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1. Introduction

An electrocardiogram (ECG) is a graphical record of bioelectrical signal generated by the
human body during cardiac cycle (Goldschlager, 1989). ECG graphically gives useful
information that relates to the heart functioning (Dubis, 1976) by means of a base line and
waves representing the heart voltage changes during a period of time, usually a short period
(Cuesta, 2001).

Putting leads on specific part of the human body, it is possible to get changes of the
bioelectrical heart signal (Goldschlager, 1989) where one of the most basic forms of
organizing them is known as Einthoven lead system which is shown in Figure 1 (Vidal &
Pavesi, 2004; Vidal et al., 2008).

Fig. 1. Einthoven lead system

1.1 ECG usefulness

The ECG has a special value in the following clinical situations (Goldschlager, 1989):
e  Auricular and ventricular hypertrophy.

e Myocardial Infarction (heart attack).
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¢  Arrhythmias.

e  Pericarditis.
¢  Generalized suffering affecting heart and blood pressure.

e  Cardiac medicine effects, especially digital and quinidine.

e Electrolytic transformations.
In spite of the special value, the ECG is considered only a laboratory test. It is not an

absolute truth concerning the cardiac pathologies diagnosis. There are examples of patients
presenting string heart diseases which present a normal ECG, and also perfectly normal
patients getting an abnormal ECG (Goldschlager, 1989). Therefore, an ECG must always be

interpreted with the patient clinical information.

2. Electrocardiographic signal

According to (Proakis & Manolakis, 2007) a signal can be analyzed and processed in two
domains, time and frequency. ECG signal is one of the human body signals which can be

analyzed and worked in these two domains.

2.1 Time domain of an ECG signal
P,Q, R, S, T and U are specific wave forms identified in the time domain of an ECG signal.

The QRS complex, formed by Q, R and S waves, represents a relevant wave form because
the heart rate can be identified locating two successive QRS complex. Figure 2 presents

typical waves in an ECG signal.
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Fig. 2. Typical wave forms of an ECG signal record

2.2 Frequency domain of an ECG signal
Frequency values of an ECG signal vary from 0 Hz to 100 Hz (Cuesta, 2001; Vidal & Pavesi,

2004; Vidal et al., 2008; Vidal & Gatica, 2010) whereas the associated amplitude values vary
from 0.02 mV to 5 mV. Table 1 describes the frequency and amplitude values of ECG, EMG
(electromiogram), and EEG (electroencephalogram) signals.

Signal Amplitude (mV) Frequency range (Hz)
ECG 0.02-5.0 0.05 - 100

EEG 0.0002 - 0.3 DC - 150

EMG 0.1-5.0 DC - 10000

Table 1. Amplitude and Frequency Range of Basic Bioelectrical Signals of the Human Being
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As it is appreciated, the amplitude values of human body bioelectrical signals are measured
in micro volts (mV). Furthermore, the amplitude values of these signals are small voltage
values and are being caught using traditional electronic devices. This is an important
characteristic which must be considered to implement an electronic device in order to obtain
bioelectrical signals.

There are different sources of noise at the moment of getting a human body signal. The
frequency domain helps us to know of how additional sources affect the important signal in
the time domain.

Figure 3 shows frequency range of QRS complex of an ECG signal next to the frequency
range of common noise sources.
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Fig. 3. Frequency range of QRS complex on an ECG signal next to noise sources (Vidal et al.,
2008)

3. Digital ECG

Building a device to get and process the ECG signal must consider the signal characteristics.
According to (Cuesta, 2001; Vidal & Pavesi, 2004), facing individually each part of the global
problems is a technique applicable in order to get good practical results.

Figure 4 presents each part or block of a basic digital ECG according to reviewed literature
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Fig. 4. Blocks Diagram of a Basic Digital ECG.
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(Cuesta, 2001; Vidal et al., 2008; Vidal & Gatica, 2010) where the most important part
corresponds to the amplifying module because of a bioelectrical signal that represents a low
potential, and sophisticated amplifiers are required for obtaining and recording it (Vidal &
Pavesi, 2004; Vidal et al., 2008; Vidal & Gatica, 2010).

