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Abstract

In the last year, the appearance of a global pandemic due to the COVID-19 virus
evidenced one problem: the medical system is not prepared to treat a lot of people
at the same time, as all the clinical environments collapsed during practically the
whole year. This is where performing ambulatory measurements plays an important
role, because it would allow to carry out medical diagnosis without the need of
assisting at the hospital; everyone could have a device at home which would do a
first health analysis to see if it would be necessary to visit the doctor.

Nevertheless, recent medical technologies are very expensive and many people could
not afford them. Thus, the aim of this project is to design and implement a portable
low-cost and low-power consumption system capable of acquiring biomedical signals
from which different physiological parameters will be extracted to give information
about the health status of the patient. Although the project will be focused on the
electronics with the hardware and software, a series of measurements will be carried
out as well to show the feasibility of the data acquired.

Different measurements of the cardiovascular system have been carried out, obtain-
ing the electrical signal: 12 ECG leads from the standard positions (10 electrodes),
and a subset of leads with less electrodes and a not-standard position, to ease the
measurements outside the hospital. For its importance, something that will be
achieved as well is the possibility of synthesizing the 12 ECG leads from a subset
of less electrodes incorporating also a not-standard placement of the electrode, so
that it will not be necessary to place all the 10 electrodes on the body, making the
measurement more comfortable. In addition, pulse wave signals have been measured
in different positions. The signal acquisition is complemented with the development
of a software capable of obtaining automatically the important parameters. Finally,
relating the pulse wave signals with the electrical signals of the ECG, we will be
able to monitor the circulation of blood and then have information about the health
status of the cardiovascular system.
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1Introduction

1.1 History and motivation

Ever since ancient times, medical diagnosis have been of great importance for
civilizations, as physicians were able to describe different disturbances and diseases,
based on the observation of clinical symptoms [1]. The history tells how diagnosis
has been improved through the development of new methodologies which allowed to
gather valuable knowledge about symptoms and illnesses. This knowledge has been
widely broadened over time, but it is never a closed book, due to the appearance of
new diseases such as the recent COVID-19 of last year.

In the last century, it has been possible to obtain biological signals from the body
which can give medical information about the health status of a subject. Nowadays,
with the use of the latest technologies, this data can be easily acquired with great
quality. These devices are able to capture physiological signals, which are then
processed in order to obtain parameters and information about the state of the
patient, and therefore prevent any complications.

The literature suggests two main types of biosignals for the cardiovascular system:
electrical signals of the heart, and pressure signals of the blood circulation. The first
one is typically performed through the electrocardiogram (ECG), used for measuring
the electrical activity of the heart. It has been the most studied, as well as the
electrode positioning around the body, and technology has allowed it to be the best
non-invasive procedure to detect heart abnormalities. The second type of biosig-
nal can be measured through different procedures such as photoplethysmography
(PPG), impedance plethysmography (IPG), or tonometry, which all have similar
waveforms.

The motivation of this project is to develop the electronics of a device capable of
performing the acquisition of these cardiovascular signals, in order to characterize the
heart and the circulation of blood. Nevertheless, we want our system to be flexible
and measure any biological signal or parameter, some of them measured directly
as biopotentials like ECG, electroencephalogram (EEG) or electromyogram (EMG),
and other signals will be acquired with front-ends. For this, it will be necessary to

1



design the hardware of the device, as well as the software that will control it, with
the algorithms for the automatic extraction of the important parameters.

1.2 Current technologies and problem statement

As mentioned before, technology has allowed to greatly advance and improve the
medical diagnosis methods, to the point that many commercial devices are in the
market offering different functionalities for the biosignals acquisition. However,
most of these devices could present some lacks, such as some minor distortions,
the consumption and market prices, or even the incommodity of the electrodes
placement.

Nowadays, for a conventional ECG measurement device, a set of 10 electrodes are
needed to get the complete information of the heart status with a good quality. These
electrodes are placed at the standard positions of the limbs (arms and legs) and the
chest, so it is clear that it could be an inconvenience for the patient being connected
to 10 electrodes at the same time, as well as it is not practical. In order to solve
this problem, in the literature [2] [3] [4] it is found that some devices have been
invented in order to obtain the required 12 ECG lead signals from a subset of leads,
allowing this way to use less electrodes and to place them in comfortable positions of
the body, even if they are not standard. Nevertheless, using this kind of techniques
is that the correlation between the real and the synthesized one is not enough due
to a loss of information, so these procedures cannot be used for diagnostic purposes,
but it can be useful for monitoring.

The commercial devices do not usually design their hardware in order to provide a
low-power consumption, they prefer to develop a functional device which can offer as
many functionalities as possible in order to have a competitive product. In addition,
most of these devices can be very expensive because of the costs of manufacture and
branding; the prices in the market are around thousands of dollars.

Another problem of current technologies is their lack in functionalities, as some
devices offer a very good quality in some aspects such as signal processing, but they
are limited in other things like the number of channels to connect signals. The device
in which this whole project is inspired is the one owned by the Instrumentation,
Sensors and Interfaces research group: the BIOPAC Lab System [5]. This commercial
device includes a user-friendly software that is capable of acquiring in real time
different biosignals (muscular, cardiovascular and neurophysiological). However,
the limitations presented by this device are the number of channels, the connection
for these channels, and depending on the model the sampling resolution.
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In conclusion, what is needed to develop is a low-cost and low-power consumption
device which can compete in the market with the commercial ones, being it even
improved to solve the limitations of them and provide many functionalities at the
same time. Another important thing to take into account is the possibility of reaching
not only a home device, but also to reach anywhere in the world.

1.3 Objectives and thesis approach

As it has been stated, the aim of this project is the development of a functional
low-cost and low-power consumption portable device, capable of monitoring physio-
logical parameters from a limb. The project will be carried out under three main
objectives.

First of all, as a prelude, some research will be necessary to learn about the biological
processes that generate the different types of signals, as well as the mechanisms
of recent technologies for the data acquisition. In addition, a further study on the
typical parameters of each signal will be useful in order to implement the different
algorithms for our software.

After this, the first goal is to design the low-cost and low-power consumption
hardware for multiparametric measurements. The starting point is the commercial
BIOPAC system mentioned before, as it will be the inspiration for the development
of a device that solves its limitations. The idea is to design the hardware of two
different acquisition devices, one focused on ECG signals, and the other used for
generic signals such as IPG, PPG or ECG as well. All of this will be controlled by
a microcontroller that will receive the data with SPI communication protocol, and
then transmit the information by USB to a computer. A final PCB board will be
designed in order to gather all the different hardware components necessary for
our purpose. Finally, the developed hardware must be able to perform good quality
measurements in ambulatory scenarios.

The second objective is the development and implementation of the software. This
comprises different aspects; first of all, the microcontroller program capable of
controlling the whole system. Then, a program that receives the data and saves the
information so that the data can be processed. Finally, the different data processing
algorithms, plot representations and parameters must be obtained with another
program as well; the main idea is to use MATLAB, and create an application program
like the one provided for the BIOPAC system.

1.3 Objectives and thesis approach 3



The data processing software is intended to contain a specific algorithm in which the
12 ECG leads are reconstructed from a subset of less leads, based on the work done
in [6]. The reason for this is to solve one of the main problems stated before, in
which the placement of 10 electrodes could be uncomfortable, so the goal is to use
less electrodes and obtain the 12 leads from a subset through a series of transform
matrices, as it will be explained in further sections.

The final goal is to prove the feasibility of the devices, by the performance of a
set of measurements on different subjects. The information obtained from these
measurements will be analysed in order to rate the quality of the acquisition systems,
and then try to obtain the best quality with possible optimizations of both the
hardware (mechanical connections, electrodes, front-ends. . . ) and software (code
and algorithm optimization).

Once all the objectives are accomplished, we will have a functional low-cost and low-
power device comparable with a thousand of dollars commercial product, with the
idea to create a platform that allows future extensions with newer communication
systems. However, the most important part is that it will be smaller in dimensions, so
that it is better for portability and even for thinking of the possibility of developing a
“domotic product” which everyone could have in their homes, capable of monitoring
in real time the biological status of the body without the necessity of assisting in
a clinical environment. In these times, where the COVID-19 has overlapped the
capacity of hospitals, this idea is very interesting.

1.4 Thesis Structure

Chapter 2

This first chapter presents the theoretical concepts that are important to take into
account and that will be used all over the project. This concepts rely on the expla-
nation of the cardiac cycle, and the introduction of the biological signals that will
be measured with our devices: the electrocardiogram and other pulse wave signals.
The waveform and the electrode placement will be the topics of study, as well as the
physiological parameters that will be extracted.

Chapter 3

In this section will be explained the hardware development of our system. Firstly,
the ECG acquisition device will be presented, from the prototype to its final version.
Secondly, the generic device, whose procedure will be similar to the ECG device.
Finally, the power bank that will be used to supply our system.
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Chapter 4

This chapter will present the different software programs and algorithms imple-
mented: the code to program the microcontroller, the data acquisition program
in LABView, and the data processing and parameter extraction with algorithms in
MATLAB.

Chapter 5

In this chapter different measurements will be carried out. First of all, a discussion
on the power consumption and the material costs will be done, in order to compare
with other commercial devices. Then, to prove that our systems work as expected,
measurements on ECG and pulse wave signals will be performed, as well as the
extraction of the important parameters, the reconstruction of 12 ECG leads from
a not-standard subset, and the relation with the pulse wave signals for a complete
cardiovascular system analysis.

Chapter 6

The last chapter will be dedicated to the conclusions of the project, as well as some
future work and perspectives to improve our system.

1.4 Thesis Structure 5



2Theoretical framework

2.1 The heart as an electrical source

2.1.1 The heart and the heartbeat

It is well known that the heart is probably the most important organ in the human
body, which has an essential role in the circulatory system pumping blood through
the blood vessels. Therefore, oxygen and nutrients can be transported to the different
parts of the body, as well as other metabolic waste.

One full cycle consists of two phases [7]. Firstly, the heart muscle relaxes (isovolumic
relaxation) and then refills the ventricles with blood (ventricular filling) through
the aorta; this phase is known as diastole. Secondly, it follows a period of robust
contraction (isovolumic contraction) and pumping of blood (ventricular ejection);
this last phase is called systole. This whole cycle constitutes one heartbeat and
is repeated constantly, performing the necessary circulation of blood through the
body.

Fig. 2.1.: Illustration of the cardiac cycle.
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Nevertheless, what is interesting about the heart is its electrical properties, with
which it is possible to obtain different signals that can give biological information
about the subject. In fact, in order to pump the blood, an electrical current is needed
at a certain rhythm; this is known as the cardiac rhythm, and is what we are used to
see in hospitals with the heart rate monitors.

The most common signal is the electrocardiogram, which is directly related to these
electrical properties. However, we can obtain other signals related to the pressure
and blood volume, such as the plethysmography.

