
Curso Académico: 



GRADO EN INGENIERÍA EN TECNOLOGÍAS INDUSTRIALES 
DESIGN AND DEVELOPMENT OF AN ELECTROCARDIOGRAM ACQUISITION SYSTEM FOR MEDICAL APPLICATIONS 
 

Resumen 

El presente trabajo aborda el diseño, cálculo e implementación de un 

electrocardiograma para aplicaciones médicas. El desarrollo de este TFG comienza con 

una introducción teórica de los pasos que harán falta debido a las características de la 

señal. Se continuará con el diseño teórico de las distintas etapas y más tarde se 

introducirá en Orcad Capture y en Orcad Layout. 

Una vez finalizado todo el diseño, se fabricará la placa base, se taladraran los agujeros 

y se soldará los componentes. Durante el proceso, se irá comprobando que todas las 

etapas funcionan hasta tener todo el circuito operativo. Para finalizar, se realizaran las 

últimas pruebas de funcionamiento y se comprobaran partes de la normativa. 

Palabras clave: Orcad, señales bioeléctricas, placa base,electrocardiograma. 
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Abstract 

This project addresses the design, calculation and implementation of an 
electrocardiograph for medical applications. The development of this TFG begins with 
a theoretical introduction of the stages that will be required due to the characteristics 
of the signal. To continue with, the theoretical design of the different stages will be 
done and later all of this will be introduced into Orcad Capture and Orcad Layout. 
 
Once the design has been completed, the baseplate is manufactured, holes are drilled 
and the components are welded. During this process, the different stages will be 
tested to check they work as they should until the whole circuit is working. Finally, the 
last few tests to check the circuit fulfills certain parts of the appropriate legislation are 
done.  
 

Key words: Orcad, bioelectric signals, baseplate, electrocardiogram. 
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Resum 

El present treball aborda el disseny, càlcul i implementació d'un electrocardiograma 

per a aplicacions mèdiques. El desenvolupament d'aquest TFG comença amb una 

introducció teòrica dels passos que caldran causa de les característiques del senyal. Es 

continuarà amb el disseny teòric de les diferents etapes i més tard s'introduirà en 

Orcad Capture i en Orcad Layout. 

Finalitzat tot el disseny, es fabricarà la placa base, es taladraran els forats i es soldarà 

els components. Durant el procés, s'anirà comprovant que totes les etapes funcionen 

fins a tenir tot el circuit operatiu. Per finalitzar, es realitzaran les últimes proves de 

funcionament i es comprovaran parts de la normativa. 

Paraules clau: Orcad, senyals bioel·lèctriques, placa base, electrocardiograma. 
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2 Introduction 

 

Since the first electrocardiogram was registered in 1903 it became essential for doctors as 

a way of diagnosis and analysis. Its use is widespread as it is a non-invasive method for 

measuring the hearts electrical activity. Due to this, this project will focus in designing, 

manufacturing and testing a circuit capable of measuring these potentials for medical 

applications, and its specifications will be the ones shown in Table 2-1. The reasons for 

these specifications are explained in this document. 

Gain 
High-pass filter cut-off 

frequency (Hz) 

Low-pass filter cut-off 

frequency (Hz) 

Band-stop filter 

stopband frequency 

(Hz) 

1000 0.05 250 50 

Table 2-1 

3 Objectives  

 

The main objective is to design and develop a working and safe electrocardiograph, but to 

do this, many secondary objectives had to be accomplished first. These secondary 

objectives where the steps taken to move from barely knowing anything about the 

functioning of an electrocardiograph to being able to design, manufacture and test one. 

The first thing that had to be done was to understand how an electrocardiogram works 

and all the things it needed regarding the good functioning of itself and the security of the 

patient. This meant understanding the reason why they had to be included and the 

functioning of all the different filters, the third electrode and other things that will be 

analysed more deeply later. 

Once the previous step had been accomplished, the next one was to draw the schematic 

of the circuit. To do this the specifications sheets of all the components that were going 

to be used had to be searched for and from them all the information relevant to the task. 

For example the pin diagrams of each component were needed so as to draw a reliable 

schematic that could be used for further steps. Lastly, all the calculations needed to know 

which values of capacitors and resistances were needed were done. 

To continue with the design, two completely new programs for the designer had to be 

used, Orcad Capture to draw the schematic on the computer and then pass it to Orcad 

Layout to design the baseplate. Although this could seem quite simple the process of 
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learning how to use these programs, completing the task and correcting all the mistakes 

that were found involved much more time than any of the steps that had been done 

before. 

Once all the previous stages had been completed the manufacturing of the baseplate 

started. To start with, the procedure that will be described later on in more detail had to 

be followed to have all the copper tracks on the baseplate. Once this had been done the 

holes were the pins of the components would be inserted had to be drilled and lastly the 

components were soldered and the circuit was tested stage by stage, so if any error was 

found it wasn’t so difficult to track down where it was. 

When all of the circuit was working the final tests were done.  This stage consisted of 5 

tests that the circuit had to accomplish, them being frequency response, common mode 

rejection ratio, noise, techniques to minimise noise and finally testing it on a person. The 

procedure followed and the results will be described and shown later on in this 

document, along with the appropriate legislation.  

Once all the steps described previously had been completed the next thing to do was to 

search on the internet for the prices of all the components that had been used. To 

appreciate the difference between manufacturing one baseplate to manufacturing many 

two budgets were produced, one where the components were bought separately and 

another where they were bought in packs of a hundred.  

With this being done, the project had been designed, manufactured and tested, while 

keeping in mind the legislation that had to be fulfilled. The electrocardiograph was finally 

finished. 

4 ECG 

 

This project focuses on the measurement of the potentials generated by the heart; this is 

the electrocardiogram, hereinafter referred to as ECG. To measure an ECG, electrodes 

have to be placed on the body of the patient and the signal measured will depend on the 

location of these electrodes. 

Einthoven studied this relationship between the location of the electrodes and the signal 

measured and came up with Einthoven’s triangle. This is an equilateral triangle with the 

heart in the centre of it. This triangle gave place to the standard leads I, II and III, shown in 

Figure 4-1. 
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Figure 4-1. Standard leads. Source: 
http://www.medicine.mcgill.ca/physio/vlab/cardio/setup.htm 

As it can be observed from the previous figure, lead I goes from right arm to left arm, lead 

II from right arm to left leg and lead III goes from left arm to left leg. 

 

Figure 4-2. Waveforms for different leads. Source: 
http://www.electrocardiografia.es/derivaciones.html 

In Figure 4-2 the different waveforms of the ECG depending on the lead can be seen. 

Later on, when testing the circuit on a real person, leads I and II will be measured and this 

difference in the waveform will be seen.  

With all of this being said, the way of measuring an ECG, how locating the electrodes in 

different places affect the signal and the typical leads used have been described. This is 

the base needed to understand measurements that happen further on on this document 

and the characteristics of the signal measured can be now described. 
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5 Signal characteristics  

 

It is vital to know the characteristics of the signal that is going to be measured as they will 

dictate the specifications that the circuit will have to fulfil in order to have a clear and 

filtered signal at the output of the circuit. 

 

Figure 5-1. Complete cycle of a normal ECG corresponding to the first lead. Source: 
http://friamedicina.blogspot.com.es/2011/11/pruebas-diagnosticas-descifrando-el.html 

Figure 5-1 shows the typical ECG waveform for a first lead reading. From this signal, the 

two most important things that have to be taken into consideration to know what 

specifications the circuit has to fulfil are the amplitude and the frequency. 

The amplitude of the signal depends on the lead used, but this amplitude will be between 

1 and 5 mV. These amplitudes are very small and they are difficult to read, so the circuit is 

designed to amplify the signal, making it have a gain of 1000. In UNE-EN 60601-2-47 

clause 51.5.1 it is stated that the system must be able to visualize and bear with voltages 

of 6mV peak-to-valley.  

The system designed in this project, having a gain of 1000, will have at the output a 

voltage of 6V which is less than the supply voltage of ±9V, meaning that the circuit will 

follow the legislation and show the signal wanted at the end of it. 

