from respiratory-induced peak-peak amplitude variation in 

PPG signals [21].      

C. Blood oxygen saturation (SpO2) 

SpO2, as a percentage of oxygenated hemoglobin, is a ratio 

of oxygenated and deoxygenated hemoglobin concentrations. 

In pulse oximetry, different absorption of the light source at two 

individual wavelengths, typically red and infrared, is utilized 

for estimating SpO2. It is assumed that ripple of the PPG signals 

(i.e., AC component) is due to pulsatile arterial blood, and its 

DC level generates from non-pulsatile arterial blood, venous 

blood, and peripheral tissues [22]. In a dual-wavelength PPG 

sensor, after normalizing the pulsatile signal with the non- 

pulsatile signal the ratio of absorbance can be expressed as 

follows: 

R =

ACRed
DCRed
⁄

ACIR
DCIR
⁄

, (2) 

By using the following quadric equation, which shows the 

relationship between the ratio of absorbance and SpO2, the level 

of blood oxygenation can be calculated as: 

SpO2% = αR
2 + βR + γ. (3) 

where 𝛼, 𝛽, and 𝛾 are the calibration coefficients and can be 

obtained empirically through clinical examinations. With 

reference to the datasheet of PPG sensor [23] and reported 

results in [24], the values of -45.06, 30.354, and 94.845 were 

used as the calibration coefficient of 𝛼, 𝛽, and 𝛾, respectively. 

IV. MATERIALS AND METHODS 

A. Design of the stopband filter 

The digital filters can be implemented in two different 

classes, namely, Finite Impulse Response (FIR) and Infinite 

Impulse Response (IIR) [25]. It has been shown that the FIR 

filters are always stable and have a constant delay (i.e., linear 

phase shift) [26]. Due to these desirable and guaranteed 

features, we confined our study on the FIR filters. The general 

governing equation for an FIR filter is expressed by: 

 

y[n] = b0𝑥[n] + b1𝑥[n − 1] + b2𝑥[n − 2] +⋯
+ bM𝑥[n − M] . 

(4) 

where y[n] is the output signal, x[n] is the input signal, b is the 

filter coefficient, M represents the order of the filter, and n 

denotes the total number of data points, respectively. By using 

the 𝓏-transform, which implies that x[n-n0] is equal to X(𝓏) 𝓏𝑛0, 
the transfer function of the FIR filter can be obtained as: 

H(𝓏) =
b0𝓏

M + b1𝓏
M−1 + b2𝓏

M−2 +⋯+ bM
𝓏M

 . (5) 

According to equation (5), it is clear that the FIR filter 

includes M zeros and poles, while all the poles are located at the 

origin. In order to devise an ideal FIR stopband filter with the 

capability of the frequency rejection at 𝜔0, a transfer function 

with zeros located at 𝑒𝑖𝜔0𝑡 and 𝑒−𝑖𝜔0𝑡 (called desired zeros 

throughout this paper), where t is the sampling period, is 

required. In this regard, M plays an important role in the 

functionality of the FIR stopband filters.      

The impacts of the order of the filter, M, on the pole-zero 

pattern and frequency response of the stopband filter are 

demonstrated in Fig. 2. It is obvious that when M has a lower 

order (i.e. the order of 48) the desired zeros are located far away 

from the unity circle, which causes low attenuation and 

considerably wide transition widths. In contrast, by increasing 

the order of M to 100 the desired zeros become closer to the 

unity circle. Thus, the filter attenuation besides of its sharpness 

is enhanced. Further increment in M (i.e. the order of 148) 

results in overlying pairs of the desired zeros at the unity circle. 

Therefore, the filter response in terms of the attenuation and 

transition widths is further improved when compared to the 

stopband filter with the order of 100. 