2.2 Electrocardiogram (ECG)

The electrocardiogram (abbreviated as ECG or EKG) represents an electrical tracing
of the heart and is recorded non-invasively from the surface of the body [8]. It
has become one of the main diagnostic modalities due to the fact that it has a
substantial clinical impact on investigating the severity of cardiovascular diseases.
Cardiovascular disease, as the number one cause of death, puts a great emphasis
on health-care providers to develop skills and knowledge in interpreting ECGs to
provide the best care promptly. This is why ECG is one of the most studied signals in
the medical area.

The signals are obtained using electrodes placed on the skin. These electrodes detect
the small electrical changes that are a consequence of cardiac muscle depolarization
followed by repolarization during each cardiac cycle [9]. These electrodes are
connected to an electrical machine that converts the electrical activity into a digital
signal, so that it can be represented.

2.2.1 Leads

Any pair of electrodes can measure the electrical potential difference between the
two corresponding locations of attachment [9]. Such a pair forms a lead. However,
the leads can also be formed between a physical electrode and a virtual electrode,
known as Wilson’s Central Terminal (WCT), whose potential is defined as the average
potential measured by three limb electrodes that are attached to the right arm, the
left arm, and the left foot, respectively.

The conventional ECG machine consists of 10 electrodes that form 12 leads, which
divide into two groups: limb leads and precordial leads [8]. Limb leads are further
categorized as standard bipolar limb leads I, II and III, and augmented unipolar
leads aVL, aVF, and aVR. The precordial leads include V1 to V6. The limb leads view
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the heart in a vertical plane, and the precordial leads record the electrical activity of
the heart in the horizontal plane. The fundamental principles behind the recording
of an ECG is an electromagnetic force, current or vector that has both magnitude
and direction. When a depolarization current travels towards the electrode, it gets
recorded as a positive deflection, and when it moves away from the electrode, it
appears as a negative deflection.

The placement of the electrodes are specified in the following table.

Electrode name Electrode position
RA On the right arm, avoiding thick muscle
LA In the same location as RA, but in the left arm
RL On the right leg, lower end of inner aspect of calf muscle
LL In the same location as RL, but in the left leg
V1 In the fourth intercostal space, just to the right of the sternum
V2 In the fourth intercostal space, just to the left of the sternum
V3 Between leads V2 and V3 location
V4 In the fifth intercostal space, in the mid-clavicular line
V5 Horizontally even with V4, in the left anterior axillary line
V6 Horizontally even with V4 and V5 in the mid-axillary line

Tab. 2.1.: Table explaining the placement of the electrodes

Fig. 2.2.: On the left, the position of the limb electrodes. On the right, the location of the
chest electrodes.

Limb leads
The limb leads are known as Lead I, II and III, and are considered the main ECG
signals to study. The electrodes correspond to the ones placed in RA, LA and LL,
which form what is called the Einthoven’s triangle.
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• Lead I is the voltage between the (positive) left arm (LA) electrode and right
arm (RA) electrode.

I = LA−RA (2.1)

• Lead II is the voltage between the (positive) left leg (LL) electrode and the
right arm (RA) electrode.

II = LL−RA (2.2)

• Lead III is the voltage between the (positive) left leg (LL) electrode and the
left arm (LA) electrode.

III = LL− LA (2.3)

Augmented limb leads
These leads are derived from the previous ones, forming the aVR, aVL, and aVF
signals.

• Lead augmented vector right (aVR) has the positive electrode on the right arm.
The negative pole is a combination of the left arm electrode and the left leg
electrode.

aV R = RA− 1
2(LA+ LL) (2.4)

• Lead augmented vector left (aVL) has the positive electrode on the left arm.
The negative pole is a combination of the right arm electrode and the left leg
electrode.

aV L = LA− 1
2(RA+ LL) (2.5)

• Lead augmented vector foot (aVF) has the positive electrode on the left leg.
The negative pole is a combination of the right arm electrode and the left arm
electrode.

aV F = LL− 1
2(RA+ LA) (2.6)

Precordial leads
Finally, the precordial leads lie in the transverse (horizontal) plane, perpendicular
to the other six leads [9]. The six precordial electrodes act as the positive poles for
the six corresponding precordial leads: V1, V2, V3, V4, V5, and V6. Wilson’s central
terminal is used as the negative pole.

2.2 Electrocardiogram (ECG) 9



Fig. 2.3.: Visual representation of the limb and precordial leads.

2.2.2 The ECG wave

The wave considered in an electrocardiogram is related to the heartbeat cycle
mentioned before. Each phase of the cycle produces an electric potential, and the
combination of all parts form the ECG signal, as it is shown in the next figure. We
can see that different parts appear in this signal, labelled with the letters P, Q, R,
S and T. Each part corresponds to a different stage in the depolarization of the
hearth.

Fig. 2.4.: Representation of the different waves corresponding to the propagation of the
electrical potential over different instants of time.

By inspection of one or multiple leads of the ECG it is possible to obtain a huge
amount of information such as if the patient has suffered from a myocardial infarction
or any kind of arrhythmias. Actually, the goal of the ECG interpretation is the ability
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to determine whether the ECG waves and intervals are normal or pathological.
Electrical signal interpretation gives a good approximation of heart pathology [8].
All of the waves on an ECG tracing and the intervals between them have a predictable
time duration, a range of acceptable amplitudes (voltages), and a typical morphology.
Any deviation from the normal tracing is potentially pathological and therefore of
clinical significance.

Some of the most important information to take into account from an ECG wave are
the following points.

• P wave: it represents the depolarization of the atria, where the contraction of
the atria is produced. Atrial depolarization spreads from the SA node towards
the AV node (see Fig. 2.4), and from the right atrium to the left atrium.

• PR interval: it reflects the time the electrical impulse takes to travel from the
sinus node through the AV node.

• QRS complex: it represents the rapid depolarization of the right and left
ventricles. The ventricles have a large muscle mass compared to the atria, so
the QRS complex usually has a much larger amplitude than the P wave. At
this moment, systole is produced, where there is a ventricular polarization and
contraction.

• ST interval: it represents the period when the ventricles are depolarized.

• T wave: it represents the repolarization of the ventricles. It is generally upright
in all leads except aVR and lead V1. A relaxation of the ventricles occurs.

It is interesting to notice that there is no wave corresponding to atrial repolarization,
this is due to the fact that it is masked by the QRS complex.

Another interesting parameter to take into account is the distance between two
consecutive R peaks, the RR interval, which indicates the time between heartbeats.
With this information, we can also obtain the tachogram, which compares the time
intervals between heartbeats.

2.2 Electrocardiogram (ECG) 11



Fig. 2.5.: Illustration of the ECG wave with the important peaks and intervals

One of the current main limitations in the measurement technique of this signal is
that it takes a long time to carry out, because as it has been explained, a total of
10 electrodes (2.1) are needed to be located in some places that are not directly
accessible, specially in technical placements of the electrodes (for instance, at the
torax). This can also be a problem in clinical environments where time is gold in
order to attend all the patients, and therefore the importance of optimizing the
measurements with less and more comfortable electrodes, or even the possibility to
make the measurements at home.

2.3 Pressure signals

There are many pulse wave techniques used to detect blood volume changes in the
microvascular bed of tissue. As they all reach the same type of signals, this project
will explain Photoplethysmography (PPG), which is a simple and low-cost optical
technique. Unlike ECG that uses the electrical properties to obtain a signal, PPG is
focused on pressure signals of the body. PPG is a non-invasive technology that uses a
light source and a photodetector at the surface of the skin to measure the volumetric
variations of blood circulation [10], often used for heart rate monitoring purposes.
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The measurement of blood pressure is critical to the treatment and management of
many medical conditions [11]. High blood pressure is associated with many chronic
disease conditions, and is a major source of mortality and morbidity around the
world. Green and red infrared light are often used to obtain PPG signals because
of the difference in the wavelength; each light penetrates human tissue differently.
Infrared light has the deepest penetration ability, and it can reflect the blood pulse
from deep tissue. This is why the detection of blood pressure, atherosclerosis, blood
sugar, and other physiological parameters uses the infrared light to obtain PPG
signals.

Nevertheless, recent technologies are not very reliable in blood pressure measure-
ments from a pulse waveform, so this project will not study the blood pressure, but
the pulse waveform propagation through the body.

2.3.1 The pulse waveform

The PPG waveform comprises a pulsatile (AC) physiological waveform attributed
to cardiac synchronous changes in the blood volume with each heartbeat, and
is superimposed on a slowly varying (DC) baseline with various lower frequency
components attributed to respiration, sympathetic nervous system activity and
thermoregulation [12]. The AC component depicts changes in blood volume, which
are caused by cardiac activity and depend on the systolic and diastolic phases [10].
The systolic phase (also known as rise time) starts with a valley and ends with the
pulse wave systolic peak. The pulse wave end is marked by another valley at the
end of the diastolic phase. Some features such as rise time, amplitude, and shape
can predict vascular changes in the bloodstream. Additionally, PPG can be used
to measure the variations between heartbeat time intervals (Peak-to-Peak or P-P
Interval). The variation can be due to many factors such as the individual’s age,
heart conditions, and physical fitness. The PPG signal is divided into two unique
phases: the rising edge of the pulse called anacrotic, which primarily describes the
systole, and the falling edge of the pulse called the catacrotic, which represents the
diastole. Additionally, a dicrotic notch is typically visible at the catacrotic phase.

The second derivative of this signal, known as acceleration photoplethysmogram
(APG), is typically used because it is an indicator of the acceleration of the blood.
There are also a number of critical points that can be extracted from the second
derivative wave of a PPG signal. These critical points can be used to detect and
diagnose cardiac abnormalities.

One last thing that can be done is that with the ECG and pulse waves signals, we can
measure some important time intervals between waves that give information about
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Fig. 2.6.: On the left, a typical PPG signal. On the right, the comparison between the PPG
and APG key points.

the circulation of blood and the cardiovascular system. On each heartbeat, the blood
ejected by the heart causes an increase of arterial pressure that propagates through
the arterial tree from proximal to distal sites [13]. The velocity of this pulse is called
pulse wave velocity (PWV), and it is related to the stiffness of the arterial walls,
measured by dividing the estimated distance between these points by the difference
of time arrival at two sites; this is the pulse transit time (PTT). As volume and flow
are in phase on early waveform features, the arrival of the pressure pulse can be
measured with the PPG, as it is the most widely used signal for that purpose due to
its simplicity.

Fig. 2.7.: Representation of the important time intervals between ECG and PPG signals.

These three time intervals, the PTT, PAT, and the PEP, are widely used in research and
clinical practice since several cardiovascular parameters of interest can be obtained
from them. The PTT is a direct indicator of arterial stiffness, which is related to
several factors such as ageing or hypertension and associated to many cardiovascular
diseases including stroke and myocardial infarction. The PAT has proved to be useful
for the detection of sleep disorders and autonomic nervous system activation. The
PEP can be used to monitor left ventricular contractility, which provides valuable
information about myocardial performance, and sympathetic activity under stable
conditions of preload and afterload.
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3Hardware development

As it has been exposed in the introduction section, the aim of this project is to
develop two acquisition systems: one specific for ECG signals and the other for
general purpose. The idea is to design and implement low-cost and low-power
devices which make a difference with respect to the commercial devices that cost
thousands of dollars and have high consumption.

