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ABSTRACT

A percentage of oxygen saturation, known as a SpO2 value, obtained by a pulse
oximeter relies on a pair of proper red and infrared (IR) photoplethysmographic (PPG)
signals. In practice, both red and IR PPG signals are frequently distorted by a motion
artifact (MA) signal. By having the MA influence on the red and IR PPG signals makes
the SpO2 value unreliable. To handle the MA issue, the MA frequency distributions of
likely regular postures induced by a patient are studied. The study reveals that the MA
frequency components of possible usual poses distribute in the identical range of the
PPG frequency components. To solve the overlapping frequency components of both
PPG and MA signals, a technique of frequency translation based on an amplitude
modulation (AM) is thus applied. The proposed technique remodels a traditional LEDs-
driving system in the pulse oximeter. The presented solution emits both red and IR
LEDs simultaneously. Each LED is driven by a sinusoidal signal having a distinct
frequency generated by an alternating current (AC) source. For the conventional LEDs-
shining system, red and IR LEDs are driven by a direct current (DC) source alternately.
Besides, change of light intensity emitted by each LED is studied. Also, a comparative
study regarding the performances of the proposed technique, the conventional
scheme, discrete saturation transform (DST), independent component analysis (ICA)
and compression of Fourier coefficients (CFC) is performed. The proposed strategy
manifests that the PPG frequency components are shifted to the desirable frequency
location and all PPG morphologies are well maintained. To verify the correctness, the
SpO2 value is calculated. While motions, the computed SpO2 values are found to be
intact and emerge that the change of light intensity neither improves nor deteriorates
the SpO2 values. Moreover, the calculated SpO2 values show that the performance
of the present approach is superior to the performances of the given methods. The
mean absolute percentage error (MAPE) of the proposed technique is up to only
1.35%. By contrast, the MAPE values of the methods of conventional scheme, DST, ICA
and CFC are up to 12.77%, 2.27%, 75.85% and 11.89%, respectively.
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CHAPTER 1

Introduction

A photoplethysmographic (PPG) signal known as a PPG signal is a biological
signal that exhibits a characteristic of blood volume change in human’s blood vessel.
The characteristic of the blood volume change behaves in line with contraction and
expansion of a human’s heart. With this reason, the PPG signal somewhat exhibits a
beat interval equal to an electrocardiographic (ECG) signal or an ECG signal [1][2], as
depicted in Figure 1.1 [2]. Figure 1.1(a) is the natural PPG waveform and Figure 1.1(b)
is the habitual ECG waveform. Some vital signs of a human such as heart rate (HR)
[3][4], heart rate variability (HRV) [5] can be extracted from the PPG signal rather than
occupying the ECG signal. For a convenient cause of measurement, the PPG signal
becomes an effective alternative utilized to analyze some human’s vital signs in lieu
of the ECG signal. Nonetheless, the main objective of the PPG signal usage purposely
quantifies oxygen saturation (SpO2) in human blood by employing a pulse oximeter
instead of blood analyzing by an invasive method. The pulse oximeter is an optical
bio-sensing device having two light sources and a photo-detector. To measure an
amount of oxygen saturation (SpO2) in human blood, two major components of the
PPG signal are used to compute. These two components consist of an alternating
current (AC) component and a direct current (DC) component, as marked in Figure
1.1(a).

To obtain a PPG signal, a light source emits light onto a human absorbing
medium of interest. By traveling through the human absorbing medium of interest, the
lisht intensity is absorbed and the leftover light intensity after being absorbed falling
upon a photo-detector is the PPG signal. Acquiring the PPG signal is drawn in Figure 1.2
which demonstrates a cross-sectioned fingertip as the absorbing medium of interest
[6][7]. In this human contextual, the absorbing medium of interest comprises of various
absorbing sub-media such as pulsating arterial blood, non-pulsating arterial blood,
venous blood, skin, bone and tissue. The sub-media, arterial blood, non-pulsating
arterial blood, refer to the arterial capillary and the sub-medium, venous blood, is the
vein capillary.  The skin medium consists of epidermis and dermis, and the bone
medium contains nail plate, nail bed and phalanx. For the tissue medium composes
of fibrous septa and nerves. In spite of having various absorbing sub-media, the given
sub-media can be classified into two principal groups which are dynamic and static
media as illustrated in Figure 1.3 [8]. The dynamic medium represents the light intensity
absorption of the pulsating arterial blood which is contemplated as the AC component.

For the static medium refers the rest mentioned sub-media because the light intensity



penetrating these sub-media is absorbed at a constant rate over time. With unchanged

absorption, the static medium is considered as the DC component.
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In a pulse oximeter, a SpO2 value is calculated from the ratio of
deoxyhemoglobin (Hb) to oxyhemoglobin (HbO2) in a human. To acquire the amounts
of deoxyhemoglobin (Hb) and oxyhemoglobin (HbO2), two light sources which are red
and infrared (IR) lights are implemented in the pulse oximeter. The red light is best
absorbed by the deoxyhemosglobin (Hb). On the contrary, the IR light is well digested
by the oxyhemoglobin (HbO2). In order to acquire red and IR PPG signals by mounting
only one photo-detector in the pulse oximeter, both lights are driven alternately in a
time division multiplexing (TDM) manner. By illuminating both lights alternately at high
frequency [9], the red and IR PPG signals are generated almost at the same time.
However, the phase difference of the red and IR PPG signals as a result of the TDM
manner is fairly low as well as insignificant, and does not show any impact on the
SpO2 value. Both red and IR PPG signals are thus considered to be produced
simultaneously. Ordinarily, the pulse oximeter is worn at a fingertip, an earlobe and a
forehead to measure the SpO2 value.

A SpO2 value has not only a merit of assessing hypoxemia [10] but also other
merits of pre-screening some symptoms for instance, pulmonary embolism disease
[11], lower extremity arterial disease [12], congenital heart disease [13], acute heart
failure [14], and chronic obstructive pulmonary disease [15]. Aside from the mentioned
symptoms, the SpO2 value is also practical in evaluating testicular torsion [16] and
pulp vitality [17].

All in all, to perform any good merit of a SpO2 value obtained from a pulse
oximeter, the SpO2 value is suggested to measure while a subject is at rest. In other
words, the pulse oximeter should be worn at the subject’s organ (fingertip, earlobe
and forehead) fitly and the subject should move his/her organ as little as possible.

Otherwise, the measured SpO2 value is distorted and worthless.

1.1 Problem statement

In practice, a subject does not stay still while measuring is taken place. With
organ moving, a pulse oximeter also moves and causes both red and IR PPG signals to
deform. Since SpO2 computation relies on the proper red and IR PPG signals, hence,
the disfigured red and IR PPG signals lead to the unacceptable SpO2 value. The proper
red and IR PPG signals as well as the disfigured red and IR PPG signals are illustrated in
Figure 1.4. By diagnosing any symptom based on the unreliable SpO2 value, the subject
may not be taken care by a proper manner and in a suitable time. In the event of
motion involvement, an unwanted signal called a motion artifact signal or an MA signal
appears to make the clean red and IR PPG signals misshape. This is owing to the MA
signal contains some frequency components overlapping with the significant frequency

components of the red and IR PPG signals.
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1.2 Literature review

According to the problem statement, numerous pieces of research have
dedicated to alleviate an MA impact to gain a better quality of a corrupted PPG signal.
Among solutions toward the MA problem, the reported MA resolutions are categorized
into two chief groups. The first kind uses a reference signal to cancel an MA signal [18]-
[30] and the second kind applies sundry techniques of signal processing to improve
the polluted PPG signal [31]-[44].

The former group mainly concentrates on an adaptive filtering method. The
adaptive filtering method is the most common implementation due to its simple
structure. Althousgh the adaptive filtering structure is plain, a reference signal fed to
the adaptive filtering method is the knotty part to synthesize since the MA signal is not
deterministic. With the MA indeterminism makes synthesizing the reference signal thus
involve applying different convoluted signal processing techniques to capture the MA
characteristics. Keeping in mind, the artificial reference signal is significant because
feeding the poor synthetic reference signal to the adaptive filter results the resultant
recovered PPG signal even more aggravated. Typically, the reference signal is extracted
from either motion relating sensors [18]-[23] or human vital signs [24]-[29]. Aside from
focusing on motion relating sensors or human vital signs, the reference signal is also
applicably generated from multiple sinusoidal frequency components to alleviate the
MA signal [30]. For those methods depending on the motion relating sensors like an
accelerometer [18,21,22], an optoelectronic sensor [19], an optical sensor [20] and a
piezoelectric sensor [23] seems to acquire the reference signal simply. Nonetheless,
the raw sensed signals provided by any kinds of sensors need be fine extracted by
sophisticated algorithms [20]-[23] to highly correlate to the MA signal or the PPG signal.



In this viewpoint, for those approaches [24]-[30] synthesizing the reference signal
relying on the human vital signs looks like to have the advantage over the methods
employing the additional sensors. Fundamentally, the human vital sign signal has some
common components which the PPG signal also has. With this reason, synthesizing the
human vital signs furnishes the reference signal more correlated to the PPG signal or
the MA signal than using the auxiliary sensors. Even though synthesizing the human
vital signs produces a high correlated reference signal but the synthesizing approaches
are also complicated not lesser than those methods applying the supplementary
sensors. In extracting or synthesizing the reference signal, diverse schemes of signal
processing have been implemented. Those prominent schemes are developed by an
approach of frequency-locked loop (FLL) [22], a linear subspace [24][28], a technique
of discrete saturation transformation (DST) [25] and a method of independent
component analysis (ICA) [26,27,29].

The latter group involves different signal processing techniques [31]-[44] striving
to overcome the MA problem. Essentially, the MA signal is induced either intentionally
or unintentionally. The MA signal has some frequency components which overlap with
the frequency components of the PPG signal. To eliminate the overlapped frequencies,
a multi-rate filter bank is designed [31]. Due to both PPG and MA signals contain some
mutual frequencies, thus, attenuating the MA signal also worsen the PPG signal at the
same time. Instead of applying the multi-rate filter bank, the PPG signal is analyzed by
a cycle-by-cycle basis of Fourier series analysis [32]. In each analyzed cycle, only
fundamental Fourier coefficients of the PPG signal are kept and the rest coefficients
are truncated. By truncating those unnecessary Fourier coefficients, the MA effect being
beyond the fundamental coefficients is lessened but those MA frequencies residing in
the fundamental coefficients still exist. Analyzing cycle-by-cycle influences only the
cycle which is being focused. Unlike the multi- rate filter bank affects the overall PPG
signal. Evidently, the MA-dominated PPG signal may not exhibit each cycle therefore
severing each cycle to analyze is fairly difficult to do so. The Fourier series analysis
performs well with the stationary signal but the MA signal is a non-stationary signal.
With the non-stationary issue, a wavelet analysis [33] is brought to detect the MA signal
in both time and frequency domains at the same time. Still, the wavelet analysis may
detect the location of MA occurring in the time domain well. Nevertheless, the wavelet
analysis has to combine with additional algorithms to remove the MA signal. To avoid
the difficult implementation of the wavelet analysis, a simple statistical approach is
utilized to detect the location of MA occurring [34]. Basically, the PPG and MA signals
are considered independent of each other. Taking into account, a linear summation of
PPG and MA signals are constituted to discriminate the components of the PPG and

MA signals. This linear summation is known as the independent component analysis



(ICA) [35]-[38]. The technique of ICA is vastly used but occasionally faces the problem
of falling into the pitfall of a local optimum. Converging to the local optimum makes
some of the MA components remain in the PPG component. As the PPG and MA
components are unrelated to each other, both components are distinguished using a
minimum correlation discrete saturation transform (MCDST) approach [39]. For MCDST,
the distinguishing process depends on an optimal search manner which may lead to a
chance of returning a false component. In a similar manner, a method of singular value
decomposition (SVD) [40] is brought to decompose the PPG signal from the MA signal.
The singular value decomposition may yield the appropriate PPG signal, but requires
a substantial amount of computations in turn. In [41], an estimation of signal
parameters via rotational invariance techniques (ESPRIT) solves the considerable
computational costs of the SVD so that a real-time processing manner is applicable.
Among the state-of-the-art strategies, a simple model of 3-order polynomial [42] is
designed to fit the MA signal in order to subtract from the contaminated PPG signal.
The desirable MA signal fit by the 3™-order polynomial model only disposes of the
baseline of MA though the existence of other MA frequency components is yet present.
Another uncomplicated concept corrects the polluted PPG signal by employing a set
of thresholding criteria relying on an untainted PPG morphological waveform [43].
Upon simplicity, the defined thresholding criteria may not match all MA patterns
resulting some MA patterns may be corrected. Not only the signal processing
techniques are implemented but circuit design such as a differential amplifier with
common-mode rejection [44] is also performed to cancel the MA signal. The main
drawback of using a circuit is the inconvenience in making a circuit adjustment. From
the given research study, four criteria of each method for comparison which are
domain involvement, purpose of signal processing, computational cost and
implementation are summarized in Table 1.1.

Grounded on the literature review, in view of those cited techniques aim to
retrieve intact PPG signals sustaining all significant morphological shapes from the MA-
intertwined PPG signals. As a matter of fact, retrieving the accurate PPG signal is
laborious. In addition, some approaches may work perfectly only under a particular

constraint.



Table 1.1 Summary of literature research.

] Domain Purpose of signal | Computational ,
Techniques ) ) Implementation
involvement processing cost
o ] ) Moderate to Simple to
1. Adaptive filter Time Correction )
High complex
2. Frequency ] Moderately
Frequency Detection Moderate
locked loop (FLL) complex
3. Multi-rate filter . Moderately
Frequency Correction Moderate
bank complex
. ) o Moderately
4. CFC Frequency Correction Quite high
complex
5. Wavelet Time and ) )
Detection High Complex
transform Frequency
6. ICA? Time Correction Very High Highly complex
7. MCDST? Time Correction High Complex
8. svD? Time Correction Very high Highly complex
9. ESPRIT’ Time Correction High Highly complex
10. Polynomial
i Time Correction Moderate Simple
regression
11. Thresholding ]
. Simple to
of morphological i \ Moderate to
Time Correction - moderately
waveform high
: complex
mapping
12. Differential
amplifier in . ( ) Moderately
Time Correction Not available
common mode complex
rejection

1 - CFC stands for Compression of Fourier coefficient series

2 - ICA stands for Independent component analysis
3 — MCDST stands for Minimum correlation discrete saturation transform
4 — SVD stands for Singular value decomposition

5 — ESPRIT stands for Estimation of signal parameters via rotational invariance techniques

1.3 Objective propositions

All optical bio-sensing instruments are highly susceptible to motions. When any
kinds of motions take place, the performance of the optical bio-sensing equipment is
inevitably depreciated because an MA signal exacerbates a biological signal. Under

motion circumstances, the MA signal is induced by the assumption as follows.



Any human body movements that are not human body exercises would
partially cause the PPG signal to misshape in line with the human body movements.
Some misshapen portions in the PPG signal are distorted as though the human body
movements generate the MA signal which is superimposed on the PPG signal. With the
superimposition of the MA signal on the PPG signal suggests that the MA signal behaves
like an additive kind of interference. Due to partial misshapenness of the PPG signal
during any human motions indicates that the MA signal contains some frequency
components overlapping with some frequency components of the PPG signal. Besides,
during any human motions, external light sources penetrating through the optical bio-
sensing equipment would also be considered to have the effect on the PPG signal.
Since the undesirable light produced by those external light sources appears while any
human motions take place, the influence of that lisht bears the constructive
superposition in the MA signal. The effect of those external light sources can thus be
inferred to be the additive kind of interference implicitly.

For this thesis, the optical bio-sensing instrument of interest is a pulse oximeter.
To cope with the MA problem, the given assumption is successfully proved and the
frequency components of the MA signal are unveiled as a part of the assumption proof.
Once the MA frequency components are realized, a preventive strategy developed
from an amplitude modulation (AM) is proposed to isolate the biological signal from

the MA signal successfully. In this context, the PPG signal is the biological signal.

1.4 Contributions

To accomplish the objective propositions, a framework is designed as follows.
Initially, the behavior of the MA signal produced by any motions is studied and
analyzed. Secondarily, a preventive solution is implemented on a pulse oximeter to
circumvent the PPG signal from mingling with the MA signal in lieu of correcting the
MA-corrupted PPG signal. The proposed preventive approach is based on a method of
an amplitude modulation (AM). Next, this presented approach is experimented to
confirm that the PPG frequency components are shifted away from the MA frequency
components. Later, the influence of amplitude modulation sensitivity is examined
whether the AM sensitivity has the impact that raises the performance of the
introduced approach. Lastly, the proposed technique is compared to other

contemporary sophisticated methods to strengthen its reliability.



1.5 Structure of substantive chapters

The remainder of this thesis is organized as follows. Chapter 2 describes the
concepts of pulse oximetry such as PPG acquiring, SpO2 calculation etc., and the
general principles of amplitude modulation (AM) as well as amplitude demodulation.
Also in the same chapter, the related theories of the contemporary methods are
provided for the purpose of comparative study. The contemporary approaches are
discrete saturation transformation (DST) [25], independent component analysis (ICA)
[26][35] and compression of Fourier series coefficients (CFC) [32]. In Chapter 3, the
relevant principles of implementing the proposed technique are explained and the
design and implementation of the presented approach on a commercial pulse
oximeter are given. Subsequent, Chapter 4 initially studies the characteristics of the
MA signals. Next, various experiments pertaining to the performance of the proposed
strategy are rendered. Later in the same chapter, influence of light intensity on the
performance of the proposed method is illustrated while motions are induced. Lastly,
the performances of the proposed approach and the contemporary methods are

compared in this chapter. Finally, the conclusions are drawn in Chapter 5.



CHAPTER 2

Associated Fundamental Principles

This chapter begins with deriving an absorbing model of light intensity used in
a pulse oximeter. This derived absorbing model is utilized to represent a
photoplethysmographic (PPG) signal. Next, the same absorbing model is explained how
to estimate an amount of oxygen saturation (SpO2) which is expressed in terms of
percentage. Later, a foundation principle of a proposed solution is delineated. The
amplitude modulation and demodulation which are involved with the presented
strategy will be briefly reviewed. Lastly, a brief summary to selected contemporary

approaches is described.

2.1 Photoplethysmographic (PPG) mathematical expression

Detecting change in blood volume of a human circulatory system through light
absorption gives rise to a photoplethysmographic (PPG) signal. In order to handle the
PPG signal, a mathematical model is necessary. The PPG signal is normally expressed
in forms of the mathematical model by applying the light absorbing law of Beer-
Lambert [8]. The Beer-Lambert’s law plainly states that any light infiltrating into an
absorbing medium is absorbed [8]. The absorbing medium is sometimes called as an
absorber. In Beer-Lambert’s absorption, the light absorbed refers to its intensity. The
lisht intensity absorption of the given law abides by the function of exponential decay
written in Eq. (2.1) where the i variable is the leftover intensity after being absorbed.
The leftover light intensity, i, is the product of the incident light intensity falling upon
medium surface, I,, and the exponential decaying function, g W The exponent
of the exponential decaying function consists of three parameters that multiply to
each other. The first parameter is the molar absorptivity, €(4), of a specific wavelength
A . This molar absorptivity, (A1), is the ability of medium absorption at a specific
wavelength 4. Next, the second factor is the medium concentration ¢ and the last
one is the optical path length, d . The medium concentration refers to the amount of
absorbing substance residing the medium and the optical path length d is the distance
that the light passes through the medium. The light intensity absorption of Beer-
Lambert expressed in Eq. (2.1) is simply explained by a simple diagram shown in Figure
2.1.

i =i e cM™ (2.1)
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In case of various media stacking or one medium stuffed inside one another,
the Beer-Lambert’s absorbing law is still usable. For this case, the remaining light
intensity from the previous medium is the beginning light intensity to the next medium.
This absorbing process absorbs iteratively and finishes when the remnant light intensity
penetrates the last medium and falls onto a photo-detector. By having media stacking
or one medium packed within another medium, Eq. (2.1) is slightly adjusted to Eq. (2.2)
by the aforementioned iterative absorption. The given absorbing process stated by Eq.
(2.2) for a perplexed medium is simply portrayed by Figure 2.2.

- ioe_z:‘:lgk (Ao dy (2.2)
In Eq. (2.2), the N variable refers to the total media through which the light seeps and
the k variable is the medium order. Moreover, &(4), ¢, and d, are the absorbing
parameters of the medium number k and the other two variables, i and i, , have the

same senses as mentioned in Eqg. (2.1).
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Figure 2.2 A heterogeneous medium.
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For a human perspective, a human body is considered as one whole medium.
This whole medium of the human body is complex, and consists of diverse media
intertwining as illustrated in Figure 1.2. Figure 1.2 shows a cross-sectioned fingertip as
an example. As can be noticed in Figure 1.2, those different media are not just
rectangular shape media but most of those media are capillaceous-like. Nonetheless,
the derivative of Beer-Lambert in Eq. (2.2) is yet valid with the human medium. By
emitting light onto the human medium, light absorption is split into two aspects. The
first aspect is the light absorption taking place in the arterial blood vessel under the
expansion and contraction of the human circulatory system. With the human nature
of the expansion and contraction, the light absorption in the arterial blood vessel
changes over time and creates a pulsating waveform as exhibited in Figure 1.3. The
first aspect is considered as a dynamic medium. Next, the other one is the light
absorption arising in the rest media in the human body as displayed in Figure 1.3. In
contrast to the first aspect, the light absorption in the second aspect does not vary
over time and gives a constant amount of the light absorption. The second aspect is
contemplated as a static medium. In the event of no blood flow in the human body,
the dynamic medium no longer has the influence in the light absorption [45]. The
impact of the light absorption thus only occurs in the static medium. With this reason,
a mathematical model for the human absorption is concluded to be the summation
of both light absorbing aspects as drawn in Eq. (2.3).

I =1,[Static Medium + Dynamic Medium] (2.3)

The expression in Eg. (2.3) is based on Eq. (2.2). To rephrase the human condition
having no blood flow by Eqg. (2.3), the DynamicMedium term has no effect and
vanishes and the light absorption depends solely on the Static Medium term.
Naturally, change in blood volume occurring in the pulsating arterial blood
vessel brings about the optical path length value of this pulsating arterial blood vessel
to change over time. This explains why the pulsating arterial blood vessel is
represented by the dynamic medium. This changing manner in blood volume leads to
the light intensity absorption to be formed as a pulsating waveform component for
the PPG signal. Mainly, the light intensity passing through the dynamic medium is
absorbed by two chief absorbing substances called oxyhemoglobin (HbO2) and
deoxyhemoglobin (Hb). For the non-waveform component of the PPG signal is
produced by the light intensity absorption of the media such as skin, bone, tissue,
venous blood and nonpulsating arterial blood. The mentioned media show little
change of their optical path length values, and thus results the non-waveform

component of the PPG signal. The given media are garnered as one static medium due
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to their common ground in little change of their optical path length values. This static
medium is then stood for the uttered media.
With a summary description of how the PPG signal is constituted, Eq. (2.3) is

readjusted and rewritten in Eqg. (2.4) to state the mathematical PPG signal expression.

ippg (t) =1, [e (Desmdem | o~ TeHpo2(4)Choz+ &1 (1) Cpyp 1dam (t)]

Static Medium Dynamic Medium @4)

In Eqg. (2.4), the exponential decay function of the StaticMedium term comprises of
the product of three absorbing parameters, &,(1), Cqy,, and dg, at the exponent.
These three absorbing parameters are made of the unchanged optical path length
absorbing media grouped as one whole static medium. Due to little variation of the
static medium’s optical path length, the dg;, term is not drawn as a function of time.
For the DynamicMedium term, the exponential decay function expresses the
absorbing parameters of interests. These the absorbing parameters of interests located
at the exponent are the absorbing properties ( e4y02(4) , Chpoz, Enp(4) and cyp) of
the oxyhemoglobin (HbO2) and the deoxyhemoglobin (Hb). Because of change in
blood volume, the dynamic medium’ s optical path length, dy,(t), is therefore
manifested as a function of time. Besides, the mathematical model of the PPG signal,
ippg (t) , developed in Eq. (2.4) is the expression of the clean PPG signal having no the
MA signal involved. The clean PPG signal and the PPG signal are same.

Ina context of the pulse oximeter, the red and infrared (IR) lights are utilized.
The red light is highly absorbed by the deoxyhemoglobin (Hb) as well as the
oxyhemoglobin (HbO2) best absorbs the IR light according to [8] (see Figure 2.3). This
gives the explanation why the absorbing parameters of the dynamic medium are

exhibited by the absorbing properties, &xpo2(4), Chpozs €mp(4) and €y, in Eq. (2.4).
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Figure 2.3 Absorbing curve of red and IR lights.
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2.2 Calculation of oxygen saturation percentage (Sp02)

An amount of oxygen saturation in a human body is gauged from the oxygen
concentration ridden on hemoglobin or oxyhemoglobin (HbO2). Usually, the amount
of oxygen saturation is computed from the percentage of the oxyhemoglobin
concentration (Cypn, ) Over the summation of the oxyhemoglobin concentration and
the deoxyhemosglobin concentration (Cy,). The percentage of oxygen saturation
(SpO2) is simply stated by Eq. (2.5) [8]. However, the given relation in Eq. (2.5) can be
directly used to calculate the percentage of oxygen saturation with real blood analysis

through a blood puncturing invasive method.

SpO2 = —SHbo2 100 (2.5)
Chbo2 + Chb

For the pulse oximetry which is a noninvasive method, Eq. (2.5) is renewed in
accordance with the PPG mathematical model (see Eq. (2.4)). Obtaining the
oxyhemoglobin and deoxyhemosglobins concentrations (Cyyo2,Chp) from Eq. (2.4) is
carried out as follows. At first, both sides of Eq. (2.4) are divided by the incident light
intensity, i, . Next, on the right side of Eq. (2.4) is factorized by the Static Medium term,
e % (Mn%n 3nd both sides of Eq. (2.4) are again divided by the Static Medium term.
With this given reorganization, Eqg. (2.4) is given rise to Eq. (2.6). Later, the value of one
is subtracted on both sides of Eq. (2.6) yielding Eq. (2.7).

= €102 (4)Cripo2 +&rb (A) Chp 1d g (1)

lppg () |, . © (2.6)
ioe_gsm(z)csmdsm g %am (DCemlm

i t e—[SHboz(ﬂ)CHbon“gHb(i)CHb]ddm(t)
: _fpégc)d OF: ~&n (A)Cond 20
Ioe sm sm-sm e “sm S S

After that, Eq. (2.7) is recast under the optical path length varying conditions of diastole
and systole periods (see Figure 1.3). = During the diastole period at time t, a human
heart is relaxed and this condition results the optical path length term, dgy,(t), in Eq.
(2.7)to be |. Eq. (2.7) is updated to Eq. (2.8). For the systole period at time t+ At the
human heart pushes blood throughout the human body making the optical path
length term, dy,(t), in Eq. (2.7) expanding by Al. Eq. (2.7) is therefore amended to
Eq. (2.9).

ippg (1) o 102 (4)Cpoz + 1 (1)Cpp 1(1)
ioe_gsm u’)csmdsm B 1 - e_gsm (l)csmdsm (28)
i t+ At e1p02 (A) Crpoa +&ms (4) Gy 1(1+AD)
ppc ) 1= € (2.9)

ioe_gsm (A)Csndsm e_gsm (A)Csndsm
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To extract the oxyhemoglobin and deoxyhemoglobins concentrations (Cpyyg2 , Crp ), EQ-
(2.9) is divided by Eqg. (2.8). As a result, two terms, e s (Cnlsm 55 \well as
e Lm0z (Moo e (0)() 516 cancelled out and the resulting division produces Eq.
(2.10). After dividing, a negative natural logarithm is taken on both sides of Eq. (2.10)
generating Eq. (2.11). On the left side of Eq. (2.11) is the absorbance value, A, of the

oxyhemoglobin and deoxyhemoglobin concentrations and is thus reduced to be A.

Ippg (t + At)

tepet+AD
ioe_gsm (A)esndsm

. = ei[‘gHbOZ(l)chOZ+gHb(i)CHb](AI) (2.10)
_deec®)
ioe_gsm (/I)Csmdsm

A

ippg (t+AL)
ioe_‘gsm (A)Csmgm

4
(2.11)

~In = [€nbo2 (A)Chpoz + Enp (A)Chp J(Al)

lppc () 4
ioe_gsm (A)Comsm

The term, Al is subject to be eliminated. To do so, two lights which are red and IR
lichts are employed in the pulse oximeter [8]. Hence, Eq. (2.11) is developed to be the
absorbance values of red and IR lights as written in Eq. (2.12) and Eq. (2.13),
respectively.

Arep = €rbo2(AReD )CHbo2 * €Hib (AreD ) Cr 1(Al) (2.12)
AR = [€1b02 (AR)CHbo2 * €Hb (4R )Chp 1(AI) (2.13)

By dividing Eq. (2.12) by Eq. (2.13), the term, Al is removed and the resulting relation
is stated in Eq. (2.14). The ratio of Agep to Ag in Eg. (2.14) is denoted as R.

_ L81b02 (AReD )CHRO2 + &b (ARED ) Chib ]
[€rbo2 (4iR)CHbO2 +€Hp (4R)CHb]

where R =-RED
R

(2.14)

At last, Eq. (2.14) is combined and rearranged with Eq. (2.5) and the new expression of
the percentage of oxygen saturation (Sp0O2) is expressed by Eq. (2.15).

Sp02 = &np (Arep) — &np (4ir)R <100
&rp (ARep) — €nbo2 (Arep) *+ [EHpo2 (AR) — &Hp (4R)IR

(2.15)

In practice, the DynamicMedium term in Eq. (2.4) is the treated like an
alternating current (AC) component in the electrical aspect because this term is a
pulsating part. Likewise, the Static Medium term in Eq. (2.4) is considered to be a direct
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current (DC) component because of a non-waveform characteristic. Dividing Eq. (2.9)
by Eq. (2.8) seemingly is the ratio of the AC component of the PPG signal to the DC
component of the PPG signal. Usually, the AC part refers to the peak-to-peak value of
the PPG signal and the DC part indicates the lower peak value of the PPG signal. Hence,
for simplicity, the absorbance value, A, is calculated through the ratio of the AC part
of the PPG signal to the DC part of the PPG signal. In addition, in a real implementation,
the PPG signal is converted from the electrical current form to the electrical voltage
form. For this reason, Eq. (2.12) and Eq. (2.13) are written by the other statements in
Eqg. (2.16) and Eq. (2.17), respectively. To distinguish the PPG signals obtained from
different color light sources, the color light is placed in front of the PPG signal as a
prefix. In Eq. (2.16), the value of Vac gep Is the peak-to-peak value of the red PPG
signal and the value of Vpc gep is the lower peak value of the red PPG signal. For Eg.
(2.17), the values of Vac g and Vpe g are the peak-to-peak value of the IR PPG

signal and the lower peak value of the IR PPG signal, respectively.

VAC RED
B9y V—_ (2.16)
DC RED
VAC R
DC IR

By revising Eq. (2.12) and Eg. (2.13) to be Eq. (2.16) and Eq. (2.17), the R ratio in Eq.
(2.14) is also changed to Eq. (2.18).

R= ARED
AIR

Vv
o T (2.18)

~ Voc_rep
Vac_ R

Voc R

Due to the dissimilarity of each human body and the different manufacturing
material of each pulse oximeter brand, the R ratio needs to be normalized. As a result
of normalizing the R ratio, the factors of human and instrumental diversities can be
considered in the same norm. In fact, the R ratio has already normalized implicitly.
This is because the Aggp absorbance value and the A absorbance values are
beforehand normalized by the process of dividing Eqg. (2.9) by Eqg. (2.8). Under the
similar norm of the R ratio, the calculation of SpO2 value in Eq. (2.15) is improved to
Eqg. (2.19).

Sp02=110-25xR (2.19)
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The computation of SpO2 value in Eq. (2.19) is brought to use by empirical experiments

through various human subjects and brands of pulse oximeters according to [8].

2.3 Analysis of SpO2 error

As can be observed in the section 2.2, the SpO2 value depends on the AC and
DC components of the red and IR PPG signals. Hence, any undesirable factors applied
on the red and IR PPG signals lead to the SpO2 error. Such unpleasant factors disfeature
the waveforms of the red and IR PPG signals. Among all unwelcome factors, the factor
of motion activities is the most concerned. Under motion condition, the multiplicative
and additive interferences are involved in the given PPG model (see Eq. (2.4)). In this
section, the interfering influences of the multiplicative and additive manner are
therefore analyzed to realize how the affected PPG model throws the error to the
SpO2 value.

Using both red and IR PPG signals having relative low effect of motion entailed
would give a normal SpO2 value. On the other hand, utilizing both red and IR PPG
signals having relative high proportion of motion intertwined would result a defective
SpO2 value. This is because any human organ movement affects the optical path
length values of the concerned media to either expand or shrink. During any somatic
motions, the optical path length value of the dynamic medium is mostly distorted
from the typical optical path length values of the processes of systole and diastole.
To illustrate the moving effect, an error optical path length variable |y is added to
the regular optical path length term of the diastole period in Eqg. (2.8) yielding Eg.
(2.20). Likewise, another error optical path length variable I, is plus to the usual
optical path length term of the systole interval in Eq. (2.9) giving Eq. (2.21).

i - (t) e_[gHbOZ(ﬂ)ch02+‘c"Hb(}“)CHb]('“Llel)
> fs (2)cerd -1= e (A)Cond (2.20)
Ioe sm sm*sm e sm Sm*>sm
iCPPG (t + At) — e_[gHboz(ﬂ)CHbon“gHb(l)CHb](HAHlez) (2.21)
i o Esm (1)Csmdsm - —&sm (l)csmdsm '
ie e

On the contrary, the optical path length value of the static medium is barely contorted
while any moving gestures take place. The static medium is therefore considered to
have no influence on worsening the SpO2 value. In addition, the absorbing expression
of the static medium is still e %n(%n%n 55 shown in Eq. (2.20) and Eq. (2.21).
Moreover, the ippg (t) term becomes ippg (t) to point out that the PPG signal is now
contaminated, and the i.ppg(t) term is referred to the corrupted PPG signal. The
Ippg (t+At) term is also applied and changed to ippg (t+At) . Later, Eq. (2.20) and
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Eq. (2.21) are turned into the absorbance value having motion noises involved A. as
written in Eq. (2.22).

A = €102 (A)Chboz + &rp (A)Chp I(Al + g2 —leq) (2.22)

By applying the absorbance value having noises A, to a pulse oximetry context, Eq.
(2.22) is updated to Eq. (2.23) and Eq. (2.24) for the red and IR lights, respectively.

ARED = [€Hbo2 (ARED)CHbO2 + EHb (ARED ) CHD (Al + 62 —le1) (2.23)
AR = [erbo2(AR)CHbo2 *+ b (AR )Chp (Al + g2 —le1) (2.24)

Subsequently, the ratio containing motion interference R, of Aggp to Ayr is
performed by dividing Eq. (2.23) by Eq. (2.24), and written in Eqg. (2.25). As can be
noticed in (2.25), both error optical path length terms in Eq. (2.23) and Eq. (2.24) are
canceled out. As a result, the R, relation in Eqg. (2.25) is not different from Eq. (2.14).

_ [&nbo2(ARED )CHIO2 + €Hb (ARED)ChHb ]
[erbo2 (AR)CHbO2 + &Hib (AiR )Crp ]

(2.25)

C

Although the ratios in Eq. (2.25) and Eq. (2.14) look identical, in fact, the R, statement
in Eqg. (2.25) has the motion error hidden in the concentration parameters of Cypo2
and Cyp. To explain the concealed motion error in the concentration parameters,
Chpo2 and Chy, the human blood flow is assumed to be uniform and the continuity
principle of fluid mechanics is introduced. The continuity equation abides by Eq. (2.26).
In Eq. (2.26), the &, variable is the cross-sectional area of the pulsating arterial blood
and the vy variable is the arterial blood velocity during no motion involvement. Next,
the a,, variable is the cross-sectional area of the pulsating arterial blood and the v,

variable is the arterial blood velocity under the involvement of motion.
agVs = anVi, (2.26)

When any moving postures compress the optical path length of the dynamic medium
(the pulsating arterial blood), the cross-sectional area of the optical path length of this
medium is reduced. With the cross-sectional area condensed, a,, is lesser than ag is.
As a result, v, becomes greater than vy does according to the continuity equation in
Eq. (2.26). Intrinsically, increasing the arterial blood velocity V,, speeds up the
concentrations of Cypgs and Cyp to pass through both red and IR lights faster. By
passing through red and IR lights quicker due to any motions, the absorptions of Cypg2
and Cyy, are lesser than usual when compared with those of the absorptions without
motion inducing. In contrast to the compression, the optical path length of the

dynamic medium is inflated and the cross-sectional area of the optical path length of
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this medium is enlarged. After the cross-sectional area is bloated, a,, is greater than
as is and V,, becomes lesser than vy does. In consequence of the expansion, the
absorptions of €y, and €y, are more than usual when compared with those of the
absorptions without body moving. The above analysis finds that the optical path length
values of red and IR PPG signals are cancelled out. However, the optical path length
values still generates the error on the ratio R, by distorting the concentrations of
Chpo2 and Cpp. The concentration variables of Cyyp, and €y, are then altered to
C'hpo2 and C'yy, , respectively, to indicate the distorted concentrations, and Eq. (2.25)
are revised to Eq. (2.27). Eq. (2.27) reveals the multiplicative interfering manner as can
be seen that the unusual concentration factors, €'ypg, as well as ¢’y , multiply to

other absorbing variables.

_ [ervo2(Aren )C Hbo2t+ €b (ArED )C 'Hb )
- ; - (2.27)
[£1p02 (4R )C o2+ €1 (AR )C Hb ]

C

In actuality, not only the multiplicative interference appears during organ
motions but the additive interference also emerges at the same time. Both
multiplicative interfering expressions of red and IR PPG signals in Eq. (2.20) and Egq.
(2.21) are slightly adjusted. The additive interfering term is added to Eq. (2.20) and Eq.
(2.21). Therefore, Eq. (2.20) and Eq. (2.21) are updated to Eq. (2.28) and Eq. (2.29),
respectively. Since both multiplicative and additive influences occur simultaneously,
both impacts are thus shown in Eg. (2.28) and Eq. (2.29) for the complete expression.
Mostly, the additive interfering term during organ motions stems from some distorting
absorption of human organs, and some external light sources. By nature, the additive

interfering term varies over time, and is hence denoted iy, (t) as a function of time.

i €102 (A)C wpos H ey (A)C 1y 11 +15,)
leppc () e HbO2 Hbo2 TEHp HpdUtler)
et LTt 220)
o
i ~Lerpo2 (A)C Hpo2 +erp (A)C p1(1+Al+y5)
icppg (t +At) > ¥'8Y% Hbo2 FEHp Hb e)
j e o (onen o e (Dl *iwa (0) (2.29)
o

By switching the iya(t) terms of Eq. (2.28) and Eq. (2.29) to the other side, Eq. (2.28)
and Eq. (2.29) are rearranged to Eq. (2.30) and Eq. (2.31), in order. As can be noticed in
both Eq. (2.30) and Eq. (2.31), the terms of ippg(t) and ippg (t+At) are even more
ageravated by the effect of iy, (t) after suffering the multiplicative interfering impact.

icppg (1) e LEr02 (A€ k02 61 ()€1 11 +ley)

“1=ivn® = o~ am () Can e (2.30

ioefgsm (A)Csmdsm

iCPPG (t + At) e_[gHbOZ(j‘)C'Hb02+gHb(ﬁ)C'Hb](I+AI+IeZ)

—1-iya(t) = Ot (2.31)

ioe_gsm (A)Comsm
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Eqg. (2.30) and Eq. (2.31) are converted to the absorbance value containing motion
interference as resulted in Eqg. (2.32). After that, Eq. (2.32) is developed into two
absorbance statements of the red and IR lights as written in Eq. (2.33) and Eq. (2.34).

Icppg (t) .
e el VAU
i€

=—In| =2
AC lcppG (t + At) —1—i (t) (2.32)
1 _‘gsm(ﬂ)csmdsm MA
i€
= [eHp02(A)C Hpo2 + Epp (A)C Hp 1(Al +1gp —l¢1)
Icppg (1) -
P o AU
Arep =—In| =
ICPPG (t + At) —1—i (t) (233)
i a—€sm (Agep ) Comdsm MA
i€
= [€npo2 (AreD)C o2 T €1 (Aren )C Hp (Al + 1o = lep)
icppg (1) -
i e_gcsm(lm)csmdsm _1_IMA(t)
Ar  =-Inj=
icppg (L +At) (2.34)

1-iya(t)

ioe_gsm (S )Csmdsm N

= [epp02 (4R)C Hbo2 T &b (AR )C Hp (Al +1gp —gg)

Eq. (2.33) and Eq. (2.34) are turned to the Rq ratio in Eqg. (2.35). In Eq. (2.35), the right
hand side appears to equal to R; in Eg. (2.27). Nevertheless, the absorbing
characteristic showing on the right hand side of Eq. (2.35) is worse than the absorbing
manner expressing of Eq. (2.27) due to the iya(t) outturn.

No matter the calculated R ratio is either Rs or R, makes the obtained SpO2

value deviates from the actual SpO2 value using Eq. (2.19) in the computation.

Re

icppg (t) ,
i &m (Aren ) CsmUsm e Ima (t)
In| 2
i (t+At) .
e )iy L a(t) , ,
M_l_i (t) [gHbOZ(ﬂ’m)CIHbOZ-FgHb(ﬂ’lR)Cle]
i e_gsm (Ar)Comdsm MA
In| 2
M —1—iya(t)
g &m (A1) ComUsm MA
(0]

In the end of this analysis, one obvious fact is brought to contemplate. The
pulse oximeter is normally placed at one of the following places, fingertip, earlobe or
forehead during the measurement takes place. The mentioned human organs

essentially do not have the arterial and vein vessels inside but contain the arterial and
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vein capillaries instead. This fact suggests that the multiplicative interference may not
exacerbate the SpO2 value because the optical path length values of the arterial and
vein capillaries are hardly altered. The reason behind bare alteration is that the average
diameters of the arterial and vein capillaries are miniscule between 6 to 8 um [46].
Therefore, the optical path length values of the arterial and vein capillaries do not
exhibit any length-change significantly while organ moving. Due to very tiny diameters,
the cross-sectional area while no motion, &, and the cross-sectional area during
moving, a,,, written in Eq. (2.26) are approximately equal, a5 =a,,,. When a5 and a,,
are more or less identical, the arterial blood velocities, v and vy, in the arterial
capillary during no motion and motion are also approximately equal. Having the similar
velocities of the blood flow while at rest and moving, the concentrations of Cyyoo
and Cpp, are still not changed so the absorptions of Cyyg, and Cyy, are usual. The
multiplicative interference may be concluded to have low impact to the PPG absorbing
model. In this thesis, only the additive interference is concerned and Eq. (2.28) is
rearranged to be Eq. (2.36). In addition, Eq. (2.36) is revised to manifest the general PPG
form like Eq. (2.4).

i.opg ()= io[e—gsm(i)csmdsm + @ 1#mo02(A) 02+ (D)o Jam (V] . Giiyya (t)

2.36
where "G"is i,g”%r (eondsn (2.36)

In Eqg. (2.36), the G variable is a constant value behaving as gain to iya(t) so
the Giya(t) term is simplified to iya(t) as rewritten in Eq. (2.37). The iya(t) term in
Eq. (2.37) is commonly known as the MA signal.

icPPG ®= io [e*‘?sm (A)CsmAsp L e_[gHboz(ﬂ’)CHbOZ""gHb (A)Cp1dgr (t)] + iMA(t) (2.37)

Eventually, the mathematical model in Eqg. (2.37) is later employed to stand for the

corrupted mathematical PPG signal expression.

2.4 Frequency translation

To communicate over radio waves, an antenna is required. However, a
baseband signal contains low frequency components causing the antenna size to be
enormous in order to transmit the baseband signal over the radio waves at any specific
velocity. Frequency translation is thus introduced to resolve the antenna issue. By
applying the frequency translation, the baseband signal is ridden on a carrier signal.
Typically, the carrier signal has high frequency components. With high frequency
components of the carrier signal, the antenna size is smaller. Aside from the antenna
issue, the frequency translation is also utilized to circumvent any noises having

frequency components overlapping with the baseband signal.
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For the aspect of radio communications, three well-known techniques of
frequency translation are implemented. The first one is an amplitude modulation (AM)
and the second is a frequency modulation (FM). The last one is a phase modulation
(PM). In this thesis, the amplitude modulation (AM) is made practical use with an
emitting-LED system of the pulse oximeter. Only the amplitude modulation (AM) and

an amplitude demodulation are furnished.

2.4.1 Amplitude modulation (AM)

An amplitude modulation (AM) [47] can be implemented by various different
ways through modifying a mathematical amplitude modulating model. The
mathematical model of amplitude modulation is simply derived from a product-to-
sum formula of trigonometry to generate the translation of frequency. Adjusting the
triconometric product-to-sum formula in conjunction with filtering methods can
potentially give AM double side band suppressed carrier (AM-DSBSC), AM single side
band (AM-SSB) and AM-DSB with carrier. Quadrature AM (QAM) and AM vestigial side
band (AM-VSB) are also initially developed from the trigonometric product-to-sum
formula like the others. Among the AM techniques, the AM-DSB with carrier (AM-
DSBWC) is ubiquitously utilized because other methods of AM face the difficulty of
demodulating. The AM-DSB with carrier recognized as the standard AM is mostly found
in radio and television broadcasts. To avoid complication in demodulation, the AM-
DSB with carrier is opted to put into practice on the pulse oximeter. Only the AM-DSB
with carrier, which will be referred as the standard AM for short, is centered and its
principle is described as follows.

For convenience in explanation, let m(t) be a message signal of interest
containing only one frequency component and contain no dc component, as
represented by Eq. (2.38). In Eq. (2.38), the A, and @, variables are the amplitude
and the angular frequency of the message signal of interest, respectively.

m(t) = A, cos(at) (2.38)

To shift the message signal of interest to a desirable angular frequency, a carrier
sinusoidal signal having the carrier angular frequency @, denoted c(t) as written in
Eq. (2.39) is introduced.

c(t) = cos(a,t) (2.39)

The carrier sinusoidal signal c(t) is brought to multiply with the concerned message
signal m(t) yielding the frequency translation of AM-DSBSC resulted in Eq. (2.40).
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c(t)

Posesc (1) = cos(a t) [ Ay cos(ant)] (2.40)
m(t)

By applying the trigonometric product of cosine and cosine to sum formula provided
in Eq. (2.41) to Eq. (2.40), the AM-DSBSC expression in Eq. (2.40) becomes Eq. (2.42).

cos(a) cos(b) = ¥ [cos(a+b) +cos(a—b)] (2.41)

Lower sideband Upper sideband

dosssc (1) = 2 [605(a, ~ o)+ 08(a + )]

(2.42)

As can be observed in Eq. (2.42), the carrier signal c(t) is absent and lower (@, — @y, )
and upper (@, + ®,,) side bands containing the message of interest signal m(t) are
created. For the AM-DSBSC confronts the hassle problem of m(t) demodulation. To
make the m(t) demodulation easier, the same carrier signal c(t) cained by a factor of
A, is added to Eq. (2.40). Eq. (2.40) is rearranged to Eq. (2.43) which represents the
standard AM, and the system of the standard AM according to Eq. (2.43) can be
diagramed in Figure 2.4. The ratio of A, to A, in Eq. (2.43) is called as the modulation
index and assigned to u. Eq. (2.43) is thus updated to Eqg. (2.44).

(0] Ab[l+%cos(wmt>] cos(yt) (2.43)

Pam () = A[1+ pcos(at)]cos(at) (2.44)

For a complex message signal having multiple frequency components, the
modulation index is calculated through dividing the minimum value of the absolute

message signal by the value of A, . The mathematical form is written in Eq. (2.45).

_ MOl

(2.45)
A

Multiplier ¢DSBSC (t) | summing ¢AM (t)
M(t) e————— circuit P Circuit

A A

Voltage- Aﬁ
Controlled »| Gain
Oscillator

(vco)

c(t) =cos(a,t)
Figure 2.4 The system of the AM.
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The modulation index indicates the quantity by which the message of interest
sigcnal m(t) rides on the carrier signal c(t). Riding on the carrier signal c(t) of the
concerned message signal m(t) generates an envelope resembling to the message
signal. The envelope does not actually form but the actuality is an imaginary line
connecting the peaks of the modulated carrier signal as if the actual line of envelope
is formed [47]. The envelope is relevant to the modulation index because the value
of the modulation index defines the obviousness of the envelope. The blatancy of the
envelope is the heart of the AM since the envelope helps the AM demodulation to be
simple. Otherwise, a complicated method of AM demodulation such as coherent
demodulation is implemented. The modulation index is in the range of -1 and 1 (
|1 <1). With the modulation index approaching to either -1 or 1, the envelope is fully
present. By contrast, the modulation index pointing to 0 causes the envelope to show
poorly. Normally, the modulation index is manifested in terms of percentage as written

in Eq. (2.46). In Figure 2.5, three different modulation indices are illustrated.

Percentageof Modulation =|z[x100 (2.46)

From Figure 2.5, the upper trace shows the 50% of modulation index and the middle
row renders the 100% of modulation index. The lower subplot is the more than 100%
of the modulation index. When the percentage of the modulation index is more than
100%, the phenomenon of over-modulation occurs. The over-modulation causes the
phase of the carrier signal to reverse. With phase inverting of the carrier signal results
in distortion of the recovered message signal because undesirable harmonic

components are also demodulated along with the message signal.

50% of Modulation index (u)

Amplitude (volt)
=

0 0.05 0.1 0.15 0.2 0.25
Time (s)
100% of Modulation index ()

Amplitude (volt)
=

0 0.08 0.1 0.15 0.2 0.25

Tme (s) e e e e - -
200% of Modulation index () / The phase of the |

|

T T 1 I I
I carrier signal is |
I

. . . . L inverted. 1

0 0.05 0.1 0.15 0.2 0.25
Time (s)

Amplitude (volt)
=

Figure 2.5 Different modulation indices.
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To determine the bandwidth usage of the standard AM, Eq. (2.44) is readjusted
by the trigonometric product-to-sum formula. Eq. (2.44) is turned to Eq. (2.47). The
second term in Eq. (2.47) consists of the lower and upper side bands of the modulated

message signal and the bandwidth usage of both bands are computed by Eq. (2.48).

L Lower sideband Upper sideband
Carrier signal
_ A cos(a )+ P _ An (2.47)
dam (1) = A, cos(ay,t) + 5 cos(@, — oy )t + 5 cos(@, + oy )t :

Modulated message signal
Bandwidth = (@, + @) — (@, — o,
( (o} m) ( (o} m) (248)
=20,
The efficiency of the AM in terms of power dissipation is considered by finding

the ratio of the total power to the sum power of sidebands, as shown in Eq. (2.49).

Efficiency = - OVefsidebends 10004 (2.49)
Owertotai

The total power is the sum of the root mean squares (RMS) power of all terms in Eq.
(2.47), and can be stated by Eq. (2.50). For the sum power of sidebands is the sum of
the RMS power of the last two terms of Eqg. (2.47), and can be rendered by Eq. (2.51).

