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ABSTRACT 
 
The standard Finite-difference Time-domain (FDTD) method requires extremely small time-step sizes when modelling 
scattering objects that are large compared with the wavelength. This is especially so in modelling biological cells 
having sizes of the order of a few tens of micrometers. This can become impractical due to the unaffordable 
computation times required. This problem can be overcome by implementing a quasi-static approximate version of 
FDTD, based on transferring the working frequency to a higher frequency, to reduce the number of time steps required. 
Then, the generated internal field at the higher frequency can be scaled back to the frequency of interest. This paper 
presents an approach to modelling and analysis of the HH (Hodgkin and Huxley) membrane model that is represented 
as an electrical circuit on the surface of a biological equivalent spherical cell. Since the external medium of the 
biological cell is lossy material, a modified Berenger perfectly matched layer absorbing boundary condition is used to 
truncate the computation grid. The total fields of the simulated structures have been shown to give reasonable and stable 
result at 900 and 1800 MHz.   
 
I. INTRODUCTION 
 
Research into possible mechanisms of interaction of electromagnetic (EM) fields with biological tissues and cells has 
motivated a growing need for accurate models describing the EM behaviour of cells exposed to these fields.  Therefore, 
several numerical models have been set up in order to study the interaction between EM fields and biological entities, at 
tissue level, cell level and ionic level. In this area, the most frequently used technique for computing the EM field is the 
finite-difference time-domain (FDTD) method, due to its ability to handle a wide range of material parameters.  
 
The standard FDTD method [1] requires extremely small time-step sizes when modelling electrically-small regions 
(much smaller than a wavelength): this is especially the case when modelling biological cells, since they have 
maximum dimensions of a few tens of micrometers. Thus, models can become impractical due to the unaffordable 
computation times required. This problem can be solved by implementing a quasi-static approximate version of FDTD. 
This approach is based on transferring the working frequency to a higher frequency, to reduce the number of time steps 
required. Then, the generated internal field at the higher frequency can be scaled back to the frequency of interest [2].  
 
The biological cell presents a further challenge in that its most electromagnetically-critical region is the membrane, 
which is only of the order of a few nanometres thick. This paper presents the new approach to modelling, combining 
quasi-static FDTD with the HH (Hodgkin and Huxley) membrane model [3] which is represented as an electrical circuit 
on the surface of the biological equivalent spherical cells. For the sake of simplicity, the analysed structure has been 
represented with spherical cells and Floquet periodic boundary conditions [4] have been applied to the border of the 
analysed structure in order to mimic the presence of the surrounding cells. Although cellular tissues are not perfectly 
periodic and living cells are not precisely spherical, this approximation allows the modelling of ‘canonical’ biological 
tissue with only a small part of the structure and alleviates the problem of huge requirement of computer resources for 
the simulation of a complete tissue sample. Since the external medium of the biological tissue is lossy fluid, the 
modified Berenger perfectly matched layer (PML) absorbing boundary condition (ABC) is used to truncate the 
computation grid [5,6], in order to reduce the reflections on the interface layers. Earlier work on this topic used the Mur 
ABC [7,8]. The validation of the implementation of the HH model inside the FDTD grid also will be discussed in this 
context.  
 
II. SUMMARY OF METHOD 
 
A. Modified Berenger PML 
 
The Perfectly Matched Layer (PML), introduced by Berenger [5] in 1994, allowed boundary reflections below -80dB to 
be realised. PML is based on surrounding the FDTD problem space with a highly lossy and matched non-physical 
absorber. It has been found to be the most accurate technique of the ABCs available and has become a standard in most 
current FDTD simulations [9]. For the case of PML layers with conductivities increasing geometrically, the geometric 



grading factor (g) can be modified in order to reduce the reflection on the interface layer when a lossy medium is 
introduced into problem. An empirical expression for g is found as follows [5, 6]:  
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B. HH (Hodgkin and Huxley) Membrane Model 
 
The dimensions of a biological cell are around a few tens of micrometres and the thicknesses of the membranes are in 
the scale of a few nanometres, strongly depending on the type of the tissue. Depending on the type of the cell, voltages 
in the range of 20-200mV can be obtained across the membrane. When the cell is in a resting state, the current across 
the membrane averages zero, but more generally it depends on the variation on the membrane voltage [3].  
 
