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 Biomedical applications are one of the important research areas of recent years. One of these fields 

of study is biomedical signals. In this study, the Normal Sinus Rhythm and three arrhythmic ECG 

signals (Ventricular Tachycardia, Ventricular Paced and Atrial Flutter), one of the vital sign 

signals, were designed and implemented to work on FPGA chips using the Xilinx-Vivado program 

with VHDL. Matlab-based ECG signals were taken as a reference and compared with the results 

obtained from the FPGA-based ECG signals design. Then, the structure used in the design and the 

test results obtained from the study have been presented. The designed ECG signals were 

synthesized for the Zynq-7000 XC7Z020 FPGA and observed from the oscilloscope using the 14-

channel AN9767 DA module. FPGA chip resource consumption values obtained after the Place-

Route process are presented. According to the results, the maximum operating frequency of 

Normal Sinus Rhythm and Ventricular tachycardia signals on the FPGA was 657.614 MHz and 

the maximum operating frequency of the Ventricular Paced and Atrial Flutter signals on the FPGA 

was 651.827 MHz. The maximum MSE value obtained from FPGA-based ECG signal design is 

1.2319E-02. In this study, it has been shown that the FPGA-based ECG signal generation system, 

which is implemented as hardware, can be designed using FPGA chips and can be safely used in 

biomedical calibration applications. Other arrhythmic ECG signals can be designed and 

implemented using similar methods in future studies. 
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1. Introduction 

Situations such as heart health, trying to solve problems 

related to heart health and early diagnosis in every period 

of life are issues that should be highlighted. One of these 

issues is Electrocardiography (ECG) and the signals of 

these values constitute the data groups that should be 

followed in the first place about the patient [1]. 

Calibration is a series of measurements used to measure 

the accuracy, determine and document deviations of 

another test and measuring instrument using a 

measurement standard or system of known accuracy under 

specified conditions. The importance of calibration 

becomes clearer if we estimate what it will cost in a sector 

that is difficult to return, such as health, because a medical 

device that makes an erroneous measurement adversely 

affects the diagnostic process. With calibration: The 

accuracy of all measurements performed is ensured. 

Production quality is increased to the desired level. Any 

deviations and errors that may arise during the production 

stages are detected and corrected in advance. It is ensured 

that the products are compatible with other company 

products. The possibility of competition increases. The 

opportunity to catch and use advanced technology is 

provided. The manufactured product is in compliance with 

international standards. Unfair profit from the customer or 

gaining unfair advantage to the customer is prevented. Our 

health is evaluated with correct diagnosis and treatment 

opportunities. All devices used in health institutions must 

be subjected to a calibration process within certain periods. 

The devices used for this purpose are called medical 

calibrator devices. The calibrator whose design is 
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mentioned in this study is the ECG Simulator [2]. 

Field Programmable Gate Arrays (FPGA) are widely 

accepted in medical systems due to their capabilities such 

as rapid prototyping, reprogramming, parallel processing 

and high performance of a concept that requires co-design 

as hardware or software [3]. 

Very successful studies are carried out with FPGA chips 

in the field of signal processing using digital hardware [4]. 

In the literature, the signals used in the studies of the 

ECG and vital signs signals on FPGA chips: These are 

analog signals recorded with medical devices such as 

ECG, patient monitor, or rhythm holter [5]. 

Hundreds of signal samples taken at various times from 

people with different types of ailments in different regions 

were used from national/international databases [6]. 

Studies conducted in this area are generally in the form 

of taking ECG signals from databases, which were 

previously recorded from the patient, non-artificial, real 

signals and applying them to FPGA chips with the help of 

Analog Digital Converter (ADC) and Digital Analog 

Converter (DAC) [7]. Studies on these signals received 

from the patient; Heart rate calculation [8], detection of 

rhythm disturbances [9], detection of peak on the signal 

[10], normalization of noisy ECG signals by applying 

filters such as Finite Impulse Response (FIR) [11], 

Quadrature Mirror Filters (QMF) and Infinite Impulse 

Response (IIR) [12], ECG signal filtering in FPGA [13], 

classification of ECG signals with the Discrete Wavelet 

Transform (DWT) method for the detection of the QRS 

(The three graphs (Q wave, R wave, and S wave) found in 

a typical ECG are a combination of the deviation) complex 

[14]. 

ECG Simulators are commonly performed with 

microcontrollers [15–20]. However, these do not work in 

parallel like FPGA chips, they work in series.  

As can be seen in the literature research, the studies of 

vital signs and ECG signals using FPGA technology are in 

the form of recording these signals from the human body 

through a medical device, storing them in databases and 

taking them from there and using them if needed. 

