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Abstract — PPG signal is a useful tool for quick and critical diagnosis related to cardiovascular output via wearable 
or portable devices. Its drawback is unreliable during non-stationary states due to occurrences of frequency overlap of 
the desired and motion artifact signals. The accelerometer is usually used to reflect the motion artifact when the 
adaptive noise cancellation technique is implemented to address this obstacle, but it failed to predict the value of real 
induced noise accurately. In this work, we investigate a new concept that is capable of providing the entire motion 
artifact separately by recruiting twin photodetectors to formulate the influential  signals. The main function of photo-
detector (MPD) is to generate the corrupted PPG signal. While the second photo-detector (CPD) that covered up from 
the light effect, will be used to reflect the corruption effect that exists in both sources simultaneously by counting the 
generated dark photocurrent (GDPC). To validate the GDPC approach, experiments were executed to analyze the 
response of two methods during steady and motion state. Results showed resemblance responses for both methods 
regarding the’ amplitude fluctuations and high positive correlations in the time domain. Furthermore, the FFT peak 
plots in frequency domain indicated the potential of CPD to reflect all fundamental frequencies caused by motion, 
unlike the acceleration approach. Therefore, the proposed concept is a sure-fire method to obtain precise 
measurements at a lower cost. 
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I.   INTRODUCTION  

 

Photoplethysmography is a noninvasive method to measure changes in arterial blood flow through the skin utilizing 
infrared light and photodetector. PPG technique has been used in many different medical applications; including clinical, 
physiological monitoring (oxygen saturation level, Heart Rate, Blood Pressure, Cardiovascular Output, Respiratory Rate) 
and Fetal Heart Rate [1-4]. PPG signal has many advantages. It is easy to set up, comfortable to use, and inexpensive as 
compared to other types of medical devices [5, 6]. However, PPG signal could be easily affected by intended or 
unintended motion in the measurement process which may lead to incorrect interpretation of the reported PPG signal. 
 

The main challenge of the PPG signal processing is the frequency interferences between the desired signal (0.2-5 Hz) and 
the generated noise signal (�•�� �������� �+�]������ �'�X�H�� �Wo the intended and unintended motions, this interference constraints all 
existing techniques’ performance. Different techniques [7-11] had been investigated comprehensively in a study [12], 
and it concluded that the Adaptive Noise Cancellation (ANC) technique be the best if the reference noise signal was 
provided by a properly installed hardware instead of adopting the synthetic noise method. ANC is a signal processing 
system where adaptive filter, including the digital filter and filter algorithm adaptation, is utilized. ANC adopts the active 
filtering approach by a continuously update for the filter coefficients according to the reference noise provided[13]. 
Whereas, other techniques [7-11] completely adopt the synthetic ways of mathematical estimations to derive the noise 
from the contaminated PPG signal itself for the same task. 
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The mathematical estimations cannot be guaranteed under the existing of frequencies overlap especially with sudden 
changes during physical exercises. It is also a complicated process as the recent study[14] reported.  
The approach of using an added hardware is where the three-axis accelerometer[15] or an additional PPG sensor[16] is 
used to indicate reference noise signal as would be further clarified later. Many researchers have concluded that there is 
no direct relationship between MA and accelerated data from the accelerometer in PPG sensor. Additional sources of 
noise such extra LED-Photodetector can cause further difficulties to find same screening area for both sensors[17, 18]. 
 

The reason behind the failure is because the accelerometer is customized for measuring the gravity effect caused by its 
movement by converting the piezoresistive change into an electronic signal[19, 20]. Whereas, the contaminated PPG 
signal is a result of photoresistance change due to motion transformed into an electronic signal [21]. Different sources 
lead to various electronic noise emergance due to the nature of each electronic system [22]. If those facts are neglected 
like how they are neglected in the traditional applications during processing (Example: sensitive and critical diagnostic 
cardiology signal that has been converted from transmitted light received through the skin, an acceptable level of 
accuracy will never be achieved. 
 