Both systems have been designed under the same main structure. Each one will
have a specific integrated circuit which will acquire the signal from the body. This
signal will be transferred to a microcontroller that will be programmed to receive
and then send the data to the acquisition software, so that it can be processed.

Fig. 3.1.: Block diagram of the acquisition system to be implemented.

First, prototypes of both systems will be done with commercial development kits, so
that they can be studied and improved to the project’s objective. Then, a PCB circuit
board will be designed to replace the prototypes and get a final hardware.

3.1 ECG acquisition system

In order to have a final design, the start point is to work with the commercial
development kit of the specific integrated circuit for ECG signals: the ADS1298
from Texas Instruments [14]. The first thing is to study the schematic and the
jumpers setting from the user’s guide provided by Texas Instruments [15]. This way,
the different functionalities of the acquisition integrated circuit have been learned,
which are the following.
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– 8 channels with low-noise PGAs and high resolution 24-bit ADCs, with low-
power consumption of 0.75mW/channel.

– Configurable data sampling rate from 250 SPS to 32 kSPS.

– Programmable gain of 1, 2, 3, 4, 6, 8 and 12.

– Supports systems meeting AAMI EC11, EC13, IEC60601-1, IEC60601-2-27,
and IEC60601-2-51 Standards.

– Functionalities: Built-In Right Leg Drive Amplifier, Lead-Off Detection, Wilson
Center Terminal, Pace Detection, Test Signals.

– SPI compatible Serial Interface.

The way of transmitting the ADS1298 data to a microcontroller is through SPI
communication, so it is needed a microcontroller capable of this. It has been chosen
an ultra-low-power and high performance microcontroller: the STM32L4R5 from
the L4 family of STMicroelectronics [16] [17], which is precisely the low-power
consumption family. For our project, it is a more than enough choice, because most
of the microcontroller functionalities will be unused, so there exists the possibility
to easily extend the functionalities of our platform. The microcontroller will be
programmed in order to receive the signal data from ADS1298 through SPI commu-
nication, prepare the data to be sent including some headers for each channel so
that they are separated, and transmit the data through UART communication to an
Arduino circuit board.

An external circuit board which converts from UART to USB will be only used for
the prototype, as a way of testing if serial USB communication is enough to transmit
data to the computer software.

Fig. 3.2.: ECG acquisition system prototype.
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Once we prove that the whole system works and data is received correctly, the
next step is to design the final electronic circuit. It has been decided to build the
hardware on the STM32 device, so that the designed PCB board can be placed over
the microcontroller board as a shield. This way, the dimensions of the device will
be those of the STM32 board, which are good enough. Therefore, the design of the
PCB board must have the ADS1298 integrated circuit and the serial communication
port.

The electronic circuit for the ADS1298 part must be adapted from the commercial
development kit, as it will have a specific configuration and some parts of the original
circuit will be removed. After a deep look at the schematics, a final design has been
made, as we can see in A.1.1.

This schematic has been done with Eagle, a software of PCB designs. With the bill
of materials of the circuit provided by the user’s guide [15], the dimensions of the
components used can be known in order to make a physical design of the PCB board
(Fig. A.2). Once it is all designed, the next step is to print the PCB board on a copper
plate; for this, the information of the design is passed to a machine that is capable of
“printing” all the tracks and holes of the PCB board, using drills of different sizes.

Finally, the last step is to weld all the components in their respective positions, so
that we end up with our final device.

(a) Upper view. (b) Side view.

Fig. 3.3.: Pictures of the ECG acquisition device.

In this device, the data must be collected through a DB15 connector; this is because
a specific cable is used, which has this type of connector, as well as the connection
to the 10 electrodes necessary for a 12 ECG lead measurement.
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Fig. 3.4.: Illustration of the DB15 connector for the 10 ECG electrodes.

3.2 General acquisition system

The procedure of prototyping and ending up with a final design will be the same as
explained for the ECG acquisition system. The difference between the previous one
is that now we will use another integrated circuit: the ADS1299, also from Texas
Instruments [18]. This integrated circuit is not specific of any particular signal, so it
is ideal for generic use; with this one could measure ECG, PPG and other biological
signals of the body. Taking a look into the user’s guide of the development kit [19],
the following characteristics are found.

– 8 channels with low-noise PGAs and high resolution 24-bit ADCs, with low-
power consumption of 0.75mW/channel.

– Less input-referred noise than the ADS1298.

– Configurable data sampling rate from 250 SPS to 16 kSPS.

– Programmable gain of 1, 2, 4, 6, 8, 12 and 24. As it reaches a greater gain, an
electroencephalogram signal can be acquired, which is a very small signal.

– Supports systems meeting AAMI EC11, EC13, IEC60601-1, IEC60601-2-27,
and IEC60601-2-51 Standards.

– Functionalities: Built-In Bias Drive Amplifier, Lead-Off Detection, Test Signals.

– SPI compatible Serial Interface.

Another STM32L4R5 microcontroller will be used, as well as the same SPI and UART
communication for data transmission. The difference between the two systems will
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be how the microcontroller is programmed in order to use the integrated circuit, as
it will be explained in the next section. For the prototype, the external UART/USB
conversion board will be still used so that we can prove that the system works
correctly.

Fig. 3.5.: Generic acquisition system prototype.

As we proceeded in the ECG system, the next step is to design the final circuit
by examining the original schematic of the development kit. Luckily, most of the
circuit is practically the same as the previous system, so we only had to do some
modifications of the final schematic of the ECG system, resulting in the schematic
seen in A.1.2.

Like before, we get the bill of materials from the user’s guide [19] so that we know
the dimensions of the components and we make a physical design of the PCB board
(Fig. A.3). Then, we print the design in a copper plate, and finally we weld all
the components in their respective places. All in all, we end up having our final
device.

(a) Upper view. (b) Side view.

Fig. 3.6.: Pictures of the Generic acquisition device.
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In this case, the data is collected from normal wires, so a specific connector is not
necessary. This is why the device is generic, as any signal can be connected through
these wires. Thus, a series of front-end boards can be used, in order to amplify
the electrical signal so that they are more clearly seen. These front-ends have been
developed by the research group for some of the biological signals that are typically
acquired; then, we dispose of front-ends for the ECG and PPG signals in which this
project will be focused.

Fig. 3.7.: Different front-end devices developed by the research group, used to acquire
different biosignals.

One last thing to take into account is the dimensions of our devices, which are 13.3
cm large, 7 cm wide and 3.5 cm height.

3.3 Power supply

The prototypes can be powered up either with the USB connection for the micro-
controller, and with the electric grid through a typical transformer. For electrical
security, it has been thought that a battery power supply will be better, as well as the
possibility of it being portable. Two options are on the table: it can either be through
the USB from the laptop (not connected to the electric grid), or with an external
battery. We have seen that the measures with the power supply from the computer
add some interference frequencies, whereas a power bank does not. Therefore, it
has been decided to use a power bank that will supply the system, as it is a great
choice for the acquisition of better quality signals.
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(a) Upper view. (b) Side view.

Fig. 3.8.: Pictures of the power bank.

As we can see in 3.8a, it has a capacity of 20000 mAh, and 2 USB outputs of 5V,
which is the voltage needed to supply the acquisition devices. In further section we
will see that this power bank is more than enough, through a power consumption
test of the devices.

The power supply is needed for two different parts. First of all, it is used to supply 5V
to the electronic board designed, which creates and distributes the different voltages
needed in the integrated circuit to be functional (5V and 3.3V as it can be seen in
A.1). Secondly, the power bank also supplies a circuit board that generates ±5V in
order to supply the different specific front-end and external devices provided by the
research group so that different biosignal measurements can be carried out.
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4Software development

A total of three different software programs have been used for the acquisition
systems: STM32CubeIDE in order to program the microcontroller, LabVIEW for
receiving and saving the data, and MATLAB so that this data can be processed,
filtered and represented, as well as for getting information and biological parameters.
Details on how each of these programs have been used are explained below.

4.1 Programming the microcontroller

As the microcontroller is from STMicroelectronics, specifically from the STM32
family, the website provides a development platform dedicated to this kind of micro-
controllers: STM32CubeIDE. This development environment is capable of different
functionalities, such as peripheral configuration, code generation, code compilation,
and debug features. With this, one can fully program the microcontroller so that
it works as it has been designed. In the next paragraphs are exposed some of the
features that have been programmed in the STM32R5L4.

The first thing is to select the peripheral configuration of the microcontroller. For
this, the development platform is very user-friendly in a way that it is easy to use,
due to it is very visual as we can see in Fig. 4.1. Here is a list of the implemented
configuration.

– The clock configuration is set at 48 MHz either for the SPI and UART commu-
nications, so that there is enough clock speed for their requirements.

– In connectivity, the SPI is activated and configured with 8 bits data size, and
three pins which correspond to the SCLK (Serial Clock), MISO (Master Input
Slave Output) and MOSI (Master Output Slave Input) signals. In these systems,
the master is the microcontroller, whereas the slaves will be the acquisition
integrated circuits.
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– The UART feature is also activated, with 8 bits data size as well, and with a
baud rate (speed) of 921600 bits per second. Different baud rates have been
tested until finding the most efficient. Two pins are configured, corresponding
to the TX (transmision data) and RX (reception data) signals.

– Two GPIO pins are also configured. One of them will be used as an output
which is active low, corresponding to the CS (Chip Select) signal of the SPI
communication. The other one is configured as an active low EXTI (External
Interrupt), which will be associated with the DRDY (Data Ready) signal of the
SPI.

Fig. 4.1.: Interface of the STM32CubeIDE pin configuration.

Once we complete the peripheral configuration, the platform automatically creates
a main code in which all the pins are configured as done in the previous interface.
Some “User Code” spaces are also created, so that users can write their own code.
This is where we will program what we want the microcontroller to do.

The code is based on an example found in GitHub [20], and adapted to the project’s
purposes. It calls a first function in which the integrated circuits are initialized, as
they need a power-up sequencing. The ADS1298/99 can be configured through SPI
and commands as it can be seen in the user’s guide, where different registers can be
read or written in order to configure the data acquisition. In the initialization, these
commands are used so that the different registers are written as we want.

After the initialization, the code enters a loop in which it is constantly waiting for the
receiving of a new configuration, which comes from the LabVIEW program through
UART communication. How this new configuration is built will be explained in the
LabVIEW section. When a particular configuration is received, the program starts to
read the data from the integrated circuits, waiting for the interrupt (DRDY) signal to
be active, which indicates that new data is ready to be read.
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Once the data is read, the code transmits the data in a particular construction in
order to separate the information of each one of the 8 channels. For this, before
sending the channel data, a string of the type “DTX” is sent, where X indicates the
channel number (X = 0,1,...7). Thus, the information sent for the first channel
(channel 1) will be “DT0(data)”, so that the channel separation is accomplished. It is
important to remark that the data is sent as characters. This will be then processed
by the LabVIEW program.