In this study, four ECG signals (Normal Sinus Rhythm, 

Ventricular Tachycardia, Ventricular Paced and Atrial 

Flutter) are modeled by presenting a new approach on 

FPGA [21]. In the first place, ECG signals were 

mathematically designed and observed in Matlab. Then, 

ECG signals have been modeled for using in FPGA chips 

in Xilinx-Vivado with Very High-Speed Integrated 

Circuits (VHSIC) Hardware Description Language 

(VHDL), which is a structural hardware description 

language.  After that, these signals were compared with 

Matlab-based signals and the error values obtained from 

the comparison were presented. Information was given 

about the FPGA chip and DAC used in the design. 

Oscilloscope images of the obtained signals are shown. 

The working frequencies of the FPGA-based ECG signal 

generation system and the chip statistics obtained from the 

design are presented. In the second part of the study, 

information about ECG signals, FPGA chips and system 

components are given. In the third part, FPGA-based ECG 

signal design and FPGA chip statistics obtained from the 

design are given. In the last part, the results obtained from 

the design are evaluated. 
 

2. Background Information  

2.1 ECG Signal 

The process of recording and interpreting the systole and 

diastole phases of the atrium and ventricles of the heart, the 

electrical activity that occurs during the stimulation and 

transmission of the heart on a moving millimeter paper by 

magnifying the electrical potential created by the heart tissue 

is called Electrocardiography, the recording device is called 

Electrocardiograph and the signal obtained is called 

Electrocardiogram [22]. 

This Non-invasive method has been developed to 

examine the operation of the heart muscle and the neural 

conduction system of the heart, to diagnose and then to apply 

the correct treatment, heart enlargement, reduction in the 

amount of blood to the heart, observation of problems in the 

heart valves, new or old heart damage, heart rhythm 

problems. Also, it can provide important information about 

many cardiac and pericardial diseases that carry the risk of 

premature death. Therefore, ECG, signal processing and 

modeling are considered as some of the most important 

issues in biomedical applications [23]. 

ECG signal; It is a normal sinus rhythm as shown in 

Figure 1 consisting of waves, segments and intervals. Waves; 

P, Q, R, S, T and U wave. Segments; PR-Segment and ST-

Segment. Intervals; QT-interval, PR-interval, RR-interval. 

These values vary in arrhythmic signals [24]. In this study, 

Normal Sinus Rhythm (NSR) and three arrhythmic ECG 

signals (Ventricular Tachycardia, Ventricular Paced and 

Atrial Flutter) were used as a reference in FPGA design. 

NSR is shown in Figure 2, Ventricular Tachycardia in Figure 

3, Ventricular Paced in Figure 4, and Atrial Flutter in Figure 

5, respectively [25]. 
 

2.2 Development FPGA Board and System Components  

FPGAs are digital Integrated Circuits (IC) with re-

programmable features, whose hardware structure can be 

changed by the user/designer according to the desired 

function after production. It stands out with its features such 

as parallel processing, low power consumption, rapid initial 

prototyping, high operating frequency and high performance 

compared to other platforms [26].  FPGA chips can be 

programmed in coding languages such as VHDL, Verilog, 

Handel-C and System C [27]. 
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Figure 1. Typical ECG of a normal person 

 
Figure 2. Normal Sinus Rhythm (NSR) 

 
Figure 3. Ventricular Tachycardia 

An FPGA consists of three programmable components: 

configurable logic blocks (CLB), input-output blocks (IOB) 

and interconnection networks. It consists of various elements 

such as Look-Up Table (LUT) where logical functions can 

be created, Flip-Flops where single-bit information can be 

stored and Multiplexers that direct the information flow. 

Figure 6 shows the FPGA components [28]. 

FPGA chips are widely used in many areas in recent years. 

These working areas are; Artificial Neural Networks (ANN) 

[29], fuzzy logic applications [30], chaotic oscillator design 

 
Figure 4. Ventricular Paced 

 
Figure 5. Atrial Flutter 

[31], Pseudo and True Random Number Generators [32], 

robotics [33], space, aviation and defense industry [34], 

purpose-built integrated prototypes such as Application 

Specific Integrated Circuit (ASIC), audio, automotive 

industry, press and media, consumer electronics, data center, 

high-performance computing and data storage industry, 

video and image processing, wired/wireless communication, 

biomedical applications and medical devices [35-39]. 

