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Abstract — Blood pressure is one of the vital signs
that provides important information about
cardiovascular health. The current blood pressure
detection method uses an oscillometric method.
Unfortunately, this method required inflation and
followed by deflation of the cuff. In addition, this method
gives only instantaneous blood pressure and
continuous blood pressure measurement is not
available. This method is not applicable for patients
who required long term blood pressure monitoring. To
solve this problem, an algorithm based on pulse transit
time (PTT) using two channel photoplethysmograph
(PPG) signals can be used to obtain continuous blood
pressure. PPG is anon-invasive method to detect blood
volume changed affected by various physiological
factors using optical sensors. PPG signal analysis can
provide sufficient information about human health
health, particularly cardiovascular problems. Previous
literature study shows that the PTT has a linear
relationship with blood pressure and may be as an
index to monitor cardiovascular disease. However,
determining the structure of model, order and
implementation in real-time to offer continuous
measurement of the PTT remains a challenging task in
this area. In this project, dynamic model based on PPG
pulse transit time is used to measure blood pressure
continuously from two different human sites. A low
power microcontroller combined with PPG sensor with
Bluetooth connectivity was used in this study. MATLAB
software is used to calculate PTT from PPG signals
obtained from two PPG sensors. Linear regression
technique and Fung's algorithm were applied to obtain

the line of best fit for measuring systolic and diastolic
blood pressure. The experiment results showed that the
pulse transit time-based algorithm for systolic and
diastolic blood pressure calculation can achieve
accuracy of 86.34% and 88.20%, respectively. This
technique is a simple, user friendly and operator-
independent system that suitable for long term blood
pressure monitoring and wearable devices.

Keywords— Pulse Transit Time, Photoplethysmograph,
Blood Pressure, Non-invasive

|I. INTRODUCTION

Hypertension is the main risk factor for stroke,
coronary artery disease and chronic kidney disease.
The blood pressure (BP) varies throughout the day.
Therefore, BP measurement is important for the
control of hypertension and the evaluation of
cardiovascular disease risk [1]. There are two
techniques for the measurement of BP such as non-
invasive and invasive methods. A peripheral artery
with catheter insertion considers as invasive method
that allows continuous monitoring of BP. However, it
can cause inconvenient and the risk of infection [2].
Non-invasive techniques have been adopted by
doctors and patients for example oscillometric and
auscultatory methods by using cuff. It may not be
efficient and appropriate due to numbness,
inconvenient and time needed to diagnose

*Corresponding author. Email: kbgan@ukm.edu.my, ORCID: 0000-0002-8776-5502

Hong Long Pua is with Department of Electrical and Electronic Engineering, Faculty of Engineering and Built Environment, Universiti
Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia.Universiti Kebangsaan Malaysia (email: puahonglong@gmail.com).

Kok Beng Gan is with Department of Electrical and Electronic Engineering, Faculty of Engineering and Built Environment, Universiti
Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia.Universiti Kebangsaan Malaysia (phone: +603-8921-7149; fax: +603-8911-

8359; e-mail: kbgan@ukm.edu.my).

International Journal on Robotics, Automation and Sciences (2021) 3:8-13
https://doi.org/10.33093/ijoras.2021.3.2

Manuscript received: 9 May 2021 | Revised: 12 Jul 2021 | Accepted: 11 Sept 2021 | Published:

8 Nov 2021

GOMMU |PRESS

MULTIMEDIA UNIVERSITY

© Universiti Telekom Sdn Bhd.
Published by MMU PRESS. URL: http://journals.mmupress.com/ijoras

This article is licensed under the Creative Commons BY-NC-ND 4.0 International License

$0e0


https://doi.org/10.33093/ijoras.2021.3.2
http://journals.mmupress.com/ijoras

Vol 3 (2021)

hypertension with individual data. Another non-
invasive method is the using of ECG and PPG. Yen et
al. [3] proposed a measurement platform for the
continuous estimation of BP based on dual
photoplethysmography (PPG) sensors and a back
propagation neural network (BPNN). A conventional
sphygmomanometer with the results of a portable ECG
monitor combined with photoplethysmography (PPG)
for recording pulse waves in patients with arterial
hypertension was used to to evaluate the correlation
between the results of routine BP measurements [4].
The correlation between sphygmomanometer results
and the cuffless method was 0.89 (p = 0.001) for
systolic and 0.87 (p = 0.002) for diastolic BP [4]. There
are some limitations because some of the PPG
sensors have different built-in filters correspond to
ECG filter with the generation phase delay between
both sensors. This gives a poor reading with the
duration of PTT alteration [5].