The reading process is executed in a loop, until a new configuration is received. This
is the way our microcontroller is programmed in order to receive data from the
integrated circuit, and then send this data to the next step.

4.2 Data acquisition software

In the previous section, it has been explained how the microcontroller is programmed
in order to receive and transmit the data. Now we want to be capable of reading
these data in order to be saved in a file, and have a first representation of what we
get. For this, we have chosen LabVIEW, a development environment which works
with a visual programming language. This means that there is no code for the
user to write, but a graphic user interface in which different components or virtual
instruments can be placed.

It has two parts: the front panel, where the user can interact with the configuration
of buttons and options, as well as seeing graphics; and the block diagram, where the
features are programmed. It is done as a sequence of things that have to be executed
to allow a correct data acquisition. The sequence goes as follows.

First, an initial configuration is sent through UART Serial Port communication to the
microcontroller, so that it initiates correctly. Then, depending on the configuration of
channels and sampling frequency chosen at the front panel, different configurations
can be sent to the STM32 so that it can configure the ADS1298/99 as we want. If
the “Acquire” button is activated in the front panel, the UART communication will be
programmed to constantly read what the microcontroller is sending, indicating as
well the total time that we want to receive data.

As the data received from the STM32 are all characters, what we do is to convert
these characters into numbers, in order to make it easier to manipulate the data. This
creates an array of hexadecimal numbers, which we recall that are separated by the
corresponding tags for each channel. The importance of the “DTX” tags explained
before is that now we can separate the data by searching for the corresponding

24 Chapter 4 Software development



numbers; for instance, if we want to find the data of channel 1, we know that we
must find the hexadecimal numbers of the characters “D T 0”, which are “68 84
48”, and the four next numbers will be the data as we are using 32-bit channels
(one hexadecimal number is 8 bits). After finding these 4 numbers of data, they
are transformed into a decimal number, which at the same time is normalized with
respect to the reference voltage, so that we get meaningful voltage information. This
way all the information is separated in 8 different arrays, one for each channel, and
this information is saved in an excel file so that it can be processed in MATLAB.

Fig. 4.2.: LabVIEW interface of the data acquisition program.

Before the next step, we represent in LabVIEW the different channels so that we
take a first look into the data received, and evaluate if it has been a good enough
measure or it has to be repeated because there has been an error. Once everything is
correct, we can take the data into the final step.

4.3 Data processing, representation and
parameters

In order to get the final representations and biological parameters from the data
acquired, it is necessary to process the signals. This means that all the data must
undergo some filtering processes, so that the signals can be clear and then one could
extract the information of the biological parameters.

This section will be all implemented in MATLAB, with the final objective of creating
a program with the App Designer tool. It is important to remark that most of the
codes are inspired and adapted from a previous work on this topic [6].
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4.3.1 Signal filtering

The first thing to do with the acquired data is to pre-process the information, due to
the fact that the real world adds some undesired artifacts and noise which should be
removed. As the ECG is a cyclic signal, it is governed by a set of frequencies that
correspond to the different parts of the heart cycle. For instance, comparing the ECG
frequencies with the common frequencies of artifacts and noise, it can be seen how
these interferences affect directly to the signal.

Source Frequency
Heart rate 0.67 - 5 Hz

(40 - 300 bpm)
P-wave 0.67 - 5 Hz
QRS 10 - 50 Hz
T-wave 1 - 7 Hz
High frequency 100 - 500 Hz
potentials

(a) Common ECG frequencies

Source Frequency
Muscle 5 - 50 Hz
Respiratory 0.12 - 0.5 Hz (8 - 30 bpm)
External electrical 50 - 60 Hz
Other electrical typically > 10 Hz

(b) Common noise and artifact frequencies

Tab. 4.1.: The most important frequencies of an ECG signal

In order to see the spectrum of a signal, MATLAB offers a Fast Fourier Transform
function, which represents the different existing frequencies of the signal. With this,
we can see if the undesired frequencies are present, so that we can apply filters for
at least reducing these interferences, and try to obtain the cleanest signals possible.
Doing some research, we find out that the typical filters used for biological signals
are high and low pass filters, and notch filters [21].

High and low pass filters

On the one hand, low-pass filters on the ECG are used to remove HF muscle artifacts
and external interference. They typically attenuate only the amplitude of higher
frequency components. On the other hand, high-pass filters remove LF components
such as motion artifact, respiratory variation, and baseline wander. The combination
of both the high and low pass filters actually result in a bandpass filter, allowing only
a certain frequency band to pass through.

In MATLAB, there are many ways to implement this kind of filters, and the one
chosen is through a Butterworth filter, as it is done in [6]. This filter is characterized
by offering a frequency response as flat as possible in the passband, as the filter order
is increased. In our project, 5th order Butterworth filters have been used as high and
low pass filters, with 0.5 Hz and 45 Hz cut-off frequencies, respectively. With this,
we get rid off respiratory and other electrical noises in higher frequencies, but doing
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(a) Low-pass filter. (b) High-pass filter.

Fig. 4.3.: The combination of (a) and (b) result in the Band-pass filter.

again the spectral representation with the Fast Fourier Transform, we still see that
the external electrical frequency at 50 Hz has not been entirely attenuated.

Notch filter

The purpose of this filter is to resolve the 50 Hz interference. It is basically a
stop band filter which attenuates a specific frequency, removing then the external
electrical frequency, or any other undesired interference that could be seen in the
spectral representation. In particular, MATLAB offers a 2nd order Infinite Impulse
Response (IIR) Notch filter, which is the one used in the project.

Fig. 4.4.: Notch filter at the 50 Hz frequency.

It is important to take into account that all filters introduce distortion in the resulting
output signal. The distortion can be in amplitude or phase; basically, they distort
different frequencies differently causing this distortion. This is why it is not always
convenient to apply all the filters, as sometimes applying only the bandpass, the
notch, or none, one can obtain clearer signals. The idea of the pre-processing is to
analyze which case gives the best performance, so that accurate information can be
then obtained from the signals.
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4.3.2 Signal representation and automatic parameter
extraction

After the filtering and synchronization processes, the signals can be finally repre-
sented in a MATLAB plot. Recall that the data acquired from the LabVIEW program
is given as a value for every sample, and this value corresponds to the electrical
potential in a magnitude of Volts. Therefore, if we represent directly these data,
we would obtain a plot of the electrical signal but with respect to the samples. The
idea is to get the plot with respect to the time, so what is done is the conversion of
samples into time, by means of the sampling frequency. This is:

t = N

Fs
(4.1)

where N is the sample, Fs the sampling frequency, and t the time associated with
the sample. Thus, we obtain the graphical representation of the electrical signal with
respect to the time of the measure.

The next step is to get the typical biological parameters of the electrical signals,
which can give to the user some information about the biological status of the body.
For this, a series of algorithms will be used, as we can find in the literature of this
topic.

Pan-Tompkins

The first algorithm to take into account is the Pan-Tompkins algorithm, which is
commonly used to detect QRS complexes in ECG signals. The reason for finding
this particular part is that it is the main peak of the signal, so it is easily detected,
as well as it is commonly used for heart rate monitoring. [22] The Pan-Tompkins
algorithm applies a series of filters to highlight the frequency content of this rapid
heart depolarization and removes the background noise.

For this, high and low pass filters are needed, which have been already implemented,
but a derivative filter is also required. This last filter accentuates QRS complexes
relative to P and T waves, providing information of the QRS complex slope.

y(n) = 1
8[2x(n) + x(n− 1) − x(n− 3) − 2x(n− 4)] (4.2)
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Then, the algorithm squares the signal to amplify the QRS contribution. This is done
to amplify the output of the derivative filter, emphasizing the higher frequencies
and setting all values into positive ones. Finally, it applies adaptive thresholds to
detect the peaks of the filtered signal; this is done with a moving-window integrator.
It smooths the spiky signal coming from the squaring output, and it is applied to
obtain waveform feature information. The window has the following equation:

y(n) = 1
N

[x(n− (N − 1)) + x(n− (N − 2)) + ...+ x(n)] (4.3)

where N is the number of samples in the width of the integration window, which
should be the width of the QRS complex (about 150 ms).

This algorithm disposes of a decision rule in order to validate if the QRS complex
found is valid, which is performed with an adaptive thresholding operation [6].
First of all, a set of samples are produced at the location of the maxima in order to
localize the candidates to QRS complexes. Then, the algorithm uses two threshold
values (signal and noise thresholds) to evaluate whether the maxima is or not a QRS
complex. The algorithm also eliminates physically impossible events (such as two
QRS complexes within less than 200 ms), and therefore removing false positives.
Additionally, if an unreasonably long period has expired without an above threshold
peak, the algorithm will assume a QRS has been missed and perform a search back.
Finally, if a QRS candidate occurs after the 200 ms period but within 360 ms of the
previous QRS, the algorithm determines whether it is the QRS complex of the next
heartbeat, or a possible anomaly of the T wave.

P, Q, S and T peak detection

With the Pan-Tompkin algorithm, the QRS complexes are determined by finding the
maxima of the QRS peaks, so in practice only the R peak indexes are found. The
objective of the biological parameters is to evaluate the different intervals of time
between all the signal peaks, so we should as well find the P, Q, S and T peaks. This
code is based on [23].

The idea of these detections is to find the maxima or minima in strategic windows
of the signal, starting from the Pan-Tompkin algorithm in which we can know the
position of the R peaks. Doing some research about the typical position of each peak
with respect to the R peak, the windows can be easily selected, and once we are
in the specific region of each peak, we can find the maxima or minima; for the P
and T peaks the maxima are found, whereas for the Q and S peaks the minima are
seeked.
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Fig. 4.5.: P, Q, R, S and T indexes found with the algorithm.

At the end, all the peak position indexes are found, which can be taken as sam-
ples or times (it can be converted from one to another by means of the sampling
frequency).

The only thing left to do is the time intervals, which is easily done once we obtain
all the indexes; these intervals are directly the difference of time between certain
peaks. The typical intervals which are found for medical information are the ones
presented in Fig. 4.6. The main interval could be the R-R interval, as it takes into
account the time between heartbeats, and therefore with which one can know the
heart rate in beats per second.

Fig. 4.6.: Representation of the important intervals of time in the ECG signal.

