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Abstract

Vascular stiffening is determined with age by evaluating

peripheral vascular disease from photoplethysmograms (PPGs).

PPG technology has been applied in measurements of oxygen
saturation and blood pressure and assessments of various
atherosclerotic pathologies and cardiovascular diseases.
However, a full understanding of the components of a PPG
signal is still lacking because PPGs are very sensitive to motion
artifacts, resulting in a poor estimation of the diagnostic value
of the different clinical features. Although PPG waveforms are
not fully understood, recent studies have focused on
investigating the potential information provided by a PPG
waveform signal beyond pulse oximetry and heart rate
calculations. Therefore, in this study, an optimal transfer
function for minimizing artifacts in the preamplifier at the
initial state of optical detection was proposed to improve the
estimation of the characteristic features of the PPG waveform.
Optimal filtering by a simple analog electronic circuit with a
fourth-order bandpass filter between the characteristic
frequencies, 0.5 Hz-7.5 Hz, and automatic control was
implemented. To evaluate the filter performance, three
derivatives derived from PPGs were measured. The simulated
results were very close to the measured responses. Therefore,
the proposed filter enhanced the performance of the motion
artifact algorithm for feature extraction and provided a better
vascular-related feature estimate.

Keywords: photoplethysmogram, vascular, impulse response,
bandpass filter, preamplifier

1. INTRODUCTION

Photoplethysmography (PPG) is a simple optical technique for
detecting blood volume changes in the microvascular bed of
tissue [1-3]. PPG is being used increasingly more frequently
not only in many medical devices but also in smartphones and
wearable devices for the assessment of oxygen saturation,
cardiovascular disease symptoms, and heart rate variability
(HRV). PPG sensors are based on the emission of infrared,
green, or red light by an LED that penetrates the skin and blood
vessels and measures changes in light absorption [4-5]. The
waveform from the PPG sensor is based on changes in
transmitted light due to changes in arterial volume and
dimension. Thus, PPG technology reflecting a measure of
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changes in blood volume in the underlying vascular bed of
tissue has been used in various health monitoring systems [6-
9]. However, one of the major shortcomings of PPG-based
monitoring techniques in healthcare systems is their difficulties
in obtaining a stable PPG signal. This limitation is attributable
to the fact that the PPG signals are very susceptible to motion
artifacts caused by body movements. Motion artifacts have
been shown to be a limiting factor attracting many studies
related to health monitoring systems using PPG signals, as PPG
signals have many potential clinical applications. In HRV
estimation technology, the accurate detection of the heartbeat
interval used in autonomic nervous system (ANS) evaluation is
crucial for successful and precise HRV analysis. HRV indices
are traditionally obtained by calculating the R wave peaks of
the QRS complexes in ECGs. ECGs measure the electrical
activity of the heart by using electrodes placed on the skin.
When the heart contracts and pumps blood, a series of
coordinated electrical signals are sent to the heart by the ANS.
ECG-based measurements are generally accurate within a
couple of milliseconds, making it a highly reliable measure of
heart rate. The heartbeat interval of two successive R waves
(RRI) inan ECG is believed to provide more accurate RRI than
estimations based on a finger-type PPG [10]. However, the
conventional ECG measurement is uncomfortable and
inconvenient. The measurement requires the attachment of at
least two cutaneous electrodes on the body surface, with metal
components causing skin irritation in some subjects. For this
reason, many studies have attempted to develop heart rate
monitoring techniques based on PPG measurements, which are
simple, low-cost, and easy-to-use alternatives to ECGs [8,11-
13]. As a PPG is an indirect optical technique that does not
reflect the heart’s true activity occurring at its source, it is not
always accurate at the millisecond level, but there is an
increasing demand for methods of measuring changes in blood
volume in the underlying vascular bed of tissue and for a
portable system that derives beat-by-beat cardiac rhythm by
placing a single sensor on the finger. A fingertip PPG signal is
obtained by irradiating the skin surface at a specific wavelength
using a light emitting diode (LED) source and detecting the
intensity of the transmitted light using a photodiode opposite to
the LED. The wavelength and distance between the light source
and the photodiode determine the penetration depth of the light.
Light with a wavelength from 500 to 1100 nm (from green to
infrared) can be used in PPG measurements. Green LEDs have
the advantage of demonstrating large variations in intensity by
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pulsatile absorption of the blood; however, green LEDs have
the disadvantage of having high sensitivity to body movement
[14-15]. In contrast, infrared LEDs detect deep-tissue blood
flow but are susceptible to changes in the volumes of blood in
the peripheral vessels. Red LED light has moderate absorptivity
for oxyhemoglobin and deoxyhemoglobin compared with
green and infrared LEDs [16-17]. Red LEDs penetrate deeply
into the body, delivering a rich source of physiological signals.
In this study, red LEDs as a light source were used to develop
an optimal filter for preamplification. To use PPG technology
for more medical applications, motion artifacts must be reduced
to enhance the signal-to-noise ratio through various filtering
methodologies [18-19]. While some analysis procedures are
common, such as using filters to extract components in a
specific frequency range, the different properties of PPG-based
biological signals always require the application of vastly
different analysis procedures. Hence, it is very useful to
investigate the fundamental details of how optimal analog filter
for preamplification is carried out before extracting the
required information in a microcontroller. We have developed
an optimal transfer function as a key method of filtering
characteristics, which includes a digital infinite impulse
response bandpass filter (IIR BPF), to accurately detect
changes in blood volume and heart rate.

