\\-‘// International Journal of Innovative Research in Advanced Engineering (IJIRAE) ISSN: 23492163

Issue 03, Volume 4 (March 2017) WWW.ijirae.com
LJIRAE

A Novel Approach for Precise Motion Artefact Detection in
Photoplethysmograpfignal Processing based on Dark

Photocurrent
Muhideen Abbas Hasan Fahmi Samsuri Kok Beng Gar
Department of Electronics, Technic  Faculty of Electrical and Electronic  Department of Electrical, Electroni
Ingtitute/Dour, Northern Technical Engineering, Universiti Malaysia  and Systems Engineering, Fagubif
University, Foundatiomf Technical Pahang, 26600, Pahanlylalaysia Engineeringand Built Environment,
Education, Iraq Universiti Kebangsaan Malaysia,

Bangi, Malaysia

Abstract — PPG signal is a usful tool for quick and critical diagnosis related to cardiovascular output via wearable
or portable devices. Its drawback is unreliable during nstationary states due to occurrences of frequency overlap of
the desired and motion artifact signal3.he accelerometeris usually used to reflect the motion artifact when the
adaptive noise cancellation technique is implemented to address this obstacle, but itttapeedict the value of ral
induced noise accuratelyin this work, we investigate a new corptethat is capable of providing the entire motion
artifact separately by recruiting twin photodetectors to formulate thituential signals. The main function of photo
detector (MPD) is to generate the corrupted PPG signal. While the second pleittor(CPD) that covered up from
the light effect, will be used to reflect the corruption effect that exists in both sources simadtasly by counting the
generated dark photocurrent (GDPCJY.o validate theGDPC approach experiments were executed to analyhe t
response of two methods during steady and motion state. Results showed resemblance responsésnietHnmb
regarding the’ amplitude fluctuations and high positive correlationstime time domain. Furthermore, the FFT peak
plots in frequency domain idicated the potential of CPD to reflect all fundamental frequencies causeanbtion,
unlike the acceleration approach. Therefore, the proposed conceptaisurefire 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 throkgh uti&isg
infrared light and photodetectd?PG technique hdseenusedin many different medicadpplicatiors; including clinical,
physiological monitoring (oxygen saturation level, Heart Rate, Blood Pressurepv@antilarOutput, Respiratory Rate
and Fetal Heart Rafé-4]. PPG sigal has many advantages. It is easy to set up, comfortable to use, and inexpensive as
compared toother types of medical devicdS, 6]. However, PPG signatould be easily affected by intended or
unintended motion in theeasurement process which niegd to incorrect interpretation of the reported PPG signal.

The main challenge of the PPG signal processing is the frequency interferences between thedebii@2ts Hz) and

the generated noise signai ( +] ' Hhe \Witended and unintended motions, this interference constraints all
existing techniques’ performancBifferent technique$7-11] had beerinvestigatedcomprehensively in a studg2],

and it concluded that the Adaptive Noise Cancellation (ANC) techniqukebbestf the reference noise signalas
providedby a properly installed hardware insteafdadopting thesynthetic noise methodNC is a signal processing
system where adaptive filter, including the digital filter and filter algorithm adaptation, I=dtiANC adopts the actv
filtering approach by a continuously update for the filteefficients according to the reference noise proVitigld
Whereas, other techniqugg11] completely adopt the synthetic ways of mathematical estimations to derive the noise
from the contaminated PP@sal itself for the same task.
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The mathematical estimations cannot be guaranteed under the existing of frequencies overlaly esgreciatiden
changes during physical exercises. It is also a complicated process as the redéd{ séyyted.
The approach of using an added hardware is where theakiseaccelerometg5] or an additional PPG senfb8] is
used to indicate reference noise signal as would be further clarified\Miaiey.researchersaveconcluded that there is
no direct relationship betweeMA and accelerad data from the accelerometer in PPG ser&dditional sources of
noisesuchextra LED-Photodetectocancause further difficulties to find same screening area for both sghi&at8]