The following sections present experiences building a device for getting the ECG signal, and
works related to processing ECG signal.

3.1 Digital ECG design

Signals produced by bioelectric phenomenon are small potential values and due to this,
sophisticated amplifiers are required so as to easily obtain signal values (Vidal & Pavesi,
2004).

Against a physiologic backdrop, these ionic signals are transmitted at a fast-rate without
synaptic delay in both direction directed by the electric synapse transmission model. This
electric potential is later transformed in a mechanical signal as of using calcium ion that
comes from extracellular condition which is also useful for cooking calcium that is released
from the internal section of cardiac cells provoking a massive cardiac muscle like a sincitio
or functional unit (Clusin, 2008). In this sense, the main finality of an amplifier is to
increment the measurable level of the gotten signal by electrodes, avoiding any kind of
interference. The capacitive interference of the patient body, electrical fields of electric
installations, and other environment electronic devices are examples of interference or noise.
(Proakis & Manolakis, 2007) indicate that the quantification can be done using single pole
configurations or bipolar. In the single pole quantification, difference between a signal and a
common base is measured whereas the bipolar mode measures the difference of two voltage
sources (two electrodes) with respect to a common base where any interference voltage
generated at the quantification point appears at the amplifier input as common-mode
interference signals. Figure 5 illustrates this phenomenon in a bipolar quantification.
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Fig. 5. Common-Mode Interferences in a bipolar quantification

A strong source noise which interferes on the ECG signal is the capacitive interference of the
patient body. This interference voltage is coupled to the ECG signal reaching values of 2.4 V
approximately. A value which is very higher than the ECG signals value range (0.02 mV to 5
mV). In addition to this interference, the capacitive interference due to the equipment or
device used to measure the ECG signal which is produced by the equipment power supply.
Another noise source is the denominated inductive interference that is caused by the electric
net which produces variable in time magnetic fields inducing extra voltages on the next of
patient electrodes (Townsend, 2001).
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For these reasons, common mode rejection ratio (CMRR) rate is a desirable characteristic of
an amplifier working on differential mode. On a day today practice, a problem denominated
contact impedance disbalance appears (Townsend, 2001) that is produced when there are
different interfaces impedances between the skin and electrodes in a form that the common-
mode potential is higher in one of the two voltage sources. Therefore, part of the common-
mode voltage is worked as differential voltage and amplified according to the amplifier
gain. This occasionally produces saturation on the next amplifying module stage, if the
amplification module were composed by more stages. This voltage, which is generally
continuous, can be eliminated using a simple high-pass filter. Hence, the output voltage of
the differential amplifier would consist of 3 components (Townsend, 2001; Vidal & Pavesi,
2004):

e  Wished output due to the differential amplification on the ECG signal.

¢  Common-mode signal not wished due to the CMRR is not infinite.

¢  Common-mode signal not wished due to the disbalance on the impedance contact.
(Wells & Crampton, 2006) indicate that weak signals require an amplification of 1000 at least
to produce adequate signal levels for future works on it. (Vidal & Pavesi, 2004) used an
instrument amplifier model INA131 which presents a fixed CMRR of 100, and according to
the associated datasheet it is adequate for biomedical instrumentation. The analog to digital
conversion stage (A/D conversion) is always done when the signal is amplified. The
electronic schemes of a digital electrocardiographic device according to (Vidal & Gatica,
2010) are presented on figures 6 and 7, respectively. (Vidal & Pavesi, 2004; Vidal & Gatica,
2010) use the TLC1541 A/D converter. It is necessary to indicate that both electronic items,
INA131 and TLC1541, are less expensive.
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Fig. 6. ECG Signal Amplifying Module Circuit
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Fig. 7. Data Acquisition Module Circuit