In this research, we investigate a new concept that is capable of providing the required reference motion artifact as a 
primary factor behind qualified processing. We take into consideration all the affected factors based on twin 
photodetectors PPG sensor probe design. The MPD is customized to generate the polluted PPG signal by measuring the 
light intensity change. The second photodetector (CPD) will be covered by an optical baffle exploiting the GDPC in 
reverse bias state to reflect the only induced noise caused by motion. In other words, the MPD is an open eye that 
monitors the distorted PPG signal. While the CPD is the second closed eye that will be blocked from monitoring the PPG 
viewing but feels the same noise that is simultaneously induced in MPD since they are generated from similar sources, 
next to each other and under same conditions. 
 

Experiments were executed to prove the possibility of implementing the GDPC approach as a valid motion artifact 
reflector instead of the accelerometer. Together fastening the covered photodetector with three-axis accelerometer and 
exposed them to fast moving of 6 Hz frequent along with X, Y, and Z axis. The results showed that their amplitude 
fluctuations in the time domain are nearly convergent. The results of high linear correlation coefficients (0.9999 in 
silence state and values ranging from 0.8593 to 0.98392 in motion state), positively correlated with each other. In 
addition to that, the ACC and CPD are entirely different in indicating the power distribution for the Fast Fourier 
Transform (FFT) peak plots in terms of frequency domain. Implementing such concept of using the CPD is a guaranteed 
approach for reliable diagnosis since it is capable of indicating the exact fundamental frequencies of occurred distortion. 
It also reduces the power consumption as compared to other three-axes (three-channel) accelerometer and simply 
processes with fewer algorithm computations as well.  

 

II.  PAGE METHODOLOGY   
 

A. BACKGROUND STUDY  
 

PPG sensor is an electronic instrument. Its main component is the photo-detector representing that it converts the incident 
�O�L�J�K�W�� �S�R�Z�H�U�� �L�Q�W�R�� �H�O�H�F�W�U�L�F�D�O�� �H�Q�H�U�J�\�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �D�E�V�R�U�E�H�G�� �L�Q�F�L�G�H�Q�W�� �S�K�R�W�R�Q�V�� ���K�#������ �F�D�X�V�L�Q�J�� �I�U�H�H�� �H�O�H�F�W�U�R�Q-hole pairs to 
move due to electromagnetic field generated (Eg. to create the photocurrent as depicted in figure 1.a). Such sensors are 
subjected to the Equipartition theorem [22], which states that each degree of freedom of any system fluctuates with some 
energy equal to (1/2 kBT=2*10-21 J) at the usual temperature of 290 K, where kB =1.38 x 10-23 J/K, is the Boltzmann 
constant and T the absolute temperature. Movements give rise to a random electric current even in the absence of 
electrical power source. Electronic noise in electronic devices constraints the whole performance of the systems. For this 
reason, there is a paramount correlation between the motion artifact and the induced electronic noise in photodetectors. 
The accelerometer is an entirely different technique from the photodiode as it relates to the gravity phenomena that 
measures the change of peso-resistive due to the deformation that had occurred in beams of suspended mass during 
motion. 
 

From the photo-diode voltage-current characteristic, when a reverse bias is connected, a reversed saturation current, Isat, 
exists and this is due to the generated dark current, Id, as calculated in equation (1) and highlighted in Figure 1 [21, 23, 
24]. 
 

 
Where Id is the photo-current in dark state, Isat is the reverse saturation current that related to the dark current, q is the 
electron charge, VA is the applied voltage in bias reverse, T is the absolute temperature (273 k = 0 °C). , and KB = 1.38 x 
10-23 J/K; is the Boltzmann constant 
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                                    (a)                                                                                              (b) 
 
Figure 1. (a) Is the photocurrent generation process [21]; (b) Is the current-voltage Curves Of An Optoelectronics 
Photodiode For Reverse And Forward Biases Of Operation. P0-P3 Represents Different Light Levels, Starting From 
Dark State And Up [25]. 

 
 

Hence, during reverse bias where no incident light is present, a small dark current occurs and with increasing incident 
light, the generated photocurrent, IPh, will also increase depending on the incident light power, P, as depicted in equation 
(2).  
 