This study was carried out using the Zynq-7000 SoC 

XC7Z020 FPGA development board shown in Figure 7 and 

the 14-bit AN9767 DAC module shown in Figure 8. 
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Figure 6. FPGA architecture 

The AX7020 FPGA development board uses Xilinx's 

Zynq7000 series of chips, model XC7Z020-2CLG400I, in a 

40-pin FPGA package. The ZYNQ7000 chip can be divided 

into a Processor System part (PS) and a Programmable Logic 

part (PL). On the AX7020 development board, the PS and 

PL sections of the ZYNQ7000 are equipped with a wealth of 

external interfaces and devices for user convenience and 

functional verification [40]. 

 

3. FPGA-based design of ECG Signals 

The system is designed as a block that generates an ECG 

signal according to parameters in Xilinx-Vivado software 

using VHDL. The working logic of the system as follows; 

The results of the mathematical equations created within the 

scope of the study (functions that calculate ECG values) are 

recorded in LUTs (Look-Up Table). Then, by creating a 

phase register, the phase register increases with every rising 

clock signal and this increased value is modeled to load the 

values in the LUT and transfer them to the output. This 

situation is repeated in each period during the clock. 

Firstly, Normal Sinus Rhythm (NSR) with 72 bpm heart 

rate, Ventricular Tachycardia signal with 210 bpm heart rate, 

Ventricular Paced signal with 75 bpm heart rate and Atrial 

Flutter signal with 150 bpm heart rate have been modeled in 

Matlab in accordance with time and amplitude values. The 

NSR signal modeled in Matlab is shown in Figure 9, the 

Ventricular Tachycardia signal in Figure 10, the Ventricular 

Paced signal in Figure 11, and the Atrial Flutter signal in 

Figure 12. 

 
Figure 7. ALINX AX7020: Zynq-7000 SoC XC7Z020 FPGA 

Development Board 

 

Figure 8. 14-bit Dual Port DAC Output Module AN9767 
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Figure 9. Normal Sinus Rhythm (NSR) with 72 bpm heart rate in 

Matlab 

 
Figure 10. Ventricular Tachycardia signal with 210 bpm heart rate 

The mathematical equation of the P wave generation of the 

ECG signal, which is called Normal Sinus Rhythm and 

whose heart rate is designed as 72 bpm per minute, is shown 

in Equation (1) in Table 1. In addition, the generations of PR-

segment, QRS complex, ST-segment and T wave are 

illustrated in Equation (2), Equation (3), Equation (4) and 

Equation (5), respectively. The stationary period from the 

last part of the T wave to the beginning of the P wave of the 

next ECG signal is given in Equation (6). The amplitude and 

time parameters of the NSR are shown in Table 2 and Table 

3, respectively. 

Then, these four ECG signals were designed in the Xilinx-

Vivado program using VHDL. The signals observed on the 

Vivado simulation screen, namely the NSR signal, are shown 

in Figure 13, the Ventricular Tachycardia signal in Figure 14, 

the Ventricular Paced signal in Figure 15, and the Atrial 

Flutter signal in Figure 16. 

The first-order block diagram of the top module of the 

FPGA-based ECG signal generation system designed to 

operate on the FPGA chip is given in Figure 17. The second-

order block diagram of the system for NSR and the block 

producing the ECG Signal are given in Figure 18. 

 

 
Figure 11. Ventricular Paced signal with 75 bpm heart rate in 

Matlab 

 
Figure 12. Atrial Flutter signal with 150 bpm heart rate in Matlab 

Table 1. Mathematical equations for the NSR designed in Matlab 

x1 = 0: 0.005: p_int 

𝒚𝟏 = 𝒑_𝒑𝒆𝒂𝒌 ∗ 𝒔𝒊𝒏(𝒙𝟏 ∗
𝝅

𝒑_𝒊𝒏𝒕
) 

 

(1) 

x2 = p_int: 0.01: pr_int 

𝐲𝟐 = 𝟎 ∗ 𝐱𝟐 
 

(2) 
q1 = pr_int + 0.015 

x3 = pr_int: 0.005: q1 

𝐲𝟑(𝐐𝐰𝐚𝐯𝐞) = −𝟐𝟔. 𝟔𝟔𝟕 ∗ 𝐱𝟑 + 𝟒. 𝟓𝟑𝟑𝟑𝟑 

r1 = pr_int + 0.045 

x4 = q1: 0.005: r1 

𝐲𝟒(𝐑𝐰𝐚𝐯𝐞) = 𝟔𝟔. 𝟔𝟔𝟕 ∗ 𝐱𝟒 − 𝟏𝟐. 𝟕𝟑𝟑 

s1 = pr_int + 0.075 

x5 = r1: 0.005: s1 

𝐲𝟓(𝐒𝟏𝐰𝐚𝐯𝐞) = −𝟕𝟐 ∗ 𝐱𝟓 + 𝟏𝟕. 𝟎𝟖 

s2 = pr_int + qrs_int 

x6 = s1: 0.005: s2 

𝒚𝟔(𝑺𝟐𝒘𝒂𝒗𝒆) = 𝟑𝟕. 𝟑𝟑𝟑 ∗ 𝒙𝟔 − 𝟗.𝟕𝟎𝟔 

 