3.2 Acquiring and processing ECG signal

The acquisition data stage has a hardware part composed by the A/D converter, and a
software part which is in charge of directing the A/D converter work. Any programming
language allowing low level hardware instruction is usable. (Vidal & Pavesi, 2004) and (Vidal
& Gatica, 2010) describe the use of C and Visual Basic programming languages for getting and
processing the ECG signal. According to these works, the routine written in C language is used
to direct the A/D converter functioning using non-standard functions to access the personal
computer ports. The obtained quantity of samples is stored in a binary file which is rescued by
the Visual Basic programming language routine to processing (applying filters and QRS
detection algorithms) and showing the signal. Showing the signal at the computer is done “off-
line” from the generated file with the ECG signal samples. As (Vidal & Gatica, 2010) highlights
using current high level programming languages would be possible to build a showing
graphics routine. Using lineal interpolation it is possible to get high level graphic results. Even
though the Nyquist's sample theorem indicates that a signal can be rebuild using an ideal
interpolation method (Lindner, 2009; Proakis & Manolakis 2007), by means of lineal
interpolation, and through this it is possible to get good results for low frequency signals like
ECG. It is possible to build a universal graphics generator for getting signals (Vidal & Pavesi,
2004; Vidal & Gatica, 2010). Figures 8 and 9 present a universal graphics generator for a sine
curve signal and a triangle signal, respectively. These signals are low frequency signals (2 Hz)
generated by a function or electrical waves generator with some acquisition deformities (high
negative values are not considered). Figure 10 shows a pure ECG signal got by means of an
implemented ECG system (Vidal & Gatica, 2010).
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Fig. 8. Sine Signal obtained by the A/D Change Module
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4. ECG signal processing

(Vidal & Pavesi, 2004; Vidal & Gatica, 2010) worked on the digital filters application to
eliminate noise on an ECG signal, and the use of algorithms for QRS complex detecting.
Following subsections describe digital filters to work on the ECG signal, and present the
main principles of a QRS detector algorithm (Vidal et al., 2008).

4.1 Digital filters for ECG signal

To work the ECG signal it is necessary to apply digital filters which helps to diminish the
noise present on it. One of the most useful filters is Lynn’s filters (Goldschlager, 1989) and
there are previous works where Lynn’s filters are successfully applied to processing ECG
signal (Thakor et al., 1984; Kohler et al., 2002; Ahlstrom & Tompkins, 1985). These filters
present desirable properties of real-time filters like lineal phase and integer coefficients.
There are low-pass and high-pass Lynn’s filters versions which are described as follows.

4.1.1 Low-pass filter

Lynn’s filters described in (Ahlstrom & Tompkins, 1985) and used on ECG signal processing
in (Pan & Tompkins, 1985; Hamilton & Tompkins, 1986), represent a simple and effective
form of applying low-pass filter on ECG signals. These filters obey the next transfer
function:

1=z (1-22%+z7%)
H= 1-z712  (1-227+272) ®

This filter can be implemented by means of the following differences equation:

y[n]=2y[n-1]-y[n - 2]+ x[n] - 2x[n - a]+ x[n - 2] 2)
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The amplitude answer of this filter is calculated as follows:

_1-2cosaw +cos2awm + j(2senawm — sen2ow)

H(w
(@) 1-2cosw+cos2w + j(2senm — sen2w)

2 X
|cosam-1| ser (ij ©)
|cosa)—1| sen? (%)

For a sample frequency of 430 Hz, possible a values and associated cut frequency (-3 dB.)
are shown in Table 2. Figures 11, 12, and 13 show associated amplitude response for these
filters.

a Value Cut Frequency
3 48 Hz
4 35Hz
12 1146 Hz

Table 2. Cut Frequencies of Low-Pass Lynn Filter

Fig. 11. Amplitude Response of Low-Pass Lynn’s Filter for a=3

Fig. 12. Amplitude Response of Low-Pass Lynn'’s Filter for a=4
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Fig. 13. Amplitude Response of Low-Pass Lynn'’s Filter for a=5

4.1.2 High pass filters

Like a low-pass Lynn’s filters, there are high-pass Lynn's filters which are described in (Ahlstrom
& Tompkins, 1985) and applied to ECG signal processing on (Pan & Tompkins, 1985; Hamilton &
Tompkins, 1986). These filters are designed using an all-pass filter and resting over it a low-pass
filter, and the result is a high-pass filter (Vidal & Pavesi, 2004). However for an effective design,
low-pass filter and all-pass filter must be in phase (Smith, 1999).