The next factor that has to be analysed are the typical frequencies an ECG has, as this will 

be needed in order to design the filters of the system. To do this, the frequency spectrum 

of an ECG must be analysed. A standard spectrum of an ECG is shown in Figure 5-2. 
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Figure 5-2. Frequency spectrum of a normal ECG, lead I. Frequencies in Hz. 

From this frequency spectrum it can be observed that the fundamental frequency is 

around 1Hz. Also, it can be seen that as the frequency increases, the harmonics decrease 

until they are almost negligible beyond 60Hz. However, as the application of this circuit is 

for medical purposes, the cut-off frequency of the low-pass filter will be set at 250Hz. This 

is because some pathologies can be identified by a high frequency component in the 

signal read. 

6 Design and development 

6.1 Theoretical fundamentals 

6.1.1 Design specifications and requirements 

 

There are many design specifications that had to be accomplished so that the circuit 

worked as it had to, and these can be divided into two groups. The first group are the 

specifications that will ensure that the circuit accomplishes its requirements, them being 

to show an amplified and filtered signal. The second group contains the specifications 

that had to be met to make sure the patient was safe when using this equipment.  

The first specifications that are going to be analysed are the ones regarding the correct 

functioning of the circuit, as although both groups are important this project 

concentrated more on this first group. 
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The first specification that had to be met was dealing with the direct voltage found at the 

entrance of the circuit due to when a metal is put in contact with a nonmetallic 

conductor, as a potential difference appears. This is exactly what happens when an 

electrode is put in contact with the patients’ skin, this situation can be seen in Figure 6-1. 

If the electrodes are exactly the same this difference is 0, but in reality this is impossible 

to get due to impurities and other factors. Legislation is very clear about this and the 

equipment has to be able to bear with a direct voltage input of up to 300mV.  

 

Figure 6-1. Electrode-skin. 

 𝐸1 − 𝐸2 = 𝐸𝑝  
 𝐸𝑝 ≤ 300𝑚𝑉  

 

This direct voltage has to be removed as it can saturate the amplifiers and to do so the 

signal will be attenuated at 0.05Hz.  

The second specification is a source of interference and it is going to be analysed how this 

affects the design of the circuit. Regarding two typical situations, shown in Table 6-1, that 

can take place when taking measures of a patient.  

CR CT Situation 

0.2pF 520pF Patient lying down in the bed. Bed with TT. 

200pF 3300pF 
Patient lying down in the bed, touching the bed. Bed without 

TT. 
Table 6-1. Typical situations. 

If: 

 𝑉𝑐 − 𝑝𝑝 = 𝑉𝑚𝑎𝑖𝑛𝑠 ∗
𝐶𝑅

𝐶𝑇+𝐶𝑅
 (6.1) 
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With  𝑉𝑚𝑎𝑖𝑛𝑠 = 2 ∗ √2 ∗ 220. Then for the first situation 𝑉𝑐 − 𝑝𝑝 = 0.24𝑉  and for the 

second one 𝑉𝑐 − 𝑝𝑝 = 35.5𝑉 . 

Having these previous calculations done its time to analyse the interference that the 

circuit would have with a regular differential amplifier and with a good differential 

amplifier. With the regular one the circuit would have CMRR = 80dB  (∗ 104)and with 

the good one CMRR = 120dB  (∗ 106) . 

If: 

and this equation is used with both amplifiers and both situations: 

Regular amplifier, situation 1=24µV 

Regular amplifier, situation 2=3.5mV 

Good amplifier, situation 1=0.24µV 

Good amplifier, situation 2=35µV 

The criterion followed to know if the interference is acceptable or not is: 

 
𝐿𝑒𝑣𝑒𝑙 𝑜𝑓 𝑛𝑜𝑖𝑠𝑒(10µ𝑉)

𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
≤ 1% 𝑠𝑖𝑔𝑛𝑎𝑙 (6.3) 

With the level of noise=10µ𝑉, the interference being the values calculated previously and 

knowing the signal will be approximately of 1mV it can be seen that the interference isn’t 

acceptable. To reach a reasonable level of interference Vc has to be made equal to 0 and 

this can be done by connecting the patient to ground. To do this, another electrode is 

used; this electrode will have a certain impedance different from 0 as electrodes are not 

ideal. This impedance is called the impedance of the third electrode. 

Although this third electrode has the major advantage that it makes Vc almost 0 it also 

has a big disadvantage regarding the safety of the patient. If the patient gets in contact 

with the mains supply the current would go through this third electrode as it has the 

lowest impedance and this would be very dangerous for the patient, this is shown in 

Figure 6-2. 

 Vinterference =
𝑉𝑐

𝐶𝑀𝑅𝑅
 (6.2) 
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Figure 6-2. Problem of the third electrode. 

From all of this it can be seen that the circuit will need this third electrode in order to 

have an acceptable level of interference. 

The next specification takes into consideration the fact that the signal read from the 

patient is going to be very small (of the order of millivolts). Clearly this signal will have to 

be amplified so as not to lose the information due to noise or interference. The method 

used to accomplish this gain of 1000 needed will be described later on. 

The circuit will need to have available an extra stage that the doctor may activate or not 

to reject the signal at 50Hz. This is required so as not to see the mains supply when 

reading the signal. This is effective because the frequency of the power supply is 50Hz 

and by doing this if it interferes with the signal this interference is attenuated. 

There are various causes of internal interference that could contaminate the signal 

wanted to be measured making it useless so one of the most important things to do is to 

minimize the impact of these sources of interference. For example, the power source may 

have ripples, causing interference, and these have to be attenuated before supplying the 

components. Also, the components used in the circuit introduce noise to the signal read 

and to filter it the signal must be attenuated at 250Hz. 

Due to the application of this equipment, the circuit may be subject to situations that 

normally it wouldn’t. One of the most important is if when having the electrodes 

connected to a patient, a defibrillator is used. The circuit must be protected in such 
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circumstances against the high voltage that may occur and the method used involving 

diodes will be explained later on. 

As the common mode is responsible for most of the interference it is vital to reduce it. 

This is done by increasing the common-mode-rejection ratio, hereinafter CMRR. One way 

of doing this is by choosing an appropriate amplifier, but there are other ways of 

increasing the CMRR. One of this ways consists in getting the common mode, amplifying 

and inverting it and feeding it back to the patient in order to cancel it. 

Lastly, regarding the safety of the patient, it is necessary to have a way to stop unwanted 

currents to flow through the body of the patient. An electrical separation between the 

circuit and the patient will be needed, and this will be accomplished by introducing an 

isolated power supply. 

In conclusion, the specifications needed are: 

 Gain of 1000 

 Filter to cut-off the frequency at 0.05Hz 

 Filter to cut-off the frequency at 250Hz 

 Attenuate the signal at 50Hz 

 Isolated power supply 

 Protection against high voltages due to a defibrillator 

 Third electrode 

 Dealing with the direct voltage present at the entrance 

 Limit the impact of noise and interference 

6.1.2 Accomplishing specifications  

 

So that the circuit fulfils the specification that it has to bear with a direct voltage input of 

300mV the gain of the first amplifier was designed taking into account this 0.3V. This will 

be shown after in the calculations done to get the values of the resistances at the 

entrance of the amplifier. 

Later on this direct voltage has to be eliminated from the circuit so as to not saturate the 

rest of the circuit. To do so a high-pass filter with a cut-off frequency of 0.05Hz is 

included. 

To amplify the signal two amplifiers have been put. The first one has been located as near 

as possible to the entry of the circuit so as to amplify it before the signal gets too 

contaminated with noise. In this amplifier there is still the direct voltage component of 
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the signal so it is necessary to consider the fact that the amplifier can saturate and this is 

taken into account later on when the gain of this amplifier is calculated. The value 

calculated will be reduced so that there is no risk of saturation or entering the nonlinear 

functioning of the amplifier.  

The second stage of amplifying the signal is put just before the last filter and as here the 

direct voltage has been filtered already, the signal can amplified by a much larger 

amount. To know for how much it needs to amplify the gain of the previous amplifier is 

taken into consideration and knowing that both these gains multiplied have to be 

approximately 1000 the gain of this second amplifier can be calculated. 