Therefore, our idea is built based on the generation of photocurrent in the dark state, Id, from the CPD, which is already 
equivalent to the induced photodiode noise during motion. The photodiode noise can be classified into two types. The 
shot noise current (ISN); as a result of the statistical fluctuations during the generated photocurrent and the Johnson or 
thermal noise current (IJN) that is associated with shunt resistance available in electronic photodiode circuit. The total 
induced noise (ITN) in photodetectors could be computed using Equation 3 [25]. 
 

 
From the background study, we can summarize that the provided reference signal from the CPD is more appropriate to 
reflect the entire motion artifact due to unifying the sources of the influential signals. In aim to avoid the emergence of 
various electronic noise and to ensure a correspondent motion artifact since we particularly deal with a very sensitive and 
informative signal. 
 

B. NOVEL CONCEPT ON MODIFIED PPG SENSOR PROBE DESIGN 
Based on what was concluded at the end of the background study and the required precondition for reliable adaptive filter 
performance in providing actual motion artifact, a traditional PPG sensor probe design was modified to meet the new 
concept testing as follow. The idea of presenting this design is to produce an accurate alternative method of routine using 
3-axis accelerometer as a reference noise reflector. This method takes the electronic noise emergence into consideration 
and ensures a reliable application for the ANC technique. In the design section, a traditional PPG sensor was modified. 
An infra-red LED and two amplified photodetectors (APDs) type (OPT101) were included and connected in parallel as 
illustrated in Figure 1. The occurred photocurrent, IM, which is proportional to the light power and wavelength of incident 
infrared light will  be converted to a voltage by the configured trans-impedance of 1M�Ÿ�����7�K�H resulting voltage forms the 
output VM of the main amplified photodetector A (MAPD - A) which puts the corrupted PPG signal [26]. 
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Figure 2. Block diagram of the PPG sensor probe design. 
 

         
Figure3. (a) Is the PCB solder side for PPG sensor 
probe; (b) Is the PCB component side for presented 
sensor probe; (c) and (d) are the proposed and classical 
PPG sensor layout respectively.  
 

The other output, VC, of the covered amplified photodetector B (CAPD - B) which is resulted by passing the generated 
dark current, IC, through the trans-impedance of 1M�Ÿ����produces the motion artifact in addition to the induced electronic 
noise caused by motion. The resulting motion artifact and electronic noise are of almost the same amount in both 
amplified photodetectors since they are similar and furthermore run under same conditions. VC is completely different 
from VM as they are not correlated regarding PPG signal. Whereas, in the duration of motion artifact, noise tends to be 
extremely corresponding. The aim of this design is to obtain the reference signal for adaptive noise cancellation 
processing later. Typically, the adaptive filter is fed with two signals. Primary signal is the desired signal contaminated 
by noise while the secondary signal represents the reference signal of noise that has corrupted the wanted signal. The 
primary, VM, and reference, VC, signals can be characterized as per equations (4) and (5) due to resulting outputs from the 
main amplified photodetector (MAPD) and covered amplified photodetector, CAPD. 
 

                       VM = Clean PPG signal + Motion Artifact + Electronic Noise (EN)                                   (4) 
                       VC = Motion Artifact + Electronic Noise (EN)                                                                 (5) 
 

With these characterized signals, adaptive filter can filter contaminated signal and update its coefficient according the 
provided noise reference signal. 
 

C. VALIDATION  STUDY 
To justify the utilize of the CPD instead of 3-axis accelerometer to obtain the real motion artifact while implementing the 
ANC for PPG signal processing, a series of experiments were conducted using both sensors which were exposed to 
different kinds of movement along the X, Y, and Z axis in addition to the steady state. The resulting data from two 
sources were recorded for three types of analyses that will be discussed in the next section. 

 

DATA ACQUISITION SET-UP AND PROTOCOL  
Data from 3-axes accelerometer (AD335, Analog Devices) and covered photodetector were collected for four consecutive 
seconds separately for silence state and motions along with X, Y, and Z axis, as seen in figure 4a and utilizing the four 
channels DAQ-NI 9215 to sampling the acquired analog data as shown in Figure 4b. 
 