The reason behind the failure is because the aooadteris customizedor measuring the gravity effect caused by its
movement by converting the piezoresistive change into an electronic[k8gri20] Whereas, the contaminated PPG
signal is a result of photoresistance cheadge to motion transformed into an electrasignal[21]. Different sources

lead tovariouselectronic noisemerganca&lue to the nature of each electronic sysf2gj. If those factsare neglected

like how theyare neglecteéh the traditional applications during processing (Example: sensitive and critical diagnostic
cardiology signal that haBeen convertedrom transmitted light received through the skin, an acceptable level of
accuracy will nevebe achieved

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

Experiments were executed to prove the possibility of implementiegGDPC approach as a valid motion artifact
reflector instead of the accelerometer. Together fastening the covered photodetector wékigheieeelerometer and
exposed them to fast moving of 6 Hz frequent along with X, Y, and Z axis. The results shatvétkir amplitude
fluctuations in the time domain are nearly convergent. The results of high linear correlatiocierdefij0.9999 in
silence state and values ranging from 0.8593 to 0.98392 in motion state), positively correlatedctvithther. In
addition to that, the ACC and CPD are entirely different in indicating the power distribution fdfasteFourier
Transform (FFT) peak ploia terms offrequencydomain. Implementing such concept of using the CPD is a guaranteed
approach for reliabldiagnosissince it is capable of indicating the exact fundamental frequencies of occurred distortion.
It also reduces the power consumption as compared to otheratteegthreehannel) accelerometer and simply
processes with fewer algorithm computationsvals.

. PAGE METHODOLOGY

A. BACKGROUND STUDY

PPG sensor is an electronic instrument. Its main component is thedatettor representing that it converts the incident
OLJKW SRZHU LQWR HOHFWULFDO HQHUJ\ DFFRUGLQJ WRVN-BdR@aif3 FoV R U E H
move due teelectromagnetidield generated (Eg. to create the photocurrent as depicted in figure 1.a). Suchaensors
subjectedo the Equipartition theorefi22], which states that each degrefefreedom of any system fluctuates witbme

energy equal to (1/2 kBT=2*1P1 J) at thausualtemperature of 290 K, where kB =1.38 x2® J/K, is the Boltzmann
constant and T the absolute temperatureveveentsgive rise to a random electric current evanthe absence of
electrical power source. Electronic noise in electroleMicesconstraints the whole performance of the systémsthis

reason there is a paramount correlation between the motion artifact and the induced electronic rassedietgiors.

The accelerometer is an entirely different technique from the photodiode as it relates to tiyepbendimena that
measures the change of peesistive due to the deformation that had occurred in beams of suspended mass during
motion.

From the pbto-diode voltagecurrent characteristic, when a reverse bias is connected, a reversed saturatiorisafrrent,
exists and this is due to the generated dark current, Id, as caldnlatpehtion (1) and highlighted in Figurd2l, 23,
24].

(1)
Where } is the photecurrentin dark statglsyis the reverse saturation current thelatedto thedark current, q is the

electron charge, JVis the applied voltagm bias reverseT is the absolute temperature (273 k = 0 @phd KB = 1.38 x
10-23 J/K; is the Boltzmann constant

vy
Iy =1l (gﬁa’f - 1]
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Figure 1. (a) Is the photocurrent generation proce[21]; (b) Is the currentvoltage Curves Of An Optoelectroni
Photodiode For Reverse And Forward Biases Of OperationPP®Represents Different Light Levels, Starting From
Dark State And UpR25].

aVs
Itoear = laae (EKBT_ 1)_ Ipn (2}

Hene, during reverse bias where no incident light is present, a small dark current occurs and egfingpéncident
light, the generated photocurren, Will also increase depending on the incident light power, P, as depicted in equation

Q).