The High-Pass Lynn’s filter starts using the following low-pass filter transfer equation:

(1-2)
H(z)= m 4)

Amplitude and phase responses are got by:

_pjaw .
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Finally, amplitude and phase responses are showed on Eq. 6 and Eq. 7, respectively.

SEH%

|H(0) =|—2 ©)
sen—

0(w) = —%(a—l) @)

The filter’s group delay is(a—1)/2, and the associated gain for ®=0 is a determined
evaluating |H (0=0)|.

Once completely characterized the low-pass filter, designing the high-pass filter is an easy
task using the following transfer function:

(a-1) —(a-1) —(95—1)71
a- _a _ 2 2 -a
H(z)=z 2 _(1 z ]/a— 1/a+z z +z7%/«a ®)

1-z71 1-z71
This filter can be implemented directly by the following difference equation:

y[n]:y[n—l]—x[n]/a+x[n—(aiz_l)}—x[n—Lz_l)—l}-x[n—a]/a )

Getting amplitude response for this filter is mathematically complex. Nevertheless,
theoretically this filter must have the same cut frequency of the subjacent low-pass filter in
inverse order. Furthermore, the values of phase response and group delay of the high-pass
filter are the equal to the same parameters for the low-pass filter (Smith, 1999).

For a cut frequency of 430 Hz, a values and associated cut frequency (-3 dB.) are shown on
Table 3.

Valor de a Frecuencia de Corte
850 0.2 Hz.
320 0.5 Hz.
35 5 Hz.

Table 3. Cut Frequencies of High-Pass Lynn Filter

Figures 14, 15 and 16 show the low-pass filter amplitude response which give an idea of the
amplitude response of the associated high-pass filter because the cut frequencies are the same.

an
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Figures 17, 18, 19, 20 and 21 present signals registered by an implement ECG device using
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Figure 15 shows a pure signal ECG without
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Vidal & Gatica, 2010
applying filters to delete noise. Figure 18 shows the 35 Hz low-pass Lynn

(

Figure 4 and 5 circuits

s filter application

on the Figure 17 signal. Figure 18 presents the application of a 48 Hz low-pass filter
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application over the Figure 17 signal. In Figures 20 and 21 the application of 0.2 and 0.5
high-pass Lynn’s filters respectively on the Figure 17 signal is shown. It is important to be
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aware of the group delay effect on the ECG signal after the 0.2 Hz high-pass Lynn’s filter
application, 423 samples in this case (around 1 second). Likewise, for the 0.5 Hz high-pass

Lynn’s filter application there is a group delay of 160 samples.

Fig. 17. Pure ECG Signal

TR SR

[

Fig. 18. Filtered ECG Signal Using Low-Pass 35 Hz Lynn’s Filter
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Fig. 19. Filtered ECG Signal Using Low-Pass 48 Hz Lynn’s Filter
Fig. 20. Filtered ECG Signal Using High-Pass 0.2 Hz Lynn’s Filter

-Pass 0.5 Hz Lynn’s Filter

Fig. 21. Filtered ECG Signal Using High

The filters application allows improving the ECG signal quality in a remarkable manner.
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Figure 22 shows the application of a low-pass Lynn’s filter of 48 Hz and a high-pass Ly

filter of 0.5 Hz.