 
 

Figure 4. (a) is the state of the main photo detector (MPD) and CPD during motion execution; (b) is the setup of data 
acquisition. 
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All data were digitized at 100 Hz and 200 samples per channel using LabVIEW 2015 (National Instruments Corporation 
U.S made). The three channels of X, Y, and Z axis were combined into one signal, Zx, as per equation (6)  
 

 
 

As data should be collected in silence state from devices in silence state from devices, they were left on the table without 
any motion effect in an attempt to keep them under the same external impacts as depicted in Figure 4b. The three types of 
motion were obtained by moving both devices along with X, Y, and Z axes as illustrated in Figure 4a. After that, the 
acquired data were used to plot the results to observe the match of the recorded signals during amplitude fluctuation in 
terms of time domain for the motion and no motion states. Their linear correlation coefficients were also computed. 
Finally, both cases were transformed into frequency domain implementing FFT for frequency domain analysis. 

 

AMPLITU DE FLUCTUATIONS  
The fluctuations of Zx and CPD signal were monitored during three types of relatively fast motion of frequency around 6 
Hz in terms of time. The kind of trends in these fluctuations can indicate the primary relationship among them. 

 
L INEAR CORRELATION . 
The goal of a linear correlation analysis is to identify and measure the strength of the relationship between the two 
variables. In all our applications, the combined signal of 3-axis accelerometer will be represented by (x) whereas the 
signal of the covered photodetector will be denoted by (y). The Equation 7 below is used to calculates the linear 
correlation. 

 
where Zx and Zy are the standardized z-values of X and Y. The standardized Z-values indicate how many standard 
deviations X and Y are above or below the mean. 
 
�0�R�U�H�R�Y�H�U�����1���D�Q�G���12 are standard deviation and variances, respectively and can be determined by using Equation 8 below: 
 

 

Where n is the number x elements and µ is the mean of x, µ could be calculated using Equation 9 below. 

 
w is equal to n if weighting is set to population and equal to (n-1) when weighting is configured to sample. 
The correlation coefficient, r, is always ranging between -1 to 1. When it is one, it means that the two variables are in 
maximum positive correlation and their data points form a positive slope line. On the other hand, the variables x and y are 
in maximum negative when r equal to -1, whereby the data plots gather in negative slope line. When correlation 
coefficient r = 0, it indicates that there is no correlation between the both variables  [27].  
 

FAST FOURIER TRANSFORM 
The Fast Fourier Transform (FFT) is a mathematical way to invert a function of time domain into frequency domain. 
Fourier analysis (FA) of a periodic function indicates the extraction of sine series and cosine waves to reconstruct the 
function [28].  Equation (10) below defines the Fourier Transform: 

 
Where x(t) is the time function, x(f) is the fast Fourier transform function and (ft.) is the analyzing frequency. When 
calculating the FFT peaks of the three channels of 3-axis ACC and their combined signal in addition to the covered 
photodetector signal, the compared resulting peaks must match each other in the same frequency domain. 
 

III.   RESULTS AND DISCUSSION 
 

All collected results of implemented methods for the combined three accelerometer channels signal represented by Zx 
and the CPD by Zy signal will be discussed in steady and motion state for the three implemented methods after removing 
the DC part.  
A. STEADY STATE  
In this state, both the mentioned signals are in agreement with each other during amplitude fluctuation in the time domain 
due to the effect of environmental electromagnetic fields throughout the four seconds as seen in Figure 5 (a). Also, this 
match between them is confirmed by computing their linear correlation which indicated high positive coefficient of 
0.9999 as shown in Figure 5 (b). Furthermore, the distribution power of fundamental frequencies of 50 Hz has reported 
same trends for the maximum and minimum FFT peak plots in the frequency domain. 
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                                                  (a) 

 
                                                      (b)                                         (c)  
Figure 5. The relationship between the acceleration and CPD signals during steady state in term of a) Amplitude 
Fluctuations within time domain; (b) Frequency Domain revealed same trends for almost plotted FFT peaks; (c) Linear 
Correlation Coefficient r has reported 0.9999; 

B. MOTION STATE  
This state is unlike the previous case as the resulting signals behavior is caused by moving the two devices along with X, 
Y and Z axes. The agreement of amplitude fluctuation in the time domain of four consecutive seconds was reduced as 
shown in Figure 6 (a). This can be clearly noticed from the calculated linear correlation coefficient during motion along 
Y axis of 0.8593 as plotted in Figure 6 (b) as an example of the lowest correlation was reported during the entire three 
axes motions. 
 