To reduce the impact of noise on the final signal the problems mentioned earlier had to 

be solved. To start with, the power source may have ripples and to stop this capacitors 

have been included in all the places were the power source supplies a component. Also, 

to filter the noise a low-pass filter with a cut-off frequency of 250Hz is put at the end of 

the circuit. 

One of the phases that had to be added is the rejection of the signals at 50Hz, to reduce 

the interference of the mains supply. This is done by adding an extra filter that will reject 

this frequency and a switch so that the doctor includes this filter or not. 

If a defibrillator is used on the patient connected to the circuit, the circuit could get 

damaged, as it was mentioned before. To solve this a set of diodes have been included 

and they will act as the protection of the circuit, burning up first if something like this 

happens and not letting it burn the rest of the circuit. These diodes will need some 

protection too as if not they could burn under other circumstances that aren’t as critical, 

leaving the circuit unprotected and having to replace them very often. To protect them, 

resistances have been placed near the entrance of the circuit and before the diodes so as 

to limit the current going through them.  

As it has been mentioned earlier, one way of increasing the CMRR is by feeding an 

amplified and inverted version of the common mode into the patient in order to cancel 

this common mode. This is done by a well-known method called driven-right-leg system 

that will be described in more depth later. This system also brings a further advantage 

regarding electrical safety as if a high voltage appears between the patient and ground 

the operational amplifier will saturate and unground the patient. Another method used to 

increase the CMRR is by choosing an AMP02 operational amplifier, as it has a high CMRR. 

Another system used to increase CMRR is the common mode shield driver. The main 

source of interference is the mains supply, which introduces an interference signal of 
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50Hz. This is due to capacitive interferences between the different elements of the 

system (patient, cables, amplifier) and the mains supply. The way to minimize this is to 

reduce the currents flowing between them and to do this the common mode shield driver 

is introduced. By doing this, the currents that occur because of the mains supply get 

dissipated to the ground via the common mode shield driver, this way they don’t 

interfere with the cables.  

Lastly, to protect the patient from unwanted currents that are dangerous for their health 

an isolated system is used. This consists in an isolated power supply that will be created 

by various components that will be described further on. 

6.2 Block diagram    

 

From the previous part the specifications the design has to meet and how they are going 

to be met are known. The next step is to draw a block diagram to see in which order each 

part of the circuit is going to be put. This has to be done before starting the calculations 

and searching for the datasheets of all the components as first the type of filters and the 

order in which everything is going to be put has to be known. 

Taking everything said earlier the block diagram can be started. This diagram will later be 

used as the base when drawing the schematic where the actual shape and pin location of 

the components will be included.  

The start of the circuit will be the three electrodes connected to the patient, two of them 

being the normal ones from which the signal will be read and the last one being the third 

electrode. From these three electrodes the design will head to the four diodes and the 

two resistances that limit the current through the diodes that protect the circuit from 

burning up if the patient is defibrillated. To continue with the first amplifier will be placed 

as it’s known that the first amplifier has to be the closest as possible to the entrance to 

minimise the effect of noise on the signal read, as it is very small and a minimal amount of 

noise may distortion it enough that no matter what is done after no useful information 

will be got from it. 

To continue with, the DC/DC convertor, the ISO and the MAX are placed. These three 

components function is to have the two isolated grounds needed to protect the patient, 

the positive and negative power supply and the two isolated power supplies that are 

needed to supply each side of the circuit. The ISO will provide the two isolated grounds, 

the MAX the positive and negative voltages and the PWR will provide the two isolated 

power supplies needed for the two sides of the circuit. 
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Now that the entrance of the circuit and all the power supplies and grounds are sorted 

out the next step is to organise the filters and the other amplifier that will lead to the exit 

of the circuit with the clean and amplified signal. 

Knowing that the direct voltage in the signal has to be eliminated as fast as possible it is 

decided to locate the high-pass filter just after the ISO to do so. The next step is to 

introduce the 50Hz rejection filter together with the switch needed so this stage can be 

turned on or off according to the need of it.  

The last two things that need to be placed are the second amplifier and the low-pass 

filter. It is decided to put first the amplifier and then the filter because the filter is used to 

eliminate the noise in the signal and this way it is amplified and then cleaned, while the 

other way round the signal would be filtered and then amplified but as the amplifier also 

introduces noise there would still be noise at the exit of the circuit, making the low-pass 

filter useless.  

Now that it has been decided how the circuit is going to be step by step it’s time to draw 

the block diagram that will later be used as a reference to draw the schematic in Orcad. 

This block diagram is shown in Figure 6-3. 

 

 

Figure 6-3. Block diagram. 
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6.3 Theoretical design 

6.3.1 Entrance 

 

As there are four diodes at the beginning of the circuit they will have to be protected with 

two resistances, one on each of the cables coming from the first two electrodes as shown 

in Figure 6-4. The diodes specifications are 0.5W and INDiode =20mA and therefore only 

the voltage remains to be determined. As the job of these diodes is to sacrifice 

themselves to protect the rest of the circuit in case a high voltage appears due to a 

defibrillator, the voltage has to be determined studying this same defibrillator. A 

defibrillator generally develops 150 Joules of power, and from this it can be assumed that 

around 200V get to the circuit. Therefore: 

 𝑅 =
𝑉

𝐼
=

200

0.02
= 10𝑘Ω (6.4) 

 

 

Component Value Quantity 

Resistance 10kΩ 2 

Diode - 4 

Terminal block, 3 plug-ins - 1 

 

 

 

Figure 6-4. Entrance of the circuit. 
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6.3.2 Amplifiers  

 

The first amplifier has a limit to how much it can amplify by the power supply of 9V and 

by taking into consideration the appropriate legislation; UNE-EN 60601-2-47:2001, clause 

51.5.1, the entrance is set to a maximum of 300mV. With this the gain of the first 

amplifier can then be calculated: 

 𝐺1 =
9

0.3
= 30 (6.5) 

It is decided to leave the amplifier with a gain of 25 as it is not advisable to have it 

working nonlinearly.  

The second amplifier doesn’t have a limit as this first one as the direct voltage has been 

filtered of the signal so it’s possible to amplify until the total gain of 1000 needed:         

 𝐺𝑇 = 𝐺1𝐺2 ;    𝐺2 =
1000

25
= 40 (6.6) 

With the gains of these two amplifiers the total gain of 1000 needed is achieved while 

respecting the specifications mentioned earlier.  

Now the values of the resistances needed to achieve these gains have to be calculated. 

For the first amplifier:  

 𝐺1 =
50𝑘Ω

𝑅𝐺
+ 1 = 25  ;   𝑅𝐺 = 2083Ω (6.7) 

 
1

𝑅𝐺
=

1

𝑅1
+

1

𝑅2 + 𝑅3
 (6.8) 

 𝑅2 = 𝑅3  (6.9) 

 
1

2
𝑅1 = 𝑅2 = 𝑅3 (6.10) 

 

Using equations 6.8, 6.9, 6.10 and operating: 

   
1

𝑅𝐺
=

1

1
2 𝑅1 +

1
2 𝑅1

+
1

𝑅1
 

(6.11) 

 

Then from 6.11   𝑅1 = 4166Ω and 𝑅2 = 𝑅3 = 2083Ω . 

Normalizing these values:  𝑅1 = 3.9𝑘Ω ; 𝑅2 = 𝑅3 = 2𝑘Ω. All of these results are shown in 

Figure 6-5. 
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With the normalised values of these resistances the final value of the gain: 

 
1

𝑅𝐺
=

1

𝑅1
+

1

𝑅2 + 𝑅3
=

1

3900
+

1

2000 + 2000
=

79

156000
 (6.12) 

 

From equation 6.12: 

𝑅𝐺 = 1974.7Ω 

Calculating the new gain with equation 6.7: 

𝐺1 =
50𝑘Ω

𝑅𝐺
+ 1 =

50𝑘Ω

1974.7
+ 1 = 26.32 

In conclusion the components needed for this first amplifier are: 

Component Value Quantity 

Resistance 3.9kΩ 1 

Resistance 2kΩ 2 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 

 

 

 

Figure 6-5. Amplifier located at the entrance of the circuit. 
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For the second amplifier, shown in Figure 6-6: 

 40 = 𝐺2 = 1 +
𝑅2

𝑅1
 (6.13) 

Setting  𝑅2 = 20𝑘Ω , then  𝑅1 = 500Ω. 

