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Abstract: This paper presents a non-invasive technique and cuff less method for blood pressure measurement with
a hardware prototype implementation. The sophisticated feature called pulse transit time (PTT) is extracted and
investigated with a development of a smart system which consists of ECG, PPG sensor to measure the variation of
systolic and diastolic blood pressure with support of advanced signal processing methodologies. The proposed
method experiments have been carried out in hospital environment and tested with real time patients to validate the
proposed method. The maximum error percentage of the proposed system has been shown to be 5.3% of systolic
blood pressure (mmHg) and 4.7% of diastolic blood pressure (mmHg). This system also allows the monitoring of
patient hypertension and overcome the limitation of cuff-based hospitalized measurement system.
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1. Introduction

In healthcare networks, different biomedical signals are considered for various vital parameters measurement.
These signals such as ECG signal, EEG signal, PPG and EMG signal which are acquired from different types of
biomedical sensors. Although the large number of numerous studies have been investigated by many researchers to
provide the solution about the inconvenience caused by commercial blood pressure equipment. In human life, due to
increasing the economic, population and every day activities induced many health-related issues such as cardiovascular
diseases, brain problems, nervousness, hypertension and stress (L. Wang et.al. 2015). The research says that these
disease in human life affects the health of the people (17.3 million deaths per year in 2013) (B. lbrahim et.al., 2019).
Now a days, these problems can be identified with immediate analysis of patient vital parameters such as heart rate,
pulse rate, SpO2 and blood pressure (R. Jegan, 2018, 2017, Y. Zheng et.al., 2014). In this modern world, people are so
much stressed off with their daily routines such as official duties and household chores. They even forget to take care of
their own health condition. This often leads to hypertension or increased blood pressure. The term high blood pressure
leading an important health issue in society and basically, it affects many adults around the world.

Many researchers have investigated the cardiovascular mortality by analyzing the blood pressure during different
time (Masahiro Kikuya et.al., 2010, Eamon Dolan et.al., 2005, Y. Zhang et.al., 2013). Usually equipment used to
measure blood pressure are relatively heavy. In hospital environment, the measurement of blood pressure can be done
by a sphygmomanometer equipment using an inflatable cuff. These methods are enduring discomfort in terms of vessel
compression process and materials (inflatable cuff) attached with patient hand produces discomfort (G. Ogedegbe et.al.,
2010). Measuring blood pressure gives detail perspective view of individual health condition. Also, it gives to measure
heart rate variability, pulse rate and usefully indicates cardiovascular diseases (S. Ahmad et.al., 2010). The most
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dynamic limitations in blood pressure measurement involves inappropriate cuff size and position, reliance on blood
flow. Therefore, cuff less devices are needed in healthcare environment to obtain long term blood pressure
measurement during every human activity. To overcome the problem arises by cuff-based measurement, PPG and
ECG based approach has been play an important role for finding blood pressure (A. M. Johnson et.al., 2017).

Recently, the non-invasive device plays a main role to measure blood pressure by using biosensors. Due to
growing need for biomedical research, the involvements of different sensors are investigated and available to the
developer for characterizing the behavior of biosignals. Among those, the ECG and PPG sensors are widely applicable
for acquiring ECG and PPG signal (Arthi, 2014, M. Bolanos et.al. 2006, H. J. Baek et al., 2012, R. Jegan et.al., 2013,
2015, S. Ahmad et.al., 2010). Many of the researchers have already investigated on importance of blood pressure
measurement (J. Foo et.al., 2006, H. Gesche et.al., 2011, J. Huttunen et.al., 2019, L. Sornmo et.al., 2012, X. He et.al.
2014, R. Jegan et.al., 2020). The non-invasive method consists of ECG and PPG sensor with advanced signal
processing algorithms are mainly used in the field of biomedical environment and also applicable for home based
monitoring purpose. Among the variety of studies on blood pressure estimation, pulse transit time (PTT) is considered
as an effective method and its response is closely related to arterial stiffness (M. Gao et.al., 2017, R. Mukkamala et.al.,
2015, Q. Liu et.al., 2011). The measurement of systolic and diastolic blood pressure gives an easy identification of
systolic hypertension of the patients. Both, systolic and diastolic blood pressures are useful for monitoring human heart.
Apart from this, the non-invasive imaging tools such as optical coherence tomography (OCT) and optical coherence
tomography angiography (K M Ratheesh., 2016, Ratheesh Kumar, 2015, 2019) for the depth resolved imaging of blood
vessels and their flow analysis. These approaches have been widely adopted and treated as gold standard in
ophthalmology, cardiovascular, skin/tissue diagnostic imaging. In blood pressure measurement, there are some
commercially available devices are used for measuring systolic and diastolic blood pressure in hospital environment.
The present works mentioned in this paper are originated from the application of signal processing technique for
measurement of blood pressure from PTT (L. Di Marco et.al. 2011). The proposed paper targets the development of
smart measurement system which consists of ECG, PPG sensor for easy acquisition of real time signal to measure
blood pressure. The proposed system also consists of statistics and machine learning approach for estimating blood
pressure from the features extracted from ECG and PPG signal. The structure of this paper is made as follows: section 2
presents a technique on measuring blood pressure, while section 3 presents experimental results and section 4
summarize the conclusion of the paper.