F
Fig. 22. Filtered ECG Signal Using a Low-Pass 48 Hz Lynn’s Filter and a High-Pass 0.5 Hz

Lynn’s Filter

4.2 QRS detection algorithm on ECG signal

it is important to detect QRS
This is the dominant feature of the ECG

7

Within the automatic detection waveform of the ECG signal

2004).
signal. The QRS complex marks the beginning of the contraction of the left ventricle, so the

7

complex (Cuesta, 2001; Vidal & Pavesi

; Townsend, 2001).

Vidal et al., 2008;

(

detection of this event has many clinical applications
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In the literature there are several algorithmic approaches for detecting QRS complexes of
ECG signal with pre-filtering of the signal (Thakor et al., 1984)

The implementation of incremental improvements to a classical algorithm to detect QRS
complexes was realized in an experiment as mentioned in (Vidal et al., 2008; Vidal & Gatica,
2010) which in its original form do not have a great performance. The first improvement
based on the first derivative is proposed and analyzed in (Friese at al., 1990). The second
improvement is based on the use of nonlinear transformations proposed in (Pan &
Tompkins, 1985) and analyzed in (Suppappola & Ying, 1994; Hamilton & Tompkins, 1986).
The third is proposed and analyzed in (Vidal & Pavesi, 2004; Vidal et al., 2008), as an
extension and improvement of that is presented in (Friesen et al., 1994) using characteristics
of the algorithm proposed in (Pan & Tompkins, 1985). It should be noted that the three
algorithmic improvements recently mentioned, used classical techniques of DSP (Digital
Signal Processing). It is noteworthy to indicate that the second improvement proposed in
(Pan & Tompkins, 1985) is of great performance in the accurate detection of QRS complexes,
for even the modern technology are not able to provide better results.

To test the algorithms that work on ECG signal, it is not necessary to implement a data
acquisition system. There are specialized databases with ECG records for analyzing the
performance of any algorithm to work with ECG signals (Cuesta, 2001; Vidal & Pavesi,
2004). One of the most important is the MIT DB BIH (database of arrhythmias at
Massachusetts Institute of Technology,) (MIT DB, 2008).

In Tables 4, 5, 6 and 7, respectively, are the results obtained with the application of
incremental improvements made to the first algorithm for detecting QRS complexes in some
records at MIT DB BIH. A good level of performance reached in the final version of
algorithm of detection of QRS complexes implemented in this work could be appreciated,
(Table 7), compared to its original version (Table 4)

Pulses True False False
Signal Heart Positives Positives Negatives  (PF + NF) /NL
(NL) (PV) (PF) (NF)
R.1118-S.1 2278 2278 79676 0 3497,63%
R.118-S5.2 2278 2278 77216 0 3389,64 %
R.108-S.1 562 562 8933 0 1589,50%
R.108-5.2 562 562 17299 0 3078,11%

Table 4. Results obtained with the Holsinger Algorithm in its Original version, for some of
the MIT Database records.

Pulses True False False
Signal Heart Positives Positives Negatives  (PF + NF) /NL
(NL) (PV) (PF) (NF)
R.1118-S.1 2278 1558 874 720 69,97 %
R.118-S5.2 2278 1650 798 628 62,60%
R.108-S.1 562 346 246 216 82,20%
R.108-S.2 562 490 182 72 45,20%

Table 5. Results obtained with the Holsinger Algorithm in its Modified version 1, for some
of the MIT Database records.



166 Applications of Digital Signal Processing

Pulses True False False
Signal Heart Positives Positives Negatives  (PF + NF) /NL
(NL) (PV) (PF) (NF)
R.1118-S.1 2278 2265 4 13 0,5%
R.118-S.2 2278 2263 11 15 1,80%
R.108-S.1 562 538 35 24 10,49%
R.108-S.2 562 524 76 38 20,28%

Table 6. Results obtained with the Holsinger Algorithm Modified Version 2, for some of the
MIT Database records