Normalizing these values   𝑅1 = 470Ω ;   𝑅2 = 20𝑘Ω .   

With the normalised values of the resistances the new gain will be: 

𝐺2 = 1 +
𝑅2

𝑅1
= 1 +

20 000

470
= 43.55 

Therefore, the total gain of the circuit will be: 

𝐺𝑇 = 𝐺1𝐺2 = 43.55 ∗ 26.32 = 1146 

In conclusion, the components needed for the second amplifier are: 

Component Value Quantity 

Resistance 470Ω 1 

Resistance 20kΩ 1 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 

 

 

Figure 6-6. Second amplifier. 
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6.3.3 Third electrode 

 

The amplifier next to the third electrode, which is the driven right leg system mentioned 

earlier, has a gain of -10 (the negative is put because this filter inverts the signal) so the 

value of the resistances needed to achieve this can be calculated: 

 𝐺 = −10 = −
𝑅2

𝑅1
 (6.14) 

If the value of one of the resistances is set;   𝑅1 = 1𝑘Ω  then  𝑅2 = 10𝑘Ω and these are 

the normalized values already. These values are shown in Figure 6-7. 

In conclusion, the components needed for the driven right leg system are: 

Component Value Quantity 

Resistance 10kΩ 1 

Resistance 1kΩ 1 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 

 

 

Figure 6-7. Driven right leg. 
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This part is the one in charge of amplifying, inverting and then feeding back to the patient 

the common mode signal so as to reduce the common mode effect. 

In Figure 6-8 the way that the common mode shield driver was implemented can be seen. 

This stage is the link between the driven right leg and the instrumental amplifier. This 

stage has a unitary gain and at its output the common mode signal can be read. 

The driven right leg and the common mode shield driver both reduce the interference 

due to the common mode and also provide an alternative path for the polarization 

currents, helping the system to stabilize. 

 

Figure 6-8. Common mode shield driver. 

In Figure 6-9 it can be seen how the shielding of this common mode shield driver was 

accomplished, the two isolated grounds can be seen and the common mode shielding too 

(indicated this last part in the figure). 
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Figure 6-9. Common mode shield driver shown in the baseplate. 

6.3.4 Isolated grounds  

 

It is now needed to introduce the two isolated grounds with their respective isolated 

power supplies that are needed to protect the patient, together with a physical 

separation between both grounds. To do this the components ISO124 (Figure 6-10), the 

PWR17264 and the MAXIM1044 (Figure 6-11) are used. The physical separation was 

made of about 2-3mm so as to ensure the isolation.  

Figure 6-11 shows the entrance (J3) of the battery that will give the +9V needed. This 

entrance is connected to the MAXIM1044, the component that gets a positive input 

supply voltage in its pin number 8 and then produces a negative output voltage in its pin 

number 5. In this stage the -/+9V needed to continue with the other stages is achieved. In 

the same figure it can be seen how this -/+9V are connected to the PWR. The objective of 

this component is to provide the circuit with the two isolated power supplies that will be 

used on the two isolated grounds. This can be seen as the PWR is supplied by the MAX 

with -9V in its pin number 14 and with +9V in its pin number 16 and at the exit (pins 1 and 

32) there is the isolated power supply. In this same figure two polarized capacitors can be 

seen. These capacitors are used to attenuate any ripples that could come from the power 

supply. 

Lastly, in Figure 6-10 the schematic of the ISO124 is shown. This component provides the 

circuit with the two isolated grounds needed as its pin number 16 gives the first ground 

and the pin number 8 gives the second isolated ground. This component has a gain of one 

so that the signal is not amplified when it passes through it. If the datasheet of this 

component is studied it can be seen that it has a maximum leakage current of 0.5µF and a 

barrier impedance of 1014Ω (all at 60Hz), which is enough to keep the patient safe. By 
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looking at the datasheet of the PWR it can be seen that this component has a maximum 

leakage current of 2µA and a high isolation voltage of 3500Vrms. 

Once it’s clear what is needed and why, by searching their datasheet the structure of each 

of these components is found and they can be connected as the next figures show. 

 

Figure 6-10. ISO124. 

 

Figure 6-11. PWR17264 and MAX1044 and entrance of the battery. 
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Component Value Quantity 

ISO124 - 1 

PWR17264 - 1 

MAX1044 - 1 

Capacitor 10µF 6 

Capacitor 10nF 4 

Terminal block, 2 plug-ins - 1 

 

6.3.5 High-pass filter 

 

The high-pass filter is the one in charge of attenuating the signal at 0.05Hz and 

eliminating the continuous part of the signal. It is very important that this is taken into 

consideration not only because it’s needed for the correct functioning of the circuit but 

also because it’s a requirement of the appropriate legislation, UNE-EN 60601-2-47:2001, 

clause 51.5.9. 

The curve a high-pass filter looks like Figure 6-12, where G(jω) is the transfer function of 

the filter and ωc = 2 ∗ π ∗ fc, where fc is the cut-off frequency, in this case 0.05Hz. 

 

Figure 6-12. Curve high-pass filter. 

For Figure 6-13, the transfer function would be: 

 𝐺(𝑝) = −
𝑝2

𝑝2 + 𝐾1𝑝 + 𝐾2𝑝2
     ;    𝑝 = 𝑗ω (6.15) 

 

Where 𝐾1 =  
1

𝐶 

𝑅1+𝑅2

𝑅1𝑅2
 and𝐾2 =

1

𝑅1𝑅2𝐶2
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Proceeding as before with the structure of the transfer function of a second order filter it 

can be concluded that: 

𝜔 =
1

𝑅𝐶
= 2𝜋𝑓 

This way it is easy to now continue and calculate the values of the resistances and 

capacitors needed for this filter. 

 𝑓𝑐 =
1

2𝜋𝑅𝐶
= 0.05𝐻𝑧 (6.16) 

 

The capacitors needed for this have to have a very low capacitance or the resistances will 

be too big for them to be available. Therefore the first step to start calculating is to set 

the value of the capacitors at4.7µ𝐹, which are accessible in the laboratory. With this the 

only unknown is the value of the resistance which can be easily got from the equation 

above. With this, 𝑅 = 677 𝑘Ω and normalising this value = 680𝑘Ω . Figure 6-13 shows 

the result of all these previous calculations. 

In conclusion, the components needed for the high-pass are: 

Component Value Quantity 

Resistance 680kΩ 2 

Capacitor 4.7µF 2 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 
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Figure 6-13. High-pass filter. 

6.3.6 Low-pass filter 

 

The low-pass filter is needed to filter the signal with a cut-off frequency of 250Hz, so the 

values of the resistances and capacitors must be calculated according to this. 

The curve a low-pass filter follows looks like Figure 6-14, where G(jω) is the transfer 

function of the filter and ωc = 2 ∗ π ∗ fc, where fc is the cut-off frequency, in this case 

250Hz. 

.  

Figure 6-14. Curve low-pass filter. 

For Figure 6-15, the transfer function would be: 

 𝐺(𝑝) = −
1

1 + 𝐾1𝑝 + 𝐾2𝑝2
     ;    𝑝 = 𝑗ω (6.17) 
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Where 𝐾1 = 3𝛼2𝑅𝐶1 and𝐾2 = 𝛼1𝛼2𝑅2𝐶2
2 

If the general structure of a transfer function for a second order filter is: 

 
𝐺(𝑝) =

𝐺0

𝑝2

ω0
2 + 2 ∗ 𝛿 ∗

𝑝
ω0

+ 1
 

(6.18) 

 

By comparing the part squared it can be concluded that 

𝜔 =
1

𝛼𝑅𝐶
= 2𝜋𝑓 

This way it is easy to now continue and calculate the values of the resistances and 

capacitors needed for this filter. 