 

 

 

(3) 

t1 = pr_int + qrs_int + st_seg 

x7 = s2: 0.01: t1 

𝒚𝟕 = 𝟎 ∗ 𝒙𝟕 

 

(4) 

t2 = pr_int + qt_int 

x8 = t1: 0.005: t2 

𝒚𝟖 = 𝒕_𝒑𝒆𝒂𝒌 ∗ 𝒔𝒊𝒏((𝒙𝟖 − 𝒕𝟏) ∗
𝝅

𝒕𝟐 − 𝒕𝟏
) 

 

(5) 

delay = h − t2 

x9 = t2: 0.01: h 

𝒚𝟗 = 𝟎 ∗ 𝒙𝟗 

 

(6) 
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Table 2. Amplitude parameters of NSR 

NSR parameters Amplitude (mV) 

P wave (p_peak) 0.15 

Q wave (q_peak) 0.40 

R wave (r_peak) 1.60 

S wave (s_ peak) 0.56 

T wave (t_ peak) 0.30 

 

 

Table 3. Time parameters of NSR 

NSR parameters Time (sec.) 

P wave (p_int) 0.11 

PR-interval (pr_int) 0.17 

PR-segment (pr_seg) 0.06 

ST-segment (st_seg) 0.10 

QT-interval (qt_int) 0.40 

QRS complex (qrs_int) 0.09 

T wave (t_int) 0.21 

 

 
Figure 13. Vivado Simulation of NSR 

 
Figure 14. Vivado Simulation of Ventricular Tachycardia 

 
Figure 15. Vivado Simulation of Ventricular Paced 

 

 
Figure 16. Vivado Simulation of Atrial Flutter 
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Figure 17. The first-order block diagram of the system top 

module 

The designed ECG signals were synthesized for Zynq-

7000 XC7Z020 FPGA and observed over the 

oscilloscope using the 14-channel AN9767 DA module. 

The NSR signal observed from the oscilloscope is given 

in Figure 19, the Ventricular Tachycardia signal in Figure 

20, the Ventricular Paced signal in Figure 21, and the 

Atrial Flutter signal in Figure 22, respectively. 

Matlab-based ECG signals were taken as a reference and 

compared with the results obtained from the FPGA-based 

ECG signals design and this comparison is shown in Table 4. 

As a result of this comparison, the maximum MSE value for 

the NSR signal obtained from the FPGA-based ECG signal 

design is 1.2319E-02, the MSE value for the Ventricular 

Tachycardia signal is 8.5333E-07, the MSE value for the 

Ventricular Paced signal is 2.9538E-05, and the Atrial Flutter 

MSE value is 3.3255E-03.

 

 
 

Figure 18. The second-order block diagram of the system for NSR and the block generating the ECG Signal

 
Figure 19. NSR observed on oscilloscope 

 
Figure 20. Ventricular Tachycardia observed on oscilloscope 
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Figure 21. Ventricular Paced observed on oscilloscope 

 
Figure 22. Atrial Flutter observed on oscilloscope 

The usage statistics for the Zynq-7000 chip of the FPGA-

based ECG signal generation system obtained after the 

Place-Route process are given in Table 5. According to the 

results, the maximum operating frequency of NSR and VT 

signals on FPGA was determined as 657.614 MHz. The 

maximum operating frequency of VP and Atrial Flutter on 

FPGA has been determined as 651.827 MHz. 
 

4. Conclusions 

In this study, Normal Sinus Rhythm, one of the vital signs 

for biomedical calibration applications and three arrhythmic 

ECG signals (Ventricular Tachycardia, Ventricular Paced 

and Atrial Flutter) were designed and implemented to work 

on FPGA chips using the Xilinx-Vivado program with 

VHDL. These signals were first mathematically modeled in 

Matlab and the accuracy of the obtained graphics was 

compared and evaluated in accordance with the literature. 

Later, in the Xilinx-Vivado program, using VHDL, the 

verified signals in Matlab were designed. Matlab-based ECG 

signals were taken as a reference and compared with the 

results obtained from the FPGA-based ECG signals design. 