Obviously, increasing the order of the FIR stopband filter can 

enhance its behavior. However, one cannot ignore that the 

higher value of M enlarges the filter delay. Moreover, using the 

stopband filters with considerably high attenuations (i.e., high 

orders) may deteriorate the general quality of the PPG signal 

when there are significant overlaps between spectra of the 

motion artifacts and PPG signal. Consequently, in our proposed 

motion artifacts reduction technique to effectively deal with in-

band motion artifacts and obtain a moderate filter delay as well 

as an acceptable level of sharpness, the stopband filters with the 

median order, i.e., 100, were used. In the following, the 

capability of the stopband filter with the order of 100 will be 

discussed through the numerical simulations. 
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B. Numerical simulation 

To examine the effectiveness of our proposed technique with 

the designed stopband filters in the prior subsection, we 

performed the numerical simulation by using a pure PPG signal, 

and artificially generated motion artifacts in MATLAB. Indeed, 

the normal PPG signal is a multi-frequency signal with a 

frequency band of ~ 0.4-6 Hz. In Fig. 3 (b1), the frequency 

response of the PPG signal is demonstrated. It shows that our 

employed PPG signal comprises three harmonics, i.e., F1= 1.42, 

F2=3.027, and F3=4.49 Hz, respectively. The computed signal-

to-noise ratio (SNR) for this signal is 7.6 dB. 

The usefulness of a motion artifacts removal technique is 

highly dependent on its capability to suppress in-band motion 

frequency with the minimum effects on the nature of the 

original signal. Thus, to produce the in-band and out-of-band 

motion frequencies with sufficient impacts on the morphology 

of PPG signal, a motion artifact signal at frequencies of 

Fm1=1.42 and Fm2=6 Hz, whose amplitude is half of the PPG 

signal, was generated. The time-domain and frequency-domain 

of this multi-frequency motion artifacts waveform are 

demonstrated in Fig. 3 (a2) and (b2), respectively. In Fig. 3 (a3) 

and (b3), the corrupted PPG signal with artificially generated 

motion artifacts is presented. This signal has an SNR of 3.95 

dB. Apparently, morphology of the PPG signal in the time-

domain and frequency-domain is extremely deteriorated. To 

filter out the frequencies of motion (Fm1=1.42 and Fm2=6 Hz) 

two stopband filters with the rejection frequencies 

corresponding to the motion frequencies were applied. 

With reference to the filtering results reported in Fig. 3 (a4), 

the stopband filters after a relatively small delay, i.e., 0.65 

seconds, converged and impacts of the motion artifacts were 

omitted. Such a small negligible delay will not limit the clinical 

usages of the proposed method. The frequency spectrum of the 

filtered signal, as shown in Fig. 3 (b4), confirms that both 

frequencies of the motion are removed, while the three 

harmonics of the original PPG signal were preserved. On the 

other hand side, the computed SNR for this filtered signal is 

5.48 dB, which shows an improvement of 33% in comparison 

to SNR of the PPG signal with the motion artifacts. Hence, our 

designed stopband filters can efficiently eliminate the in-band 

motion frequency, while keep the unique nature of the PPG 

signal, such as amplitude, spectrum, and periodicity, 

unchanged. 

With reference to the numerical simulation results, it can be 

concluded that the designed FIR stopband filters with the order 

of 100 and rejection frequency bandwidth of Fm/4 are able to 

effectively and efficiently remove the in-band and out-of-band 

motion artifacts. It is clearly demonstrated that the multi-

 
Fig. 3. Numerical simulation for the PPG signal when frequencies of the 

motion artifacts are in-band of the PPG signal. (a1) Measured PPG signal, 

(a2) generated motion artifacts waveform, (a3) corrupted PPG signal with 

the motion artifacts waveform, (a4) filtered signal, and (b1-b4) their 

corresponding frequency spectra. 

 

 

 
Fig. 2.  Pole-zero patterns (top) and frequency spectra (bottom) of the stopband filters with the orders of (a) 48, (b) 100, and (c) 148, respectively. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

5 

frequency motion artifacts within the band of the original signal 

can be filtered out, while this filtering method has the minimum 

impacts on nature of the original signal. 

