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Abstract—The aim of this work is to design and implement an ECG genera-

tor for didactic biomedical engineering laboratory. The proposed generator pro-

vides analog ECG signals using synthesized or experimental records. The tech-

nique used in this work consists to generate the desired ECG waveforms 

through the PWM outputs of an Arduino board and low-pass filter. To provide 

many educational functions in both analog instrumentation and digital pro-

cessing, the generator supplies output voltages in asymmetric or differential 

mode. To allow the user to setup the ECG signal to be generated, a LabVIEW 

application has been implemented. Experimentations on proposed generator and 

results were accomplished using the NI USB 6009 acquisition module and NI 

MAX software. 

Keywords—ECG signal, pulse width modulation, analog filtering, data acquisi-

tion 

1 Introduction 

Biomedical engineering has gained great importance in the last decade. Among its 

objectives are the study, acquisition, processing and analysis of biomedical signals 

that provide valuable information about the health of the different organs of the 

human body. The ECG signal is one of the most important of these signals because it 

provides important information about the health of the heart. In the teaching of this 

discipline, ECG signal generators are needed to generate different types of analog 

ECG signals with different pathologies and the possibility of adding different types of 

noise such as baseline wander, power line interference and Gaussian white noise. 

The objective of this work is to present an ECG signal generator for educational 

purposes. The idea of this work stems from the fact that biomedical signal generators 

are expensive and may be out of reach for some research laboratories with limited 

budgets. The proposed laboratory is presented in Figure 1. 

iJOE ‒ Vol. 18, No. 02, 2022 181

https://doi.org/10.3991/ijoe.v18i02.25363


Paper—ECG Generator for Educational Biomedical Engineering Laboratory 

 

Fig. 1. Principle of proposed ECG generator 

The proposed ECG generator provides signals using synthesized or experimental 

records such as Physionet databases [1]. The generation of ECG signals is achieved 

by using the PWM outputs of an Arduino board. In order to build the ECG signal to 

be generated, a LabVIEW interface has been implemented. This interface allows the 

user to choose the file containing the samples of an ECG signal, to add artefacts 

according to the needs of the study and to transfer the samples to the Arduino board.  

This paper is organized in 5 sections, in section 2 we will look at the different 

techniques of ECG generation, section 3 is reserved to the specifications and design, 

section 4 is dedicated to experimentation results and discussion, finally section 5 is 

dedicated to the conclusion and perspectives. 

2 ECG generation techniques 

The electrocardiogram (ECG) signal represents the electrical activity of the heart.  

The different features of ECG signal are given in Figure 2 and described in Table 1 

[2]. 

 

Fig. 2. Features of ECG signal 

182 http://www.i-joe.org



Paper—ECG Generator for Educational Biomedical Engineering Laboratory 

Table 1.  Description of ECG features 

Feature Description Duration 

RR interval 
Interval between two R waves. Denotes the heart rate. Normal resting 

heart rate is between 60 to 100 bpm. 
0.6 s to 1.2 s 

P Wave 
During normal atrial depolarization, the electrical impulse travels from 
the sino-atrial node to the atrio-ventricular node and spreads from the 

right atrium to the left atrium. This generates the P wave. 

80 ms 

PR Interval 
It represents the delay taken by the electrical impulse to travel from the 

sino-atrial node through the atrio-ventricular node and into the ventricles. 

120 ms to 200 

ms 

QRS complex 

It represents the rapid depolarization of the right and left ventricles. Due 

to the larger muscle mass of the ventricles as compared to the atria, the 
QRS complex has a larger amplitude than the P wave. 

80 ms to 120 ms 

 

The survey of different works in the field of the design of ECG signal generator 

has allowed us to identify different required specifications. The first specification is 

the purpose of the generator developed, which can be either calibration and mainte-

nance of ECG recording equipment or educational. The second is the method of sig-

nal creation which can be either by mathematical model or using experimental sig-

nals. The third specification is the hardware and software architecture of the genera-

tor. 

According to the first parameter, the works presented in [3],[4], [5], [6], [7], 

[8],[9], [10] and [11]focus on ECG generators for calibration, testing and maintenance 

of ECG equipment. Whereas the authors of the works [12], [13], [14], [15],[16] 

and[17] present generators for didactic use. It can be noted that the few solutions 

proposed for teaching purposes as education laboratory. 