2 2 2
Power;[otal = i - i + h (250)
2 8 8
2 2
POWersigehands = % + % (2.51)

By plugging Eg. (2.50) and Eq. (2.51) into Eq. (2.49) as well as reorganizing the edited
Eq. (2.49) yields Eqg. (2.52). Under the best condition in which the percentage of x is
100% approximately gives the 33% power efficiency of the message signal at best. The
other 67% power efficiency is dissipated by the carrier signal. For the circumstances of
the percentage of u below 100%, the power efficiency of the message signal will be
lower than 33% definitely, as depicted in Figure 2.6. In reality, the message signal often
contains several frequency components which is not as simple as the given example,
A, cos(m,t) . Implementing the standard AM by which the modulated message signal
dissipates exact 33% of power to prevent the event of over-modulating is hardly
accomplished. Hence, the modulated message signal is always controlled to consume
the power lesser than 33%. Obviously, the technique of AM provides a simple

demodulation but loses 67% of power to the carrier signal.

2

Efficiency = i 5 x100% (2.52)
2+ u
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Figure 2.6 Power dissipations of sidebands and carrier.

2.4.2 Amplitude demodulation

An amplitude demodulation is the process of which a message signal is
recovered back to its original waveform. Various methods are utilized. These
techniques are categorized into two main methods which are asynchronous and
synchronous methods. Because the system of standard AM is not necessary to
synchronize the transmitted carrier signal at a receiver, mere asynchronous technique
is focused.

The most ubiquitously implemented asynchronous approach of amplitude
demodulation is an envelope detector. The envelope detector simply works by
detecting the carrier envelope linearly varied according to the message signal through
a diode associated with a combination of resistor and capacitor as illustrated in Figure.
2.7@a). In Figure 2.7(a), the received AM signal is represented by @ay (t) . Also in Figure
2.7(a), after the received AM signal passing through the envelope detector generates
the recovered message signal which is symbolized as m(t) . To succinctly explain the
amplitude demodulation, the example waveform of the received AM signal depicted
in Figure 2.7(b) is considered. Initially, the diode rectifies the received AM signal to
come out only the positive side of voltage, shown in Figure 2.8(a). After rectifying, the
received AM signal becomes a rectified AM signal and is expressed by @ qcitiegam (1) N
Figure 2.7(a). As can be observed in Figure 2.8(a), the rectified AM signal still contains
the high frequency component of the carrier signal. By placing the resistor and the
capacitor next to the diode as shown in Figure 2.7(a), the high frequency component
of the carrier signal is filtered out. This is because the combination of resistor and
capacitor is equivalent to a low pass filter. Once the carrier signal is disappeared, the

message signal m(t) is thus recovered and graphically drawn in Figure 2.8(b).



27

Envelope detector

B 1) ey

Resistor

Capacitor

(a) A simple diode and resistor-capacitor combination circuit.

Pau ()

S 4 _Z <] \\
N Imaginary envelope 1<
-7 Carrier signal S

// ) 3 /

(b) Envelope detecting process.

Figure 2.7 A general envelope detector.
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Figure 2.8 An amplitude demodulating procedure.
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2.5 Contemporary methods

In this section, three contemporary methods are briefly explained because they
are brought to compare with the proposed technique of frequency translation in this
thesis for a comparative study. The selected approaches are the technique of discrete
saturation transform (DST), the method of independent component analysis (ICA) and
the scheme of compression of Fourier series coefficients (CFC). The criteria for solution
choosing are based on well performance, easiness in construction and no need of

additional sensing devices.

2.5.1 Discrete saturation transformation (DST)

Discrete saturation transformation (DST) [25] is developed by utilizing an
adaptive filtering algorithm and the technique of DST is simply diagrammed in Figure
2.9. The adaptive filtering algorithm used in this thesis is a least mean squares (LMS)
algorithm, which is simple and powerful, for implementing the DST technique. As can
be seen in the synthesizing dashed box in the Figure 2.9, synthesizing the reference
signal is mathematically expressed by Eq. (2.53). The function of iggg (t) over time t
is the synthesized reference signal. Next, the lgrepppg(t) term is the corrupted red
PPG signal. The last term is the product of the corrupted IR PPG signal, iy rppg (t) , and
the ratio R referring to the percentage of oxygen saturation (Sp0O2) values from 1% to

100%. The ratio R is inversely calculated from Eq. (2.19) generating Eq. (2.54).

Irer (1) =lIerepppa (1) — RXIgirppg (1) (2.53)
R=4.4-0.04xSpO2 (2.54)

With the ratio R varying from 1% to 100%, a set of the synthesized reference signals
is produced. The synthesized reference signal of each ratio R is fed to the adaptive
filter one by one. For the desirable signal of the adaptive filter, the pullulated red PPG
signal, I.repppg (1), is employed for all ratios Rs. The adaptive filter stops when all
ratios Rs are swept. The adaptive filter output of which ratio gives the maximum

power is contemplated as the measured SpO2 value, as demonstrated in Figure 2.10.
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Figure 2.9 A block diagram of discrete saturation transformation (DST).
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Figure 2.10 An oxysgen saturation spectrum.

2.5.2 Independent component analysis (ICA)

Independent component analysis (ICA) [26][35] is a statistical method of parting
linearly mingled independent signals. The ICA approach presumes that any
independent signal possesses zero level of Gaussianity but when being combined with
other independent signals results the mixed signal having high level of Gaussianity. To
get the linearly mixed independent signals separated, in this thesis, the algorithm of
fast ICA (fICA) is opted for the sake of plainness. The diagram of ICA method is plainly
drawn in Figure 2.11. In this context, the linear combination of independent signals is
from the clean PPG signals obtained by the red and IR lights as well as the MA signal.
Each PPG signal is mixed with the same MA signal at different levels (see the dotted
box in the Figure 2.11), as mathematically formed by Eq. (2.55) and Eq. (2.56). From
Eg. (2.55) and Eq. (2.56), the functions of igepppg (t) and iygppg(t) are the MA-
interfered red and IR PPG signals while Iggpppg () and igppg (t) are the MA-free red
and IR PPG signals. The MA signal is Iya(t) and the functions of Wy (t) , Wi (t) , Wy (t)
, and Wy, (t) are the gaining coefficients fitted to the functions of iggpppg (t)
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Icrepppe (1) = Wi (Direpppg () +Wip (1) ipa (t) (2.55)
lrppg (1) = Way (D)i1rppg (1) +Way (1) ipa (L) (2.56)

Then, Eqg. (2.55) and Eq. (2.56) are re-expressed by a matrix form of the ICA
method forming Eq. (2.57) where the matrix x is the mixing signals referring to
Icrepppc (t) and Igrppe (t) .- The matrix W is the mixing coefficients of gain and the
matrix s is the sources of signals which are iggpppg (t) , Iirppg (t) and iya(t). InICA,
Irepppc (t) and Iigppg (t) are just the same clean PPG signal so they are assigned to
Ippg (1) . By reiterative running the algorithm of fICA on Eq. (2.57), the matrix W is kept
updating until the condition of non-Gaussianity is met. Once, the non-Gaussianity

condition is reached. The function of Ippg (t) is favorably separated.

N/ (2.57)

After the ICA solution is complete, either the extracted Ippg(t) or the
separated Iy (t) is subject to further do other signal processing methods to eliminate
the MA signal intertwining with irepppg (t) and igrppg (t) - When the MA signal is
removed, the repaired signals of irepppe (t) and igyrppe (t) are used to estimate the

SpO2 value according to Eq. (2.18) and Eg. (2.19).

Ireopec (1)
W, ()
M W)%) Ierepppo (1) f 4 i ()
4 \ Independent -

. component i
M} W>it) / analysis (ICA) IMA(t)
(1) - L

Wy (1) lrepc (1)

Figure 2.11 A block diagram of independent component analysis (ICA).
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2.5.3 Compression of Fourier series coefficients (CFC)

Compression of Fourier series coefficients (CFC) [32] simply truncates any
unwanted Fourier series coefficients which are not a member of the clean PPG signal.
The processing procedures of the CFC scheme are depicted as a block diagram in
Figure 2.12. Basically, Fourier series is applicable for a periodic signal. Nevertheless, the
clean PPG signal is not exact the periodic signal but a quasi- periodic signal. To make
use of Fourier series with the clean PPG signal, the clean PPG signal is parted cycle-by-
cycle. After cycle separation, each cycle is thus analyzed. In the event of motion
interference, the clean PPG signal is united with the MA signal giving the distorted PPG
signal. The method of CFC is still usable however the MA-combined PPG signal must
sufficiently manifest the cardiac cycle (see Figure 1.3) in order to apply the CFC
technique effectively.

From Figure 2.12, both polluted red and IR PPG signals are firstly fed to the
cycle split-up block to separate each cardiac cycle. After that, each parted cycle of
each PPG signal is inserted to the Fourier series analysis block to extract the Fourier
series coefficients. In the analysis, each split cycle of each PPG signal is expressed by
a general form of Fourier series expansion in Eqg. (2.58) and Eq. (2.59), respectively. In
Eq. (2.58) and Eq. (2.59), icrepppc oycle (1) Tepresents one cycle of the corrupted red
PPG signal and igrppg cyele (t) stands for single cycle of the distorted IR PPG signal.
The functions of Igepppg_cyele () aNd Igrppa oycle (t) are stated as the functions
varied over time t. Next, the k variable is a coefficient index starting from one and
the @ variable is an ansular frequency. Later, grep@g , rep@ and grepby are the
Fourier series. coefficients of igeppps oyoie (t) and g8y, R , and gby are the
Fourier series coefficients of yrppg cycle(t): From there, only the first twelve
significant coefficients of gep@y , repBk » IR , and gDy are kept and the remnant
coefficients are truncated. In addition, gep @y and g @y are also retained. The process
of keeping the desirable coefficients is accomplished in the block of truncation. Finally,
all selected significant coefficients of each separated cycle of each PPG signal are
reconstructed to the truncated red and IR PPG signals, iyrepppg (1) and iyrepg (t) by
reversing Fourier series. The truncated red and IR PPG signals are converted to the
SpO2 value by Eq. (2.18) and Eq. (2.19). The truncating process runs until all split
cycles created from igepppg(t) and iygppg(t) are analyzed. In the end, all

calculated SpO2 values obtained from each cycle are averaged.
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Figure 2.12 A block diagram of compression of Fourier series coefficients (CFC).



CHAPTER 3

Principles and Implementation

In this chapter, a photoplethysmographic (PPG) mathematical model is
improved to satisfy a technique of frequency translation which is an approach of
amplitude modulation (AM) at first. Secondly, the implementation on a practical pulse
oximeter is explained. Thirdly, influence of light intensity on a PPG signal is justified.
Fourthly, a few statistical indicators for signal evaluation are described. Eventually,

various experiments to test the implementation are listed.

3.1 Improvement of PPG mathematical model

With being in the identical frequency band of both a PPG signal and an MA
signal, the PPG signal is intertwined with the MA signal inevitably. To separate the PPG
frequency components from the MA frequency components, a method of frequency
translation known as an amplitude modulation (AM) is applied. By utilizing the
technique of amplitude modulation (AM) effectively, the undesirable MA signal is
considered to be an additive type.

In [48], an experiment pertaining to study the MA genre is conducted. The

studied experiment is accomplished as follows. A stable absorbing rigid material craved
like an index finger is plugged into a commercial pulse oximeter. Then, this pulse
oximeter is tied to each volunteer’s left index finger. Each volunteer is later asked to
perform the everyday finger movements under the dark condition and the bright
condition, respectively, in order to observe the output signal of each condition. The
finger movements are the following postures, finger bending, horizontal finger moving,
finger shivering, vertical finger moving and finger waving. Under the dark condition, the
output signal of each participant comes out in the same way. The output signals for
all participants do not change in line with each finger movement but their output
signals are just a constant signal. For the bright condition, the output signal of each
volunteer is proportional to each finger movement. Also, the output signals for all
volunteers emerge in the same direction. The output signals acquired during the bright
condition seem to sit over the constant output signals obtained under the dark
condition. According to the superposition principle, the occurred MA signal can be

inferred to be an additive kind of interference.
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Since the stable absorbing rigid material is not as soft as a real finger, during
finger movements unquestioningly thus makes a real finger to budge like the
performed finger movements. With the actual finger plugged into a pulse oximeter
during the finger movements, the appeared MA signal is considered to be generated
from two sources. The first source is from the external light sources as explained in
[48]. For the second source is from the distorting absorption of human organs residing
inside the finger. The distorting absorption causes the effect of undesirable absorption
added to the normal PPG absorption. The second source is hence contemplated to
be the additive kind rather than a multiplicative kind as supported by the explanation
in Chapter 2 under Section 2.3. Practically, the pulse oximeter is designed to relatively
fit to the finger. The external light sources may not always penetrate through the pulse
oximeter for all finger movements. Summarily, the second source is therefore more
influential to the occurred MA signal than the first source.

Intrinsically, the mentioned finger movements are induced in a natural manner
meaning that the given finger movements are relatively slow. As a result, the MA signals
of the referred finger movements are contained with the frequency components
located at lower band of frequency from 0 to 5 Hz. As the MA frequency components
are at lower band similar to the PPG frequency components, this explains why the PPG
signal is contaminated. However, not all frequency components of the PPG and MA
signals are superimposed. Only some frequency components of both signals are
overlapped and demonstrated in Figure 3.1 [48]. In Figure 3.1, the x-y axis represents
the frequency components in the unit of Hertz (Hz) and the light intensity in the unit
of Ampere (Amp), respectively.

As can be observed in Figure 3.1, some overlapped frequency components of
the PPG and MA signals are summed. In order to resolve this overlapping issue having
the additive characteristic, the usage of AM technique is fit to translate the frequency
components of the PPG signal away from the frequency components of the MA signal.

By utilizing the frequency translation based on the AM technique, the desirable
PPG frequency components are lifted to the desirable frequency location away from
the undesirable MA frequency components. With this frequency translation, the PPG
signal is mostly prevented from the MA signal in a frequency domain as graphically

drawn in Figure 3.2.
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Figure 3.2 Shifted PPG and MA frequency components.

As can be noticed in Figure 3.2, the MA frequency components having the
frequency components matched to the PPG frequency components are also together
shifted. Nonetheless, the magnitude ratio of a pair of the shifted PPG frequency
component which is superimposed to the matched shifted MA frequency component
is fairly low. Having low magnitude ratio suggests that the MA signal containing only
the shifted MA frequency components does not have the significant impact enough to
distort the lifted PPG signal.

Before doing the development of AM strategy, the contaminated PPG

mathematical expression in keeping with Eq. (2.37) is rewritten here again in Eq. (3.1).

lCPPG (t) = iO [e_gsm (j’)c.vmdxm + ei[thO2 (ﬂ)ch()ZngHb (ﬂ')cHh ]ddm (l) ] + lAlA (t) (3 1)

For simplicity, some terms are changed as follows. According to the explanation of

human body absorption in Chapter 2 under Section 2.1, the e Em Do yorm s

altered to a constant variable denoted A; because of the reason of fairly stable

LemorDemortem (Do Man®) i the concerned message

absorption. Next, the term of e
which is a pulsatile signal yielding the varying absorption over time with gain 4,, thus

this term is converted to A4, m(t) . After redefining, Eq. (3.1) is updated to Eq. (3.2).
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ippc(t) =1,[ A, +A,m(t)] + iy, () (3.2)

To improve Eg. (3.2) to satisfy the AM technique, a direct current (DC) source
employed to emit a light-emitting diode (LED) is simply changed to an alternating
current (AC) source. The AC source drives the LED at the carrier angular frequency of
o, rad/s and produces the varying incident light intensity by i, cos(@,t) when
touching the medium of interest. By altering the source of LED-driving, the constant
incident light intensity i, falling upon the concerned medium is transformed to
i 4o cos(@,t) abiding by the nature of the AC source. Eq. (3.2) thus becomes Eq. (3.3).

i pp (£) =140 cOS(@, [ A, + A, m(t)] +iy, (1) (3.3)

After that, Eq. (3.3) is reorganized by pulling the 4, variable out of the square bracket
and Eq. (3.3) is recast in Eq. (3.4). As can be observed in Eq. (3.4), the first combination
on the right hand side satisfies the general AM form shown in Eq. (2.44).

icPPG (t) 71 iACAS [1 + (Am /As )M(t)] COS(COCl) 1 l]\/[A (t) (34)
£ Iz

From Eq. (3.4), a few points deviate from the general AM form such as the product
term 404, and the modulation index (u) term  4,,/ 4, . However, these mentioned
points do not change the property of AM. The information of interest m(t) is still
amplitude-modulated to the desirable frequency location.

When two AC sources are implemented on the pulse oximeter, the PPG
mathematical expression is actually developed to Eq. (3.5). In £q.(3.5), ix g am(®)
represents the received signal detected by the photo-detector. Next, ¢ ,,, stands
for the red PPG AM signal modulated by the first AC source and @z ), acts for the
IR PPG AM signal modulated by the second AC source. The first AC source produces a
carrier sinusoidal signal having the carrier amplitude of i,-; and the angular carrier
frequency of @, rad/s for gp 4, . The other AC source yields another carrier
sinusoidal signal having the carrier amplitude of i,-, and the angular carrier frequency
of @, rad/s for @ 4p - Both @ 4y and @ 4y, are fully expanded in Eq. (3.6)
and Egq. (3.7), consecutively. Eq. (3.6) and Eq. (3.7) are derived from Eq. (3.4).

b R at O =0 O+ Ir ap (O + 134 (0) (3.5)
B ant = Lacr AR+ (Ayr [ A)mp ()] cos(@ut) + iy (2) (3.6)
B avr =iacoAgrl+ (Ayg [ Asp)mp (D]cos(@.ot) + iy (1) (3.7)

In Eq. (3.6), A is the absorbing value of red light taken place in the static medium.

The A, variable is the amplitude of the concerned message mp(f) resulting from
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the red light absorption in the dynamic medium. For Eq. (3.7), the variables of A4y,
A,r and mp(t) are also defined in the same way as Ay, 4,z and mg(t) but
expressed for the IR light absorption. In addition, keeping in mind, i~ and iy -, are
referred to the incident light intensities dropping upon the medium surface.

To show that the red and IR PPG signals are translated to the desirable
frequencies, Eq. (3.5) including Eq. (3.6) and Eq. (3.7) is turned into a frequency domain.
Eq. (3.5) in association with Eq. (3.6) and Eq. (3.7) is thus converted to the frequency

domain by performing the technique of FFT, as written in Eq. (3.8).
i4014
Lg m am(®)= %[5(0)— @) +6(0+ a)]

i,A
+%[MR((0_COCI)+MR(CO+WCI)]

" lAczzAis [6(w—

i lAC22AmIR [M

w02)+5(a)+ a)C2)]

R(O=0 )+ Mp(0+a,)]+ 1, (0)

As can be seen in Eq. (3.8), the red PPG frequency components, My, are attached to
the first angular carrier frequency @,;. The IR PPG frequency components, M, are
also stuck with the second angular carrier frequency @,,. By contrast, the MA

frequency components, 1,4, is still at the near-zero frequency bands not shifted.

3.2 Practical implementation

In general, a commercial pulse oximeter employs an ordinary LEDs-drive
method to emit both red and infrared (IR) LEDs as portrayed in Figure 3.3. Both LEDs
are fed by a direct current (DC) source at the voltage of +5 V alternately. In other
words, the red LED is on when the IR LED is off. While the red LED is off, the IR LED is
on. The on-off interval is done at the frequency of 1000 Hz [9]. The reason for
alternating is for separating and obtaining both red and IR PPG signals by employing
only one photo-detector to calculate the SpO2 value in the pulse oximeter context.

Not alternating would result one summed PPG signal which does not meet the
pulse oximeter need which requires red and IR PPG signals when only one photo-
detector is applied. The resultant summed PPG signal is the aggregate of both red and
IR PPG signals which are aggregated in both time and frequency domains. Due to the
similarity of frequency components, the red PPG signal and the IR PPG signal are thus
not able to be extracted from the resultant summed PPG signal. If the red PPG signal
and the IR PPG signal are combined in the time domain but parted in the frequency

domain, they can be extracted in the frequency domain.
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Figure 3.3 A classical LEDs-emitting method used in a pulse oximeter.

The conventional LEDs-emitting method driving both red and infrared LEDs in
the manner of alternation holds the PPG frequency components in the same
frequency band of a baseband signal. Aside from the PPG frequency components being
in the frequency band of the baseband signal, the MA frequency components are also
in the similar band. To shift the PPG frequency components away from the MA
frequency, the traditional LEDs-shining approach is entirely changed to the proposed
LEDs-driving technique. Instead of emitting each LED at different times, the proposed
LEDs-shining technigue employs two sinusoidal signals having dissimilar frequencies to
concurrently emit the red and IR LEDs. One sinusoidal signal is applied to only one
LED. By utilizing two sinusoidal signals containing unlike frequencies, both LEDs can be
driven simultaneously and both red and IR PPG signals are not summed even one
photo-detector is used. This is because both red and IR PPG signals are literally
separated in a frequency domain. In order to generate two sinusoidal signals having
different frequencies, two alternating current (AC) sources each having discrepant
frequencies are employed. The improvement is accomplished by replacing the dotted
box shown Figure 3.3 with the proposed LEDs-emitting approach drawn in Figure 3.4.

In Figure 3.4, a signal generator is brought to supplant the DC source to power
red and IR LEDs. The signal generator implemented in this thesis is built from two IC
AD9833 programmable waveform generators to provide two channel outputs for
shining the red and IR LEDs. The IC AD9833 is manufactured to generate various
common waveforms in the frequency range of 0 to 12.5 MHz, and operates at a power
supply voltage of +5 V. Besides, the units of control signal and LED-alternating control

are superseded by a reference voltage unit and a transimpedance amplifier (TIA).
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Figure 3.4 A proposed LEDs-driving technique implemented in a pulse oximeter.

The reference voltage unit is employed to function as an equivalent ground performing
the reference voltage instead of connecting to the real ground for both LEDs. The
reference voltage unit comprises of two buffer amplifiers. The transimpedance
amplifier (TIA) is brought to augment the detected signal from the photo-detector
because the strength sensed signal is fairly low. Apart from boosting the signal level,
the TIA also transforms the electrical current form detected by the photo-detector to

the electrical voltage form making further processing conveniently.

3.2.1 Signal generator

In this subtopic, the design of how a signal generator is built is described. The
signal generator is constructed from four main components which are a controlling
component, a waveform generating component, a signal offset voltage component
and a signal amplifying component, respectively. These components are mingled
together and graphically portrayed in Figure 3.5. The designed signal generator is
powered by which a 50-watt switching power supply manufactured by MEANWELL is
capable of DC supplying +12 V and +5 V. For the DC voltage supply of +3.3 Vis supplied
from the microcontrollers used in the controlling component.

The controlling component consists of two microcontrollers (ATMEGA328)
marked as Ctrl1 and Ctrl 2, respectively, and one 4x4 keypad signed as KP1. Ctrll is

designed to control the waveform generators (IC AD9833) which are marked as W1 and
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W2 in the waveform generating component in order to generate two different
waveform signals. The communication between Ctrl1 and the waveform generators is
established through the serial peripheral interface (SPI). In this thesis, two sinusoidal
signals having different frequencies are required. Hence, Ctrll is programmed to
command W1 and W2 to generate the sinusoidal signals according to the flowchart
diagrammed in Figure 3.6 as follows. W1 and W2 each is designed to generate a
sinusoidal signal having the frequency approaching 1000 Hz [9]. According to the
flowchart exhibited in Figure 3.6, initially, an AD9833 library is included in Ctrl1 in order
to make Ctrll recognize W1 and W2. Next, two pins are defined in Ctrl1 to identify W1
and W2. Then, two AD9833 objects related to W1 and W2 are created for calling the
AD9833 methods built in the included library. After that, Ctrll1 attempts to establish
connection with W1 first and W2 later. In case of failure to create the connection with
either W1 or W2, an alarm event is flagged and requires manual repair until the alarm
event is disappeared. After the alarm event is solved, Ctrll is necessary to restart itself
to run from the beginning again. With this designed algorithm, W1 and W2 are surely
established with Ctrll and generate two signal outputs to serve the signal generator
purpose. When Ctrll is able to communicate with W1 and W2, two parameters which
are a type of waveform and a desirable frequency are transmitted to W1 and W2. For
W1, the sinusoidal waveform is selected and the frequency of 1070 Hz is set. For W2,
the sinusoidal waveform is also chosen and the frequency of 800 Hz is set. Finally,
Ctrll instructs W1 and W2 to enable their signal outputs (V;,; and V,,). These two
frequencies are opted from the available electronic devices at the time of
implementation. To prevent any damages that may occur on W1 and W2, both
generated sinusoidal signals are fed to two separate buffer amplifiers [49]. These two
buffer amplifiers are constructed from two op-amps embedded in IC TLO62 marked as
OAl in the waveform generating component. After passing through the buffer
amplifiers, the output sinusoidal signals (Vyg,; and V., ) are gained by which they
are fed to two different instrumentation amplifiers marked as IA1 and IA2. Each
instrumentation amplifier implemented in this thesis is IC AD620. The amplifying gain
Gy, provided by each IC AD620 is calculated by Eqg. (3.9) [50]. Each IC AD620 is
configured to furnish the amplifying gain of 2.8 by plugging the gain resistor (R ) of 27
kQ into each IC AD620. The gain resistors are marked as RG1 and RG2, consecutively.
After signal amplifying, the two output sinusoidal signals (Ve and V.o ) become
Vasigt @nd Vigigo as written in Eq. (3.10) and Eq. (3.11).

Gy =49.4kQ[R;+1 (3.9)
VGSigl = GIAI/bSigl Whei’e GIA = 2.8 (3 10)
VGSigZ = GIAVbsigZ Whel"e GIA = 2.8 (3 1 1)
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For Ctrl2 is dealt with adjusting the signal offset voltage and the signal gain.
Instead of using an analog potentiometer in signal gain adjustment as well as signal
offset voltage alteration, a digital potentiometer (IC MCP41050) is introduced. The
digital potentiometer is programmable. For MCP41050, the resistant value can be
programmed to vary in the range of 0 to 50 £Q which is divided into 256 steps starting
from 0 to 255. Each step approximates 195.3 Q. In this design, Ctrl2 is connected with
four digital potentiometers marked as DP1, DP2, DP3 and DP4 in the signal offset
voltage component and the signal amplifying component, respectively. Ctrl2
communicates with DP1, DP2, DP3 and DP4 via SPI. DP1 and DP2 are assigned to control
the signal offset voltage as well as, DP3 and DP4 are assigned to control the signal gain.
DP1 and DP2 each behaves like an analog potentiometer. Thus, the offset voltages,

Vogr @nd V0, furnished by DP1 and DP2 are equivalently expressed by Eg. (3.12)

and Eq. (3.13). In Eq. (3.12) and Egq. (3.13), R

adj _DPI and R

«dj pp2 are the resistor

values programmed by Ctrl2 of DP1 and DP2, and 3.3 is the DC voltage supplied by

Ctrl2. R,y pprand R,y ppy are functioned as varying gain from 0 to 1.
Voin =3-3R.y; ppi (3.12)
Vogra =33R0gy pp2 (3.13)

To sum two signals, a general non-inverting summing amplifier based on an op-amp
[49] is applied. For this thesis, IC TL062 marked OAZ2 is brought to handle the

summation of ¥,

st and Viger, and the combination of V.

S

2 and Voo - When Ve
is connected to the non-inverting summing amplifier, DP1 is equivalently acted like a
3.3V DC is connected in series with R, ppy (seea dotted box in Figure 3.5). Due to
the same structure as V1, V52 is performed not different from V4, (see a dashed
box in Figure 3.5). Hence, by employing the basic non-inverting summing ampilifier, the
summation of ¥,
of Vs

N

a1 and Ve Is written in Eq. (3.14) where V1 is the summed signal

n and Ve - Likewise, V.

12 and V.o are combined and stated in Eq. (3.15)
yielding the unified signal, ¥,,,,»- In Eq. (3.14) and Eq. (3.15), the resistant values of Ry,
, Rfi1, Rfia, Ry, Rf5;, and Rf,, are set to 10 kQ). By setting Rf|,, Ry, Rf5,, and
Rf,, equally, the gain factor of 2 is generated and multiplied to each summed signal.

Lastly, V.

S

um1 @nd V.~ are wired to DP3 and DP4, respectively, in the signal amplifying

component to augment their magnitudes.

R R
Ve :(14.@} Vosial e PPl 35 1 (3.14)
Rf Ry + Ry ppi R+ Ry ppi

R R4 R
Ve :{14_&} Vosiar RO/ Y S ) W (3.15)
Rfy, Ry + Ry pp2 Ry + Ry pr2
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The augmented summed signals denoted Vg, @and Vggma » in order, are expressed

in Eq. (3.16) and Eq. (3.17) where R, pp3 and R,

programmed by Ctrl2 of DP3 and DP4. From Eq. (3.16) and Eq. (3.17), R,; pp3 is the

gain factor of V1 and R,; pps is likewise the gain factor of V,,,,. Before Vg

ppa are the resistor values

and Vggmo are connected to red and IR LEDs, they are separately passed to two
separate buffer amplifiers giving rise to V,,,;(CH1) and V,,,, (CH2). These two buffer
amplifiers are implemented from two op-amps implanted in IC TL062 tagged by OA3.

VGsuml = V?umlRadjiDP3 (3.16)

Vésum2 = Veum2Ragjppa (3.17)

In adjusting the signal offset voltage and the signal gain is done through KP1. Each
button furnished by KP1 is set to perform a specific task according to the instruction
coded in Ctrl2. In this design, eight buttons which are 1-button, 2-button, 3-button, 4-
button, 5-button, 6-button, B-button and A-button are programmed as follows. The 1-
button increases the signal gain by one step while the 2-button decreases the signal
gain by one step. For the 3-button, the signal gain is lifted up by five steps. By contrast,
the A-button moves the signal gain down by five steps. The other four buttons are for
altering the signal offset voltage. The d4-button and the 6-button perform one-step
increment and five-step increment, consecutively. The other way round is that the 5-
button is set to one step down and the B-button is placed to five steps up. Each
assigned button is programmed by the flowchart in a dashed box of Figure 3.7. The
flowchart above the dashed box in Figure 3.7 is the initial controlling settings
programmed like the flowchart in Figure 3.6.

In this thesis, the implementation of sienal generator uses IC AD9833 to
generate a desirable signal. As IC AD9833 is a low-cost product, it may thus not function
as good as a commercial signal generator. IC AD9833 only operates on a +5 VDC single-
supply system while the commercial signal generator operates on a +12 VDC dual-
supply system. This makes the commercial signal generator is more flexible the signal
generator constructed by IC AD9833. To enhance the implemented signal generator to
function as identical as the commercial signal generator, a high quality type of a signal

generating IC should be brought to implement.
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Figure 3.6 Flowchart of generating a signal.
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Figure 3.7 Flowchart of adjusting offset voltage and gain.
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3.2.2 Reference voltage and radiated power

In a final product of a commercial pulse oximeter probe, the anode pins of red
and IR LEDs are soldered together and generally wired to +5 V DC. The other two
cathode pins of red and IR LEDs are left floating for the purpose of controlling.
Normally, the reference voltage of 0 V DC known as the electrical ground is employed
in @ common pulse oximeter. The electrical ground is controlled to attach to the
cathode pin of the LED that is being driven while the cathode pin of the other LED is
left floating. By utilizing the constant reference voltage which is 0 V DC, each LED
shines light intensity in a constant manner. To illuminate the light intensity in the
sinusoidal pattern, an AC source is introduced to use as the reference voltage. In this
thesis, two AC sources having different frequencies are implemented to provide two
references of voltage, as depicted in Figure 3.8. Figure 3.8 is drawn from the signal
generator section and the reference voltage section of Figure 3.4. One AC source is
designed to fix to only one LED cathode pin. In addition, each AC source is attached
to a simple buffer amplifier before connecting to the LED. The simple buffer amplifier
is used to protect each AC source by blocking any unexpected effects generated by
the LED and the +5 V DC source.

To calculate the power radiated by each LED, the electrical current of each
LED is required. By applying Kirchhoff’s current law (KCL), the electrical currents of
both IR and red LEDs denoted Ijp;zp and Igpprep, shown in Figure 3.8 are

mathematically expressed by Eq. (3.18) and Eg. (3.19).

SV =V V.
LipieD = ]‘;[R L (3.18)
IR2
Sk, 1S e
Lpeprep = IfaRED 7 (3.19)
RED2
p=-mERY= VL. == -~

Signal
generator

olmmn|

o o~ B

CH1 CH2

Viett
Rir1 lirLED

330

RED LED driver
RRED2

Figure 3.8 Implementation of reference voltage.
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In Eq. (3.18) and Eq. (3.19), Vg and Viggp are the forward voltages dropped
across the IR and red LEDs. A typical IR LED has the average forward voltage of 1.8 V
while a common red LED has the mean forward voltage of 1.85 V [51]. The forward
voltages of both LEDs are approximated to 1.8 V because both forward voltages of IR
and red LEDs are not much different. As ¥,y and V., are not constant but varied in
the sinusoidal pattern, each bottom voltage peak of each reference voltage is brought
to calculate the current of each LED. Bearing in mind, the structures of W1, W2, DP1,
DP2, DP3 and DP4 employs the electrical ground (0 V DC) as their reference voltage.
As aresult, ¥, and V-, will never go below 0 V. At the same time, V,r and ¥,
are designed to always have their lowest voltage peaks at 0 V in this thesis. For the
last two variables which are Rz, and Rggp,, €ach defines the amount of current to
flow across each LED. In this context, Rz, and Rgzp, €ach has the resistant value of
330 Q. From the given information above, Eq. (3.18) and Eq. (3.19) are computed, and

Lipiep @s well as Ipep; pp are revealed in Eq. (3.20) and Eq. (3.21).

b)) 5 I

B, [ TR (3.20)
=9.7mA

) S -1.8V =0V

T LR (3.21)
~9.7mA

The resultant current of each LED, 9.7 mA, is then brought to calculate the radiated
power P of each LED through Eq. (3.22).

P=1IV (3.22)

From Eq. (3.22), 1 aswell as V' are the current flowing across the selected LED
and the voltage dropped across the selected LED. Since the forward voltages for both
IR and red LEDs are equal and the resultant currents of both LEDs also equate, the
radiated powers for both LEDs are thus identical. After plugging the forward voltage of
1.8 V and the resultant current of 9.7 mA into Eq. (3.22), the radiated power of each
LED is roughly 17.5 mW. In this power calculation, the acquired radiated power of each
LED is the maximum power dissipated by each LED. This is because the reference

voltage of each LED in this calculation is the bottom voltage peak of 0 V DC.

3.2.3 Transimpedance amplifier (TIA)

A transimpedance ampilifier (TIA) functions as a current-to-voltage converter. In
a pulse oximeter, the transimpedance amplifier turns the current output generated by

a photo-detector. Briefly, when light intensity falls upon the photo-detector, the
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photo-detector converts the detected light intensity into the electrical current. To
make use of the current output of the detected light intensity conveniently, the
transimpedance amplifier comes into play. The transimpadance amplifier simply turns
the electrical current form into the voltage form. In this thesis, the simple
transimpedance amplifier based on an op-amp (see Figure 3.4) is implemented. The
reason for implementing the simple transimpedance amplifier is that the desirable
frequency range is located at a near-zero frequency range which fits the simple
transimpedance ampilifier sufficiently. Not only the transimpedance amplifier converts
the electrical current form to the voltage form but also boosts the level of the voltage
output. The simple transimpedance amplifier can be numerically stated by Eq. (3.23)
[52] where V,,, is the voltage output generated by converting the electrical current

I;, of light intensity. Dividing V.

in e Py I, , a cain resistor is revealed.

b
ST (3.23)

m

In this design, the gain resistor R, is set to 10 Q in order to furnish 10 times of the
gain factor. As can be seen in Eq. (3.23), the voltage output provided by the simple
transimpedance amplifier is inverted due to the negative sign. Hence, the voltage

output is suggested to do the inverse of the voltage output before further processing.

3.2.4 Signal processing

A signal output produced from a transimpedance amplifier (see Figure 3.4) is
sent to a computer for further processing via the same acquisition device previously
used in Section 3.1. The same computer simulation program is utilized to cope with
controlling the acquisition device to record the signal output. The recorded signal
output is the summation of a red PPG AM signal, an IR PPG AM signal and an MA signal.
The collected signal output is augmented and now in the form of voltage as a result
of the current-to-voltage converter provided by the transimpedance amplifier. The
recorded signal output is mathematically written in Eq. (3.24) which is based on the
received signal written in Eq. (3.5). In Eq. (3.24), the recorded signal output is
represented by viz (), and vy () aswellas vy~ (2) are the AM signals
of red and IR PPG signals, and v; (¢) is the MA signal. The recorded signal output is
then processed by the flow diagram in Figure 3.9 to recover the red PPG signal and
the IR PPG signal. Both PPG signals are finally turned to the SpO2 value.

Vie_ir_am (D =vg  OFvy  (O+v O (3.24)

From Figure 3.9, the received signal is firstly recorded by the computer

simulation program via the acquisition device. The received signal is sampled at the
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sampling rate of 5000 sample per second. Secondly, the recorded signal output is
passed to two band-pass filters (BPF1 and BPF2) in order to discriminate the red PPG
AM signal and the IR PPG AM signal. Each BPF is designed by an approach of Butterworth
filter. The Butterworth filter is chosen in this thesis because its frequency response is
maximally flat in the passband. In addition, the phase response in the passband of the
Butterworth filter is more linear than other digital filters such as Chebyshev Type | /
Type Il and Elliptic filters. BPF1 is constructed to have the center frequency of 800 Hz
and to provide 40 Hz of pass-band while BPF2 is built to filter in the range of 1050 to
1090 Hz. Each BPF is a fourth-order filter. As the MA signal is located at the near-zero
frequency range, by passing the collected signal output through BPF1 and BPF2
eliminates the MA signal implicitly. Thirdly, an equivalent method of envelope
detection is performed on each band-filtered output of each BPF to amplitude-
demodulate the original signal back. The equivalent method of envelop detection
simply performs the mathematical absolute operation on the AM signal. After the
process of envelope detection, each envelope-detected signal is fed to a low-pass
filtter (LPF) to get rid of the carrier frequency remained in each. Each LPF is also made
by the approach of Butterworth filter, and each one is a fourth-order filter having the
cut-off frequency of 6 Hz. Once, the MA-free red PPG signal and the uncorrupted IR
PPG signal are recovered, an algorithm of peak separation is applied on each PPG signal
to separate two consecutive peaks. As one PPG signal contains many periods even
each period is not exactly equal, performing the algorithm of peak separation will give
two consecutive peaks severed into many sets. Eventually, the first set of two
consecutive peaks of each PPG signal is plugged into Eq. (2.18) and Eq. (2.19),
respectively, to calculate the SpO2 value. The SpO2 computation is iteratively run until
the last set of two consecutive peaks of each PPG signal is turned to the SpO2 value.
Due to many sets of two consecutive peaks, a number of SpO2 values are obtained
when considering one pair of red and IR PPG signals. Therefore, all SpO2 values
calculated from one pair of red and IR PPG signals are averaged in the end. Keeping in
mind, all signal processing processes regarding the frequency done in the computer
are converted to the angular frequency for processing. For the red PPG signal and the
IR PPG signal obtained from the conventional pulse oximeter, they are also collected
at the same time as the two AM signals are recorded. Each conventional PPG signal is
first fed to the same LPF as previously mentioned. Then, the filtered conventional red

and IR PPG signals are changed to the SpO2 value.
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Figure 3.9 Procedures of signal processine.

3.3 Influence of light intensity

To further study the presented LEDs-emitting method, influence of light
intensity on the quality of the PPG signal is focused while the MA signal is either
existent or inexistent. This further study is accomplished by changing the incident light
intensity i, falling upon the surface medium according to Eq. (3.4). Change of the
incident light intensity i, is performed by changing the root mean square (RMS)
current fed to a LED. In this thesis, three values of RMS current values which are
computed from the following conditions. The first condition drives the LED by the
amplitude voltage of 1 Vpp with the offset voltage of 4.5 V. Next condition, the LED is
fed by the amplitude voltage of 1.5 Vpp with the offset voltage of 4.25 V. For the last
condition, the LED is powered by the amplitude voltage of 2 Vpp with the offset

voltage of 4 V. From the given conditions yield the RMS current values of 14.71 mA,
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14.49 mA and 14.26 mA, respectively. The quality of the PPG signal is justified through
a SpO2 value when the incident light intensity i 4. is altered.

3.4 Statistical indicators for signal evaluation

In this thesis, three statistical indicators for signal evaluation are opted. The first
statistical indicator is Pearson’s correlation coefficient (PCC) [53] and the second
statistical indicator is mean square percentage error (MSPE) [54]. The last statistical
indicator is mean absolute percentage error (MAPE) [54]. The first two statistical
indicators are utilized to check the PPG morphological similarity of the PPG signals
obtained from the proposed LEDs-driving technique and the conventional LEDs-shining
method, respectively. For the MAPE is employed to verify the accuracy of the SpO2
value of the presented LEDs-emitting approach and the accuracy of the SpO2 value of

the conventional LEDs-shining method.

3.4.1 Pearson’s correlation coefficient (PCC)

The Pearson’s correlation coefficient (PCC) is used to check the PPG
morphological similarity in both time and frequency domains in respect of correlation
in this thesis. The Pearson’s correlation coefficient (PCC) is calculated by Eq. (3.25)
where ryy is the Pearson’s correlation coefficient and X is the retrieved PPG signal
and Y is the conventional PPG signal.

i cov(X,Y) (3.25)
Ox Oy,
Next, cov(X,Y) is the covariance of X and Y, and oy is the standard deviation of
X aswellas gy is the standard deviation of Y . The level of similarity, ryy , is roughly
defined as follows. The value of ryy in the range of 0.5 to 1 indicates high correlation
(high similarity) between X and Y. For moderate correlation (average similarity), the
value of ryy is between 0.3 and 0.49. The last range of ryy between 0 and 0.29 shows
weak correlation (low similarity). The zero-value of r,; suggests that the signals X

and Y are not correlated. For the negative value of ry;, means the opposite similarity.

3.4.2 Mean square percentage error (MSPE)

The mean square percentage error (MSPE) is utilized to compare the PPG
morphological similarity in the time domain in relation to error. Since the red and IR
PPG AM signals as well as the conventional red IR PPG signals are sampled almost
simultaneously, phase lagging between these signals is insignificant. With the
insignificance of phase lagging, the mean square percentage error (MSPE) is therefore
usable for checking PPG morphological similarity as well. The MSPE is computed
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through Eq. (3.26) where N is the sample size and Xj is the retrieved PPG signal and
Y. is the conventional PPG signal. Broadly, the tool of MSPE holds the same properties
of the mean square error (MSE). If the two considered signals have the MSE value of
zero, they are cogitated to be identical [55]. Identically, the MSPE value of 0% is hence
inferred that the two considered signals are also similar. In this point of view, the low
value of MSPE approaching to 0% points that the signals X and Y are highly similar.
By contrast, the high MSPE value implies that the signals X and Y are highly dissimilar.

Besides, X and Y are normalized before computing.

2
N(X.-Y.
MSPE = 19 > {X’ i j (3.26)

i=1 /A

1

3.4.3 Mean absolute percentage error (MAPE)

To measure the accuracy of the proposed strategy, the SpO2 value is employed
as a criterion. The SpO2 value obtained from each moving posture of each subject is
fed to mean absolute percentage error (MAPE) to quantify the amount of accuracy.
The MAPE is calculated by the formula written in Eq. (3.27). In Eq. (3.27), ag,p, is the
actual SpO2 value is the SpO2 value measured while at rest. Also in Eq. (3.27), s; is
the measured SpO2 value while moving and N is the total number of the SpO2 values
used in the MAPE calculation.

N
mapg =05

i=1

a A
s (3.27)

4sp02

3.5 Experiments pertaining to testing of implementation

To evaluate the implementation of the proposed LEDs-driving technique,

diverse experiments to be conducted are listed as follows.

- The MA signals of common finger poses experimented by all involving
participants are collected. Later, the recorded MA signal of each common
posture is converted to a frequency distribution to demonstrate the
overlapping frequency bands of the PPG signal and the MA signal [56].

- The designed signal generator is experimented to illustrate that two
sinusoidal signals having the frequencies of 800 Hz and 1070 Hz,
respectively, are generated.

- The proposed LEDs-driving technique is experimented while at rest to
clearly show that two AM signals having the red and IR PPG signals as the

message signals are created. In addition, the red and IR PPG frequency
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components are shown that they are translated to the desirable frequency
locations.

- The recovered red and IR PPG signals obtained from the proposed LEDs-
driving approach are verified that their PPG morphologies are maintained
and similar to the conventional LEDs-shining method. Two statistical
indicators, PCC and MSPE, for checking PPG morphological similarity in are
applied.

- While any finger posture is induced, the presented LEDs-emitting solution
is experimented to manifest that the red and IR PPG signals are actually
separated from the MA signal. Next, the red and IR PPG signals acquired
from the proposed LEDs-driving strategy are turned to a SpO2 value. Later,
a statistical indicator known as MAPE by employing the SpO2 value is
justified.

- Change of light intensity is firstly experimented during staying at rest to
check that the quality of the SpO2 value is affected. Later, change of light
intensity is also experimented while motion is involved to check whether
that the quality of the SpO2 value is affected. Change of light intensity is
done by changing the root mean square (RMS) current fed to each LED.
Three values of RMS current values, 14.71 mA, 14.49 mA and 14.26 mA are
experimented.

- Fora comparative study, the MA-interfered red and IR PPG signals obtained
by the conventional LEDs-shining method are repaired by three well-known
methods (see Chapter 2 under Section 2.5). The repaired red and IR PPG
signals are converted to the SpO2 value and the obtained SpO2 value is
checked its accuracy through MAPE. The MAPE of each method is compared
with the MAPE of the proposed LEDs-driving technique to render the
performances of the proposed LEDs-emitting approach and the three well-
known methods. In the comparative study, all common postures are
experimented.

The experimental results of the listed experiments will be shown and discussed

in Chapter 4.



CHAPTER 4

Experimental Results and Discussion

This chapter manifests all results experimented by the list of the experiments
briefly detailed in Chapter 3 under Section 3.5. For simplicity in following up all
experiments, the experimental results of each experiment are sequentially illustrated

according to the given list of the experiments.

4.1 Evaluation of frequency distributions of regular postures

In order to treat MA signals from regular postures produced by human
movement, each posture's behavior is studied in this section. Because this thesis
centers on a finger probe pulse oximeter, the regular postures are thus related to finger
movements which are bending, shivering, waving, horizontal movement and vertical
movement. Each given posture is analyzed in a frequency domain and the acquired
frequency components of each pose are then brought to create a frequency
distribution of each motion.

To generate the MA signals regarding the everyday poses for analyzing, 75 Asian
participants having yellowish skin are volunteered. The involving volunteers compose
of 38 males and 37 females having the age between 21 to 60 years. The overall age
of male subjects is 37.21 years with the standard deviation of 13.27. For female
participants, the mean age is 39.78 years with the standard deviation of 11.78. More
details on the average age of each age range and the quantity of each gender of each
age range are summarized in Table 4.1. Each volunteering subject is requested to do
five different experiments which are relevant to the mentioned finger moves. In these
experiments, every participant is asked to put the finger probe pulse oximeter
mounted with a light intensity sensor, as portrayed in Figure 4.1, onto his/her left index
finger. The light intensity sensor is functioned to measure any amount change of light
intensity while any motion takes place. Each experiment is performed five times ten
seconds each. All subjects are treated with care as well as minimal risks. All conducted
experiments follow the Declaration of Helsinki. To record the MA signals performed by
each involving subject, a USB-0001 portable acquisition device manufactured by
National Instruments (NI) is employed through a computer simulation program. Each
MA signal is sampled at the rate of 400 samples per second.

Because the light intensity sensor has a built-in amplifier, the sensed signal
generated by this sensor is promptly used without requiring any extra amplifying

circuits. Also, the light intensity sensor is compatible with the voltage of +5 V DC.
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Table 4.1 Summary of subjects’ age and gender.

Age Amount of male Mean Standard | Amount of female Mean Standard
range o age L » age L
(years) participants (years) deviation participants (years) deviation
21-30 14 24.43 3.30 12 26.33 1.97
31-40 9 34.44 3.28 8 36.13 2.85
41-50 8 47.63 2.86 7 45.71 3.55
51-60 7 54.43 2.15 10 54.70 2.79
Total 38 37.21 13.27 37 39.78 11.78
S

Finger probe pulse oximeter

Figure 4.1 A finger probe pulse oximeter mounted with a light intensity sensor.

Once, all MA signals of all subjects are collected. The recorded MA signals are
then analyzed by the same aforementioned computer simulation program. A
technique of fast Fourier transform (FFT) selected as an analyzing tool is introduced to
transform the entire MA signals in a time domain to the frequency domain. Lastly,
some of the MA signals obtained from which both masculine and feminine subjects
are randomly chosen are depicted in Figure 4.2. In Figure 4.2, the top row comprises
of five sub-pictures illustrating the MA signal of each posture produced by the same
male volunteer. Also in the same figure, the lower row consists of five sub-images
manifesting the MA signal of each pose induced by the same female participant. The
x-axis and y-axis of each sub-picture in Figure 4.2 represent time in a unit of second
and amplitude in a unit of voltage, respectively. As can be observed in Figure 4.2, each
MA-signal pair of each pose is not entirely similar because the movement characteristic
of each person is different from person to person. Although each MA-signal pair of
each posture induced by male and female volunteers does not completely look alike,
each MA-signal pair of each pose bears the same frequency components. The rest MA
signals of each pose for both genders also hold the same frequency components like
each MA-signal pair of each posture shown in Figure 4.2.

After analyzing the total MA signals, a set of frequency distributions regarding
the regular postures are demonstrated as follows. Firstly, a group of frequency

distributions of each posture is illustrated in Figures 4.3-4.7. In each figure is composed
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of the frequency distributions of four age ranges, which are 21-30 years, 31-40 years,
41-50 years and 51-60 years from left to right, respectively. Besides, the top trace of
each figure represents the masculine frequency distributions and the down row in the
same figure stands for the feminine frequency distributions. Secondly, the overall
frequency distribution of each pose for the ages between 21 to 60 years is graphically
summarized in Figure 4.8. In Figure 4.8, the bending posture is placed at the far left
column. The second column is the illustration of the horizontal movement posture.
The middle column of the figure shows the shivering posture and the fourth roll
displays the vertical movement posture. For the last one (far right) is the picture of the
waving posture. Similar to Figures 4.3-4.7, the upper and lower tracks are the frequency
distributions of male and female in order. In each sub-picture of Figures 4.3-4.8, the
MA frequency components (x-axis) are plotted against the number of occurrences (y-
axis). The x-axis of the MA frequency components is shown only the first 10 Hz. This is
because the MA-free PPG frequency components are located at the frequency band
between 0.09 to 4 Hz [57].

According to Figures 4.3-4.7, the frequency components of each pose are found
densely distributed at the low frequency between 0 to 2 Hz for all age groups of both
genders. Nonetheless, the frequency distributions of the bending and shivering
postures expand up to 4 Hz. For the bending pose, almost all frequencies between 0
to 4 Hz are significantly occupied for both male and female subjects of all age ranges.
Nearly perfectly conforming to the bending finger movement, only the age range of 41
to 50 years of male subjects of the shivering postures has the frequency distribution
exhibited differently. The frequency components for the aforementioned male age
range of 41 to 50 years are principally stuck together around 0 to 2 Hz like the other
three postures. From this viewpoint may briefly imply that the bending and shivering
poses create more complication on the PPG signal than the postures of horizontal
movement, vertical movement and waving movement. This is because the normal
PPG frequency components located between 0.09 to 4 Hz are almost overlapped by
the frequency components of the bending and shivering poses. For the rest postures
overlaps approximately only 0 to 2 Hz of the uninterrupted PPG frequency. Figure 4.8
renders the overall frequency distribution of each posture for each sex at the age range
of 21 to 60 years. The overall frequency distribution of each pose reveals that both
frequency distribution shapes of male and female are in the same direction. This
indicates that both genders generate the same frequency components when each
posture is induced.
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4.2 Evaluation of the proposed LEDs-emitting technique

To exhibit that the proposed LEDs-driving solution is practical, the given
implementation is verified through four main experiments as follows.