Pulses True False False
Signal Heart Positives Positives Negatives  (PF + NF) /NL
(NL) (PV) (PF) (NF)
R.1118-S.1 2278 2265 1 1 0,08%
R.118-S.2 2278 2263 1 2 0,13%
R.108-S.1 562 542 1 15 2,84%
R.108-S.2 562 538 23 21 7,82%

Table 7. Results obtained with the Holsinger Algorithm Modified Version 3, for some of the
MIT Database records

5. Conclusion

The implementation of equipments for the acquisition and processing of bioelectrical human

signals such as the ECG signal is currently a viable task. This chapter is a summary of

previous works with simple equipment to work with the ECG signal. Currently the authors
are working on:

e Improvements to the work done:

e Increase the number of leads purchased. The A/D converter allows up to 11
simultaneous inputs and supports a sampling rate of 32 KHz. Under certain conditions.
12 simultaneous leads are required for a professional team.

e Modify RC filters in the filter stage for more elaborate filters to ensure a better
discrimination of the frequencies that are outside the pass-band.

e Include isolation amplifiers to increase levels for the security of patients, isolating the
direct loop with the computer, which is generated with the design proposed in this
chapter. Even with the probability of a catastrophe to occur which are low, but the
possibility exists and such massive use should be avoided, before including these
amplifiers.

¢  Unifying routine readings of A/D converter and display of results.

e  Certify the technical characteristics of the circuits mounted in order to validate its
massive use.

Future works:

e Increase the use of this equipment for capturing other bioelectrical signals such as
electroencephalographic and electromygraphic.
e Implement a tool to validate algorithms of detection QRS, based on the MIT DB.
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e Apply wavelets in the design and implementation of filtering algorithms and detector
of waveforms.

e Analyze other techniques for detection of parameters like, fuzzy logic, genetic
approaches and neural networks.

e  Make use of information technologies, such as a database in order to obtain relevant
information of the patients and their pathologies.

Finally, this work is a good demonstration of the potential applications of Hardware -

Software, especially in the field of biotechnology. The quantity and quality of the possible

future works show the validity of the affirmation in academic and professional aspects. In

addition to the likely use of this work in medical settings, it also gives account of the scope

of works such as ECG digital, which are practically limitless.

6. Acknowledgment

To Dr. David Cuesta of the Universidad Politécnica de Valencia for his valuable
contributions and excellent disposition to the authors of this work; to cardiologist Dr.
Patricio Maragafio, director of the Regional Hospital of Talca’s Cardiology department, for
his clinical assessment and technical recommendations for the development of the
algorithmic procedures undertaken.

7. References

Ahlstrom, M. L; Tompkins, W. ]J. (1985). Digital Filters for Real-Time ECG Signal
Processing Using Microprocessors, IEEE Transaction on Biomedical Engineering,
Vol.32, No.9, (March 2007), pp. 708-713, ISSN 0018-9294

Clusin, W. T. (2008). Mechanisms of calcium transient and action potential alternans in
cardiac cells and tissues. American Journal of Physiology, Heart and Circle Physiology,
Volume 294, No 1, (October 2007), H1-H10, Maryland, USA.

Cuesta, D. (September 2001). Estudio de Métodos para Procesamiento y Agrupacién de
Sefiales Electrocardiogréficas. Doctoral Thesis, Department of Systems Data Processing
and Computers (DISCA) , Polytechnic University of Valencia, Valencia, Spain.

Dubin, D. (August 1976). Electrocardiografia Prdctica : Lesion, Trasado e Interpretacion, McGraw
Hill Interamericana, 3rd edition, ISBN 978-968-2500-824, Madrid, Spain

Goldschlager, N. (June 1989). Principles of Clinical Electrocardiographic, Appleton & Lange,
13th edition, ISBN 978-083-8579-510, Connecticut, USA

Friesen, G. M,; Janett, T.C; Jadallah, M.A.; Yates, S.L.; Quint, S. R.; Nagle, H. T. (1990). A
Comparison of the Noise Sensitivity of Nine QRS Detection Algorithms, IEEE
Transactions on Biomedical Engineering, Vol.31, No.1, (January 1990), pp. 85-98., ISSN
0018-9294