Pressure signal analysis

Apart from measuring ECG signals, the aim of the generic device is to be capable of
measuring other biological signals. This project will focus on the PPG signal, whose
waveform is different from the ECG, so another algorithm will be needed in order to
find the key features of this signal. These key points will be the systolic peak, the
dicrotic notch, the maximum slope and the valley where the systolic peak begins.
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As for the ECG signal, the first step is to seek a relevant point for each heartbeat and
then find the others with the help of windows. The first tests tried to find the systolic
peak, so that it was similar to the Pan-Tompkin algorithm. However, it was found
out that depending on the PPG signal, it was difficult to find some of these peaks
because some of them did not reach the same amplitude as the others, and they were
indetectable. Therefore, another strategy was thought: finding the maximum slope
points, which are always just before the systolic peak. For this, the first derivative
is needed, because finding the maxima of the derivative will directly provide the
maximum slope points of the PPG signal, and then a reliable starting point to find
the rest of the key points.

Once the maximum slope indexes are found, a series of windows are used to find
the other key features. The systolic peak can be easily found by seeking for the
maxima of the particular window just after the maximum slope point; the same for
the valley where this peak starts, by finding the minima. The trickiest one is the
dicrotic notch, which will use the first derivative as well. The literature [24] suggests
that the dicrotic notch can be detected as follows: taking the first derivative, from
the maxima point seeked for the maximum slope, a window is used in order to find
the minima just after this maxima point, which will correspond to the descendent
slope after the systolic peak. From this minima, another window is taken in order
to find the following maxima; this new peak in the derivative corresponds to the
dicrotic notch point.

Fig. 4.7.: First derivative of the PPG signal. In black, the peak corresponding to the dicrotic
notch.

With all the indexes found for the different key features, the last thing to do is to get
the parameters. In this case, the time intervals are found as well, but for the PPG
signal it is also important to get the amplitudes of the points, because the areas are
directly related to the blood pressure and they give meaningful medical information
about the patient.

The time and amplitude intervals considered are: from minimum to maximum slope,
from minimum to maximum, from slope to maximum, and from maximum to dicrotic
notch. The intervals between the same points but from two consecutive heartbeats
are also considered.
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Fig. 4.8.: Representation of the important points in the PPG signal.

4.3.3 Synchrony between devices

For the ECG processing, before getting the parameter information, there is a previous
step to be done. One of the approaches of the project is to be able to obtain the 12
ECG leads from a subset of some of these leads, by means of transform matrices as it
will be explained in further sections. For this, we need to acquire the data from both
devices, and this could add some time delay between the signals, as they could be
acquired at different instants of time.

(a) Tachogram with one heartbeat delay. (b) Synchronized tachogram.

Fig. 4.9.: Representation of the tachogram synchrony.

In order to solve this problem, a synchronization process is carried out, which uses
the tachogram of the signals of both devices. The tachogram is built by finding the
heartbeat peaks (R peak) with the Pan-Tompkin algorithm explained before, as it is
the clearest peak of any biosignal, so that the difference between two consecutive
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heartbeats can be computed. This tachogram signal is the same for the acquired
data from both devices, so the way of solving the delay problem is to represent both
tachogram signals and see how much delay there is between them. Once we know
the delay, represented by a number of heartbeats, we update the original signals so
that each of them start from the same heartbeat. Therefore, we will have the ECG
signals synchronized and ready to be compared.

4.3.4 Transform matrices

One of the main and most interesting objectives of this project is to be capable
of obtaining the 12 conventional ECG leads from a standard, or even from a not-
standard subset. Then, it is necessary to pass from a smaller dimension of data to a
greater one; in algebra, this is the same as thinking of certain matrices that contain
the required information to reach this dimension increment. Thus, there must exist
transformation matrices which relate the source leads (the acquired subset) with the
target leads (the 12 ECG reconstructed leads).

This project will use three different methods to obtain these matrices, based on [6].
This is one of the advantages of working with the same research group, as the codes
are inherited and it is not necessary to start from nothing, but only adapt the codes
to our purposes.

Types of matrices

First of all, it is interesting to know about the different types of matrices that can
be obtained. Most of them are fixed and do not adapt to changes over time, but
there are also adaptive matrices. However, the latter ones do not manifest any
improvement with respect to the non-adaptive matrices, but in practice they are
better to deal with measures that change in the heart rate or movement.

The first type of matrix is the universal transform based on statistical data or models,
which can be applied to any patient regardless of their condition. It is logical to
think that these matrices are not very reliable due to the variance that can produce
a generalization across patients, as there will be differences between them such as
gender, age, or diseases.

Secondly, there are population-specific transforms, which are more effective than
the universal ones. The idea is to separate the patients into different groups that
will have similar characteristics, depending on the age, gender or possible diseases.
Nevertheless, other important properties of the heart position or orientation can not
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be taken into account, which are directly related to the signals received, so there are
still some uncertainties about the reliability of these matrices.

The last type is patient-specific transforms, which are the ones with the best per-
formance as one could expect. This is the same as considering that every person is
different and with unique characteristics, and therefore each one must have their
own matrix. The project attaches to this last type of transforms, so that each of the
three methods obtain the specific matrices for each patient.

Methodology

Three different methods will be used in order to see which of them give the best
results. They all take 3 beats to synthesize the matrices needed later to reconstruct
the signal. The methods are the following.

• Method 1

This method will use the Singular Value Decomposition (SVD) in order to
obtain the transform matrices. The SVD is useful to decompose large n x
m matrices into three matrices, so the first step is to decompose the matrix
containing both the source leads and the target leads measured. In the same
way, the matrix containing only the source leads is also decomposed, so that
we end up with:

An×m = Ûn×mΣ̂m×mV̂
T

m×m (4.4)

A′n×p = Û ′n×pΣ̂′
p×pV̂

′T
p×p (4.5)

where n is the number of samples, m the number of total leads and p the
number of source leads (the subset). U and V matrices, corresponding to the
entire set of leads, must be kept as they carry the information of the 12 leads,
specifically information about the shape and the leads themselves.

In order to pass the subset of leads into a higher dimension, a matrix T 1 is
defined to relate the information of Σ̂ with Σ̂′:

Σ̂m×m = T 1
m×pΣ̂′

p×m (4.6)
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Notice that Σ̂′ is presented with a different number of columns so that it fits to
the dimensions of Σ̂. With this relation, we can obtain T 1 as follows:

T 1
m×p = Σ̂m×mΣ̂′−1

p×m (4.7)

The last step is to reconstruct the 12 leads using the U , V , and T 1 matrices, as
well as the Σ̂′ matrix to transmit the data from the source leads. It goes like
this:

An×m = Ûn×m(T 1
m×pΣ̂′

p×m)V̂ T
m×m (4.8)

• Method 2

This second method directly relates both dimensions of the source and target
leads, so that the target leads are a linear combination of the source leads. The
direct transform matrix T2 makes the following relation.

An×m = A
′
n×pT

2
p×m (4.9)

This equation is solved by applying a Least Squares Method (LMS) that uses
SVD as well. Notice that for this method it is not necessary to reconstruct the
leads with 3 beat periods, but it is applied in a way that the correlations at
intervals of 3 beats can be compared to other methods.

• Method 3

The last method is a combination of the previous two methods; the source and
target leads matrices are still being decomposed by SVD as in method 1, but
now the diagonal matrices Σ̂ and Σ̂′ are related by a linear combination of
their singular values.

σ = σ′tp×m (4.10)
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The solution to this equation is solved by LMS. Finally, in the building phase
the leads are reconstructed as:

An×m = Ûn×m



σ′t1 0 0 · · · 0

0 . . . . . . 0
...

. . . σ′ti
. . .

...

0 . . . . . . 0
0 · · · 0 0 σ′tm


V̂ T

m×m (4.11)

Algorithm

Once all the methods are taken into account, the steps from the beginning to the
end are the following.

First of all, we get all the necessary data: the target 12 leads from the ECG device,
and the subset of signals from the generic device. In this project, a subset of 4 source
leads are considered, containing Leads I, II and III, and a not-standard lead (such as
the electrical signal measured in the neck or at the waist). With this data, a matrix A
is constructed with both the source and target leads, which is then filtered in order
to work with clean information.

Then, this data goes through a Training Phase process, which first uses the Pan-
Tompkin algorithm to localize the beat position so that the 3 beat period can be
applied. Then, it is proceeded by finding the different transform matrices of all three
methods, as well as the U and V matrices which contain the leads information.

After this, the index of the last beat of the signal is found, so that the number of 3
beat intervals can be known. This will be important so that all the information can
be stored in vectors with a length corresponding to the number of intervals, which
are initialized in a preallocation phase.

Finally, the algorithm ends with a Building Phase process, in which the 12 lead
data is reconstructed from the matrices found in the training phase, and the subset
of source leads. Three different sets of 12 leads are obtained, corresponding to
the three different methods; the idea is to compare them through the correlation
between the original 12 lead data, and the 12 leads reconstructed.
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4.3.5 Final program

All the data processing, representation and parameter processes are synthesized in a
final software program, with the objective of it being user friendly and simple to use;
the user does not have to know how the codes work, only the functionalities that
this program will provide. MATLAB offers the possibility of creating an application
program with the App Designer tool [25]. In this tool, there is the possibility to
implement our codes with the interaction of the user with the interface, similar to
LabVIEW. The design of the program can be personalized as well, in order to offer
the desired functionalities through menus, buttons, checkboxes. . . The program
designed will have the following functionalities.

Main menu

In this window, the user can load the data acquired from the LabVIEW program as
an excel file, for both the ECG and Generic devices. Other configuration settings can
be changed, such as the sampling frequency, the filters to be used (bandpass and
notch), and the buttons which start the ECG and other signal representation and
parameters. There is also the option to change a threshold value in case that the
code has an error getting the parameters; this value should be changed from 0.1 to
0.5. See Fig. A.4.

ECG menu

The first tab (Fig. A.5) of this menu allows the user to see the synchrony between
the loaded data, and try to find the delay time manually. For this, the tachograms
are represented together in a plot so that it is easy to see if they present delay or
not.

Then, there are three tabs corresponding to the visualization of the limb leads, the
chest leads, and the generic signals acquired (Fig. A.6). All the plots of the program
have three different tools: a zoom button, with which the user can amplify a certain
zone of the graphic; a pan button, which permits to drag the plot and move; and a
reset button, which restarts all the plots.

Finally, there are two tabs in which the parameters of the 12 leads and the generic
signals are obtained. These parameters are represented in tables, and only the mean
and standard deviation of the intervals for each lead, in milliseconds (Fig. A.7).
However, there is the option to save not only the mean and standard deviation data,
but also all the parameter vectors used to get these values, so that the user can then
use all the data for deeper analysis.
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Pressure Signals menu

In this section there is a first tab in which different pressure signals are represented,
and then the tabs in which the parameters are shown (Fig. A.8). In this case, we
get the mean and standard deviation of the times, and also the amplitudes, as it
has been explained in section 2.3. Finally, there is a tab in which the important
time intervals explained before are calculated and represented in a table for each
heartbeat (Fig. A.9).

ECG reconstruction menu

The last functionality of the program is to elaborate the ECG reconstruction as
it has been exposed in the transform matrices section. The first tab contains the
configuration options for the training and building phases (Fig. A.10). For the
training phase the user can click on the Train button to start seeing the best method
to use, and then save the transform matrices, whereas for the building phase the
user can load existing transform matrices and then reconstruct directly from these
matrices.