The first experiment is carried out to affirm that changing DC source to AC
source in LEDs-emitting actually translates the red and IR PPG frequency components
to the desirable locations [57]. Also, a PPG morphological deviation of the proposed
scheme from the conventional method is gauged. Next, the second experiment is
conducted to illustrate that the proposed strategy potentially separates the red and
IR PPG signals from the MA signal in a frequency domain. The second experiment
consists of various sub-experiments to test the validity of the proposed solution [57].
The main objective of altering LEDs-driving in this thesis is expected to solve the
overlapping issue of the PPG signals and the MA signal in the frequency domain. In
addition, by implementing the proposed technique is anticipated in keeping all
significant PPG morphologies having low distortion while any motion takes place.

The third experiment is performed to study whether the quality of a SpO2
value is impacted when the incident light intensity falling onto a subject’s surface
medium is changed [58]. For the last experiment is administered to compare the
performances of the proposed LEDs-driving technigue and other well-known methods
[59]. The performance comparison employs the SpO2 value as a criterion to judge their
performances.

In order to obtain the experimental results of all experiments, all 75 volunteers
who participated in the previous experiments conducted in Section 4.1 are again

requested to attend.

4.2.1 Evaluation of the implementation of the proposed LEDs-driving
technique
4.2.1.1 Evaluation of the designed signal generator

In this implementation, the signal generator is initially configured to provide the
amplitude of 1 Vpp (Voltage peak-to-peak) and the offset voltage of 0.5 V to each
output channel. As each sinusoidal output is functioned as the reference voltage to
each LED, the voltage fed to each LED is characterized as shown in Figure 4.9. In Figure
4.9(a), the left sub-figure is the voltage fed to the red LED over time rendering the
sinusoidal signal having the frequency of 800 Hz with the offset voltage. Besides, the
sub-figure on the right is zoomed to only the 800-Hz frequency spectrum of the voltage
signal across the red LED even the DC component also exists. This is to show that the
generated sinusoidal signal conforms to the configuration set to the signal generator.
In Figure 4.9(b), the left sub-figure and the right sub-figure are illustrated in the same

manner as Figure 4.9(a) but these sub-figures are stood for the frequency of 1070 Hz.
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Normally, the LED is fed by the electrical current. Hence, from Figures 4.9(a)-4.9(b), the

amplitude voltages for both LEDs are turned to the electrical current in terms of root

mean square (RMS). The calculated RMS current values for both LEDs are 14.71 mA.
4.2.1.2 Evaluation of translating PPG frequency components

In this experiment, each volunteer is asked to insert two pulse oximeters onto
the volunteer's left hand. One pulse oximeter is put onto the volunteer’s index finger.
The other one is worn on the middle finger. For the index finger, the pulse oximeter
implemented by the proposed LEDs-emitting technique is utilized. For the middle
finger, the commercial pulse oximeter embedded with the conventional LEDs-driving
method is used. The experiment is conducted by requesting each subject to place
his/her left hand at rest on the provided table for 5 times, 10 seconds each. During
the experiment takes place, three ambient conditions which are temperature, relative
humidity (RH) and light intensity are monitored. The temperature is about 28.94
degrees Celsius with standard deviation of +1.2, and the relative humidity is around
38.17% with standard deviation of +2.6. For the light intensity, the value is
approximately 167.88 lux with standard deviation of +6.1. The experiment is conducted
at daytime during 8am to 4pm.
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To assert that the red and IR PPG signals are physically amplitude-modulated
by the proposed LEDs-driving technique, some results arbitrarily picked from each age
range are illustrated in Figure 4.10. Nonetheless, the rest results also characterize in
the same sense like those displayed in Figure 4.10. In Figure 4.10, eight sub-figures are
demonstrated in a time domain and the left column shows the male’s results while
the right column depicts the female’s results. Also, the first row renders the masculine
and feminine results selected from the age range of 21 to 30 years. Likewise, the
remaining rows exhibit the male and female results chosen from the following age
ranges, 31-40 years, 41-50 years and 51-60 vyears, respectively. Each sub-figure
expresses the summation of the red PPG AM signal as well as the IR PPG AM signal as
no motion is involved. As can be observed in Figure 4.10, two imaginary envelopes
manifesting the PPG figure are present. The first imaginary envelope is located at the
top of the summed AM signal and the other one is settled at the bottom. This indicates
that both PPG signals are truly amplitude-modulated.

Each result in Figure 4.10 is transformed to a frequency domain as exhibited in
Figure 4.11 to confirm that each PPG signal is amplitude-modulated to the desirable
frequency of each. The FFT algorithm is responsible for time-to-frequency conversion.
The layout of Figure 4.11 is organized in the identical way as Figure 4.10. As can be
seen in each sub-figure of Figure 4.11, each PPG frequency components is successfully
lifted to the given desirable frequency. The defined frequency for the red PPG signal
is 800 Hz while the assigned frequency for the IR PPG signal is 1070 Hz.

Later, each AM signal is amplitude-demodulated to retrieve its original PPG
signal. Some of the recovered red and IR PPG signals which are randomly selected
from both genders are portrayed in Figure 4.12. The top two rows display two of the
male results and the bottom two rows illustrate two of the female results. The left
column shows the demodulated red PPG signal compared with the conventional red
PPG signal for each sub-figure. For the right column, the demodulated IR PPG signal
compared with the traditional IR PPG signal is manifested in each sub-figure. The
remaining retrieved PPG signals from other participants also render their PPG
waveforms in the same vein like those depicted in Figure 4.12. The retrieved red and
IR PPG signals each is marked by the phrase, “Proposed technique,” for each sub-
fisure. For the conventional red and IR PPG signals, each is marked by the phrase,
“Conventional method,” in every sub-figure. As can be noticed in Figure 4.12, the
retrieved red and IR PPG signals are fairly similar to the conventional red and IR PPG

signals for every sub-figures.
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Figure 4.10 AM signals of PPG signals by the proposed LEDs-driving technique.

Amplitude (V)

Amplitude (V)

Amplitude (V)

Amplitude (V)

Upper envelope

Time (s)

(b) 22-year old female participant

1 Upper envelope

Time (s)

(d) 39-year old female participant

Upper envelope

A THE TR AR TN U U L TR

Time (s)

(f) 48-year old female participant

Upper envelope
TR N T T

Time (s)

(h) 52-year old female participant

67



0.5

0.45
0.4
0.35

o
w

800 Hz
1070 Hz

Magnitude (V)
o o o
o 2 o 2
w —_— o n (2]

D

1000 1500 2000 2500
Frequency (Hz)

(a) 18-year old male participant

0.5

0.45

0.4

©
w
@

800 Hz

o
w

1070 Hz

Magnitude (V)
o
nN
w

1000 1500 2000 2500
Freguency (Hz)

(c) 31-year old male participant

800
Hz ; 1070 Hz

1000 1500 2000 2500
Frequency (Hz)

(e) 50-year old male participant

0.5

0.45

Magnitude (V)
o o o o
o O gt o GSeTO
w —_ w n o w o B

CJ

0.5

0.45

0.4 800 Hz
1070 Hz

1000 1500 2000 2500
Frequency (Hz)

(g) 52-year old male participant

Magnitude (V)
o o o
o 2 9 05 © o
- w N [9)] w w

o
o
@

c)

0.5
0.45 3% 800 Hz
0.4

0.35

o
w

1070 Hz

o
o

Magnitude (V)
o
n
(2]

s
o

o
o ©
a =

=]

0 500 1000 1500 2000 2500
Frequency (Hz)

(b) 22-year old female participant

0.5

0.45

0.4

0.35 3 800 Hz

o
w

1070 Hz

Magnitude (V)
o = ]
o L2 o
— w N w

0.06

2

0 500 1000 1500 2000 2500
Freguency (Hz)

(d) 39-year old female participant

0.5

0.45

o
IS

i 200m 1070 He

Magnitude (V)
o o o
© L 9 N © W
— o n o (8] an
EY

bl
o
o

500 1000 1500 2000 2500
Frequency (Hz)

(f) 48-year old female participant

0.5

0.45

0.4

800 Hz
0.35 ¥
0.5

1070 Hz
0.25

Magnitude (V)

0.2
0.15
0.1

0.05

Z

0 500 1000 1500 2000 2500
Frequency (Hz)

(h) 52-year old female participant
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4.2.1.3 Evaluation of PPG morphological similarity
To verify the similarity between the recovered red and IR PPG signals by the

proposed LEDs-driving technique and the conventional red and IR PPG signals, two
statistical tools are employed. The first statistical tool is Pearson’s correlation
coefficient (PCC) [54] and the second statistical tool is mean square percentage error
(MSPE) [55]. The computations for PCC and MSPE are accomplished through the same
aforementioned computer simulation program. For each calculation, the recovered
red PPG signal is calculated with the conventional red PPG signal and the retrieved IR
PPG signal is computed with the traditional IR PPG signal. As each volunteer does the
resting pose for five times, the PCC result and the MSPE result each yields at least five
values for each statistical tool. The results of PCC and MSPE of each volunteer are
therefore averaged as well as standard-deviation-calculated and grouped in each age
range and later tabularly summarized in Table 4.2. For more details of each participant
is aggregated in Appendix A section under Tables A.1-A.4.

In Table 4.2, the far left column indicates the age range. The second column
represents the PCC of each pair of the retrieved red PPG signal and the conventional
red PPG signal. For the third column, the PCC of each pair of the recovered IR PPG
signal and the traditional IR PPG signal is shown. The PPG signals used in the PCC
calculation in the second and third columns are in the time domain. In the fourth and
fifth columns, the PCC computation is similar to those done in the second and third
columns but the utilized PPG signals is in the frequency domain. The sixth column
shows the MSPE of each pair of the demodulated red PPG signal and the conventional
red PPG signal. For the far right column displays the MSPE of each pair of the
demodulated IR PPG signal and the conventional IR PPG signal. The PPG signals
computed in the MSPE for the last two columns are in the time domain. Also in Table
4.2, the male results and the female results are top-down separated by placing the
male results first and later the female results.

When considering Table 4.2, the PCC results of all age ranges for both time and
frequency domains emerge in the similar direction. The overall PCC value for every
age range is greater than 0.9 with low standard deviation. This indicates that the
retrieved red and IR PPG signals are highly similar to the conventional red and IR PPG
signals, respectively. With the MSPE results affirms that employing the proposed
technique maintains all significant PPG morphologies because the overall MSPE value
of each volunteer is below 1% with insignificant standard deviation. Being able to keep
all significant PPG morphologies of the proposed approach implies that the retrieved
PPG signals exhibit the similarity related to the conventional PPG signals. The depicted
PCC results and the rendered MSPE results in Table 4.2 suggest that the presented

solution can be implemented practically.
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Age PCCR! PCCIR? PCCR PCCIR’ MSPER’ MSPEIR*
(Frequency (Frequency
ranges (Time domain) (Time domain) domain) domain) (Time domain) (Time domain)
Male subjects
Average + Standard deviation
21-30 0.951+0.019 0.973+0.012 0.978+0.011 0.988+0.006 0.322+0.166 0.187+0.097
31-40 0.961+0.030 0.977+0.020 0.980+0.019 0.988+0.012 0.238+0.257 0.141+0.154
41-50 0.948+0.025 0.973+0.015 0.972+0.017 0.985+0.008 0.325+0.190 0.176+0.111
51-60 0.955+0.026 0.973+0.017 0.978+0.018 0.987+0.010 0.219+0.139 0.125+0.066
Female subjects
Average + Standard deviation
21-30 0.982+0.013 0.990+0.008 0.992+0.006 0.995+0.003 0.080+0.112 0.045+0.053
31-40 0.980+0.013 0.991+0.008 0.991+0.006 0.996+0.004 0.093+0.088 0.046+0.046
41-50 0.970+0.016 0.984+0.012 0.986+0.009 0.992+0.006 0.155+0.104 0.087+0.073
51-60 0.967+0.029 0.980+0.021 0.985+0.014 0.991+0.010 0.177+0.186 0.110+0.134

1 - Pearson correlation coefficients (PCC) of retrieved red PPG signals against conventional red PPG signals,
2 - Pearson correlation coefficients (PCC) of recovered IR PPG signals against conventional IR PPG signals,
3 — Mean square percentage error (MSPE) between retrieved red PPG signals and traditional red PPG signals,

4 — Mean square percentage error (MSPE) between recovered IR PPG signals and traditional IR PPG signals.

4.2.1.4 Evaluation of SpO2 reference

The retrieved red PPG signal and the recovered IR PPG signal, of each volunteer,
are converted to the SpO2 value. In this SpO2 calculation, both red and IR PPG signals
are collected while each subject stays at rest. Besides, the conventional red PPG signal
and the traditional IR PPG signal, of each participant, are turned to the SpO2 value as
well for comparison. Since each subject performs the resting posture for five times,
the SpO2 values for each one are obtained at least five values for each technique. The
acquired SpO2 values of each volunteer for each method are thus are averaged and
standard-deviation-calculated. All SpO2 values for all age ranges of both schemes are
summed up in Table 4.3. Table 4.3 is arranged as follows. The first three columns are
reserved for the male results and the other three columns are held for the female
results. The first and fourth columns point to the age ranges. Next, the second and
third columns manifest the male SpO2 values independently calculated from the
proposed technique marked as “PT” and the conventional method marked as “CM.”
For the last two columns, the female SpO2 values separately computed from the PT
and the CM, in order, are given. As can be noticed in Table 4.3, the acquired mean
SpO2 value of the proposed technique for each age group is greater than that of
employing the conventional method. Also, the averaged SpO2 values of the presented

approach are superior to those of utilizing the traditional scheme for both genders.
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Table 4.3 Summary SpO2 values of all age ranges while resting.

Male subjects Female subjects
Proposed Conventional Proposed Conventional
Age ranges technique (PT) method (CM) technique (PT) method (CM)

Summary SpO2 values in the unit of percentage (%)

Average + Standard deviation

21-30 95.99+2.09 93.18+0.95 97.04+1.66 93.67+1.03
31-40 96.52+2.56 93.01+0.82 97.93+1.16 93.49+1.25
41-50 96.37+1.00 93.24+0.73 97.57+1.47 92.62+0.77
51-60 97.20+1.60 93.61+0.78 96.45+1.45 93.94+0.88

The SpO2 value of the proposed solution is higher the SpO2 value of the
conventional method because using the presented technique provides the higher
absorptions of red and IR lights. To support the statement that using the presented
technique provides the higher absorptions of red and IR lights, Figure 4.12 is
contemplated. After considering Figure 4.12, the red and IR PPG signals of the proposed
technique are found to be lower than the red and IR PPG signals of the conventional
method. This is because the leftover intensities of both lights of the proposed
technique are explicitly come out lesser than the remnant intensities of both lights of
the conventional scheme. With the given explanation is thus pointed out that the red
and IR lights are more absorbed by the proposed technique than the conventional
method. For the age group of 21 to 30 years, the mean male SpO2 value of the PT is
95.99%+2.09 while the CM is 93.18%+0.95. In the same age range, the average female
SpO2 value of the PT is 97.04%+1.66 but for the CM is 93.67%+1.03. For the age range
of 31 to 40 years, the male and female SpO2 values of the PT are 96.52%+2.59 and
97.93%=+1.16. For the CM of the age group of 31 to 40 years, the male and female
SpO2 values are 93.01%+0.82 and 93.49%+1.25. In the age range of 41 to 50 years, the
male and female SpO2 values of the PT are 96.52%+2.59 and 97.93%=+1.16. For the
CM, the male and female SpO2 values are 93.01%+0.82 and 93.49%=+1.25. For the last
age range, 51 to 60 years, the male and female SpO2 values of the PT are 97.20%=+1.60
and 96.45%=+1.45. The male and female SpO2 values of the CM are 93.61%=+0.78 and
93.94%+0.88. Each SpO2 value of each volunteer is detailed in Tables A.5-A.8 and will

be used as an actual value for the error calculation in the following subsection.

4.2.2 Evaluation of separating PPG frequency components from MA
frequency components
4.2.2.1 Evaluation of PPG signals during motion involvement

In Subsection 4.2.1, the proposed LEDs-emitting technique is experimented to
demonstrate that the translation of the PPG frequency components is practically

usable. The main experiment conducted in Subsection 4.2.1 only asks each volunteer
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to place his/her left hand at rest to illustrate the shift of the PPG frequency
components. To prove that the PPG frequency components are separated from the
MA frequency components, each participant is requested to perform five moving sub-
experiments in this subsection. These five moving sub-experiments are bending a
finger, horizontal moving a finger, shivering a finger, vertical moving a finger and waving
a finger. Like the experiment conducted in Subsection 3.4.1, each subject is asked to
put two pulse oximeters onto the index and middle fingers, respectively, of his/her
left hand. The index finger is for the pulse oximeter implemented by the proposed
LEDs-emitting technique and the middle finger is for the commercial pulse oximeter
having the conventional LEDs-driving method installed. Each sub-experiment is
planned for each volunteer to do five times ten seconds. Besides, each participant is
requested to perform each pose freely in the natural manner.

Since the red and IR PPG signals processed by the proposed technique for all
subjects appear in the same way, some of the obtained PPG results are displayed.
First, the results of bending a finger are portrayed in Figure 4.13. Next, the results of
horizontal moving a finger are depicted in Figure 4.14. After that, the results of shivering
a finger are shown in Figure 4.15. Later, the results of vertical moving a finger are
manifested in Figure 4.16. Lastly, the results of waving a finger are drawn in Figure 4.17.
In Figures 4.13-4.17, the left sub-figures exhibit the red and IR PPG signals provided by
the proposed technique. For the right sub-figures of Figures 4.13-4.17, the red and IR
PPG signals furnished by the conventional method are illustrated. From Figures 4.13-
4.17, the first two rows show the male results while the other two bottom rows display
the female results. All results manifested in all sub-figures in Figures 4.13-4.17 are
portrayed in a time domain instead of a frequency domain. This is because the PPG
frequency components plotted in the frequency domain do not reveal the distortion
of the PPG waveform while any motion takes place.

Obviously, in Figures 4.13-4.17, the red and IR PPG signals provided by the
proposed technique for both genders still maintain their PPG waveforms in proper
shape for all moving postures. Although the red and IR PPG waveforms furnished by
the proposed approach during motions are not perfect like those while resting, they
are good enough to yield accurate SpO2 values. By contrast, the red and IR PPG signals
obtained from the conventional method for both genders are mostly distorted from
all moving poses. However, some of them are not fully disfigured. For those red and
IR PPG signals acquired by the traditional method not fully misrepresented, their PPG
waveforms are yet present but their baselines and amplitudes are mangled up. Overall,
the red and IR PPG signals sensed by the conventional method while moving are not
well enough to produce correct SpO2 values even their PPG waveforms still exist. The

red and IR PPG signals acquired by both methods of each participant are converted to
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the SpO2 values. Since many SpO2 values of each subject for each moving pose are
generated, these calculated SpO2 values are averaged and standard-deviation-
computed as well as summarized in Tables A.9-A.28. Tables A.9-A.28 are organized like
Tables A.5-A.8. Tables A.9-A.12 are digested to Table 4.4 to show the SpO2 values
while bending a finger for all age ranges. Next, Tables A.13-A.16 abridge to Table 4.5
to display the SpO2 values during horizontal moving a finger for all age ranges. Then,
Tables A.17-A.20 are summarized into Table 4.6 to illustrate the SpO2 values while
shivering a finger for all age ranges. Afterwards, Tables A.21-A.24 are summed up Table
4.7 to depict the SpO2 values during vertical moving a finger for all age ranges. Lastly,
Table 4.8 concludes from Tables A.25-A.28 to demonstrate the SpO2 values while
waving a finger for all age ranges. Tables 4.4-4.8 are also arranged in the same pattern
as Table 4.3, and exhibit the overall SpO2 values of each age range for each pose.

With well maintaining the significant PPG morphologies, the overall SpO2 values
for all moving postures of all age ranges obtained by the proposed technique emerge
in the same way. Those SpO2 values are not different from the overall SpO2 values
measured while resting.
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Figure 4.17 Comparison for both techniques while waving a finger.



Table 4.4 Summary SpO2 values of all age ranges while bending.
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Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary SpO2 values in the unit of percentage (%)
Average + Standard deviation

21-30 96.31+1.96 90.93+2.95 96.68+1.92 88.78+4.59
31-40 96.65+2.12 88.52+4.88 98.01+1.04 83.55+8.93
41-50 96.25+2.02 89.41+2.63 97.46+1.41 89.30+3.53
51-60 97.13+1.46 89.45+2.56 96.74+1.58 85.68+7.30

Table 4.5 Summary SpO2 values of all age ranges while horizontal moving.

Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary SpO2 values in the unit of percentage (%)
Average + Standard deviation

21-30 96.03+2.28 91.61+3.07 96.77+1.91 87.45+6.40
31-40 96.54+1.99 88.20+5.25 97.54+1.17 82.39+6.48
41-50 95.70+1.59 89.61+3.37 97.47+1.74 88.92+3.03
51-60 96.92+1.44 89.93+2.79 96.93+1.88 85.97+£13.61

Table 4.6 Summary SpO2 values of all age ranges while shivering.

Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary SpO2 values in the unit of percentage (%)
Average + Standard deviation

21-30 96.47+1.85 90.76+3.02 96.61+1.63 85.09+11.33
31-40 96.84+1.83 89.92+5.67 97.80+1.16 84.46+9.96
41-50 96.01+1.39 91.41+3.91 97.68+1.57 87.90+7.50
51-60 97.24+1.42 87.07+7.01 96.78+1.85 83.73+18.36

Table 4.7 Summary SpO2 values of all age ranges while vertical moving.

Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary SpO2 values in the unit of percentage (%)
Average + Standard deviation

21-30 96.54+1.87 91.13+3.34 96.98+1.87 86.96+6.42
31-40 96.98+1.95 88.44+4.40 97.86+1.16 83.24+8.15
41-50 96.10+1.30 89.30+6.28 97.52+1.36 88.47+4.27
51-60 97.39+1.36 87.50+7.61 96.79+1.52 82.22+24.19
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Table 4.8 Summary SpO2 values of all age ranges while waving.

Male subjects Female subjects
Proposed Conventional Proposed Conventional
Age ranges technique (PT) method (CM) technique (PT) method (CM)

Summary SpO2 values in the unit of percentage (%)

Average + Standard deviation

21-30 96.76+1.64 90.81+2.80 96.81+1.84 87.13+10.07
31-40 97.05+1.78 89.11+4.54 97.72+1.08 90.00+7.75
41-50 96.10+1.60 87.76+6.38 97.86+1.21 88.13+3.53
51-60 97.26+1.56 90.02+2.27 96.70+1.84 85.74+12.26

4.2.2.2 Evaluation of SpO2 accuracy during motion involvement

To quantify the exactness of the proposed LEDs-emitting solution, the SpO2
value is used as a criterion. The SpO2 value acquired from each moving posture of
each volunteer is plugged into the mean absolute percentage error (MAPE) (see Eq.
(3.27)) to compute the amount of accuracy. In- MAPE computation, the actual SpO2
value of each participant, dg,g,, in this thesis uses the mean SpO2 value of each
volunteer summarized in Tables A.5-A.8. For the variable s; in Eq. (3.27) uses the
measured SpO2 value of each participant while moving, shown in Tables A.9-A.28.
Because one pair of red and IR PPG signals produces many SpO2 values, the measured
SpO2 value of each subject is thus the mean SpO2 value of those SpO2 values. Each
sub-experiment produces one averaged SpO2 value. As each sub-experiment is
performed five times, the variable N in Eq. (3.27) is thus equal to five which is the
total number of average SpO2 value.

Besides, the accuracy of the conventional method is also computed in the
same way as the proposed technique for the performance comparison. All MAPE
values for all age ranges are summed up in Tables 4.9-4.13. Tables 4.9-4.13 are
arranged in the similar way as Tables 4.4-4.8. For the MAPE value of each participant
is provided in Tables A.29-A.48. Since all provided data in Tables A.29-A.48 are detailed,
they are therefore digested in Table 4.14 for overall consideration. Table 4.14 manifests
the overall SpO2 values for each moving posture of both genders as well as the overall
MAPE values for all moving poses of both sexes. The upper part of Table 4.14 illustrates
the overall SpO2 values and the lower part of the same table portrays the overall
MAPE values. All those provided data in Tables 4.4-4.13 are condensed into four age
groups, 21-30 years, 31-40 years, 41-50 years and 51-60 years in Table 4.14.

According to Table 4.14, the SpO2 values acquired by the proposed technique
for all moving postures of both genders are approximately over 96 for all age groups.
However, when considering to each participant (see Tables A.9-A.28), the SpO2 values
of few volunteers appear to be too low but not lesser than 91. This may be that those

participants may probably have the temporary condition of poor blood perfusion
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during performing finger movement. On the contrary, the SpO2 values obtained by the
conventional method are roughly below 91 for all age ranges. Although the SpO2
values acquired by the traditional method are under 91, the SpO2 values of some
participants for both genders are around 94 for each pose (see Tables A.9-A.28). This
may be that those volunteers are asked to move their fingers in a natural manner.
They may move their fingers in a way that the distorting absorption of human organs
and the external light sources could not affect the red and IR PPG waveforms.

Overall, the SpO2 values of the volunteers in each age range of the proposed
technique are as not different as from the volunteers’ actual values for all moving
postures. This is confirmed by the overall MAPE values of the volunteers in each age
group for all moving poses that are lower than 1%, as depicted in Table 4.14. On the
other hands, the SpO2 values of the participants in each age range of the conventional
method are considerably deviated from the participants’ actual values for all moving
poses. This is revealed by the overall MAPE values of the participants in each age group
for all moving postures that are roughly varied from 3% to 13%. Besides, when
contemplating in Tables A.29-A.48, the MAPE values of the traditional method are
found to show high variation.

With using the summarized MAPE values along with the summarized SpO2
values, it is can be inferred that the proposed technique is superior to the conventional
method. Providing low MAPE values for all moving postures implies that the proposed
technique successfully translates the red and IR PPG frequency components to the
desirable frequency locations. This is because the MA frequency components no
longer have any influences on the red and IR PPG frequency.

The proposed technique works well with the involved volunteers. The ability
of the proposed technique on other human races along with other colors of skin
cannot be concluded. Nonetheless, the proposed technique significantly shows the

potentiality of solving the motion artifact issue.

Table 4.9 Summary of SpO2 percentage error of all age ranges while bending.

Male subjects Female subjects
Proposed Conventional Proposed Conventional
Age ranges technique (PT) method (CM) technique (PT) method (CM)

Summary of SpO2 percentage error in the unit of percentage (%)

Overall (Mean) + Standard deviation

21-30 0.68+0.58 3.22+2.69 0.77+0.59 5.65+4.72
31-40 0.84+0.69 5.59+4.93 0.46+0.28 10.70+9.16
41-50 0.98+1.17 4.31+3.02 0.59+0.54 3.97+3.64

51-60 0.64+0.41 4.44+2.84 0.59+0.48 8.84+7.71




Table 4.10 Summary of SpO2 percentage error of all age ranges while horizontal
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moving.
Male subjects Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation

21-30 0.76+0.64 2.92+2.59 1.08+1.01 7.03+6.51
31-40 0.98+1.05 5.31+£5.70 0.98+0.87 11.85+7.22
41-50 0.84+1.01 4.53+4.85 0.75+0.78 4.06+3.05
51-60 0.71+0.60 3.93+2.81 1.35+1.17 9.46+13.96

Table 4.11 Summary of SpO2 percentage error of all age ranges while shivering.

Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation

21-30 0.82+0.70 3.17+2.86 0.90+0.65 9.23+11.92
31-40 1.20+0.65 4.36+5.72 0.94+0.92 12.71+15.98
41-50 0.61+0.65 3.24+3.75 0.71+0.62 5.60+7.37
51-60 0.77+0.46 7.24+7.14 0.86+0.59 10.95+£19.37

Table 4.12 Summary of SpO2 percentage error of all age ranges while vertical

moving.
Male subjects Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation

21-30 0.82+0.63 3.06+3.14 0.89+0.45 7.63+6.44
31-40 1.16+0.67 5.31+4.45 0.95+0.81 10.95+9.00
41-50 0.69+0.63 5.26+6.39 0.88+0.61 5.52+6.45
51-60 0.94+0.53 6.53+7.98 1.32+0.99 12.77+25.58




Table 4.13 Summary of SpO2 percentage error of all age ranges while waving.
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Male subjects

Female subjects

Proposed Conventional Proposed Conventional

Age ranges technique (PT) method (CM) technique (PT) method (CM)
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation

21-30 0.92+0.63 2.99+2.89 0.76+0.49 7.58+10.39
31-40 1.18+0.64 4.48+5.03 0.96+0.86 11.40+15.52
41-50 0.71+£0.92 6.14+7.03 0.73+0.40 5.08+3.45
51-60 0.77+0.48 3.84+2.23 0.86+0.63 9.02+£12.70
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4.2.3 Evaluation of influence of light intensity on the SpO2 quality

In this evaluation, change of light intensity by altering the root mean square
(RMS) current fed to a LED is experimented to study the impact on the SpO2 quality.
Three values of current which are 14.71 mA, 14.49 mA and 14.26 mA are selected.
Each RMS current value is experimented separately. In this study, two main
experiments are conducted. The first experiment requests each volunteer to stay at
rest in performing the sub-experiments using the RMS current values of 14.71 mA,
14.49 mA and 14.26 mA, respectively. For the second experiment, each participant is
asked to do five common postures separately by which the RMS current values of
14.71 mA, 14.49 mA and 14.26 mA, are set sequentially. Like all previous experiments,
each subject is requested to do each sub-experiment in this study for five times ten
seconds each. The volunteers involving the two main experiments in this study are
randomly selected from the same seventy-five volunteers who participate in the prior
experiments. The volunteers are chosen from all age groups. In each age range, both
genders are opted about the same amount. The total number of participants is twelve.

Since the proposed LEDs-driving technique is proved that the PPG signals are
not intertwined with the MA signal, the recovered PPG signals at different RMS current
values are therefore not illustrated. Besides, the resultant PPG signals obtained from
dissimilar amplitude values behave in the similar manner. For the sake of conciseness,

only the SpO2 values at different RMS current values are considered.

4.2.3.1 Evaluation of impact of light intensity during staying at rest

All red and IR PPG signals at different RMS current values while resting obtained
from the proposed LEDs-driving technique for all subjects are converted to the SpO2
values. As each SpO2 value is calculated by employing two consecutive peaks
manifesting in a pair of red and IR PPG signals, many sets of two consecutive peaks are
thus detected. As a result, numerous SpO2 values are generated for each subject at
different RMS current values. The SpO2 values at each RMS current value of each
subject are averaged and standard deviation calculated, as well as summed up in
Table 4.15. Table 4.15 consists of five columns where the first column shows the
subject number. The following three columns express the mean SpO2 values of each
subject at the RMS current values of 14.71 mA, 14.49 mA and 14.26 mA. The last
column displays the overall SpO2 value computed by averaging the SpO2 values at
different RMS current values depicted in the previous three columns of each subject.
The standard deviation of the overall SpO2 value is also calculated. As can be noticed
in Table 4.15, all averaged SpO2 values at different RMS current values of each subject
are fairly equal to the overall SpO2 value for all age ranges. This suggests that change

of light intensity has no significant impact on the SpO2 quality for both sexes.
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Table 4.15 Summary SpO2 values at different RMS current values while resting.

Sgﬁ;u"ent 14.71 mA 14.49 mA 14.26 mA ?J:;l)t
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 97.89+0.07 96.56+0.11 97.57+0.12 97.34+0.69
Female no.28 96.25+0.25 96.24+0.13 96.93+0.09 96.47+0.40
Male no.59 98.54+0.12 98.26+0.22 97.70+0.24 98.17+0.43
Age range of 31-40 years
Male no.24 98.18+0.10 97.54+0.28 97.99+0.36 97.90+0.33
Male no.34 98.91+0.10 97.43+0.35 97.70+0.41 98.01+0.79
Female no.56 97.45+0.03 97.90+0.23 99.78+0.12 98.38+1.24
Age range of 41-50 years
Male no.20 96.37+0.05 95.66+0.12 95.77+0.15 95.93+0.38
Female no.43 96.26+0.05 98.21+0.12 99.18+0.02 97.88+1.49
Male no.49 95.34+0.05 94.45+0.32 95.26+0.24 95.02+0.49
Age range of 51-60 years
Male no.45 96.76+0.16 95.52+0.12 95.61+0.30 95.96+0.69
Female no.70 97.41+0.04 99.70+0.25 97.46+0.07 98.19+1.31
Female no.74 96.18+0.14 93.91+0.08 95.39+0.33 95.16+1.15

However, most female subjects show more SpO2 variation than the male subjects do.
Additionally, the overall SpO2 value of each volunteer in each age group is moderately
close to the SpO2 values of each participant obtained from different RMS current
values. This points out that the age factor is not significantly influenced by altering of

lisht intensity.

4.2.3.2 Evaluation of effect of light intensity with motion involvement

For this experiment is different from the experiment done in Sub-subsection
4.2.3.1 only that each subject is requested to do five regular postures separately
instead of staying at rest. The five usual poses are as same as the five experimented
postures in Subsection 4.2.2, bending a finger, horizontal moving a finger, shivering a
finger, vertical moving a finger and waving a finger. Similar to Sub-subsection 4.2.3.1,
the entire red and IR PPG signals of each pose of each subject are turned into the
SpO2 values. The whole SpO2 values of each posture for each volunteer are
administered by the same fashion as Sub-subsection 4.2.3.1, and summarized in Tables
4.16-4.20. Tables 4.16-4.20 are all organized like Table 4.15. As can be noticed in
Tables 4.16-4.20, all SpO2 values at different RMS current values of each volunteer
are quite alike the overall SpO2 value of each participant for all postures. From this
point of view indicates that change of light intensity does not affect the SpO2 quality
for all poses of all subject’s age ranges significantly. When considering the SpO2 value

at each RMS current value of each subject, it is found that some SpO2 values of a few
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volunteers are inconsistent with the rest SpO2 values. The inconsistent SpO2 results
occur because the pulse oximeter may not be worn properly.

At each RMS current value of each volunteer, the SpO2 value of each posture
compared with the SpO2 value while at rest is not different significantly for over 90%
of volunteers. This supports that change of light intensity has no significant influence
on the SpO2 quality. For the aspects of each gender and each age range, no significant

impact on the SpO2 quality is present.

Table 4.16 Summary SpO2 values at different RMS current values while bending.

ngi;u”em 14.71 mA 14.49 mA 14.26 mA (O!\XE;":]L)L
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 97.86+0.07 98.32+0.17 98.87+0.09 98.35+0.51
Female no.28 96.44+0.29 96.30+0.15 97.01+0.29 96.58+0.38
Male no.59 98.49+0.10 98.46+0.07 98.68+0.34 98.54+0.12
Age range of 31-40 years
Male no.24 98.47+0.09 98.82+0.13 98.70+0.09 98.66+0.18
Male no.34 99.54+0.15 97.74+0.10 98.02+0.16 98.43+0.97
Female no.56 97.66+0.19 98.95+0.24 99.97+0.05 98.86+1.16
Age range of 41-50 years
Male no.20 95.95+0.27 95.19+0.36 94.74+0.46 95.29+0.61
Female no.43 97.13+0.10 96.60+0.00 96.40+0.00 96.71+0.38
Male no.49 95.90+0.24 93.68+0.17 95.69+0.21 95.09+1.23
Age range of 51-60 years
Male no.45 96.42+0.11 95.17+0.17 95.95+0.12 95.85+0.63
Female no.70 97.19+0.16 99.68+0.16 97.22+0.06 98.03+1.43
Female no.74 96.34+0.21 97.14+1.68 97.02+0.61 96.83+0.43




Table 4.17 Summary SpO2 values at different RMS current values while horizontal
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moving.
RMS current 14.71 mA 14.49 mA 14.26 mA Overall
values (Mean)
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 97.98+0.12 98.32+0.17 98.87+0.09 98.39+0.45
Female no.28 95.18+0.27 96.30+0.15 97.01+0.29 96.16+0.92
Male no.59 99.30+0.10 98.46+0.07 98.68+0.34 98.81+0.44
Age range of 31-40 years
Male no.24 98.48+0.17 98.82+0.13 98.70+0.09 98.67+0.17
Male no.34 98.94+0.12 97.74+0.10 98.02+0.16 98.23+0.63
Female no.56 98.48+0.10 98.95+0.24 99.97+0.05 99.13+0.76
Age range of 41-50 years
Male no.20 95.46+0.08 95.14+0.08 94.95+0.40 95.18+0.26
Female no.43 97.20+0.07 96.60+0.07 96.40+0.07 96.73+0.42
Male no.49 95.54+0.08 93.68+0.17 95.69+0.21 94.97+1.12
Age range of 51-60 years
Male no.45 96.55+0.18 95.17+0.17 95.95+0.12 95.89+0.69
Female no.70 96.78+0.30 99.68+0.16 97.22+0.06 97.89+1.56
Female no.74 92.70+0.46 97.14+1.68 97.02+0.61 95.62+2.53

Table 4.18 Summary SpO2 values at different RMS current values while shivering.

RMS current Overall
Al 14.71 mA 14.49 mA 14.26 mA (Mean)
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 97.98+0.02 97.82+0.13 97.67+0.16 97.82+0.16
Female no.28 95.74+0.24 97.10+0.22 98.02+0.30 96.95+1.15
Male no.59 99.49+0.09 98.90+0.09 99.74+0.07 99.38+0.43
Age range of 31-40 years
Male no.24 99.50+0.13 99.90+0.07 99.83+0.05 99.74+0.21
Male no.34 98.24+0.15 98.72+0.07 98.29+0.20 98.42+0.26
Female no.56 99.10+0.11 98.40+0.19 99.97+0.07 99.16+0.79
Age range of 41-50 years
Male no.20 95.42+0.09 95.36+0.45 95.86+0.07 95.55+0.27
Female no.43 97.14+0.06 96.60+0.16 96.40+0.07 96.71+0.38
Male no.49 95.61+0.16 95.26+0.12 95.18+0.29 95.35+0.23
Age range of 51-60 years
Male no.45 96.82+0.09 95.53+0.39 97.48+0.12 96.61+0.99
Female no.70 97.94+0.11 97.38+0.04 98.20+0.19 97.84+0.42
Female no.74 94.10+0.43 99.78+0.05 97.58+0.09 97.15+2.86




Table 4.19 Summary SpO2 values at different RMS current values while vertical
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moving.
RMS current 14.71 mA 14.49 mA 14.26 mA Overall
values (Mean)
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 98.16+0.09 97.82+0.07 98.30+0.12 98.09+0.25
Female no.28 95.86+0.12 97.18+0.05 98.30+0.15 97.11+1.22
Male no.59 99.36+0.09 99.10+0.15 99.89+0.18 99.45+0.40
Age range of 31-40 years
Male no.24 99.28+0.31 99.57+0.14 99.06+0.09 99.30+0.26
Male no.34 99.46+0.21 99.09+0.07 98.42+0.09 98.99+0.53
Female no.56 98.64+0.05 97.26+0.19 99.81+0.03 98.57+1.28
Age range of 41-50 years
Male no.20 95.74+0.21 95.11+0.18 96.02+0.19 95.62+0.47
Female no.43 97.14+0.09 96.60+0.07 96.40+0.16 96.71+0.38
Male no.49 96.06+0.11 96.26+0.16 96.62+0.21 96.31+0.28
Age range of 51-60 years
Male no.45 96.98+0.21 96.18+0.33 97.50+0.07 96.89+0.66
Female no.70 97.19+0.35 99.86+0.14 96.76+0.48 97.94+1.68
Female no.74 93.78+0.52 99.79+0.02 97.48+0.21 97.02+3.03

Table 4.20 Summary SpO2 values at different RMS current values while waving.

RMS current Overall
14.71 mA 14.49 mA 14.26 mA
values (Mean)
Subject no. Average + Standard deviation
Age range of 21-30 years
Female no.17 98.34+0.11 98.62+0.08 99.21+0.19 98.72+0.44
Female no.28 96.06+0.21 96.84+0.07 97.69+0.26 96.86+0.82
Male no.59 99.23+0.07 99.42+0.18 99.95+0.09 99.53+0.37
Age range of 31-40 years
Male no.24 99.37+0.19 99.86+0.14 99.27+0.08 99.50+0.32
Male no.34 98.78+0.25 98.30+0.24 98.78+0.13 98.62+0.28
Female no.56 98.51+0.10 98.31+0.07 99.85+0.07 98.89+0.84
Age range of 41-50 years
Male no.20 95.51+0.05 95.01+0.07 94.11+0.87 94.88+0.71
Female no.43 97.19+0.02 96.60+0.12 96.40+0.07 96.73+0.41
Male no.49 95.94+0.28 95.27+0.19 94.99+0.28 95.40+0.49
Age range of 51-60 years
Male no.45 96.66+0.17 96.46+0.08 96.87+0.11 96.66+0.21
Female no.70 97.70+0.14 97.19+0.02 98.50+0.33 97.80+0.66
Female no.74 93.97+0.22 99.85+0.09 97.94+0.06 97.25+3.00
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4.2.4 Evaluation of the performances of the presented technique and

other well-known methods

This subsection performs a comparative study. In this comparative study, the
performances of the proposed LEDs-driving technique and the well-known methods
are compared. The well-known methods which are provided in Chapter 2 under
Subsections 2. 5. 1- 2. 5. 3 are discrete saturation transform (DST), independent
component analysis (ICA) and compression of Fourier series (CFC).

In this thesis, the method of DST employs a simple 1*-order least mean squares
(LMS) algorithm with a step size of 0.01 and an initial weight coefficient of 1. For the
scheme of ICA, an algorithm of fast independent component analysis (fICA) is utilized
and the settings for the ICA scheme are set using the standard values. In administering
the concept of CFC, the entire Fourier series coefficients are truncated. Only the first
twelve Fourier series coefficients are kept. As the proper PPG-waveforms of the MA-
corrupted red and IR PPG signals are not present correctly, separating the PPG cycle to
perform the CFC concept is difficult and laborious. Performing the CFCis thus applied
on the raw MA-contaminated red and IR PPG signals directly without parting the PPG
cycles.

In.comparing the performances, all recorded red and IR PPG signals involving
any motions of all subjects used in Subsection 4.2.2 are first processed by the
mentioned well-known schemes separately. The entire utilized red and IR PPG signals
are those obtained by the conventional LEDs-emitting approach. Later, each pair of
mended red and IR PPG signals is turned to the SpO2 value. All the SpO2 values
computed from the MA-interfered red and IR PPG signals processed by the well-known
approaches for all age ranges are summarized in Tables 4.21-4.25. For more details of
each volunteer is complied in Tables A.49-A.68. Besides in Tables 4.21-4.25, the SpO2
values during any motions of the proposed LEDs-shining technique as well as the
conventional LEDs-emitting method are also annexed for comparison. The SpO2 values
during any motions of the proposed LEDs-shining technique and the conventional
LEDs-emitting method are duplicated from Tables A.9-A.28.

Contemplating the SpO2 quality of each method shown in Tables 4.21-4.25 is
done through comparing with the SpO2 value of each volunteer acquired by the
conventional method for all poses. As can be noted in Tables 4.21-4.25, the method
of DST obviously improves the quality of the MA-corrupted red and IR PPG signals. This
is because the SpO2 values obtained by the DST method are consistently increased
for all age ranges of both genders, and all postures, roughly greater than 90%. By
contrast, the ICA scheme poorly performs since the calculated SpO2 values by this
scheme are aggravated for all age groups of both sexes and all poses. The SpO2 values

acquired by the algorithm of ICA also exhibit very high variation swinging from below
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0% of SpO2 value to above 100% of SpO2 value. For the approach of CFC works well
with some postures for both genders of all age ranges. This is indicated by some of
the acquired SpO2 values for some postures of both genders at all age groups that are
greater than 90%. Some computed SpO2 values by the CFC method are not even
bettered but worsened. However, some worsened SpO2 values processed by the CFC

scheme are not as worse as the SpO2 values processed by the ICA method.

Table 4.21 Comparison of SpO2 values of all age ranges while bending for the

dedicated techniques.

Compared techniques
PT! CM? DST? ICA" CFC
Age ranges
Summary SpO2 values in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 96.31+1.96 90.93+2.95 91.66+1.50 74.11+17.74 92.16+1.94
31-40 96.65+2.12 88.52+4.88 91.17+1.27 91.80£28.15 87.64+8.93
41-50 96.25+2.02 89.41+2.63 91.65+1.10 77.93+21.79 91.67+1.10
51-60 97.13+1.46 89.45+2.56 92.08+1.40 82.57+38.92 92.09+2.55
Female subjects

21-30 96.68+1.92 88.78+4.59 92.19+1.66 86.83+20.18 89.48+5.56
31-40 98.01+1.04 83.55+£8.93 92.06+1.37 112.50+38.12 94.03+15.10
41-50 97.46+1.41 89.30+£3.53 91.59+1.50 T7.27+34.26 89.62+3.63
51-60 96.74+1.58 85.68+7.30 92.23+1.08 73.59+64.29 84.95+9.19

1 - PT refers to the proposed LEDs-driving technique, 2 — CM refers to the conventional LEDs-emitting method,

3 - DST stands for discrete saturation transform, 4 — ICA stands for independent component analysis,

5 — CFC stands for compression of Fourier coefficients.

Table 4.22 Comparison of SpO2 values of all age ranges while horizontal moving for

the dedicated techniques.

Compared techniques
PT! CM? DST® ICA® CFC®
Age ranges
Summary SpO2 values in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 96.03+2.28 91.61+3.07 91.42+1.36 81.44+35.54 92.60+3.07
31-40 96.54+1.99 88.20+5.25 91.15+1.35 78.22+16.81 88.40+5.82
41-50 95.70+1.59 89.61+3.37 91.43+1.46 72.36+49.88 91.28+2.25
51-60 96.92+1.44 89.93+2.79 92.31+4.09 61.40+62.64 89.38+4.09
Female subjects

21-30 96.77+1.91 87.45+6.40 91.89+1.94 82.21+11.22 90.11+3.47
31-40 97.54+1.17 82.39+6.48 91.66+1.73 71.30+25.93 88.10+3.29
41-50 97.47+1.74 88.92+3.03 91.49+0.99 71.26+22.80 90.37+2.79
51-60 96.93+1.88 85.97+13.61 92.25+4.08 91.55+27.26 89.00+4.08




Table 4.23 Comparison of SpO2 values of all age ranges while shivering for the

dedicated techniques.
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Compared techniques

PT! CM? DST? ICA* CFC®
Age ranges
Summary SpO2 values in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 96.47+1.85 90.76+3.02 91.62+1.47 78.41+14.96 93.76+1.78
31-40 96.84+1.83 89.92+5.67 91.18+1.21 67.84+32.01 92.05+£3.13
41-50 96.01+£1.39 91.41+3.91 91.66+1.00 86.63+43.37 93.33+1.47
51-60 97.24+1.42 87.07+7.01 92.17+1.21 80.37+15.28 92.74+2.72
Female subjects

21-30 96.61+1.63 85.09+11.33 92.22+1.72 69.50+29.33 89.75+4.69
31-40 97.80+1.16 84.46+9.96 92.21+£1.71 64.54+85.45 90.52+3.12
41-50 97.68+1.57 87.90+7.50 91.62+1.10 85.34+17.71 92.07+2.85
51-60 96.77+1.85 83.73+18.36 92.13+0.87 72.60+22.44 90.14+3.88

Table 4.24 Comparison of SpO2 values of all age ranges while vertical moving for

the dedicated techniques.

Compared techniques

PT! CM? DST? ICA! CFC
Age ranges
Summary SpO2 values in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 96.54+1.87 91.13+3.34 91.71+1.39 83.29+40.39 93.71+2.65
31-40 96.98+1.95 88.44+4.40 91.37+1.27 79.24+18.31 89.16+4.01
41-50 96.10+1.30 89.30+6.28 91.81+1.06 67.74+30.66 91.06+6.35
51-60 97.39+1.36 87.50+ 92.26+1.22 85.73+12.05 90.96+4.01
Female subjects

21-30 96.98+1.87 86.96+6.42 92.13+1.73 85.23+30.93 87.81+5.42
31-40 97.86+1.16 83.24+8.15 91.86£1.67 84.61+20.86 89.05+4.42
41-50 97.52+1.36 88.47+4.27 91.88+1.24 53.60+61.52 89.39+4.32
51-60 96.79+1.52 82.22+24.19 92.13+£1.01 66.77+28.07 89.70+4.47




Table 4.25 Comparison of SpO2 values of all age ranges while waving for the

dedicated techniques.
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Compared techniques
PT! CM? DST? ICA* CFC®
Age ranges
Summary SpO2 values in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 96.76+1.64 90.81+2.80 91.97+1.43 72.25+21.76 90.99+4.86
31-40 97.05+£1.78 89.11+4.54 91.32+1.23 67.52+22.58 89.75+4.41
41-50 96.10+1.60 87.76+6.38 91.83+1.02 74.49+30.03 90.77+2.57
51-60 97.26+1.56 90.02+2.27 92.29+1.31 79.58+35.89 90.94+2.73
Female subjects

21-30 96.81+1.84 87.13+10.07 92.27+1.55 81.52+17.06 90.36+4.13
31-40 97.72+1.07 90.00+7.75 92.18+1.69 56.68+29.67 90.47+3.82
41-50 97.86+1.21 88.13+3.53 92.09+1.31 76.48+27.90 88.46+3.23
51-60 96.70+1.84 85.74+12.26 92.37+£1.06 68.42+28.81 88.98+3.52

To manifest the performances of the proposed LEDs-emitting technique and
the other methods, the MAPE is applied to cauge their performances. The MAPE
calculations for the methods of DST, ICA and CFC are accomplished in the same
manner as the MAPE computation for the conventional LEDs-shining method. In MAPE
calculation, the actual SpO2 value of each subject for age ranges uses the SpO2 value
obtained by the conventional LEDs-shining method while resting (see Tables A.5-A.8).
The MAPE results of all techniques, the proposed LEDs-driving technique and the
conventional LEDs-shining method, and the methods of DST, ICA and CFC, are summed
up in Tables 4.26-4.30. In Tables 4.26-4.30, each table is tabularly separated in each
age group. In addition, the MAPE values for each participant of each approaches are
gathered in Tables A.69-A.88. As the MAPE values for all techniques are numerous, for
considering an overview, the overall MAPE value for each age range of each posture is
applied. All overall MAPE values are recapitulated in Tables 4.31-4.35. Also, the MAPE
values of the proposed LEDs-driving technique including the MAPE values of the
conventional LEDs-emitting method uses the MAPE values that are already written in
Tables 4.30-4.49. Each posture is contemplated as follows.

For the bending posture (see Table 4.31), all overall MAPE values of the
proposed LEDs-driving technique are slightly inferior to the DST method for both
genders of all age groups. The entire overall MAPE values of the presented LEDs-shining
strategy, for all participants, are also highly lower than the ICA algorithm but
moderately lesser than the CFC scheme. The overall MAPE values of the proposed

LEDs-emitting solution vary between 0.46 and 0.98 while the DST method oscillates in
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the range of 1.71 to 2.04. The ICA approach extremely sways between 28.29 and 59.87
and the CFC scheme fairly swings in the gap of 2.10 to 11.89.