Hodgkin and Huxley (H&H) gave a general description of the time course of the current which flows through the 
membrane of the squid giant axon when the potential difference across the membrane was suddenly changed from its 
steady state [3]. The results in [3] suggest that the behaviour of membrane may be represented by the electrical circuit 
shown in Fig.1. Current can be carried through the membrane either by charging the membrane capacitance or by 
movement of ions through the nonlinear conductance in parallel with the membrane capacitance.  A set of equations 
governing the model is given in [3, 8]. 
 

 

 

 
Fig. 1: Equivalent Circuit for Cell membrane Fig.2: Direction of lumped element inside the cell 

membrane  
 
III SIMULATION AND RESUTLS 
 
A. HH Model Implementation 

 
The HH model was implemented on a spherical structure with diameter 50 µm and discretised with 1 µm steps, in order 
to check the polarization voltage of 60.27 mV on the membrane. The HH model in included on the surface of the cell, 
while the inside and outside of the sphere have been considered as cytoplasm (εr = 48.699, σ = 1.412 S/m) and lossy 
medium (εr = 70.87, σ = 2.781 S/m) respectively. It should be noted that the LE-FDTD method has been successfully 
modified in order to allow arbitrary positioning of the lumped element inside the membrane’s cell, not necessarily 
aligned with the FDTD grid (see Fig.2), so that it represents the structure more exactly than simple FDTD. Fig.3 depicts 
the expected polarisation voltage of 60.27mV, appearing on the membrane of the spherical structure without any 
external excitation. 
 
B. Modelling a Cluster of Spherical Cells 
 
A stack of 10 spherical cells, oriented along the z-axis was investigated, as shown in Fig. 4. The radius of the each cell 
was 10 µm. The spherical cell consists of three layers, which are cytoplasm, membrane and extracellular medium and 
the dielectric properties of these were obtained from [10]. Table I shows the characteristics of the materials used in the 
simulation at 900MHz, 1800MHz and 10GHz.  A plane wave of 100 V/m propagating in the z-direction and polarized 
in the x-direction was used as the excitation. Note that the incident plane wave is excited at a plane lying between the 



PML region and the FDTD grid limit. The FDTD problem space was 220 x 20 x 20 FDTD cells of size 1µm. The PML 
was 6 FDTD cells wide and the grading factor for optimal ABC was 7.957. The grid structure effectively extends to 
infinity in the x- and y-directions, by imposing the Floquet boundary condition along the x and y axes. The operating 
frequencies were 1800MHz and 900MHz, whereas the transformed intermediate frequency was 10GHz. Table II reports 
the transformation factors at 900MHz and 1800MHz used in the analysis. The variations of the electric field in V/m at 
900MHz and 1800MHz along the incident wave propagation direction, through the centre of the simulated structure, are 
shown in Figs 5 and 6. These variations were in agreement with expectations [3,8,10]. 
 
 

 

 

 
Fig.3: Field distribution inside a sphere without excitation 
 

Fig.4: Three-dimensional view of the simulated structure 

 
 
IV. CONCLUSION 
 
This work is still in progress, but the utility of the method has been demonstrated, in that the quasi-lumped element 
FDTD method applied to electrically very small cells and the HH model inside the cell membrane have been shown to 
give reasonable and stable results. The combination of quasi-static FDTD with an arbitrarily-oriented lumped element 
membrane model and Berenger’s ABC represents a significant advance in verisimilitude of biological cell modelling. 
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TABLE I 
ELECTRICAL PROPERTIES OF THE SIMULATED 

STRUCTURE 
 

900 MHz 1800MHz 10GHz 

εi = 72.2003 
σi =0.4168 
εm =1.6526 
σm =0.0217 
εe =72.2003 
σe =1.3168 

εi =71.956 
σi =0.7656 
εm =1.5680 
σm =0.0232 
εe =71.956 
σe =1.6656 

εi =63.5023 
σi =12.8384 
εm =1.5371 
σm =0.0237 
εe =63.5023 
σe =13.7384 

* where i, m and e represent cytoplasm, membrane can 
extracellular medium respectively. 

 
TABLE II 

FREQUENCY SCALING TRANSFORMATION FACTOR 
 
 

Parameter 
 

900MHz 1800MHz 

 
Cytoplasm 

 
Membrane 

 
Extracellular 

 
0.9296 

 
0.9 

 
0.8867 

 
0.9337 

 
0.97 

 
0.9226  

 
 
 

 
 

 

Fig.5: Penetration of Electric Field along z axis, through 
the centre of the simulated structure 
 

Fig.6:  Penetration of electric field  (Enlargement of Fig.5) 

 