C. Experimental results 

In the experimental measurements, as shown in Fig. 4, we 

used a dual-wavelength, i.e., infrared and red wavelengths, PPG 

sensor module, which comprises an onboard accelerometer 

(model Max30102 manufactured by Maxim Integrated). 

Therefore, the PPG signals and accelerometer output can be 

recorded simultaneously from this module. The PPG sensor was 

placed on the left index fingertip. In order to provide an 

unaffected PPG signal as a reference, another PPG sensor was 

placed on the right index fingertip of the subject. The 

conventional respiration monitoring belt interfaced with a gas 

pressure sensor is considered as a reference measurement for 

RR.  

In Fig. 5 (a) and (b), the impacts of motion on the PPG signals 

at both infrared and red wavelengths are illustrated. When 

bending the left index finger was initiated at instance of 10 

seconds a considerable amount of distortion contributed to the 

acquired PPG signals. The bending of the finger can be 

accurately monitored by the integrated accelerometer, and 

spectrum of the accelerometer signal determines the frequency 

of the finger motion, as shown in Fig. 5 (c) and (d), respectively.  

As the first step, superiority of the proposed motion artifacts 

reduction method in comparison to the conventional adaptive 

filtering is demonstrated in Fig. 6. As shown in Fig. 6 (b1), the 

frequency spectrum of the accelerometer signal indicates that 

the frequencies of the finger bending are about 5 Hz and 10 Hz, 

while the frequency component at 5 Hz has the maximum 

impacts on the PPG signal distortion, due to its amplitude. The 

corrupted part of the PPG signal with this motion artifacts is 

illustrated in Fig. 6 (a2) and (b2). Obviously, such a corrupted 

PPG signal cannot be precisely used for extracting all 

cardiorespiratory parameters, since its morphology got 

impacted by the motion artifacts in both time-domain and 

frequency-domain. Therefore, by employing a LMS adaptive 

filter based on the specifications reported in [27], as the 

conventional technique for minimizing the motion artifacts, we 

strived to filter out the frequencies of motion. The result of the 

adaptive filtering is reported in Fig. 6 (a3) and (b3). We can see 

that the adaptive filter converged after a few seconds, while the 

original nature of the PPG signal cannot be fully restored. 

The frequency spectrum of the filtered signal by the adaptive 

filter, i.e., Fig. 6 (b3), shows that the fundamental frequency of 

 

 
Fig. 5.  Impact of motion artifacts on the raw PPG signals at (a) infrared 

and (b) red wavelengths. (c) The accelerometer output signal and (d) its 

spectrum. 

 

 
 

Fig. 4. Photographs of (a) the experimental setup to acquire the affected 

and unaffected PPG signals and respiratory reference waveform by (b) 
Max30102 PPG sensor and (c) Vernier respiration monitoring belt, 

respectively. 

(b)

(c)(a)

Respiration 

monitoring belt

Moveable hand

PPG reference 

measurement  

PPG 

sensor 

 
 

Fig. 6. A comprehensive comparison between the filtered PPG signals at 

infrared wavelength with the conventional adapting filtering and the 

proposed motion artifacts removal technique. (a1) Output of the 

accelerometer, (a2) corrupted PPG signal with the motion artifacts, (a3) 

filtered PPG signal with the conventional adaptive filtering, (a4) filtered 

PPG signal by the proposed motion artifacts removal technique, and (b1-

b4) their corresponding frequency spectra, respectively. 
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motion is fully removed and the first harmonic corresponding 

to HR is preserved. However, other frequency components of 

the PPG signal considerably deteriorated. Thus, such a filtered 

signal is mainly beneficial for HR estimation. It is worth 

reminding that in the literature the adaptive filtering technique 

was widely used for only HR estimation [28][29][30][27][31].  