As a result of this comparison, the maximum MSE value 

obtained from the FPGA-based ECG signal design is 

1.2319E-02. The designed ECG signals were synthesized for 

Zynq-7000 XC7Z020 Alinx FPGA and observed from the 

oscilloscope using the 14-channel AN9767 DAC module. 

FPGA chip resource consumption values obtained after the 

Place-Route process are presented.  

Table 4. The comparison of Normal Sinus Rhythm in Matlab and 

Vivado 

NSR 
Time (sec.) Amplitude (mV) 

Matlab & Vivado Matlab Vivado 

P 

wave 

0.00000 0.00000 0.00000 

0.00500 0.02135 0.02148 

0.01000 0.04225 0.04101 

0.02000 0.08109 0.08007 

0.03000 0.11336 0.11328 

0.03500 0.12618 0.12695 

0.04000 0.13644 0.13671 

0.04500 0.14392 0.14453 

0.05000 0.14847 0.14843 

0.05500 0.15000 0.15039 

0.06000 0.14847 0.14843 

0.07000 0.13644 0.13671 

0.08000 0.11336 0.11328 

0.09000 0.08109 0.08007 

0.09500 0.06231 0.06445 

0.10000 0.04225 0.04101 

0.10500 0.02134 0.02148 

PR 

segment 

0.11000 0.00183 0.00000 

0.17000 0.00000 0.00000 

QRS 

wave 

0.17500 -0.13339 -0.13281 

0.18000 -0.26673 -0.26367 

0.18500 -0.40006 -0.41796 

0.20000 0.60040 0.61328 

0.20500 0.93373 0.93945 

0.21000 1.26707 1.26367 

0.22000 1.24000 1.25976 

0.23000 0.52000 0.49804 

0.23500 0.98800 0.96679 

0.24000 -0.20000 -0.20507 

0.25000 -0.37270 -0.37890 

0.25500 -0.18610 -0.19726 

ST 

segment 

0.26000 0.00000 0.00000 

0.36000 0.00000 0.00000 

T 

wave 

0.37000 0.04470 0.42968 

0.39000 0.13020 0.12890 

0.41000 0.20410 0.20507 

0.42000 0.23450 0.23437 

0.44000 0.27930 0.27929 

0.45000 0.29250 0.29296 

0.46000 0.29920 0.29882 

0.47000 0.29920 0.29882 

0.48000 0.29250 0.29296 

0.50000 0.25980 0.25976 

0.51000 0.23450 0.23437 

0.52000 0.20410 0.20312 

0.53000 0.16900 0.16992 

0.54000 0.13200 0.13281 

0.55000 0.08840 0.08789 

0.56000 0.04470 0.04492 

Stationary 

period 

0.57000 0.00000 0.00000 

0.83000 0.00000 0.00000 

 

According to the results, the maximum operating 

frequency of Normal Sinus Rhythm and Ventricular 

tachycardia signals on the FPGA was 657.614 MHz and the 

maximum operating frequency of the Ventricular Paced and 

Atrial Flutter signals on the FPGA was 651.827 MHz. With 

this study, it has been shown that the hardware designed 

FPGA-based ECG signal generation system can be designed 

using FPGA chips, can be utilized safely in biomedical 

calibration applications and can be used in ECG Simulators 

used for calibration tests of medical devices in the field of 

cardiology.  
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Table 5. The usage statistics for the Zynq-7000 chip of FPGA based 

ECG signal generation system 

Logic Utilization 

/ Usage rate 
NSR 

Ventricular 

Tachycardia 

Ventricular 

Paced 

Atrial 

Flutter 

Number of 

BUFGCTLs 
2 / %6.25 2 / %6.25 2 / %6.25 2 / %6.25 

Number of Slice 

LUTs 
39 / %0.073 

 

39 / %0.073 

 

40 / %0.075 

40 

/ %0.075 

Number of Slice 

Registers 

 

38 / %0.035 

 

38 / %0.035 

 

39 / %0.036 

 

39 

/ %0.036 

Maximum 

Operating 

Frequency 

(MHz) 

 

657.614 

 

657.614 

 

651.827 

 

651.827 

Mean Squared 

Error (MSE) 
1.2319E-02 8.5333E-07 2.9538E-05 

3.3255E-

03 

 

In future studies, other arrhythmic ECG signals can be 

modeled using similar methods and also vital sign signals 

such as SPO2, ETCO2 and blood pressure can be added to 

increase the variety of signals to be used for calibration. 
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