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Photoplethysmography has recently become more widespread among non-invasive methods for obtaining information on the
state of physiological systems of the human body. Serial photoplethysmographs are intended for use in clinics and require special
care, therefore, interest in portable media developed on the basis of modern sensors and microcontrollers is growing, which would
not only make this method available for individual use, but also expand its capabilities through the use of light of various spectral
ranges. Such devices require modified signal processing techniques that allow them to be used in mobile applications. The aim of
the work is to develop methods for processing signals from a modern two-beam sensor operating in the red and infrared ranges for
the analysis of photoplethysmography on a mobile device (smartphone or tablet). A device using the microcontroller and radio
module in the Bluetooth standard allows you to continuously record pulse waves, determine the level of oxygen in the blood,
calculate peak-peak intervals and heart rate. The use of the two-beam sensor for registration and the implementation of the
developed signal processing methods in the Android operation system application increase the accuracy of setting the maximums
on pulse curve and provide a relative error in determining the heart rate and pulse-to-pulse intervals relative to the certified
electrocardiograph at 9.2% and 9.6% respectively, with an average level of interference and an average activity. An Android
operation system mobile device (tablet, smartphone) allows you to visualize the measurement results, store data in the internal
memory, and transfer them to the server for further processing.

Keywords: photoplethysmography; absorption spectra; pulse oximetry; photoplethysmography analysis; oxygenation; continuous
registration of oxygen saturation in peripheral vessels.

Introduction

Photoplethysmography is a method for recording the optical density
of tissue using a photoelectric plethysmograph. It is used to study the
individual properties of regional blood circulation, the spectral proper-
ties of blood flowing through the investigated area of the body. Recently,
single-beam and two-beam photoplethysmography have been widely
used to determine a number of parameters of the cardiovascular system,
in particular, the frequency of breathing, the heart rate, the duration of
pulse-to-pulse intervals. The method of pulse oximetry, which is used in
birefringence photoplethysmography, also determines the level of oxy-
gen in the blood.

The assessment of respiratory rate, which is an important indicator
for ambulatory care, can be done in real time with a signal from a por-
table one-beam pulse oximeter (Karlen et al., 2011; Lin et al., 2017).
In this case, the definition of respiration frequency according to photo-
plethysmography is more reliable and has a lower error than the electro-
cardiography signal.

As a contactless method for determining the heart rate, photople-
thysmography with a camera, is used for recording the instantaneous
pulsations in the change in face skin colour during the cardiovascular
wave, invisible to the eye, but measured during video recording (Aarts
etal., 2013; Alghoul et al,, 2017).

The variability of heart rhythm is widely used for early diagnosis of
cardiovascular diseases and the evaluation of the functions of the auto-
nomic nervous system (Bulvestre et al., 2013; Cygankiewicz et al., 2015;
Goldkorn et al., 2015). The predictive value of heart rate variability has
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been demonstrated by numerous studies in recent years (Al-Zaiti et al.,
2014; O'Neal et al., 2016; Botswa et al., 2017). The signal from which
both the time domain and the frequency domain of heart rate variability
are measured requires an accurate determination of the interval between
consecutive cardiac contractions (Blood et al., 2015; Ha et al., 2015).
The classical method involves analysing the numerical R-R intervals for
electrocardiogram signals which are obtained in a laboratory (Task
Force, 1996; ChuDuc et al., 2013). However, certain methodological
problems associated with the recording and analysis of electrocardio-
grams create a barrier to the collection of large amounts of data, which
are necessary for a statistically reliable comparison of the status of
various subjects.