To the best of our knowledge, so far the PPG signal filtered 

by the adaptive filtering methods has not been used to 

simultaneously estimate HR, SpO2, and RR. It should be further 

noted that the preprocessing of the reference signal or 

optimizing the filter parameters may increase the effectiveness 

of the adaptive filtering. However, to achieve this objective 

multiple user-defined parameters have to be wisely chosen. 

On the other hand, by implementing the method described in 

Section II in MATLAB (version 2019a) and the time window, 

T, of 20 seconds, the corrupted PPG signal with the frequencies 

of 5 Hz and 10 Hz was filtered. As shown in Fig. 6 (a4) and 

(b4), the PPG signal filtered out by our proposed method does 

not have motion artifacts while almost the nature of PPG signal 

was preserved. Consequently, this filtered signal has substantial 

information for estimating different cardiorespiratory 

parameters. Hence, our proposed method is superior to the 

conventional adaptive filtering technique. 

In order to demonstrate the capability of the proposed 

methodology for effectively removing even highly complex 

motion artifacts, the PPG and accelerometer signals were 

recorded during the subject’s left handshaking while keeping 

the right-hand stable in a sitting position. The frequency spectra 

of the accelerometer at the x-, y- and z-axis are shown in Fig. 7. 

It is obvious that each individual accelerometer output can 

identify Fm with the maximum discrepancy of ±0.06 Hz. 

Consequently, to minimize the complexity of our proposed 

methodology, the analysis of only one axis (i.e., x-axis) of the 

accelerometer was considered. 

After determining Fm~ 5 Hz, the stop-band filter with the 

central rejection frequency of 5 Hz and rejection bandwidth of 

1.25 Hz was applied to both channels of the PPG sensor, whose 

output signals are affected by the motion discussed in Fig. 7.  

The capability of our proposed method for removing the motion 

artifacts at infrared and red wavelengths is shown in Figs. 8 and 

9, respectively. It can be seen that our proposed method can 

remove the motion artifacts effectively at both wavelengths 

(i.e., infrared and red), while this motion reduction has no 

impact on nature of the PPG signals, i.e., amplitude and 

baseline, in addition to the ability of preserving the unaffected 

region as the original one. As a result, the filtered PPG signals 

 
Fig. 8. (a) Motion signal measured by the accelerometer, and the PPG signals 

(b) with motion artifacts, (c) filtered motion artifacts, and (d) reference 

signal at infrared wavelength, respectively. 

 

 
Fig. 7. Frequency spectra of the accelerometer output signals at the (a) x-, 

(b) y-, and (c) z-axis, respectively. 

 
 

Fig. 9. (a) Motion signal measured by the accelerometer, and the PPG 

signals (b) with motion artifacts, (c) filtered motion artifacts, and (d) 

reference signal at red wavelength, respectively. 
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by the proposed motion artifacts reduction method in this work 

can be utilized for accurately screening of cardiorespiratory 

activities. 