However, the growing demand for PPG-based
wearable devices provides an interesting direction for
the continuous BP measurement. Most of the PPG-
based BP estimation is divided mainly into two
direction of research based on waveform morphology
theory and waveform propagation theory [6]. PTT
detects the major determinant of cardiovascular
disease according to the arterial stiffness index. The
function of the elastic arterial wall is to buffer the heart
blood pulsatile ejection and offer constant flow in the
capillary beds. BP is directly proportional to Pulse
Wave Velocity (PWV) at which the arterial pressure
wave travels [7]. The time interval between two
different pulse waves propagating with the same
cardiac cycle from arterial sites are known as PTT.
PTT determine the Pulse Wave Velocity provided the
measuring distance between two sites [8] is the same.
PTT influenced by heart rate, the arterial walls stiffness
and the changes of blood pressure [9].

Fung’s algorithm shows the relationship between
BP and BTT based on the energy conservation
principle which is the connection of work done by the
energy of wave (gravitational potential and kinetic
energy) and pulse wave [5,10]. It relate to pressure and
force while PTT is specified by Fung et al. along the
artery from the heart to the fingertip. To obtain the PTT
value, the PPG-PPG technique is used to measure the
volumetric blood flow under the skin of an infrared light-
emitting diode (IR LED) and to detect the amount of
light change by reflecting or transmitting by using a
photodetector. When collecting the transmitted
signals, PPG acquires the information associated with
the pulsation [11]. PPG not only to measure blood
pressure, but also monitor hypovolemia, breathing and
others health conditions.

The PPG signal classified into two components
such as static signals (DC) and dynamic signals (AC)
components. DC component is hardly changeable that
come from body tissue static elements like epidermis,
bone, dermis, and hypodermis. Dynamic signals (AC)
came from pulsating of the blood vessels. The main
principle of PPG operation is based on the blood
volume change associated with the heart pulsation.
There are two different types of probe to obtain PPG
signals such as transmission and reflectance probe.
For transmission probes, the transmitted signal has
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greater intensity than the reflected signal in a small
area. Transmission type of PPG signal is obtained from
the locations of ear lobes, toes and fingers.
Reflectance probes used to detect reflected light of the
tissue where the emitter and detector are at the same
level. The amount of reflected light is smaller compare
to the transmitted type and produce weaker PPG
signals. Fingertip is the general area for PPG
measurement. The researchers use reflection probes
for operative care of patient at the forehead as a hair
band [12], the esophagus [13] and ring casing at the
finger [14].

According to the Fung’s algorithm as shown in
Figure 1, two reflected PPG signals were acquired
from toe and carotid. These PPG signals used to
calculate PTT using a set of data containing 60s of
PPG signals. PTT can be obtained by identifying the
time interval of PPG signals in collected between the
carotid artery and the toe. For BP estimation, PTT is
defined as PTTd and PTTs that related to systolic BP
(SBP) and diastolic BP (DBP) as shown in (1) and (2),
respectively. The value of A and B can be obtained
from individual calibration. Various techniques and
system has been developed to enhance the PPG
acquisition system using support vector machine
algorithm [15] with compression technique [16] to
reduce data to be transferred for high resolution PPG
signals.

In this paper, a continuous non-invasive blood
pressure (NIBP) monitoring device was developed
based using PPG and PTT. This system consists of
hardware and software development. The PPG signal
resolution and performance of this system were
evaluated using limited subjects. The estimated BP
using this system were compared to the current BP
measurement method. The developed system is the
patient monitoring device that can be used to monitor
BP in long term and short term.
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PTTs and PPTd calculation between carotid
artery and toe position.