2. Materials and Methods

The various literature papers highlight current uses of various methods for measuring human blood pressure from
biomedical signal Y. Choi, et.al., 2013, M. Kachuee et.al., 2017, Yali Zheng et.al., 2014, V. Chandrasekaran et.al.,
2013, C. Kim et.al., 2015, M. Forouzanfar et al., 2013). Sensor based biomedical signal acquisition and processing is
more important for diagnosing many human diseases. The smart electrodes based front end acquisition and pre-
processing units are used to obtain quality signal for an accurate measurement.

The advances in sensor technology and biomedical research lead to affordable, miniaturized, low power, high
performance smart sensing system for measuring many vital parameters. The purpose of this article is to provide an
efficient way which includes ECG and PPG signal acquisition and mechanism for blood pressure measurement. This
section of the paper is structured to provide an information and methods incorporated with biomedical signal
processing which gives information about the various components involved for development of blood pressure
measurement systems

2.1 Sensors for signal acquisition

Basically, the system used for acquiring PPG signal can be done by a sensor which measures light absorption changes
during heart pumping actions. PPG signal helps in determining the blood volume changes in the body. PPG sensor
consists of the clip which has a LED light with 860nm wavelength in it. This clip is placed at the tip of the finger. The
light from the LED is made to pass through the tip of the finger and it is transmitted or reflected back and received by
the photodiode. The reason for using LED light with 860nm lies on the strong penetration into the tissue which gives
better response. This reflected light gives pulse rate of that particular person. This paper proposed a method in which
ECG signal is acquired by attaching the ring electrodes on the skin. Normally ECG signal describes the depolarizing
and repolarizing of the heart mechanism. The wave pattern of the ECG signal consists of P wave, QRS complex and T
wave. Three electrodes are connected, one electrode is used as a reference and the other two electrodes act as working
electrodes.

2.2 Data processing module

The data processing module made up of amplifier and filter in which ECG and PPG signals are collected from the
sensors and given to this module. The signal measured by sensor lies on very low amplitude with the frequency range
of 0.05Hz to 100Hz and 0.1Hz to 5Hz respectively. The signal acquisition system should have protection against
interference effects to facilitate the identification of weak ECG and PPG signals. The electrodes are connected to the
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amplifier (instrumentation amplifier INA331). The gain of the instrumentation amplifier can be adjusted by varying
gain resistor. It should be greater than 5 according to the equation, G = 5+5(R2/R1). Basically, the sensor outputs are
typically very low in range, it is necessary to use preamplifier circuitry to further process the received signals. As a
photodiode is employed in the PPG sensor in the circuit and it requires linear current response over a wide range of
light input. The signal conditioning circuit used to amplify the bio signals are given below.

The NI myDAQ is also interfaced between the data processing module and analyzing environment which gives the
ability to measure and analyses bio signals with 500 samples per second. The moving average filter is implemented in
this paper to remove the noises from the signals. The moving average filter performs its operation by averaging a total
available number of points from the input signal to produce each point in the output signal. It takes 1000 number of
points for performing its action in terms of removing noises as shown in Fig. 6. Mathematically, the function of this
filter is expressed as,

MAFj = y(i) = - Z¥dx(i+ ) (1)

Here, x(i) is the input signal need to be filtered out, y(i) is the moving average filter output signal, and K is the number
of averaging points.
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2.3 Peak detection and PTT estimation