In order to quantitatively evaluate the behavior of the 

proposed motion artifacts reduction technique, two metrics, 

namely, peak-peak magnitude variance (𝜎𝑝−𝑝
2 ) and peak-time 

interval variance (𝜎𝑡𝑖𝑚𝑒
2 ) are defined. As names of these metrics 

imply, 𝜎𝑝−𝑝
2  determines the variance of peak-peak magnitude of 

the PPG signal, while 𝜎𝑡𝑖𝑚𝑒
2  quantifies variance of the time 

interval between two consecutive peaks of the PPG signal 

during a certain time window. In Table I, the computed values 

of 𝜎𝑝−𝑝
2  and  𝜎𝑡𝑖𝑚𝑒

2  for the demonstrated PPG signals in Figs. 8 

and 9 are listed. As evident from this table, the motion artifacts 

significantly increase the variation of the PPG signal in terms 

of the peak-peak magnitude and time interval of the peaks at 

both wavelengths. Therefore, the maximum amounts of 𝜎𝑝−𝑝
2  

and 𝜎𝑡𝑖𝑚𝑒
2  belong to the PPG signal with the motion artifacts. In 

contrast, filtering out the motion artifacts by our proposed 

technique reduced 𝜎𝑝−𝑝
2  and  𝜎𝑡𝑖𝑚𝑒

2  by 50.23% and 22.9% at 

infrared wavelength, and by 58.65% and 8.9%, at red 

wavelength, respectively. A comparison between the variances 

of the filtered PPG signal and reference measurement deduces 

that by filtering out the motion artifacts the variances of the 

filtered signal become closer to the variances of the reference 

signal, which proves that the filtered PPG signal is in high 

correlation with reference one, and has the relatively same 

feature as the reference signal. 

To confirm the versatility of the proposed method for 

increasing monitoring accuracy of cardiorespiratory 

parameters, the PPG signals were recorded for 40 seconds, 

while the subject’s left hand was randomly shaking to introduce 

the motion artifacts in the PPG signals. By using the explained 

approaches in Section III, HR, RR and SpO2 were estimated 

from the PPG signals with motion artifacts, PPG signals after 

filtered motion artifacts and reference ones, respectively, as 

shown in Figs. 10-12. 

In Fig. 10, the estimated HR values from different signals at 

infrared wavelength are depicted. According to this figure, the 

estimated HR value from the PPG signal with motion artifacts 

varied within 79-107 bpm with a mean value of 89 bpm. While 

the filtered PPG signal illustrated an HR variation between 76 

and 100 bpm with a mean value of 88 bpm. On the other side, 

the estimated HR value from the reference measurement was in 

the range of 75-102 bpm with a mean value of 88 bpm. It can 

be concluded that filtering the PPG signal refines HR values 

more close to the ones acquired by the reference signal, due to 

the capability of our proposed method for minimizing the 

motion artifacts. It should be noted that for identifying the peaks 

of the PPG signal, a sample point that has the larger value than 

TABLE I 
ESTIMATED VARIANCES OF THE PEAK-PEAK MAGNITUDE AND PEAK-TIME 

INTERVAL FROM THE PPG SIGNALS WITH MOTION ARTIFACTS, FILTERED 

MOTION ARTIFACTS, AND REFERENCE MEASUREMENT. 

 

 

 

Signal 

peak-peak magnitude 

variance  

(σp−p
2 ) 

peak-time interval 

variance 

(σtime
2 ) 

IR Red IR Red 

With motion 

artifacts 

86.8×103 

 

9.19×103 

 

6.1×10-3 4.5×10-3 

Filtered 

motion 

artifacts 

43.1×103 3.8×103 

 

4.7×10-3 4.1×10-3 

Reference 32.5×103 3.7×103 

 
4.3×10-3 4×10-3 

 

 

 
Fig. 11. Estimated respiration waveforms with demonstration of the 

detected peaks as the breath events from (a) the PPG signal with motion 

artifacts, (b) the PPG signal after filtering the motion artifacts, and (c) 

reference signal (respiration monitoring belt), respectively. 

 
Fig. 10. Estimated HR values with demonstration of the detected peaks as 

the heart beats from the PPG signals (a) with motion artifacts, (b) filtered 

motion artifacts, and (c) reference signal, respectively. 
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its two neighboring points within time window of 0.005 

seconds (i.e., two times of the sampling rate of 100 Hz) is 

considered as the local peak. 

The impact of the proposed methodology of motion artifacts 

reduction on monitoring of RR is shown in Fig. 11. The number 

of observed breathing events in the PPG signal with motion 

artifacts was 23. After having filtered the signal, the total 

number of 21 peaks was computed. This provides an accuracy 

of 95% when compared to the estimated breaths from the 

reference signal. Thus, removing the motion artifacts from the 

PPG signal rectifies the respiration waveform, and offers a 

relatively accurate amount of RR. To detect breathing events in 

the respiration waveforms, the data points with the larger values 

than two neighboring points and threshold of 0.5, in addition to 

at least 10% descend on either side of the peaks were identified 

as the breath events. 