Some authors have recently preferred an alternative method for
analysing variability of heart rhythm — instead of R-R intervals in the
electrocardiogram, they are using time intervals between peak values in
the photoplethysmography signal, which also reflects the heart rate,
since the mechanical activity of the heart is related to its electrical
activity (Schifer & Vagedes, 2013; Kavsaoglu et al., 2016). In this case, in
place of an electrocardiogram a portable photoplethysmograph is used,
which operates on an optical pulse oximeter based on a smartphone or
similar portable device and can serve as the basis for a new tool for
screening heart rate variability indices in a nonclinical environment (Deh-
kordi et al., 2016; Orphanidou, 2017). A similar system typically has a
photosensor on the finger for measuring the intensity of reflection, after
which the signal is selected, filtered, processed and sent via a wireless
channel for further processing. The system is often used on the wrist in
the cuffs to make it wearable and easy to wear (Sudin et al., 2015).
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The analysis shows a high level of agreement between the peak-peak
intervals obtained from an electrocardiogram and photoplethysmogra-
phy (Weinschenk et al., 2016), that’s why the changes in pulse rate
which are determined by the photoplethysmography can be used
instead of variability of heart thythm, for a more complete evaluation of
the autonomic nervous system’s functions. Numerous studies suggest
that photoplethysmography using pulse oximetery as a simple non-
invasive method for determining the interval between successive heart
contractions and the calculation of heart rate variability is more practical
and reliable not only in ideal conditions for healthy subjects (Lu et al.,
2009; Karlen et al., 2011; Chen et al., 2015), but also for elderly patients
(Chuang et al., 2015), in non-stationary conditions (Gil et al., 2010) and
in conditions of motion (Sudin et al., 2015). Such a system allows for an
approximation sufficient for analyses of the temporal and frequency re-
gions of the heart rate variability, which creates conditions for studying
of heart rate variability by the photoplethysmography signal for a large
number of subjects in cardiological and psychophysiological studies
(Heathers, 2013), e.g. in the interpretation of emotions (Alghoul et al.,
2017; Costa et al., 2018) and for the care of certain groups of patients
with electrocardiogram's artefacts.

However, during the analysis it should be borne in mind that the
changes in the photoplethysmography signal have some delay in time
with respect to the electrocardiogram signal, which is needed for passing
the wave (Selvaraj et al., 2008). In addition, physical activity and some
psychological stressors decrease correlation level between the values of
heart rate for photoplethysmography and heart rate variability (Schéfer
& Vagedes, 2013) as a result of changes during stressful loadings of
heart rate variability parameters (Lin et al., 2014). Moreover, the effect
of the breathing process also has an influence. Recently, for eliminating
the influence the frequency of breathing on photoplethysmography, a new
method has been proposed for patients wearing sensors (Orphanidou,
2017), but for determination of more accurate values of R-R intervals it
is recommended to use the registration of photoplethysmography and
electrocardiogram at the same time.

Some researchers pay attention to the fact that the heart rate variabi-
lity analysis by photoplethysmography signal which is taken from wea-
rable sensors makes the influence of noise and trends more powerful,
which is why for achieving more reliable results of photoplethysmogra-
phy analysis, decreasing of effect of this artefact and creating more
accurate determination methods are very important tasks (Alian & Shel-
ley, 2014). This adds to the relevance of research into finding hardware
and software methods for making more accurate recording of the photo-
plethysmography signal and for improving the obtaining of necessary
parameters for subsequent processing.

Recently a reliable algorithm was created for fast online evaluation
of the quality of the photoplethysmographic signals, which has the
advantage of being used in mobile devices with low technical power
(Pflugradt et al., 2015). For removing the influence of artefacts of phy-
sical motion on the results of analysis of photoplethysmography from
wearable devices, a suggestion was made for recording at the same time
the signal from an accelerometer with following filtration and
processing methods of spectral analysis (Han & Kim, 2012; Islam et al.,
2017). It has been established that the trends of photoplethysmographic
signals which occur in the low frequency range are changed during the
spectral analysis, that's why they must be removed using methods of
filtrations in the primary processing before starting analysis of heart rate
variability (Akdemir et al., 2013). For assessing respiratory rate using
the method of single-beam photoplethysmography, the algorithm which
is based on Wavelet transform is very appropriate.