Next consideration is the overall MAPE values of the horizontal moving pose,
depicted in Table 4.32. The whole overall MAPE values of the proposed LEDs-driving
technique are as similar as the bending posture marginally lesser than the DST method
for both genders of all age groups. Besides, the other two methods (ICA, CFC) are
greater than the presented LEDs-emitting approach moderately to highly for all age
ranges as well as all sexes. The overall MAPE values of the proposed LEDs-emitting
technique rises and falls between 0.71 and 1.35 while the DST method fluctuates in
the range of 1.46 to 2.27. The ICA approach very rocks between 21.85 and 59.39 and
the CFC scheme somewhat seesaws in the gap of 1.92 to 5.80.

After that, the overall MAPE values of the shivering posture (see Table 4.33) are
contemplated. From the contemplation, all MAPE values of the proposed LEDs-driving
solution are overall lower than the entire MAPE values of the method of DST on a
small scale. Likewise, the whole MAPE values of the presented LEDs-emitting scheme
are lesser than all MAPE values of the approaches of ICA and CFC significantly. The
overall MAPE values of the proposed LEDs-emitting solution go up and down between
0.61 and 1.20 while the DST method occurs in the range of 1.61 to 2.07. The ICA
approach greatly brandishes between 25.65 and 75.85 and the CFC scheme quite alters
in the interval of 1.46 to 4.82.

Later, the overall MAPE values of the vertical moving pose (see Table 4.34) are
in review. Like the first three postures, the entire MAPE values of the proposed
technique are better than all overall MAPE values of the schemes of DST, ICA and CFC
for both genders of all age groups. The overall MAPE values of the proposed LEDs-
emitting strategy occur between 0.69 and 1.32 while the DST method fluctuates in the
range of 1.61 to 2.07. The ICA approach notably swings between 25.65 and 75.85 and
the CFC scheme relatively moves back and forth in the interval of 1.46 to 4.82.

Lastly, the waving posture (see Table 4.35) is inspected in terms of the overall
MAPE values of all age ranges for both genders. From the inspection finds that the
entire overall MAPE values of the proposed LEDs-driving technique are more
thoroughly than the DST method. In the same manner, all overall MAPE values of the
presented LEDs-emitting method are far better than the entire overall MAPE values of
the solutions of ICA and CFC. The overall MAPE values of the proposed LEDs-emitting
scheme oscillate between 0.71 and 1.18 while the DST method vibrates in the range
of 1.51 to 2.14. The ICA approach considerably sways between 24.38 and 52.43 and
the CFC scheme relatively deviates in the interval of 3.20 to 5.60.

After the considerations of all postures, the performances of the proposed
LEDs-driving technique and the methods of DST, ICA and CFC including the
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conventional LEDs-shining method can be concluded coherently. The conclusion can
be drawn that the performance of the proposed LEDs-emitting solution is superior to
the other four approaches for all postures of all volunteers of each age range. This is
because the overall MAPE values of the proposed LEDs-driving strategy are inferior to
the overall MAPE values of the rest methods. In addition, only two techniques which
are the proposed LEDs-driving technique and the DST approach are found to better
the SpO2 quality when compared with the traditional LEDs-shining method.
Nonetheless, the scheme of ICA is found that not only the SpO2 quality is not
improved but also worsened when compared with the conventional LEDs-emitting
method. This is because the amplitudes of the mended red and IR PPG signals are
distorted from their actual amplitudes. For the CFC concept, the SpO2 quality is
inharmoniously bettered as only some red and IR PPG signals are applicable to the
CFC method.

Currently, the DST method is highly reliable because this method is practically
implemented into the MASIMO pulse oximeters and the MASIMO pulse oximeters are
sold all over the world. The MASIMO Company is one of the key leading players in the
pulse oximeter industry [60]. Also, the DST method is invented by the MASIMO
Company. Therefore, the performance of the DST method is utilized as a criterion to
evaluate whether the performance of the proposed LEDs-driving technique is good.
Since the performance of the proposed LEDs-driving technique is superior to the
performance of the DST method (see Tables 4.31-4.35), this suggests that the proposed
LEDs-driving technique is good. With overall low MAPE values of the proposed LEDs-
driving technique points out that the presented LEDs-emitting approach manifests high
potentiality of solving the MA issue. Besides, the proposed LEDs-driving method is
found to be applicable for all age ranges because the results of all involving
participants of each age group are in the same way.

Nevertheless, bearing in mind, the proposed LEDs-driving technique only works
well with the given volunteers. This cannot be the conclusion for other human races.
The experiments with other kinds of human races are advised to further investigate in

order to draw a complete conclusion.



Table 4.26 Summary of SpO2 percentage error of all age ranges while bending for

the dedicated techniques.
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Compared techniques

PT! CM? DST? ICA* CFC®
Age ranges -
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 0.68+0.58 3.22+2.69 1.76+1.18 32.38+19.23 2.10+1.80
31-40 0.84+0.69 5.59+4.93 1.99+1.18 38.62+40.81 7.10+8.75
41-50 0.98+1.17 4.31+3.02 1.71+£0.97 33.92+20.47 2.19+1.05
51-60 0.64+0.41 4.44+2.84 1.73+1.14 50.44+32.19 4.89+10.02
Female subjects

21-30 0.77+0.59 5.65+4.72 1.86+1.29 28.29+17.87 5.32+5.88
31-40 0.46+0.28 10.70+9.16 1.92+0.99 59.87+33.70 11.89+18.16
41-50 0.59+0.54 3.97+3.64 1.90+1.10 55.23+46.57 4.02+2.95
51-60 0.59+0.48 8.84+7.71 2.04+0.92 42.56+62.98 9.62+9.61

1 - PT refers to the proposed LEDs-driving technique, 2 — CM refers to the conventional LEDs-emitting method,

3 — DST stands for discrete saturation transform, 4 — ICA stands for independent component analysis,

5 — CFC stands for compression of Fourier coefficients.

Table 4.27 Summary of SpO2 percentage error of all age ranges while horizontal

moving for the dedicated techniques.

Compared techniques

pT" CM? DST’ IcA* CFC
Age ranges . :
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 0.76+0.64 2.92+2.59 2.09+0.91 45.72+40.57 1.92+2.11
31-40 0.98+1.05 5.31+5.70 2.09+0.99 21.85+12.61 5.55+5.90
41-50 0.84+1.01 4.53+4.85 1.96+1.47 48.30+51.01 2.70+2.44
51-60 0.71+0.60 3.93+2.81 1.46+1.00 59.39+52.54 4.81+3.91
Female subjects

21-30 1.08+£1.01 7.03+6.51 2.26+1.26 24.37+19.45 4.29+3.85
31-40 0.98+0.87 11.85+7.22 2.27+1.37 46.62+24.71 5.80+3.65
41-50 0.75+0.78 4.06+3.05 1.66+0.99 35.13+24.32 2.82+2.24
51-60 1.35+1.17 9.46+13.96 1.84+0.02 38.09+35.57 5.45+4.07




Table 4.28 Summary of SpO2 percentage error of all age ranges while shivering for

the dedicated techniques.

Compared techniques
PT! cm? DST? ICA® CFC®
Age ranges
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 0.82+0.70 3.17+2.86 1.80+1.24 33.59+24.16 1.46+0.97
31-40 1.20+0.65 4.36+5.72 1.96+1.08 32.44+30.40 2.75+2.41
41-50 0.61+0.65 3.24+3.75 1.70+0.78 49.48+48.04 1.65+1.37
51-60 0.77+0.46 7.24+7.14 1.61+£1.08 52.14+33.30 2.16+2.90
Female subjects

21-30 0.90+0.65 9.23+11.92 1.82+1.39 33.46+31.40 4.82+4.92
31-40 0.94+0.92 12.71+15.98 2.07+1.13 75.85+£62.89 3.45+2.88
41-50 0.71+0.62 5.60+7.37 1.84+0.75 25.65+16.82 1.94+2.30
51-60 0.86+0.59 10.95+19.37 1.92+0.86 27.42+23.73 4.26+4.01

Table 4.29 Summary of SpO2 percentage error of all age ranges while vertical

moving for the dedicated techniques.

Compared techniques
PT! CMm? DST? ICA? CFC
Age ranges
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 0.82+0.63 3.06+3.14 1.78+1.15 46.25+42.36 2.20+2.44
31-40 1.16+0.67 5.31+4.45 1.85+0.88 28.27+15.44 4.97+3.17
41-50 0.69+0.63 5.26+6.39 1.54+0.96 38.28+30.64 4.32+6.67
51-60 0.94+0.53 6.53+7.98 1.51+0.99 34.90+26.75 4.27+3.50
Female subjects

21-30 0.89+0.45 7.63+6.44 1.91+1.26 34.81+35.64 6.74+5.64
31-40 0.95+0.81 10.95+9.00 2.12£1.23 38.65+21.91 4.93+4.94
41-50 0.88+0.61 552+6.45 1.71+0.82 58.23+55.36 4.26+4.32
51-60 1.32+0.99 12.77+£25.58 1.94+0.94 31.97+28.50 4.99+4.46




99

Table 4.30 Summary of SpO2 percentage error of all age ranges while waving for the

dedicated techniques.

Compared techniques

PT! cm? DST? ICA® CFC®
Age ranges
Summary of SpO2 percentage error in the unit of percentage (%)
Overall (Mean) + Standard deviation
Male subjects
21-30 0.92+0.63 2.99+2.89 1.55+0.93 30.15+£22.32 3.30+4.90
31-40 1.18+0.64 4.48+5.03 1.95+0.84 38.86+29.30 4.48+4.10
41-50 0.71+0.92 6.14+7.03 1.51+£1.01 31.89+29.34 3.22+2.34
51-60 0.77+0.48 3.84+2.23 1.57+0.96 40.22+30.52 3.20+2.55
Female subjects

21-30 0.76+0.49 7.58+10.39 1.64+1.32 24.38+15.89 4.42+4.23
31-40 0.96+0.86 11.40+15.52 2.14+0.98 52.43+3552 3.67+3.08
41-50 0.73+0.40 5.08+3.45 1.66+0.92 39.08+22.95 5.14+2.58
51-60 0.86+0.63 9.02+12.70 1.68+0.97 37.62+25.87 5.60+3.42

Table 4.31 Recapitulation of SpO2 percentage error for all age groups while bending
for the dedicated techniques.

Compared techniques
Age ranges pT! CM? DST® ICA* CFC’
M F M F M F M F M F
Overview of MAPE values in the unit of percentage (%)
21-30 0.68 0.77 3.22 5.65 516 1.86 32.38 28.29 2.10 5.32
31-40 0.84 0.46 559 10.70 1.99 1.92 38.62 59.87 7.10 11.89
41-50 0.98 0.59 4.31 3.97 1.71 1.90 33.92 55.23 2.19 4.02
51-60 0.64 0.59 4.44 8.84 1.73 2.04 50.44 42.56 4.89 9.62
Overall
(Mean) + 0.79+ 0.60+ 4.39+ 7.29+ 1.80+ 1.93+ | 38.84+ | 46.49+ | 4.07+ 771+
Standard 0.16 0.13 0.97 3.04 0.13 0.08 8.18 14.17 2.40 3.67
deviation

1 - PT refers to the proposed LEDs-driving technique, 2 — CM refers to the conventional LEDs-emitting method,
3 — DST stands for discrete saturation transform, 4 — ICA stands for independent component analysis,
5 — CFC stands for compression of Fourier coefficients,

M — Male, F — Female.




Table 4.32 Recapitulation of SpO2 percentage error for all age groups while

horizontal moving for the dedicated techniques.
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Compared techniques

Age ranges PT! CM? DST’ ICA CFC®
M F M F M F M F M F
Overview of MAPE values in the unit of percentage (%)

21-30 0.76 1.08 | 251 7.03 209 | 226 | 4572 | 2437 | 192 | 4.29
31-40 098 | 098 | 531 | 11.85 | 209 | 227 | 2185 | 4662 | 555 5.80
41-50 084 | 075 4.53 4.06 1.96 166 | 4830 | 3513 | 270 2.82
51-60 0.71 1.35 3.93 9.46 1.46 184 | 5939 | 3809 | 4.81 5.45
Overall 082+ | 1.04+ | 4.07+ | 810+ | 1.90+ | 201+ | 43.82+ | 36.05+ | 3.75¢ | 4.59+
(Mean) +

Standard 012 | 025 | 118 | 334 | 030 | 031 | 1580 | 919 | 171 | 134
deviation

Table 4.33 Recapitulation of SpO2 percentage error for all age groups while shivering

for the dedicated techniques.

Compared techniques

Age ranges PT! CM? DST? ICA* CFC®

M F M F M E M F M F

Overview of MAPE values in the unit of percentage (%)

21-30 0.82 0.90 3.17 9.23 1.80 1.82 33.59 33.48 1.46 4.82
31-40 1.20 0.94 4.36 12.71 1.96 2.07 64.54 75.85 2.75 3.45
41-50 0.61 0.71 3.24 5.60 1.70 1.84 49.48 25.65 1.65 1.94
51-60 0.77 0.86 7.24 10.95 1.61 1.92 52.14 27.42 2.16 4.26
Overall
(Mean) + 0.85+ 0.85+ 4.50+ 9.62+ 1.77+ 191+ | 49.94+ | 40.60+ 2.01+ 3.62+
Standard 0.25 0.10 1.90 3.03 0.15 0.11 12.72 23.74 0.58 1.25
deviation

Table 4.34 Recapitulation of SpO2 percentage error for all age groups while vertical

moving for the dedicated techniques.

Compared techniques

Age ranges PT! CM? DST? ICA* CFC

M F M F M F M F M F

Overview of MAPE values in the unit of percentage (%)

21-30 0.82 0.89 3.06 7.63 1.78 1.91 46.25 34.81 2.20 6.74
31-40 1.16 0.95 5.31 10.95 1.85 212 28.27 38.65 a.97 4.93
41-50 0.69 0.88 5.26 5.52 1.54 1.71 38.28 58.23 4.32 4.26
51-60 0.94 1.32 6.53 12.77 1.51 1.94 34.90 31.97 a.27 4.99
Overall
(Mean) + 0.90+ 1.01+ 5.04+ 9.22+ 1.67+ 1.92+ | 36.93+ | 40.92+ | 3.94+ 523+
Standard 0.20 0.21 1.44 3.26 0.17 0.17 7.48 11.86 1.20 1.06
deviation
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Table 4.35 Recapitulation of SpO2 percentage error for all age groups while waving

for the dedicated techniques.

Compared techniques

Age ranges PT! CM? DST’ ICA" CFC

M F M F M F M F M F

Overview of MAPE values in the unit of percentage (%)

21-30 0.92 0.76 2.99 7.58 1.55 1.64 30.15 24.38 3.30 4.42
31-40 1.18 0.96 4.48 11.40 1.95 2.14 38.86 52.43 4.48 3.67
41-50 0.71 0.73 6.14 5.08 1.51 1.66 31.89 39.08 3.22 5.14
51-60 0.77 0.86 3.84 9.02 1.57 1.68 40.22 37.62 3.20 5.60
Overall
(Mean) + 0.90+ 0.83+ 4.36+ 8.27+ 1.65+ 1.78+ | 35.28+ | 38.38+ | 3.55+ 4.71+
Standard 0.21 0.10 1.33 2.65 0.20 0.24 5.00 11.47 0.62 0.85
deviation




CHAPTER 5

Conclusions

A SpO2 value provided by a pulse oximeter is inherently unreliable when any
motions induced by a human person take place. The SpO2 value is dependent on a
pair of proper red and IR PPG signals. The red and IR PPG signals are the leftover light
intensities of red and IR lights, emitted by red and IR LEDs, after being absorbed by
human absorbing organs, respectively. However, both red and IR PPG signals are
intrinsically contaminated by an MA signal generated by any human movement. To
improve the SpO2 value, in this thesis, a novel LEDs-driving technique substituted for
a conventional LEDs- emitting structure in the pulse oximeter is proposed. In
developing the new LEDs-shining strategy, various contemporary methods relating to
solving the MA issue as well as the MA frequency components are reviewed. From the
review reveals that the reviewed methods attempt to mend the corrupted red and IR
signals. The review also finds that the MA frequency components overlap with the PPG
frequency components. In this proposition, each LED is driven by a carrier sinusoidal
signal having a distinct frequency to separate the PPG frequency components from the
MA frequency components. The separation of PPG frequency components from the
MA frequency components by the proposed scheme is accomplished through a
frequency translation technique using a structure of amplitude modulation (AM). As a
consequence of practicing the AM concept, a traditional PPG mathematical expression
is developed to satisfy the AM model, yielding the AM-based PPG mathematical
statement. By utilizing the presented LEDs-driving approach prevents the PPG signals
from being combined with the MA signal rather than mending the corrupted PPG signals
like the review methods do. Besides, implementing the proposed LEDs- emitting
technique successfully separates the PPG frequency components from the MA
frequency components. With this proposed strategy, the PPG signals are not
intertwined with the MA signal.

To verify that the PPG signals obtained by the presented approach maintain all
significant PPG morphologies, the Pearson’s correlation coefficient (PCC) and the mean
square percentage error (MSPE) are applied. The PCC and MSPE results of comparing
the PPG morphological similarity while at rest between the proposed technique and
the conventional method are consistently in the same way. The PCC results are overall
greater than 0.9 for all volunteers while the MSPE results are overall lower than 1%.
With the PCC and MSPE results reveals that the PPG signals of the presented approach

are highly similar to the PPG signals of the conventional method. This indicates that
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the proposed technique does not distort and keeps all significant features of the PPG
morphologies, and also suggests that the proposed technique is practically utilizable.

To manifest the effectiveness of the proposed technique that the PPG signals
are separated from the MA signal, five common postures are experimented. These five
everyday poses are a bending posture, a horizontal moving posture, a shivering
posture, a vertical moving posture and a waving posture. In experimental conducting
these five regular postures, the conventional method is also performed for the reason
of exhibiting performance enhancement of the presented approach. The results of five
moving postures emerge coherently that the red and IR PPG signals are not mingled
with the MA signal because their proper PPG waveforms are yet existed. This is also
ascertained by considering the SpO2 results. The SpO2 values calculated from the red
and IR PPG signals of the proposed technique have very low MAPE values for all
experimented postures as well as both genders. The MAPE values of the presented
structure vary from 0.6% to 1.35% while the MAPE values of the conventional model
are somewhat higher than the proposed technique does. The MAPE values of the
traditional method are between 2.5% and 13%. From the experiments of the five
common postures affirms that the proposed technique is effective and practical. In
addition, the experimental results of all moving poses show that the proposed can be
practiced with technique both genders for all age ranges. This suggests that age and
sex do not affect the performance of the presented scheme.

As the proposed technique employs the AM structure, in this thesis, the
amplitude of the generated carrier sinusoidal signal is studied by changing light
intensity falling upon the absorbing medium. The light intensity is changed by adjusting
the root mean square (RMS) current fed to the LED. In this study, three RMS current
values (14.71 mA, 14.49 mA and 14.26 mA) are experimented to verify whether the
light intensity has the influence on the SpO2 quality. Each voltage is performed for all
moving postures. The results of this study disclose that change of light intensity does
not show any impact on the SpO2 quality for all postures of both genders. This is
because all SpO2 values at different voltages of each participant are not much different
but, actually, they are fairly similar. This study points out that there is no significant
influence on change of light intensity.

To evaluate that the proposed technique is competitive in the research field
of resolving the MA problem in the pulse oximeter context, the performances of three
well-known methods are compared. The performance comparison exposes that the
presented approach is slightly superior to the DST scheme for all postures of both
genders at all age ranges. Likewise, the proposed technique is significantly better than
the methods of ICA and CFC. The overview MAPE values obtained by the presented
strategy are roughly from 0.45% to 1.35% while the overview MAPE values provided



104

by the DST method are between 1.45% and 2.25%. For the approach of ICA, the
overview MAPE values vary in the range of 21.00% to 76.00%. The last method, CFC,
produces the overview MAPE values between 1.45% and 12.00%. With being better
than all three given methods, the proposed technique can be concluded to be
competitive.

Bearing in mind, the DST method is the most reliable among other well-known
methods in the pulse oximeter industry these days. Since the presented strategy is
superior to the DST approach, the proposed technique can be therefore implied that
the presented scheme is also reliable. Having reliability of the proposed technique for
the given volunteers is suggested to be further investicated with different human races

to increase more reliability before implementing in a practical device.
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Table A.1 Summary of PPG morphological similarity of the age range of 21 to 30.

Male subjects

Subj! PCCR? PCCIR® PCCR? PCCIR’ MSPER* MSPEIR®
no. (Time domain) | (Time domain) (Frequency (Frequency (Time domain) | (Time domain)
domain) domain)
Average + Standard deviation
08 0.972+0.012 0.986+0.004 0.990+0.005 0.996+0.001 0.131+0.037 0.054+0.014
18 0.944+0.010 0.972+0.006 0.967+0.006 0.985+0.006 0.424+0.065 0.238+0.041
36 0.982+0.014 0.989+0.004 0.993+0.005 0.996+0.002 0.093+0.049 0.071+0.029
38 0.974+0.010 0.988+0.005 0.987+0.005 0.994+0.002 0.165+0.052 0.105+0.036
40 0.934+0.017 0.967+0.009 0.966+0.016 0.982+0.006 0.521+0.197 0.306+0.107
51 0.936+0.016 0.956+0.012 0.967+0.009 0.977+0.006 0.453+0.163 0.315+0.129
57 0.961+0.014 0.980+0.004 0.982+0.013 0.991+0.005 0.203+0.043 0.127+0.022
58 0.935+0.003 0.970+0.004 0.966+0.008 0.984+0.004 0.411+0.060 0.170+0.041
59 0.970+0.017 0.985+0.004 0.985+0.011 0.991+0.005 0.128+0.055 0.085+0.046
60 0.964+0.015 0.984+0.005 0.991+0.006 0.994+0.001 0.232+0.105 0.121+0.043
61 0.936+0.013 0.958+0.006 0.976+0.006 0.985+0.003 0.291+0.189 0.182+0.094
62 0.932+0.012 0.963+0.007 0.962+0.008 0.980+0.005 0.584+0.078 0.262+0.054
63 0.942+0.020 0.964+0.011 0.981+0.010 0.986+0.007 0.347+0.151 0.239+0.093
64 0.931+0.007 0.955+0.004 0.978+0.005 0.984+0.004 0.518+0.104 0.347+0.092
Overall
(Mear) 0.951+0.019 0.973+0.012 0.978+0.011 0.988+0.006 0.322+0.166 0.187+0.097
Female subjects

A > s PCCR? PCCIR® . s
Subj PCCR PCCIR MSPER MSPEIR
No. (Time domain) (Time domain) AR QBT (Time domain) (Time domain)

domain) domain)
Average + Standard deviation

05 0.995+0.003 0.994+0.002 0.998+0.001 0.997+0.001 0.008+0.004 0.008+0.001
06 0.992+0.009 0.997+0.002 0.997+0.002 0.999+0.001 0.019+0.016 0.007+0.005
09 0.982+0.010 0.991+0.002 0.992+0.004 0.995+0.003 0.048+0.013 0.025+0.011
11 0.984+0.012 0.994+0.002 0.992+0.004 0.997+0.001 0.058+0.035 0.026+0.013
17 0.955+0.006 0.974+0.004 0.978+0.005 0.989+0.003 0.334+0.100 0.152+0.036
27 0.993+0.012 0.994+0.001 0.997+0.003 0.997+0.001 0.005+0.002 0.018+0.006
28 0.958+0.019 0.975+0.008 0.983+0.005 0.989+0.003 0.280+0.147 0.149+0.075
29 0.989+0.013 0.988+0.014 0.995+0.006 0.995+0.009 0.008+0.009 0.012+0.006
37 0.993+0.012 0.994+0.001 0.998+0.004 0.998+0.001 0.006+0.001 0.018+0.003
41 0.983+0.014 0.991+0.007 0.991+0.008 0.995+0.005 0.046+0.030 0.026+0.022
42 0.991+0.012 0.997+0.000 0.997+0.004 0.999+0.001 0.025+0.004 0.017+0.004
52 0.975+0.024 0.987+0.010 0.990+0.009 0.994+0.005 0.128+0.099 0.080+0.068
Overall
(Mean) 0.982+0.013 0.990+0.008 0.992+0.006 0.995+0.003 0.080+0.112 0.045+0.053

1 - Subject, 2 - Pearson correlation coefficients (PCC) of retrieved red PPG signals against conventional red PPG signals,

3 — Pearson correlation coefficients (PCC) of recovered IR PPG signals against conventional IR PPG signals,

4 - Mean square percentage error (MSPE) between retrieved red PPG signals and traditional red PPG signals,

5 — Mean square percentage error (MSPE) between recovered IR PPG signals and traditional IR PPG signals.
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Table A.2 Summary of PPG morphological similarity of the age range of 31 to 40.

Male subjects

PCCR? PCCIR®
Subj! PCCR? PCCIR® MSPER* MSPEIR®
(Frequency (Frequency
no. (Time domain) (Time domain) (Time domain) (Time domain)
domain) domain)
Average + Standard deviation
03 0.967+0.022 0.986+0.007 0.982+0.020 0.993+0.006 0.085+0.032 0.025+0.010
12 0.982+0.007 0.992+0.002 0.991+0.004 0.996+0.003 0.092+0.048 0.061+0.027
24 0.993+0.011 0.998+0.002 0.998+0.004 0.999+0.000 0.007+0.003 0.005+0.001
34 0.946+0.038 0.959+0.035 0.965+0.024 0.974+0.018 0.396+0.372 0.304+0.277
46 0.975+0.012 0.984+0.003 0.990+0.003 0.993+0.004 0.132+0.043 0.093+0.028
a7 0.990+0.014 0.996+0.002 0.997+0.005 0.999+0.001 0.017+0.005 0.017+0.005
55 0.898+0.017 0.937+0.014 0.936+0.015 0.963+0.010 0.812+0.243 0.466+0.156
67 0.955+0.022 0.976+0.013 0.984+0.009 0.993+0.004 0.233+0.165 0.123+0.057
69 0.941+0.023 0.967+0.017 0.976+0.005 0.987+0.003 0.366+0.160 0.177+0.074
Overall
(Mean) 0.961+0.030 0.977+0.020 0.980+0.019 0.988+0.012 0.238+0.257 0.141+0.154
ean
Female subjects
J 5 s PCCR? PCCIR® h s
Subj PCCR PCCIR MSPER MSPEIR
(Frequency (Frequency
no. (Time domain) (Time domain) (Time domain) (Time domain)
domain) domain)
Average + Standard deviation
07 0.974+0.009 0.985+0.003 0.990+0.005 0.994+0.004 0.145+0.077 0.077+0.030
15 0.993+0.013 0.999+0.001 0.998+0.004 0.999+0.000 0.007+0.003 0.003+0.002
19 0.972+0.010 0.985+0.002 0.986+0.009 0.992+0.004 0.172+0.071 0.071+0.026
32 0.954+0.017 0.975+0.006 0.981+0.009 0.988+0.002 0.250+0.135 0.135+0.044
48 0.983+0.009 0.995+0.002 0.992+0.004 0.998+0.001 0.069+0.028 0.028+0.016
54 0.992+0.012 0.998+0.001 0.997+0.004 0.999+0.000 0.016+0.012 0.012+0.003
56 0.980+0.008 0.991+0.002 0.992+0.004 0.996+0.002 0.063+0.030 0.030+0.009
73 0.990+0.011 0.997+0.002 0.996+0.004 0.999+0.001 0.020+0.008 0.008+0.003
Overall
0.980+0.013 0.991+0.008 0.991+0.006 0.996+0.004 0.093+0.088 0.046+0.046

(Mean)
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Table A.3 Summary of PPG morphological similarity of the age range of 41 to 50.

Male subjects

PCCR? PCCIR®

Subj! PCCR? PCCIR® MSPER* MSPEIR®
(Frequency (Frequency

no. (Time domain) (Time domain) (Time domain) (Time domain)

domain) domain)

Average + Standard deviation
16 0.930+0.035 0.975+0.008 0.956+0.034 0.985+0.007 0.416+0.147 0.139+0.020
20 0.946+0.016 0.975+0.003 0.976+0.009 0.984+0.004 0.374+0.224 0.150+0.037
30 0.912+0.005 0.950+0.003 0.945+0.009 0.971+0.007 0.639+0.088 0.393+0.032
33 0.979+0.017 0.988+0.007 0.993+0.007 0.995+0.003 0.090+0.078 0.069+0.040
35 0.957+0.015 0.979+0.007 0.977+0.012 0.990+0.006 0.271+0.152 0.151+0.079
49 0.929+0.025 0.955+0.017 0.963+0.027 0.977+0.016 0.402+0.111 0.250+0.046
66 0.984+0.017 0.992+0.004 0.994+0.008 0.996+0.003 0.047+0.013 0.042+0.007
71 0.945+0.017 0.971+0.005 0.971+0.009 0.985+0.006 0.357+0.094 0.213+0.042
Overall
(Mean) 0.948+0.025 0.973+0.015 0.972+0.017 0.985+0.008 0.325+0.190 0.176+0.111
ean
Female subjects

PCCR? PCCIR®

Subj! PCCR? PCCIR® MSPER* MSPEIR®
(Frequency (Frequency

no. (Time domain) f (Time domain) (Time domain) | (Time domain)

domain) domain)

Average + Standard deviation
01 0.973+0.007 0.993+0.002 0.984+0.006 0.996+0.001 0.130+0.030 0.016+0.012
10 0.947+0.008 0.966+0.007 0.976+0.004 0.984+0.003 0.334+0.075 0.218+0.077
25 0.952+0.007 0.971+0.002 0.974+0.007 0.983+0.004 0.197+0.029 0.098+0.022
43 0.994+0.012 0.999+0.000 0.998+0.004 0.999+0.000 0.007+0.005 0.004+0.004
53 0.971+0.011 0.983+0.005 0.987+0.003 0.991+0.002 0.168+0.073 0.106+0.039
68 0.983+0.011 0.992+0.001 0.994+0.005 0.997+0.001 0.066+0.010 0.046+0.009
72 0.972+0.010 0.985+0.002 0.987+0.006 0.993+0.002 0.182+0.038 0.118+0.026
Overall
0.970+0.016 0.984+0.012 0.986+0.009 0.992+0.006 0.155+0.104 0.087+0.073

(Mean)
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Table A.4 Summary of PPG morphological similarity of the age range of 51 to 60.

Male subjects

PCCR? PCCIR®
Subj! PCCR? PCCIR® MSPER* MSPEIR®
(Frequency (Frequency
no. (Time domain) (Time domain) (Time domain) (Time domain)
domain) domain)
Average + Standard deviation
13 0.927+0.009 0.963+0.007 0.957+0.008 0.978+0.006 0.435+0.086 0.203+0.051
22 0.972+0.025 0.980+0.020 0.993+0.005 0.996+0.001 0.071+0.054 0.052+0.047
23 0.913+0.005 0.940+0.004 0.950+0.012 0.970+0.009 0.301+0.035 0.185+0.021
a4q 0.989+0.010 0.995+0.004 0.996+0.004 0.998+0.001 0.029+0.013 0.029+0.012
45 0.966+0.011 0.978+0.005 0.987+0.006 0.991+0.003 0.189+0.095 0.107+0.063
50 0.956+0.017 0.972+0.011 0.981+0.011 0.988+0.008 0.266+0.150 0.158+0.074
75 0.960+0.008 0.979+0.003 0.981+0.008 0.990+0.005 0.242+0.087 0.144+0.035
Overall
(Mean) 0.955+0.026 0.973+0.017 0.978+0.018 0.987+0.010 0.219+0.139 0.125+0.066
ean
Female subjects
: PCCR? PCCIR®
Subj! PCCR? PCCIR? MSPER* MSPEIR®
(Frequency (Frequency
no. (Time domain) (Time domain) (Time domain) (Time domain)
domain) domain)
Average + Standard deviation
02 0.989+0.003 0.994+0.002 0.995+0.003 0.997+0.001 0.054+0.026 0.021+0.023
04 0.994+0.004 0.997+0.002 0.998+0.001 0.999+0.001 0.019+0.010 0.004+0.001
14 0.971+0.016 0.986+0.004 0.987+0.011 0.994+0.005 0.096+0.035 0.049+0.017
21 0.970+0.009 0.990+0.001 0.987+0.006 0.996+0.001 0.170+0.049 0.046+0.017
26 0.989+0.011 0.996+0.002 0.997+0.004 0.999+0.001 0.029+0.013 0.021+0.009
31 0.916+0.007 0.937+0.005 0.959+0.010 0.972+0.006 0.483+0.094 0.385+0.073
39 0.978+0.012 0.983+0.001 0.993+0.007 0.993+0.003 0.076+0.012 0.070+0.010
65 0.992+0.010 0.997+0.001 0.997+0.004 0.999+0.000 0.018+0.012 0.008+0.003
70 0.928+0.012 0.955+0.008 0.965+0.007 0.975+0.006 0.455+0.079 0.264+0.046
74 0.939+0.007 0.966+0.003 0.976+0.003 0.984+0.003 0.368+0.046 0.232+0.023
Overall
0.967+0.029 0.980+0.021 0.985+0.014 0.991+0.010 0.177+0.186 0.110+0.134

(Mean)
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Table A.5 Summary SpO2 values of the age range of 21 to 30 years while resting.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 94.09+0.36 92.64+0.45 05 94.44+0.09 94.64+0.34
18 98.21+0.02 92.29+0.25 06 95.64+0.09 95.40+0.58
36 98.64+0.19 92.02+1.87 09 99.38+0.15 94.45+0.34
38 95.85+0.08 94.09+0.21 11 99.12+0.14 94.13+0.85
40 94.78+0.13 91.14+0.66 17 97.89+0.07 93.59+0.14
51 94.15+0.31 92.63+0.83 27 96.03+0.04 93.52+0.29
57 94.70+0.15 93.18+0.45 28 96.25+0.25 93.71+0.31
58 93.44+0.08 93.55+0.14 29 98.71+0.09 93.06+0.99
59 98.54+0.12 94.57+0.58 37 97.67+0.10 93.86+0.14
60 93.17+0.78 94.26+0.38 41 98.12+0.15 92.03+0.30
61 98.68+0.21 93.30+0.33 42 96.20+0.00 93.95+1.40
62 94.63+0.10 93.60+0.28 52 95.00+0.18 91.77+1.52
63 97.47+0.08 93.27+0.47
64 97.49+0.21 93.94+1.65 Overall
ol ,m 97.04+1.66 93.67+1.03
(Mear) 95.99+2.09 93.18+0.95

Table A.6 Summary SpO2 values of the age range of 31 to 40 years while resting.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 94.04+0.09 93.17+0.34 07 97.98+0.09 91.33+0.52
12 96.02+0.05 93.90+0.34 15 96.33+0.08 93.02+0.74
24 98.18+0.10 92.93+1.44 19 97.10+0.10 93.79+0.24
34 98.91+0.10 91.77+0.40 32 97.43+0.20 92.52+0.27
46 99.40+0.00 92.98+0.42 48 97.93+0.08 93.86+0.29
ar 99.44+0.09 94.02+2.00 54 99.53+0.10 94.82+1.46
55 96.04+0.06 93.62+0.11 56 97.45+0.03 93.35+0.47
67 93.66+0.24 91.72+0.26 73 99.69+0.09 95.25+0.44
69 93.03+0.10 92.97+0.28
Overall Overall 97.93+1.16 93.49+1.25
(Mean) 96.52+2.56 93.01+0.82 (Mean)
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Table A.7 Summary SpO2 values of the age range of 41 to 50 years while resting.

Male subjects

Female subjects

Subject Proposed Conventional [ Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
16 96.06+0.35 93.13+1.08 01 99.58+0.04 92.37+0.32
20 96.37+0.05 93.67+0.33 10 98.13+0.08 91.93+0.72
30 96.06+0.02 93.27+0.22 25 95.44+0.11 93.10+0.28
33 97.16+0.11 93.23+0.17 43 96.26+0.05 91.38+1.11
35 94.86+0.09 92.73+0.27 53 97.45+0.14 92.83+0.23
49 95.34+0.05 91.83+0.54 68 99.05+0.07 93.16+0.68
66 97.74+0.15 94.13+0.56 72 97.10+0.07 93.58+0.35
71 97.38+0.08 93.94+0.40
Overall
Overall 97.57+1.47 92.62+0.77
96.37+1.00 93.24+0.73 (Mean)
(Mean)

Table A.8 Summary SpO2 values of the age range of 51 to 60 years while resting.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 95.99+0.44 93.11+0.40 02 96.44+0.09 93.35+0.22
22 99.72+0.11 93.28+0.41 04 95.04+0.09 95.01+0.30
23 97.44+0.07 92.91+0.07 14 95.93+0.32 92.34+0.80
a4 98.18+0.20 93.69+0.34 21 95.06+0.13 94.52+0.08
a5 96.76+0.16 95.12+0.44 26 96.49+0.14 92.72+1.00
50 97.60+0.11 93.08+0.92 31 94.62+0.14 94.02+0.03
75 94.73+0.05 94.09+0.39 39 99.06+0.14 94.75+0.20
65 98.32+0.14 94.58+0.33
70 97.41+0.08 93.89+0.22
Overall
97.20+1.60 93.61+0.78 74 96.18+0.14 94.24+0.10
(Mean)
Overall
96.45+1.45 93.94+0.88
(Mean)
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range of 21 to 30 years while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 93.82+0.24 91.68+0.21 05 93.40+0.14 90.46+0.70
18 97.84+0.08 91.74+0.14 06 94.24+0.09 86.86+1.61
36 99.34+0.14 89.79+4.98 09 98.37+0.27 90.13+1.43
38 96.30+0.08 92.70+1.37 11 99.83+0.07 91.90+1.31
40 94.54+0.10 88.45+0.87 17 97.86+0.07 92.88+0.59
51 96.10+1.16 84.73+13.84 27 95.76+0.21 92.46+0.54
57 94.78+0.21 90.81+3.36 28 96.44+0.29 92.73+1.20
58 93.72+0.18 92.08+1.92 29 97.88+0.12 82.57+5.79
59 98.49+0.10 93.72+0.52 37 95.71+0.09 88.05+2.14
60 93.69+0.44 87.04+3.86 41 98.50+0.16 84.18+9.69
61 97.43+0.29 88.95+0.47 42 97.20+0.07 79.60+4.86
62 96.07+0.49 94.22+0.97 52 94.96+0.08 93.55+0.28
63 97.86+0.08 91.40+1.68
64 98.41+0.24 95.79+6.46 Overall
ol ,m 96.68+1.92 88.78+4.59
(Mear) 96.31+1.96 90.93+2.95

Table A.10 Summary SpO2 values of the age range of 31 to 40 years while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 96.00+0.14 91.61+0.77 07 98.62+0.15 79.73+£3.87
12 96.93+0.14 89.23+3.21 15 97.28+0.10 81.51+2.80
24 98.47+0.09 82.32+1.68 19 96.80+0.22 92.96+1.16
34 99.54+0.15 94.15+0.67 32 96.96+0.30 84.98+4.68
46 98.16+0.29 85.93+1.64 48 97.97+0.12 91.21+1.18
ar 97.80+0.14 79.97+3.92 54 99.54+0.45 84.63+1.52
55 95.87+0.08 88.61+0.85 56 97.66+0.19 64.55+30.76
67 93.93+0.10 92.61+0.39 73 99.28+0.83 88.81+4.14
69 93.15+0.23 92.21+0.52
Overall Overall 98.01+1.04 83.55+8.93
96.65+2.12 88.52+4.88 (Mean)
(Mean)
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Table A.11 Summary SpO2 values of the age range of 41 to 50 years while bending.

Male subjects Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)

SpO2 values in the unit of % SpO2 values in the unit of %

Average + Standard deviation Average + Standard deviation
16 95.90+0.39 91.13+0.80 01 99.24+0.09 91.46+0.63
20 95.95+0.27 87.03+0.60 10 96.50+0.12 93.13+0.43
30 93.18+0.67 90.16+2.23 25 95.42+0.02 91.77+1.13
33 99.80+0.13 86.06+4.46 43 97.13+0.10 86.75+3.45
35 94.43+0.03 91.02+0.44 53 97.10+0.07 91.83+1.19
a9 95.90+0.24 92.61+0.59 68 99.32+0.50 84.36+4.49
66 97.59+0.16 85.98+2.20 72 97.49+0.20 85.81+1.78
71 97.26+0.13 91.27+1.62
Overall s 97.46+1.41 89.30+3.53
(Mean) 96.25+2.02 89.41+2.63 (Mean)

Table A.12 Summary SpO2 values of the a

ge range of 51 to 60 years while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 96.76+0.10 92.32+0.47 02 95.40+0.14 89.25+1.84
22 98.96+0.41 91.17+0.83 04 95.28+0.11 92.21+1.19
23 96.14+0.09 90.28+0.38 14 97.25+0.20 91.27+0.67
a4 98.37+0.03 85.84+2.36 21 95.71+0.23 84.24+2.19
a5 96.42+0.11 91.78+0.45 26 97.14+0.13 67.55+23.43
50 98.35+0.23 87.82+2.85 31 94.68+0.13 85.00+0.02
75 94.95+0.12 86.92+3.87 39 98.97+0.11 89.59+0.59
65 99.49+0.48 81.61+8.96
70 97.19+0.16 91.09+3.59
Overall
97.13+1.46 89.45+2.56 74 96.34+0.21 85.00+1.10
(Mean)
Overall
96.74+1.58 85.68+7.30
(Mean)
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Table A.13 Summary SpO2 values of the age range of 21 to 30 years while

horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 94.42+0.06 93.47+0.55 05 94.04+0.09 93.80+0.48
18 97.98+0.04 90.85+0.64 06 98.56+0.09 90.05+2.67
36 99.18+0.05 83.32+3.77 09 97.06+0.10 88.18+1.55
38 96.38+0.33 93.07+1.05 11 99.42+0.16 93.67+0.25
40 95.52+0.13 87.38+1.32 17 97.98+0.12 92.74+0.25
51 96.18+0.18 94.09+0.72 27 94.43+0.19 87.15+4.98
57 95.08+0.17 94.20+0.94 28 95.18+0.27 85.69+2.01
58 92.86+0.19 93.08+0.29 29 98.72+0.09 85.83+3.77
59 99.30+0.10 92.12+1.81 37 95.48+0.17 74.85+13.86
60 91.30+0.98 90.96+2.19 41 98.64+0.10 87.35+2.73
61 97.34+0.13 91.52+1.48 42 97.00+0.07 76.12+4.87
62 94.49+0.19 92.38+0.84 52 94.76+0.19 94.00+0.20
63 97.48+0.09 95.18+0.82
64 96.95+0.22 90.91+2.17 Overall
dd. (Mears 96.77+1.91 87.45+6.40
(Metr) 96.03+2.28 91.61+3.07

Table A.14 Summary SpO2 values of the age range of 31 to 40 years while

horizontal movine.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 96.64+0.09 90.86+0.61 07 97.92+0.06 78.83+2.48
12 97.09+0.20 94.25+0.98 15 97.44+0.07 77.21+1.88
24 98.48+0.17 76.98+2.40 19 96.46+0.12 92.23+0.45
34 98.94+0.12 90.25+1.81 32 95.98+0.12 91.01+1.25
a6 97.56+0.09 88.88+2.28 48 97.42+0.37 76.24+21.59
ar 97.24+0.09 82.73+3.00 54 99.68+0.11 81.15+6.93
55 96.18+0.21 87.76+1.45 56 98.48+0.10 85.77+1.51
67 93.57+0.03 91.37+0.35 73 96.94+0.09 76.70+15.46
69 93.15+0.11 90.70+0.83
Overall Overall 97.54+1.17 82.39+6.48
(Mean) 96.54+1.99 88.20+5.25 (Mean)
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Table A.15 Summary SpO2 values of the age range of 41 to 50 years while

horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional [ Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
16 95.02+0.10 91.00+0.44 01 99.72+0.11 90.87+0.40
20 95.46+0.08 88.75+0.36 10 95.77+0.14 88.31+0.99
30 93.00+0.43 91.88+1.24 25 95.06+0.07 91.75+0.37
33 96.60+0.14 90.43+0.95 43 97.20+0.07 85.26+2.86
35 94.70+0.13 91.03+1.52 53, 97.29+0.21 93.00+0.23
49 95.54+0.08 92.82+0.17 68 99.54+0.07 85.56+4.50
66 98.10+0.19 81.96+13.64 72 97.72+0.20 87.69+2.63
71 97.22+0.04 88.99+1.18
Overall
Overall 97.47+1.74 88.92+3.03
95.70+1.59 89.61+3.37 (Mean)
(Mean)

Table A.16 Summary SpO2 values of the age range of 51 to 60 years while

horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 95.76+0.37 91.31+1.22 02 96.70+0.14 93.27+0.27
22 98.58+0.13 91.26+0.63 04 96.12+0.18 92.89+0.48
23 95.66+0.09 91.03+1.20 14 97.26+0.19 93.09+0.71
a4 98.30+0.08 90.18+2.62 21 96.05+0.20 90.52+0.65
45 96.55+0.18 93.28+1.86 26 97.65+0.09 48.11+10.33
50 98.32+0.14 84.94+2.34 31 97.71+0.08 85.09+0.06
75 95.26+0.22 87.53+2.79 39 99.84+0.10 87.99+1.73
65 98.52+0.09 88.46+0.68
70 96.78+0.30 92.99+10.61
Overall
96.92+1.44 89.93+2.79 74 92.70+0.46 87.33+2.77
(Mean)
Overall
96.93+1.88 85.97+13.61
(Mean)
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Table A.17 Summary SpO2 values of the age range of 21 to 30 years while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 94.53+0.12 91.01+0.96 05 93.40+0.07 92.56+0.55
18 98.02+0.08 93.22+0.38 06 95.88+0.11 89.96+4.33
36 98.84+0.09 89.01+2.02 09 97.47+0.19 89.40+1.34
38 96.37+0.13 89.84+1.18 11 96.88+0.44 94.43+0.21
40 96.07+0.12 89.73+0.23 17 97.98+0.02 93.01+0.14
51 96.62+0.20 95.13+0.12 27 94.99+0.15 88.99+3.25
57 94.94+0.11 93.53+0.24 28 95.74+0.24 87.64+1.78
58 93.22+0.32 86.72+4.23 29 99.18+0.08 86.84+1.71
59 99.49+0.09 93.35+1.21 37 96.58+0.04 52.70+32.62
60 94.14+0.45 91.94+2.05 41 98.71+0.09 78.41+12.66
61 97.01+0.26 88.53+4.50 42 97.01+0.02 79.09+3.78
62 95.55+0.16 92.75+1.04 52 95.54+0.11 88.03+1.67
63 97.63+0.16 91.92+1.38
64 98.11+0.04 84.00+£6.98 Overall
ol ,m 96.61+1.63 85.09+11.33
(Mear) 96.47+1.85 90.76+3.02

Table A.18 Summary SpO2 values of the age range of 31 to 40 years while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 96.24+0.09 91.82+0.74 07 98.23+0.07 85.15+3.56
12 97.19+0.24 94.48+0.44 15 97.34+0.09 63.76+61.73
24 99.50+0.13 83.02+2.48 19 96.90+0.05 88.45+1.97
34 98.24+0.15 93.91+1.04 32 96.23+0.09 92.10+0.22
46 97.86+0.06 93.89+0.30 48 97.92+0.25 96.64+0.78
ar 97.88+0.14 T71.87+£7.12 54 99.65+0.14 81.97+5.94
55 96.40+0.29 90.99+2.41 56 99.10+0.11 88.05+5.07
67 93.90+0.20 92.26+0.66 73 97.00+0.07 79.53+3.89
69 94.35+0.09 91.07+1.16
Overall Overall 97.80+1.16 84.46+9.96
(Mean) 96.84+1.83 89.92+5.67 (Mean)
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Table A.19 Summary SpO2 values of the age range of 41 to 50 years while shivering.