The estimated levels of SpO2 from the PPG signals with 

motion artifacts, filtered motion artifacts, and reference 

measurement are shown in Fig. 12. With reference to this 

figure, the estimated SpO2 from the PPG signal with motion 

artifacts is noticeably unreliable, due to its multiple 

fluctuations, which displays a variation range of 5.9%. 

However, the measured SpO2 by the motion artifacts free 

signals remains robust (i.e., variation range of 0.53%) as is the 

signal shown in the reference measurement. 

D. Reliability assessment  

To this end, it is shown that the motion artifacts reduction 

methodology described in this study can effectively reduce the 

impacts of motion, while having almost no impact on the nature 

of PPG signals. To further confirm that the effectiveness of the 

proposed motion artifacts reduction technique is not confined 

to a specific subject, its performance was examined for a group 

of eight subjects. A similar test, i.e., random left handshaking, 

was repeated by each subject while keeping the right-hand 

stable in a sitting position. Thereafter, their HR, RR, and SpO2 

were estimated for the duration of 60 seconds from the PPG 

signals with motion artifacts, filtered motion artifacts, and 

reference ones, respectively. In Fig. 13, the computed values of 

𝜎𝑝−𝑝
2  and 𝜎𝑡𝑖𝑚𝑒

2  for the PPG signals with motion artifacts and 

filtered one, in addition to the reference measurements, for each 

individual subject at infrared and red wavelengths are depicted. 

It can be seen at a glance that for all subjects the impact of the 

motion artifacts has greatly resulted in increasing values of 

𝜎𝑝−𝑝
2  and 𝜎𝑡𝑖𝑚𝑒

2  at both wavelengths when they compared to the 

variances of reference ones. With reference to this figure, the 

 
Fig. 13. Quantitative comparison among the computed (a) peak-peak magnitude variance, 𝜎𝑝−𝑝

2 , and (b) peak-time interval variance,𝜎𝑡𝑖𝑚𝑒
2 , of the PPG signals 

with motion artifacts, filtered motion artifacts, and reference measurements for eight subjects.   

 
Fig. 12. Estimated SpO2 levels from the PPG signals (a) with motion 

artifacts, (b) filtered motion artifacts, and (c) reference signal, respectively.  
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maxim signal deterioration occurs for the infrared signal, and 

the motion artifacts mostly impact on the amplitude of the PPG 

signal rather than the width of the PPG signal, i.e., peak-time 

interval. It is worth pointing out that our observation is in good 

agreement with the literature [32][33].  

A holistic comparison among the calculated variances for the 

filtered and unfiltered PPG signals shows that by filtering the 

motion artifacts from the corrupted PPG signal the level of 

variances of 𝜎𝑝−𝑝
2  and 𝜎𝑡𝑖𝑚𝑒

2  for all the participated subjects, 

independent on the operational wavelengths of PPG signals, 

reduced to a certain amount relatively close to the variances of 

reference measurements. It is also obvious that the variances of 

the filtered signals never fall less than their corresponding 

reference variances. Such an observation is repeated for all 

eight subjects, therefore, it confirms the stable performance of 

the proposed sensor fusion in preserving the original variability 

PPG signal content. Consequently, we can conclude that the 

proposed motion artifacts reduction technique can reliably 

restore the original features of PPG signal without impacts on 

its original attributes. 