Among the software for the processing of signals of photoplethys-
mography, also it should be noted that new algorithms for the allocation
of peaks in the photoplethysmography signal are based on the median
method (Firoozabadi et al., 2017) and the adaptive segmentation method
(Kavsaoglu et al., 2016). The latter, according to the authors, allows you
to correctly determine peaks from photoplethysmographic signals at rest
even without pre-processing.

Thus, in the meantime, the interest of researchers in the registration
and processing of photoplethysmography with wearable sensors based
on simple mobile devices is increasing. Available hardware-software
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and processing algorithms allow one to perform the initial signal
processing and improve its quality at the stage of preparation for the
analysis of single-beam photoplethysmography. However, in the litera-
ture there is not enough information on the algorithms for improving the
quality of the processing of the results of two-beam photoplethys-
mography. The aim of the research presented in this article is the
development of methods for processing signals from a modemn two-
beam sensor, which work in red and infrared ranges for the analysis of
photoplethysmography on a mobile device (smartphone or tablet).

Materials and methods

For registration of parameters of the cardiovascular system by the
method of two-beam photoplethysmography, a device was created which
contains two light-emitting diodes in a sensor, the first one is red, the
second one is infrared (Fig. 1). The light-emitting diodes alternately emit
pulse wavelengths of 680 nm (RED) and 950 nm (IR). After reflection
from biological tissues which contain blood vessels, these pulses are
recorded by a photodetector, converted into a digital signal and sent to a
microcontroller. The microcontroller manages the sensor, performs the
initial processing of the received signal and sends it for further
processing to a mobile device which uses the operation system of
Android. Transmission of processing results to a phone or tablet is made
by wireless Bluetooth at a distance of up to 5 m. The main processing of
signals is carried out on the microcontroller, visualization and storage of
results on a mobile device. This allows one to collect a lot of data from
many experiments for further analysis. The developed device allows
one to register the signal continuously for two hours.

The photoplethysmography is analysed using two algorithms: the
first one can determine the level of oxygen saturation in peripheral
vessels (SpO»), the second one is the time value of systolic peaks which
is needed for calculation of pulse-to-pulse intervals and heart rate.

The algorithm for determining the level of oxygen in the blood is
based on the dependence of the absorption coefficient of light by diffe-
rent states of hemoglobin from the light-emitting diode wavelength: at a
wavelength of 660 nm (RED), hemoglobin is absorbed about 10 times
more than oxyhemoglobin and at a wavelength of 940 nm (IR) the
absorption of oxyhemoglobin is more than hemoglobin (Fig. 2).

For non-invasive determination of the level of oxygen saturation in
human blood, the sensor is placed next to the portion of the tissue which
contains arterial vessels. Under these conditions, the level of the signal
from the sensor is proportional to the absorption of light in the tissues
and due to the presence of arterial blood circulation has two compo-
nent’s the constant (Apc) and the variable (Axc) (Fig. 3).

Signal valuation is used to increase the accuracy of the determina-
tion of saturation by pulse oximetry. The normalized signal S for each
of the two wavelengths is defined as the ratio of the variable component
of the corresponding A, signal to the constant component of the Ap,
which are measured at the time of diastole,

S=A AC / ADC

Normed signals Sgrp and S do not depend on the intensity of light
from light-emitting diodes, but are determined only by optical properties
of living tissue (Fig. 4). By their values, the ratio R is calculated

R= SRED / SIR

The value of R is related to the definition of SpO, saturation by

empirical dependence

SpO,=a—bR,

where a, b are coefficients determined empirically during calibration
depending on the certificated device (Kalakutskij & Manelis, 1999).
In this case, following the calibration of the Heaco CMS50C "Pulse
Oximeter" certified device, the following coefficients are set: a = 109.0,
b=11.3. The value of R varies from 0.8 for 100% saturation and 9.6 for
0% saturation; 85% saturation corresponds to the value of R =2.12.