2. PPG WAVEFORM

Figure 1 shows a typical PPG waveform and various features
when noises have been removed and amplified through both
analog and digital signal procedures. The PPG waveform
consists of a pulsatile (AC) physiological waveform, which is
superimposed on a slowly varying (DC) waveform related to
respiration [20]. The maximum point (pl) of the systolic
amplitude represents cardiac changes in the blood volume
caused by arterial blood flow with each heartbeat. The DC
components vary at a slow pace due to respiration, vasomotor
activity, vasoconstrictor fluctuations, and thermoregulation
[21-22]. The pulse period of the PPG waveform is divided into
two phases. The first rising phase represents stroke volume,
which could indicate vasoconstriction or vasodilation. The
second falling phase from the p1 point to the next foot point is
characterized by diastolic and wave reflections from the
periphery. The dicrotic notch observed in the diastolic phase
stems from the sudden closing of the aortic valve, resulting in
retrograde flow and an increase in blood volume in the large
artery for a very short time. A dicrotic notch is usually observed
in the catacrotic phase (second phase) of subjects with healthy
compliant arteries. Hence, waveform features such as rise time,
amplitude, duration, and various shapes can predict clinically
relevant vascular changes in the blood vessels. More detailed
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indices of a PPG waveform include the elasticity index, cardiac
ejection elasticity index, dicrotic index, inflection index, pulse
height, time duration (crest time) from the foot of the PPG
waveform to its peak, time delay (delta time) between the early
systolic peak (pl) and late systolic peak (p2), and pulse period.
Crest time provides an important index in the diagnosis of
cardiovascular diseases. Crest time is prolonged in patients
with vascular disease or hypertension. The vascular stiffness
index depends on the height and age of the individual and is
associated with delta time (Delta_T), as shown in Figure 1. To
extract all information from the PPG waveform, the pulse
contour obtained from a noiseless signal must be explained
after normalization to the heart rate and height of subjects [23].
To facilitate its interpretation of this contour, many studies have
extracted derivatives of the PPG waveform. Figure 2 shows the
wave contour of an original PPG signal (left top) and the first
(right top), the second (left bottom), and the third (right bottom)
derivatives of the PPG signal. The signal’s third derivative
plays a crucial role in extracting features of the PPG signal’s
second derivatives because the third derivative identifies
whether the second derivative is increasing or decreasing. The
third derivative is determined directly from the second
derivative. The second derivative of the PPG waveform is
called the acceleration plethysmogram (APG) rather than PPG.
The peaks in the APG signals are more clearly defined than the
peaks in the PPG signals. The APG signal consists of four
systolic waves and one diastolic wave: a-peak (early systolic
positive peak), b-peak (early systolic negative peak), c-peak
(late systolic reincreasing peak), d-peak (late systolic
redecreasing peak), and e-peak (early diastolic positive peak).
The aTime, bTime, cTime, dTime, and eTime are calculated
and included in the analysis of age-related vascular status, as
shown in Figure 2.
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Figure 1. Features of PPG waveform
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Figure 2. Derivatives of a PPG waveform for the extraction of all features of a PPG waveform: (left top) origin of the PPG, (right
top) the first derivative, (left bottom) the second derivative, and (right bottom) the third derivative.