The accurate peak detection in ECG and PPG signal is an essential factor for measuring blood pressure from the
biomedical signals. However, these techniques suffer from many biological parameters including noise. The
methodology for peak detection involves four stages. The first stage includes a low pass filter, an amplitude
normalization and first-order forward difference operation to emphasize the peak in ECG and PPG signal, and to
attenuate the high frequency signal and only allows low frequency signals. In the second stage, wavelet analysis
detrend is used to removal the baseline drifts. In the third stage, the peak detector involves to detect the number of
peaks in the ECG and PPG signals. In the fourth stage, threshold value is set to find the true peak. The proposed
method gives the estimation of an accurate locations of the signal peaks. Once peak location is found, it is converted
into peak time by multiplying the location with the sampling frequency to estimate PTT.

2.4  Blood pressure estimation

The estimation of blood pressure can be done by many numerical mathematical modeling. Here, the mathematical
differential equations are derived from the features of ECG and PPG signal (Peak amplitude and PTT) and regression
mathematical model is applied to find the slope which gives the exact estimation of blood pressure from the acquired
signal. The regression principle can be applied with direct comparison of values measured by standard devices (Digital
sphygmomanometer). The SBP (Systolic Blood Pressure), DBP (Diastolic Blood Pressure) slope curve can be obtained
by correlating the values of PTT with the standard values obtained from reference devices.
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Fig. 4 - Blood pressure estimation slope curve
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Figure. 4 shows that the blood pressure estimation slope curve which can be obtained from the machine learning
and statistical signal processing approach. Both systolic and diastolic blood pressure values are obtained from reference
devices and corresponding PTT values are measured and used for training the system. Figure. 5 provides the detailed
perspective view for developing cuff less blood pressure measurement system and methodologies adopted for
extracting desired features from an ECG and PPG signal.
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Fig. 5 - Measurement system flow diagram depicting blood pressure measurement

3. Results and Analysis

As mentioned in the introduction section, this modern society often leads to more and different type of health issues.
Among these problems, hypertension leads an important and affects many humans. Clinically, it is important to keep a
regular check on blood pressure because it determines patient health directly. The measurement of blood pressure can
be done in different ways, the most one is manual method (using level of mercury based) and the other is machinery
method (digital measurement). Basically, non-invasive method of blood pressure measurement is done by two method.
One is of intermittent method which is not so liable always and the other one is continuous method. If a patient is
needed to be kept under monitor for the measurement of blood pressure for prolonged period of time then intermittent
measurement cannot be handy. In such cases, continuous measurement of blood pressure is necessary to monitor blood
pressure for a long period of time.

In this paper, a signal collection module collects both the PPG and ECG signals. Electrode gel is used to get better
accuracy by placing the electrodes in the correct spot and also for better contact of electrodes with the skin. After
filtering and wavelet detrend applied on the patients signal to remove the signal drift, the soft threshold peak detector
has been applied on the signal and gives the true peak detection from the signal. From these peaks, pulse transit time is
estimated and the respective relationship between BP and PTT is analyzed and has been used to estimate the Systolic
Blood Pressure (SBP) and Diastolic Blood Pressure (DBP). The Experimental results for ECG, PPG signal processing
are given in Figure. 6. Sensor with both LED and photodiode are used for acquiring PPG signal. The signals are
detected by the photodiode and its output is converted to voltage by a signal conditioning circuit, and is given to the
data acquisition system. The acquired analog signals are taken into the processing unit to find the location of its peak in
real time basis. The subjects were considered for this study between the ages of 19-41. The signals from the real time
subjects were collected and stored for about a minute with relaxed condition. The commercial blood pressure device
(BP meter) is also used for collecting the pressure readings for validation. The machine learning and statistical data
analysis was performed in simulation environment. From the obtained PTT, mathematical modeling has been derived
through regression principle. The result obtained from the software has been shown in Table.1. It also indicates the
accuracy of the proposed method by comparing with reference devices. Further, the large number of measurements
have been taken and used for training the system to maximize the system output and reduce the error rate. Here, PTT
measurement is performed with real time ECG and PPG signal and the blood pressure measurement is done through
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offline mode after measuring PTT from ECG and PPG signal, standard systolic and diastolic blood pressure values
from reference devices.
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Table 1 - Training results obtained from PTT for blood pressure measurement