The algorithm for detecting the peaks of systolic elevation on pho-
toplethysmography is based on the principle of state machine, which is
to monitor the state of the current signal value in time. This machine
follows the loop of states, which allows us to separate parts of the
photoplethysmography signal in real-time mode into five parts and
research each of them individually (Fig. 5).
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Fig. 1. Scheme of registration of photoplethysmography based
on the sensor that works on the principle of reflection
of light from tissues
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Fig. 2. Dependence of the absorption coefficient of light
in different forms hemoglobin on the wavelength A of radiation:
1 —methemoglobin, 2 — oxyhemoglobin, 3 — hemoglobin,
4 — carboxyhemoglobin
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Fig. 3. Components of the signal from the sensor of the
photoplethysmography: Ac is a variable component, Apc is a
constant component: / — arterial blood, 2 — venous blood, 3 — tissue

The first state — STATE_INIT — is responsible for initializing and
indicates the start of the algorithm.

The second state — STATE WAITING - is responsible for adap-
ting all required boundaries of the passage and seeing whether the
transition to the next state has begun.

The third state — STATE FOLLOWING_SLOPE — corresponds
to the signal region where the systolic rise occurs and the transition to
the next state, where the top of the systolic lift may be detected.

The fourth state — STATE MAYBE DETECTED - checks if the
vertex of the systolic lift is actually recorded or the signal is still in state
STATE FOLLOWING SLOPE. If the systolic peak is fixed, its time
coordinate is stored in memory, and the algorithm goes to the next state.

The fifth state — STATE MASKING — masks (holds) the algo-
rithm’s work for a while, after which it is re-executed.

The algorithms for determining the saturation level and the detec-
tion of peaks of photoplethysmography are developed and implemented
in the Java programming language for the Android operating system.
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For further analysis of the cardiovascular system, according to the time
coordinates of the systolic peaks, the programmed R-R intervals and
heart rate are determined.

The table shows the general characteristics of a mobile device for
the registration of two-beam photoplethysmography.
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Fig. 4. View of the photoplethysmography on a mobile device:
the lower signal wave corresponds to red (RED) range,
and upper — to infrared (IR); the values of heart rate
and saturation are calculated at the top
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Fig. 5. The states of the algorithm for detecting
the peaks of systolic lift on photoplethysmography

Table
General characteristics of the mobile device
for photoplethysmography measurement

Parameter Value
Sampling frequency, Hz 50
Duration of one measurement, min 2-3
Power supply, V 33<U<50
Battery capacity, mA/h 160
Dimensions, mm 60x35x 10

Results

During the preliminary testing of the algorithm for detecting the
peaks of systolic lift and determining the heart rate on a mobile device,
along with the results similar to those shown in Figure 4, it was possible
to observe cases of registration of peaks that looked false (Fig. 6).

The developed algorithm can be sufficiently precise and flexible in
use. For checking and analysis of the developed systolic peak detection
algorithm we performed research which determined peak-peak intervals
and heart rate with mobile devices for photoplethysmography and com-
pared this with results of R-R intervals which was determined by the
certified electrocardiograph CONTEC8000GW ECG Workstation.

For the experiment we took nine volunteers aged from 20 to 40
without any disorders of the cardiovascular system. For each participant
about 2-3 measurements were carried out with duration 2-3 minutes
using both devices for registration of the appropriate intervals and heart
rate. According to the results of each measurement, pairs of mean values
of intervals and heart rate were determined (Fig. 7, 8).
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Fig. 6. Photoplethysmography with expectation interval relative
to peak peak, where green dot is a peak of systolic lift
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Fig. 8. Results of measurement of heart rate by two devices

Calculated from experimental data, the mean absolute and relative
errors are respectively: for peak-peak intervals 79.7 ms and 9.6%, for
heart rate 9.6 beats/min and 9.2%.