At the same time, a training plot is incorporated in order to compare the recon-
structed signal with the original one, as well as the correlations of all three methods.
This way, it is easy to choose which method gives the best performance. Once the
method is chosen, the reconstructed leads are represented in the next two tabs of
the menu.

In conclusion, we end up with a final complete program which synthesizes all the
algorithms, codes and processes executed for the different functionalities carried out
in this project.
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5Measurements, results and
discussion

The last thing left to do in this project is to prove that our acquisition systems
are functional and that good quality results are obtained as well. First, a power
consumption test will be carried out in order to see if the low-power specifications
are reached, and the costs of production will be discussed. Then, a series of mea-
surements will be done to different subjects, and for different biosignals, to show
that the devices work as expected.

First of all, different test measurements have been done in order to see that effectively
our hardware work as expected, acquiring good quality signals. For this, a patient
simulator and a waveform generator of the laboratory have been used, and both
acquisition devices receive correctly the signals for each one of the channels.

5.1 Power consumption test

In order to calculate the consumption of our devices, a multimeter will be used for
measuring the current of the power supply. Recall that the devices are connected
via USB to a power bank that provides a voltage of 5 V, so the power can be known
with the value of the current.

P = V × I (5.1)

For each device, two cases will be considered: the consumption of only the power
supply without data transmission, and the consumption with data transmission, in
order to see how much this last case affects the total consumption.

39



ECG device

Mode Current Power Without LED
No measurements nor data transmission, 88 mA 0.44 W 77 mA

only powered up
With data transmission at 500 SPS 103 mA 0.515 W 92 mA

Tab. 5.1.: Power consumption of the ECG device

The first important thing to remark is that the data transmission increments the total
consumption as expected, specifically around 15 mA (75 mW). Moreover, in the
measure it has been seen that there is a blinking LED in the microcontroller board
that made the current change its value constantly, which apported a consumption of
11 mA (55 mW) when it was turned on.

Generic device

Mode Current Power Without LED
No measurements nor data transmission, 102 mA 0.51 W 91 mA

only powered up
With data transmission at 500 SPS 110 mA 0.55 W 99 mA

Tab. 5.2.: Power consumption of the ECG device

For this device a similar approach is measured. The data transmission consumption
in this case is of 8 mA (40 mW), but the total power consumption is a bit higher
than the other case. The blinking LED affects as well in the measures, the same way
as in the ECG device.

In conclusion, the total power consumption for the devices are from 0.44 W to
0.55 W. In the BIOPAC system, as specified in the datasheet [5], the power supply
requirements are 12 V at 1 A current; then, the power consumption is of 12 W.
Therefore, the commercial system consumes much more than our devices, so we can
conclude that they result in low-power consumption systems.

Just to make some numbers, the power bank used to supply our systems provides
a capacity of 20000 mAh. Thus, if we divide by the maximum current measured
(transmision data in the generic device, 110 mA), we obtain that the battery will last
for a total of 181 hours, whereas the BIOPAC system would last only 20 hours. It is
important to remark that these numbers are calculated considering that continuous
measures are performed, so the duration of the battery can be even larger if there
are no measures.
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5.2 Material costs

As it has been mentioned in the introduction, one of the objectives of this project
was to develop a low-cost system that could compete with the expensive commercial
devices in the market. The BIOPAC system owned by the research group was
purchased for around 7000C; this price cannot be affordable for people with a small
budget, this is why the interest in producing a low-cost device.

Both acquiring systems are divided into two hardware parts as explained. The first
one is the microcontroller board, which has a market price of 16.50C. The second
part is the PCB board designed, which has an estimated production cost of around
300C (approximately 200C the board itself and 100C the components). This price
includes the copper board and printing, the electronic components used, and the
manufacturing costs by the technician. In addition, compared to the dimensions of
the BIOPAC system, our devices are much smaller making it easier to take from one
place to another.

Nevertheless, it is important to remark that this price is based on a production of a
single device manufactured at the university; if we think of a massive production
and manufactured in a cheap industry, the price is greatly reduced to ridiculous
values, and for the use that it will have it is highly amortized.

In conclusion, a very low-cost competent portable system has been produced, with
most of the BIOPAC system functionalities and even with better specifications in
some of the limitations presented in the commercial product.

5.3 ECG measurements

We will start by performing ECG measurements, as they are the most interesting
signals to study and process information. The idea is to get the 12 ECG leads from
the ECG system, and acquire at the same time a subset of leads with the Generic
device, so that we could then perform the 12 lead reconstruction. The measurements
proceed as follows.

5.3.1 12 ECG leads acquisition

First of all, both acquisition systems are connected to the power bank in order to
supply the power needed to work. We also connect the systems via USB to the laptops
that have the LabVIEW programs so that the data can be received and saved in an
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excel file. For the ECG acquisition device, it is necessary to locate the 10 electrodes
as it has been explained in the ECG section (Tab. 2.1). These 10 electrodes will be
connected directly to the ECG system with the particular connector. For the Generic
acquisition device we will use a series of front-ends provided by the research group,
which are prepared to amplify the electrical signal. One of these front-ends will be
the not-standard lead, where the electrodes can be placed anywhere in the body;
we will see the cases for the neck and the waist. Another three front-ends will be
used to measure the 3 first standard leads: Lead I, II and III; these 3 leads will be
measured with a system developed by the research group that use two metallic balls
for the hands and two metallic plates for the feet, that will work as electrodes but
being them more comfortable to use.

Fig. 5.1.: Measurements on a patient. Electrode position: 1. RA; 2. LA; 3. RL; 4. LL; 5.
Chest electrodes; 6. Not-standard position.

Once the measurements have been performed and the data has been saved, we can
now go to the processing program in which we will represent the signals and extract
some parameter information. We load the excel files in the program for the 12 ECG
leads and the subset, and applying the filtering processes we end up with the results
seen in annex A.3.1.
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Fig. 5.2.: Some of the 12 ECG leads acquired with the ECG device.

As it can be seen, good enough quality signals are obtained. It is true that for some
of them a bit of noise or interferences are observed, but this can be due to possible
mechanical imperfections such as bad contacts with the electrodes or movement of
the subjects. It is also important to remark that the signals can differ from different
patients, as their conditions are not the same; the age, physical condition, or heart
position can infer in these results, as for some subjects the signals are better and
clearer than for others.

The parameters of these signals have been obtained as well, following the criteria
seen in Fig. 4.6. The parameters are represented in tables, where we obtain the
mean and standard deviation of all the intervals.

(a) Some of the parameters extracted from ECG leads.
(b) Parameters extracted from the subset

of leads.

Fig. 5.3.: Parameters of the ECG measurements.

It is observed that all the parameters in A.3.1 make sense between them, as for a
same interval they are all of the same order of magnitude, and we even see small
deviations of the order of the resolution error of our devices (around 2 ms). There
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are some punctual signals that have a worse performance, but as mentioned before,
not all the signals can be perfect for a particular subject.

In order to see the differences between not-standard locations of the electrodes, we
performed two different measurements for a patient: one with the not-standard
electrode in the nape, where the Wilson’s Central Terminal (WCT) is located, and
the other one in the waist. The goal of these measurements is to find a comfortable
electrode position for the patient, as the idea is to then reconstruct the 12 ECG leads
from the subset without the need of using all the 10 uncomfortable electrodes. The
results are the following.

(a) Not-standard plot. (b) Mean and standard deviation.

Fig. 5.4.: Results of the not-standard electrode placed at the nape.

(a) Not-standard plot. (b) Mean and standard deviation.

Fig. 5.5.: Results of the not-standard electrode placed at the waist.

Some differences are spotted; the signal of the waist measurement seems to be
clearer than the nape signal, as this last one presents some noise. In contrast, the
P and T waves are better seen in the nape signal, this is why we observe greater
deviations in the waist signal parameters. Nevertheless, both measurements give
similar parameters, with deviations that are typical for these signals, so we can
conclude that the placement of the not-standard electrode is insignificant for the
nape and the waist, allowing to decide wherever is more comfortable.
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5.3.2 Reconstruction of the 12 ECG leads

The last thing left to do is the reconstruction of the 12 ECG leads from the subset
of leads acquired. As explained in the transform matrices section, three different
methods will be used in order to see which one gives the best performance for our
data. The three are carried out at the same time in the code, so a total of 5 matrices
are obtained: the U and V matrices which are equal for the three methods, and T1,
T2 and T3, corresponding to the matrices of methods 1, 2 and 3, respectively.

Using the application program, first the training phase is done in order to see which
method is the best, by looking at the correlations between the 12 ECG original signal
and the 12 reconstructed signals, for each one of the methods. To see rapidly the
best performance, the program provides the mean of these correlations, and we get
the following results for different measurements on subjects.

Subjects Not-standard placement Method 1 Method 2 Method 3
Patient 1 nape 75.65% 66.01% 91.88%
Patient 2 nape 58.92% 62.13% 92.26%
Patient 2 waist 86.18% 90.45% 92.26%
Patient 3 nape 27.94% 30.41% 90.05%

Tab. 5.3.: Performance of the different methods for the measurements.

As we can see, for the three measurements where the not-standard electrode was
placed at the nape, method 1 and 2 do not give good results, but method 3 does.
However, for the measurement where the not-standard electrode was placed at the
waist, all three methods give good enough results, being method 3 better. All in
all, we can conclude that method 3 gives the best performance in all cases, but for
measurements where the not-standard electrode is placed at the waist the three
methods give good results as well.

After performing the training phase, the matrices can be saved for every patient, as
they will be specific for each one. This will allow that for future measurements it
will not be necessary to do the annoying 10 electrodes placement for the 12 ECG
leads, as these matrices can reconstruct the 12 leads with a subset of leads measured
with a comfortable placement of electrodes. We can try this with the building phase,
as we can load the matrices of the subject, as well as the subset of leads measured,
and reconstruct the 12 ECG leads (see annex A.3.3). This was done with Patient 1,
who did a first test measurement obtaining the 12 ECG leads and the subset, and the
following week performed a second measurement. With the new subset measured
and the matrices obtained in the first measurement, we were able to reconstruct the
12 ECG leads and we saw that the differences in the parameters were minimum.
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Fig. 5.6.: Some of the 12 reconstructed ECG leads.

Finally, we have performed the reconstruction for both not-standard placements
(nape and waist), and we have seen small variations between the parameters ob-
tained, being them practically the same. This leads to the possibility of being able
to choose where to place the not-standard electrode, which could be in the most
convenient position for the patient.

5.4 Pressure signal measurements

In order to show that the generic device is capable of acquiring any kind of signal,
some pressure signal measurements will be carried out with the devices provided by
the research group. In the theoretical framework section the PPG has been explained,
but we will perform IPG and tonometer measurements. Nevertheless, the theory and
algorithms explained for the PPG signals are valid as well for IPG and tonometer, as
they are the same type of signal.