Therefore our idea is built based on the generation of photocurrent in the dark gtatanithe CPD, which is already
equivalent to the induced photodiode noise during motion. The photodiode noise ckassifiednto two types. The

shot noise current {l); as a result of the statistical fluctuations during the generated photocurrent and the Johnson or
thermal noise current,f) thatis associatedvith shunt resistance available in electronic phiade circuit. The total
induced noise ¢k) in photodetects muld be ®mputedusing Equation §5].

= 5
Irn = JIEN T I]‘N (3)

From the background study, we can summarize that the provided reference signal from the CPRjpropriate to
reflect the entire motion artifact due to unifying the sources ointheential signals. Inaim to avoid the emergence of
various electronic noise and to ensure a correspondent motion artifact since we particularlyndesérwyi sensitive and
informative signal.

B. NoveL CONCEPT ON MODIFIED PPG SENSOR PROBE DESIGN

Based on whawvas concludeat the end of the background study andrétpiiredprecondition for reliable adaptive filter
performance in providing actual motion artifact, a traditional PPG sgmsbe design was modified to meet the new
concept testing as follow. The idea of presenting this design is to produce an accurate alteettaddef routine using
3-axis accelerometer as a reference noise reflector. This method takes the electsenétn@ogence into consideration
and ensures a reliable application ioe ANC technique. In the desigection a traditional PPG sensaras modified

An infra-red LED and two amplified photodetectors (APDs) type (OPT%@t¥ includedand connected in pallel as
illustratedin Figure 1. Theccurredphotocurrent,y, which is proportional to the light power and wavelength of incident
infrared light wil be convertedo a voltage by the configured traimspedance of 1M 7 Kebulting voltage forms the
output Vy of the main amplified photodetector A (MARIA) which putsthe corrupted PPG signf@6].
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Figure 2 Block diagram of the PPG sensor probe design. Figure3 (a) Is the PCB solder side for PPG sen
probe; (b) Is the PCB component sifter presented
sensor probe(c) and (d) are the proposed and classical
PPG sensor layout respectively.

The other output, ¥ of the covered amplified photodetector B (CAPB) which is resultedoy passing the generated

dark current, 4, through the trangnpedance of 1M produce the motion artifact in addition to the induced electronic
noise caused by motion. The resulting motion artifact and electronic noise are of almost the eanteirafoth
amplified photodetectors since theyaimilar and furthermore run under same conditiorsis\¢completelydifferent

from V\, as theyare not correlatedegardingPPG signal. Whereas, in the duration of motion artifact, noise tends to be
extremely corresponding. The aim of this design is ttainbthe reference signdbr adaptive noise cancellation
processing later. Typically, the adaptive filterfed with two signas. Primary signal is the desired signal contaminated

by noise while thesecondary signal represents the reference signal sé tloat has corrupted the wanted signal. The
primary, W and reference, ¢/ 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.

Vu = Clean PPG signal + Motion Artifact + Electronic No{E#N) 4

V¢ = Motion Artifact +Electronic Nois€EN) (5)
With these characterized signals, adaptive filter can filter contaminated signal and update itentaaftiordingthe
provided noise reference signal.
C. VALIDATION STUDY
To justify theutilize of the CPD instead of-8xis accelerometer wbtainthe real mdon artifact while implementing the
ANC for PPG signal processing series of experiments were conducted using both sensors wériehexposedo
different kinds of movement along the X, Y, and Z axis in addition to the steady state. Thegakthinfom two
sourcesvere recordedbr three types of analyses that vii# discusseth the next section.
DATA AcCQUISITION SET-UP AND PROTOCOL
Data from 3axes accelerometer (AD335, Analog Devices) and covered photodetector were collected for foutivensecu
seconds separately for silence state and motions along with X, Y, and Z axis, as seen in figdretitaireg the four
channels DAGNI 9215 to sampling the acquired analog data as shown in Figure 4b.