 

 
(a) (b) 

Figure 6. The relationship between the acceleration combined and CPD signals during motion along with Y axis in term 
of (a) Amplitude fluctuations; (b) linear correlations 

        
Whereas when moving along with X and Z axis, the r was recorded at 0.98392 and 0.91162, as depicted in Figure 6 for 
all recorded linear correlation coefficients of the entire state of silence and three kinds of motions. 
The most interesting part in Figure 7 is the notable gradient decrease in r magnitudes as compared to the steady state. The 
motion along X and Y axis had the highest change and the least change, respectively, whereas the change in r along the z 
axis was in between that of the X and Y axes.  
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Figure 7. The gradient reduction of linear correlation coefficients according to the position changes of silence and 
moving along with X, Z and Y for the acceleration and the CPD signals 

 

This outcome confirms, beyond any doubt, that the accelerometer is a sensor that responds to the gravity effect due to the 
motion artifact direction to the earth level as it is customized for this limited task by converting the peso-resistive change 
occurred into an electric signal. The real effect caused by motion on PPG signal generated from the photodetector is 
extremely different as it is a transducer functionalized to alter the light power into an electronic signal as explained in the 
background study of this work.  

                             
Figure 8. (a) The FFT peak plots during moving the two devices along with Y axis a) Is for the acceleration signal; (b) Is 

for the CPD signal. 
 

Moreover, the reported FFT peak plots as a result of moving both the devices under same conditions completely differed 
from those that were indicated during steady state. Figure 8 shows, for instance, the case of FFT peak plots while moving 
along with Y axis. Both devices have pointed the fundamental frequency of the main motion in the same point of 5.2 Hz 
within the total 50 Hz frequency domain but in a different manner of power distribution. The accelerometer indicated 
almost only one motion as it frequently changes position from the earth related to the gravity effect with significant 
amplitude as pointed by a black arrow in Figure 8 (a). Whereas, the CPD indicated the effect of motion at the same 
frequency that was reported by the accelerometer but with less power for total distribution scale as the black arrow shows 
in Figure 8 (b) according to the priority of impact strength that it also indicated other effects caused by occurred 
electronic noise [29] during motions.   
Hence, the use of an accelerometer as a reference noise to feed the adaptive filter is not trusted for such critical diagnostic 
measurements. It does not take into consideration the other electronic noise that can result due to thermal and Shot noise 
effect which would surely contaminate the PPG signal generated. Therefore, the use of unified sources to provide primary 
signals by the MPD and reference signals by the CPD concept as motion artifact reflector in addition to electronic noise 
impact is the guaranteed approach for trusted measurements. This method ensures less power consumption as compared 
to the three channels accelerometer and simple algorithm of Least Mean Square (LMS) as computational requirements 
during the Processing application. Our next work will cover the practical implementation of the proposed concept and 
analysis in terms of accuracy of adaptive filter performance with regards to Signal to Noise Ratio (SNR), Mean Square 
Error (MSE), and time filter adaptation by providing ethical approval. 
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IV.  CONCLUSION     
For as long as the conflict between the two sides of the researcher is pending, some prefer the accelerator due to the 
futility of calculations as a result of existing overlap between the frequencies of desired and motion artifact signals[14, 
30]. Another side that supports the estimated accounts with complex algorithms for non-accelerator agrees with the origin 
contaminated PPG signal and is not capable of producing a same reference to the pollution occurred with PPG signal [7-
11, 31]. The full potential of PPG sensor is not completely utilized in both cases as pointed out by two teams of 
researchers. By adding another CPD under the servo mounting techniques, facilities would be less in size and power 
consumption as well; as compared to the three channels accelerometer, is capable of providing a mirror reference to the 
noise happening as a result of the movement, and this had been proven in our work. Adopting this approach also ensures 
a high level of accuracy that enables reliable feature extraction and various disease diagnosis during different motion 
activities with the simple algorithm of calculations that are quite suitable, even for wearable PPG sensors.  
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