3. MEASUREMENT SYSTEM

The system configuration consists of three components: an
analog bandpass filter in the preamplifier that includes a
microcontrolled IIR bandpass filter, all derivatives of the signal,
and all features of the PPG waveform as shown in Figure 3. In
general, the PPG waveform exhibits sudden amplitude changes
due to a loss of central blood pressure, constriction of the
arterioles, or body movement. Detection of the heart rate and
features in very low amplitude PPGs is considered very
difficult because low amplitudes affect the quality of the
waveform. This study applied a digitally automatic gain
controller based on a microcontroller (MSP430F6638, Texas
Instruments Company, USA) to respond to such an abrupt
change, preventing the amplitude of the PPG from saturating at
a maximum or minimum value. As low amplitudes are caused
by the breathing process, the range of the respiratory
frequencies is from 0.04 to 1.6 Hz, and the frequency of the
common motion artifacts is approximately 0.1 Hz. Meanwhile,
the waveform frequency of the PPG signal ranges from 0.5 to
4.0 Hz [24-25]. Most motion artifact frequencies, including that
of a breathing cycle, are within the frequency range of a PPG
signal, which makes it difficult to completely remove noise

1641

from the PPG waveform. Therefore, a schematic diagram
consisting of the optimal filtering method and preamplifier with
an amplification circuit for medical applications using PPG-
based measurements was proposed to obtain high signal quality
without signal distortion, as shown in Figure 3. The electric
signal captured in the photodiode of the receiver in the fingertip
PPG sensor is filtered with a low-pass filter with a cutoff
frequency of 100 Hz to remove high frequency noise. A high-
pass filter with a cutoff frequency of 0.3 Hz was applied to
eliminate the DC components of the signal. Pulse filtering was
performed by means of a simple analog electronic circuit with
a Sallen-Key low-pass filter with a cutoff frequency, of 7.5 Hz
(-3 dB points). The filtered signal is amplified in an operational
amplifier with a signal gain of 100. After this analog
preprocessing step, the filtered PPG waveform is inputted to a
microcontroller to digitally calculate derivatives and extract the
features.
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Figure 3. Schematic diagram of the measurement system.

4. DIGITAL IIR BANDPASS FILTER

A recursive 1IR digital filter approximates a prototype analog
filter defined by the continuous Laplace transfer function H(s)
with a discrete filter whose transfer function is H(z). Here,
bilinear transformation is used to substitute a function of z for
s in H(s) to obtain H(z). The transfer function maps the entire
s-plane to the z-plane, enabling us to completely avoid
frequency-domain aliasing problems. When the transfer
function of a prototype analog filter is H(s), we can obtain the
discrete IR filter z-domain transfer function H(z) by
substituting the following for s in H(s),

(=)

where, T is the discrete filter’s sampling period (1/fs).

1-z71
1+z~1

2

T

o))

To avoid filter instability in the IR filter design, the z-plane
poles should not lie outside the unit circle, which can be

prevented by setting the real part to zero (c=0) at s=0+jWwa.
Bilinear transformation yields a nonlinear relationship between

the analog frequency w, and digital frequency w,. The

frequency response of a digital filter is defined by setting z =
eloT,

i JjwgT —jwgT
. 21-eJ®dT 2072 —¢” 2 2
S =)Wa = [T TJoqT = T JogT —jagT )
e 2 +e 2
2 wqT
Wy = ;taan 3)

Equation 3 shows a nonlinear relationship between the z-
domain (digital) frequency and s-domain (analog) frequency.
The cutoff frequencies of a digital filter are tangentially warped
compared with the cutoff frequencies of an analog filter. To
make the practical use of this frequency warping phenomenon,
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the s-plane and z-plane frequencies must be related to a more
practical fs (sampling frequency).