Discussion

However, it should be noted that precisely in the state where the
peak of systolic lifting is detected, the algorithm provides protection
against signal noise at the peaks of the wave. That is why in state
STATE MAYBE DETECTED there is a so-called waiting interval,
belonging to the current time coordinate and verified by the algorithm.
If the conditions are true, this point is recorded as the peak of the
systolic wave. Such a check is a significant advantage of the developed
algorithm, which precisely increases its accuracy and allows one to
perform the functions of determining peaks at any quality of the input
signal of the photoplethysmography.

During the testing, certain weaknesses of the algorithm were also
found. Firstly, the value of the waiting interval should be set depending
on the quality of the output signal from the wearer. Secondly, the
STATE MASKING state duration value also needs an initial definition
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and is significantly dependent on the peak-peak intervals. However, this
disadvantage is not critical, since such a duration is sufficient to set 1/4—
1/6 of the average statistical value of the peak-peak interval. The obtain-
ned results confirm the conformity of the proposed methods of proces-
sing the signal of the photoplethysmography and the performance of the
device as a whole. It is seen that the developed device does not have
many differences in the determination of absolute values of parameters
relative to the certified electrocardiograph, and it can be noted that all
deviations are unidirectional. The relative error value is almost the same as
the results of comparative studies comparing electrocardiography and pho-
toplethysmography with a relative error of 10.3% (Orphanidou, 2017).

The existing discrepancies between the results for photoplethysmo-
graphy and electrocardiogram may be due to the fact that comparisons
of measurements were from instruments which are used for different
objects and methods of research: the cardiograph records the electrical
signals of the heart, and the photoplethysmograph analyses the cardio-
vascular system as a whole, whose state, in particular, depends on the
state of vessels. Therefore, the results can be considered acceptable.

In general, the obtained results are in agreement with the results of
other authors, which determine the possibility of substituting heart rate
variability analysis for electrocardiogram signals by analysis of pulse
variability according to the results of photoplethysmography, but at the
same time emphasize the fact that the differences between these indica-
tors can be caused by respiration, in particular respiratory delusions and
rhythmic breathing (Chen et al., 2015). There are also some differences
in the spectral values of heart rate variability and pulse wave changes,
mainly in the area of high respiratory rates (Gil et al., 2010). Therefore, it
is obvious that the influence of breathing on the accuracy of determi-
ning the parameters of the cardiovascular system for photoplethysmo-
graphy requires further research.

Studies have shown that although the photoplethysmographic sig-
nals provides accurate data for analysing the parameters of heart rate
variability in ideal conditions, it is less reliable due to its vulnerability to
artefacts of movements (Lu & Yang, 2009). Along with this, it is belie-
ved that the pulse wave can be used as an electrocardiogram substitute
for the analysis of heart rate variability in non-stationary conditions (Gil
etal., 2010).

The development of tools for modelling realistic photoplethysmo-
graphic signals for the development and testing of photoplethysmo-
graph-specific arrhythmia detectors can also be considered promising,
taking into account the lack of annotated public databases of photople-
thysmograph with arrhythmias (Soloshenko et al., 2017).

Conclusion

We developed methods of analysis of photoplethysmographic sig-
nals with modes for determination of the level of oxygination and the
setting of heart rate parameters on a mobile unit that contains a two-
beam sensor with red and infrared light-emitting diodes, a microcon-
troller and a radio module in the Bluetooth standard. The device allows
you to continuously record pulse waves, determine the level of oxygen
saturation, peak-peak intervals and heart rate. The use of two-beam sen-
sors for registration and implementation of developed signal processing
methods in the Android operation system application allow one not
only to calculate the saturation of blood but also to increase the accuracy
of setting the maximum of the corresponding pulse curves and to pro-
vide a relative error in determining the heart rate and peak-peak intervals
relative to a certified electrocardiograph at 9.2% and 9.6% with an ave-
rage level of interference and average muscle activity. An Android
operation system mobile device (tablet, smartphone) allows one to
visualize the measurement results, store data in the internal memory,
and transfer them to the server for further processing.

It is possible to use the device to determine other parameters asso-
ciated with different physiological processes, such as breathing rate.
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