—gg 1o

2R
_JJJJ:U' )A

=

Figure 4. (a) is the state of the main photo dete(MPD) and CPD during motion execution; (b) is the setup of data
acquisition.
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All dataweredigitizedat 100 Hz an@00 samples per channel using LabVIEW 2015 (National Instruments Corporation
U.S madg The three channels of X, Y, and Z awisre @mbinedinto one signal, Zx, as per equation (6)

Z,= JxT+y? 427 (6)

As data shouldbe collectedn 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 ingpaefscéed in Figure 4b. The three types of
motion were obtainedy 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 redoligsbserve the match of the recorded signals dwaimglitude fluctuation in

terms of time domain for the motion and no motion states. Their linear correlation coefficgErtslso ompuied

Finally, both cases were transformed into frequency dommalementingFFT for frequency domain analysis.

AMPLITU DE FLUCTUATIONS
The fluctuations of Zx and CPD signaére monitorediuring 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 relatanshig them.

LINEAR CORRELATION .
The goal of a linear correlation analysis is to identify and measure the strerigiarefationshipbetween the two
variables. In all our applications, the combined signal-aeki3 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 catbeldieear
correlation.

XZ.Z,
=— (7)
where Z, and Z, are the standardizedvalues ofX andY. The standardized-¥alues indicate how many standard
deviationsX andY areabove or below the mean.

r

O0RUHRY H Uaré saqi&d Heviation and variances, respectively anoeodeterminetly using Equation 8 below:

n—1 n
Xi— u)”
a2=) il e)
=
Where n is the numberetementsand L is the mean of x, gould be calculated using Equation 9 below.
n=1 v
u=p = (9
n

i=0
w is equal to n if weightings setto population and equal to{t) when weighting is configured to sample.
The correlation coefficient, r, is always ranging betwekmo 1. When it is one, it means that the two variables are in
maximum positive correlation and their data points farpositive slope line. On the other hand, the variables x and y are
in maximum negative when r equal {b, whereby the data plots gather in negative slope line. When correlation
coefficient r = 0, it indicates that there is no correlation between the/hdables[27].

FAST FOURIER TRANSFORM

The Fast Fourier Transform (FFT) is a mathematicay toinvert a function oftime domain into frequency domain.
Fourier analysis (FA) of a periodic function indicates the extractiagingf series and cosine waves to reconstruct the
function[28]. Equation (10) below defines the Fourieafisform:

x(f) = Flx(e)} = J‘xx{ﬂe'i”ffdt (10)

Where x(t) is the time function, x(f) is the fast Fourier transform function and (ft.) is the iagafggquencyWhen
calculating the FFT peaks of the three channels-a%i8 ACC and their combined signal in addition to the covered
photodetetor signal, the compared resulting peaks must match each other in the same frequency domain.

[ll. RESULTS AND DISCUSSION

All collected results of implemented methods for the combined three accelerometer channelspsiepeaitesl by Zx

and the CPD by Zy sighwill be discussed in steady and motion state for the three implemented maftieodesmoving

the DC part.

A. STEADY STATE

In this state, both the mentioned signals are in agreement with each other during amplitudefiucttret time domain

due to theeffect of environmental electromagnetic fields throughout the four seconds as seen in FigufésBb, (tjis

match between thens confirmedby computing their linear correlation which indicateigh positive coefficient of
0.9999 as shown in Figure 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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(b) (©)
Figure 5. The relationship between the acceleration and CPD signals during steady state in t§ Amplitude
Fluctuations within time domain; (b) Frequency Domain revealed samdstifien 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 sigresgibeis causedy moving the two devices along with X,
Y and Z axes. The agreement of amplitude fluctuatiainértime domain of four consecutive secondas reduceas
shown in Figure 6 (a)lhis canbe clearly noticed from the calculated linear catieh coefficient during motion along
Y axis of 0.8593 as plotted in Figure 6 (b) as an example of the lowest correlation was reportethdweittire three
axes motions.
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Figure 6. The relationship between the acceleration combined and CPD signals during motion diovgigt in tern
of (a) Amplitude fluctuations; (b) linear correlations