Male subjects Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technigue (PT) | method (CM)

SpO2 values in the unit of % SpO2 values in the unit of %

Average + Standard deviation Average + Standard deviation
16 95.54+0.11 91.54+1.05 01 99.48+0.11 91.33+1.07
20 95.42+0.09 89.09+4.19 10 96.27+0.27 90.98+0.07
30 94.07+0.12 94.02+0.12 25 95.42+0.17 89.83+0.67
33 97.40+0.11 91.92+0.71 43 97.14+0.06 72.14+23.73
35 94.82+0.18 95.01+0.29 53 97.78+0.15 91.48+1.49
a9 95.61+0.16 93.09+0.26 68 99.67+0.09 94.46+0.73
66 98.10+0.06 85.18+4.54 72 98.03+0.05 85.11+3.57
71 97.16+0.06 84.65+4.42
Overall s 97.68+1.57 87.90+7.50
(Mean) 96.01+1.39 91.41+3.91 (Mean)

Table A.20 Summary SpO2 values of the a

ge range of 51 to 60 years while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 96.50+0.18 92.35+0.19 02 96.84+0.09 91.33+0.81
22 98.80+0.07 89.68+1.35 04 94.60+0.07 93.78+0.64
23 95.90+0.10 93.72+0.19 14 97.15+0.17 92.27+0.32
a4 98.80+0.14 80.26+0.81 21 96.14+0.16 91.67+0.47
45 96.82+0.09 94.01+£0.35 26 97.68+0.18 32.26+54.98
50 98.43+0.14 77.16+4.69 31 94.82+0.13 85.09+0.24
75 95.45+0.18 82.28+4.97 39 99.66+0.10 88.91+0.85
65 98.79+0.02 91.11+1.86
70 97.94+0.11 85.08+0.91
Overall
97.24+1.42 87.07+7.01 74 94.10+0.43 85.82+3.75
(Mean)
Overall
96.78+1.85 83.73+18.36
(Mean)
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Table A.21 Summary SpO2 values of the age range of 21 to 30 years while vertical

moving.
Male subjects Female subjects
Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 94.93+0.12 91.03+0.88 05 93.40+0.07 93.52+0.61
18 97.99+0.02 92.46+0.21 06 96.48+0.18 87.21+3.60
36 99.13+0.10 87.29+2.25 09 97.37+0.10 89.77+1.49
38 96.53+0.26 91.19+6.69 11 99.90+0.11 90.24+1.84
40 95.66+0.16 88.64+1.76 17 98.16+0.09 92.91+0.32
51 96.62+0.09 94.17+0.58 27 94.96+0.18 84.64+2.49
57 94.97+0.17 93.91+1.06 28 95.86+0.12 87.87+2.36
58 93.14+0.16 93.11+0.44 29 99.11+£0.07 88.64+2.31
59 99.36+0.09 95.35+0.38 37 96.67+0.08 73.99+21.53
60 94.05+0.42 92.33+0.98 41 99.01+0.09 84.11+1.63
61 97.62+0.13 86.57+2.85 a2 96.96+0.05 76.21+2.75
62 95.89+0.18 94.06+0.33 52 95.86+0.11 94.42+0.27
63 98.06+0.10 91.75+1.57
64 97.61+0.13 83.92+6.52 Overall
dd. (Mears 96.98+1.87 86.96+6.42
(Metr) 96.54+1.87 91.13+£3.34

Table A.22 Summary SpO2 values of the age range of 31 to 40 years while vertical

moving.
Male subjects Female subjects
Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) |} no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 96.40+0.14 91.67+0.79 07 98.52+0.27 78.40+4.59
12 97.10+0.09 94.80+0.73 15 97.36+0.05 77.63+11.85
24 99.28+0.31 81.76+1.09 g 96.99+0.22 92.10+1.06
34 99.46+0.21 88.68+0.80 32 96.31+0.28 92.09+0.51
a6 97.96+0.09 90.45+0.60 48 98.19+0.30 92.80+1.01
ar 97.88+0.16 83.10+4.76 54 99.88+0.07 74.07+5.08
55 96.54+0.04 85.53+1.00 56 98.64+0.05 84.31+2.60
67 93.96+0.06 92.56+0.10 73 97.00+0.07 74.50+28.27
69 94.23+0.24 87.45+1.64
Overall Overall 97.86+1.16 83.24+8.15
96.98+1.95 88.44+4.40 (Mean)
(Mean)
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Table A.23 Summary SpO2 values of the age range of 41 to 50 years while vertical

moving.
Male subjects Female subjects
Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
16 95.30+0.15 91.77+0.42 01 98.44+0.26 92.15+0.56
20 95.74+0.21 80.49+3.16 10 96.20+0.34 88.19+1.36
30 94.02+0.21 94.48+0.13 25 95.61+0.41 91.25+0.73
33 96.96+0.11 93.72+0.16 43 97.14+0.09 85.22+4.31
35 95.34+0.15 93.32+0.88 58, 97.50+0.13 93.26+0.19
49 96.06+0.11 93.33+0.66 68 99.60+0.03 81.10+15.95
66 98.10+0.11 78.68+7.01 72 98.17+0.17 88.12+2.94
71 97.32+0.13 88.63+1.47
Overall W= 97.52+1.36 88.47+4.27
(Mean) 96.10+1.30 89.30+6.28 (Mean)

Table A.24 Summary SpO2 values of the age range of 51 to 60 years while vertical

moving.
Male subjects Female subjects
Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 97.24+0.19 91.87+0.20 02 97.14+0.09 93.21+0.34
22 98.82+0.04 91.90+0.53 04 94.80+0.07 94.15+0.32
23 95.80+0.09 90.50+1.16 14 97.34+0.15 93.20+0.45
a4 98.46+0.13 89.67+5.68 21 95.98+0.15 91.52+0.74
45 96.98+0.21 93.65+0.40 26 97.66+0.09 14.18+135.08
50 98.81+0.27 72.16+24.98 31 97.78+0.02 85.12+0.03
75 95.59+0.27 82.78+2.04 39 97.28+0.11 88.40+0.91
65 98.94+0.17 88.47+0.84
70 97.19+0.35 91.15+1.23
Overall
97.39+1.36 87.50+7.61 74 93.78+0.52 82.79+8.31
(Mean)
Overall
96.79+1.52 82.22+24.19
(Mean)
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Table A.25 Summary SpO2 values of the age range of 21 to 30 years while waving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
08 94.54+0.18 91.62+0.76 05 92.98+0.11 91.69+0.89
18 98.11+0.07 91.81+0.37 06 94.98+0.11 91.45+0.89
36 98.73+0.14 89.28+2.03 09 97.93+0.08 88.89+1.25
38 97.08+0.11 84.97+0.55 11 98.84+0.17 93.44+1.22
40 95.67+0.16 89.32+0.30 17 98.34+0.11 94.46+0.12
51 96.25+0.09 94.91+0.36 27 95.62+0.14 90.33+0.62
57 95.39+0.31 92.78+0.71 28 96.06+0.21 89.59+2.75
58 94.34+0.41 94.02+0.31 29 98.90+0.17 86.21+7.88
59 99.23+0.07 91.90+1.81 37 96.33+0.10 57.44+32.23
60 94.86+0.18 88.43+2.26 41 98.73+0.15 86.88+1.10
61 98.09+0.21 90.91+0.80 42 97.18+0.05 81.25+1.56
62 96.24+0.22 92.18+1.41 52 95.82+0.28 93.99+0.42
63 98.11+0.23 92.68+1.14
64 97.94+0.36 86.51+2.07 Overall
ol ,m 96.81+1.84 87.13+10.07
(Mear) 96.76+1.64 90.81+2.80

Table A.26 Summary SpO2 values of the age range of 31 to 40 years while waving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
03 96.12+0.11 91.67+0.88 07 98.44+0.20 82.76+2.75
12 97.41+0.10 92.77+1.02 15 97.50+0.07 104.47+71.45
24 99.37+0.19 83.94+2.00 19 96.81+0.52 92.23+0.29
34 98.78+0.25 92.43+0.28 32 96.37+0.15 90.22+1.62
46 98.14+0.11 91.33+0.28 48 97.69+0.32 94.58+0.71
ar 98.12+0.11 79.60+4.99 54 99.57+0.12 78.68+4.28
55 96.58+0.06 88.11+1.19 56 98.51+0.10 88.63+1.33
67 94.23+0.15 92.37+0.47 73 96.85+0.07 88.48+5.77
69 94.72+0.20 89.80+1.86
Overall Overall 97.72+1.08 90.00+7.75
(Mean) 97.05+1.78 89.11+4.54 (Mean)
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Table A.27 Summary SpO2 values of the age range of 41 to 50 years while waving.

Male subjects Female subjects
Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
16 95.87+0.09 92.17+0.34 01 99.28+0.11 91.07+0.68
20 95.51+0.05 89.17+2.48 10 96.94+0.26 87.67+0.95
30 93.30+0.11 92.21+0.92 25 96.34+0.19 89.75+1.18
33 97.32+0.16 88.07+2.00 43 97.19+0.02 84.39+9.08
35 95.00+0.15 88.04+1.11 53 97.60+0.15 93.58+0.20
a9 95.94+0.28 92.81+0.37 68 99.59+0.04 86.36+2.37
66 98.42+0.17 73.05+15.50 72 98.07+0.09 84.07+0.37
71 97.41+0.08 86.54+1.89
Overall s 97.86+1.21 88.13+3.53
96.10+1.60 87.76+6.38 (Mean)
(Mean)

Table A.28 Summary SpO2 values of the a

ge range of 51 to 60 years while waving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 values in the unit of % SpO2 values in the unit of %
Average + Standard deviation Average + Standard deviation
13 95.74+0.12 92.43+0.40 02 96.48+0.11 92.74+0.54
22 98.72+0.09 91.31+0.56 04 94.44+0.09 93.32+0.71
23 96.41+0.14 88.11+1.36 14 97.14+0.07 93.49+0.38
a4 98.82+0.04 88.96+1.23 21 96.00+0.14 90.34+1.85
45 96.66+0.17 93.26+0.69 26 97.63+0.07 52.62+40.98
50 99.07+0.09 88.43+3.93 31 95.18+0.92 83.14+3.16
75 95.43+0.16 87.64+1.65 39 99.54+0.10 87.52+1.44
65 98.91+0.10 88.08+2.00
70 97.70+0.14 92.59+0.93
Overall
97.26+1.56 90.02+2.27 74 93.97+0.22 83.58+1.00
(Mean)
Overall
96.70+1.84 85.74+12.26
(Mean)
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Table A.29 Summary of SpO2 percentage error of the age range of 21 to 30 years

while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
08 0.34 1.04 05 1.10 4.41
18 0.37 0.60 06 1.46 8.95
36 0.71 4.06 09 1.02 4.58
38 0.47 1.48 11 0.72 2.38
40 0.24 2.95 17 0.06 0.75
51 2.06 9.41 27 0.32 1.13
57 0.17 2.82 28 0.26 1.11
58 0.30 1.61 29 0.84 11.27
59 0.10 0.90 37 2.01 6.19
60 0.63 7.66 41 0.39 9.78
61 1.26 4.67 42 1.04 15.28
62 1.52 0.75 52 0.08 1.94
63 0.40 2.22
64 0.94 a.97 Overall
Overall (Mean) +
&doC A\ e 0.77+0.59 5.65+4.72
Standard PR 2221269 deviation
deviation
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Table A.30 Summary of SpO2 percentage error of the age range of 31 to 40 years

while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
03 2.08 1.68 07 0.65 12.70
12 0.95 4.97 15 0.99 12.37
24 0.30 11.42 19 0.31 1.17
34 0.63 2.59 32 0.50 8.15
46 1.25 7.58 48 0.10 2.82
ar 1.65 14.95 54 0.38 10.75
55 0.17 5.35 56 0.22 30.86
67 0.29 0.97 73 0.56 6.76
69 0.21 0.84
Overall
Overall
(Mean) +
(Mean) + 0.46+0.28 10.70+9.16
0.84+0.69 5.59+4.93 Standard
Standard 7
deviation
deviation

Table A.31 Summary of SpO2 percentage error of the age range of 41 to 50 years

while bendine.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
16 0.34 2.14 01 0.34 0.98
20 0.43 7.09 10 1.65 1.31
30 3.00 3.34 25 0.02 1.64
33 2.72 7.70 43 0.90 5.07
35 0.46 1.84 53 0.36 1.07
a9 0.60 0.85 68 0.44 9.44
66 0.17 8.66 72 0.40 8.30
71 0.13 2.84
Overall
Overall
(Mean) +
(Mean) + 0.59+0.54 3.97+3.64
0.98+1.17 4.31+3.02 Standard
Standard -
deviation
deviation
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Table A.32 Summary of SpO2 percentage error of the age range of 51 to 60 years

while bending.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
13 0.80 0.85 02 1.08 4.39
22 0.76 2.26 04 0.25 2.94
23 1.34 2.82 14 1.38 1.16
a4 0.19 8.38 21 0.68 10.88
45 0.36 3.50 26 0.67 27.46
50 0.77 5.66 31 0.10 9.59
75 0.24 7.62 39 0.10 5.44
65 1.19 13.71
70 0.22 2.99
Overall
74 0.22 9.81
(Mean) +
0.64+0.41 4.44+2.84 Overall
Standard
g | (Mean) +
deviation 0.59+0.48 8.84+7.71
Standard
deviation
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Table A.33 Summary of SpO2 percentage error of the age range of 21 to 30 years

while horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
08 0.35 0.89 05 0.42 0.88
18 0.23 1.57 06 3.05 5.60
36 0.55 9.46 09 2.33 6.63
38 0.55 1.24 11 0.31 0.49
40 0.79 4.12 17 0.13 0.90
51 2.16 1.57 27 1.67 6.80
57 0.40 1.27 28 T8 8.55
58 0.62 0.51 29 0.08 777
59 0.77 2.59 37 2.24 20.25
60 2.01 252 41 0.53 5.08
61 1.36 2.22 42 0.83 18.99
62 0.22 1.30 52 0.25 243
63 0.06 2.04
64 0.55 3.23 Overall
Overall (Mean) +
&doC A\ e 1.08+1.01 7.03£6.51
Standard PR 2324259 deviation
deviation
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Table A.34 Summary of SpO2 percentage error of the age range of 31 to 40 years

while horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
03 2.76 2.48 07 0.07 13.68
12 1.12 0.62 15 1.15 17.00
24 0.31 17.16 19 0.66 1.67
34 0.11 InSi7 32 1.49 1.63
46 1.85 441 48 0.51 18.77
ar 2.21 12.01 54 0.15 14.41
55 0.19 6.26 56 1.06 8.13
67 0.09 0.47 73 2.76 19.48
69 0.14 244
Overall
Overall
(Mean) +
(Mean) + 0.98+0.87 11.85+7.22
0.98+1.05 531+5.70 Standard
Standard 7
deviation
deviation

Table A.35 Summary of SpO2 percentage error of the age range of 41 to 50 years

while horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
16 1.08 2.28 01 0.14 1.63
20 0.95 5.25 10 241 3.94
30 3.19 1.63 25 0.39 1.46
33 0.58 3.01 43 0.97 6.70
35 0.17 1.83 53 0.23 0.28
a9 0.21 1.08 68 0.50 8.16
66 0.38 15.88 72 0.63 6.29
71 0.16 5.26
Overall
Overall
(Mean) +
(Mean) + 0.75+0.78 4.06+3.05
0.84+1.01 4.53+4.85 Standard
Standard o
deviation
deviation
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Table A.36 Summary of SpO2 percentage error of the age range of 51 to 60 years

while horizontal moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
13 0.33 1.93 02 0.27 0.22
22 1.15 2.17 04 1.14 2.23
23 1.82 2.02 14 1.38 0.86
a4 0.11 3.74 21 1.04 4.23
45 0.23 1.93 26 1.20 48.11
50 0.74 8.75 31 3.27 9.49
75 0.57 6.98 39 0.78 7.14
65 0.20 6.47
70 0.64 8.54
Overall
74 3.62 7.34
(Mean) +
0.71+0.60 3.93+2.81 Overall
Standard
g | (Mean) +
deviation 1.35+1.17 9.46+13.96
Standard
deviation
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Table A.37 Summary of SpO2 percentage error of the age range of 21 to 30 years

while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
08 0.47 1.75 05 1.10 2.19
18 0.20 1.00 06 0.25 5.70
36 0.20 3.30 09 1.92 5.34
38 0.54 452 11 2.26 0.32
40 137 1.55 17 0.10 0.61
51 2.63 2.69 27 1.08 4.90
57 0.24 0.38 28 0.53 6.48
58 0.31 7.30 29 0.47 6.69
59 0.97 1.29 37 1.12 43.85
60 1.05 2.46 41 0.60 14.79
61 1.69 5.11 42 0.84 15.82
62 0.97 0.99 52 0.57 4.07
63 0.19 1.52
64 0.64 10.58 Overall
Overall (Mean) +
&doC A\ e 0.90+0.65 9.23+£11.92
Standard 11N 1256 deviation
deviation
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Table A.38 Summary of SpO2 percentage error of the age range of 31 to 40 years

while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
03 2.34 1.45 07 0.26 6.76
12 1.22 0.69 15 1.05 50.04
24 1.34 10.67 19 0.21 5.69
34 0.68 2.33 32 1.23 0.45
46 1.55 0.98 48 0.18 2.95
ar 1.57 17.18 54 0.16 13.55
55 0.37 3.08 56 1.69 5.68
67 0.28 0.78 73 2.70 16.51
69 1.42 2.04
Overall
Overall
(Mean) +
(Mean) + 0.94+0.92 12.71+£15.98
1.20+0.65 4.36+5.72 Standard
Standard 7
deviation
deviation

Table A.39 Summary of SpO2 percentage error of the age range of 41 to 50 years

while shivering.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
16 0.54 1.71 01 0.12 1.45
20 0.99 5.40 10 1.89 1.03
30 2.07 0.80 25 0.14 3.51
33 0.25 1.41 43 0.91 21.06
35 0.15 2.45 53 0.34 1.71
a9 0.29 1.37 68 0.63 1.40
66 0.37 9.51 72 0.96 9.04
71 0.22 9.89
Overall
Overall
(Mean) +
(Mean) + 0.71+0.62 5.60+7.37
0.61+0.65 3.24+3.75 Standard
Standard o
deviation
deviation




Table A.40 Summary of SpO2 percentage error of the age range of 51 to 60 years

while shivering.
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Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
13 0.53 0.82 02 0.41 2.16
22 0.92 3.86 04 0.46 1.29
23 1.58 0.88 14 1.28 0.23
a4 0.63 14.33 21 1.14 3.01
45 0.08 1.16 26 1.24 65.21
50 0.85 17.11 31 0.21 9.49
75 0.76 12.55 39 0.60 6.17
65 0.48 3.67
70 0.54 9.38
Overall
74 2.16 8.94
(Mean) +
0.77+0.46 7.24+7.14 Overall
Standard
g | (Mean) +
deviation 0.86+0.59 10.95+19.37
Standard
deviation
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Table A.41 Summary of SpO2 percentage error of the age range of 21 to 30 years

while vertical moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
08 0.89 1.73 05 1.10 1.18
18 0.22 0.24 06 0.88 8.59
36 0.49 5.14 09 2.03 4.96
38 0.71 6.60 11 0.78 4.13
40 0.94 2.74 17 0.28 0.73
51 2.63 1.66 27 1.12 9.49
57 0.28 1.04 28 0.41 6.23
58 0.33 0.52 29 0.41 4.76
59 0.84 0.82 37 1.02 21.17
60 0.94 2.04 41 0.91 8.60
61 1.08 7.22 42 0.79 18.88
62 1.33 0.52 52 0.91 2.89
63 0.60 1.86
64 0.14 10.67 Overall
Overall (Mean) +
&doC A\ e 0.89+0.45 7.63+6.44
Standard GBI 2083 IA deviation
deviation
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Table A.42 Summary of SpO2 percentage error of the age range of 31 to 40 years

while vertical moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
03 251 1.61 07 0.56 14.15
12 1.12 0.97 15 1.07 16.55
24 1.12 12.02 19 0.20 1.81
34 0.56 3.37 32 1.15 0.54
46 1.45 2.71 48 0.32 1.23
ar 1.57 11.62 54 0.35 21.88
55 0.52 8.65 56 1.22 9.69
67 0.32 0.92 73 2.70 21.78
69 1.29 594
Overall
Overall
(Mean) +
(Mean) + 0.95+0.81 10.95+9.00
1.16+0.67 5.31+4.45 Standard
Standard 7
deviation
deviation

Table A.43 Summary of SpO2 percentage error of the age range of 41 to 50 years

while vertical moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
16 0.79 1.46 01 1.14 0.50
20 0.66 14.07 10 1.96 4.07
30 2.13 1.30 25 0.39 1.99
33 0.21 0.52 43 0.91 6.74
35 0.50 1.04 53 0.11 0.47
a9 0.76 1.64 68 0.56 19.04
66 0.37 16.42 72 1.10 5.83
71 0.13 5.65
Overall
Overall
(Mean) +
(Mean) + 0.88+0.61 5.52+6.45
0.69+0.63 5.26+6.39 Standard
Standard o
deviation
deviation
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Table A.44 Summary of SpO2 percentage error of the age range of 51 to 60 years

while vertical moving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
13 1.30 1.33 02 0.73 0.31
22 0.90 1.49 04 0.25 0.91
23 1.68 2.59 14 1.48 0.94
a4 0.28 4.29 21 0.96 3.18
45 0.25 1.54 26 1.21 84.71
50 1.24 22.48 31 3.35 9.46
75 0.91 12.03 39 1.80 6.70
65 0.63 6.46
70 0.35 2.92
Overall
74 2.49 12.15
(Mean) +
0.94+0.53 6.53+7.98 Overall
Standard
g | (Mean) +
deviation 1.32+0.99 12.77+25.58
Standard
deviation




140

Table A.45 Summary of SpO2 percentage error of the age range of 21 to 30 years

while waving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
08 0.48 1.10 05 1.55 3.11
18 0.10 0.53 06 0.69 4.14
36 0.15 3.05 09 1.47 5.88
38 1.29 9.69 11 0.28 1.12
40 0.95 2.00 17 0.46 0.93
51 2.23 2.46 27 0.42 3.41
57 0.73 0.64 28 0.25 4.40
58 0.97 0.51 29 0.19 7.57
59 0.71 2.82 37 1.38 38.80
60 1.81 6.19 41 0.62 5.60
61 0.60 2.57 42 1.01 13.52
62 1.70 1.52 52 0.86 243
63 0.66 0.90
64 0.47 791 Overall
Overall (Mean) +
&doC A\ e 0.76+0.49 7.58+10.39
Standard B2 2394289 deviation
deviation
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Table A.46 Summary of SpO2 percentage error of the age range of 31 to 40 years

while waving.

Male subjects

Female subjects

Subject Proposed Conventional [ Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
03 2.21 1.61 07 0.47 9.38
12 1.45 1.20 15 1.21 47.56
24 1.21 9.68 19 0.54 1.67
34 0.18 0.72 32 1.09 2.48
46 1.26 1.78 48 0.36 0.89
a7 1.33 15.34 54 0.09 17.03
55 0.56 5.89 56 1.09 5.06
67 0.62 0.70 ¥t 2.85 7.12
69 1.81 3.41
Overall
Overall
(Mean) +
(Mean) + 0.96+0.86 11.40+15.52
1.18+0.64 4.48+5.03 Standard
Standard 7
deviation
deviation

Table A.47 Summary of SpO2 percentage error of the age range of 41 to 50 years

while waving.

Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
16 0.19 1.03 01 0.30 1.41
20 0.89 4.80 10 1.21 4.64
30 2.87 1.35 25 0.94 3.60
33 0.16 554 43 0.96 7.65
35 0.17 5.05 53 0.16 0.81
a9 0.64 1.07 68 0.55 7.30
66 0.70 22.40 72 1.00 10.16
71 0.07 7.87
Overall
Overall
(Mean) +
(Mean) + 0.73+0.40 5.08+3.45
0.71+0.92 6.14+7.03 Standard
Standard o
deviation
deviation
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while waving.
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Male subjects

Female subjects

Subject Proposed Conventional | Subject Proposed Conventional
no. technique (PT) | method (CM) | no. technique (PT) | method (CM)
SpO2 percentage error values SpO2 percentage error values
in the unit of % in the unit of %
Average Average
13 0.26 0.73 02 0.09 0.65
22 1.00 2.12 04 0.63 1.78
23 1.06 5.16 14 1.27 1.25
a4 0.64 5.05 21 0.98 4.42
45 0.14 1.95 26 1.19 43.25
50 151 5.00 31 0.73 11.57
75 0.74 6.86 39 0.48 7.63
65 0.60 6.87
70 0.30 1.48
Overall
74 2.30 11.31
(Mean) +
0.77+0.48 3.84+2.23 Overall
Standard
g | (Mean) +
deviation 0.86+0.63 9.02+12.70
Standard
deviation
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Table A.49 Comparison of SpO2 values of the age range of 21 to 30 years while

bending for the dedicated techniques.

Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 values in the unit of %

Average + Standard deviation

Male subjects

08 93.82+0.24 91.68+0.21 89.02+0.15 89.16+17.57 92.06+0.36
18 97.84+0.08 91.74+0.14 89.24+0.10 83.97+8.90 91.99+0.12
36 99.34+0.14 89.79+4.98 92.83+0.10 89.25+67.48 90.78+3.00
38 96.30+0.08 92.70+1.37 91.81+0.15 87.71+10.99 93.34+1.31
40 94.54+0.10 88.45+0.87 89.75+0.12 104.91+£28.70 88.37+1.10
51 96.10+1.16 84.73+13.84 92.41+0.35 53.59+63.18 91.31+2.14
57 94.78+0.21 90.81+3.36 91.34+0.10 61.60+£31.68 91.31+2.94
58 93.72+0.18 92.08+1.92 90.52+0.43 76.51+10.06 94.19+0.69
59 98.49+0.10 93.72+0.52 92.96+0.12 76.02+37.23 93.80+0.47
60 93.69+0.44 87.04+3.86 92.58+0.19 40.47+42.56 88.72+1.83
61 97.43+0.29 88.95+0.47 93.05+0.10 78.60+9.81 92.20+0.63
62 96.07+0.49 94.22+0.97 91.63+0.65 72.58+25.88 94.58+1.47
63 97.86+0.08 91.40+1.68 92.19+0.10 74.83+92.70 93.76+1.94
64 98.41+0.24 95.79+6.46 93.86+0.12 48.33+106.19 93.81+8.20
Overall
(Mear) 96.31+1.96 90.93+2.95 91.66+1.50 74.11+17.74 92.16+1.94

Female subjects
05 93.40+0.14 90.46+0.70 92.83+0.10 90.82+2.85 85.34+0.37
06 94.24+0.09 86.86+1.61 96.00+0.12 91.62+1.39 85.06+0.76
09 98.37+0.27 90.13+1.43 90.95+0.15 74.35+4.18 93.12+1.96
11 99.83+0.07 91.90+1.31 91.55+0.18 77.60+64.30 92.60+3.55
17 97.86+0.07 92.88+0.59 91.25+0.19 116.39+51.98 92.59+1.51
27 95.76+0.21 92.46+0.54 91.51+0.49 95.46+45.27 93.79+0.57
28 96.44+0.29 92.73+1.20 89.79+0.12 65.08+45.83 93.43+0.83
29 97.88+0.12 82.57+5.79 92.15+0.29 62.31+15.42 89.11+2.44
37 95.71+0.09 88.05+2.14 91.93+0.32 127.48+84.34 89.73+1.99
a1 98.50+0.16 84.18+9.69 92.41+0.32 64.85+12.14 90.95+8.23
42 97.20+0.07 79.60+4.86 94.55+0.49 92.29+39.79 74.68+11.75
52 94.96+0.08 93.55+0.28 91.42+0.10 83.70+5.55 93.33+0.38
Overall
(Mean) 96.68+1.92 88.78+4.59 92.19+1.66 86.83+20.18 89.48+5.56

1 - PT refers to the proposed LEDs-driving technique, 2 — CM refers to the conventional LEDs-emitting method,

3 — DST stands for discrete saturation transform, 4 — ICA stands for independent component analysis,

5 — CFC stands for compression of Fourier coefficients.
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Table A.50 Comparison of SpO2 values of the age range of 31 to 40 years while
bending for the dedicated techniques.

Compared techniques
Subject PT! CW? DST® ICA* CFC®

no. SpO2 values in the unit of %

Average + Standard deviation

Male subjects

03 96.00+0.14 91.61+0.77 89.45+0.10 83.65+0.80 85.28+0.27
12 96.93+0.14 89.23+£3.21 91.04+0.24 74.01+25.02 88.96+2.92
24 98.47+0.09 82.32+1.68 92.96+0.12 117.90+65.60 65.54+15.88
34 99.54+0.15 94.15+0.67 89.88+0.15 90.13+11.99 95.40+0.29
46 98.16+0.29 85.93+1.64 92.32+0.12 74.78+18.42 87.18+0.87
ar 97.80+0.14 79.97+3.92 92.70+0.18 62.23+134.33 92.06+0.63
55 95.87+0.08 88.61+0.85 91.25+0.12 84.90+10.87 87.94+1.06
67 93.93+0.10 92.61+0.39 90.05+0.10 83.57+4.51 93.17+0.15
69 93.15+0.23 92.21+0.52 90.91+0.10 154.99+177.39 93.23+1.00
Overall
(Mear) 96.65+2.12 88.52+4.88 9147127 91.80+28.15 87.64+8.93
Female subjects

07 98.62+0.15 79.73+3.87 92.02+0.26 175.18+183.23 130.44+104.69
15 97.28+0.10 81.51+2.80 93.77+0.18 68.79+8.78 82.44+2.25
19 96.80+0.22 92.96+1.16 91.34+0.18 123.20+39.25 94.14+0.94
32 96.96+0.30 84.98+4.68 89.79+0.12 118.85+£73.34 86.65+4.67
a8 97.97+0.12 91.21+1.18 91.25+0.19 123.78+59.02 90.12+2.59
54 99.54+0.45 84.63+1.52 93.95+0.15 101.12+24.17 88.50+1.61
56 97.66+0.19 64.55+30.76 91.81+0.15 54.07+89.48 88.83+2.79
73 99.28+0.83 88.81+4.14 92.53+0.24 134.99+147.22 91.08+3.18
Overall

98.01+1.04 83.55+8.93 92.06£1.37 112.50+38.12 94.03+15.10

(Mean)
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Table A.51 Comparison of SpO2 values of the age range of 41 to 50 years while

bending for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
16 95.90+0.39 91.13+0.80 90.01+0.19 85.13+6.65 92.20+0.54
20 95.95+0.27 87.03+0.60 92.36+0.19 106.20+87.18 91.67+1.58
30 93.18+0.67 90.16+2.23 91.21+0.10 59.77+30.79 91.49+1.79
33 99.80+0.13 86.06+4.46 92.02+0.21 54.88+13.64 89.33+2.00
35 94.43+0.03 91.02+0.44 92.19+0.38 90.45+25.03 91.23+1.68
a9 95.90+0.24 92.61+0.59 90.56+0.10 90.25+4.24 93.10+0.62
66 97.59+0.16 85.98+2.20 93.48+0.18 44.72+40.92 92.18+3.68
71 97.26+0.13 91.27+1.62 91.38+0.15 92.07+81.92 92.16+0.66
Overall
(Mean) 96.25+2.02 89.41+2.63 91.65+1.10 77.93+21.79 91.67+1.10
Female subjects

01 99.24+0.09 91.46+0.63 89.41+0.46 73.22+23.89 86.12+1.16
10 96.50+0.12 93.13+0.43 91.55+0.18 83.23+10.28 93.60+0.45
25 95.42+0.02 Q1. + 1l 90.44+0.29 94.16+33.80 92.46+1.25
43 97.13+0.10 86.75+3.45 93.90+0.10 106.82+72.71 85.64+2.69
53 97.10+0.07 91.83+1.19 90.91+0.10 89.50+217.09 93.12+0.57
68 99.32+0.50 84.36+4.49 92.23+0.15 90.86+61.81 85.91+4.50
72 97.49+0.20 85.81+1.78 92.66+0.21 3.12+99.50 90.52+3.42
Overall

97.46+1.41 89.30+3.53 91.59+1.50 77.27+£34.26 89.62+3.63

(Mean)




146

Table A.52 Comparison of SpO2 values of the age range of 51 to 60 years while

bending for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
13 96.76+0.10 92.32+0.47 90.74+0.10 83.90+6.59 92.52+0.23
22 98.96+0.41 91.17+0.83 90.56+0.10 81.38+14.93 93.05+0.70
23 96.14+0.09 90.28+0.38 90.56+0.10 73.71+27.78 93.02+0.55
a4q 98.37+0.03 85.84+2.36 93.77+0.10 112.83+£91.80 86.38+28.94
45 96.42+0.11 91.78+0.45 92.96+0.12 62.04+123.49 92.69+1.53
50 98.35+0.23 87.82+2.85 93.26+0.23 20.15+43.22 93.50+1.28
75 94.95+0.12 86.92+3.87 92.66+0.10 143.99+148.99 93.51+£1.49
Overall
(Mean) 97.13+1.46 89.45+2.56 92.08+1.40 82.57+38.92 92.09+2.55
Female subjects

02 95.40+0.14 89.25+1.84 91.68+0.32 86.64+3.04 85.59+1.87
04 95.28+0.11 92.21+1.19 94.33+0.18 90.00+£1.82 85.33+1.21
14 97.25+0.20 91.27+0.67 91.38+0.10 83.65+4.72 92.20+0.48
21 9 oRRI=ECZS 84.24+2.19 92.28+0.18 73.86+37.17 92.37+£1.72
26 97.14+0.13 67.55+23.43 93.73+0.15 145.65+95.94 60.96+61.98
31 94.68+0.13 85.00+0.02 91.12+0.11 85.00+0.00 85.00+0.01
39 98.97+0.11 89.59+0.59 91.55+0.18 -100.32+390.19 90.56+0.71
65 99.49+0.48 81.61+8.96 92.23+0.15 102.09+61.84 82.01+6.50
70 97.19+0.16 91.09+3.59 91.29+0.12 88.75+6.37 90.96+4.70
74 96.34+0.21 85.00+1.10 92.66+0.21 80.54+11.10 84.50+1.29
Overall

96.74+1.58 85.68+7.30 92.23£1.08 73.59+64.29 84.95+9.19

(Mean)
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Table A.53 Comparison of SpO2 values of the age range of 21 to 30 years while

horizontal moving for the dedicated techniques.

Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
08 94.42+0.06 93.47+0.55 89.88+0.37 85.48+14.74 92.67+0.33
18 97.98+0.04 90.85+0.64 89.58+0.44 63.44+53.10 91.41+0.97
36 99.18+0.05 83.32+3.77 93.35+0.10 120.68+50.51 84.10+1.29
38 96.38+0.33 93.07+1.05 92.06+0.10 5.93+77.44 95.34+0.40
40 95.52+0.13 87.38+1.32 89.54+0.12 51.40+36.48 88.90+0.32
51 96.18+0.18 94.09+0.72 91.89+0.12 80.05+4.85 94.33+0.64
57 95.08+0.17 94.20+0.94 91.55+0.18 92.11+33.49 95.12+0.99
58 92.86+0.19 93.08+0.29 89.79+0.12 90.29+8.79 93.47+0.55
59 99.30+0.10 92.12+1.81 92.66+0.21 36.01+151.87 92.91+2.12
60 91.30+0.98 90.96+2.19 92.70+0.35 104.80+67.99 92.25+1.08
61 97.34+0.13 91.52+1.48 90.69+0.23 80.64+3.19 93.08+0.35
62 94.49+0.19 92.38+0.84 91.55+0.18 76.49+11.56 92.84+0.90
63 97.48+0.09 95.18+0.82 91.21+0.10 103.28+63.28 93.27+0.63
64 96.95+0.22 90.91+£2.17 93.43+0.12 149.51+174.60 96.70+0.49
Overall
(Mear) 96.03+2.28 91.61+3.07 91.42+1.36 81.44+35.54 92.60+3.07
Female subjects

05 94.04+0.09 93.80+0.48 92.11+0.32 89.24+2.56 85.53+0.51
06 98.56+0.09 90.05+£2.67 97.03+0.12 93.01+0.68 85.12+0.43
09 97.06+0.10 88.18+1.55 90.35+0.18 73.18+6.48 92.05+1.77
11 99.42+0.16 93.67+0.25 91.38+0.15 98.90+33.82 93.67+1.06
17 97.98+0.12 92.74+0.25 90.01+0.12 88.34+5.46 92.49+0.29
27 94.43+0.19 87.15+4.98 91.85+0.41 69.10+20.57 93.56+1.04
28 95.18+0.27 85.69+£2.01 90.48+0.23 716.63£25.70 88.81+3.15
29 98.72+0.09 85.83+3.77 90.86+0.19 74.82+7.83 93.49+1.23
37 95.48+0.17 74.85+13.86 92.11+£0.19 61.13+25.66 85.55+5.66
41 98.64+0.10 87.35+2.73 92.41+0.18 92.48+79.73 90.48+1.70
42 97.00+0.07 76.12+4.87 93.69+0.10 84.58+61.53 87.24+1.21
52 94.76+0.19 94.00+0.20 90.44+0.12 85.16+2.26 93.34+1.13
Overall

96.77+1.91 87.45+6.40 91.89+1.94 82.21+11.22 90.11+3.47

(Mean)
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Table A.54 Comparison of SpO2 values of the age range of 31 to 40 years while

horizontal moving for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
03 96.64+0.09 90.86+0.61 89.97+0.24 83.72+0.85 85.20+0.55
12 97.09+0.20 94.25+0.98 91.38+0.37 75.52+23.67 94.69+0.61
24 98.48+0.17 76.98+2.40 93.30+0.10 66.07+15.46 78.31+6.04
34 98.94+0.12 90.25+1.81 89.75+0.19 74.47+10.79 91.51+1.47
a6 97.56+0.09 88.88+2.28 92.41+0.10 110.77+54.29 94.16+0.68
ar 97.24+0.09 82.73+3.00 92.23+010 48.37+20.15 88.82+1.16
55 96.18+0.21 87.76+1.45 91.38+0.21 74.65+10.65 80.57+24.33
67 93.57+0.03 91.37+0.35 89.28+0.10 84.69+6.46 91.57+0.46
69 93.15+0.11 90.70+0.83 90.65+0.19 85.72+13.42 90.72+0.83
Overall
(Mear) 96.54+1.99 88.20+5.25 91.15+1.35 78.22+16.81 88.40+5.82
Female subjects

07 97.92+0.06 78.83+2.48 91.85+0.18 63.05+1.12 84.58+0.59
15 97.44+0.07 77.21+1.88 93.69+0.10 61.78+14.17 86.89+1.37
19 96.46+0.12 92.23+0.45 89.75+0.12 77.52+18.89 91.44+0.78
32 95.98+0.12 91.01+£1.25 89.45+0.37 119.42+54.10 90.76+1.61
a8 97.42+0.37 76.24+21.59 90.82+0.12 82.95+118.54 85.80+2.84
54 99.68+0.11 81.15+6.93 93.77+0.10 30.73+31.61 90.29+0.96
56 98.48+0.10 85.77+1.51 90.78+0.23 81.32+35.12 91.59+1.17
73 96.94+0.09 76.70+15.46 93.18+0.12 53.64+39.61 83.48+3.33
Overall

97.54+1.17 82.39+6.48 91.66+1.73 71.30+25.93 88.10+3.29

(Mean)
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Table A.55 Comparison of SpO2 values of the age range of 41 to 50 years while

horizontal moving for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
16 95.02+0.10 91.00+0.44 89.88+0.15 156.64+155.31 91.90+0.35
20 95.46+0.08 88.75+0.36 90.35+0.10 83.25+9.49 92.20+0.30
30 93.00+0.43 91.88+1.24 90.35+0.10 83.67+3.10 93.45+0.37
33 96.60+0.14 90.43+0.95 92.58+0.12 89.39+32.01 90.40+0.60
35 94.70+0.13 91.03+£1.52 92.23+0.21 58.37+8.85 92.90+1.58
a9 95.54+0.08 92.82+0.17 90.74+0.10 86.27+3.09 93.16+0.33
66 98.10+0.19 81.96+13.64 94.20+0.10 -19.11+185.56 86.99+3.03
71 97.22+0.04 88.99+1.18 91.08+0.12 40.40+50.74 89.21+2.21
Overall
(Mean) 95.70+1.59 89.61+3.37 91.43+1.46 72.36+49.88 91.28+2.25
Female subjects

01 99.72+0.11 90.87+0.40 90.44+0.24 85.17+£3.69 85.73+0.82
10 95.77+0.14 88.31+0.99 92.02+0.15 66.27+8.51 90.33+0.34
25 95.06+0.07 91.75+0.37 90.39+0.12 25.05+133.04 91.90+0.85
43 97.20+0.07 85.26+2.86 92.70+0.10 89.31+74.95 87.79+4.63
53 97.29+0.21 93.00+£0.23 91.89+0.12 64.52+54.42 93.96+0.44
68 99.54+0.07 85.56+4.50 90.61+0.12 89.55+8.72 92.20+0.81
72 97.72+0.20 87.69+2.63 92.41+0.18 78.96+31.71 90.70+1.12
Overall

97.47+1.74 88.92+3.03 91.49+0.99 71.26+22.80 90.37+2.79

(Mean)
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Table A.56 Comparison of SpO2 values of the age range of 51 to 60 years while

horizontal moving for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
13 95.76+0.37 91.31+1.22 90.86+0.62 84.97+8.81 91.87+0.62
22 98.58+0.13 91.26+0.63 91.04+0.91 100.90+22.45 89.00+0.91
23 95.66+0.09 91.03+£1.20 91.89+1.90 29.28+81.90 92.62+1.90
a4q 98.30+0.08 90.18+2.62 93.60+2.54 74.63+30.23 82.58+2.54
45 96.55+0.18 93.28+1.86 92.88+1.66 142.67+138.51 94.66+1.66
50 98.32+0.14 84.94+2.34 93.30+3.27 -54.94+184.46 86.50+3.27
75 95.26+0.22 87.53+£2.79 92.58+3.83 52.28+34.16 88.43+3.83
Overall
(Mean) 96.92+1.44 89.93+2.79 92.31+4.09 61.40+62.64 89.38+4.09
Female subjects

02 96.70+0.14 93.27+0.27 91.16+0.09 85.14+1.43 85.41+0.09
04 96.12+0.18 92.89+0.48 94.37+0.30 88.53+0.27 85.24+0.30
14 97.26+0.19 93.09+0.71 91.16+1.03 80.72+32.19 92.66+1.03
21 96.05+£0.20 90.52+0.65 92.96+0.36 61.14+8.62 94.25+0.36
26 97.65+0.09 48.11+10.33 92.66+4.24 155.87+122.03 83.32+4.24
31 97.71+0.08 85.09+0.06 91.13+0.06 84.98+0.03 85.10+0.06
39 99.84+0.10 87.99+1.73 91.81+£1.07 69.66+13.97 89.84+1.07
65 98.52+0.09 88.46+0.68 92.92+0.66 99.20+49.96 91.76+0.66
70 96.78+0.30 92.99+10.61 92.02+0.39 74.47+45.24 94.04+0.39
74 92.70+0.46 87.33+2.77 92.28+4.65 115.77+72.26 88.42+4.65
Overall

96.93+1.88 85.97+13.61 92.25+4.08 91.55+27.26 89.00+4.08

(Mean)
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Table A.57 Comparison of SpO2 values of the age range of 21 to 30 years while

shivering for the dedicated techniques.

Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
08 94.53+0.12 91.01+0.96 88.90+0.44 75.16+25.02 91.97+0.79
18 98.02+0.08 93.22+0.38 89.84+0.18 87.19+£1.05 93.10+0.27
36 98.84+0.09 89.01+2.02 92.83+0.23 56.18+146.71 91.62+4.81
38 96.37+0.13 89.84+1.18 92.06+0.10 83.98+24.57 94.67+0.33
40 96.07+0.12 89.73+0.23 89.71+0.10 89.91+23.86 89.65+1.02
51 96.62+0.20 95.13+0.12 92.66+0.10 71.46+25.65 95.31+0.35
57 94.94+0.11 93.53+0.24 91.29+0.12 83.46+7.98 94.61+0.97
58 93.22+0.32 86.72+4.23 89.97+0.12 109.26+84.28 93.04+0.84
59 99.49+0.09 93.35+1.21 92.66+0.15 60.90+£93.52 95.29+0.35
60 94.14+0.45 91.94+2.05 91.72+0.24 98.83+49.28 94.59+0.75
61 97.01+£0.26 88.53+4.50 91.89+0.12 74.18+17.32 93.15+1.34
62 95.55+0.16 92.75+1.04 92.58+0.19 69.73+£9.83 94.05+0.63
63 97.63+0.16 91.92+1.38 92.66+0.15 76.95+16.71 95.58+0.52
64 98.11+0.04 84.00+6.98 93.90+0.10 60.56+43.18 95.99+0.76
Overall
(Mear) 96.47+1.85 90.76+3.02 91.62+1.47 78.41+14.96 93.76+1.78
Female subjects

05 93.40+0.07 92.56+0.55 93.35+0.18 91.57+0.58 85.31+0.06
06 95.88+0.11 89.96+4.33 96.00+0.12 91.45+0.22 85.01+0.05
09 97.47+0.19 89.40+1.34 90.27+0.18 67.42+11.02 93.66+0.67
11 96.88+0.44 94.43+0.21 91.89+0.12 80.58+6.49 95.09+0.64
17 97.98+0.02 93.01+0.14 90.09+0.10 91.25+2.59 92.82+0.26
27 94.99+0.15 88.99+3.25 91.46+0.19 75.16+11.75 93.24+0.87
28 95.74+0.24 87.64+1.78 90.74+0.15 76.75+10.80 87.62+0.86
29 99.18+0.08 86.84+1.71 91.55+0.18 71.36+22.83 89.67+0.72
37 96.58+0.04 52.70+33.62 92.62+0.10 12.98+88.26 89.08+2.10
41 98.71+0.09 78.41+12.66 92.23+0.21 34.49+49.67 93.31+0.89
42 97.01+0.02 79.09+3.78 94.46+0.12 111.60+73.39 79.38+1.75
52 95.54+0.11 88.03+1.67 91.98+0.10 29.34+83.24 92.77+1.54
Overall

96.61+1.63 85.09+11.33 92.22+1.72 69.50+29.33 89.75+4.69

(Mean)
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Table A.58 Comparison of SpO2 values of the age range of 31 to 40 years while

shivering for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC®
no. SpO2 values in the unit of %

Average + Standard deviation

Male subjects

03 96.24+0.09 91.82+0.74 89.75+0.36 83.37+0.65 85.38+0.42
12 97.19+0.24 94.48+0.44 91.55+0.18 83.28+10.86 94.57+1.21
24 99.50+0.13 83.02+2.48 92.88+0.10 46.74+43.67 89.02+1.88
34 98.24+0.15 93.91+1.04 90.09+0.15 84.17+10.89 93.45+1.18
a6 97.86+0.06 93.89+0.30 92.23+0.10 56.44+38.47 95.10+0.55
ar 97.88+0.14 77.87+7.12 92.62+0.10 -3.90+112.05 91.13+5.23
55 96.40+0.29 90.99+2.41 91.25+0.24 66.16+17.01 94.33+1.24
67 93.90+0.20 92.26+0.66 89.84+0.10 99.19+38.87 92.96+0.22
69 94.35+0.08 91.07+1.16 90.44+0.19 95.11+15.99 92.54+0.31
Overall
(Mear) 96.84+1.83 89.92+5.67 91.18+1.21 67.84+32.01 92.05+3.13

Female subjects
07 98.23+0.07 85.15+3.56 92.75+0.24 70.30+9.38 89.77+2.04
15 97.34+0.09 63.76+61.73 94.20+0.23 90.84+97.29 86.08+4.48
19 96.90+0.05 88.45+1.97 90.95+0.34 93.42+41.48 90.07+5.07
32 96.23+0.09 92.10+£0.22 89.28+0.10 85.73+£6.69 86.08+12.85
a8 97.92+0.25 96.64+0.78 90.78+0.10 -40.87+272.31 94.19+0.33
54 99.65+0.14 81.97+5.94 93.95+0.15 -65.57+258.15 92.15+1.82
56 99.10+0.11 88.05+5.07 92.79+0.19 73.06£33.77 93.44+0.16
73 97.00+0.07 79.53+3.89 93.00+0.12 209.43+177.97 92.36+1.95
Overy 97.80+1.16 84.46+9.96 92.21£1.71 64.54+85.45 90.52+3.12

(Mean)
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Table A.59 Comparison of SpO2 values of the age range of 41 to 50 years while

shivering for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
16 95.54+0.11 91.54+1.05 90.14+0.10 85.91+9.36 92.82+0.34
20 95.42+0.09 89.09+4.19 92.62+0.38 64.72+116.34 94.40+0.79
30 94.07+0.12 94.02+0.12 91.34+0.10 76.64+17.90 94.22+0.16
33 97.40+0.11 91.92+0.71 91.72+0.12 81.76+10.05 94.15+0.28
35 94.82+0.18 95.01+0.29 91.16+0.21 189.22+249.49 93.84+0.43
a9 95.61+0.16 93.09+0.26 90.95+0.15 70.82+17.78 93.87+0.28
66 98.10+0.06 85.18+4.54 93.35+0.10 45.10+133.09 89.90+3.52
71 97.16+0.06 84.65+4.42 91.98+0.10 78.88+13.55 93.40+2.85
Overall
(Mean) 96.01+£1.39 91.41+3.91 91.66+1.00 86.63+43.37 93.33+1.47
Female subjects

01 99.48+0.11 637 1.0/ 90.48+0.38 85.22+0.98 85.89+0.92
10 96.27+0.27 90.98+0.70 92.23+0.15 70.89+10.97 93.56+1.28
25 95.42+0.17 89.83+0.67 91.04+0.12 102.47+38.88 91.71+0.61
43 97.14+0.06 72.14+23.73 93.56+0.10 62.23+41.94 92.31+1.07
53 97.78+0.15 91.48+1.49 90.99+0.23 111.61+£56.69 93.43+0.55
68 99.67+0.09 94.46+0.73 90.82+0.12 90.82+5.66 93.49+0.33
72 98.03+0.05 85.11+3.57 92.23+0.10 74.17+3.11 94.12+0.51
Overall

97.68+1.57 87.90+7.50 91.62+1.10 85.34+17.71 92.07+2.85

(Mean)
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Table A.60 Comparison of SpO2 values of the age range of 51 to 60 years while

shivering for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
13 96.50+0.18 92.35+0.19 90.65+0.12 82.25+2.60 92.67+0.36
22 98.80+0.07 89.68+1.35 90.78+0.10 99.01+38.48 92.50+0.99
23 95.90+0.10 93.72+0.19 91.89+0.12 82.22+15.14 93.88+0.20
a4q 98.80+0.14 80.26+0.81 93.95+0.10 64.77+103.97 86.94+6.54
a5 96.82+0.09 94.01+0.35 93.00£0.29 82.01+78.24 94.72+0.38
50 98.43+0.14 77.16+4.69 92.92+0.10 95.71+111.09 93.53+3.07
75 95.45+0.18 82.28+4.97 92.02+0.10 56.58+84.53 94.92+0.61
Overall
(Mean) 97.24+1.42 87.07+7.01 92.17+1.21 80.37+15.28 92.74+2.72
Female subjects

02 96.84+0.09 91.33+0.81 91.16+0.15 84.95+0.34 84.42+1.11
04 94.60+0.07 93.78+0.64 94.12+0.10 88.47+0.48 85.04+0.20
14 97.15+0.17 92.27+0.32 91.38+0.15 87.43+23.21 92.80+0.06
21 96.14+0.16 91.67+0.47 92.53+0.12 80.86+£22.78 94.01+0.30
26 97.68+0.18 32.26+54.98 92.15+0.12 20.34+53.88 89.36+1.80
31 94.82+0.13 85.09+0.24 91.24+0.07 84.87+0.19 85.28+0.14
39 99.66+0.10 88.91+0.85 91.85+£0.23 83.76+12.63 91.19+0.48
65 98.79+0.02 91.11+1.86 92.06+0.18 81.52+17.35 93.88+1.43
70 97.94+0.11 85.08+0.91 92.23+0.21 68.33+8.78 93.82+1.35
74 94.10+0.43 85.82+3.75 92.62+0.41 45.44+83.82 91.57+2.26
Overall

96.77+1.85 83.73+18.36 92.13+0.87 72.60+22.44 90.14+3.88

(Mean)
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Table A.61 Comparison of SpO2 values of the age range of 21 to 30 years while

vertical moving for the dedicated techniques.