 𝑓𝑐 =
1

2𝜋𝑅𝛼𝐶
= 250𝐻𝑧 (6.19) 

 

This is one equation with two unknowns so it’s decided to set the value of the resistance 

to 10kΩ . Being  𝛼1 = 2.12 ;  𝛼2 = 0.47  the value of the two capacitors needed can now 

be calculated: 𝐶1 = 135 𝑛𝐹 ; 𝐶2 = 35 𝑛𝐹. Normalising these values; 𝐶1 = 100 𝑛𝐹; 𝐶2 =

27 𝑛𝐹.  This is shown in Figure 6-15.  

In conclusion, the components needed for low-pass filter are: 

Component Value Quantity 

Resistance 10kΩ 3 

Capacitor 100nF 1 

Capacitor 27nF 1 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 
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Figure 6-15. Low-pass filter. 

 

6.3.7 50Hz rejection filter 

 

This is the filter that the doctor can turn on or off depending if he needs it or not and its 

main mission is to protect the patient so it’s very important it’s designed correctly.  

The curve a band-pass filter looks like Figure 6-16, where G(jω) is the transfer function of 

the filter and ωc = 2 ∗ π ∗ fc, where fc is the cut-off frequency, in this case 50Hz. 

 

 

Figure 6-16. Curve 50Hz rejection filter. 
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For Figure 6-17 the transfer function is: 

 𝐺(𝑝) =
1 + (

𝑝
ω0

)2

1 + 3
𝑝

ω0
+ (

𝑝
ω0

)2
     ;    𝑝 = 𝑗ω (6.20) 

 

Where ω0 =
1

𝑅𝐶
 . With this said, it is possible now to proceed with the calculation of the 

values of the resistances and capacitors needed. 

Starting with: 

 𝑓𝑐 =
1

2𝜋𝑅𝐶
= 50𝐻𝑧 (6.21) 

 

It is decided to set one of the values of the resistances to 𝑅 = 82𝑘Ω  and with this the 

value of one of the capacitors is 𝐶 = 39 𝑛𝐹 (both normalised). So the value of the other 

resistances and capacitors ends up in 𝐶 = 82 𝑛𝐹 ; 𝑅 = 39𝑘Ω . With this done, Figure 6-17 

is got. 

In conclusion, the components needed for this filter are: 

Component Value Quantity 

Resistance 39kΩ 1 

Resistance 82kΩ 2 

Capacitor 39nF 2 

Capacitor 82nF 1 

OP-27 - 1 

Capacitor 10µF 2 

Capacitor 10nF 2 
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Figure 6-17. 50Hz rejection filter. 

7 Circuit development 

7.1 Design in Orcad 

 

After designing all the stages of the circuit and calculating the value of all the resistances 

and capacitors that were going to be needed, the next step was to put all of this in Orcad, 

to have the schematic and then the design of the base plate to have all the copper tracks 

and pads for the components. 

To start with Orcad Capture was used to draw the schematic of the circuit. Although this 

seemed simple to start with several problems were encountered as it was the first time 

this program was used by the designers. First all the components had to be searched for 

in the libraries of the program. Some of the components were very easy to find such as 

the resistances and the capacitors but soon it could be observed that some of the 

components weren’t in the libraries. 

The solution to place the components that weren’t in the library was to create them on 

the same program. This had to be done with 3 components, the PWR1726 (Figure 7-1), 

the MAX1044 (Figure 7-2) and the switch (Figure 7-3). 



GRADO EN INGENIERÍA EN TECNOLOGÍAS INDUSTRIALES 
DESIGN AND DEVELOPMENT OF AN ELECTROCARDIOGRAM ACQUISITION SYSTEM FOR MEDICAL APPLICATIONS 

 

30 
 

 

Figure 7-1. PWR17264 

 

Figure 7-2. MAX1044. 

 

Figure 7-3. Switch. 

After creating these components, all the things needed to complete the shematic were 

available and the result can be seen in the document Layouts, in layout number 1. 

With this done it was the moment to pass this schematic to Orcad Layout so the base 

plate could be designed. To do this the components that had been created in Orcad 

Capture had to be created in Orcad Layout too, as if not errors occurred and the 

component didn’t appear in Layout. To create them as in Orcad Layout the components 

appear with their real shape and size the components had to be measured, together with 

the distances between the pinsand the location of these pins, and then introduce this in 

the program to create the component.  

Having created the footpaths of these components it was time to edit all of the others as 

the pads that the program gives for default are very small as they are prepared for very 

specialized equipment that a real company whose service is manufacturing these circuits 
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may have but that is not available in the laboratory. For this reason the pads had to be 

made larger as if not when drilling the holes all the copper of the pad would probably be 

removed. 

With this previous step completed, all the components were finished and it was possible 

to continue with the task and start positioning them on the baseplate. Although the 

program has a tool that makes all the connections by itself in this case they hay to be 

done manually as the application of this baseplate is not the usual one. This is because 

the baseplate will be used on people so security has to be taken into account and to make 

sure all the specifications are met it has to be done manualy. This was quite difficult as 

the components had to be located so as the copper tracks were separated enough and 

wouldn’t cross. Due to the large amount of connections, the quantity of components and 

the fact that it was the first time the designer used this progarm this step turned out to 

be the most time consuming. 

The criteria followed to do the connections was to put the ones regarding the power 

supplies, the grounds and some of the ones going out from the plug-in sockets on top and 

the rest of connections between the components and the ones going out of the terminal 

blocks on the bottom. This was decided as it would be imposible to solder the 

connections of the terminal blocks and the plug-in sockets on the top due to their 

physical structure. Although this was the main criteria followed to place all the 

connections, when proceeding to do it due to lack of space and the obligation of leaving 

space between the connections it couldn’t be followed always and some connections had 

to be done in the face where they theoretically shoudn’t have been done. 

With all of this said, all of the connections were finally done and they can be seen in 

layout number 2 in the document Layouts.In layout number 3 of this same document the 

arrangement of the components can be seen. 
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7.2 Manufacturing of the baseplate  

 

Once the design in Orcad had been finished the template shown in Figure 7-4 was printed 

as it was going to be needed for the next stages of manufacturing the baseplate. 

 

Figure 7-4. Printed template 

The presensitized circuit board was taken out from its package taking into consideration 

that solar light couldn’t fall directly on it as this could damage the baseplate and then it 

was put in between the template taking a lot of care that the two sides coincided as 

perfectly as possible. It was very important that the drill holes were perfectly aligned as if 

not they wouldn’t be drilled properly. 

With this being done the plate is put in the equipment shown in Figure 7-5 and in Figure 

7-6 to insolate it, which meant having the plate exposed to UV light for around 100 

seconds in the double layer contact printer shown in the image. This is done so that the 

photoresist the board is covered in decays and the copper underneath is exposed. This 

way, when the plate is passed through the next steps were the copper is removed, it 

won’t be removed from all the plate but just in the places wanted. 
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Figure 7-5. 

 

Figure 7-6. 

Once the plate has been insolated, the template is removed and the plate is transferred 

to the next equipment, shown in Figure 7-7. This equipment consists in various stages, 

the first of them being a slot with developer liquid. After this the plate is changed to the 

next slot which contains iron chloride.  All these steps eliminate the unwanted copper, 

leaving the connections desired. A drawback of this method is that the time must be 

controlled precisely as if not the copper from tracks or pads could be eliminated by 

mistake too. 
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Figure 7-7. 

The result when the baseplate had finished all the previous steps is shown in Figure 7-8. 

To get the finished look it had to be cleaned with cotton wet with alcohol and that way 

the black that can be seen in the figure is removed. 

 

Figure 7-8. Finished board after chemical procedure. 

Once the baseplate was ready the holes for the pins of the components had to be drilled. 

This had to be done with care so as to not remove the copper pads. Figure 7-9 shows an 

image taken during this procedure. During this step three different sizes of drills were 

used, one for the pads of the components, one for the four legs used to support the 
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baseplate and a last one for the holes in the plate whose job was to be a connection path 

between the top and the bottom. 

 

Figure 7-9. Drilling. 

