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1. Introduction 
Electrical excitations of cardiac cell membranes 

and their propagation in the heart tissue control the 

mechanical contractions of the cells through the cardiac 

excitation-contraction (E-C) coupling mechanism, 
leading to coordinated contractions of the heart to pump 

blood. The excitation event is finely controlled by 

influx and efflux of transmembrane currents through 

various types of ion channels permeable to specific 

kinds of ions. Cardiac excitation involves generation of 

the action potential (AP) by individual cells and its 

conduction from cell-to-cell through intercellular gap 

junctions. The cardiac excitation can be characterized 

by an AP, where the AP is generally has five phases. In 

general terms, excitation of a cardiac cell is brought 

about by the change in potential across the cell 

membrane, due to transmembrane fluxes of various 

charged ions (𝑁𝑎+, 𝐾+,𝐶𝑎2+, 𝐶𝑙−, etc) [1]. 
In a normal dynamics of the heart, the electrical 

excitation wave dies when it reaches a complete 

activation of myocardium because of a refractoriness 

effect of the cardiac tissue that has excited before. 

Although most hearts can disrupt the mechanical 

functioning of the heart, disturbing the coordinated 

contraction of the myocardium and preventing the heart 

from supplying sufficient blood to the body. This is 

known as a cardiac arrhythmia. Arrhythmias caused by 

abnormalities in conduction are often the result of 

reentrant excitation. Reentry occurs when previously 

activated tissue is repeatedly activated by the 

propagating AP wave as it reenters the same anatomical 

region and reactivates it. Reactivation occurs 

indefinitely until the excitability of the tissue in the 

reentrant circuit somehow affected [2]. 

In recent years, experimental researches and 
clinical purposes on the membrane potential and the AP 

have made it possible to reveal the underlying 

mechanisms in the electrical state of the heart. 

Although both of studies mechanisms are generally 

preferable, investigating the cardiac electrical behavior 

experimentally poses a number of challenges, such as a 

limitation on quantity of variables for monitoring or 

deprivation of high-resolution data in investigating 

larger preparations [3]. On the other hand, 

mathematical modeling techniques for a computer 

simulation of cardiac electrical behavior are not 
associated with such complications. 

The mathematical modeling in excitable media is 

pioneered by Hodgkin and Huxley, who formulated a 

mathematical description of AP generation in the giant 
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squid axon in 1952 [4]. In the cardiac cell, starting from 

the electrical excitation model of the FitzHugh-Nagumo 

(FHN) model [5], the Noble Purkinje model [6], the 

Beeler and Reuter [7], the Luo-Rudy ventricular model 

[8, 9, 10] have been developed to represent different 

regions of the heart. With the progress of technology, 
the computational techniques become more advance but 

complicated as variables parameters in the 

mathematical descriptions are increased in order to 

represent the cellular processes in more detail. Thus, 

tissue models consisting of a large number of single cell 

models cause a drawback in the amount of 

computations for the dynamic simulations of the 

mechanism. 

To overcome have the computational challenge, 

there are studies of hardware-implemented for electrical 

excitation modeling that provides valuable tools for 

real-time simulations [11-19]. However, only a few 
studies have succeeded to design analog circuits that are 

biophysically detailed and have quantitative 

correspondence to a real cell. A previous study from 

Farhanahani et al. [20] have provided the analog-digital 

circuits of hardware-implemented cardiac excitation 

model designed by using analog circuits and a dsPIC 

microcontroller that could reproduce a real-time 

simulation of Luo-Rudy based cardiac AP model. 

However, the hybrid cell models have shown 

limitations due to their power consumption and the less 

suitable of the dsPIC to perform rapid calculations in 
performing the real-time operation. 

Thus, study of an Field Programmable Gate Array 

(FPGA) implemented real-time cardiac excitation 

modeling will be carried out in order to solve these 

problems as it is suitable for real-time applications and 

has low power consumption [21]. Currently, the FPGA 

technology has been advanced enough to model 

complex chips with the realistic operating frequency. 

Reconfigurable hardware modeling, in the form FPGAs 

appears of high performance systems at an economical 

price [22]. 

Consequently, FPGAs seem an ideal candidate to 
utilize and exploit their inherent advantages such as 

special low power consumption, millions of bit-level 

operations and extremely sophisticated tools to be used 

in this time [23]. Here, we focus on the FHN model, the 

Ordinary Differential Equation (ODE) model of cardiac 

cell for the AP generation in a mammalian cardiac 

ventricle. In this study, HDL Coder in MATLAB will 

be used to automate the algorithm design process, from 

modeling to FPGA implementation. 

The rest of the paper is organized as follows. In 

Sec. 2, numerical model of FHN which is the base 
method in developing the model is explained. In Sec. 3, 

details on a method of a cable model in performing the 

AP conduction are described. In Sec. 4 details of 

method for HDL Code generation from Simulink and 

MATLAB code are described. In Sec. 5, result and 

analysis were discussed from the numerical simulation 

of the FHN model. Summary of the paper is lastly 

inferred in Sec. 6. 