FIGURE 1.

II. METHODOLOGY

The Development process of continuous blood
pressure measurement system and algorithm based
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on pulse transit time (PTT) consists of hardware and
software development. Firstly, it incorporates
hardware development with PPG sensors. Second, the
development of the graphical user interface (GUI)
using MATLAB software to ease the users during data
acquisition session. Each patient's record will be saved
into computer for future reference. Finally, GUI will be
used to estimate the systolic and diastolic blood
pressure with Fung’s algorithm. System overview and
sensor positions for PPG signals acquisition is shown
in Figure 2.

After obtaining signals from the PPG sensor
located on the skin, the analog input in the form of
electrical current () signals was fed into
transimpedance amplifier with a gain of 1 MOhm to
convert the current into voltage (V) for further
processing. The PPG signal is then filtered by a
second-order Butterworth filter to attenuate high
frequency noise. The infrared current was adjusted to
avoid saturation or clipping of signals by shifting down
or up the whole signal within the range given by
observed PPG signals. The developed analog front
end design was fabricated and the components were
assembled on a donut board. Analog PPG signals after
the analog front end were then fed into an analog to
digital converter (ADC). To evaluate the effect for ADC
resolution in signal analysis stage, a 10-bit (Arduino
UNO Board) and 24-bit (NI USB-9161 with NI-9229)
ADC were used as shown in Figure 2. All digitalized
PPG signals were transferred to the computer using a
USB interface for BP estimation.

The MATLAB software has been used to implement
BP estimation algorithm due to its capability to execute
computationally intensive task rapidly with high level
language. The digitized signals with sampling
frequency of 125 Hz (10-bit) and 2000 Hz (24-bit) were
displayed with in MATLAB and stored in computer. The
acquired PPG signals will be processed offline to
estimate beat-to-beat systolic and diastolic BP based
on pulse wave transit time concept. After acquired the
PPG signals, PTTs and PTTd calculations were
obtained by measuring the time interval between the
dual mode peak and trough detection of PPG signals
recording from Carotid artery and toe. The difference
between maximum points detection of two different
PPG signals considers as systolic blood pressure
(SBP) while minimum points detection of two different
PPG signals is called as diastolic blood pressure
(DBP).

Graphical user interface (GUI) was developed
using MATLAB and implemented Fung's algorithm to
produce a single executive application. The purpose of
creating GUI is to establish the connection between
PTT and BP with the simple method, user-friendly and
operator independent PPG system that is suitable for
the long term BP monitor. Final, the system has been
tested with a limited subjects for its functionality and
initial hardware verification. In this pilot test, nine
samples of PPG signals from healthy volunteers aged
around 22-24 were collected. The linear regression
method was used as a calibration process to minimize
the sum of squares errors to achieve proximal values
for the SBP and DBP, respectively. The estimated
blood pressure results using the PTT-based method
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were compared to the cuff-based BP method (Kodea
machine).

The reflectance-based PPG acquisition system
was successfully developed and interfaced with
MATLAB for data processing and display. All PPG
signals acquired from subjects were in the supine
position. The acquired PPG signals from carotid and
toes with 10-bit and 24-bit resolutions are shown in
Figure 3 and Figure 4, respectively. The left graph in
Figure 2 and Figure 3 show the raw PPG signals
acquired from the carotid part blue color signal) and the
toe part (red color signal). By implementing the
developed algorithm, the right graph in Figure 2 and 3
show the filtered PPG signals and its detected final
peaks and trough. The data acquired from these
subjects provide mean PTTs and PTTd information for
BP estimations.

RESULTS AND DISCCUSION
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FIGURE 2. System overview and sensor positions for PPG
signals acquisition.
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FIGURE 3. PPG signals after preprocessing with peak
and trough detection for 10-bit resolution.
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FIGURE 4. PPG signals after preprocessing with peak

and trough detection for 24-bit resolution.