The estimated cardiorespiratory parameters, i.e., HR, RR, 

and SpO2 variation range, from the PPG signals with motion 

artifacts, filtered motion artifacts, and reference measurements 

for eight subjects are summarized in Table. II. According to the 

computed Mean Absolut Error (MAE) in respect of the 

reference measurements, as reported at the last row of Table II, 

our proposed motion artifacts reduction technique can minimize 

the MAE of HR, RR and SpO2 variation range from 2.1 bpm, 

3.1 breaths/min, and 7.06% to 0.8 bpm, 1.1 breaths/min, and 

0.19%, respectively. It is clear that the existence of motion 

artifacts greatly contributes to variation of SpO2 ranges, since 

SpO2 value is dependent on the quality of both PPG signals at 

red and infrared wavelengths. It can be also seen that the 

estimated RR from the PPG signals with motion artifacts is 

relatively unreliable, because the MAE of 3.1 breaths/min can 

surely be a sign of respiratory distress. Hence, the proposed 

method, irrespective of the subject, can substantially improve 

the accuracy estimation of different cardiorespiratory 

parameters by eliminating the impacts of the motion artifacts. 

By the numerical simulations and experimental 

measurements, we have shown that the motion artifacts 

reduction methodology described in this paper effectively 

removes the motion artifacts with no impact on the nature of 

PPG signals such as amplitude, baseline, and periodicity. 

Hence, unlike the conventional approaches discussed in the 

literature, the rectified outputs of a single PPG sensor by our 

proposed method can be employed to accurately monitor 

several cardiorespiratory parameters. In this context, the 

proposed method does not degrade the original versatility of the 

PPG signals.   

V. CONCLUSION AND FUTURE WORK 

We present a novel sensor fusion technique to substantially 

reduce the motion artifacts from PPG signals. The functionality 

of our method does not depend on the quality of the reference 

signal. The numerical simulations and experimental 

measurements show the effectiveness of our method in 

eliminating the motion artifact from the PPG signal while 

keeping its natural features.  The reliability of the proposed 

technique proves by repeating the experiment for different 

subjects. Our results indicate that using this motion artifact 

reduction method provides an accurate estimation of HR, RR, 

and SpO2 with an accuracy above 95%. As sensor fusion is 

becoming popular these days to remove disturbances on sensor 

measurements, our proposed method will have potential for 

accurate estimation of cardiorespiratory parameters from the 

PPG signal. 

Looking forward to our future work, we intend to quantify 

the deterioration level of PPG signal based on the accelerometer 

outputs information, and accordingly minimize impacts of the 

motion artifacts. In this regard, we will develop an algorithm to 

estimate the motion artifacts level and thereafter identify the 

order(s) of stopband filter(s) based on achieving a clinically 

acceptable accuracy level for the estimation of 

cardiorespiratory parameters from PPG signals. To meet such 

an objective successfully, we will examine a large group of 

subjects in different positions and motions to determine a 

general relationship among the motion artifacts level, order(s) 

TABLE II 
SUMMARY OF THE ESTIMATED HR, RR, AND SPO2 FROM THE PPG SIGNALS WITH MOTION ARTIFACTS, FILTERED MOTION ARTIFACTS, AND REFERENCE 

MEASUREMENTS FOR EIGHT SUBJECTS. 

 

Parameters 

 

Subject ID 

HR 

[bpm] 

RR 

[breaths/min] 

SpO2 variation range  

[%] 

Corrupted Filtered Reference Corrupted Filtered Reference Corrupted Filtered Reference 

1 79 78 78 19 18 16 3.6 0.3 0.2 

2 78 77 76 28 26 25 5.7 0.5 0.6 

3 77 76 75 25 23 22 14.2 1 1.1 

4 82 81 80 24 22 21 19.8 1.2 0.8 

5 81 80 79 22 20 20 7 0.8 1 

6 82 80 79 22 20 18 3.2 0.7 0.4 

7 76 74 74 20 18 17 3.6 0.5 0.3 

8 79 77 76 24 19 20 4.2 0.55 0.4 

MAE 2.1 0.8 - 3.1 1.1 - 7.06 0.19 - 
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of stopband filter(s), and enhanced accuracy estimation of 

cardiorespiratory parameters. 
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