Zy : Covered Photodetector Signal (V)
o
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b

Whereas when moving along with X and Z atiee r was recorded at 0.98392 and 0.91162egsted in Figure 6 for
all recorded linear correlation coefficients of the entire state of silence and three kinds némotio

The most interesting part in Figure 7 is trigable gradiendecrease in r magndes as compared toe steadystate. The
motion along X and Y axis had the highest change and the least change, respectively, whereazgetire rcalong the
axiswas 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 shaingjkence an
moving along with X, Z and Y for the acceleration HrelCPD signals

This outcome confirms, beyond any doubt, that the acceléeoiisea sensor that responds to the gravity effect due to the
motion artifact direction to the earth level asitustomizedor this limited task by converting the pesesistive change
occurred into an electric signal. The real effect caused by motidAPG signal generated from the photodetector is
extremely different as it is a transducer functionalized to alter the light power into an elesigoaicas explained in ¢h
background study of this work.

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

Moreover, the reported FFT peak plots as a result of moving both the devices under same coowifileislydiffered

from those thatwvere indicatedluring 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 inefpoisdraf 52 Hz

within thetotal 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 grawitwidffesignificant
amplitude as poted by a black arrow in Figure 8 (a)/hereas, the CPIhdicatedthe effect of motion at the same
frequency that was reported by the accelerometewitiniess power for total distribution scale as the black arrow shows

in Figure 8 (b) according to thgriority of impact strength that it also indicated other effects caused by occurred
electronic nois¢29] during motions.

Hence, the use of an accelerometer as a reference noise to feed the adapis/edtltenstedor such critical éagnostic
measurements. It does not take into consideration the other electronic noise that can restiiedualtand Shot noise
effect which would surely contaminate the PPG signal generated. Therefore, the use of unifisdcauoseeprimary

signals by the MPD and reference signals by the CPD concept as motion artifact reflector in addigotrdnic noise
impact is the guaranteed approach for trusted measurements. This method ensures less powelocascompared

to the three channebccelerometer and simple algorithm of Least Mean Square (LMS) as computational requirements
during the Processing application. Our next work will cover the practical implementation of tlsegara@mncept and
analysisin terms ofaccuracy of adaptive filteperformance with regards to Signal to Noise Ratio (SNR), Mean Square
Error (MSE), and time filter adaptation by providinbieal approval.

IJIRAE:Impact Factor Value —SJIF: Innospace, Morocco (2016): 3.916 | PIF: 2.469 | Jour Info: 4.085 |
Index Copernicus 2014 = 6.57

© 2014 - 17, IJIRAE All Rights Reserved Page-7


http://www.ijirae.com

\\-‘// International Journal of Innovative Research in Advanced Engineering (IJIRAE) ISSN: 23492163

Issue 03, Volume 4 (March 2017) WWW.ijirae.com
LJIRAE

IV. CONCLUSION
For as long as the conflict between the two sidethefesearchers pending, some prefer the aderator due to the
futility of calculations as a result of existing overlap between the frequencies of desired awdartdtict signald4,
30]. Another side that supports the estimated accounts with complex algorithms-fraeterator agrees with the origin
contaminated PPG signal and is not capable of prodacsagereference to the pollution occurred with PPG sidial
11, 31] The full potential of PPG sensor is not completely utilized in both cases as pointed out barhsoofe
researchers. By adding another CPD under the saouming techniques, facilities would be less size and power
consumptioras well as compared to the three channels accelerometer, is capable of providing a mirror reference to the
noise happening as a result of thevementand this hadeen proverin our work. Adopting this approach also ensures
a high level of accuracy that enables reliable feature extraction and various disease diagnostiffémgng motion
activities withthesimplealgorithm of calculations that are quite suitable, even for wearable PPG sensors.
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