 

2. FitzHugh-Nagumo (FHN) Model 
Many models have been proposed to simulate the 

cardiac action potential (AP). Numerical models of 

cardiac cell are widely used related with reentrant 

arrhythmia to investigate the underlying dynamics of 

reentrant wave. Basically, these electrophysiology of 

isolated cardiac cell models are coupled together to 

perform simulations of AP propagation in the cardiac 
tissue. 

FHN equations are a simplified version of the 

Hodgkin-Huxley (HH) model that, presents some of the 

essential features of HH’s equations and it is more 

convenient for a controller design process [24]. The 

FHN model can be used to model the cardiac cells 

transmembrane potential. Each cell in the heart 

conduction system has an individual set of parameters 

with a specific AP representing the cell location and 

role within the cardiac structure. 

Equations (1) and (2) show the ODEs for the FHN 
model to simulate the AP. 

 

𝜕𝑉

𝜕𝑡
= −𝑉(𝑉 − 0.139)(𝑉 − 1) − 𝑊 + 𝐼 + 𝐷

𝜕2𝑉

𝜕𝑥2
   (1) 

 
𝜕𝑊

𝜕𝑡
= 0.008(𝑉 − 2.54𝑊)               (2) 

 

Here, V is a membrane voltage, W is a refractory period, 

D is a diffusion coefficient, I is a time and space 

dependent injected current [25].  
 

3. An Active Circuit Cable Model 
Cardiac contraction is initiated by propagating 

electrical waves of excitation. The spread of excitation 

in the heart occurs due to excitability of individual 

cardiac cells and due to close electrical coupling of 

cardiac cells via gap junctions, thereby allowing 
propagation of these electrical excitations from cell to 

cell in tissue [26]. Propagation of action potentials in an 

excitable tissue is often modeled by using significantly 

simplified quantitative method that can be represented 

by the one dimensional (1D) cable model. To describe 

wave propagation in cardiac tissue, it is necessary to 

specify the currents resulting from the intercellular 

coupling, which can usually be approximated by a 

differential in equation (3). 

 
𝜕𝑉𝑚

𝜕𝑡
= 𝐷(𝛻2𝑉𝑚) −

𝐼𝑚

𝐶𝑚

                         (3) 
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Where 𝑉𝑚 is the cardiac cell membrane voltage, 𝐷 is 

the conductivity tensor, 𝐶𝑚 is the membrane 

capacitance and 𝐼𝑚 is transmembrane ionic current 

specified by FHN model. 
According this equation, the cable model of the 1D 

ring consists of N cell models can be illustrated as 

shown Fig. 1, where a gap junction resistance, R is 

corresponded to 1/D. In this study, the cable model of 

the 1D ring with a gap junction resistance of R = 

0.5kΩcm2 which is equaled to D = 2cm2/sec. The 

applied value of R is considered relevant as it belongs 

to the range that provides a moderate coupling and 

allows a propagation of the action potential (AP). 

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 1 A ring-shaped active cable model. The ring 

model consists of N cell models and gap junction 
resistance, R. 

 

4. Methods for HDL Code Generation 
Programmable devices Field Programmable Gate 

Arrays (FPGAs) are very important part of the 

development process for almost every electronic system. 

FPGA gives resources that can be configured to 
implement variety of arithmetic and logical functions. 

Nowadays, model based development is common 

practice with a wide range of specialized software tools 

for modeling and simulation such as Simulink and 

MATLAB code are used for designing, implementing, 

and checking the functionality of new controller 

functions. The quality and efficiency of the software are 

strongly dependent upon the quality of the model used for 

code generation. 

The model based design with Simulink and 

MATLAB code gives an opportunity for obtaining 
hardware descriptions without handwriting of Hardware 

Description Language (HDL) code and by using an 

automatic code generation process [27]. This can be done 

by HDL Coder that supports code generation.  

There are many architectures and implementation 

processes made by different software packages such as 

Xilinx ISE Project Navigator. This software package 

gives a convenient way for simulation of different system 

descriptions and synthesis of electronic systems which are 

described with HDL. The two most popular HDLs are 

VHDL and Verilog. The simple flow design as shown in 

Fig. 2. 

In addition, FPGA and Application Specific 

Integrated Circuit (ASIC) designs can be used for HDL 

Coder and HDL Verifier to specify and explore functional 

behavior, generate HDL code for implementation, and 
continuously test and verify your design through co-

simulation with HDL simulators or FPGA-in-the-loop.  

 

 
Fig. 2 FPGA and ASIC design with HDL Coder and 

HDL Verifier. 

 

4.1 HDL Code Generation for Simulink 
 Simulink HDL Coder automates the algorithm design 

process, from modeling to FPGA implementation. 