2nf,; = 2tan™! (%) 4)

Substituting 1/fs for T, the following equation (5) can be
obtained.

o= (2o (2225

The expression of a digital filter is an LTI (linear time invariant)
system based on the differential equation (6), which is called an
IR filter.

y[nl = - Ei_; alklyln — k] + X}, blk]x[n — k] (6)

The transfer function for H(z) as shown in equation (7-10) is
defined by the differential equation (6).

2nfa/fs tan'l(%)

2

Q)

s

__ botbiz7 4byz 2+ tbpyzM

H(z) 1+a,z" +az 24 ~+ayz=N )
H@) =72 ®)
where
B(z) = Xn=ob[n]z™" )
A@) =1+ Xiea[n]z™ (10)
H(z) can be written as
H(z) = 2™ bozM4bizM 1 4byzM 24 o tby (12)

z7N zZN4a zN-14q,2N=24 tay

The zeroes of H(z) are the roots of the polynomial in equation
(12).

b()ZM + ble_l + szM_Z + e +bM (12)

The poles of H(z) are the roots of the polynomial in equation
(13).

ZN +azV + apzV? 4 e tay (13)

The details of the implementation of a digital 1IR BPF were
investigated in our previous paper [26].

5. TRANSFER FUNCTION

The circuit topology is shown in Figure 4. In the first stage
except for an optical sensor element, a first order low-pass filter
is applied, and a first order high-pass filter used in the next
stage in the following equations.

. _ 1 _ 1

|Ho(1w)| - W'Ho(s) - 1+SR1Cy (14)
. _ WR,C; — SRpC

|H1(]w)| - W:Hl(s) 1+SR,C, (15)
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The stages compose a simple first-order RC circuit. In the last
stage, the low-pass filter in the Sallen-Key architecture is
designed as an active filter as well to provide a unit gain. The
Sallen-Key configuration shows the least amount of
dependence of filter performance on the performance of the
operational amplifier. Since the configuration has two sets of
RC networks, cutoff frequency for a Sallen-Key is calculated
following equation (16).

1

f; = 21\/R3R4C3Cy (16)

As the operational amplifier is configured as a unity gain buffer
(A=1), the fc and output signal magnification Q-factor are
completely independent of each other making for a simpler
filter design. Then the magnification factor, Q is calculated as:

Q=;==05 17)
The transfer function of a Sallen-Key low-pass filter for the
estimation of all R and C values is given as:

1
1+wC3(R3+R4)S+wW2ER3R4C3Cy52

Hy.(s) =

(18)

This transfer function makes it much easier to analyze the
circuit. From equation (18), given C3 and C4, the resistor
values for R3 and R4 are calculated as follows:

k1CyF |K2CZ—4kyC3Cy
R34, =

4Tt fC3Cy

(19)

To calculate the real values under the square root, C4 must

http://www.irphouse.com

satisfy the following condition:

4k
C,=Cy k—; (20)

where the coefficient comparison between the transfer function,
Hr(s) in equation (18) and equations (19-20) yields

k; = w.C3(R; + Ry) (21)
kz = w3R3R4C3C4 (22)
From the established coefficients of a second-order

Butterworth filter, k1 and k2 are selected as k1=1.4142 and
k2=1. A second-order unity gain Butterworth low-pass filter
with a cutoff frequency of fc = 7.5 Hz is designed. R3 =R4 =
15k and C3 = 1uF and C4 = 2uF were determined through
equations (19-22). Then, the transfer function for the frequency
response of the filter is obtained:

Hy(s) = - (23)

1+C3(R3+R4)s+R3R4C3Cys2

The transfer function for the entire circuit in the preamplifier is
approximately the product of three separate transfer functions,

Hiotai(s) £ Ho(s) X Hy(s) X Hz(s) (24)
R 1 SR2C; 1
Heotar(s) = 1+SR1C1 ~ 14SRpC; = 1+C3(R3+R4)S+R3R4C3Css2 (25)

Figures 5 and 6 show the frequency response of the total
transfer function used in the preamplifier and a pole-zero
representation of the left side of the s-plane used to ensure filter
stability, respectively.
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Figure 4. Basic circuit topology
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Figure 5. A Bode plot of the frequency response of Ha(s) used to achieve a bandpass filter
in the preamplifier: (top) magnitude and (bottom) phase vs. frequency in a log scale.
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Figure 6. A pole-zero representation of the s-plane of the continuous model, Hiotai(S).