Fig. 5.7.: Measurements on a patient. Signals acquired: 1. ECG; 2. IPG; 3. Tonometer 1
and 2.
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Fig. 5.8.: Pressure signals and ECG.

The signals acquired (Fig. 5.8) and the parameters obtained (Fig. 5.9) can be
completely seen in annex A.3.2. The device provided by the research group does the
measurement of the ECG, IPG (which corresponds to the aortic blood pulse) and two
tonometer (which correspond to the finger blood pulse) signals at the same time, so
the application program is prepared for this particular device. This way, as it has
been exposed in section 2.3, we can perform the acquisition of different important
time intervals between the ECG and pressure signals, in particular between the peaks
of the ECG and IPG, and between the peaks of the ECG and the tonometer signals.

Fig. 5.9.: Table with the time intervals of study.

In figure 5.9 are represented the time intervals for each peak of the signals, with
the following means: 244 ms for the ECG-IPG interval, 316 ms and 318 ms for the
ECG-Tonometers intervals. As we can see, the time from which the blood exits the
heart (ECG) and the instant of maximum aortic blood pressure (IPG) is greater than
the interval of time from the aortic zone to the finger (tonometer). This means that
the blood goes faster trough the arm, as it should be in a healthy person.
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6Conclusions

The design and implementation of a functional low-cost and low-power portable
system has been carried out successfully. The system finally consists of two electronic
devices, one capable of acquiring the complete set of 12 ECG leads, and the other with
the possibility of getting any existing biosignal. In addition, apart from monitoring
signals, the software implemented computes the important parameters for each
measurement, so that a medical analysis can be done for the patient.

Different measurements and results have been performed during the project, where
we have seen that for the two different placements of the not-standard electrode
(nape and waist) there are not many differences with the parameters obtained,
as they are in the range of typical values for these intervals. This means that the
not-standard electrode could be placed wherever the patient feels more comfortable,
something that we were seeking in this project. Moreover, the reconstruction
matrices worked as expected and we are able to synthesize the 12 ECG leads from a
subset and the patient-specific matrices, with correlations between the original and
reconstructed leads of more than 90%. In fact, these matrices need to be obtained
just once, as they reach the same results for subsets measured in different times.
Thus, it is not necessary to place all the electrodes to perform future measurements,
allowing more comfortable and time-saving measurements.

Finally, we were able to obtain the parameters related to pressure signals, and then
compute the different important time intervals between ECG and pulse wave signals.
These parameters give information about the cardiovascular system and circulation
of blood, so this is the last step to reach a complete medical diagnosis. Therefore,
with our devices and software programs we have been able to perform a complete
analysis of the cardiovascular system.

It is important to remark the efficiency in the low-power consumption test with
respect to the BIOPAC commercial system, with an autonomy of around 180 hours
for continuous measurements and a power bank of 20000 mA. In addition, the low
costs of the devices means a greater accessibility to this kind of system, because
the devices designed can be affordable for anyone. Therefore, it is not crazy to
think of having this system at homes, where any subject could monitor their health
status constantly, and in the case something is wrong they could send the data to a
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doctor in order to carry out a medical diagnosis. This would be a great advantage
for clinical environments, which would be less congested of people and presenciality
would not be necessary for minor cases or measurements.

In conclusion, all of our main objectives have been reached successfully. The
hardware accomplishes the specifications that we wanted in terms of consumption
and good quality acquisition. The software captures, saves and processes the data
so that the signals are effectively represented and the parameters are automatically
extracted in order to give information about the health status of the subject. Finally,
the algorithms that were proposed can be carried out in a final application program
that comprises all the functionalities of our system; thus, our devices are fully
competitive in the market.

6.1 Future work and perspectives

Although our system is already functional in all the topics described above, there
are a series of aspects that can be improved or extended, in order to have a better
product. Firstly, the communication used to transmit the data could not be the
fastest one, so there is the possibility to improve the communication system with
other functionalities provided by the microcontroller. This is possible because the
shield designed for our hardware connects all the pins of the STM32 to the PCB
board designed, with the thought of using in the future some of the unused pins that
can configure the other communication systems. With this we could gain some data
transmission speed, and think of the possibility of representing the signals in real
time.

Secondly, another thing that can be done in the future is to compact the LabVIEW
and MATLAB programs in just one software program, so that it would be more
comfortable to acquire the data and then process the information. In addition, it
would be convenient to optimize some of the codes and algorithms so that they could
be useful even for bad quality signals where it is difficult to detect the important
peaks or points.

Finally, as an aesthetic improvement, we could compact all our hardware systems in
one box with the corresponding inputs and outputs visible. Thus, we would have a
final physical product that can be presented in any interested company.
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A.1.1 ECG device
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Fig. A.1.: Power supplies.
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Fig. A.2.: ECG device PCB board.
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A.1.2 Generic device
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Fig. A.3.: PCB board of the generic system.

A.2 Final program

Menu

Fig. A.4.: Main menu interface.
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ECG menu

Fig. A.5.: Tachogram tab.

(a) Limb leads. (b) Precordial leads.

(c) Generic subset of leads.

Fig. A.6.: ECG plots.
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(a) Parameters 12 ECG leads. (b) Parameters subset.

Fig. A.7.: Parameter tabs.

Pressure signals menu

(a) Plots. (b) Parameters (the same for Tonometer 1 and 2).

Fig. A.8.: Pressure signal representation and parameters.
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Fig. A.9.: Time intervals tab.

ECG Reconstruction menu

Fig. A.10.: ECG Reconstruction tab.
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A.3 Measurements

A.3.1 ECG measurements

Fig. A.11.: ECG Limb Leads.

Fig. A.12.: ECG Precordial Leads.
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Fig. A.13.: ECG Subset with not-standard lead.

Fig. A.14.: 12 ECG Lead parameters.
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Fig. A.15.: ECG Subset paramaters.

A.3.2 Pressure signal measurements

Fig. A.16.: Pressure signals and ECG.
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Fig. A.17.: Parameters IPG.

Fig. A.18.: Parameters Tonometer 1.

Fig. A.19.: Parameters Tonometer 2.
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A.3.3 ECG reconstruction

Fig. A.20.: Reconstructed limb leads.

Fig. A.21.: Reconstructed precordial leads.
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BCodes

B.1 Microcontroller codes

B.1.1 STM32 main code

int main(void)
{

/* Reset of all peripherals, Initializes the Flash interface and the Systick. */
HAL_Init();

/* Configure the system clock */
SystemClock_Config();

/* Initialize all configured peripherals */
MX_GPIO_Init();
MX_DMA_Init();
MX_SPI1_Init();
MX_USART3_UART_Init();

ADS_Init(reset);

int length = sizeof(reset)/sizeof(reset[0]);
for(int i = 0; i<length; i++){

conf[i] = reset[i];
}

HAL_UART_Receive_DMA(&huart3, conf, 10);

//HAL_UART_Receive_IT(&huart3, conf, 10);

/* Infinite loop */
while (1)
{

int equal;
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int emembers = 0;
int len = sizeof(conf)/sizeof(conf[0]);
for(int i=0; i<len; i++){

if(conf[i] == confref[i]){
emembers++;

}
}
if (emembers == len){

equal = 1;
}
else{

equal = 0;
}

if(equal == 1){
}
else{

ADS_Init(conf);
for(int i = 0; i<length; i++){

confref[i] = conf[i];
}

}

HAL_Delay(50);

if(conf[9] == 0x00){
ADS_Init(reset);

}

if(conf[9] == 0x01){
ADS_Conf(conf);

while(conf[9] == 0x01){
if(intDRDY){

//startAcq = true;
intDRDY = false;
//ADS_updateChannelData();
ADS_RDATA();
ADS_sendUARTData();
ADS_START();
//HAL_Delay(1000);

}
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}
}

}
}

B.1.2 ADS initialization

void ADS_Init(uint8_t conf[]){

ADS_RESET();
HAL_Delay(500);

ADS_SDATAC();
HAL_Delay(500);

ADS_STOP();
HAL_Delay(500);

ADS_getDeviceID();
HAL_Delay(1000);

//Work settings
ADS_WREG(CONFIG1,conf[0]);
HAL_Delay(100);
ADS_WREG(CONFIG2,0x10);
HAL_Delay(100);
ADS_WREG(CONFIG3,0xDC);
HAL_Delay(100);

ADS_WREG(LOFF,0x03);
HAL_Delay(10);

ADS_WREG(CH1SET,conf[1]);
HAL_Delay(10);
ADS_WREG(CH2SET,conf[2]);
HAL_Delay(10);
ADS_WREG(CH3SET,conf[3]);
HAL_Delay(10);
ADS_WREG(CH4SET,conf[4]);
HAL_Delay(10);
ADS_WREG(CH5SET,conf[5]);

72 Chapter B Codes



HAL_Delay(10);
ADS_WREG(CH6SET,conf[6]);
HAL_Delay(10);
ADS_WREG(CH7SET,conf[7]);
HAL_Delay(10);
ADS_WREG(CH8SET,conf[8]);
HAL_Delay(10);

ADS_WREG(BIAS_SENSP,0x00);
HAL_Delay(10);
ADS_WREG(BIAS_SENSN,0x00);
HAL_Delay(10);

ADS_WREG(LOFF_SENSP,0xFF);
HAL_Delay(10);
ADS_WREG(LOFF_SENSN,0x02);
HAL_Delay(10);

ADS_WREG(LOFF_FLIP,0x00);
HAL_Delay(10);

ADS_WREG(LOFF_STATP,0xFE);
HAL_Delay(10);
ADS_WREG(LOFF_STATN,0x06);
HAL_Delay(10);

ADS_WREG(GPIO,0x00);
HAL_Delay(10);

ADS_WREG(MISC1,0x00);
HAL_Delay(10);
ADS_WREG(MISC2,0xF0);
HAL_Delay(10);

ADS_WREG(CONFIG4,0x22);
HAL_Delay(10);

ADS_WREG(0x18,0x0A);
HAL_Delay(10);

ADS_WREG(0x19,0xE3);
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HAL_Delay(10);

ADS_RREGS(0,17);
HAL_Delay(1000);

ADS_START();
HAL_Delay(100);

}

B.2 Matlab codes

B.2.1 ECG Pan Tompkins algorithm

function [signal,tachogram,Indexes,Frr]=PT_ECG(InECG,Fs)
x=detrend(InECG);
M=length(x); intrange=round(5*Fs/20);
der=zeros(1,M); Pulse=zeros(1,M);
timevec=linspace(0,M/Fs,M);
hb=5; %Number of heartbeats to average
ldelay=.13; %aprox Delay of the negtive slope with respect to the r wave
udelay=.05; %aprox Delay of the positive slope with respect to the r wave
confi=.3; %Maximum variation from one hearbeat with respect to the others
Frr=8; %Sampling frequency of the tachogram