Simulink HDL Coder can control HDL architecture, 

implementation and generate hardware resource 
utilization reports. For automatic generation of hardware 

description and FPGA implementation the model have to 

be realized with blocks from the library hdlsupported. 

 HDL code generation process starts by modeling the 

algorithm in Simulink more than 200 blocks. This library 

provides complex functions, such as the Fast Fourier 

Transform (FFT), Cascaded Integrator Comb (CIC) 

filters, and Finite Impulse Response (FIR) filters. Finally, 

to model the signal processing and communications 

systems and generating HDL code. 

 

4.2 HDL Code Generation for MATLAB 

code 
The HDL Coder automatically converts MATLAB 

code from floating-point to fixed-point and generates 

synthesizable VHDL and Verilog code. This capability 

lets algorithm at a high level using abstract MATLAB 

constructs and system objects while providing options for 

generating HDL code that is optimized for hardware 

implementation. The process of translating MATLAB 

designs to hardware consists of the several steps involves 

model the algorithm in MATLAB, generate HDL code, 

verify HDL code and create and verify FPGA prototype. 
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5. Results And Analysis 

 

5.1 Simulink Method 

The FHN model of an action potential (AP) 

generation has been built by blocks from the Simulink 

library. The model for a single cell is shown in Fig. 3.  

 

 
Fig. 3 The FHN model of single cell in Simulink model. 

 

The AP and the recovery state waveforms of single 

cell produced by the FHN model are shown in the Fig. 4. 

The waveform of membrane potential and recovery 

variable varying against time by the FHN model based 
numerical cardiac excitation in single cell are as shown in 

Fig. 4(a) and Fig. 4(b), respectively. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
(a) 

 

 
(b) 

 

Fig. 4 The AP and recovery state waveforms of single cell 

produced by the FHN model. (a) and (b) represent the 

time variance of membrane potential and the time 

variance of recovery variable, respectively. 

 
The AP conduction model of three FHN cells 

connected in 1D ring cable model has also been built 

using the Simulink as shown in Fig. 5.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5 Three membrane cells in Simulink model.
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The AP and recovery state waveforms of three FHN 

cells connected in 1D ring cable model is shown in the 

Fig. 6. The AP conduction around the closed ring active 

circuit cable consists of three FHN cell models has been 

performed. The waveforms overlapped because of the 

small value diffusion coefficient.  
 

 
(a) 

 

 
(b) 

Fig. 6 The AP and recovery state waveforms of three 

FHN cells connected in 1D ring cable model. (a) and (b) 

represent the time variance of membrane potential and the 

time variance of recovery variable, respectively. 

 

5.2 MATLAB code method 
In this project, a simulation of an anatomical circus 

reentry around the closed ring cable consists of eighty 

cells of the FHN model has been performed. It is known 

that the reentry occurs because the present of 

unidirectional conduction block of conducting action 

potentials and excitable gap. Unidirectional block occurs 

when an action potential (AP) wave-front fails to 

propagate in one particular direction, but can continue to 
propagate in other directions. Here an unidirectional block 

was induced by using the so called S1-S2 protocol [28] 

where single or several impulsive stimulations referred to 

as S1 were applied at a given location of the ring, and 

then another impulsive stimulation referred to as S2 was 

applied at a different location from the S1 site in a 

particular time. 

As shown in Fig. 7, two S1 stimulations were applied 

to the ring at the first cell at time t = 100 ms and t = 250 

ms, pacing the excitation of the medium. Each stimulus 

evokes excitation at the stimulated site, generating two 

conducting action potentials. The S2, corresponding to an 

ectopic focus excitation in the real heart, was then applied 

at a position slightly away from the S1 site at an 

appropriate time interval after the second application of 

S1. For the result, S2 was applied at the fifteenth cell at t 
= 460 ms, where the time interval of S1 and S2 was 110 

ms after the S1 stimulation. Since the action potentials 

generated by the S1 were annihilated eventually, the 

single AP generated by the S2 alone was left, initiating 

the circus movement reentrant wave. According to the 

result, after around 1070 ms of reentrant propagation, S3 

stimulation was applied at the fifteenth cell caused the 

termination of the reentrant wave. 

 

Fig. 7 A space-time diagram showing membrane 

voltage as a function of time and position around the 

ring-shaped cable presented by numerical model of the 

FHN. 

6. Summary 
This paper described a Simulink model and 

MATLAB code can be automated from modeling to Field 

Programmable Gate Array (FPGA) implementation using 

HDL Coder. The coder generates VHDL or Verilog code 

that implements the design embodied in the model. In this 

paper, the simulations of cardiac action potential (AP) and 

conduction based on the FHN model using the Simulink 

blocks and MATLAB scripts have been carried out. The 

simulation of the reentrant propagation of the FHN cells 

in 1D ring-shaped cable model also has been performed. 

From this study, we are concerned that the 
implementation for real time cardiac excitation modeling 

using FPGA/MATLAB could be one of alternative tools 

far better understanding the mechanisms of reentry. 
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