Graphical user interface (GUI) was developed
using MATLAB and implemented Fung's algorithm to
produce a single executive application. The purpose of
creating GUI is to establish the connection between
PTT and BP with the simple method, user-friendly and
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operator independent PPG system that is suitable for
the long term BP monitor. Final, the system has been
tested with a limited subjects for its functionality and
initial hardware verification. In this pilot test, nine
samples of PPG signals from healthy volunteers aged
around 22-24 were collected. The linear regression
method was used as a calibration process to minimize
the sum of squares errors to achieve proximal values
for the SBP and DBP, respectively. The estimated
blood pressure results using the PTT-based method
were compared to the cuff-based BP method (Kodea
machine).

The Equation (3) and (4) were obtained from the
experiment data to estimate the SBP and DBP. These
two equations were used to estimate BP for PPG
signals acquired using 10-bit resolutions ADC.

0.134

SBP(y) = 23 +105.8 3)
DBP(y) = 222 + 58.43 (4)

The Equation (5) and (6) were obtained from the
experiment data to estimate the SBP and DBP. These
two equations were used to estimate BP for PPG
signals acquired using 24-bit resolutions ADC.

SBP(y) = 223 +100.5 )
DBP(y) = -2 + 59.46 (6)

The acquired PPG signals were processed to obtain
PTTs and PTTd parameters for both resolution of 10-
bit and 24-bit. These parameters were used to
calculate the systolic blood pressure (SBP) and
diastolic blood pressure (DBP). The unknown
variables of A and B were identified from linear
regression. The A and B coefficients were obtained
from the linear regression shown in Figure 5 and
Figure 6, respectively. Linear regression results
showed that the BP is inversely proportional to square
PTT.

To assess the effect of the ADC resolution, PPG
signals with 10-bits and 24-bits were processed by the
algorithm to find both systolic and diastolic BP. The
unknown coefficients were derived using linear
regression between BP, PTTs and PTTd according to
the sampling frequency used. The Figure 7 and Figure
8 showed the comparison between estimated SBP and
DBP with 10-bits and 24-bits PPG signals with the BP
measured by cuff method. The results showed that the
PTT based BP estimation can be used to identify BP
by placing the PPG sensors on carotid and toe. Both
systolic and diastolic BP algorithms were evaluated
using PPG signals obtained from nine healthy
subjects.

By using Fung’s algorithm, the estimated SBP and
DBP using 24-bits resolution PPG signals have
accuracy up 86.34% and 88.20%, respectively
compared 10-bits resolution PPG for BP estimation.
Based on this finding, PPG signals with higher
resolution can results in better accuracy of BP
estimation. However, some changes are needed to
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make the PPG sensor more sensitive in the detection
of PPG signal.
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FIGURE 5. Linear regression for measured SBP (a) and
DBP (b) versus 1/PTTs2, respectively for PPG with 10-bit
resolutions.
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FIGURE 6. Linear regression for measured SBP (a) and DBP
(b) versus 1/PTTs2, respectively for PPG with 24-bit
resolutions.
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FIGURE 7. Real SBP and DBP compare with estimated SBP
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IV. CONCLUSION

The continuous and non-invasive blood pressure
algorithm based on pulse transit time using PPG was
developed to calculate systolic and diastolic blood
pressure with 86.34% and 88.20% accuracy,
respectively. The effect of ADC resolution need be
taken into consideration suring design phase to enable
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better BP estimation accuracy. The average time to
perform blood pressure measurement using this
system is less than 1 minutes and able to store
patient’s record in database for future analysis.

The noninvasive and continuous BP monitoring
using PTT does not required complex control systems
and expensive sensors. However, proper calibration is
required at regular basis, which can cause
inconvenience to the users. Some improvement is
required to reduce measurement errors and
calibration-free system to improve user experience in
this system. Besides that, the collection of data with a
larger sample size and proper pressure exerted to the
measurement position would increase the accuracy of
this system. It is important for clinical applications to
continuously monitor the blood pressure and health
status of the patient in critical ward and home
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