Reference BP

Estimated BP Error %

Subjects Age PTT (s) SBP DBP SBP DBP SBP DBP
(mmHg) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg)

S1 21 0.294 94 63 106.38 73.70 -13.1 -16.98
S2 20 0.3752 109 68 112.61 73.21 -3.31 -7.66
S3 21 0.2515 116 78 108.95 75.40 6.076 3.32
S4 21 0.3422 110 72 108.31 72.97 1.529 -1.35
S5 23 0.3573 110 70 109.98 73.00 0.013 -4.29
S6 21 0.3714 108 81 111.98 73.15 -3.690 9.68
S7 20 0.3799 97 66 113.41 73.29 -16.91 -11.05
S8 20 0.2902 100 74 106.44 73.81 -6.446 0.25
S9 20 0.3864 106 56 114.61 73.43 -8.130 -31.12
S10 18 0.3900 130 84 115.32 73.51 11.29 12.48
S11 18 0.3197 106 86 106.76 73.15 -0.726 14.93
S12 18 0.3440 112 64 108.49 72.97 3.13 -14.01
S13 18 0.3823 115 80 113.84 73.34 1.008 8.32
S14 41 0.3505 139 92 109.17 72.97 21.46 20.67
S15 40 0.3701 111 80 111.79 73.13 -0.716 8.57
S16 18 0.3543 105 68 109.60 72.99 -4.390 -7.34
S17 18 0.3408 108 65 108.18 72.97 -0.170 -12.27
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The below Figure 7. shows that the prediction interval for estimating blood pressure from pulse transit time. Table.
2. shows a clinical experiment carried out in the hospital after training the system to validate the performance of
proposed method by tracking blood pressure variations. Six healthy young subjects without cardiovascular disease were
considered for this experiment. Throughout the experiment procedures, ECG and PPG signals were recorded by sensors
and their continuous BP parameters were recorded by cuff based digital sphygmomanometer.
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Fig. 7- PTT Vs Estimated blood pressure linear fit curve along with prediction interval. PTT is measured in
terms of seconds

Table 2 - Real time testing results obtained from PTT for BP measurement in hospital environment

Reference BP

Estimated BP Error %

Subjects Age PTT (s) SBP DBP SBP DBP SBP DBP
(mmHg) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg)

S1 21 0.307 106.39 73.37 109 77 2.388 4.70
S2 21 0.353 109.48 72.98 110 73 0.470 0.017
S3 21 0.403 118.27 73.90 115 71 -2.849 -4.092
S4 21 0.228 111.97 76.72 116 78 3.469 1.629
S5 21 0.380 113.53 73.30 114 72 0.407 -1.818
S6 21 0.337 107.92 72.9 114 76 5.325 3.973

Figure 8 gives the comparative analysis of measured systolic blood pressure with reference hospitalized devices.
The reference blood pressure and ECG, PPG signals are taken at a same time.
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From the measurement results, it was concluded that the proposed method has more advantages than the existing
method used in hospital. The devices used in the hospital works based on observing Korotkoff sounds by medical
providers. Also, the existing devices need a dedicated person to take measurement; it is not an automatic measurement
system. Moreover, the devices used in the hospital has cuff wrapped in the arm to measure blood pressure which cannot
applicable for long term continuous measurements. The proposed ECG and PPG sensor-based blood pressure
measurement can be used to estimate blood pressure continuously and easy to integrate with wearable devices for long
term vital parameter monitoring applications. Figure. 8 shows the comparative representation of proposed method by
plotting reference systolic and diastolic blood pressure with estimated blood pressure. From the results, it was observed
that the proposed non-invasive method produced the measurement of blood pressure with maximum error rate of 5.32
% in SBP and 4.70% in DBP when compared with hospitalized equipment.

4. Conclusion

This study focused on the development of non-invasive biomedical measurement system with ECG and PPG
sensor for measuring blood pressure. The proposed method can provide measurements of systolic and diastolic blood
pressure with low degree of error rate but has many advantages than other wearable device. In this work, an algorithmic
approach is implemented to measure systolic and diastolic blood pressure. The front-end acquisition module consists of
ECG and PPG sensors to estimate PTT and BP measurement. The validation of this BP estimation method was
performed using commercially available devices. The proposed statistical and machine learning approach also increases
the estimation accuracy and this can be consider as home based measurement device to measure continuous blood
without using cuff.
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