Regarding the second criterion, the authors of the works [3], [5], [6],[7],[8], [9], 

[10],[15], [16], [17], propose methods for creating the signal based on mathematical 

models. Indeed, in [5], [6], [9], [10], [15], the authors used the McSharry model 

which consists in modelling the ECG signal by a system of differential equations 

given below: 

 

𝑥̇ = 𝛼𝑥 − 𝜔𝑦
𝑦̇ = 𝛼𝑦 − 𝜔𝑥

𝑧̇ =  − ∑ 𝑎𝑖 . ∆𝜃𝑖 . 𝑒𝑥𝑝 (−
∆𝜃𝑖

2

2.𝑏𝑖
2) − (𝑧 − 𝑧0)𝑖∈{𝑃,𝑄,𝑅,𝑆,𝑇}

 (1) 

where 𝛼 = 1 − √𝑥2 + 𝑦2 , ∆𝜃𝑖 = (𝜃 − 𝜃𝑖) 𝑚𝑜𝑑 2𝜋, 𝜃 = arctan 2 (𝑦, 𝑥),  𝜔 is the 

angular velocity of the trajectory and 𝑧0 = 𝐴 sin(2𝜋𝑓𝑡) is the baseline of synthetic 

electro-cardiogram where 𝑓  is simulate respiratory frequency. 

The authors of [3], [8] and [7] chose to use a general form equation based on cycle 

time 𝑇𝑅𝑅  given bellow: 

 𝐴. 𝑇𝑅𝑅
1/2

+ 𝐵. 𝑇𝑅𝑅 + 𝐶 (2) 

Where 𝐴, 𝐵 and 𝐶 are parameters to set the features of generated ECG signal. 

In [17], the authors opted to model the signal by a DFG (Data Flow Graph) meth-

od. A polynomial approximation method was used by the authors of [16]. 
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The use of experimental signals appears in [12], [13] and [14] which opt for signals 

downloaded from the Physionet platform. 

Another method of signal generation consists in using a PWM signal with low-pass 

filtering has been proposed in [4]. In [11] the authors generate the ECG signal using 

rectangular pulses that have a different frequency and duty cycle. These pulses are 

then subsequently filtered by low-pass filters. 

Methods based on mathematical models remain approximate since the signal is 

random. These methods allow the generation of a normal ECG signal, whereas in 

practice there are also abnormal signals. The PWM generation method cannot gener-

ate a signal that reflects cardiac abnormalities either. Therefore, we believe that gen-

erators based on experimental ECG signals downloaded from a specific database are 

the best choice for the design of these generators. 

In terms of hardware architecture, the large majority of authors have chosen micro-

controller-based generators combined with digital-to-analog converters. The non-

exhaustive list of microcontrollers used is: 80C31, STM 32 chip, ARM9, W78E516B, 

PIC24, LPC2148, Arduino mega. In some solutions, some more complex circuits 

have been used such as FPGA, CPLD. 

3 Specifications and design of ECG generator 

3.1 Specifications 

The proposed generator provides many educational functions in both analog in-

strumentation and digital processing. It generates eight ECG signals outputs in two 

modes as shown in Figure 3.  

─ Asymmetric: in this mode eight analog voltages referenced to GND are generated 

for digital processing and ECG features measurement such as heart rate, QRS In-

terval, P Wave, T wave .… 

─ Differential: this mode allows generating four analog voltages for a complete ana-

log instrumentation and acquisition.  

 

Fig. 3. Input/output of ECG generator 

The use case diagram given in Figure 4 describes the steps of using the generator:  

─ The user builds an ECG signal by specifying the file containing the samples of an 

ECG recording to be used and setting the characteristics of the various artefacts 

that affect the signal; 

─ The user exports the samples of built signal to the Arduino board;  
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─ The user generates the analog ECG signal. 

 

Fig. 4. Use case diagram of ECG generator 

According to these specifications we propose to design an ECG generator where 

the required blocks are given in Figure 5. The role of each block is listed: 

─ ECG file: contains the samples of an ECG record.  

─ Artefacts (powerline, baseline): to add baseline fluctuation and power line interfer-

ence to the ECG signal. 

─ Gaussian White Noise: to simulate artefacts caused by electromyography (EMG) 

signal. 

─ Filter: to limit the frequency band of the generated analog ECG signal. 
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Fig. 5. ECG generator block diagram 

3.2 Hardware subsystem 

The hardware of the generator consists of the following elements: 

An Arduino Mega board. It receives on its USB port the ECG signal samples that 

the user has built and generates eight analog ECG signals on its PWM outputs. These 

signals can be used in either asymmetric or differential mode. This concept is de-

scribed by the diagram given in Figure 6. 
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Fig. 6. Concept of the proposed ECG generator 

The PWM pins allocation of the Arduino board is given in Table 2. 