6. RESULTS

The results of the filtered PPG timeseries obtained by
implementing the signal conditioning stages, including a low-
pass filter, a high-pass filter, a Sallen-Key low-pass filter, a
digital 1IR BPF, and additional amplification are presented in
Figure 7. The recording is from the index finger site over a
period of 10 seconds using HRV analyzer (TASOVIEW,
IEMBIO. Ltd., Chuncheon-si, South Korea). A careful analysis
of the third derivative of the PPG signal allowed the detection
of the maximum and minimum points of the PPG waveform. In
Figure 7, the top wave represents the original PPG, the second
wave represents the first derivative, the third wave represents
the second derivative, and the fourth wave represents the third
derivative. Figure 7(c) shows the functional index based on
vascular distensibility and the degree of vascular stiffening
from the second derivative of the PPG signal. The acceleration
photoplethysmogram (APG) reflecting the PPG’s second
derivative was used as an aging index that reflects vascular
morphology. The 3" derivative as shown in Figure 7(d) was
utilized for the detection of the maximum and minimum points

of the APG waveform. All derivatives except for the source
PPG signal were generated by a digital signal processing
algorithm that included a digital IR BPF based on a
microcontroller. A photodetector directly passed the signals to
an electronic circuit with an operational amplifier that includes
a transimpedance amplifier before inputting them to a low-pass
filter circuit. Next, a high-pass filter reduced the magnitude of
the DC component and finally, the Sallen-Key low-pass filter
enabled the pulsatile AC component to be increased to 1.2 V at
the peak-to-peak level on average, spontaneously changing
within the range of 50 mV to 2.5 V. The PPG signal with a
stable amplitude was quickly maintained by a smart autogain
controller inside the microcontroller. The high-pass filter cutoff
frequency was carefully selected: excessive filtering can distort
the pulse waveform, but insufficient filtering can result in the
DC component dominating the pulsatile wave. Consequently,
relevant physiological features were defined by detecting the
characteristic points on the PPG and APG waveforms for each
heartbeat after the developed transfer function and digital IIR
BPF removed noise and motion artifacts.
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(a) Original PPG

(b) First derivative

(c) Second derivative

(d) Third derivative

Figure 7. The measured data for (a) an original PPG, (b) the first derivative, (c) the second derivative, and (d) the third derivative
after filtering with the proposed transfer function and the digital IR BPF based on a microcontroller was completed.

7. CONCLUSIONS

In this work we presented an optimal transfer function for the
preamplification of PPG-based measurements for the
assessment of age-related vascular health. The signal artifacts
of the PPG waveform related to electronic noises, signal
distortion, random noise, and sensor issues have been improved
following the implementation of the proposed optimal transfer
function in the preamplifier. Therefore, we can obtain robust
medical indicators calculated inside a microcontroller from a
source PPG waveform. The extraction of all PPG features
related to the cardiovascular system and atherosclerosis in the
artery was carried out and verified. In general, when the PPG
signal is differentiated, a noiseless smooth curve cannot be
obtained without a clear source signal. However, in this study
an acceptable PPG signal could be achieved even though the
third derivative was used. The main design of the transfer
function was based on robust signal processing and a
microcontroller to easily recognize specific features of the PPG
waveform. The combination of the proposed transfer function
and a digital IR BPF can effectively enhance the quality of the
signal; it can yield a signal with a stable amplitude and remove
the DC components imposed on the PPG signal. Even a small
change in volume caused by a pulse with low blood pressure
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can be easily detected in the optical amplifier by penetrating the
body deeply with red light from a light-emitting diode (LED)
and then measuring the amount of light transmitted to the
photodiode. Recently, PPG-based measurements have been
applied in a wide range of commercially available medical
devices for detecting peripheral vascular disease and evaluating
autonomic function based on heart rate variability technology.
Nevertheless, challenges remain with PPG-based technology,
including the removal of motion artifacts in various
surrounding environments, the use of a fast automatic gain
controller in response to an abrupt change in the amplitude, or
synchronous movements related to breathing, and the
standardization of measurements. Future studies should
develop transfer functions for specific motion artifacts by
analyzing the correlation between the PPG signal, the motion
artifact patterns, and the ambient environment.
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