7.3 Soldering of the components  

 

The result of when the baseplate had passed through all the chemical processes, cleaned 

with alcohol and had all the holes drilled is shown in Figure 7-10. Once this had been 

achieved it was the moment to start soldering the components and start testing the 

baseplate to check that all had been done correctly. 

 

Figure 7-10. Finished drilling and cleaning. 
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As the resources of the laboratory are finite some of the components weren’t soldered 

directly on the baseplate. Usual components such as resistances and the capacitors used 

in the connections to the power supply were soldered directly but others weren’t.  

The more expensive and rare components couldn’t be soldered as they were probably 

going to be reused and unsoldering them could have damaged them permanently. 

Therefore, instead of soldering them directly, a number of independent pins were 

soldered so that the component could be placed and removed easily from these pins. 

The components that had to be placed like this were the PWR, the ISO, all the OP27, the 

AMP02, the switch and the capacitors of the high-pass filter. Even though only these parts 

mentioned had to be placed on pins it was decided to do the same with the capacitors 

and resistances that had been calculated for the different filters and amplifiers. This was 

done because although the values had been calculated they were all theoretical values 

and maybe when testing them the response that they gave wasn’t the one desired and 

had to be changed. This could happen due to the normalisation of the values or the 

tolerances of the components. In Figure 7-13 most of the pins were these resistances and 

capacitors were going to be placed can be seen, together with how the PWR was placed 

on the pins prepared for it. 

When soldering and testing it was decided to start with the power supply stage as this 

had to be working before any other part could. In Figure 7-11 it can be seen the entrance 

of the battery, the MAX and the pins were the PWR and the ISO were going to be located. 

Once this part was tested and it was checked that all the connections were correctly 

made and the appropriate results were got it was possible to continue with the next 

stages. 
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Figure 7-11. Power supply. 

The next stage was to solder all the components regarding the entrance of the circuit, 

were the electrodes were going to come out from. This is shown in Figure 7-12. In this 

figure it can be seen the entrance of the electrodes, named E1, E2 and E3, the protection 

diodes, the first amplifier and the setup of the third electrode. This stage had to be 

functioning well before moving on to the next filters and although there were many 

continuity problems once these were solved it worked perfectly. 

 

Figure 7-12. Power supply and first stages. 

In Figure 7-13 it can be observed the mid-stage before everything was soldered as the 

pins for the resistances and capacitors of the low-pass filter haven’t been placed yet. At 

this stage the high-pass filter had been checked and the 50Hz rejection filter was close to 

be tested. Once this was done there would only be one step left. 
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Figure 7-13. 

On Figure 7-14 the completed baseplate can be seen. In this final stage all the filters and 

the supply had been tested and checked their functioning was correct.  

 

Figure 7-14. Finished baseplate. 

7.4 Problems encountered  

 

When developing the circuit many problems were encountered and a wide range of 

different solutions had to be thought of to find resolve them. The first of the problems 

has been mentioned earlier on. This problem was encountered when doing the schematic 

in Orcad Capture and some of the components couldn’t be found in the libraries and it 

was solved by creating the three components manually. 
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When passing the schematic to Orcad Layout the components that had been created in 

Capture had to be created there too, but this time they had to be measured as Orcad 

Layout works with the real size and shape of the components. 

When locating the components and making all the connections many changes had to be 

made as the equipment that was available in the laboratory had certain restrictions that 

had to be respected. To do this a larger spacing than when using specialized equipment 

had to be kept between tracks as the one in the laboratory had much less precision. Due 

to this the pads of the components had to be enlarged, as well as the tracks. 

Once the design in Orcad Layout had been done the baseplate was manufactured and the 

holes drilled. The only complications in this step was measuring the time so that the plate 

wasn’t too much time in the different phases and being careful when drilling so as to not 

remove the copper pads. 

With all of these previous stages completed the soldering of the components and the 

testing of each part of the circuit started. This was a very complicated stage due mainly to 

inexperience. When testing the different parts of the circuit none of them worked the 

first time round due mainly to problems regarding the continuity between the top and 

bottom. This happened to be the most common problem and finding the place where the 

defective solder was turned out to be a very laborious and time-consuming task.  

Even though the criteria described earlier on regarding the face where the tracks had to 

be located was followed some mistakes were made, for example a track was coming out 

of a terminal block on the top side and due to its physical shape it was impossible to 

solder this and a splice between two points had to be done on the bottom side. This is 

shown in Figure 7-15. 
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Figure 7-15. Correcting mistakes, splices. 

Although the solution above had to be adopted only once other components had 

connections that were difficult to solder, for example a plug-in socket that had to be 

soldered on the top and bottom side due to a connection on this top side. This was a 

problem due to the shape and size of this component that made it difficult to solder on 

the top side. 

Another problem encountered was that the low-pass filter was an inverter and another 

inversion wasn’t arranged after it so that the wave at the exit of the circuit wasn’t 

inverted. To resolve this problem it was decided to make one of the amplifiers (the one 

with a gain of 40) an inverting amplifier too, as this was considered easier than making 

the low-pass filter stop inverting. This is shown in Figure 7-16. 
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Figure 7-16. Correcting mistakes, inverting amplifier. 

The last problem encountered was the response of the low-pass filter the first time it was 

tested, as it didn’t give the values that were expected. This could have happened because 

although the resistances used have a tolerance of 1% and therefore their values are quite 

exact, the capacitors tolerance is 10%, and the variation in their value could have been 

the cause of the response obtained from the low-pass filter.  To solve this problem the 

values of the capacitors and the resistances were recalculated. 

Using again Equation (4.17) but this time with the value of the resistances set to 12kΩ the 

value of the capacitors were recalculated and normalised, getting 𝐶1 = 124 𝑛𝐹 ; 𝐶2 =

22 𝑛𝐹. With these values the low-pass filter had the response that was expected and the 

baseplate worked as it should. 

8 Tests on the base plate   

 

The baseplate was now finished as all the components had been placed and all the errors 

had been identified and corrected. The circuit now amplified and filtered the signal it read 

at its entrance and when activated, the 50Hz rejection filter attenuated the signal as 

expected. Once everything was working as it should, it was the moment to test the 

baseplate to see how well it achieved the specifications that had to be met.  

The first thing that had to be done before starting to test the circuit was to put an 

impedance divider. This had to be done because the arbitrary waveform generator 

produces a minimum signal of 20mV and as the circuit amplifies the signal by 1000 and 

the amplifiers are supplied with 9V they obviously saturate. As the amplifiers saturate if 
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the tests are done in these conditions the conclusions that will arise from this tests won’t 

be reliable. To stop the amplifiers saturating an impedance divider is placed at the 

entrance of the circuit so as to get a signal of approximately 1mV and like this there won’t 

be any more problems due to amplifiers saturating. The schematic of this impedance 

divider is shown in Figure 8-1. 

 

Figure 8-1. Schematic impedance divider. 

The value of the resistances needed has to be calculated, so, knowing that the current 

that passes through both the resistances has to be the same: 

 𝐼 =
𝑉

𝑅
=

19𝑚𝑉

𝑅1
=

1𝑚𝑉

𝑅2
 (8.1) 

 

Operating equation 6.1: 

19 ∗ 𝑅2 = 1 ∗ 𝑅1 

By doing R2 = 20Ω, then 𝑅1 = 380Ω. Normalising these values 𝑅1 = 390Ω   ;    𝑅2 =

20Ω . 

The physical appearance of the impedance divider used is shown in Figure 8-2. 
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Figure 8-2. Impedance divider. 

8.1 Frequency response 

 

The first test done on the baseplate was to see how it responded to all the range of 

frequencies it could be subject to, and this had to be done with the 50Hz filter and 

without it. Figure 8-3 shows how the baseplate was supplied with the 9V, how the 

impedance divider was placed so as to get a signal at the entrance of 1mV and how the 

exit of the circuit was measured with the oscilloscope.   

 

Figure 8-3. Set-up frequency response. 
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The first column in the next table shows the minimum voltage the pulse generator can 

give, the second one is the voltage got from the impedance divider and with which the 

entrance of the circuit is supplied. The next columns show the frequencies of the signal 

supplied, the voltage read at the exit of the circuit and lastly the gain of the baseplate and 

then this same gain but in dB.  