Wn = 45/Fs;
NN = 3; % order of 3 less processing
[a,b] = butter(NN,Wn,'low'); %bandpass filtering
y = filtfilt(a,b,x);
y = y/ max(abs(y));
Wn = .5/Fs;
NN = 3; % order of 3 less processing
[a,b] = butter(NN,Wn,'high'); %bandpass filtering
fECG = filtfilt(a,b,y);
fECG = fECG/ max(abs(fECG));

for i=5:M
der(i)=(2*fECG(i)+fECG(i-1)-fECG(i-3)-2*fECG(i-4))/8;%derivative operator
end
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derr=detrend(der).*detrend(der);%squaring operator

for n=intrange:M
Pulse(n)=sum(derr(n-intrange+1:n))/intrange;%Integrator
end

%setting the treshold for detecting the rising and falling slopes
treshold=mean(ecg);
QRSStart=[]; QRSEnd=[];

for i = 1:length(ecg)-1
%detect if the signal crosses the slope and save its index
if Pulse(i) <= treshold && Pulse(i+1) > treshold

QRSStart = [QRSStart i];
end
if Pulse(i) <= treshold && Pulse(i+1) > treshold

QRSEnd = [QRSEnd i];
end

end

Indexes=zeros(1,length(QRSStart));
for i=1:length(QRSStart)

%search for the maximum point arround the tresholde crossing points
[~,ind]=max(fECG(QRSStart(i)-round(ldelay*Fs):QRSStart(i)+round(udelay*Fs)));
Indexes(i)= ind+QRSStart(i)-round(ldelay*Fs)-1;

end

%define the interval vector
rr=[Indexes(2)-Indexes(1)]; truetime=[rr(1)];
i=2;
Indexes=Indexes';
while i<length(Indexes)

if i>=hb+1
bb=hb;

else
bb=i-1;

end
%define the tresholds
avgbeat=sum(rr(end-bb+1:end))/bb;
uppbound =(1+confi)*avgbeat;
lowbound =(1-confi)*avgbeat;
%check the RR intervals
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[rr,Indexes,i]=tach_check(uppbound,lowbound,rr,Indexes,fECG,Fs,i);
end
%interpolate the tachogram for evenly spaced data
MM=round(Frr*truetime(end)/(2*Fs))*2;
truetime2=linspace(truetime(1),truetime(end),MM);
tacho = interp1(truetime,rr,truetime2, 'pchip');
%store the signal and the tachogram
signal=[timevec',fECG];
tachogram=[truetime2'/Fs,tacho'/Fs];
return

B.2.2 Filtering

function [fSig2]=Filter_BPF(InSig,Fs,Fh,Fl,order)

M=length(InSig);
tv=linspace(0,M/Fs,M);

x=InSig;
% x=detrend(x);

%%Interference filtering

Wn = (Fl*2)/Fs;
NN = order; % order of 3 less processing
[a,b] = butter(NN,Wn,'low'); %lowpass filtering
y = filtfilt(a,b,x);
fSig = y;

Wn = (Fh*2)/Fs;
NN = order; % order of 3 less processing
[a,b] = butter(NN,Wn,'high'); %highpass filtering
fSig2 = filtfilt(a,b,fSig);

fSig2=[tv',fSig2];
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B.2.3 PQRST detection

function out = P_QRS_Tdetect(y, Fs, peak_threshold)

Q_th = round((20/360)*Fs);
Q_th_1st = round((60/360)*Fs);
Q_th_2nd = round((5/360)*Fs);
P_th_1st = round((40/360)*Fs);
P_th_2nd = round((1/360)*Fs);
S_th_1st = round((5/360)*Fs);
S_th_2nd = round((60/360)*Fs);
T_th_1st = round((40/360)*Fs);
T_th_2nd = round((120/360)*Fs);
% ------------------QRS detection by FS1 and FS2 Algorithm ---------%
y0 = []; y1 = []; y2 = []; y3 = [];
y0 = diff(y);
for i = 2:length(y)-2

y1(i) = (y0(i-1) + 2*y0(i) + y0(i+1))/4;
end
y1(1) = 0;
y2 = diff(y0);
for i = 1:length(y)-2

y3(i) = y1(i) + y2(i);
end

th = peak_threshold*max(y3);
QRS = [];
for i = 2:length(y3)-6

if (y3(i) > th) && y3(i) > y3(i+1) && y3(i) > y3(i-1)
QRS = [QRS i];

end
end
QRS_Actual = [];
for i = 2:length(QRS)-1

if QRS(i+1) -QRS(i) > (Fs*0.6)
QRS_Actual = [ QRS_Actual QRS(i) ];

end
end
% -------------------------------------------------------------%
% ---------- R peak detection in original signal ------------------%
R_L = [];
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for i = 2:length(QRS_Actual)-1
a = QRS_Actual(i)-Q_th: QRS_Actual(i)+S_th_2nd;
m = max(y(a));
b = find(y(a)== m);
if numel(b) ~= 0

b = b(1);
b = a(b);
R_L = [R_L b];

end
end
% -------------------------------------------------------------------%
% ----------- Q peak detection signal -------------------------------%
Q_L = [];
for i = 1:length(R_L)

a = R_L(i)-P_th_1st: R_L(i)-P_th_2nd;
m = min(y(a));
b = find(y(a)== m);
if numel(b) ~= 0

b = b(1);
b = a(b);
Q_L = [Q_L b];

end
end
% ------------------------------------------------------------------ %
% -------------- S peak detection -----------------------------------%
S_L = [];
for i = 1:length(R_L)

x = R_L(i)+S_th_1st:R_L(i)+S_th_2nd;
m = min(y(x));
p = find(y(x) == m);
if numel(p) ~= 0

p = p(1);
p = x(p);
S_L = [S_L p];

end
end
% -----------------------------------------------------------------%
% ------------- P Peak detection ----------------------------------------%
P_L = [];
for i = 1:length(Q_L) % He cambiado de coger a partir del 2do indice porque sino daban indices negativos

a = Q_L(i)-Q_th_1st: Q_L(i)-Q_th_2nd;
if a(1)<0
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b = 2;
P_L = [P_L b];

else
m = max(y(a));
b = find(y(a)==m);
b = b(1);
b = a(b);
P_L = [P_L b];
end

end
% ----------------------------------------------------------------------- %
% ----------------- T peak detection ------------------------------------%
T_L = [];
for i = 1:length(S_L)

a = S_L(i)+T_th_1st: S_L(i)+T_th_2nd;
m = max(y(a));
b = find(y(a)==m);
b = b(1);
b = a(b);
T_L = [T_L b];

end
%-----------------------------------------------------------------------%
% -----------------------------------------------------------------%

T = 1/Fs; L = length(y); t = (0:L-1)*T;

% Suponemos que este codigo pierde una muestra
P_Lt = (P_L-1)*T; Q_Lt = (Q_L-1)*T; R_Lt = (R_L-1)*T; S_Lt = (S_L-1)*T; T_Lt = (T_L-1)*T;

out = [P_Lt; Q_Lt; R_Lt; S_Lt; T_Lt];

% figure
% plot(t,y);
% hold on;
% grid on;
% plot(P_Lt, y(P_L), 'rs', 'MarkerFaceColor', 'b');
% plot(Q_Lt, y(Q_L), 'ro', 'MarkerFaceColor', 'g');
% plot(R_Lt, y(R_L), 'rv', 'MarkerFaceColor', 'r');
% plot(S_Lt, y(S_L), 'ro', 'MarkerFaceColor', 'b');
% plot(T_Lt, y(T_L), 'rs', 'MarkerFaceColor', 'g');
% % plot(S_L, y(S_L), 'rs', 'MarkerFaceColor', 'b');
% title('QRS Complex, P & T waves');
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% legend('ECG Signal','P peak','Q peak','R peak','S peak','T peak');
% %axis([1000 29500 -1 1.0]);
% %disp(out)
end

B.2.4 Pulse wave signal detection

function [times, amps] = pulsedetect(data, Fs)

T = 1/Fs; L = length(data);
t = (1:L)*T;

der = diff(data); der2 = diff(der);

window = round(0.5*Fs);
window2 = round(0.2*Fs);

% Max slope
[pks,locsslope] = findpeaks(der,'MinPeakDistance',450);

tiempo3 = locsslope*T;
amp3 = data(locsslope);

% Max peak detection
locsmax = [];
for i = 2:length(locsslope)-1

a = locsslope(i):locsslope(i)+window2;
m = max(data(a));
b = find(data(a)==m);
if numel(b) ~= 0

b = b(1);
b = a(b);
locsmax = [locsmax b];

end
end
tiempo = locsmax*T;
amp = data(locsmax);

% Min peak detection
locsmin = [];
for i = 2:length(locsslope)-1
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a = locsslope(i)-window2:locsslope(i);
m = min(data(a));
b = find(data(a)==m);
if numel(b) ~= 0

b = b(1);
b = a(b);
locsmin = [locsmin b];

end
end
tiempo2 = locsmin*T;
amp2 = data(locsmin);

% Punto inflexion (notch)
locsnotch = [];
for i = 2:length(locsslope)-1

a1 = locsslope(i):locsslope(i)+window;
a1 = a1(2:round(0.9*length(a1)));
m = min(der(a1));
c = find(der(a1)==m);
c = a1(c);
a2 = c:locsslope(i)+window;
a2 = a2(1:round(0.4*length(a2)));

% a2 = a2(1:round(0.3*length(a2)));
%[pksa,locsa] = findpeaks(derPPG(a2));
m2 = max(der(a2));
%b = locsa(1);
b = find(der(a2)==m2);
if numel(b) ~= 0

b = b(1);
b = a2(b);
locsnotch = [locsnotch b];

end
end
tiempo4 = locsnotch*T;
amp4 = data(locsnotch);

lmin = min([length(tiempo),length(tiempo2),length(tiempo3),length(tiempo4)]);

tiempo1 = tiempo(2:lmin);tiempo2 = tiempo2(2:lmin);tiempo3 = tiempo3(3:lmin+1);tiempo4 = tiempo4(2:lmin);
times = [tiempo1' tiempo2' tiempo3 tiempo4'];

amp1 = amp(2:lmin);amp2 = amp2(2:lmin);amp3 = amp3(3:lmin+1);amp4 = amp4(2:lmin);
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amps = [amp1 amp2 amp3 amp4];

locsmax = locsmax(2:lmin);locsmin = locsmin(2:lmin);locsslope = locsslope(3:lmin+1);locsnotch = locsnotch(2:lmin);

figure()
plot(t,data); hold on; grid on;
plot(tiempo1, data(locsmax), 'rv', 'MarkerFaceColor', 'r');
plot(tiempo2, data(locsmin), 'rs', 'MarkerFaceColor', 'b');
plot(tiempo3, data(locsslope), 'ro', 'MarkerFaceColor', 'g');
plot(tiempo4, data(locsnotch), 'ro', 'MarkerFaceColor', 'r');
title('PPG peak detection');
legend('PPG Signal','Max peak','Min peak','Max slope', 'Notch');

end
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