Hamilton, P. S.; Tompkins, W. J. (1986). Quantitative Investigation of QRS Detection Rules
Using MIT/BIH Arrhythmia Database, IEEE Transactions on Biomedical Engineering,
Vol.31, No.3, (March 2007), pp. 1157-1165, ISSN 0018-9294

Kohler, B. -U,; Henning, C.; Orglmeister, R. (2002). The Principles of Software QRS
Detection, IEEE  Engineering in Medicine and Biology, Vol.21, No.l, (January-
February 2002), pp. 42-57, ISSN 0739-5175

IEEE Transactions on Biomedical Engineering, Vol.31, No.11, (November 1984), pp. 702-706,
ISSN 0018-9294



168 Applications of Digital Signal Processing

Lindner, D. (January 2009). Introduction to Signals and Systems, Mc Graw Hill Company, First
Edition, ISBN 978-025-6252-590, USA

MIT DB. (2008)., MIT-BIH Arrhytmia Database, 20.06.2011, Avalaible from
http:/ /www.physionet.org/physiobank/database/mitdb/

Pan, J.; Tompkins, W.]. (1985). A Real-Time QRS Detection Algorithm, IEEE Transactions on
Biomedical Engineering, Vol.32, No.3, (March 2007), pp. 230-236, ISSN 0018-9294

Proakis, J.; Manolakis, D. (2007). Digital Signal Processing: Principles, Algorithms, and
Applications, Prentice Hall, 3rd edition, ISBN 978-013-3737-622, New Jersey, USA

Smith, S. W. (1999). The Scientist and Engineer's Guide to Digital Signal Processing, Second
Edition, California Technical Publishing, 1999, ISBN 978-096-6017-632, California,
USA

Suppappola, S; Ying, S. (1994). Nonlinear Transform of ECG Signals for Digital QRS
Detection: A Quantitative Analysis, IEEE Transactions on Biomedical Engineering,
Vol.41, No. 4, (April 1994), pp. 397-400, ISSN: 0018-9294

Thakor, N. V.; Webster, J.; Tompkins, W. J. (1984). Estimation of QRS Spectra for Design of a
QRS Filter, IEEE Transactions on Biomedical Engineering, Vol.31, No.11, (2007), pp.
702-706, ISSN 0018-9294

Townsend, N. (2001). Medical Electronics, Signal Processing & Neural Networks Group, Dept. of
Engineering Science, University of Oxford, 21.06.2011, Available from
http:/ /www.robots.ox.ac.uk/~neil/ teaching/lectures/med_elec/

Vidal, C.; Pavesi, L. (January 2004). Implementacién de un Electrocardiografo Digital y
Desarrollo de Algoritmos Relevantes al Diagnéstico Médico. Bacherlor Thesis,
Computer Engineering, Catholic University of Maule, Talca, Chile

Vidal, C.; Charnay, P.; Arce, P. (2008). Enhancement of a QRS Detection Algorithm Based on
the First Derivative Using Techniques of a QRS Detector Algorithm Based on Non-
Linear Transformation, Proceedings of IFMBE 2008 4th European Conference of the
International Federation for Medical and Biological Engineering, Volume 22, Part 6, pp.
393-396, ISBN 978-354-0892-076, Antwerp, Belgium, December 2009

Vidal, C.; Gatica, V. (2010). Design and Implementation of a Digital Electrocardiographic
System, University of Antioquia Engineering Faculty Scientific Magazine, No. 55,
(September 2010), pp. 99-107, ISSN 0120-0230, Antioquia, Colombia

Wells, J. K.; Crampton, W. G. R. (2006). A Portable Bioamplifier for Electric Fish Research:
Design and Construction, Neotropical Ichthyology, Volume 4, (2006), pp. 295-299,
ISSN 1679-6225, Porto Alegre, Brazil




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