The first gain is calculated by doing: 

 𝐺𝑎𝑖𝑛 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛 (𝑎𝑓𝑡𝑒𝑟 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑑𝑖𝑣𝑖𝑑𝑒𝑟)
 (8.2) 

 

And the gain in dB is calculated with: 

 𝐺𝑎𝑖𝑛(𝑑𝐵) = 20 ∗ log 𝐺𝑎𝑖𝑛 (8.3) 

 

Once these measurements had been taken, a graph was drawn to see clearly the 

response of the circuit to all these frequencies and then see if the curve had the shape 

desired.  

 

Graph 8-1.  

The graph got from excel (Graph 8-1) had to be represented with a logarithmic scale so 

that the Bode diagram could be seen. From this graph it can be seen that the Bode 

diagram got as a response of the circuit has the shape wanted, which means that the 
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circuit works as it was intended to. It can also be observed that the final gain was a bit 

higher that it should, as it haves a maximum gain of 60.82dB which is around 1100, while 

a gain of 1000 would be 60dB 

The next step to continue testing the circuit is to do the same test but now with the 50Hz 

rejection filter to see if this filter works correctly and the patient would be safe if it came 

to the point where it had to be activated. The next table shows the results got from the 

test. 

The equations used to calculate the gain and the gain in dB are the same ones as those 

mentioned before. 

A new graph had to be plotted so as to analyse the Bode diagram of the circuit now that 

the 50Hz rejection filter has been activated. The procedure is the same as the one 

mentioned before, and again the scale has to be set to a logarithmic scale for the Bode to 

have the shape wanted. 

 

Graph 8-2 

In conclusion it can be seen that Graph 8-2 has the shape wanted, but it can also be 

observed that due to the slopes got when starting to reach the frequencies at which the 

filters had to attenuate (between the 50Hz and the 250Hz) the curve doesn’t reach the 

previous gain of 1100 (or 60 dB). This is because it doesn’t have enough time to do so 
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before the next filter starts attenuating. This happens because obviously the filters are 

not ideal and they don’t attenuate in a vertical line at the frequency wanted but in slopes. 

It can be observed how without the 50Hz rejection filter at 50Hz there was a gain of 60dB 

and when the filter is introduced this gain falls to 36dB, managing to get the attenuation 

wanted. 

 

8.2 Common mode rejection ratio 

 

The following image shows the arrangement done to test for the common mode rejection 

ratio. It can be seen how the entrance was short-circuited and supplied with 5V at 50Hz. 

The signal was chosen to have a frequency of 50Hz as this is the most troublesome. The 

amplitude from peak to peak was decided to be of 10V as the signal that is going to be 

read is going to be very small. This is because the AMP-02 ideally has a common mode 

gain of 0 and although in reality it isn’t, it is also true that this value is very small. Due to 

this, unless the circuit is supplied with a high voltage at its entrance the signal at the exit 

will be too small to take any conclusions from it or even see it. 

To test this, the signal at the entrance of the circuit and the one at the exit are going to be 

compared. This is done so as to use the 1100 gain directly in the calculations.  

When doing this test it has to be taken into consideration that what is going to be read 

will be a fictitious measurement. This is so because when measuring this way if the 

electrodes are put on a patient the signal at the exit of the circuit will change. Also, if the 

electrodes are put on a different patient this signal will be different too. Due to this, 

although this test has to be done these factors have to be taken into consideration. In 

Figure 8-4 the setup to do this test can be seen.  
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Figure 8-4. Set-up for measuring common mode rejection ratio. 

This is the graph seen on the oscilloscope at the end of the circuit. 

 

Figure 8-5 

Once this is done the next step is to check if this result is acceptable or if it isn’t. To do 

this it proceeds as: 

𝐺𝑑𝑖𝑓 = 1100 
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𝐺𝑚𝑐 =
50𝑚𝑉

10400𝑚𝑉
 

Being the 50mV the voltage peak-to-peak read from the oscilloscope in Figure 8-5, not 

taking into consideration the last peaks of the signal, which are ignored as they are not 

representative of the signal wanted. The 10400mV=10.4V, being the value of the signal at 

the entrance. 

Now it has to be checked if this value is small enough for the circuit to work correctly. 

𝐶𝑀𝑅𝑅 = 20 ∗ log
𝐺𝑑𝑖𝑓

𝐺𝑚𝑐
= 107.2𝑑𝐵 

From legislation; UNE-EN 60601-2-47:2001, clause 51.5.3 it can be seen that an 

acceptable value of CMRR is at least 60dB so the circuit clearly satisfies this condition. 

The last thing remaining to say is that although in this case this test was done this way, in 

UNE-EN 60601-2-47:2001, clause 51.5.3 and Figure 105 of this same document the official 

test can be seen. This test was too complicated to do in the laboratory so this simpler one 

had to be done, but it’s important to know that there is an official test regulated in 

legislation that should be done. 

8.3 Noise 

 

This test is done to check if the circuit has an acceptable level of noise or if, on the other 

hand, it distorts too much the signal making it useless. In Figure 8-6 a general view of the 

arrangement prepared to do this test can be seen. In Figure 8-7 closer look at the 

baseplate and the connections can be seen. 

To test the baseplate for noise the entrance was short-circuited and connected to ground. 

With no signal at the entrance what is read at the exit will be the noise the components 

are introducing into the signal. This test has to check if this noise is small enough so as to 

not affect the signal this equipment has to read and show.  
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Figure 8-6. Set-up for measuring noise. 

 

Figure 8-7. Closer look of the set-up. 

Figure 8-8 shows what can be seen at the exit of the circuit when carrying out this test. 
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Figure 8-8 

The next step is to check if this level of noise is acceptable or not. To do this the size of 

the noise measured and the size of the signal wanted to be measured in normal 

conditions have to be compared. To do this the noise has to be referred to the entrance 

and measured in Vrms: 

𝑁𝑜𝑖𝑠𝑒 𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 =
𝑁𝑜𝑖𝑠𝑒

𝐺𝑎𝑖𝑛
=

39.9𝑚𝑉

1100
= 0.0000363𝑉 

Comparing this to the signal at the entrance of the circuit when measuring a patient that 

will be around 1mV: 

0.0000363𝑉 ≪ 0.001𝑉 

Being the noise much smaller than the signal we are going to read we conclude that the 

amount of noise is acceptable and therefore the circuit has passed successfully this test. 

8.4 Techniques to minimize noise 

 

This test consisted in checking that everything related to the third electrode worked as it 

had to as this third electrode decreases the interference of the common mode. The way it 

does this was explained previously. 

To do this the first thing that had to be checked was the exit of the follower, where the 

same signal as the one supplied at the entrance should be seen. Figure 8-9. shows the 

setup prepared for this test, how the entrance was short-circuited and supplied with 10V 

at 50Hz.  
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Figure 8-9. Set-up for measuring at the exit of the follower. 

 

Figure 8-10. shows the signal that at the entrance of the circuit (channel 1) and the one at 

the exit of the follower (channel 2). It can be easily seen that both signals are exactly the 

same, meaning that this stage has been checked and it works as it has to.  

 

Figure 8-10. 

The next step was to see the signal at the exit of the third electrode. The entrance of the 

baseplate was short-circuited again but now the signal supplied was of 50mV at 50Hz. The 

amplitude of the signal has been reduced because the third electrode has to amplify the 

signal by -10 and if the peak-to-peak value of the signal supplied at the entrance isn’t 
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reduced the amplifier will saturate and whatever is read will be of no use as it will be 

impossible to tell if its amplifying by -10 or not.  

Figure 8-11 shows the arrangement prepared to carry out this test and in Figure 8-12 a 

closer look of the baseplate itself can be seen, so it can easily be seen where the signal is 

being read. 

 

Figure 8-11. Set-up for measuring the exit of the third electrode. 