Compared techniques

Subject PT! CW? DST’ ICA* CFC®
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
08 94.93+0.12 91.03+0.88 89.88+0.55 82.36+14.12 91.98+0.60
18 97.99+0.02 92.46+0.21 89.62+0.10 88.82+3.37 92.75+0.06
36 99.13+0.10 87.29+2.25 93.18+0.12 49.76+97.15 87.89+2.60
38 96.53+0.26 91.19+6.69 92.11+0.12 47.06+53.95 94.56+1.38
40 95.66+0.16 88.64+1.76 90.27+0.44 48.23+52.26 98.56+14.66
51 96.62+0.09 94.17+0.58 92.28+0.18 49.72+62.88 94.82+0.38
57 94.97+0.17 93.91+1.06 91.81+0.34 125.74+91.95 94.73+1.25
58 93.14+0.16 93.11+0.44 90.14+0.18 87.40+£2.93 93.45+0.20
59 99.36+0.09 95.35+0.38 93.05+0.18 101.17+44.11 96.02+0.23
60 94.05+0.42 92.33+0.98 91.63+0.23 76.51+17.59 94.25+0.82
61 97.62+0.13 86.57+2.85 92.41+0.18 187.82+293.43 89.42+2.66
62 95.89+0.18 94.06+0.33 90.65+0.12 72.54+11.87 94.24+0.45
63 98.06+0.10 91.75+1.57 92.79+0.19 113.19+57.00 94.22+1.06
64 97.61+£0.13 83.92+6.52 94.07+0.12 35.74+128.67 95.12+2.01
Overall
(Mear) 96.54+1.87 91.13+£3.34 91.71+1.39 83.29+40.39 93.71+2.65
Female subjects

05 93.40+0.07 93.52+0.61 92.79+0.12 91.07+1.84 85.15+0.15
06 96.48+0.18 87.21+3.60 96.21+0.12 91.86+0.76 84.99+0.16
09 97.37+0.10 89.77+1.49 90.74+0.10 83.22+12.72 90.99+1.87
11 99.90+0.11 90.24+1.84 91.42+0.23 163.05+134.55 89.86+1.32
17 98.16+0.09 92.91+0.32 90.09+0.10 87.97+11.30 92.65+0.34
27 94.96+0.18 84.64+2.49 92.15+0.32 31.71+142.59 92.35+0.75
28 95.86+0.12 87.87+£2.36 90.78+0.10 102.57+£55.22 87.92+3.24
29 99.11+0.07 88.64+2.31 91.29+0.32 63.65+33.66 92.06+0.77
37 96.67+0.08 73.99+£21.53 92.41+0.10 87.51+56.65 80.13+6.45
a1 99.01+0.09 84.11+1.63 92.15+0.19 79.06+3.39 86.37+1.21
42 96.96+0.05 gic, 2 =AY 94.50+0.12 58.84+25.88 76.66+1.51
52 95.86+0.11 94.42+0.27 91.08+0.19 82.28+2.04 94.60+0.52
Overall

96.98+1.87 86.96+6.42 92.13+£1.73 85.23+30.93 87.81+£5.42

(Mean)
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Table A.62 Comparison of SpO2 values of the age range of 31 to 40 years while

vertical moving for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
03 96.40+0.14 91.67+0.79 90.09+0.21 84.23+1.67 85.68+0.49
12 97.10+0.09 94.80+0.73 91.72+0.12 93.24+18.94 96.02+0.55
24 99.28+0.31 81.76+1.09 93.30+0.10 62.28+2.69 84.04+1.61
34 99.46+0.21 88.68+0.80 89.75+0.12 107.07+£70.22 89.03+1.41
a6 97.96+0.09 90.45+0.60 92.36+0.12 80.78+4.06 88.63+0.50
ar 97.88+0.16 83.10+4.76 92.53+0.19 42.52+52.32 93.14+1.57
55 96.54+0.04 85.53+£1.00 91.55+0.28 76.06+34.15 85.72+1.33
67 93.96+0.06 92.56+0.10 89.79+0.12 84.82+19.61 92.73+0.30
69 94.23+0.24 87.45+1.64 91.21+0.10 82.14+38.75 87.45+2.28
Overall
(Mear) 96.98+1.95 88.44+4.40 91.37+1.27 79.24+18.31 89.16+4.01
Female subjects

07 98.52+0.27 78.40+4.59 92.41+0.41 65.02+13.23 86.84+0.78
15 97.36+0.05 77.63+11.85 93.30+0.34 52.61+£19.75 86.33+3.60
19 96.99+0.22 92.10+1.06 90.18+0.24 84.13+4.68 93.16+1.40
32 96.31+0.28 92.09+0.51 89.45+0.21 108.88+54.87 92.24+0.69
a8 98.19+0.30 92.80+1.01 91.08+0.32 85.21+11.62 93.97+0.89
54 99.88+0.07 74.07+5.08 93.86+0.12 79.88+83.75 81.52+3.35
56 98.64+0.05 84.31+2.60 90.99+0.18 116.62+103.80 92.04+0.51
73 97.00+0.07 74.50+28.27 93.60+0.24 84.57+53.58 86.30+4.00
Overall

97.86x1.16 83.24+8.15 91.86+1.67 84.61+20.86 89.05+4.42

(Mean)
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Table A.63 Comparison of SpO2 values of the age range of 41 to 50 years while

vertical moving for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
16 95.30+0.15 91.77+0.42 90.05+0.10 87.75+12.74 92.08+0.48
20 95.74+0.21 80.49+3.16 92.28+0.18 56.20+83.24 92.44+2.77
30 94.02+0.21 94.48+0.13 91.16+0.10 83.61+3.11 94.62+0.14
33 96.96+0.11 93.72+0.16 91.72+0.12 101.48+81.53 94.16+0.29
35 95.34+0.15 93.32+0.88 92.15+0.12 80.73+4.89 94.84+0.67
a9 96.06+0.11 93.33+0.66 91.21+0.10 70.23+20.88 93.92+0.40
66 98.10+0.11 78.68+7.01 93.69+0.18 1.14+62.87 75.76+29.86
71 97.32+0.13 88.63+1.47 92.19+0.28 60.81+31.53 90.69+1.90
Overall
(Mean) 96.10+£1.30 89.30+6.28 91.81+£1.06 67.74+30.66 91.06+6.35
Female subjects

01 98.44+0.26 92.15+0.56 90.65+0.29 85.92+1.59 85.54+0.41
10 96.20+0.34 88.19+1.36 92.75+0.12 118.12+90.66 92.45+0.40
25 95.61+0.41 91.25+0.73 90.48+0.18 -62.08+184.55 91.88+0.56
43 97.14+0.09 85.22+4.31 93.52+0.15 10.61+63.37 92.19+2.15
53 97.50+0.13 93.26+0.19 90.69+0.10 81.63+7.77 93.49+0.19
68 99.60+0.03 81.10+15.95 92.45+0.10 49.08+42.18 81.93+5.70
72 98.17+0.17 88.12+2.94 92.62+0.10 91.88+31.74 88.25+3.30
Overall

97.52+1.36 88.47+4.27 91.88+1.24 53.60+61.52 89.39+4.32

(Mean)
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Table A.64 Comparison of SpO2 values of the age range of 51 to 60 years while

vertical moving for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
13 97.24+0.19 91.87+ 90.95+0.15 79.22+3.44 92.27+0.34
22 98.82+0.04 91.90+ 91.12+0.18 86.53+5.85 91.93+0.87
23 95.80+0.09 90.50+ 90.86+0.12 70.73+22.37 90.90+1.12
a4q 98.46+0.13 89.67+ 93.65+0.12 105.81+64.10 86.40+8.94
a5 96.98+0.21 93.65+ 93.13+0.18 85.93+22.21 92.58+1.09
50 98.81+0.27 72.16+ 93.26+0.10 75.94+66.11 97.24+4.33
75 95.59+0.27 82.78+ 92.83+0.28 95.93+£117.69 85.39+2.82
Overall
(Mean) 97.39+1.36 87.50+ 92.26+1.22 85.73+12.05 90.96+4.01
Female subjects

02 97.14+0.09 93.21+0.34 91.16+0.10 84.96+0.50 84.91+0.49
04 94.80+0.07 94.15+0.32 94.50+0.19 89.02+1.10 84.90+0.41
14 97.34+0.15 93.20+0.45 91.34+0.23 92.42+26.19 93.29+0.51
21 95.98+0.15 91.52+0.74 92.88+0.10 80.14+16.21 93.92+0.85
26 97.66+0.09 14.18+135.08 92.23+0.10 52.80+12.16 91.14+1.57
31 97.78+0.02 85.12+0.03 91.18+0.11 84.97+0.09 85.15+0.10
39 97.28+0.11 88.40+0.91 91.93+0.24 -2.55+130.79 90.79+0.74
65 98.94+0.17 88.47+0.84 92.32+0.12 61.78+33.16 95.26+0.49
70 97.19+0.35 91.15+£1.23 91.46+0.32 58.31+38.61 93.66+1.50
74 93.78+0.52 82.79+8.31 92.32+0.12 65.85+30.61 83.97+3.68
Overall

96.79+1.52 82.22+24.19 92.13+£1.01 66.77+28.07 89.70+4.47

(Mean)




159

Table A.65 Comparison of SpO2 values of the age range of 21 to 30 years while

waving for the dedicated techniques.

Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
08 94.54+0.18 91.62+0.76 90.14+0.35 99.23+26.73 92.09+0.49
18 98.11+0.07 91.81+£0.37 89.84+0.10 72.77+23.02 92.97+0.13
36 98.73+0.14 89.28+2.03 93.22+0.12 83.22+10.47 88.26+2.68
38 97.08+0.11 84.97+0.55 92.15+0.12 57.81+64.47 76.02+23.01
40 95.67+0.16 89.32+0.30 89.62+0.10 88.36+6.10 89.75+0.29
51 96.25+0.09 94.91+0.36 93.00+0.19 75.77+25.74 95.33+0.22
57 95.39+0.31 92.78+0.71 91.34+0.28 28.71+£117.80 93.25+0.63
58 94.34+0.41 94.02+0.31 90.44+0.24 84.67+2.73 94.03+0.23
59 99.23+0.07 91.90+1.81 93.43+0.12 24.33+65.17 94.47+1.24
60 94.86+0.18 88.43+2.26 92.79+0.24 79.61+32.47 87.90+2.33
61 98.09+0.21 90.91+0.80 92.62+0.10 77.40+65.80 92.27+2.16
62 96.24+0.22 92.18+1.41 92.53+0.19 82.38+10.92 92.98+1.68
63 98.11+0.23 92.68+1.14 92.45+0.15 88.98+49.75 93.81+1.71
64 97.94+0.36 86.51+2.07 93.99+0.10 68.25+29.46 90.74+0.59
Overall
(Mear) 96.76+1.64 90.81+2.80 91.97+1.43 12.25+21.76 90.99+4.86
Female subjects

05 92.98+0.11 91.69+0.89 92.92+0.10 91.19+1.07 85.81+0.31
06 94.98+0.11 91.45+0.89 96.04+0.10 91.93+1.79 85.43+0.48
09 97.93+0.08 88.89+1.25 90.27+0.18 100.04+50.76 93.41+2.25
11 98.84+0.17 93.44+1.22 92.19+0.18 88.78+6.37 92.93+1.15
17 98.34+0.11 94.46+0.12 91.42+0.10 82.77+3.30 94.69+0.35
27 95.62+0.14 90.33+0.62 91.68+0.12 91.84+33.56 92.21+1.81
28 96.06+0.21 89.59+2.75 90.61+0.12 99.14+32.55 93.00+2.55
29 98.90+0.17 86.21+7.88 91.89+0.19 52.70+19.14 92.20+1.96
37 96.33+0.10 57.44+32.23 92.66+0.10 59.21+58.90 87.83+2.30
a1 98.73+0.15 86.88+1.10 92.15+0.12 59.88+13.98 91.03+1.52
42 97.18+0.05 81.25+1.56 93.95+0.10 66.53+16.50 81.76+1.25
52 95.82+0.28 93.99+0.42 91.42+0.10 94.26+24.32 94.03+0.73
Overall

96.81+1.84 87.13+10.07 92.27+1.55 81.52+17.06 90.36+4.13

(Mean)
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Table A.66 Comparison of SpO2 values of the age range of 31 to 40 years while

waving for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
03 96.12+0.11 91.67+0.88 89.84+0.18 83.86+0.58 85.17+0.16
12 97.41+0.10 92.77+1.02 91.72+0.19 68.77+10.35 95.30+0.76
24 99.37+0.19 83.94+2.00 93.52+0.10 67.05+20.84 82.55+1.88
34 98.78+0.25 92.43+0.28 90.09+0.15 78.73+9.45 93.16+0.51
a6 98.14+0.11 91.33+0.28 91.51+0.12 62.81+29.25 92.37+0.36
ar 98.12+0.11 79.60+4.99 92.75+0.12 99.09+107.02 86.30+0.97
55 96.58+0.06 88.11+1.19 91.08+0.19 57.57+23.78 87.60+1.88
67 94.23+0.15 92.37+0.47 90.18+0.29 17.11+166.89 92.78+0.25
69 94.72+0.20 89.80+1.86 91.21+0.10 72.65+36.50 92.51+1.11
Overall
(Mear) 97.05+1.78 89.11+4.54 91.32+1.23 67.52+22.58 89.75+4.41
Female subjects

07 98.44+0.20 82.76+2.75 92.99+0.35 65.53+14.74 88.10+0.63
15 97.50+0.07 104.47+71.45 94.12+0.35 -11.18+107.37 83.69+1.99
19 96.81+0.52 92.23+0.29 90.31+0.15 42.70+89.73 93.47+0.43
32 96.37+0.15 90.22+1.62 90.05+0.28 59.95+47.86 88.26+2.02
a8 97.69+0.32 94.58+0.71 90.82+0.12 80.59+4.32 95.40+0.65
54 99.57+0.12 78.68+4.28 93.95+0.10 71.74+124.42 89.57+2.93
56 98.51+0.10 88.63+1.33 91.59+0.10 70.79+8.33 91.69+1.11
73 96.85+0.07 88.48+5.77 93.65+0.12 73.30+49.16 93.61+0.90
Overall

97.72+1.07 90.00+7.75 92.18+1.69 56.68+29.67 90.47+3.82

(Mean)
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Table A.67 Comparison of SpO2 values of the age range of 41 to 50 years while

waving for the dedicated techniques.

Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
16 95.87+0.09 92.17+0.34 90.27+0.18 81.95+4.26 92.38+0.36
20 95.51+0.05 89.17+2.48 92.11+0.12 88.29+14.49 94.74+0.25
30 93.30+0.11 92.21+0.92 90.74+0.26 84.93+7.27 91.88+1.07
33 97.32+0.16 88.07+2.00 92.32+0.12 81.40+7.76 89.67+1.37
35 95.00+0.15 88.04+1.11 92.06+0.23 50.02+56.83 87.56+2.73
49 95.94+0.28 92.81+0.37 91.46+0.24 80.03+10.80 92.80+0.77
66 98.42+0.17 73.05+15.50 93.60+£0.12 14.21+65.35 87.70+4.91
71 97.41+0.09 86.54+1.89 92.06+0.18 115.06+80.81 89.47+1.62
Overall
(Mean) 96.10+1.60 87.76+6.38 91.83+£1.02 74.49+30.03 90.77+2.57
Female subjects

01 99.28+0.11 91.07+0.68 90.27+0.23 83.73+£2.82 85.85+0.58
10 96.94+0.26 87.67+0.95 93.05+0.10 80.88+19.07 86.92+1.06
25 96.34+0.19 89.75+1.18 90.39+0.12 30.91+£105.99 91.66+1.13
a3 97.19+0.02 84.39+9.08 93.77+0.10 88.94+89.43 87.24+6.90
53 97.60+0.15 93.58+0.20 92.15+0.12 60.76+£52.69 94.26+0.47
68 99.59+0.04 86.36+2.37 92.49+0.10 68.37+5.92 87.49+1.20
72 98.07+0.09 84.07+0.37 92.49+0.28 121.78+79.02 85.80+5.00
Overall

97.86+1.21 88.13+3.53 92.09+1.31 76.48+27.90 88.46+3.23

(Mean)
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Table A.68 Comparison of SpO2 values of the age range of 51 to 60 years while

waving for the dedicated techniques.

Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 values in the unit of %
Average + Standard deviation
Male subjects
13 95.74+0.12 92.43+0.40 91.08+0.36 93.55+14.80 93.14+0.41
22 98.72+0.09 91.31+0.56 90.69+0.18 80.62+7.05 90.68+0.73
23 96.41+0.14 88.11+1.36 91.08+0.12 100.83+33.53 88.12+1.42
a4q 98.82+0.04 88.96+1.23 93.86+0.12 24.87+122.71 89.11+2.49
a5 96.66+0.17 93.26+0.69 93.26+0.18 55.09+34.06 94.52+0.65
50 99.07+0.09 88.43+3.93 93.43+0.19 65.23+23.39 87.73+8.22
75 95.43+0.16 87.64+1.65 92.62+0.18 136.87+£136.83 93.30+1.85
Overall
(Mean) 97.26+1.56 90.02+2.27 92.29+1.31 79.58+35.89 90.94+2.73
Female subjects

02 96.48+0.11 92.74+0.54 91.08+0.12 85.01+0.93 85.21+0.75
04 94.44+0.09 93.32+0.71 94.67+0.12 89.10+£0.32 85.09+0.16
14 97.14+0.07 93.49+0.38 91.34+0.10 31.83+118.84 93.62+0.30
21 96.00+0.14 90.34+1.85 92.36+0.19 41.16+71.47 90.81+1.40
26 97.63+0.07 52.62+40.98 92.45+0.10 32.72+81.82 85.51+1.70
31 95.18+0.92 83.14+3.16 91.24+0.07 83.95+£1.36 84.66+0.96
39 99.54+0.10 87.52+1.44 92.06+0.23 122.24+91.80 90.60+1.00
65 98.91+0.10 88.08+2.00 92.70+0.23 61.81+15.86 89.47+2.05
70 97.70+0.14 92.59+0.93 92.92+0.41 57.48+30.48 92.62+1.37
74 93.97+0.22 83.58+1.00 92.83+0.18 78.88+2.22 92.17+2.58
Overall

96.70+1.84 85.74+12.26 92.37+£1.06 68.42+28.81 88.98+3.52

(Mean)




Table A.69 Summary of SpO2 percentage error of the age range of 21 to 30 years

while bending for the dedicated techniques.

163

Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
08 0.34 1.04 3.90 14.74 0.62
18 0.37 0.60 3.31 9.20 0.33
36 0.71 4.06 0.88 45.84 2.47
38 0.47 1.48 243 11.90 1.05
40 0.24 2.95 n53 20.08 3.04
51 2.06 9.41 0.28 45.05 2.03
57 0.17 2.82 1.98 3679 2.30
58 0.30 1.61 3.24 18.21 0.91
59 0.10 0.90 1.70 31.88 0.82
60 0.63 7.66 1.79 57.07 5.88
61 1.26 4.67 0.27 15.75 1.18
62 152 0.75 2.10 22.46 1.21
63 0.40 2.22 flgh 65.42 1.53
64 0.94 4.97 0.09 59.89 5.99
Overall
(Mean) +
4. 0.68+0.58 3.22+2.69 1.76+1.18 32.38+£19.23 2.10+1.80
deviation
Female subjects
05 1.10 4.41 1.90 4.45 9.83
06 1.46 8.95 0.63 3.96 10.83
09 1.02 4.58 3.71 21.28 1.74
11 0.72 2.38 2.75 41.19 1.99
17 0.06 0.75 2.50 36.05 1.56
27 0.32 1.13 2.15 32.26 0.46
28 0.26 1.11 4.18 30.56 0.68
29 0.84 11.27 0.98 33.04 4.24
37 2.01 6.19 2.05 68.90 4.40
41 0.39 9.78 0.41 29.53 591
42 1.04 15.28 0.63 29.45 20.51
52 0.08 1.94 0.38 8.79 1.70
Overall
(Mean) +
Standard 0.77+0.59 5.65+4.72 1.86+1.29 28.29+17.87 5.32+5.88
deviation

1 - PT refers to the proposed LEDs-driving technique, 2 — CM refers to the conventional LEDs-emitting method,

3 — DST stands for discrete saturation transform, 4 — ICA stands for independent component analysis,

5 — CFC stands for compression of Fourier coefficients.
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Table A.70 Summary of SpO2 percentage error of the age range of 31 to 40 years

while bending for the dedicated techniques.

Compared techniques

Subject PT! CW? DST® ICA* CFC®
no. SpO2 percentage error values in the unit of %
Average
Male subjects
03 2.08 1.68 3.99 10.22 8.47
12 0.95 497 3.05 26.25 5.25
24 0.30 11.42 0.10 49.76 29.47
34 0.63 250 2.06 9.81 3.95
46 1.25 7.58 0.71 19.57 6.23
47 1.65 14.95 1.40 116.24 2.08
55 0.17 5.35 2.54 10.43 6.07
67 0.29 0.97 1.82 8.89 1.58
69 0.21 0.84 2=l 96.42 0.79
Overall
(Mean) +
stadi-fl 0.84+0.69 5.59+4.93 1.99+1.18 38.62+40.81 7.10+8.75
deviation
Female subjects
o7 0.65 12.70 0.76 116.45 56.23
15 0.99 12.37 0.81 26.05 11.37
19 0.31 1.17 2.62 38.94 0.82
32 0.50 8.15 2.95 62.29 6.85
48 0.10 2.82 2.18 41.93 3.99
54 0.38 10.75 0.92 21.46 6.67
56 0.22 30.86 1.66 87.82 4.85
73 0.56 6.76 2.86 83.99 4.38
Overall
(Mean) +
Standard 0.46+0.28 10.70+9.16 1.92+0.99 59.87+33.70 11.89+18.16

deviation




Table A.71 Summary of SpO2 percentage error of the age range of 41 to 50 years

while bending for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
16 0.34 2.14 3.35 8.59 1.00
20 0.43 7.09 1.39 56.05 2.13
30 3.00 3.34 2.21 36.55 1.91
33 2.72 7.70 1.30 41.14 4.19
35 0.46 1.84 0.58 20.50 1.71
a9 0.60 0.85 1.38 4.07 1.38
66 0.17 8.66 0.70 52.49 3.28
71 0.13 2.84 2.72 51.98 1.89
Overall
(Mean) +
0.98+1.17 4.31+3.02 1.71+0.97 33.92+20.47 2.19+1.05
Standard
deviation
Female subjects
01 0.34 0.98 3.21 20.73 6.77
10 1.65 1.31 0.41 11.57 1.82
25 0.02 1.64 2.87 23.25 1.18
a3 0.90 5.07 2.76 46.52 6.28
53 0.36 1.07 2.07 137.75 0.48
68 0.44 9.44 0.99 47.41 7.79
72 0.40 8.30 0.98 99.38 3.82
Overall
(Mean) +
0.59+0.54 3.97+3.64 1.90+1.10 55.23+46.57 4.02+2.95
Standard

deviation




Table A.72 Summary of SpO2 percentage error of the age range of 51 to 60 years

while bending for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
13 0.80 0.85 2.55 9.92 0.64
22 0.76 2.26 2.92 13.84 0.49
23 1.34 2.82 2.52 26.50 0.54
a4q 0.19 8.38 0.09 67.41 27.56
a5 0.36 3.50 2.26 75.71 2.55
50 0.77 5.66 0.28 78.36 1.25
75 0.24 7.62 1.52 81.34 1.17
Overall
(Mean) +
Standan 0.64+0.41 4.44+2.84 1.73+£1.14 50.44+32.19 4.89+10.02
deviation
Female subjects
02 1.08 4.39 1.79 7.19 8.31
04 0.25 2.94 0.72 5.28 10.19
14 1.38 1.16 1.04 9.41 0.33
21 0.68 10.88 2987 34.16 2.27
26 0.67 27.46 1.09 87.87 34.25
31 0.10 9.59 3.08 9.60 9.59
39 0.10 5.44 3.38 205.88 4.42
65 1.19 13.71 2.48 45.04 13.29
70 0.22 299 277 6.69 3.20
74 0.22 9.81 1.68 14.54 10.34
Overall
(Mean) +
Standard 0.59+0.48 8.84+7.71 2.04+0.92 42.56+62.98 9.62+9.61

deviation




Table A.73 Summary of SpO2 percentage error of the age range of 21 to 30 years

while horizontal moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
08 0.35 0.89 2.98 14.71 0.27
18 0.23 1.57 2.94 31.71 0.96
36 0.55 9.46 1.44 40.32 8.61
38 0.55 1.24 2.15 99.57 1.33
40 0.79 4.12 1.76 43.61 2.46
51 2.16 1.57 0.80 13.58 1.84
57 0.40 1.27 1.75 25.83 2.09
58 0.62 0.51 4.01 8.74 0.50
59 0.77 2.59 2.02 104.23 2.06
60 2.01 2.52 1.65 43.53 2.14
61 1.36 2.22 2.80 13.57 0.38
62 0.22 1.30 2.19 18.28 0.86
63 0.06 2.04 22 40.49 0.45
64 0.55 3.23 0.54 141.98 2.94
Overall
(Mean) +
4. 0.76+0.64 2.92+2.59 2.09+0.91 45.72+40.57 1.92+2.11
deviation
Female subjects
05 0.42 0.88 2.67 5.70 9.62
06 3.05 5.60 1.71 251 10.78
09 2.33 6.63 4.34 22.52 2.54
11 0.31 0.49 293 22.62 0.84
17 0.13 0.90 3.82 5.82 1.17
27 1.67 6.80 1.78 26.68 0.79
28 1.11 8.55 3.45 24.34 5.23
29 0.08 .77 2.36 19.60 0.96
37 2.24 20.25 1.87 35.43 9.03
41 0.53 5.08 0.41 60.90 1.69
az 0.83 18.99 0.28 59.10 7.14
52 0.25 2.43 1.45 7.20 1.72
Overall
(Mean) +
Standard 1.08+1.01 7.03+6.51 2.26+1.26 24.37+19.45 4.29+3.85

deviation




Table A.74 Summary of SpO2 percentage error of the age range of 31 to 40 years

while horizontal moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
03 2.76 2.48 3.44 10.15 8.55
12 1.12 0.62 2.68 19.57 0.84
24 0.31 17.16 0.40 28.91 15.73
34 0.11 1.97 2.20 18.85 1.29
a6 1.85 4.41 0.62 30.10 1.27
47 221 12.01 1.90 48.56 5.53
55 0.19 6.26 2.40 20.27 13.94
67 0.09 0.47 2.66 7.67 0.40
69 0.14 2.44 2.50 12.60 2.42
Overall
(Mean) +
stadi-fl 0.98+1.05 5.31+5.70 2.09+0.99 21.85+12.61 5.55+5.90
deviation
Female subjects
o7 0.07 13.68 0.57 30.96 7.39
15 1.15 17.00 0.72 33.58 6.60
19 0.66 1.67 4.30 17.83 2.50
32 1.49 1.63 3.32 43.97 2.32
48 0.51 18.77 3.24 95.82 8.59
54 0.15 14.41 1.10 67.59 a.77
56 1.06 8.13 2.76 34.12 1.89
73 2.76 19.48 2.18 49.12 12.36
Overall
(Mean) +
Standard 0.98+0.87 11.85+7.22 2.27+1.37 46.62+24.71 5.80+3.65

deviation




Table A.75 Summary of SpO2 percentage error of the age range of 41 to 50 years

while horizontal moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
16 1.08 2.28 3.49 78.41 1.32
20 0.95 5.25 3.54 13.25 1.56
30 3.19 1.63 3.13 10.30 0.37
33 0.58 3.01 0.71 25.83 3.04
35 0.17 1.83 0.53 37.05 1.29
49 0.21 1.08 1.19 6.06 1.45
66 0.38 15.88 0.07 158.51 7.59
71 0.16 5.26 3.04 57.00 5.03
Overall
(Mean) +
0.84+1.01 4.53+4.85 1.96+1.47 48.30+51.01 2.70+2.44
Standard
deviation
Female subjects
01 0.14 1.63 2.10 7.80 7.19
10 2.41 3.94 0.15 2791 1.74
25 0.39 1.46 291 73.10 1.29
a3 0.97 6.70 1.45 59.41 4.18
53 0.23 0.28 1.01 37.44 1.22
68 0.50 8.16 2.74 8.63 1.03
72 0.63 6.29 1.25 31.67 3.07
Overall
(Mean) +
0.75+0.78 4.06+3.05 1.66+0.99 35.13+24.32 2.82+2.24
Standard

deviation
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Table A.76 Summary of SpO2 percentage error of the age range of 51 to 60 years

while horizontal moving for the dedicated techniques.

Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
13 0.33 1.93 241 11.35 1.33
22 1.15 2.17 241 17.79 4.60
23 1.82 2.02 1.09 68.48 1.71
a4q 0.11 el 0.13 31.41 11.86
a5 0.23 1.93 2.35 77.47 1.10
50 0.74 8.75 0.24 164.79 7.07
75 0.57 6.98 1.61 44.43 6.02
Overall
(Mean) +
Standan 0.71+0.60 3.93+2.81 1.46+1.00 59.39+52.54 4.81+3.91
deviation
Female subjects
02 0.27 0.22 1.83 8.79 8.51
04 1.14 2.23 1.86 6.82 10.28
14 1.38 0.86 1.85 25.89 0.98
21 1.04 4.23 1.84 3531 0.38
26 1.20 48.11 1.87 126.75 10.14
31 3.27 9.49 1.81 9.62 9.49
39 0.78 7.14 1.81 26.48 5.18
65 0.20 6.47 1.84 41.85 2.98
70 0.64 8.54 1.83 37.42 0.36
74 3.62 7.34 1.83 61.99 6.18
Overall
(Mean) +
Standard 1.35+1.17 9.46+13.96 1.84+0.02 38.09+35.57 5.45+4.07

deviation




Table A.77 Summary of SpO2 percentage error of the age range of 21 to 30 years

while shivering for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
08 0.47 1.75 4.04 21.53 0.81
18 0.20 1.00 2.66 5.53 0.87
36 0.20 3.30 0.88 96.46 3.60
38 0.54 4.52 2.15 23.49 0.61
40 1.37 1.55 1.57 21.69 1.63
51 2.63 2.69 0.03 26.08 2.90
57 0.24 0.38 2.02 10.43 1.53
58 0.31 7.30 3.83 53.72 0.72
59 0.97 1.29 2.02 57.35 0.76
60 1.05 2.46 2.69 37.28 0.69
61 1.69 5.11 1.51 20.49 0.95
62 0.97 0.99 1.10 25.50 0.66
63 0.19 1.52 0.66 17.50 2.47
64 0.64 10.58 0.05 53.26 2.19
Overall
(Mean) +
4. 0.82+0.70 3.17+2.86 1.80+1.24 33.59+24.16 1.46+0.97
deviation
Female subjects
05 1.10 2.19 1.36 3.24 9.85
06 0.25 5.70 0.63 4.14 10.89
09 1.92 5.34 4.43 28.61 0.88
11 2.26 0.32 2.38 14.40 1.02
17 0.10 0.61 4> 3.42 0.82
27 1.08 4.90 2.20 19.63 0.62
28 0.53 6.48 3.17 18.09 6.50
29 0.47 6.69 1.62 23.32 3.64
37 1.12 43.85 1.32 86.17 5.09
41 0.60 14.79 0.23 64.75 1.39
az 0.84 15.82 0.54 44.09 15.51
52 0.57 4.07 0.23 91.63 1.65
Overall
(Mean) +
Standard 0.90+0.65 9.23+11.92 1.82+1.39 33.46+31.40 4.82+4.92

deviation




Table A.78 Summary of SpO2 percentage error of the age range of 31 to 40 years

while shivering for the dedicated techniques.
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Compared techniques

Subject PT! CM? DST’ ICA* CFC®
no. SpO2 percentage error values in the unit of %
Average
Male subjects
03 2.34 1.45 3.67 10.52 8.36
12 1.22 0.69 2.50 11.31 1.34
24 1.34 10.67 0.06 49.71 4.21
34 0.68 2.33 1.83 8.68 1.84
a6 1.55 0.98 0.80 39.30 2.28
47 1.57 17.18 1.49 104.15 3.60
55 0.37 3.08 2.54 29.34 1.34
67 0.28 0.78 2.06 25.38 1.34
69 1.42 2.04 2= 13.55 0.46
Overall
(Mean) +
stadi-fl 1.20+0.65 4.36+5.72 1.96+1.08 32.44+30.40 2.75+2.41
deviation
Female subjects
o7 0.26 6.76 1.56 23.03 1.70
15 1.05 50.04 1.27 75.59 7.47
19 0.21 5.69 3.03 31.71 4.37
32 1.23 0.45 3.50 7.73 7.60
48 0.18 2.95 8.29 143.54 0.42
54 0.16 13.55 0.92 169.15 2.81
56 1.69 5.68 0.60 27.98 0.16
73 2.70 16.51 2.36 128.05 3.04
Overall
(Mean) +
Standard 0.94+0.92 12.71+15.98 2.07+1.13 75.85+62.89 3.45+2.88

deviation




Table A.79 Summary of SpO2 percentage error of the age range of 41 to 50 years

while shivering for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
16 0.54 1.71 3.21 8.83 0.41
20 0.99 5.40 1.12 90.07 0.84
30 2.07 0.80 2.08 17.83 1.02
33 0.25 1.41 1.62 12.31 0.98
35 0.15 2.45 1.69 129.98 1.20
a9 0.29 1.37 0.96 22.88 2.22
66 0.37 9.51 0.84 96.76 4.73
71 0.22 9.89 2.09 17.16 1.80
Overall
(Mean) +
0.61+0.65 3.24+3.75 1.70+0.78 49.48+48.04 1.65+1.37
Standard
deviation
Female subjects
01 0.12 1.45 2.05 7.75 7.02
10 1.89 1.03 0.33 22.89 1.90
25 0.14 3.51 2022 28.47 1.50
a3 0.91 21.06 2.39 50.72 1.44
53 0.34 I 1.98 43.28 0.67
68 0.63 1.40 2.51 Syl 0.43
72 0.96 9.04 1.43 20.73 0.62
Overall
(Mean) +
0.71+0.62 5.60+7.37 1.84+0.75 25.65+16.82 1.94+2.30
Standard

deviation




Table A.80 Summary of SpO2 percentage error of the age range of 51 to 60 years

while shivering for the dedicated techniques.
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Compared techniques

Subject PT! CM? DST’ ICA* CFC®
no. SpO2 percentage error values in the unit of %
Average
Male subjects
13 0.53 0.82 2.64 11.66 0.47
22 0.92 3.86 2.69 25.11 1.00
23 1.58 0.88 1.09 16.15 1.04
a4q 0.63 14.33 0.27 83.01 8.53
a5 0.08 1.16 2.22 63.06 0.52
50 0.85 17.11 0.18 80.31 2.65
75 0.76 12.55 2.20 85.63 0.92
Overall
(Mean) +
Standan 0.77+0.46 7.24+7.14 1.61+£1.08 52.14+33.30 2.16+2.90
deviation
Female subjects
02 0.41 2.16 2.34 8.99 9.56
04 0.46 1.29 0.94 6.88 10.50
14 1.28 0.23 1.04 20.72 0.50
21 1.14 3.01 2.10 25.63 0.54
26 1.24 65.21 0.62 78.06 3.63
31 0.21 9.49 2.96 9.73 9.29
39 0.60 6.17 3.06 16.39 3.76
65 0.48 3.67 2.66 18.78 1.03
70 0.54 9.38 1.77 27.22 0.95
74 2.16 8.94 W2 61.83 2.84
Overall
(Mean) +
Standard 0.86+0.59 10.95+19.37 1.92+0.86 27.42+23.73 4.26+4.01

deviation




Table A.81 Summary of SpO2 percentage error of the age range of 21 to 30 years

while vertical moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
08 0.89 1.73 2.98 13.29 0.72
18 0.22 0.24 2.89 3.88 0.50
36 0.49 5.14 1.25 52.12 4.49
38 0.71 6.60 2.11 49.98 1.31
40 0.94 2.74 0.96 47.08 9.38
51 2.63 1.66 0.38 46.33 2.36
57 0.28 1.04 1.47 49.43 1.67
58 0.33 0.52 3.65 6.57 0.18
59 0.84 0.82 1.61 28.86 1.53
60 0.94 2.04 2.78 20.16 0.61
61 1.08 1.22 0.96 164.12 4.16
62 13 0.52 3.15 22.50 0.69
63 0.60 1.86 0.52 39.38 1.23
64 0.14 10.67 0.14 103.87 2.03
Overall
(Mean) +
4. 0.82+0.63 3.06+3.14 1.78+1.15 46.25+42.36 2.20+2.44
deviation
Female subjects
05 1.10 1.18 1.95 3.77 10.03
06 0.88 8.59 0.85 3.71 10.91
09 2.03 4.96 3.93 12.59 3.66
11 0.78 4.13 2.88 92.71 454
17 0.28 0.73 o] 10.46 1.00
27 1.12 9.49 1.46 114.89 1.24
28 0.41 6.23 3.13 36.32 6.18
29 0.41 4.76 1.90 34.47 1.07
37 1.02 21.17 1.55 47.01 14.62
41 0.91 8.60 0.14 14.09 6.15
az 0.79 18.88 0.58 37.37 18.41
52 0.91 2.89 0.75 10.34 3.09
Overall
(Mean) +
Standard 0.89+0.45 7.63+6.44 1.91+1.26 34.81+35.64 6.74+5.64

deviation




Table A.82 Summary of SpO2 percentage error of the age range of 31 to 40 years

while vertical moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
03 2.51 1.61 3.30 9.59 8.04
12 1.12 0.97 2.32 14.60 2.25
24 1.12 12.02 0.40 32.98 9.57
34 0.56 croT 2.20 44.80 2.99
46 1.45 2.71 0.66 13.12 4.68
47 1.57 11.62 1.59 54.77 1.73
55 0.52 8.65 2.22 34.40 8.44
67 0.32 0.92 2.10 18.49 1.10
69 1.29 594 1.90 31.62 5.94
Overall
(Mean) +
stadi-fl 1.16+0.67 5.31+4.45 1.85+0.88 28.27+15.44 4.97+3.17
deviation
Female subjects
o7 0.56 14.15 1.18 28.81 4.91
15 1.07 16.55 0.37 43.44 7.20
19 0.20 1.81 3.85 10.30 1.19
32 g dls 0.54 3.32 31.76 0.61
48 0.32 1.23 2.97 13.20 0.69
54 0.35 21.88 1.01 70.36 14.03
56 1.22 9.69 2.53 64.56 1.41
73 2.70 21.78 1.73 46.80 9.40
Overall
(Mean) +
Standard 0.95+0.81 10.95+9.00 2.12+1.23 38.65+21.91 4.93+4.94

deviation




Table A.83 Summary of SpO2 percentage error of the age range of 41 to 50 years

while vertical moving for the dedicated techniques.
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Compared techniques

Subject PT! CW? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
16 0.79 1.46 3.30 12.24 1.13
20 0.66 14.07 1.49 53.50 2.31
30 2.13 1.30 2.26 10.36 1.45
33 0.21 0.52 1.62 57.23 0.99
35 0.50 1.04 0.63 12.94 2.27
a9 0.76 1.64 0.68 23.52 2.28
66 0.37 16.42 0.47 98.79 20.72
71 0.13 5.65 1.86 37.68 3.46
Overall
(Mean) +
standlld 0.69+0.63 5.26+6.39 1.54+0.96 38.28+30.64 4.32+6.67
deviation
Female subjects
01 1.14 0.50 1.86 6.98 7.40
10 1.96 4.07 0.89 54.48 0.61
25 0.39 1.99 2.82 166.68 1.31
a3 0.91 6.74 2.34 88.39 2.02
53 0.11 0.47 2.30 12.06 0.72
68 0.56 19.04 0.76 50.61 12.05
72 1.10 5.83 1.02 28.42 5.69
Overall
(Mean) +
0.88+0.61 5.52+6.45 1.71+0.82 58.23+55.36 4.26+4.32
Standard

deviation




Table A.84 Summary of SpO2 percentage error of the age range of 51 to 60 years

while vertical moving for the dedicated techniques.

178

Compared techniques

Subject PT! CM? DST’ ICA* CFC®
no. SpO2 percentage error values in the unit of %
Average
Male subjects
13 1.30 1.33 232 14.92 0.90
22 0.90 1.49 2.32 7.26 1.45
23 1.68 2.59 2.20 23.87 2.16
a4q 0.28 4.29 0.10 50.43 8.99
a5 0.25 1.54 2.08 19.20 2.66
50 1.24 22.48 0.19 44.46 4.47
75 0.91 12.03 1.34 84.17 9.25
Overall
(Mean) +
Standan 0.94+0.53 6.53+7.98 1.51+£0.99 34.90+26.75 4.27+3.50
deviation
Female subjects
02 0.73 0.31 2.34 8.98 9.04
04 0.25 0.91 0.54 6.30 10.64
14 1.48 0.94 1.09 20.05 1.03
21 0.96 3.18 1.74 17.93 0.77
26 200! 84.71 0.53 43.06 1.95
31 3.35 9.46 3.02 9.62 9.43
39 1.80 6.70 3.06 102.69 4.18
65 0.63 6.46 2.39 43.01 0.72
70 0.35 292 2.63 37.90 1.20
74 2.49 L 15, 2.04 30.13 10.90
Overall
(Mean) +
Standard 1.32+0.99 12.77+25.58 1.94+0.94 31.97+28.50 4.99+4.46

deviation




Table A.85 Summary of SpO2 percentage error of the age range of 21 to 30 years

while waving for the dedicated techniques.

179

Compared techniques

Subject PT! CW? DST® ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
08 0.48 1.10 2.70 21.08 0.59
18 0.10 0.53 2.66 21.16 0.73
36 0.15 3.05 1.30 10.25 4.09
38 1.29 9.69 2.06 40.37 19.20
40 0.95 2.00 1.67 6.35 1.53
51 2.23 2.46 0.40 19.51 2.92
57 0.73 0.64 1.98 72.46 0.43
58 0.97 0.51 3.33 9.49 0.52
59 0.71 2.82 1.20 74.28 1.02
60 1.81 6.19 1.56 17.73 6.74
61 0.60 2.57 0.73 51.70 1.99
62 1.70 1.52 1.14 11.99 1.51
63 0.66 0.90 0.89 34.54 1.52
64 0.47 791 0.05 31.24 3.41
Overall
(Mean) +
4. 0.92+0.63 2.99+2.89 1.55+0.93 30.15£22.32 3.30+4.90
deviation
Female subjects
05 1.55 3.11 1.81 3.64 9.32
06 0.69 4.14 0.68 3.63 10.45
09 1.47 5.88 4.43 38.92 1.86
11 0.28 1.12 2.06 6.49 1.28
17 0.46 0.93 231 11.56 1.18
27 0.42 3.41 1.97 25.58 1.46
28 0.25 4.40 8,31 27.83 2.22
29 0.19 7.57 1.26 43.37 1.66
37 1.38 38.80 1.28 50.14 6.43
41 0.62 5.60 0.14 34.93 1.76
42 1.01 13.52 0.01 29.18 12.98
52 0.86 2.43 0.38 17.30 2.47
Overall
(Mean) +
Standard 0.76+0.49 7.58+10.39 1.64+1.32 24.38+15.89 4.42+4.23

deviation




Table A.86 Summary of SpO2 percentage error of the age range of 31 to 40 years

while waving for the dedicated techniques.
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Compared techniques

Subject PT! M’ DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
03 2.21 1.61 3.58 9.99 8.58
12 1.45 1.20 2.32 26.76 1.49
24 1.21 9.68 0.63 27.85 11.18
34 0.18 0.72 1.83 14.21 1.52
a6 1.26 1.78 1.58 32.44 0.66
ar 1.33 15.34 1.36 77.24 8.21
55 0.56 5.89 2.72 38.51 6.44
67 0.62 0.70 1.68 97.65 1.15
69 1.81 3.41 1.90 25.11 1.09
Overall
(Mean) +
stadi-fl 1.18+0.64 4.48+5.03 1.95+0.84 38.86£29.30 4.48+4.10
deviation
Female subjects
07 0.47 9.38 1.82 28.24 3.54
15 121, 47.56 1.18 112.02 10.03
19 0.54 1.67 3.71 54.47 0.49
32 1.09 248 2.67 41.26 4.60
48 0.36 0.89 3.24 14.14 1.64
54 0.09 17.03 0.92 99.85 5.54
56 1.09 5.06 1.89 24.17 1.78
73 2.85 7.12 1.69 45.28 1.73
Overall
(Mean) +
Standard 0.96+0.86 11.40+15.52 2.14+0.98 52.43+35.52 3.67+3.08

deviation




Table A.87 Summary of SpO2 percentage error of the age range of 41 to 50 years

while waving for the dedicated techniques.
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Compared techniques

Subject PT! CM? DST? ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
16 0.19 1.03 3.07 12.00 0.81
20 0.89 4.80 1.67 13.83 1.15
30 2.87 1.35 2.72 10.86 1.60
33 0.16 5.54 0.98 12.70 3.83
35 0.17 5.05 0.72 55.53 5.57
a9 0.64 1.07 0.40 12.85 1.19
66 0.70 22.40 0.56 89.48 6.84
71 0.07 7.87 1.99 47.88 4a.76
Overall
(Mean) +
0.71+£0.92 6.14+7.03 1.51+1.01 31.89+29.34 3.22+2.34
Standard
deviation
Female subjects
01 0.30 1.41 2.28 9.36 7.06
10 1.21 4.64 1.22 20.82 5.44
25 0.94 3.60 291 66.80 1.70
a3 0.96 7.65 2.62 70.36 5.82
53 0.16 0.81 0.73 35.31 1.55
68 0.55 7.30 0.72 26.61 6.09
72 1.00 10.16 1.16 44.30 8.30
Overall
(Mean) +
0.73+0.40 5.08+3.45 1.66+0.92 39.08+22.95 5.14+2.58
Standard

deviation




Table A.88 Summary of SpO2 percentage error of the age range of 51 to 60 years

while waving for the dedicated techniques.
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Compared techniques

Subject PT! CM? DST’ ICA* CFC’
no. SpO2 percentage error values in the unit of %
Average
Male subjects
13 0.26 0.73 2.18 10.35 0.30
22 1.00 2.12 2.78 13.58 2.79
23 1.06 5.16 1.97 20.61 5.15
a4q 0.64 5.05 0.18 87.01 4.89
a5 0.14 1.95 1.95 42.09 0.74
50 1.51 5.00 0.38 31.25 7.06
75 0.74 6.86 1.57 76.69 1.48
Overall
(Mean) +
Standan 0.77+0.48 3.84+2.23 1.57+£0.96 40.22+30.52 3.20+2.55
deviation
Female subjects
02 0.09 0.65 2.43 8.93 8.72
04 0.63 1.78 0.35 6.22 10.45
14 1.27 1.25 1.09 66.76 1.38
21 0.98 4.42 2.28 56.45 3.92
26 TR0 43.25 0.30 69.32 7.78
31 0.73 11.57 2.96 10.71 9.95
39 0.48 71.63 2.83 66.03 4.38
65 0.60 6.87 1.98 34.65 5.40
70 0.30 1.48 1.04 40.78 1.51
74 2.30 11.31 1.50 16.31 2.50
Overall
(Mean) +
Standard 0.86+0.63 9.02+12.70 1.68+0.97 37.62+25.87 5.60+3.42

deviation
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A Photoplethysmographic Signal |solated From an
Additive Motion Artifact by Frequency Translation

Sakkarin Sinchai

Abstract—Acquiring a precise percentage of oxygen saturation
(SpO2) from a finger-probe pulse oximeter is dependent on both
artifact-free red and infrared photoplethysmoghaphic (PPG) sig-
nals. Nonetheless, in real-life situations, these PPG signals are cor-
rupted by a motion artifact (MA) signal that is generated from
either finger or hand movement. To resolve this MA interference,
the cause of the adulteration of PPG signals by the MA signal is
examined. The MA signal is found to behave like an additive noise.
Additionally, the frequency responses of the MA and PPG signals
show that these signals are in the same frequency band. Hence,
instead of direct current, a sinusoidal wave alternating current
is proposed to drive an LED source in order to shift the PPG fre-
guency band away from the MA frequency band. Experimentally, a
commercial finger-probe pulse oximeter is employed. To determine
the performance of the presented scheme, the resulting PPG signals
are compared with those from employing the old-fashioned LED-
driving method. In addition, the accuracy is verified by computing
the SpO2 value. The results reveal that the proposed approach suc-
cessfully retains the fundamental morphologies of the PPG struc-
tures when motion occurs. Moreover, the calculated SpO2 values
from the proposed technique provide an average error of approxi-
mately 1.4%, whereas the conventional method yields a mean error
approximately 4.2%.

I ndex Terms—Amplitude modulation, Motion artifact (MA), op-
tical biosensor, photoplethysmography (PPG), pulse oximeter.

|. INTRODUCTION

INCE the pulse oximeter was invented, invasive methods

have no longer been the first option to measure oxygen sat-
uration in human blood. The invasive techniques are required
only when the percentage of oxygen saturation (SpO2) isfairly
low and the pulse oximeter cannot obtain measurements. The
SpO2 value provided by the pulse oximeter can be used in
assessing or screening some symptoms such as pulmonary em-
bolism [1], hypoxemia[2], lower extremity arterial disease [3],
congenital heart disease[4], acute heart failure [5], and chronic
obstructive pulmonary disease [6]. Apart from assessing the
symptoms, the pulse oximeter can be potentially utilized in
evaluating testicular torsion [7] and pulp vitality [8] as well.
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Today, the pulse oximeter is not only used in medical fields but
also applied in the sport, fitness and even aerospace fields. The
conventional non-invasive pulse oximeter operates by emitting
two light wavelengths, namely, red and infrared (IR), through
a human body (forehead, earlobe and finger). By illuminating
these two light sources, two photopl ethysmographic (PPG) sig-
nals are generated, with the red source markedly absorbed by
deoxyhemoglobin (Hb) and the IR source largely absorbed by
oxyhemoglobin (HbO2). Employing aratio of the Hb PPG sig-
nal to the HbO2 PPG signal allows the acquisition of SpO2.
Intrinsically, SpO2 provides an exact percentage of oxygen sat-
uration only when subject being measured stays still. However,
in practice, movement during measuring aways transpires due
to various factors, such as unconsciousness, shivering, and neu-
rological disease. When any movement occurs, an unwanted
signal is formed. The unwanted signal from movement, which
isknown amoation artifact (MA) signal, disturbsthe PPG signal,
which results in an incorrect SpO2 value. Consequently, a pa-
tient may not be diagnosed accurately or cured in asuitabletime.
Therefore, many research efforts have dedicated to improve the
PPG signal corrupted by the MA signa to obtain a precise
SpO2 percentage. Principally, solutionstoward eliminating MA
are categorized into two groups: 1) generating areferencesignal
to remove MA [9]-{19] and 2) designing a decomposing MA
approach without using a reference signal [20]-{31].

In the former group, areference signal is fed to an adaptive
filter to cancel aMA signal added to aPPG signal. Thereference
signal is obtained by either using additional hardware, namely,
an accelerometer sensor [9], [12], [13], an optoel ectronic sen-
sor [10], an optical sensor [11], a motion relative sensor [13]
or alight source [14] or synthesizing the reference signal from
both the acquired red and IR PPG signals[15]-{19]. Using extra
hardware[9] 14] isprobably the simplest method, but therefer-
ence signal sensed from those sensors must be highly correlated
with the PPG signals. Otherwise, the recovered PPG signals are
even more aggravated. By contrast, the synthetic approaches
excellently produce areference signal correlated with either the
MA signal or the PPG signals because these techniques select a
biological signal from a human body, such as heart rate, blood
volume or modified PPG signals, that correspondsto the MA or
PPG signal to be synthesized. Consequently, the PPG signalsre-
trieved in[15]- 19] are superior to the PPG signal srecovered by
systems employing auxiliary hardware [9]-{14]. Nevertheless,
MA till existsin the PPG signals.

In the latter group, various signal processing techniques are
performed to alleviate an MA signal overlapping with the PPG

1932-4545 © 2018 |EEE. Personal use is permitted, but republication/redistribution requires | EEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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signals as follows. The concept of the multi-rate filter bank is
introduced to seek the frequency band of the MA [20]. Addition-
aly, MA suppression in afrequency domain isaccomplished on
acycle-by-cycle basis of Fourier seriesanalysis[21]. Naturally,
the PPG and MA signals are contemplated independent of each
other. Bearing this in mind, a linear combination of PPG and
MA signals is formed to distinguish the PPG and MA signas
[22]-{24]. In the same sense of independenct signals, a tech-
nique of singular value decomposition is iteratively performed
todiscriminatethe M A signal from the PPG signal [25]. Also, an
estimation of signal parameters via rotational invariance tech-
niques is applied to discern high resolution harmonics of the
PPG signal from the MA signal [26]. In [27], aminimum corre-
|ation approachisused asacost function to differentiate the PPG
and MA signals. Instead of processing in areal number domain,
the method of [28] encodes the MA-induced PPG signa to a
complex number domain. Statistical analysisand phasefiltering
are then applied to remove the MA signal. Among the state-
of-the-art ideas is the use of a 3rd-order polynomial model to
fit the MA signal [29]. Most works have contributed to improve
the MA-polluted PPG signals but not for [30]. This approach
devises asimple thresholding algorithm based on a correct PPG
morphological waveform to select only the best shape of the
PPG waveform. Aside from those mentioned signal processing
schemes, a differential amplifier with common-maode rejection
is designed to cancel the MA signal [31].

Based on the literature review, these approaches endeavor to
recover exact PPG signalsmaintaining al morphological figures
from the MA-appended PPG signals. Nonetheless, recovering
the exact PPG signal is not simple. Moreover, some techniques
may work well only under a specific condition.

Although physical motion isinevitable, inthiswork, intensity
modulation based on a simple amplitude modulation technique
is proposed to solve the problem of additive MA signals. With
the proposed approach, the frequency band of the PPG signals
is shifted away from the frequency band of the MA signals.
Because of this shifting, the PPG signals are free from the effect
of the additive MA signals.