Table 2.  Pins allocation of the Arduino board 

ARDUNIO MEGA PINS LEADS 

PIN_ECG1P=2 
PIN_ECG1N=3 

PIN_ECG2P=4 

PIN_ECG2N=5 
PIN_ECG3P=9 

PIN_ECG3N=10 

PIN_ECG4P=11 
PIN_ECG4N=12 

LEAD ECG OUT1 POSITIVE 
LEAD ECG OUT1 NEGATIVE 

LEAD ECG OUT2 POSITIVE 

LEAD ECG OUT2 NEGATIVE 
LEAD ECG OUT3 POSITIVE 

LEAD ECG OUT3 NEGATIVE 

LEAD ECG OUT4 POSITIVE 
LEAD ECG OUT4 NEGATIVE 

 

A low pass filter allows limiting the frequency band of the generated signal.  

A module of a single ECG output is given in Figure 7. The ECG signal is received 

on serial port and UART block then the processor enables the PWM cycles. 
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Fig. 7. Description of a module of a single ECG output 

3.3 Software subsystem 

The software blocks used to program the generator are a LabVIEW VI and an Ar-

duino program. The two blocks are detailed below. 

LabVIEW ECG Generator VI. The front panel of the application is given in  

Figure 8. 

 

Fig. 8. Front panel of the ECG generator 

The main objects of the interface are numbered in Figure 8 and listed as follows: 
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─ Load ECG button (1): allows to load an ECG record from a file; 

─ Export ECG button (2): ensures the exportation of built signal as a CSV file. 

─ Sampling information (3): numerical object to configure the sampling frequency 

and the number of samples of the ECG signal to generate; 

─ Artefacts window (4): allows to configure artefacts variables and to setup some 

serial transmission parameters. This window contains four tabs listed below: 

- Power Line Interference (PLI) tab: in this tab, user specifies frequency, ampli-

tude, phase and offset of a sine wave signal to be added to the ECG signal.  

- Base Line wander (BLW) tab:  allows choosing to load an experimental baseline 

from a file or to specify frequency, amplitude, phase and offset of a sine wave sig-

nal. 

- Noise tab: ensures to configure the variance of a Gaussian white noise and to cal-

culate the signal on noise ratio.  

- Serial Generation tab: The content of this tab allows setting the parameters of the 

signal transmission to the Arduino board. Indeed, it is possible to set the gain to be 

applied to the generated signal, its offset and the maximum amplitude to adapt it to 

the reception input of the Arduino board. The number of bits of resolution of the 

digital conversion is also included. In addition, this tab offers the setting of the 

transmission speed, the choice of the communication port and a visualization of the 

transmission status. 

The main setting up parameters of the different tabs is summarized in Table 3. 

Table 3.  Main setting up parameters of the different tabs 

PLI Base line Noise Serial generation 

 
 

 

 

 

Arduino program. This program receives, stores and enables PWM generators 

according to manual reset switch. The organigram is given in Figure 9. 
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Fig. 9. Flowchart of the Arduino program 

4 Experimentation results and discussion 

The proposed ECG generator will be used for didactic biomedical laboratory. In 

order to carry out experimentation on the generator, we have adopted the configura-

tion shown in Figure 10. In this configuration we used the following components: 

─ An USB-NI 6009 board: this is a multifunction data Acquisition (DAQ). It pro-

vides acquisition and measurement of generated ECG signal. 

─ NI MAX (NI Measurement and Automation Explorer): provides access to NI 

hardware, executes system diagnostics and runs test panels. 

─ A Low pass filter: it’s a second order passive filter with a resistor value 𝑅 = 1𝐾Ω 

and a capacitor value 𝐶 = 2.2 µ𝐹 i.e. a cut-off frequency of 72 Hz. 
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Fig. 10. Configuration for experimentation 

4.1 Building ECG signal 

The developed application allows defining different kind of ECG signal. Indeed, 

user can load ECG signal from data file, select the noise to be added to the signal and 

specify the parameters of this noise. All the artefact signals are generated according to 

the sampling frequency of the loaded ECG signal. Several use cases can be consid-

ered including the following.  

Case 1: Building ECG signal with base line wander (BLW). In this first case, 

user can add a base line signal to an ECG signal loaded from a file. Two kind of base 

line can be used: a sine wave signal or a real baseline loaded from a file. An example 

of results of this experimentation is given in Figure 11 with the following parameters: 

─ A sine wave BLW: Amplitude 𝐴 = 200𝑚𝑉 and frequency 𝐹 = 0.2𝐻𝑧. 