 

Figure 8-12. Closer look while measuring the exit of the third electrode. 
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Figure 8-13 shows the signal on the screen of the oscilloscope when this test was carried 

out. Channel 1 is the signal supplied to the circuit with the pulse generator and channel 2 

is the signal read at the exit of the third electrode. It can be seen that the third electrode 

is amplifying by -10 as the signal at the exit is 10 times bigger than the one at the 

entrance (from 284mV to around 2.84V) and the wave at the exit is inverted to the one in 

the entrance. This being said, it has been checked that the third electrode works and it 

fulfils its objective. 

 

Figure 8-13 

8.5 Testing the baseplate on a person.  

 

After all the previous test and making sure all of the stages that protect the patient work 

correctly it’s finally the moment to test the baseplate on a person. To do this the 

electrodes shown in Figure 8-14 were used. 

 

Figure 8-14. Electrodes. 
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The measurements were taken with the patient lying down inside the space shown in 

Figure 8-15. This was prepared especially as it helps to minimise the interference of the 

mains with the readings of the oscilloscope. 

 

Figure 8-15. 

In Figure 8-16 it can be observed the first lead that was used to take measurements. This 

first lead consists on having the two normal electrodes each on each wrist and the third 

electrode on an ankle. The second lead that was used was with a normal electrode and 

the third electrode each on one ankle and the other normal electrode on the wrist. The 

measurements taken with these two leads are shown later on. 

 

Figure 8-16. Lead 1. 
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In Figure 8-17 the signal shown on the oscilloscope when the first lead was used without 

the 50Hz filter can be seen. 

 

Figure 8-17 

In Figure 8-18 the same lead was used but this time the 50Hz rejection filter was being 

used. As a result of using this filter it can be observed that the signal was smaller as the 

interference with the mains had been attenuated due to this filter. 

 

Figure 8-18 

In Figure 8-19, the response when the second lead (one normal electrode on an ankle and 

the other one in the wrist and the third electrode on the other ankle) was used can be 

seen. This lead gives a stronger response than the first one, as it can be clearly seen on 
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the figure and considering that Vpp has changed from 960mV to 2.18V. It is compared 

with this value and not with 880mV because this measurement was taken without the 

50Hz rejection filter too. 

 

Figure 8-19. Lead II. 

Figure 8-20 was done to see an example of how doing a certain movement can change 

the signal read in the oscilloscope. All the previous tests were done with the patient lying 

down without moving, but in this test the patient was asked to close his fist firmly. The 

point where the patient did this can be easily identified in the middle of the image. 

 

Figure 8-20. Muscle interference. 
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9 Previous knowledge used 

 

In the process of doing this project knowledge from previous experiences had to be used. 

To know how an ECG works and the bases to start designing one, a seminar from the 

Master en Ingeniería Biomédica had to be attended. To do all the calculations to get the 

values of the resistances and capacitors knowledge from previous subjects was used, for 

example from Sistemas Electrónicos and Teoría de Circuitos. Lastly, to prepare this 

document things learnt in the subject Proyectos was used. 

10 Conclusions 

 

In conclusion, to develop the final circuit many mistakes had to be corrected in all the 

stages and competences in Orcad Layout, Orcad Capture, manufacturing of baseplates 

and soldering were acquired. Lastly, learning how to use an oscilloscope in order to do all 

the tests was required. By learning step by step how to do all of this finally resulted in a 

working circuit that correctly measured and showed an ECG. 
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2 COMPONENT LIST 
Quantity Description Value and units 

1 Terminal block, 3 plug-ins - 
3 Resistance 10kΩ 
4 Diodes - 
1 AMP-02 - 
2 Resistance 2kΩ 
1 Resistance 3.9kΩ 
6 OP-27 - 
1 Resistance 1kΩ 
1 ISO124 - 
2 Capacitor 4.7uF 
2 Resistance 680kΩ 
1 Switch - 
1 Resistance 39kΩ 
2 Resistance 82kΩ 
1 Capacitor 82nF 
2 Capacitor 39nF 
1 Resistance 470Ω 
1 Resistance 20kΩ 
3 Resistance 12kΩ 
1 Capacitor 124nF 
1 Capacitor 22nF 
2 Terminal block, 2 plug-ins - 
1 MAX1044 - 
1 PWR1726 - 
1 Battery 9V 
8 Plug-in socket - 

 

The resistances used were metal film resistances with a tolerance of 1%. The capacitors used 

had a tolerance of 10%. The difference in the tolerances between the resistances and the 

capacitors is due to the fact that capacitors with a tolerance of 1% are much more expensive 

so they weren’t available for this project.   

The resistances and the diodes used have a total power dissipation of 0.5W. 

Regarding the choice of components, the AMP02 was chosen because a differential amplifier 

with high input impedance was needed. Also, this component has a high common-mode 

rejection, which is very useful due to the application of this circuit.  The OP27 was chosen in 

the end, even though there are components that can do the same thing but are cheaper 

because the OP27 is a low-noise precision operational amplifier and the circuit needs 

introduce the least noise as possible. 

To continue with, the first page of the datasheets of the components are shown. The whole 

datasheets are available in the cd attached. 
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The first page of the legislation used is shown now. 
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III. Layouts 
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2 INTRODUCTION 

For this document two budgets have been prepared. It was decided to do it this way as 

this project could have been carried out by a company with the intention of selling this 

circuit. With this in mind, the first budget shows the price of the components if only 

one circuit was going to be done and the components were bought separately. The 

other budget assesses the change in price if a company had wanted to manufacture 

many of these circuits and the components had been bought in packs of 100. The 

prices shown in both budgets have been taken from www.mouser.es. 

3 BUDGET FOR ONE CIRCUIT 

The first budget would be the price of the whole baseplate if only one was to be 

manufactured, and therefore the prices of the components are the ones if they were 

to be bought in small packs or just one of them. 

 

  
Quantity Units Description 

Unitary 
Price 

Row Total 

17 Units Resistances 0.489 8.313 

4 Units Diodes 0.097 0.388 

1 Units Switch 1.67 1.67 

6 Units OP-27 2.89 17.34 

1 Units MAXIM1044 2.74 2.74 

1 Units PWR1726 40.17 40.17 

1 Units AMP-02 11.39 11.39 

1 Units ISO124 17.11 17.11 

50 Hours 
Design by industrial engineer (social 
security included) 

30 1500 

3 Hours 
Manufacturing by industrial engineer 
(social security included) 

15 45 

38  Capacitors 0.276 10.488 

2 Units Capacitors (4.6u) 2.21 4.42 

10 Units Plug-in socket 1.08 10.8 

3 Units Terminal block 0.389 1.167 

Total 1670.996 

http://www.mouser.es/
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4 BUDGET FOR LARGE-SCALE MANUFACTURING OF THE CIRCUIT 

This second budget shows the situation if a company wanted to manufacture this 

circuit in a larger scale, so for this budget the prices of the components have changed 

as it is the price if the components were bought in packs of 100. 

Quantity Units Description 
Unitary 
Price 

Row Total 

17 Units Resistances 0.09 1.53 

4 Units Diodes 0.017 0.068 

1 Units Switch 1.18 1.18 

6 Units OP-27 2.11 12.66 

1 Units MAXIM1044 1.58 1.58 

1 Units PWR1726 32.51 32.51 

1 Units AMP-02 8.8 8.8 

1 Units ISO124 13.22 13.22 

50 Hours 

Design by 
industrial 
engineer (social 
security 
included) 

30 1500 

3 Hours 

Manufacturingof 
the base plate 
(social security 
included) 

15 45 

38 Units Capacitors 0.076 2.888 

2 Units 
Capacitors 
(4.6u) 

1.37 2.74 

10 Units Plug-in socket 0.641 6.41 

3 Units Terminal block 0.35 1.05 

Total 1583.586 

 

In conclusion, the second budget is around 100€ less expensive than the first one. This 

may not seem much but it has to be taken into consideration that the first budget is 

for just one circuit and the second one is for many, meaning that although this first 

circuit may be very expensive for the next ones there will be no ‘design by industrial 

engineer’ which is the most expensive factor. Therefore, the next baseplates 

manufactured will cost 83.586€ and now the real difference between the two 

scenarios described can be really appreciated. 