Il. SEVERING PPG SIGNALS FROM MA SIGNALS

The widely used pulse oximeter depends on an appropriate
waveform of red and IR PPG signals to estimate the SpO2
value. Usually, the red and IR PPG signals are measured from
a fingertip, an earlobe or a forehead, where these signals are
deformed easily by any movement. Nevertheless, the fingertip
is the most concerning because a finger probe is more likely
to be interfered with unintentionally and is more ubiquitously
used than other probes. Although other factors, such as low
profusion, temperature and random noise, have the ability to
distort the PPG signals as well, these factors may not affect the
PPG signals as severely as MA.

A. PPG Model

Forming a mathematical model is helpful in applying math-
ematical techniques to remove MA. In thiswork, a PPG signal
isacquired from afingertip. To represent the PPG signal with a

Transmitted light

-~

ity I

( Driven light )

}Pulsating arterial blood

ing arterial blood
Venous blood

Driven i

Other tissue part

Time
N

Absorbed light One cardiac cycle

Fig. 1. Genera PPG waveform.

mathematical equation, theintensity of light arriving at a photo-
detector after being absorbed by various absorbing substances
inside the fingertip is employed. However, the absorbing math-
ematical expression derived from the fingertip is not limited to
only the fingertip. Other parts of a human body, forehead or
earlobe, are also applicable to the mathematical function drawn
from the fingertip because of absorbing in the same manner as
the fingertip.

M odeling the mathematical form of the PPG signal isaccom-
plished using Beer-Lambert’s law [32]. The law simply men-
tions that light passing through a medium containing only one
absorbing substance or multiple absorbing substances is atten-
uated. L ater, the absorbing substance was called as an absorber.
By nature, when emitted light penetrates the medium, the emit-
ted light is split into two parts. One part is absorbed, whereas
the other part is transmitted through the medium. The transmit-
ted light is the light intensity remaining after absorption. The
relationship of the light intensity absorption described by the
Beer-Lambert’'s law is chiefly expressed by (1).

RN (1)

From (1), the transmitted light having the transmitted intensity,
1, isthe multiplication between the emitted light denoted as i,,
and an exponential decay value, e~ X1 -1 < (Merdi The emitted
light is the incident light with an intensity, i,, falling upon the
medium’s surface. The exponent of the exponential decay value
is the negative summation of N absorbing characteristic values
of IV absorbers. The absorbing characteristic value of each ab-
sorber isthe multiplication of three absorbing parameterswhich
aree; (1), ¢ and dy.. Thefirst parameter, ¢, (1), istheextinction
coefficient, ¢, of a specific wavelength A of the kth-absorber.
Next, ¢;. isthe concentration of the kth-absorber. Lastly, d;. is
the optical path length of the kth-absorber.

Since the mathematical statement in (1) is a broad absorbing
model of Beer-Lambert’s law, (1) is revised to represent the
absorbing feature in the human body. For convenience in
modeling, ageneral PPG waveform of transmitted light refered
in [32] is considered, and the general PPG waveform is drawn
in Fig. 1. As can be noticed in Fig. 1, the emitted light having
the intensity, i,, is mainly absorbed by other tissue, venous
blood, nonpulsating arterial blood and pulsating arterial blood.
These four media are categorized into two parts according
to their absorbing characteristics. The first three media, their
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absorbing characteristics, rarely change over time so these
media are grouped as a static part. On the other hand, the
absorbing characteristic of the last medium is varied over time
due to the nature of systole and diastole, and classified as a
dynamic part. After being absorbed by both parts, the leftover
intensity of the emitted light is sensed by the photo-detector
which produces the resulting intensity in terms of electrical
current. For the absorption in the static part, the photo-detector
gives a direct current (DC) signal while the photo-detector
delivers an alternating current (AC) signal for absorbing in the
dynamic part. With this grouping, (1) isrewritten as (2).

1= 1, [Dcparl, + ACpart,] (2)

To express both DC,,,,¢ and AC,, in terms of exponential
decay values, DC,,,, is considered to be one homogeneous
DC absorber. Similarly, AC,... is contemplated as one
homogeneous AC absorber. (2) is reformed to (3).

i=i, |:6815(/\)Cudu & e\—dzx\'()L)(5\lzx\'d<lz\\'] ©)

DCybsorber ACupsorber

In fact, the optical path length (dg.,) of AC.psorber Changes
over time. Hence, the optical path length (dq.,) in (3) issuitably
stated in afunction of time and (3) is written in (4).

’L(t) =i, [e—eh(k)c“du _,_eedm(?»)wmd,m(t)] (4)

DCubsorber ACabsorber

From (4), eis(A), s and dy are represented as the absorbing
properties of the DC absorber. Next, €.y (X), Caay @d dgay (1)
denote the absorbing properties of the AC absorber.

Measuring oxygen saturation using the pulse oximeter relies
on the light absorption of Hb and HbO2 inside the pulsating
arterial blood (AC,psorber)- The pulse oximeter uses red and IR
light to measure the amount of light absorbed by Hb and HbO2
becausethered light is highly absorbed by Hb but not by HbO2,
whereasthe IR light is highly absorbed by HbO2 but not by Hb.
Consequently, (4) is modified to afford (5), where eqav (A)caay
is superseded by the summation of the absorption parameters
of Hb and HbO2, which are EHb ()L)CHb and EHBO ()»)C]-n)o. In
addition, Hb and HbO2 absorb light inside the pul sating arterial
blood; thus, theoptical path lengthsof Hb and HbO2 aredgay (t).

ieppc () = o [efem(k)mdm

+ e~ lemy (Meny +envo (Mennoldaay (f)] (5)

After being absorbed by Hb and HbO2, the remaining light
intensity in (5) is considered as a mathematical model of the
PPG signal. As the derivation of the acquired mathematical
model does not involve MA, (5) therefore represents the clean
PPG signal and is denoted i.ppg (t).

B. Occurrence and Interference of MA

Intheevent of finger motion, amechanical forceisintroduced
to afinger probe of a pulse oximeter, and this force is prone to
corrupt the PPG signals. However, the PPG signals are collected
in the form of the amount of remaining light intensity from the

transmitted or reflected light that falls upon a photo-detector in
the pulse oximeter. The photo-detector is a transducer convert-
ing the quantity of light into the level of current. However, the
mechanical force occurring due to motion is not light, and thus,
the mechanical force is not sensed by the photo-detector. Al-
though finger movement generates mechanical force, thisforce
may not affect the PPG signals directly. In fact, when a finger
shifts, the marring of the PPG signalsis caused by external light
sources penetrating through the pulse oximeter where the exter-
nal light sources are mainly ambient light and natural light. For
the problem of the external light interference, there are many
articles [33]{44] proposed the approaches to overcome this
problem.

Even though a plastic finger-shaped cover is put onto a fin-
ger to prevent interference from the external light sources, the
interfering light still passes through the pulse oximeter. Above
all, bringing a plastic cover to exclude the unwanted light may
not be convenient for use with a patient because the cover needs
to enclose an entire finger. Covering the entire finger not only
makes a patient feel uncomfortable but also creates heat as well
as moisture, which leads to a musty and damp environment and
generates poor PPG signals.

To confirm that the external light from ambient light sources
interferes with the PPG waveforms during motion, fingers at
rest and making a waving motion are tested under bright and
dark conditions.

Under the bright conditions, the test is set in aroom at noon
biased by the fluorescent light and the light from the natural
sources entering through the room’s windows. On the other
hand, under the dark conditions, the experiment is done at the
same room at night, which is dark and not influenced by any
light sources.

The experiment is set up by inserting an index finger-like log
into a transmittance finger-type pulse oximeter and binding the
pulse oximeter onto the real index finger with masking tape. In
the experiment, the index finger is kept at rest or waved under
the conditions described above, and the results of light absorp-
tion are collected and illustrated in the forms of voltage level
in Fig. 2. By contemplating the results from the motionless fin-
ger, it is found that both voltage levels under bright and dark
conditions [see Fig. 2(A1)—«B1)] are constant. These resulting
constant voltage levels seem to only elevate the DC part of
the PPG signals but not to cause any deformity to PPG wave-
forms. Nonethel ess, when analyzing the results from thewaving
finger, the voltage level under the bright conditions consistently
changesrelative to thewaving motion, asdepicted in Fig. 2(A2).
With this changing characteristic, the PPG waveforms are obvi-
ously disfigured by external light. By contrast, the voltage level
for thewaving finger inthe dark isunchanged because of thelack
of interference from external light, as manifested in Fig. 2(B2).
In addition, the equal constant voltage levels from both mo-
tionless and waving finger in the dark condition strengthen the
reason that external light affects the PPG signals. Factually, the
photo-detector creates an electrical signal even thereisno light
due to the non-ideal material [45]. The electrical signal gen-
erated in the dark, called the dark current, mainly depends on
theinput voltage fed to the photo-detector. In this experiment, a
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Fig. 2.  Photo-detector output signalsin case of motionlessness and in motion
fingers under (a) bright and (b) dark conditions. Y-axis in each subfigure isthe
signal amplitude in millivoltage (mV) and X-axisistime in millisecond (ms).

constant voltage of 5.0 V is fed to the photo-detector. With the
given property of the photo-detector, the voltage levels in the
dark illustrated in Fig. 2(B1)—<(B2) are deterministic and easily
eliminated, and considered no impact on the pulse oximeter.
Hence, the results obtained from the waving finger show explic-
itly that the external light sources have the impact on the pulse
oximeter. As can be observed in Fig. 2(A2), the voltage level
of the external light after subtracting the voltage level of the
dark current swings from 0 V to 90 mV. For the PPG signals,
the voltage levels are in arange of 1 1V to 100 mV [46]. It is
seen that the determined external light voltage is in the same
magnitude of the general PPG signals. When these signals are
summed together, the PPG waveform is completely disfigured.
Thus, the external light interference is considered to have high
impact on the PPG signals measured by the pul se oximeter.

According to this altering behavior, the light distortion of
motion is considered to be an additive noise. To conveniently
analyze and eliminate the mation additive noise, amathematical
model of areceived signal from the photo-detector is expressed
as (6).

i () = inma (1) + icpra(t) (6)

In (6), i, (t) isthe received PPG signal, which is the summation
of inma (t), an MA signal, and i.ppg (t), aclean PPG signal. To
analyze the received PPG signal, (6) is further examined in a
freguency domain in the next subsection.

C. Analysis of the Combined Clean PPG and MA Sgnals

For simplicity, afast Fourier transform (FFT) ischosento an-
alyze the received PPG signal which isthe aggregate of aclean
PPG signal and an MA signal. In analyzing how the two signals
are overlapped, some possible MA signals and an artifact-free
PPG signal are required. The possible MA signals are sampled
using the same procedure experimented in the earlier subtopic.
The pose for MA signals is acquired from bending, waving,
shivering, horizontal moving, and vertical shifting an index fin-
ger. On the other hand, the motionless PPG signal is collected
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Fig. 3. Frequency components of motionless PPG signa and MA signals.
(a) Motionless posture. (b) Bending posture. (c) Waving posture. (d) Shivering
posture. (e) Horizontal motion. (f) Vertical shifting.

by utilizing areal index finger while staying still. Each posture,
including staying still pose, is performed 2 times, 10 seconds
each. After al samples (12 samples) are obtained, the FFT is
applied on each sample through MATLAB in order to express
frequency components of each pose as delineated in Fig. 3.

The frequency range of the uncorrupted PPG signal is gen-
erally between 0.09 Hz and 4 Hz, which is denoted by the
dashed box in Fig. 3(a). Undoubtedly, the frequency range of
MA signals also lies in the same range as the uncontaminated
PPG signal, as can be seen in the dashed boxesin Fig. 3(b)—(f).
Indeed, the MA signals are added to the normal PPG signal
as revealed in (6). Some of MA signals, however, contain fre-
guency components higher than 4 Hz, as shown in Fig. 3(b)—(f),
that can also worsen the clean PPG signal.

D. Proposed PPG Freguency Band Shifting Solution

In a commercia pulse oximeter, red and IR light emitting
diodes (LEDSs) are used as light sources to generate red and IR
PPG signals. To obtain both red and IR PPG signals, the red and
IR LEDs are aternately emitted as diagrammed in Fig. 4. In
LED driving, adirect current (DC) source isfed to each LED.

With feeding DC to drive the LEDSs, both the generated red
and IR light intensities are considered constant. Therefore, both
the acquired red and IR PPG signals would be characterized
by (5). As an MA signa is always and unavoidably involved,
(6) represents the obtained red and IR PPG signals. However,
by aternately emitting the LEDSs, the red and IR PPG signals
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Fig. 4. Diagram of the acquisition of a PPG signal using a commercial pulse
oximeter.
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Fig. 5. Frequency spectra of mixing the clean PPG and MA signas.
(a) Frequency spectra of (9), MA+ REDPPG. (b) Frequency spectra of (10)
, MA+ IRPPG.

are detected aternately, providing two separate signals in (7)
and (8).

ivrED (t) = ima(t) + irEDPPG (1) (7)
ivir () = ivra (f) +irpra(t) (8)

In the previous subsection, the frequency of the PPG signals
and the frequency of the MA signals are shown to be in the
same band. Therefore, (7) and (8) would certainly illustrate the
overlapping of the PPG and MA signalsin afrequency domain.
Then, (7) and (8) are subjected to a Fourier transformation,
providing (9) and (10), respectively. By finding the absolute
values of (9) and (10), the frequency spectraof (9) and (10) are
obtained, as depicted in Fig. 5.

ILirep (w) = Iva (w) + IrRepPPa (W) 9
Lir (w) = Iya(w) + Iirpra (w) (10)

Because they are in the same frequency range as the MA
signals, the clean red and IR PPG signals are thus shifted to
higher frequency. Because both the red and IR PPG frequency
bands move, the MA signals have no effect on the red and IR
PPG signals. To shift the red and IR PPG frequency bands,
two sinusoidal waves with different frequencies are proposed to
driveboththered and IR LEDs. Using the proposed LED driving
method generates two double sideband with carrier (DSB-WC)
amplitude modulation (AM) signals with both the red and IR

PPG signals as the information signals. To explain how the
red and IR PPG signals are collected, the PPG model in (5) is
restructured to conform with the model of the DSB-WC AM
signal. For convenience, the model of the DSB-WC AM signal
is shorten to AM for the rest of this paper.

To satisfy the AM technique, (5) needs to conform to the
DSB-WC AM form [47] expressed in (11).

oan (t) = Ac[1 + kam(t)] cos (wet) , w.=27f,

In (11), pani(t) isthe AM signal, m(t) is the message signal,
cos(w,t) is the sinusoidal carrier signal, and A. is the ampli-
tude of the sinusoidal carrier signal. In addition, &, isthe AM
sensitivity, and f. and w. are the carrier frequencies in Hertz
and radians, respectively.

In practice, the value of <t (M)eisdis in (5) rarely varies over
time. Therefore, the value of e (M)eidis jn (5) is determined
to be constant and defined as A;. Then, A isreplaced in (5),
which isrearranged to provide (12) by applying the distributive
property.

ieppe(t) = ioAts[]- + At;l e~ ([Eun (Menp +euno ()L)CHbO]d(luv(t))]
(12)
From (12), e~ ([enn (Wenp +enno (Menvo ldaav (1) j5 information
of interest, which is considered the message signal, m(¢). In
addition, At;l isthe AM sensitivity, k,. With the given message
signal and the provided AM sensitivity, (12) isrewritten as (13).

(11)

iCPPG(t) L~ 7f.ofélts []- + ka7n(t)] )
Fam(t) = Atfslef([sm,(A)cuh+5ubo(A)cm,o]ddav(f,)) (13)

To make (13) comply with (11), the sinusoidal carrier signal
must be presentin (13). Inthiswork, an aternating current (AC)
source is proposed to supersede the DC source in the commer-
cial pulse oximeter. The DC source generating the incident light
withtheintensity value, i,, representedin (13) isreplaced by the
AC source having a frequency of f. Hz, iyccos(2n ft). After
supplanting, theintensity value, 4, , in (13) becomesasinusoidal
intensity wavewithafrequency of f. Hz, ixccos(27 f.t). There-
fore, (13) is restated as (14) and i ¢ cos(27 f.t) is manifested
in the angular frequency instead.

OarcppG (t) = iaccos(wet)Ars[1 + kom(t)] , we = 27 f,
(14)

Inthis proposed technique, two AC sources with frequencies
of f., Hz and f., Hz are used to illuminate both thered and IR
LEDsinstead of the DC source. Additional, if thereare multiple
carrier signals, asin thiswork, the gap between the frequencies
fe1 and f.o must be wide enough to prevent overlap between
the frequencies of the message signals.

As the proposed scheme drives both LEDs concurrently, the
LED-alternating control units are removed, and two bandpass
filters (BPFs) areadded instead. I n thisway, the modul ated clean
red and IR PPG signals, including the MA signals, are detected
at the same time on the photo-detector. Nonetheless, using the
projected method completely shifts the frequency components
of the pure red and IR PPG signals to a high frequency. On the
other hand, thefrequency componentsof the artifact-freered and
IR PPG signals do not exist at alow frequency. Because of that
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shift achieved by the proposed technique, the signal received by
the photo-detector is modeled as (15).

irrarAM () = ima (t) +irepprc () +imepc () (15)
For consistency, irepppc (1) andirppc (t) in (15) arereplaced
by ¢r_an () and ¢rr_aa (t), respectively, because these terms
are now the AM signals. Thus, (15) is modified to afford (16),
where iy and i1z are the intensities of the red and IR LEDs,
respectively.

irrarAM (1) = ima () + dran (t) + drranm (t),

dram (t) = ipAris[cos(wert)
+ kramp (t)cos(wert)],
drram (t) = iR Ares[cos(weat)

+ kiramur (t)cos(weat)] (16)

As (16) isin atime domain, the shift in the uncorrupted red
and IR PPG signalsis not explicitly seen. Then, (16) is Fourier
transformed into a frequency domain expressed in (17) to show
the frequency spectra of the shifted purered and IR PPG signals
and the MA signal.

Lraram(w) = Iya(w)
By O

FSB1

o A .
_i_m%[d(w—wc])—f—d(W‘chl)}
FSB2
ir Artskra

FSB3

i A .
+ R 2IRt [5(

W= W)+ 0(w+ we)]

FSB4

1R Arres FiRa [

9 AJIR (w . ch) + J\/[IR (w + W(JQ)}

FSB5

(17)

From (17), the F'S B1 termisthe Fourier transform of theMA
signal, iy 4 (t). Next, the F'S B2 termisatered fromthered LED
carrier signal, i p Arscos(we1t), andthe F'S B4 termischanged
from the IR LED carrier signal, i1r AirsCOS( weot). Lastly, the
FSB3 and FSB5 terms are converted from the shifted red
and IR PPG signals, which are ig Arskramg (t)cos(w,; t) and
iR Arrtskiramir (Y)cos(west), respectively. Next, thefrequency
spectra are obtained by calculating the absolute value of (17)
and are displayed in Fig. 6. As shown in Fig. 6, the frequency
ranges of thefaultlessred and IR PPG signals (the dashed box on
the right) are obviously shifted. Conversely, Fig. 6 also reveals
that the frequency band of the MA signal (the dotted box on the
left) islocated at the same frequency band. As demonstrated by
Fig. 6, the unperturbed red and IR PPG signals are no longer
interfered with by the MA signal.

o §] p b
bt vﬁmm Al MT%MM o

Fig. 6. Shifted frequency spectra of the pure red and IR PPG signals.

(®)

Fig. 7. Implementation block diagram. (a) Proposed L EDs-driving technique.
(b) Signal processing.

IIl. IMPLEMENTATION OF THE PROPOSED TECHNIQUE

To implement the proposed technique, this work is divided
into two parts. These two parts, which are drawn as the block
diagram shown in Fig. 7, are a) the proposed L ED-driving tech-
nique and b) signal processing. The former part, which is the
main contribution of this work, shifts the frequency spectra of
the red and IR PPG signals away from the frequency spectra
of the MA signal. Although this first component is the major
contribution, the latter part is required to recover both the red
and IR PPG signals and to estimate the SpO2 value.

A. Proposed LEDs-Driving Technique

In this implementation, both built-in red LED and IR LED
driving circuits of a commercia transmittance finger-probe
pulse oximeter are replaced by the proposed LED-driving tech-
nique depicted in the dotted box in Fig. 7. The proposed LED-
driving schemeinducesthered LED and IR LED simultaneously
using sinusoidal waves with different frequencies, also known
asan AC. By contrast, the built-in driving circuits generate DC
to alternate between emitting the red LED and IR LED at a
high frequency [48]. In practice, the anode pins of the red and
IR LEDs embedded inside the commercial transmittance finger-
probe from the maker are soldered to each other for connecting
a DC source. The cathode pins are left floating for the tradi-
tional driving purpose. To make use of the present LED-driving
technique, two designed LED drivers are separately connected
to each cathode pin of the red and IR LEDs, respectively. The
employed LED-driving circuits are simple buffer amplifiers, as
equivalently sketched at the left-corner of Fig. 7. Besides, both
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anode pins are attached to a 5 VDC source. By plugging each
cathode pintothedifferent LED driversinstead of to the ground,
thus, the reference voltage of each LED is independent to each
other and freely varied by the fed sinusoidal signal.

To induce both LEDs to emit using sinusoidal signals at high
frequencies, a signal generator is employed to generate two si-
nusoidal waves with amplitudes of 1.5 Vpp (Vpeak-to-peak).
Furthermore, the frequency gap between both generated sinu-
soidal waves is roughly set to 480 Hz to circumvent the over-
lapping of the message signals. To generate red light, the red
LED isdriven at afrequency of 1070 Hz, f.;. Similarly, the IR
LED isradiated at a frequency of 1550 Hz, f.., to produce IR
light. After these sinusoidal waves are formed, the voltage off-
setsof —0.15V and 0.95 V are then added to these two signals,
respectively, before driving the LEDs.

By illuminating these L EDs onto afingertipwith the produced
sinusoidal waves, the remaining light absorbance of each light
(red and IR lights) becomes the amplitude of the light intensity
modul ated signals.

Due to the amplitude of light intensity modulated red and
IR PPG signals, including the MA signal, contacting the photo-
detector concurrently, thesethree signals are summed and trans-
formed into a current. Nonetheless, the current of the summed
signal isfairly low. To enhancethe quality of the summed signal,
atransimpedance amplifier is introduced to amplify the current
level of the summed signal. The transimpedance amplifier not
only augments the current level but also converts the current
level into the form of the voltage level simultaneously. Asare-
sult of converting of the transimpedance amplifier, the summed
signal is now represented in the form the voltage level, which is
convenient to collect. After passing through the transimpedance
amplifier, (16) isrevised as a voltage function, which iswritten
in (18).

Virg 1R A M (t) = Vina (ﬁ) T Vop an (t) T Vo1 am (t) (18)

Additionally, the transimpedance amplifier in this work is
designed to provide 10 timesthe gain. After boosting, this aug-
mented summed signal is further processed in a computer.

B. Sgnal Processing

In this part, MATLAB is employed to handle the augmented
summed signal. The augmented summed signal is processed
by transferring it to a computer and then sampling 16000 sam-
ples per second for 10 seconds through an NI DAQPad-6014
acquisition card manufactured by National Instruments. To ex-
tract the clean red and IR PPG signals, the transferred signal
is processed according to the processing procedures in Fig. 8
as follows. Firstly, only the AM signals of the red and IR PPG
signalsare classified sincethe MA signal no longer causesinter-
ference. To distinguish thesetwo AM signals, two BPFs arefirst
designed using the 2nd-order Butterworth technique, in which
the center frequencies are 1070 Hz (BP1) and 1550 Hz (BP2).
Next, the received summed signal, represented by (18), is ini-
tially fed to BP1 and BP2 to classify these signals. The obtained
output from BP1isthe AM signal of thered PPG signal, whereas
the acquired output from BP2 is the AM signal of the IR PPG

The Summation of Amplitude
Modulated (AM) Signals of red and IR
PPG signals and MA Signal

Acquisition
Board

D ion of The i D ion of
red PPG Signal Signal IR PPG Signal
Band-Pass Filter1 Band-Pass Filter2
(BP1) (BP2)
Center Frequency Center Frequency
At 1070 Hz At 1550 Hz
Envelope Envelope
Detection Detection
Low-Pass Filter1 Low-Pass Filter2
(LPF1) (LPF2)
Cut-off Frequency Cut-off Frequency
At 10 Hz At 10 Hz
Clean red PPG Clean IR PPG
Signal Signal
[ Computation |
of Sp0,

Fig. 8.  Signal processing procedures.

signal. Thesetwo AM signalsare then subjected to an equivalent
envelope-detection method to demodulate the red and IR PPG
signals. The equivalent envel ope-detection method simply finds
the absolute values of thosetwo AM signals. Later, the AM sig-
nals of thered and IR PPG signals are demodul ated, and the red
and IR PPG signals are obtained. However, the demodul ated red
and IR PPG signals till contain high frequency components. To
eliminate these high frequency components, two lowpass filters
denoted LPF1 and LPF2 are established using the 2nd-order
Butterworth scheme with a cut-off frequency of 10 Hz. Finally,
the demodulated red and IR PPG signals are filtered by LPF1
and LPF2, respectively, and recovered to provide the clean red
and IR PPG signals.

According to the previous processing, the appropriate PPG
signals are now artifact free. Consequently, the correct value of
SpO2 can be calculated by applying the following relationship.

VopR

Sp02:110—25xR,R:@

(19)
Vbcir

In (19), V,pr and Vpcr arethe pesk-to-peak value and the DC
component of the red PPG signal, respectively. Similarly, Vi
and Vpc1r expressed in (19) are the peak-to-peak value and the
DC component of the IR PPG signal, respectively. Normally,
to apply (19), both the red and IR PPG signals are separated
beat-by-beat to obtain V;,,r and V;,,ir for each beat in order to
compute SpO2 precisely.

IV. EXPERIMENTAL RESULTS

A. Rest Posture

In this experiment, ten healthy volunteer subjects are tested.
The subjects consist of five men and fivewomen. Themale’sav-
erage age is 23.20 years old with a standard deviation of +5.12
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Fig.9. Summed AM signals.

while the female’'s mean age is 22.80 years old with a standard
deviation of +2.17. All subjects are Asian and their skin isyel-
lowish. Each subject is asked to put afinger-probe pul se oxime-
ter in which the LEDs are driven by the proposed technique on
the index finger of higher left hand. Additionally, on the same
hand, a commercial transmittance finger-probe pulse oximeter
using traditional LEDs-emitting is inserted on each subject’s
middle finger for the purpose of PPG waveform comparison.
To validate the proposed technique, two experiments, namely,
(2) affirming the practicality of the LED-driving strategy using
a sinusoidal signal yielding an AM signal and (2) producing
different MAsto interfere with the PPG signals, are conducted.
The procedures for these two experiments are designed to have
minimal risk and performed in keeping with the Declaration of
Helsinki. Both experimentsare carried out during the daytimein
aroom where some natural light penetrates through a window.
The room is also lit by five fluorescent tubes. Given the room
conditions, the ambient light while the experiments take place
is630 Lux.

For the confirmation experiment, each subject isasked to keep
the left hand still for 5 times, 10 seconds each, to demonstrate
the AM signal created by the proposed technique. I nstantly, the
red and IR lights pass through the index finger of each subject,
and two AM signalsof clean red and IR PPG signals are formed.
Sincetheleft hand of each subject stays at rest, no MA signal is
involved. As aresult, only two AM signals of clean red and IR
PPG signal s contact the photo-detector. With summing property
of the photo-detector circuit, the photo-detector output signal
is the summation of two AM signals in the time domain, as
exhibited in Fig. 9. The result shown in Fig. 9 is collected from
oneof the subjects. Therest subjects resultsalso manifestinthe
same manner as Fig. 9. To show that the combined AM signals
comprise two PPG signals modulated by two given sinusoidal
carrier waves, the merged AM signals are then analyzed in the
frequency domain. Thus, a Fourier transform is applied to the
integrated AM signals. With the transform of the summed AM
signals, the frequency spectra of the transformed AM signals
are obtained and presented in Fig. 10. In accordance with the
design, Fig. 10 shows the frequency spectra of the sinusoidal
carrier waves, along with the frequency spectra of the PPG
signals.

AM frequency spectra.

Traditional Method

Proposed Technique

Amplitude(Volt)
Amplitude(Volt)

o U L& ™ & g ! T 0 . . .
0 2 4 6 8 10 0 2 4 6 8 10

Time(s) Time(s)

@ (b)

Fig. 11.
signals.

PPG morphology comparison. (a) Red PPG signals. (b) IR PPG

To utilize these AM signals, an amplitude demodulation is
performed as described in the implementation section. After
the amplitude demodulation, the clean red and IR PPG signals
are recovered and depicted in Fig. 11(a) and (b). In Fig. 11(a)
and (b), the red and IR PPG signals from a commercial pulse
oximeter are plotted together with the recovered PPG signals
for comparison.

Notably, the morphological shapes of the recovered clean red
and IR PPG signals are similar to those of the red and IR PPG
signals measured by the commercia pulse oximeter. The simi-
larity of theretrieved PPG signals compared to the PPG signals
collected from the commercial pulse oximeter is computed by
employing Pearson correlation coefficient and normalized Eu-
clidean distance. In calculation, the obtained clean red and IR
PPG signals are computed separately. The recovered red PPG
signals are merely calculated with the red PPG signals acquired
from the conventional pulse oximeter for each subject. Likewise,
the retrieved IR PPG signals and the IR PPG signals collected
from the traditional method are computed in the same manner.
The similar levels of each subject are summarized in terms of
average values of each subject in Table l. According to Tablel,
therecovered red and | R PPG signal sdisplay high degree of sim-
ilarity because their Pearson correlation coefficients are higher
than 0.5 [49]. In addition, the normalized Euclidean distance
values of the recovered red and IR PPG signals are strongly
low and close to zero. With low normalized Euclidean distance
values, the recovered red and IR PPG signals are strengthened
to have high level of similarity.

However, the amplitudes of the PPG signals from the pro-
posed technique differ from those of the PPG signals from the
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TABLEI
LEVEL OF SIMILARITY

Subject PCCR! PCCIR? NEDR? NEDIR*
No. Mean4-Standard deviation

No.1 (Male) 0.86£0.1 0.86£0.1 0.0021+0.0  0.0014=£0.0
No.2 (Male) 0.93£0.0 0.93£0.0 0.0019+0.0 0.0015+£0.0
No.3 (Female) 0.83+0.1  0.854+0.1  0.0033+0.0  0.0024+0.0
No.4 (Male) 0.95+0.0 0.95+0.0 0.0024+0.0 0.0017+0.0
No.5 (Male) 0.74£0.3  0.95+£0.0 0.0033+0.0  0.0022+0.0
No.6 (Female) 0.93£0.2 0.95+£0.0 0.0021+0.0 0.0018+0.0
No.7 (Male) 0.77£0.1  0.70£0.2  0.0025+0.0  0.0021+£0.0
No.8 (Female) 0.95£0.0 0.96£0.0 0.0023+0.0  0.0023+0.0
No.9 (Female) 0.88+£0.1  0.94£0.1 0.00274+0.0  0.0022+0.0
No.10 (Female)  0.88£0.1  0.87£0.1  0.0029+0.0  0.0020+£0.0

1—Pearson correlation coefficients of recovered red PPG signals,
2—Pearson correlation coefficients of retrieved IR PPG signals,
3-Normalized Euclidean distance values of recovered red PPG signals,
4-Normalized Euclidean distance values of retrieved IR PPG signals.

TABLE I
SPO2 VALUES AT THE RESTING CONDITION

SpO2 SpO2

Subject (Proposed technique)  (Conventional method)
No. Mean+Standard deviation
No.1 (Male) 95.694+0.36 93.40+1.09
No.2 (Male) 95.54+0.41 93.30£0.78
No.3 (Female) 95.80£0.58 94.72+0.75
No.4 (Male) 95.8340.73 93.65+1.88
No.5 (Male) 93.784+1.52 93.34+1.14
No.6 (Female) 95.911+0.86 94.49+0.73
No.7 (Male) 94.45+£0.29 92.01£0.73
No.8 (Female) 96.83+0.15 95.28+0.21
No.9 (Female) 95.56+0.28 92.65+2.20
No.10 (Female) 96.28+0.22 94.3940.65

commercial pulse oximeter dueto different LED-driving-circuit
designs. Both amplitudes of the PPG signals from the proposed
approach are lower than those of the PPG signalsfrom the com-
mercial pulse oximeter. From this viewpoint, the results of the
proposed technique imply that the light intensity absorption of
the proposed method may be greater than that of the conven-
tional one (see Eq. (5)). To strengthen the given implication, the
level of SpO2isverified. Hence, the SpO2 val ues of each subject
obtained from the presented L EDs-driving and the SpO2 values
acquired from the commercial pulse oximeter are calculated and
depicted in Table I1. The resulting SpO2 values are calculated
period-by-period and the resultsin Table Il are the mean SpO2
values of each subject from the proposed and conventional tech-
niques. As can be observed in Table |1, the overall SpO2 values
of the presented LEDs-driving are higher than those SpO2 val-
ues of the commercial pulse oximeter. This indicates that using
the proposed technique provide more light intensity absorption
than that of employing the traditional pulse oximeter. In addi-
tion, the SpO2 values of both male and female subjects of the
presented design are are not much different. These resulting
SpO2 values suggest that the proposed technique is applicable
for both genders.

B. Motion Postures

To illustrate that the PPG signals are no longer in the fre-
quency band of MA, all subjects from the previous experiment
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Fig. 14.  Finger shivering results. (a) Male subject. (b) Female subject.

are asked to perform five types of daily motion. These five mo-
tions are bending a finger, waving a finger, making a finger
shiver, moving a finger vertically and moving a finger hori-
zontally. To compare the performance between the proposed
LED-driving pulse oximeter and the commercia one, two fin-
gers of the subjects’ left hand are used. In this experiment, the
index finger is inserted into the proposed LED-driving pulse
oximeter, whereas the middle finger is put on the commercial
pulse oximeter. During the performance of each type of motion,
the subjects are asked to naturally move the index and middle
fingers simultaneously. Moreover, to analyze the performance,
each motion of the fingersis performed for 5 times, 10 seconds
each. Some processed results of each motion are rendered to
show the capability of the proposed scheme, as manifested in
the time domain in Figs. 12-16. The displayed results are from
one male subject and one femal e subject for all motions. In each
resulting performance figure, the first subplot isthe red and IR
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Fig. 16. Horizontal finger move results. (a) Male subject. (b) Female subject.

PPG signals measured using the traditional pulse oximeter, and
the next trace is the red and IR PPG signals acquired by the
proposed LED-driving pulse oximeter.

To calculate the value of SpO2, the appearance of the proper
PPG waveform in each beat is required, as the computation
of SpO2 is based on the peak-to-peak value in each cycle of
the PPG signal according to (19). Clearly, isolating the PPG
frequency band from MA frequency band using the presented
approach is effective, as shown by the results expressed in the
second subplots of Figs. 12-16. The recovered red and IR PPG
signals are uncorrupted by &l kinds of the MA signals. By
contrast, each PPG signal measured from the commercial pulse
oximeter isaffected by the ambient light from finger movement.
When combining PPG signals and MA signals of the commer-
cial pulse oximeter together, the peak-to-peak valuein each beat
of the PPG waveform does not appear correctly. Asaresult, the
SpO2 values of the MA-interfered PPG signals of each pose are
definitely miscal culated.

Nevertheless, the acquired calculated SpO2 values of each
pose from the proposed and conventional techniques are nu-
merous, as the calculation of SpO2 is carried out beat-by-besat.
Therefore, al SpO2 values computed cycle-by-cycle of each
posture from both approaches are averaged and standard devia-
tion calculated for the purpose of convenience, as summarized
in Tablelll.

By contemplating Tablelll, itisobviousthat theoverall SpO2
values of the proposed approach are greater than 94 percentage
of oxygen saturation for al motions. On the other hand, the
SpO2 values of the conventional method are lesser than 89 for
al most motions. From this standpoint, it is indicated that the
red and IR PPG signals from the presented technique are well
MA-resistant to the influence of external light. By contrast, the

red and IR PPG signals from the traditional scheme are rather
MA-absorbed than MA-resistant. With the reason of well MA-
resistance, the proposed technique is therefore superior to the
conventional one.

From the results expressed in Table |11, bending a finger,
waving afinger, shivering afinger and vertical moving afinger
are highly interfered by the external light. The SpO2 values
from the mentioned motions acquired by the traditional scheme
of each subject are various and mostly below 90 percentage of
oxygen saturation.

For horizontal moving a finger, the SpO2 values of the con-
ventional method are averaged greater than 90, and not much
different with those values of the presented technique. This
points out that the external light has low impact on the red and
IR PPG signasin case of horizontal moving a finger for both
methods.

In SpO2 computation, the peak-to-peak valuesin each period
of the red and IR PPG signals are automatically detected using
afunction of findpeaksin MATLAB. Sincethered and IR PPG
signals measured by the conventional method do not clearly
present the peak and trough, the peak-to-peak values are rarely
detected. Therefore, only few samples of the SpO2 values of the
conventional method are generated. Thisexplainswhy the SpO2
values obtained by the conventional method of each subject,
shown in Table 111, are not much fluctuated. On the contrary,
the red and IR PPG signals obtained by the proposed technique
do explicitly display the peak and trough. Thus, many samples
of the SpO2 values of the proposed technique are generated.
Still, the SpO2 values obtained by the presented scheme of each
subject are less varied. This suggests that the proposed method
resists the MA-interference caused by the external light.

C. Error Computation

After all SpO2 values are computed, evaluating the accuracy
of these SpO2 values is necessary. To achieve this, a mean
absolute percentage error (MAPE) is used as expressed in (20).

N
100
MAPE = —
N

i=1

From (20), de isadesired SpO2 value. Generally, the desired
SpO2 value is computed from the red and IR PPG signals in
which no motion is involved. In this work, the desired SpO2
value of each subject uses the averaged SpO2 value according
to Table Il. For the error computation of the proposed tech-
nique, the mean SpO2 value of each subject obtained from the
presented method is selected to be the desired SpO2 value. The
error computation of the conventional approach is also calcu-
lated in the same way as the proposed scheme. In addition, m;
is the SpO2 value calculated from the red and IR PPG signals
while motion is occurring. N is the total number of calculated
mean SpO2 values of each pose. Since each posture is exper-
imented for 5 times, five computed averaged SpO2 values are
generated. Hence, NN is set to five for each pose.

By applying (20), the MAPEs of each pose are computed
and rendered in Table V. Noticeably, the proposed technique
is superior to the traditional method, as the presented strategy
provides lower overall MAPES than the conventional approach

dem,j’

T (20)
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TABLEIII
SUMMARY OF SPO2 VALUES

BF! WF? SF3 VF* HF>
Subject PT® CcM” PT® CcM” PTS cM” PT® cM” PT® cM”
No. Mean
+Standard deviation
No.1 95.24 87.80 95.41 90.88 96.14 91.76 94.54 88.93 96.44 92.96
(Male) +0.27 +0.53 +0.07 +£0.27 £032 £0.07 4040 +0.73 +0.89 +£1.62
No.2 92.92 88.77 96.01 91.04 95.70 92.25 95.06 92.27 95.41 93.11
(Male) +0.37 +£042 £026 £0.14 +0.17 +0.27 +0.12 +£0.52 £0.08 £0.34
No.3 91.57 84.24 94.44 80.59 92.04 83.83 94.18 82.97 96.85 95.35
(Female) +1.86 +195 +049 4408 +1.00 4446 +1.18 +1.29 +0.18 +0.22
No.4 96.81 90.90 94.00 89.35 90.54 84.65 94.99 88.32 95.95 92.80
(Male) +0.29 +0.70 +£0.68 +0.62 4035 +097 +0.15 +£0.12 +£020 £0.39
No.5 95.62 84.79 95.53 88.28 95.44 86.89 93.70 81.62 95.83 93.91
(Male) +135 +£1.19 +£0.19 +0.81 4+0.16 +0.18 +0.52 +£550 +£0.11 +0.08
No.6 95.63 89.13 96.55 93 2 91.94 87.32 96.30 90.16 94.87 95.07
(Female) 4+0.17 +1.03 +0.13 +£0.45 £040 £0.41 +0.27 +£085 £1.02 £0.05
No.7 92.47 88.16 94.71 91.09 94.99 89.85 95.08 90.29 95.62 88.88
(Male) +0.26 £090 +£0.10 £0.18 4+0.09 +044 +0.13 +£1.01 +0.16  £2.06
No.8 94.12 91.55 97.11 8N 94.04 91.62 96.15 89.91 97.59 94.19
(Female) +0.52  +1.10 +£1.13 £0.10 = £0.68 ~+£1.02 £021 £057 +£0.12 £0.72
No.9 93.10 86.36 95.85 89.87 91.78 85.65 96.24 89.57 96.01 93.97
(Female) ~ +0.27 +2.31 +0.25 +143  +£0.17 #£1.36 4+0.12 4+0.17 +0.08 +1.20
No.10 97.59 92.54 95.09 92.94 96.66 93.00 95.34 92.01 94.83 93.44
(Female)  +1.76  +0.71  +0.08  +£0.09 +£0.23  £036 = 40.15 +045 +0.29 +0.06
1-Bending a finger, 2-Waving a finger, 3-Making a finger shiver,
4—Vertical movement of a finger, 5—Horizontal movement of a finger,
6-Proposed technique and 7-Conventional method.
TABLE IV
PERCENTAGE ERROR OF EACH POSE
Subject BF! WF? SF3 VF* HF®
No. PT® CcM” PT® CM” PT® CcM™ PT® CM™ PTf CcM”
No.1 (Male) 0.30 4.96 0.29 2.70 0.47 1.76 1.20 4.79 0.79 1.42
No.2 (Male) 27 393 0.50 242 0.17 1.12 0.51 1.10 0.14 0.37
No.3 (Female) 4.42 9.27 2.46 14.91 B 11.50 1.69 12.40 1.10 0.66
No.4 (Male) 0.88 ~XK] 9T 4.59 5.52 9.61 0.87 5.69 0.20 0.91
No.5 (Male) 1.52 .59 1.87 5.42 1.77 6.91 0.48 12.56 2.19 0.61
No.6 (Female) 0.25 4.74 0.67 1.29 4.14 7.59 0.43 4.59 1.08 0.62
No.7 (Male) 1.66 3.57 0.28 1.00 0.57 2.35 0.67 1.87 1.23 3.40
No.8 (Female) 2.13 3.24 0.29 9.99 2.88 3.84 0.70 5.64 0.79 1.15
No.9 (Female) 2.01 5.94 0.35 3.00 3.96 7.56 0.71 3.33 0.47 1.46
No.10 (Female) 1.19 1.36 1.24 1.53 0.39 1.48 0.98 2.52 1.51 1.01
Overall mean error 1.66 4.70 0.99 4.69 2.38 5.00 0.82 5.45 0.95 1.16
+Standard deviation ~ +1.20  4+2.39 ~+0.82  +447 +£195 +£373 +039 +4.01 +0.62 +0.86
(Male and female)
Overall mean error 1.33 4.48 0.97 323 1.70 4.35 0.75 5.20 0.91 1.34
+Standard deviation ~ +0.76 ~ +1.97 +0.84 +1.77 +£222 +£372 £030 4454 1+0.84 +1.22
(Male)
Overall mean error 2.00 491 1.00 6.14 3.06 6.39 0.90 5.70 0.99 0.98
+Standard deviation ~ £+1.55 4298  1+090 +6.05 +£1.57 +£386 +048 +393 1039 +0.35

(Female)

for al finger movements. However, for the horizontal movement
of afinger, the ambient light does not vary much. As a result,
the ambient light slightly affects the measured PPG signals of
both techniques, which explains why the MAPE of the con-
ventional method is not much different from the MAPE of the
proposed techniquefor this posture. Neverthel ess, the MAPE of
the proposed technique is still better.

In addition, themale and female M APEs of each postureindi-
cate that female subjects are more sensitive to MA-interference
than male subjects. This is because female MAPEs are higher
than male MAPEs for all kinds of motions. Nevertheless, both
male and female MAPESs are quite low. It suggests that the pro-
posed technique is applicable to use with both genders. How-
ever, the experiments are conducted with the subjects having

yellowish skin at their fingertips, and the presented method
works well with yellowish skin. The capability of the proposed
technique on other colors of skin cannot be concluded. This
issueis further investigated in the future work.

V. PERFORMANCE ANALYSIS

Due to the fact that an ideal bandpass filter which is a brick
wall asillustrated in Fig. 17(a) isnot possibly constructed. Prac-
tically, a non-ideal bandpass filter shaped like a symmetrical
trapezoid as portrayed in Fig. 17(b) is applicable to be imple-
mented. Because of the non-ideal bandpass filter, the lower and
upper transition bands as depicted in Fig. 17(b) are added to
both sides of the ideal bandpass filter. Subsequently, having
these transition bands causes the undesired frequencies to be
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filtered out and conjoined with the desired frequencies at the
same time. With this problem, the erroneous amplitude of any
given filtered signal is apparently noticed. In this work, the re-
ceived signal as expressed in (18) is analyzed. However, for
convenience in error analyzing, both sides of (18) are altered to
be the simple function as written in (21).

r(t) = ri(t) + ro(t) + r3(t) (21)

From (21), on the left side, () is the aggregate of two AM
signals and MA signal. Next, on the right side, r (¢) and 7 (¢)
are amplitude-modul ated by the carrier frequencies of 1070 Hz
and 1550 Hz, respectively, and 15 (¢) isthe MA signal located at
lower frequency band. Nevertheless, only r; (¢) and r, (t) arein-
terested. Therefore, to distinguish (¢) and ro(¢), two bandpass
filters are utilized as illustrated in Fig. 18. These two bandpass
filters, marked as BP1 and BP2 in Fig. 18, are second order fil-
tersdesigned by employing Butterworth technique whose center
frequencies are at 1070 Hz and 1550 Hz with 20 Hz bandwidth.
Naturally, by passing any signal through any given filter, the
produced output is the convolution of the input signal and the
transfer function of the given filter. Similarly, feeding r(¢) from
(21) through both bandpass filters (see Fig. 18) yields the out-
puts, y; (t) and y (¢) which are expressed in the mathematical
convolution relationsin (22) and (23).

Y1 (t) = [’1”1 (t) + 9 (t) + T3 (t)} * hBPl (t) (22)
Y2 (t) = [7"1 (t) + 79 (t) + 73 (t)} * hBPQ(t) (23)

To analyze the filtered frequency components of y; (¢) and
y2(t), (22) and (23) are transformed into a frequency domain.
Hence, a Fourier transformation are taken on (22) and (23)
giving riseto (24) and (25).

Yi(w) = [Ri(w) + R (w) + R3(w)|xHpp1(w) (24)
1 2 3
}/2((4)) = [R1 (w) +R2 (w) +R3(W)]XHBP2 (w) (25)

Since the unwanted third terms of (24) and (25) are at lower
frequency bands and in the stopbands of BP1 and BP2, these
third terms are neglected. In redlity, with the non-ideality of
bandpass filter, the undesired terms in (24) and (25) are not
completely eliminated causing error in the outputs, y; (¢) and
y2 (t). Asaresult, for (24), the desired first term is only affected
by the second term and (24) is recast as (26). In the same way,
for (25), the desired second term is merely influenced by the
first term and (25) is revised as (27). Also, (26) and (27) are
recast using a distributive property.

Yi(w) = Rl (w)HBpl(w) +R2 (W)HBPI(W) (26)
Y2(w) = Ri(w)Hpp2(w) + Ra(w) Hppa (w) (27)

To measure how much the unwanted terms in (26) and (27)
have the influence on the desired terms, the SNR is used as
a criterion. In order to calculate the SNR value, the averaged
power of each termin (26) and (27) isrequired. Aseach term of
(26) and (27) is not consisted only one frequency component,
power spectral density (PSD) is brought to represent each term
of (26) and (27). Also, to acquire each mean power of each PSD
term of (26) and (27), Parseval’s theorem is performed on each
term producing (28) and (29).

T W1 H )
RS / Sp1(w)|Hpp1 (w)]"dw

wirp

Passband:P1

W2 H
+/ Spa(w)|Hpp1 (w)[* dw (28)
warL
Transitionband:T1
1 "W1H )
PY2 = QA / SRl(w)|HBp2(w)| dw
7 wir
Transitionband:T2
"WoH N
+/ SRQ(W)‘HBPQ(WH_dW (29)
W2l

Passband:P2

In (28), theterm, P;, istheinterested power term (Passband)
aswell asthe term, 71, is the uninterested power term (Transi-
tion band). While, for (29), the term, P, is the desired power
term (Passband) and the term, 75, is the undesired power term
(Transition band). It is noted that Sy (w) and Sgo(w) of the
AM modulating PPG signals are not easily determined. For the
sake of convenience in the analysis of the effect generated by
the transition bands of BP1 and BP2, thus, the terms, Sy (w)
and Spo (w), are assumed to be the PSD of white noise whichis
Ny /2.
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TABLEV
MEAN POWER AND SNR VALUES

Filters

BP1 BP2
Mean desired power of passband(Watt). 0.84 0.84
Mean undesired power of 2.80x10 " 1.09%10 "
transition band(Watt).
SNR(4p) 64.79 68.87

By taking alogarithm of each ratio of the wanted terms and
the unwanted terms from (28) and (29), two SNR expressions
are obtained as written by (30) and (31). Since Sk (w) and
Sr2(w) equal to Ny /2, then these terms are canceled out and
disappeared in (30) and (31).

WIH [ 2dw

SNR,,, ., = 10log /:;ﬁ,| adlel (30)
f |H1;p1(w)|2dw
L4&2L .
fi!"l Bpa (W) [*dw

SNR,,, ., = 10log w]; (31)
S HHppa (w)[dw
L WiL .

Ascan beseenin (30), theimpact of theundesirableterm, 77,
on the desirable term, P, is depended on the averaged power
in the transition band of BP1. In the same direction for (31), the
mean power in the transition band of BP2 defines the amount
of the influence of the uninterested term, 75, on the interested
term, Ps.

Inthisstudy, the averaged power values of thetransition bands
of BP1 and BP2 are very low compared to the passbands’ mean
power values as recapitulated in Table V. Obviously, the cal cu-
lated SNR values of BP1 and BP2 in Table V suggest that the
undesired terms, 77 and T, insignificantly affect the required
terms, P, and P, and can be ignored. Thereupon, the filtered
outputs, y; () and y»(t), in (22) and (23) are approximated as
(32) and (33).