─ Real BLW: the parameters are defined in the information file. 
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(a) 

 

(b) 

Fig. 11. Building ECG signal with BLW: (a) sine wave BLW; (b) real BLW 

Case 2: Building ECG signal with PLI. As in the previous case, we can construct 

an ECG signal with PLI artefacts. An example of results of this experimentation is 

shown in Figure 12 with the parameters of sine wave: Amplitude 𝐴 = 30 𝑚𝑉 and 

frequency 𝐹 = 50 𝐻𝑧. 
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Fig. 12. Building ECG signal with PLI 

Case 3: Building ECG signal with Gaussian noise. In this case, Gaussian noise is 

used to simulate the EMG noise. User can adjust the noise variance according the 

desired SNR. Figure 13 gives an example of results of this experimentation with the 

following parameters: 

─ Noise variance: 𝜎 = 0.11; 

─ ECG variance: 𝜎 = 0.21; 

─ Signal-to-noise ratio: 𝑆𝑁𝑅 = 5.97𝑑𝐵. 
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Fig. 13. Building ECG signal with Gaussian noise 

4.2 ECG signal communication 

Once the ECG signal has been configured, user can export the signal as CSV file or 

transmit it to the Arduino board. In this last case, a gain, offset and maximum output 

value settings are required. These settings depend on the specifications of the receiver 

board. The transfer of the signal starts by a clic on start/stop bottom, its progress can 

be followed by a progress bar and the light indicator (Com on). Figure 14 gives an 

example of this experimentation with the following parameters: 

 Gain = 2 ; 

 Offset = 2.5V; 

 Max output value = 5V; 

 Resolution: 8bits; 

 Transmission rate = 57600 bits/second. 
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Fig. 14. ECG signal transfer 

4.3 Analog ECG signal generation and visualization 

Once the transfer is done, the analog signal is generated on the Arduino PWM out-

puts. Using the NI MAX, user can visualize an acquisition of the ECG signal on the 

test panel of the DAQ 6009. 

An example of signal acquisition in asymmetric mode is given in Figure 15. This 

experimentation is done with the parameters of DAQ 6009 given in Table 4. The 

signal is acquired from the analog input AI0 of DAQ 6009. This pin corresponds to 

ECG_OUT1P pin of Arduino board (see Table 2). 

 

Fig. 15. Acquisition of a positive ECG signal in asymmetric mode 
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Table 4.  Parameters of acquisition 

Parameter Setting up value 

Type of input signal Continuous 

Mode of input signal Asymmetric 

Max voltage value 5V 

Min voltage value 0V 

Sampling frequency 512 Hz 

Number of samples 1000 samples 

 

The acquisition of an ECG signal in differential mode is done in the two listed 

steps: 

─ Acquisition of the negative ECG on ECG_OUT1N pin (AI4 of DAQ 6009) with 

the same parameters given in Table 3. An example of result is given in Figure 16. 

─ Acquisition and visualization of an ECG signal in differential mode on pin AI0. In 

this case, the mode of input signal in Table 3 must be differential. An example of 

result is given in Figure 17. 

 

Fig. 16. Acquisition of a negative ECG signal in asymmetric mode 

 

Fig. 17. Acquisition of an ECG signal in differential mode 
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The designed generator satisfies several requirements of modern education.  In-

deed, it presents the following advantages: 

─ This generator can be used in analog instrumentations or in digital processing of 

the ECG signal since it can generate signals in both asymmetric and differential 

modes; 

─ It allows the generation of different types of signals according to the user's needs; 

─ The generator has an ergonomic and intuitive graphic user interface;  

─ This interface offers the possibility to use the generator in classroom or in distant 

teaching through remote access programs; 

─ It’s a low cost generator which makes it useful in research laboratories with limited 

budgets. 

5 Conclusion 

This work is dedicated to the design and implementation of an ECG generator. The 

design was conducted based on a survey of different generation techniques. New 

specifications were established such as signal generation modes, use of experimental 

signals, possibility of adding different types of noise. The LabVIEW interface of the 

generator allows the user to build the desired ECG signal before transmitting it to the 

USB port and physically generating it on the PWM outputs of the Arduino board.  

The built signal can also be exported and saved as a CVS file. Considering the hard-

ware and software used for implementation, this generator is a low cost one. In addi-

tion, the remote use of this generator is possible in order to allow students a distant 

learning coveted in times of pandemic. 

This generator can be enhanced to become a virtual laboratory for ECG signal gen-

eration, processing and analysis. Indeed, we can later add processing interfaces ac-

cording to different techniques as well as analysis and extraction techniques of the 

signal features. In addition, it is planned to make this generator connected to ECG 

record databases to select and download the desired ECG records. 
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