(32)
(33)

V1. CONCLUSION

In this work, a new LED-driving technique applied to a
pulse oximeter is proposed. By employing the proposed LED-
emission method, the PPG frequency band is shifted away from
the MA frequency band. With this presented solution, the PPG
signals are no longer disrupted. To characterize its efficacy,
the proposed scheme, as well as a conventional LED-driving
method set up inacommercial oximeter, isused to test five com-
mon finger movements. In addition, SpO2 is computed from the
resulting PPG signals to demonstrate the accuracy of the pre-
sented approach as well as the traditional method. In the SpO2
calculation, the clean SpO2 value computed from the MA-free
PPG signals is used as a reference to the exactness of the pro-
posed technique and the ol d-fashioned scheme. Accordingto the

calculated SpO2 results, the presented approach still has some
error up to 2.4%, even though the recovered PPG waveforms
seem to be perfectly intact. In contrast, the common method
provides computed SpO2 results with an error oscillating be-
tween approximately 1% and 5.5% because of the deformation
of the PPG waveforms. Although the proposed techniqueis still
unable to thoroughly eliminate the interference of MA, the pre-
sented method is superior to the traditional approach. Also, a
performance analysis is performed to manifest the error gen-
erated by the proposed design. The error is found to have an
insignificant impact on the retrieved PPG waveforms. It isnoted
that most related researches focus on improving the contami-
nated PPG signals whereas the proposed technique presents a
method to prevent the pure PPG signals not to be interfered by
the MA signals. With the difference in the schemes, the pro-
posed technique thus is compared with the conventional pulse
oximeter only.
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Abstract—A photoplethygraphic (PPG) signal acquired from a
commercial pulse oximeter is habitually disfigured by a motion
artifact (MA) signal while any motion takes place. Inherently, the
MA signal can either be additive or multiplicative. By having the
MA signal intertwined with the PPG signal, the estimate of the
oxygen saturation (SpO2) value is unreliable. The computation
of SpO2 value is based on proper red and infrared (IR) PPG
signals measured by the pulse oximeter. Generally, the frequency
components of the red and IR PPG signals as well as the MA
signal are in the same range. To overwhelm this problem, the
frequency components of the red and IR PPG signals are severed
from the frequency band of the MA signal. To implement the
separation, a legacy source of driving red and IR LEDs in the
pulse oximeter is replaced by two alternating current sources
having different frequencies. With this solution, the additive MA
signal is no longer involved but the multiplicative MA signal is yet
not concluded. In this work, change in light intensity fed to both
red and IR LEDs is studied whether the changed light intensity
has any impact on the multiplicative MA signal. According to
the study, it is found that change in light intensity does not affect
the multiplicative MA signal. The multiplicative MA signal still
exists since the overall calculated SpO2 values have some error
up to 1%. Besides, change in light intensity does not improve the
quality of the estimated SpO2 values while resting.

I. INTRODUCTION

With affordable cost of a bio-optical instrument, obtaining
a photoplethysmographic (PPG) signal is by far easier. The
PPG signal is the leftover light intensity after passing through
absorbing media of a human body. These days, usage of the
PPG signal is seen in various aspects but the obvious one is
the approximation of oxygen saturation (SpO2) in human’s
blood [1]. The estimate of SpO2 uses the components of red
and infrared (IR) PPG signals in the computational process.
The red and IR PPG signals are the remaining red and IR light
intensities after being absorbed by the human body. Both red
and IR PPG signals are gauged by a pulse oximeter.

Even though the PPG signal is effortlessly acquired but the
clean PPG signal is somewhat arduous. Often, the PPG signal
is plagued by mostly motion artifact (MA) signals while the
human body moves. By utilizing the MA-interfered PPG signal
gives rise to low quality of any biological indicators deriving
from the PPG components for instance SpO2, heart rate (HR)
and blood pressure (BP). In this context, improving the SpO2

978-1-5386-7516-8/18/$31.00 (©2018 IEEE

quality is focused. Nonetheless, quality enhancing involves
increasing the accuracy of the PPG signal. Hence, not only
the SpO2 quality is enriched but also the quality of HR and
BP is by-product elevated unquestioningly.

Basically, when any motion takes place, the identical occur-
ring moving artifact noise is also absorbed by both red and IR
lights at almost the same time. With this cause, the MA signals
mingled within both red and IR PPG signals are considered
to be similar.

As a consequence of the waveform distortion produced by
the MA signal, plenty of solutions has been released to better
the smirched PPG signal. Most methods employ an adaptive
filtering algorithm to cancel the MA signal from the MA-
ridden PPG signal. To retrieve the pure PPG signal using the
adaptive filtering technique, a reference signal significantly
plays a vital role. This is because feeding a poor reference
signal to the adaptive filter solely makes the recovered PPG
signal even worse. The reference signal can be extracted or
synthesized from diverse sources for example motion feature
tracing sensors [2]—[5] or human biological signals [6]—[8].

In [9], the MA signals residing in red and IR PPG signals
are assumed to be mathematical factors of red and IR contam-
inated PPG signals. By applying the mathematical factoring
concept, the ratio of red and IR corrupted PPG signals are
performed to cancel out the selfsame MA-components yielding
the clean quasi-PPG signal. The clean quasi-PPG signal is
the resultant of the ratio of red and IR pure PPG signals.
The magnitude of the clean quasi-PPG signal may either be
too big or too small. Therefore, the clean quasi-PPG signal
needs properly scaling before further processing. Otherwise,
the clean quasi-PPG signal cannot be used.

To avoid red and IR PPG signals being combined with the
MA signal, the idea of shifting PPG frequency components
away from MA frequency components is reported in [10].
Instead of driving red and IR light emitting diodes (LEDs) in a
traditional manner, each light is driven by feeding a sinusoidal
signal at a specific frequency for each. As a result of changing
LEDs-driving method, red and IR PPG signals seem not to be
interfered with the MA signal. However, a small amount of
error still emerges.

According to the narrative reviews, it is indicated that all
works perform well to some extent because the MA signal has
yet existed. Nonetheless, the method of [10] appears to be a
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promising solution to make the PPG signal to be free from
the MA signal.

The aim of this scheme is to study whether the technique
of [10] is more resistant to the MA signal if the amount of
driven light intensity is altered. Besides, the by-product of this
investigation is to render the influence of light intensity on the
MA signal. Although the work of [11] shows that changing
light intensity has an impact on the PPG signal, this mentioned
work does not utter the impact on the MA signal.

II. MODEL OF LIGHT ABSORPTION
A. General form of light absorption

Light absorption refers to the absorption of light intensity,
and is approximated by employing the model of Beer-Lambert
[12]. The Beer-Lambert’s law states that any light passing
through an absorbing medium is absorbed. In the absorption,
light intensity is debilitated in a form of an exponential decay
function expressed by (1), where i()\) is the leftover light
intensity at a specific wavelength, A. The remainder of light
intensity is the product of the incident light intensity, i,, falling
upon the surface of the medium and the exponential decay
function, e=*(M)¢?_In the exponential decay function consists
of three absorbing parameters as follows. Initially, () is the
absorptivity, €, of a specific wavelength A of the medium.
Later, ¢ is the concentration of the medium as well as d is the
optical path length of the medium.

Z()\) : e—a()\)cd

— ZO

e9)

For multiple media, the Beer-Lambert’s law is also appli-
cable. After light intensity is absorbed by the first absorbing
medium, the leftover light intensity is the light intensity input
for the second absorbing medium. This absorbing process goes
on until passing through the last medium, and returns the
complete remainder of light intensity. The complete remnant
light intensity is called the transmitted light intensity which
is written as the mathematical statement by (2). In fact, the
transmitted light intensity is varied over time due to the optical
path length, dj, of each medium tends to change over time.

i\ 1) ige™ SM eV erdi(t) 2)

Thus, the transmitted light intensity is then manifested as a
function of a specific wavelength and time, i(\, ¢). In addition,
the exponent of the exponential factor is the negative sum of
M absorbing feature values of M media. The first absorbing
feature parameter is the absorptivity, €, of a specific wave-
length A of the k*"-medium. The second absorbing feature
parameter is the concentration, cj, of the kP -medium. The
last absorbing feature parameter is the optical path length, dy,
of the k**-medium, but dj, is stated in a function of time, di(1),
because of oscillating over time.

B. Light absorption of PPG model

For a pulse oximeter, a PPG signal is measured from a
fingertip, a wrist, an earlobe or a forehead of a human subject.
Ordinarily, the PPG signal is the leftover light intensity after
being absorbed by human’s absorbing media such as pulsating

Leftover intensity

-

2 Oxyhemoglobin
-2 Deoxyhemoglobin

Dynamic

Pulsating arterial blood medium

Nonpulsating arterial blood
Venous blood

Static

Skin, bone, tissue medium

<«—Driven intensity /,——>
( Driven light )

Time

Absorbed intensity Single cardiac cycle

Fig. 1. Normal PPG signal.

arterial blood, non-pulsating arterial blood, venous blood and
so forth. Having absorbed by the human’s absorbing media,
the resultant PPG signal can be approximately portrayed by
Fig. 1 [12].

As can be noticed in Fig. 1, the resultant PPG signal consists
of two chief media, dynamic medium and static medium.
Based on two main media, a mathematical statement of the
PPG signal is modeled by modifying (2) leading to (3). From
(3), ippa(A,t) is the PPG signal which is the resultant of
the absorption of human’s absorbing media. The human’s
absorbing media are divided into two separate absorbing parts
which are Staticpqre and Dynamicpgre.

ippa(A,t) io[Staticpart + Dynamicpere]  (3)

In this work, studying the efficiency of [10] is focused. By
virtue of this motive, the further improvement of (3) is in
line with [10]. According to [10], the static medium refers to
any media whose their optical path length values seldom alter
over time. For this context, the sub-media, skin, bone, tissue,
venous blood and non-pulsating arterial blood, are considered
the static medium due to their optical path length values rarely
change. On the other hand, the dynamic medium points to
any media whose their optical path length values constantly
vary over time. By complying with the dynamic medium
characteristic, the pulsating arterial blood is contemplated the
dynamic medium. Thence, (3) is converted back in the form
of the exponential decaying functions as written in (4). In (4),
€sm» Csm and dsy, stand for the absorbing characteristics of the
static medium while €4y, Cam, and dy,,, (t) are the absorbing
properties of the dynamic medium.

Z.PPG(A, t) io[€*€sm(>\)csmdsm + e*Edm(A)Cdmddm(t)]

Static medium Dynamic medium

“4)

Since the pulse oximeter centers on the amount of SpO2 in
the pulsating arterial blood, the absorption by red and IR lights
of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) is mea-
sured. With this aspect, the dynamic medium in (4) is slightly
adjusted as recast in (5) where the absorbing parameters of
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Hb and HbO2 which are eyp,(A)chpy and eppo2(N)cHp02-

,Z:O[efesm()\)csmdsm (5)

Static medium
+ e_[EHb(A)CHb"!‘EHbOZ’()‘)CHbOZ]ddm(t)]

icprc(At) =

Dynamic medium

Additionally, the absorption of Hb and HbO2 takes place
inside the dynamic medium resulting their optical path length
values to be the identical value denoted as dy,, (t). Lastly, the
mathematical model of the PPG signal in (5) is the expression
of the clean PPG signal because the model is derived under
no motion. Hence, ippg (A, t) is replaced by i.ppa(A,t).

C. PPG model involving motion

An MA signal is generated when a human subject causes
any motion to a pulse oximeter. The MA signal exhibits an
additive characteristic, as rendered in [10]. With this behavior,
the MA signal is supplemented to a clean PPG signal in an
additive manner. Under the motion conditions, the leftover
light intensity received at a photo-detector is the summation
of the MA signal and the clean PPG signal as written in (6).
The received leftover light intensity is denoted as 4, (A, ).

iva(t) +icppa(N t) (6)

In reality, the MA signal depends on the human subject’s
movement. Given that, the MA signal is subject to change
over time, and thus stated in a function of time, ip7.4(¢).

(1) =

III. SHIFTING PPG SIGNALS AWAY FROM MA SIGNALS

Generally, a clean PPG signal approximately comprises of
frequency components from 0.09 Hz to 4 Hz [13]. However,
an MA signal also has its frequency components in the same
range as the pure PPG signal. Being in the same frequency
interval causes both signals to overlap. To stymie the overlap-
ping issue, the PPG frequency components are shifted away
from the MA frequency elements.

For a convenient reason in explanation, (5) is re-expressed
in the form of summation of sinusoidal signals. In general, a
Fourier series expansion is employed to represent any periodic
signals but is inapplicable to the PPG signal. By nature, the
PPG signal exhibits a quasi-periodicity. To form the PPG
signal in sum of sinusoidal signals, a method of additive
synthesis [14] is applied. The additive synthesis technique is
mostly utilized to form an almost periodic signal or a quasi-
periodic signal by the sinusoidal summing expression of (7).

M
s(t) = ) Ar(t)cos(Ox(1)) (7
k=1

In (7), Ak(t) is a time-varying amplitude for each frequency
component, and 0(t) is a frequency-scaling time-varying
function, and M is the amount of frequency components.

By revising the mathematical model of (5), the static
medium is defined a constant value, denoted as A, while the
dynamic medium is substituted by (7) with slight alteration.
From the revision, (5) is updated to (8) where Ay (), t) is the

time-varying amplitude based on a specific wavelength A. In
addition, 0 (t) is the frequency-scaling time-varying function
of the PPG frequency components.

M
Z.(:PPG()‘v t) = Z.O[Adc + Z Ak<>‘a t) COS(Qk (t)>] (8)

k=1
To move the PPG frequency components away from the
MA frequency band, a classic LED-driving source, constant
intensity, is supplanted by a sinusoidal LED-emitting source,
varying intensity. As a result of LED-discharging adjustment,
the intensity i, in (8) is replaced by i,.cos(27 f.t) which is a
sinusoidal alternating source containing a frequency of f. Hz
with intensity i,.. Practically, the frequency is implemented
in an angular frequency so i,.cos(2mwf.t) is rewritten as
igccos(wet) where w. equals to 27 f., and (8) is developed

to (9).
M

icppa(Mt) = iaccos(wet)[Age + Y Ar(\, 1) cos(0k(t))]

k=1
€))

Under the improvement of LED-shining technique, the
shifting procedure is further carried on. Firstly, the term
lgccos(wct) in (9) is distributed into the parenthesis forming
lacAr(At)cos(w.t)cos(0x (t)). Later, the trigonometric product-
to-sum formula stated in (10) is applied to the mentioned term,
lacAk(At)cos(wet)cos(Ox (t)).

cos(u) cos(v) = 1[cos(u —v)+cos(u+v)] (10)

2
With this modification, (9) is rearranged to (11). Furthermore,

ieppc (A, t) is altered to isrppc (A, t) to indicate that the clean
PPG signal is shifted.

isgppa(Nt) =  iacAde cos(wet) (11)
M .
TacAp (N, T

3 # cos(wet — 04 (1))
k=1
M .

A (A,
ek ,; W cos(wet + 05 (t))

Lastly, icppc(A,t) in (6) is superseded by isrppc(A,t) in
(11) giving rise to the realistic received PPG signal shown in
(12).

ir(Nt) = daalt) 12)

+7:(1,(:Adc COS(W(:t)
M .
TacAr(\ t
3 loe AT ot~ 04(0)

M 7:ac‘Ak ()‘7 t)
+ ——————= cos(wet + O (t
> g coslunt + 1)

As can be observed in (12), the first term is the MA signal
which still stays at lower frequency according to the nature
of MA. However, the last three terms displays the character-
istic of double-sideband with carrier (DSB-WC) known as a
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broadcasting amplitude modulation (AM) [15] by which the
second term is a carrier signal. The third and the fourth terms
are the lower and the upper sidebands of the information
signal modulated by the AM. For this reason, the PPG signal
is shifted to higher frequency by the AM whose the carrier
frequency is w.. As a consequence of utilizing the AM, the
PPG frequency components, 6 (t), are stored on the lower and
upper sidebands of the carrier frequency, we.

IV. EXPERIMENTAL SETUP
A. Device preparation

For this work, a commercial finger-probe transmittance
pulse oximeter is used. Normally, the commercial pulse oxime-
ter drives red and IR LEDs alternately. When the red LED is
on, the IR LED is off. On the other hand, the IR LED is on
while the red LED is off. In traditional LEDs emission, each
LED is emitted by employing a direct current (DC) source.
To shift the PPG frequency components, both red and IR
LEDs are driven by two sinusoidal waves having different
frequencies at the same time. By changing the method of
LEDs-driving, the original direct current LEDs-driving system
is replaced by the new LEDs-illuminating technique of two
alternating current (AC) sources as illustrated in Fig. 2.

In Fig. 2, the classic LEDs-driving system consisting of
a DC source and two LEDs-switching units, framed by the
dashed boundary, is removed. After removing the old system,
an improved system composing of two AC sources and two
band pass filters (BPFs) is inserted instead.

To set up the experiment, two signal generators are brought
to emit the red and IR LEDs. Both red and IR LEDs are
beamed out by two sinusoidal signals having frequencies of
1.07 kHz and 1.55 kHz, respectively. In addition, the DC offset

: This part is removed.
¢ |Control signal f
EaE

Direct current
(DC) source

: 3_/_'_ Red PPG signal

IR PPG signal

A

BPF1
Alternating I
current (AC) (22 ik A
sourcel f, Hz - Hz
BPF2
Alternating m
current (AC) (2 ; Hz
source2 f, Hz

Fig. 2. Modification of LEDs-driving system.

of positive 4.5 V is extra added to the red and IR LEDs in the
LEDs-radiating process.

In reality, the resultant leftover light intensity detected
by a photo-detector is fairly low. In order to make use of
the detected leftover light intensity signal, a common tran-
simpedance amplifying (TIA) circuit is designed to enhance
the detected leftover light intensity signal by 10 times.

B. Procedures of experiment

The experimental procedures are explained as follows. In
this work, four healthy volunteers, two males and two females,
are enrolled to participate the experiments. The mean age of
male subjects is 19.5 years old, and the averaged age of female
is 23.0 years old. All volunteered participants are Asian and
their skin is yellowish. These volunteers are requested to do
five experiments comprising of one pose of finger resting and
another four postures of finger movement which are bending,
shivering, waving and vertical movement. To do the given
experiments, a commercial finger-probe transmittance pulse
oximeter is put on a left index finger of each volunteer while
experimenting. Besides, the participated subjects are informed
to do all posture experiments in a natural style not to inten-
tionally induce. Each pose experiment is performed for three
times ten seconds each at different levels of light intensity. The
levels of light intensity are quantified by the amplitude voltage
levels being fed to the red and IR LEDs which affect the term
igccos(wet) in (9). For all posing experiments, three different
amplitude voltage levels which are 1 Vpp(Vpeak-to-peak), 1.5
Vpp and 2 Vpp, respectively, are employed.

During the experiments, each resulting signal from each
posture is recorded and evaluated by a MATLAB program
through an NI DAQPad-6014 acquisition card manufactured
by National Instruments. Recording of each resulting signal
is sampled at 16000 times per second. After the recording of
each resulting signal is finished, the recorded signal is further
processed by the following steps as diagrammed in Fig. 3.
Each resulting signal is the summation of red and IR PPG
AM signals.

C. SpO2 estimation

Before the SpO2 approximation, the red and IR PPG signals
are extracted from the recorded signal. The extracting steps are
processed from top to down of Fig. 3. At first, the recorded
signal is fed to two band pass filters having center frequencies
of 1.07 kHz and 1.55 kHz to distinguish the red and IR PPG
AM signals. These band pass filters are created using a method
of Butterworth. Both band pass filters have passband of 20
Hz, the order of these filters is two. Once each AM signal is
separated, each AM signal is demodulated by a similar envelop
detector. In MATLAB, the similar envelop detector of AM
demodulation is done by finding the absolute value of the
AM signal. By finding the absolute value of each AM signal,
the message of interest of each AM signal is demodulated.
Nevertheless, the message of interest of each AM signal still
contains a high frequency of the carrier frequency. Then, each
demodulated signal is passed through a low pass filter having a
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Fig. 3. Processing steps.

cut-off frequency of 15 Hz. The low pass filter is also made up
by the technique of Butterworth with the order of two. After
low filtering, the pure red and IR PPG signals are acquired.
In the end, the SpO2 value is approximated from these clean
red and IR PPG signals by (13).

SpO2 =110-25x R, R= (13)

From (13), V,,r is the peak-to-peak value of the red PPG
signal and Vpcr is the DC component of the red PPG signal.
Likewise, V,,rr is the peak-to-peak value of the IR PPG
signal and Vpcrg is the DC component of the IR PPG signal.
Commonly, each PPG signal is severed cycle-by-cycle in order
to estimate the SpO2 value by (13) more accurately.

Vorr/VDCR
VopIrR/VDCIR

V. EXPERIMENTAL RESULTS
A. No motion interference

Changing the light intensities of red and IR LEDs results the
leftover light intensity fallen upon a photo-detector to either
increase or decrease as illustrated in Fig. 4. As can be observed
in Figs. 4(Al), 4(B1) and 4(C1), the remaining light intensity
(peak-to-peak value) of summed red and IR PPG amplitude-
modulated (AM) signals tends to rise. This is due to the fed
light intensity is raised between 1 Vpp and 2 Vpp. The remnant
light intensities displayed in Fig. 4 are in a unit of voltage as
a result of the transimpedance amplifying circuit. The circuit
turns the electrical current level of the light intensity dropping
on the photo-detector to the voltage level. The results portrayed
in Fig. 4 are belonged to one of the volunteers while finger
resting. For the rest subjects, their results also exhibit as same
as the drawn results in Fig. 4. Besides, Figs. 4(A2), 4(B2) and
4(C2) show that the red and IR PPG AM signals are shifted to
the frequencies of 1.07 kHz and 1.55 kHz according to (11),
respectively.

To find out whether the SpO2 values are affected, all
recorded results during finger resting at each voltage level are
further processed according to the procedures in Fig. 3. After
completing the processing steps, the demodulated red and IR
PPG signals are obtained, as manifested in Fig. 5. Clearly,
the red and IR PPG signals of a male subject in Figs. 5(Al),
5(B1) and 5(C1) are only different in their amplitudes but their
waveform is still same. Likewise, for a female subject, the
female subject’s red and IR PPG signals in Figs. 5(A2), 5(B2)
and 5(C2) also show the same manner as the male subject.
Nonetheless, only two recovered red and IR PPG signals, (one
male and one female), are shown as the rest retrieved red and
IR PPG signals render the same pattern.

As the computation of SpO2 is done beat-by-beat using
(13), thus, the number of the acquired estimated SpO2 values
of each subject at different voltage levels is numerous. For
this reason, the approximated SpO2 values of each subject at
different voltage levels are averaged and summarized in Table
I. Also, the standard deviation of each voltage level of SpO2
values is computed. Obviously, changing the light intensities
of red and IR LEDs according to the given voltage levels does
not enhance the quality of SpO2 values. As can be observed
in Table I, the overall SpO2 value of each subject has low
standard deviation. This can infer that there is no significant
change in the SpO2 values acquired by different conditions.
It is also implied that the amount of oxygen in blood already
fully absorbs and can no longer absorb thus the change in
light intensity has no effect. The overall SpO2 value is the
averaged SpO2 value calculated by averaging the mean SpO2
values obtained from LEDs-driving at 1.0 Vpp, 1.5 Vpp and
2.0 Vpp.

B. Motion involvement

By processing in the same fashion as the finger resting
condition, the red and IR PPG signals of each motion posture
are retrieved as illustrated in Fig. 6. The red and IR PPG
signals shown in Fig. 6 are recovered from finger shivering
posture of the same old two volunteers (one male and one
female). Distinctly, the female PPG waveform is likely to be
corrupted by the MA signal for all voltage levels fed to red
and IR LEDs (see Figs. 6(A2), 6(B2) and 6(C2)). By contrary,
the male PPG waveform is more resistant to the MA signal
than that of the female PPG waveform at all voltage levels
(see Figs. 6(Al), 6(B1) and 6(C1)). Although the female PPG
waveform inclines to be interfered partially, the female PPG
waveform is still in a good shape to estimate the SpO2 values.

The finger shivering pose is chosen because this posture is
regularly generated by an unconscious patient. Nevertheless,

TABLE I. SPO2 VALUES OF FINGER RESTING POSTURE

SpO2 SpO2 SpO2 SpO2
Driven voltage: (1.0 Vpp) (1.5 Vpp) (2.0 Vpp) (Overall)
Subject no. Mean=+Standard deviation
No.l (Male) 96.3+0.27  96.3+0.51  96.0£0.25 96.240.19
No.2 (Male) 94.8+0.88  95240.17 96.1+0.18  95.440.66
No.3 (Female) 95.940.19 95940.10 96.3+£0.12  96.040.24
No.4 (Female) 97.24+0.41 97.44+0.08 96.6+£0.16 97.1+0.45
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the red and IR PPG signals of other finger poses are also
resistant to the finger moving interference like the results
plotted in Fig. 6.
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Fig. 6. Recovered red and IR PPG signals from finger shivering condition.
(A1) and (A2) are the results of male and female subjects by LEDs-driving
at 1.0 Vpp. (B1) and (B2) are the results of male and female subjects by
LEDs-driving at 1.5 Vpp. (C1) and (C2) are the results of male and female
subjects by LEDs-driving at 2.0 Vpp.

After acquiring the red and IR PPG signals of each pose,
the SpO2 values for all mentioned kinds of finger movement
are computed. The calculated SpO2 values for finger bending,
finger shivering, finger waving and vertical movement of a
finger are summed up in Tables II, III, IV and V. As can be
noticed in Tables II, III, IV and V, the SpO2 values of finger
movement mostly approach to the SpO2 value of 95% for
all driven voltage levels. The overall SpO2 values shown in
Tables 11, III, IV and V are computed by employing the same
method administered in Table 1.

C. Discussion

With approaching to 95% of the SpO2 values during finger
motion can be concluded that changing light intensity by the
given voltage levels does not improve the SpO2 quality. This
is because the overall SpO2 of finger resting for all driven
voltage levels is around 96% which is roughly higher than the
SpO2 values while motion up to 1%. Change in light intensity
seems to solely either increase or decrease the leftover light
intensity after absorption, and does not alleviate the amount
of the MA signal. For this reason, altering light intensity is
deduced to have no influence on the MA signal in the red
and IR PPG signals. Even though the MA signal is severed
by (12) in the first place but the mentioned MA signal shown
in (12) is an additive kind. From this viewpoint, the existing
MA signal in both red and IR PPG signals is considered a
multiplicative MA signal which will later be investigated.

Although there is no significant change in light intensity
with the participated healthy teenage volunteers, this finding
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TABLE II. SPO2 VALUES OF FINGER BENDING POSTURE

SpO2 SpO2 SpO2 SpO2
Driven voltage: (1.0 Vpp) (1.5 Vpp) (2.0 Vpp) (Overall)
Subject no. Mean=+Standard deviation
No.l (Male) 96.24+0.59  955+0.62 94.04+0.42 95.4+1.36
No.2 (Male) 95.7£0.25 95240.61 96.8+£0.52 95.240.46
No.3 (Female) 94.7£0.89  95.6+£0.63  95.940.23  95.440.66
No.4 (Female) 94.6+0.83  95240.73  95.6+1.64  95.14+0.53

TABLE III. SPO2 VALUES OF FINGER SHIVERING POSTURE
SpO2 SpO2 SpO2 SpO2

Driven voltage: (1.0 Vpp) (1.5 Vpp) (2.0 Vpp) (Overall)
Subject no. Mean+Standard deviation

No.l (Male) 96.5+0.81 9524023 95.7£0.47 95.840.65
No.2 (Male) 94.7+1.11 9494043 94.74+0.66  94.8+0.18
No.3 (Female) 93.240.08 94.84+1.28 94.940.26 94.34+0.96
No.4 (Female) 96.5+£1.28 9444122 95.7£0.40 95.541.02

TABLE IV. SPO2 VALUES OF FINGER WAVING POSTURE
SpO2 SpO2 SpO2 SpO2

Driven voltage: (1.0 Vpp) (1.5 Vpp) (2.0 Vpp) (Overall)
Subject no. Mean+Standard deviation

No.1 (Male) 96.8+£1.27  959£0.51 95.9+0.21 96.2+0.51
No.2 (Male) 95.2+0.88 9524041 959+£0.29 95.440.40
No.3 (Female) 96.3+0.26  93.940.81  96.5+0.30 = 95.641.46
No.4 (Female) 95.7£1.75 9624043  94.7£1.04  95.540.75

TABLE V. SPO2 VALUES OF VERTICAL FINGER MOVEMENT POSTURE

SpO2 SpO2 SpO2 SpO2
Driven voltage: (1.0 Vpp) (1.5 Vpp) (2.0 Vpp) (Overall)
Subject no. Mean=Standard deviation
No.l (Male) 96.14+0.30 © 95.1+0.22  95.5+0.06  95.6+0.47
No.2 (Male) 94.940.42  95.1+£0.07 95.3+0.39  95.1+0.15
No.3 (Female) 96.64+0.37  96.6+0.27  96.2+0.43  96.5+0.25
No.4 (Female) 94.042.92  96.1+0.10 = 95.940.29 954+1.18

may manifest significant alteration with poor health volunteers
and senile people. The issue in poor health volunteers and
senile people will be further studied for drawing the complete
and consistent conclusion.

Driving red and IR LEDs with higher voltage level than
the experimented voltage levels can harm the volunteers’ skin
around their fingertips due to the heat emitted from both LEDs.
In addtion, with high voltage level fed to the red and IR LEDs
makes the volunteered participants feel uncomfortable. This is
the reason why this work uses the voltage levels from 1.0 Vpp
to 2.0 Vpp.

VI. CONCLUSION

In this paper, the influence of changing light intensity on
the MA signal in the red and IR PPG signals is studied. To
operate this study, the legacy red-and-IR LEDs-driving method
in a commercial pulse oximeter is changed to the technique
of feeding two different sinusoidal signals to red and IR
LEDs. By superseding the legacy LEDs-driving method with
the mentioned technique, the additive MA signal is no longer
concerned but the multiplicative MA signal still exists. This
study alters the light intensity by changing the voltage level fed
to the red and IR LEDs to verify whether the multiplicative
MA signal is affected. In order to verify, the calculation of
SpO2 value is used as a criterion. The employed voltage levels

are 1.0 Vpp, 1.5 Vpp and 2.0 Vpp, respectively. Additionally,
the DC offset of positive 4.5 V is added to the operated voltage
levels. The study consists of two main experiments which
are change in light intensity during finger resting and finger
movement. According to the study, it is found that change in
light intensity does not enhance the quality of the red and
IR PPG signals. This is because the overall computed SpO2
values from all driven voltage levels are indifferent. Similarly,
for finger movement, change in light intensity fails to eliminate
the multiplicative MA signal as some error up to 1% is still
shown in the calculated SpO2 values. From this viewpoint,
it can be concluded that change in light intensity does not
have any influence on the multiplicative MA signal. With the
existence of the multiplicative MA signal, the elimination of
the multiplicative MA signal will be further investigated in the
future work.

[1]
(2]

(4]

[51

[6]

(71

(9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

A. Jubran, “Pulse oximetry,” Critical Care, vol. 9, no. 272, 2015,
available at: http://dx.doi.org/10.1186/s13054-015-0984-8.

S. Ardalan, M. Siavash, and S. Jaafari, “Motion noise cancelation
in heartbeat sensing using accelerometer and adaptive filter,” IEEE
Embedded Syst. Lett., vol. 7, no. 4, pp. 101-104, 2015.

Y. Ye, Y. Cheng, W. He, M. Hou, and Z. Zhang, “Combining nonlinear
adaptive filtering and signal decomposition for motion artifact removal
in wearable photoplethysmography,” IEEE Sensors J., vol. 16, no. 19,
pp. 7133-7141, 2016.

R. W. C. G. R. Wijshoff, M. Mischi, and R. M. Aarts, “Reduction
of periodic motion artifacts in photoplethysmography,” IEEE Trans.
Biomed. Eng., vol. 64, no. 1, pp. 196-207, 2017.

D. Yang, Y. Cheng, J. Zhu, D. Xue, G. Abt, H. Ye, and
Y. Peng, “A novel adaptive spectrum noise cancellation ap-
proach for enhancing heartbeat rate monitoring in a wearable de-
vice,” IEEE Access, vol. 6, pp. 8364-8375, 2018, available at:
http://dx.doi.org/10.1109/ACCESS.2018.2805223.

F. Peng, Z. Zhang, X. Gou, H. Liu, and W. Wang, “Motion artifact
removal from photoplethysmographic signals by combining tempo-
rally constrained independent component analysis and adaptive filter,”
Biomed. Eng. Online, vol. 13, no. 50, pp. 1-14, 2014, available at:
http://dx.doi.org/10.1186/1475-925X-13-50.

M. R. Ram, K. Sivani, and K. A. Reddy, “Utilization of adaptive-
coefficient estimation method for motion artifacts reduction from pho-
toplethysmographic signals,” in Int. Conf. on Wireless Commun., Signal
Process. and Network. (WiSPNET), Chennai, India, 2016, pp. 818-822.
K. T. Tanweer, S. R. Hasan, and A. M. Kamboh, “Motion artifact
reduction from ppg signals during intense exercise using filtered x-lms,”
in IEEE Int. Sympo. on Circuits and Syst., Baltimore, USA, 2017.

J. A. C. Patterson and G.-Z. Yang, “Ratiometric artifact reduction in low
power reflective photoplethysmography,” IEEE. Trans. Biomed. Circuits
Syst., vol. 5, no. 4, pp. 330-338, 2011.

S. Sinchai, P. Kainan, P. Wardkein, and J. Koseeyaporn, “A photoplethys-
mographic signal isolated from an additive motion artifact by frequency
translation,” IEEE. Trans. Biomed. Circuits Syst., vol. 12, no. 4, pp.
904-917, 2018.

R. Shriram, M. Sundhararajan, and N. Daimiwal, “Effect of change in
intensity of infrared led on a photoplethysmogram,” in Int. Conf. on
Commun. and Signal Process., Melmaruvathur, India, 2014, pp. 1064—
1067.

O. Wieben, Light Absorbance in Pulse Oximetry. New York, USA:
Taylor & Francis, 1997, pp. 40-55.

M. M. Rao and R. R. Ram, “Photoplethysmography: a noninvasive tool
for possible subtle energy monitoring during yogic practices,” Subtle
Energies & Energy Medicine, vol. 17, no. 2, pp. 163-179, 2006.

J. O. Smith III, Spectral Modeling Synthesis. USA: W3K Publising,
2011, pp. 361-375.

R. E. Ziemer and W. H. Tranter, Principles of Communications.
Jersey, USA: John Wiley & Sons, 2009, pp. 115-120.

New

$IEEE

14



205

2019 IEEE 4th International Conference on Computer and Communication Systems

Performance of Frequency Translation in Separating a Photoplethysmographic
Signal from an Additive Motion Artifact

Jeerasuda Koseeyaporn, Sakkarin Sinchai and Paramote Wardkein
Department of Telecommunications Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang (KMITL)
Bangkok, Thailand, 10520
e-mail: jeerasuda.ko@kmitl.ac.th, 58601019 @kmitl.ac.th, pramote @telecom.kmitl.ac.th

Abstract—Obtaining red and infrared (IR) photoplethysmo-
graphic (PPG) signals by a general method in a commercial
pulse oximeter is overlapped with an additive motion artifact
(MA) signal routinely. When the red and IR PPG signals are
combined with the MA signal, a percentage of oxygen
saturation (SpO2) is unreliable. To prevent the overlapping
problem, a technique of frequency translation is introduced to
shift the PPG frequency components away from the MA
frequency components. The introduced approach remodels an
LED-driving system by substituting an alternating current
(AC) source for a traditional direct current (DC) source in the
commercial pulse oximeter. To assess the performance, the
SpO2 values computed from the red and IR PPG signals
acquired by the presented solution are evaluated when four
natural poses of motion occur. Besides, the well-known
methods are used to calculate the SpO2 values from the red
and IR PPG signals sensed by the conventional LED-emitting
system during motion for the efficient comparison. The well-
known methods are discrete saturation transform (DST), fast
independent component analysis (fICA) and compression of
Fourier coefficients (CFC). The resulting SpO2 values show
that the technique of frequency translation provides overall
mean error lower than the selected schemes for all postures.
The overall mean error of the introduced technique is 1.1%
while the approaches of DST, fICA and CFC yield the overall
mean errors by 2.9%, 15.4% and 8.4%, respectively.

Keywords-photoplethysmographic (PPG) signal; frequency
translation; amplitude modulation (AM); motion artifact (MA)

I. INTRODUCTION

To obtain an accurate PPG signal, a subject must stay
still. In practice, the subject is not at rest all the time and
usually moves. With this reason, motion frequently involves
while measuring the PPG signal, and distorts the PPG
waveform of the PPG signal. Later, any motion is called as a
motion artifact (MA) signal throughout this paper. When the
PPG signal is corrupted by the MA signal, consequently, the
contaminated PPG signal may not be proper to be used or
further analyzed.

In literature, various approaches have endeavored to get
rid of the MA signal from the polluted PPG signal to retrieve
the clean PPG signal. The most common implementing
technique is an adaptive filtering algorithm. It is noted that
the PPG signal will be used as the clean PPG signal in this
paper. By employing the adaptive filtering algorithm, a
reference signal is utilized to cancel out the MA signal. To

978-1-7281-1322-7/19/$31.00 ©2019 IEEE

yield good cancellation, the reference signal must be highly
correlated to the MA signal. If not, the output PPG signal
becomes even more worsen. Chiefly, the reference signal is
synthesized from either human biological signals [1][2] or
extra motion sensor signals [3]. Among the adaptive
approaches, a method of discrete saturation transform (DST)
[1] is most reliable as this method provides good efficiency
and is commercially used. Aside from the adaptive model,
some mathematical tools like independent component
analysis (ICA) [4-6], compression of Fourier coefficients
(CFC) [7] or wavelet [8] also effectively distinguish the PPG
signal and the MA signal. In eliminating the MA signal of
these mentioned schemes [1-8], the MA signal is considered
to be an additive noise being in the same frequency band of
the PPG signal. With assuming to be the additive noise of the
MA signal, a technique of frequency translation [9] is
applied to isolate the PPG signal from the MA signal. Using
the approach of frequency translation, the additive MA
signal is not entangled in the PPG signal. Still, some error
exists in the PPG signal because the acquired overall SpO2
value is slightly deviated from the actual value of SpO2.
Nevertheless, the deviation of the obtained overall SpO2
value is fairly low, and can be neglected. The strategy of
frequency translation renders the potential in well-
maintaining the artifact-free PPG signal even the MA signal
is induced.

In this work, the performance of the frequency translation
solution is assessed by comparing with the performances of
the well-known methods under different moving poses. The
selection criteria of the well-known methods are based on
good efficiency, simple implementation and no requirement
of extra sensors. The selected schemes for comparing are
discrete saturation transform (DST), fast independent
component analysis (fICA) and compression of Fourier
coefficients (CFC). In comparison, the mean absolute
percentage error (MAPE) is chosen as an indicator to
manifest the performances of the frequency translation
technique and the selected schemes. The MAPE measures
the error magnitude deviated from the resting SpO2 value.

The structure of this paper is as follows. The technique of
frequency translation applied in a traditional pulse oximeter
is described in section II. In section III, the experiments and
results are drawn. The performance comparison is furnished
in section I'V. Section V is dedicated to the conclusion.



II. TECHNIQUE OF FREQUENCY TRANSLATION

A. Inherent PPG Signal

In SpO2 calculation of a pulse oximeter, a pair of red and
infrared (IR) PPG signals is employed. The red PPG signal is
the remaining red light intensity after being absorbed by
most deoxyhemoglobin (Hb), dull red blood carrying no
oxygen. For another one, IR light intensity is best sucked up
by oxyhemoglobin (HbO2), bright red blood having oxygen
ridden. The leftover IR light intensity is the IR PPG signal.
To express each PPG signal in a mathematical model, an
approximated light intensity absorption of Beer-Lambert's
law [10][11] is utilized. Practically, the light intensity
absorption in a human body varies over time due to the
expansion and contraction of a human heart. With the
expansion and contraction causes an optical path length of
Beer-Lambert's law to fluctuate. The approximated light
intensity absorption is then expressed in a function of time
by (1) where i(A,t) is the remnant of light intensity after

absorption of human's absorbing media.

i(A,1) = i(,e-ZZ:I e (A)eydy (1)

(1)

Next, i, is the incident light intensity dropping onto the

surface of the medium as well as e ZkadPad® js an
exponential decaying function. The exponential decaying
function is the negative sum of N absorbing media. Each
absorbing medium is formed by the product of three
absorbing factors. These absorbing factors are &, (1) , ¢,

and d,(¢) Firstly, & (1) is the absorptivity, ¢, , of a
specific wavelength A of the ki medium. Secondly, ¢, is
the concentration of the k" medium. Lastly, d,(¢) is the

optical path length of the k#* medium.

Nonetheless, the mathematical model of light intensity
absorption in (1) is a general absorbing expression for any
medium having ability to absorb. For the light intensity
absorption in a human tissue, the absorbance model in (1)
needs to be adjusted to comply with the pulse oximeter
manner. The original absorption of Beer-Lambert's in (1) is
decomposed into the sum of a static medium and a dynamic
medium as graphically depicted in Fig. 1. To distinguish the
static and the dynamic media, an optical path length criterion
is justified. According to the given decomposition, the
mathematical statement in (1) is ameliorated and written in
(2) where i,ppg; (4,1) is contemplated as a clean PPG signal.

icPPG 4,1)= iO[M

Static medium . X
Dynamic medium

2

+ e-LemDerprerpo(A)erpo1dam (1) ]

For the static medium refers to all absorbing media whose
optical path length values rarely alter over time. These
absorbing media are skin, bone, tissue, venous blood and
non-pulsating arterial blood. For simplicity, these absorbing
media conglomerate into the static medium having &g, (1) ,
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Figure 1. Inherent clean PPG waveform.

csm and dg, to be absorbing attributes shown in the first
term of (2). Because the optical path length of the static
medium seldom displays any variation over time, a function
of time for dy, isno longer needed.

On the contrary, the dynamic medium indicates all
absorbing media whose optical path length values vary over
time. With this reason, the optical path length of the dynamic
medium is manifested by the function of time. = Mainly,
only pulsating arterial blood medium is considered to be the
dynamic medium. In the pulse oximeter, the red and IR
lights are principally absorbed by Hb and HbO2, respectively.
Therefore, the second term of (2) merely exhibits the
absorbing parameters of Hb and HbO2 which are
e (D, and &0 (A)cyy,o - Tespectively. In addition,
both Hb and HbO2 absorb light inside the same dynamic
medium resulting their optical path length values to be the
similar value denoted as d,, (t) .

In the incident that the pulse oximeter is involved with
any motions, the MA signal is generated and annexed to the
clean PPG signal in an additive manner [9]. The clean PPG
signal stated in (2) is thus impaired, and becomes (3) where
n(t) is the MA term varying over time.

ippi (A1) =i ppe (A1) + n(2) 3)

In (3), i,pp;; (4,t) is the inherent PPG signal, which is

the aggregate of the clean PPG signal, i.pp;(4,1), and the
MA signal, n(z) .

B. PPG Signal Shifting

Since the MA signal and the clean PPG signal are low
frequency, they are certainly overlapping in frequency band.
A method of frequency translation based on an amplitude
modulation with large carrier (AM) is used to avoid
intertwining of these two signals. With the usage of the AM
model, the frequency band of the PPG signal is then shifted
away from the MA signal’s frequency band and (2) is
developed to (4).

AC source Static medium

i pp (Ant) = i COS(27T fo1) [e-Esm(Acsmdsm

Dynamic medium

“

+ e-lem(Aerperpo(A)erpoldan () |
By changing i, to i, cos(2Af.t) , a sinusoidal LED-
driving source which furnishes oscillating light intensity is



substituted for an old-fashion LED-emitting source which
beams out constant light intensity. The sinusoidal LED-
driving source known as an alternating current (AC) source
while the old-fashion LED-emitting source simply is a direct
current (DC) source.

The sinusoidal LED-driving source generates an incident
sinusoidal light intensity wave in the range of +i, varying
by a carrier frequency of f. Hz, as shown in (4). To simplify
(4), the value of the static term, static medium, rarely
changes so this term is denoted a constant variable, A;. On
the other hand, the value of the dynamic term referring to the
dynamic medium oscillates over time and is contemplated as
the absorption message of interest. Hence, the dynamic term
is defined by m(A,t) as a function of time. After simplifying,
(4) is restated giving rise to (5).

AC source Static medium  Dynamic medium

. T N )
ippg(At) =iacosQr fet)[ A+ m(d,t) |
To reveal the amplitude modulation with large carrier
(AM) [12], (5) is rearranged as (6) where 1/ As is the
modulating sensitivity, &, .
ippg (A1) = iq coS2r fet) As[1+ kam(A,1)] 6)
By replacing (6) into (3), the inherent PPG signal is re-
expressed as (7).
i,pp (A1) = ia cOS2r fet) As[1 4 kam(A,1)] +n(t) )
Since the PPG signal is shifted to the carrier frequency,
fe , according to (6), the appended MA signal, n(¢) , in (7)
no longer interferes the clean PPG signal.

III. EXPERIMENTS AND RESULTS

A. Instrument Setup

To implement the technique of frequency translation, a
commercial finger-probe pulse oximeter is utilized. However,
the built-in conventional LED-emitting system of the
commercial pulse oximeter is supplanted by the sinusoidal
LED-driving system as illustrated in Fig. 2. Commonly, the
commercial pulse oximeter drives red and IR LED
alternately at a frequency of 1 kHz. For this work, the
commercial pulse oximeter is modified to emit both LEDs at
the same time. The red and IR LEDs are driven by a signal
generator at the frequencies of 1.07 kHz and 1.55 kHz,
respectively. Each LED is powered by 1.5 Vpp (peak-to-
peak voltage) along with 4.5 V offset voltage from the signal
generator. In addition, a simple transimpedance amplifier
(TIA) is designed to provide 10 times of gain before further
processing because the output level sensed by the photo-
detector is fairly low.

B. Signal Processing

The signal processing part is handled by a computer
simulation program. Once the output signal of the photo-
detector is amplified, the augmented signal is transferred to a
computer via an NI DAQPad-6014 acquisition card
manufactured by National Instruments. The augmented
signal is sampled 16000 times per second. After sampling
the amplified signal, processing is processed as follows.
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Figure 2. A sinusoidal LED-driving diagram.

Initially, the recorded signal is fed to two bandpass filters to
segregate the red PPG AM signal and the IR PPG AM signal.
Both bandpass filters are designed by a Butterworth
algorithm to have filter order of 2 with 20 Hz passband and
center frequencies of 1.07 kHz and 1.55 kHz, respectively.
Secondly, each segregated AM signal is demodulated to
recover the message of interest by a method of envelope
detection. Next, each demodulated signal is passed to a
lowpass filter to remove the carrier component of the carrier
sinusoidal signal in order to retrieve the original message of
interest. Each lowpass filter is also designed by the
Butterworth algorithm to provide filter order of 2 along with
6 Hz cut-off frequency. Lastly, the recovered red and IR
PPG signals are subject to compute the value of SpO2 by the
calibration curve formula [11], as written in (8).

Y
Spoz=110-(25x1e),R:M

®)
VppIR / VDCIR
The SpO2 calculation relies on V,, z, Vpeg 5 V,,z and

Vipcig - The value of V,, . is the peak-to-peak value of the

red PPG signal and the value of V5 is the DC component
of the red PPG signal. Similarly, the value of V,, i is the

peak-to-peak value of the IR PPG signal and the value of
Vg 18 the DC component of the IR PPG signal. Typically,

each PPG signal is parted period-by-period to approximate
the value of SpO2 according to (8) more correctly.

C. Experimental Details and Results

In this work, a series of experiments is conducted to
measure the SpO2 value while finger resting, finger bending,
finger shivering, finger waving and vertical finger moving,
respectively. Four volunteers are participated in this series of
experiments. These four participants consist of two men and
two women which are yellowish complexion Asian and their
average age is 21.67 with a standard deviation of +0.47. All
volunteers are treated with minimum risk during each
experiment is taken place. In the series of experiments, each
participant is asked to put two pulse oximeters on the left
hand at the same time while each experiment is performed.
The modified pulse oximeter is inserted on an index finger
and the original commercial pulse oximeter is drawn on a



middle finger. Each experiment is tested for three times ten
seconds each. After finishing all experiments, 60 sets of
samples are collected. Each set consists of two pairs of red
and IR PPG signals. The first pair is acquired by the
technique of frequency translation and the second pair is
obtained by the conventional method.

In SpO2 computation, each pair is searched for a starting
and stopping location of each single cardiac cycle to
determine the peak-to-peak value and the DC component
according to (8). Due to one recorded signal has many
cardiac cycles, the calculated SpO2 values for all poses are
numerous. The SpO2 values of each pose are thus averaged
and standard deviation calculated, and summarized in Tables
Iand II.

Table I exhibits the SpO2 values of the technique of
frequency translation and the conventional method during
resting. As can be seen, the overall SpO2 value of the
technique of the frequency translation is slightly higher than
the overall SpO2 value of the conventional method by
roughly 3%. This is due to the LED-driving circuit of each
scheme is designed differently thus the light absorption is
different. With 3% higher of the approach of frequency
translation indicates that the light absorption of the technique
of frequency translation is more efficient than the
conventional method.

Table II renders the SpO2 values when moving postures
are produced. In Table II, the SpO2 values of the technique
of frequency translation are displayed along with the SpO2
values of the approaches of discrete saturation transform
(DST), fast independent component analysis (fICA) and
compression of Fourier coefficients (CFC). As can be
noticed, each SpO2 value of each subject acquired from the
technique of frequency translation for all moving poses is
close to his/her resting SpO2 value. For DST, each SpO2
value of each subject is improved from the conventional
method fairly well for all moving postures. Nevertheless,
each SpO2 value of each subject is still lower than his/her
resting SpO2 value obtained from the conventional method.
In the same manner for fICA and CFC, each SpO2 value of
each subject is also mended but only for some poses. For
some poses, fICA and CFC fail to improve the quality of the
SpO2 value but aggravate instead. In addition, the SpO2
values of all subjects for moving poses of fICA and CFC are
overall inferior to the techniques of frequency translation and
DST, respectively.

TABLEI. SPO2 VALUES OF FINGER RESTING POSTURE
Methods: FT, ‘ CM,
Subject no. Mean + Standard deviation
1. Male 972+04 927+1.1
2. Male 96.1£0.8 949+33
3. Female 97.0+0.1 939+04
4. Female 94.6 +0.1 91315
1-Frequency translation, 2-Conventional method.
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IV. PERFORMANCE COMPARISON

To compare the performance of the technique of
frequency translation with the selected methods, a mean
absolute percentage error (MAPE) is employed and
expressed by (9).

= TZi:I 2 ®

In (9), de is the mean SpO2 value while at rest of each
subject which is depicted in Table I. For the MAPE
calculation of the frequency translation, de is the mean SpO2
value while resting of each subject acquired by the technique
of frequency translation. Likewise, the value of de for the
approaches of DST, fICA and CFC uses the average SpO2
value while no motion case is obtained from the
conventional method. Next, m; is the average SpO2 value of

vapg = 100 de—mi‘

each posture per one experiment for each subject, and N is
the amount of experiments of each pose.

By utilizing (9), the MAPEs of each pose for all
mentioned techniques including the conventional method are
calculated and summarized in Table III. Clearly, the MAPE
results reveal that the technique of frequency translation is
better than the methods of DST, fICA, CFC and the
traditional scheme. The overall MAPE values of the
technique of frequency translation are lower than the overall
MAPE values of the compared methods for all postures. This
is because the technique of frequency translation well
separates the red and IR PPG signals from the MA signal. By
contrast, the approaches of DST, fICA and CFC mend the
MA-overlapped red and IR PPG signals. Naturally,
correcting the MA-interfered red and IR PPG signals is not
as good as isolating the red and IR PPG signals from the MA
signal.

V.

This work evaluates the performance of the frequency
translation technique of frequency translation while motion
is involved. This assessment uses the value of MAPE as an
indicator to quantify the performance. The MAPE value is
calculated by employing the value of SpO2 as a parameter.
In addition, the performance of the frequency translation
strategy is strengthened by comparing with the performances
of the approaches of DST, fICA, CFC and the conventional
method. The resulting MAPE values indicate that
performance of the technique of frequency translation is
good, and superior to the performances of the schemes of
DST, fICA, CFC and the conventional method. The overall
MAPE value of the frequency translation technique is
approximately 1.1% whereas the overall MAPE values of
DST, fICA, CFC and the conventional method are 2.9%,
154%, 8.4% and 42.0%, respectively, for all poses. With
this performance evaluation, the technique of frequency
translation is concluded to be comparable to the schemes of
DST, fICA and CFC.

CONCLUSION
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