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Abstract: In this article, a new transmission line model is presented for the frequency-dependent 

analysis of bioelectromagnetic interactions. For the frequency-dependent analysis, the 

transmission line is modelled with dependent voltage sources in PSpice, allowing the transmission 

line lumped parameters to be defined as functions of frequency. This approach enables frequency-

dependent analysis with a single simulation. As an example, the frequency-dependent electric field 

distribution in a multilayer human tissue model over the frequency range of 1 GHz to 100 GHz is 

investigated. The multilayer tissue model consists of skin, fat, and muscle layers. A finite element 

method (FEM)-based analysis of the electric field distribution in the multilayer tissue model is 

also conducted at the resonant frequency of the model, determined in this study to be 10.44 GHz. 

The transmission line modelling (TLM) and FEM-based results are in good agreement. 

Additionally, the skin depth of the multilayer tissue model is calculated. The results from both the 

electric field distribution analysis and the skin depth calculation confirm the accuracy of the 

proposed frequency-dependent transmission line model. Finally, the study examines the 

frequency-dependent electromagnetic energy absorption in the multilayer tissue model over the 1 

GHz to 100 GHz frequency range. 

 

 

İletim hattı modelleme yöntemi ile frekansa bağlı biyoelektromanyetik etkileşim için yeni 

bir model tasarımı 
 

 

Anahtar 

Kelimeler 

İHM, 

Deri 

kalınlığı, 

ÖSO 

Öz: Bu makalede biyoelektromanyetik etkileşimlerin frekansa bağlı analizi için yeni bir iletim 

hattı modeli sunulmaktadır. Frekansa bağlı analiz için iletim hattı, PSpice programında bağımlı 

voltaj kaynaklarıyla modellenerek iletim hattı toplu parametrelerinin frekansa bağlı fonksiyonlar 

olarak tanımlanmıştır. Bu yaklaşım ile tek bir simülasyonla frekansa bağlı analiz 

gerçekleştirilebilir. Örnek olarak çok katmanlı bir insan doku modelinde 1 GHz ile 100 GHz 

frekans aralığı için frekansa bağlı elektrik alan dağılımı incelenmiştir. Çok katmanlı doku modeli 

deri, yağ ve kas katmanlarından oluşmaktadır. Yapılan analizde modelin rezonans frekansı 10,44 

GHz olarak belirlenmiştir. Bu frekans için sonlu elemanlar yöntemi ile analiz gerçekleştirilmiştir. 

İletim hattı modelleme (İHM) ve sonlu eleman yöntemleri ile elde edilen sonuçlar oldukça uyumlu 

olduğu gözlemlenmiştir. Ayrıca çok katmanlı doku modelinde deri kalınlığı hesaplanmıştır. 

Simülasyondan ve hesaplamadan elde edilen deri kalınlığı değerleri birbiriyle uyumlu olduğu 

gözlemlenmiştir. Bu da önerilen iletim hattı modelinin başarımını göstermektedir. Son olarak 

çalışma, 1 GHz ila 100 GHz frekans aralığında çok katmanlı doku modelinde frekansa bağlı 

elektromanyetik enerji emilimini incelenmiştir. 
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1. INTRODUCTION 

 

The study of electromagnetic (EM) wave interactions 

with biological systems is a critical and evolving field, 

driven by the pervasive use of wireless technologies, 

advancements in medical diagnostics, and therapeutic 

applications. Understanding these interactions, 

particularly at high frequencies, is essential for both safety 

assessment and the development of novel biomedical 

technologies. The fundamental description of all 

electromagnetic phenomena is encapsulated in Maxwell's 

equations. However, obtaining of an analytic solution to 

Maxwell’s equations is not easy in most cases. Numerous 

numerical techniques have been developed to solve these 

equations. The most widely used methods include the 

finite element method (FEM) [1], the method of moments 

(MoM) [2], the finite-difference time-domain technique 

(FDTD) [3], the finite integration technique (FIT) [4], the 

method of lines (MoL) [5], and the transmission line 

modelling (TLM) method [6].  These numerical methods 

differ in several aspects, such as their applicable domains 

(some are suited only for time or frequency domains, 

while others can handle both), their discretization 

approaches, their model boundaries, and their capability 

to be applied to nonlinear complex media [7].  

 

 
Table 1. Comparative overview of some numerical methods in computational electromagnetics 

Method Primary Domain Discretization Approach Key Strengths Key Limitations  

FEM Frequency Volume-based Handles complex geometries, multi-

physics coupling, no numerical 

dispersion (FD), guaranteed 
convergence [8] 

Computationally expensive 

(volumetric meshing), complex 

meshing, steeper learning curve [8] 

MoM Frequency Surface-based Efficient for open regions/scattering, 

surface meshing, no numerical 
dispersion [9] 

Computationally intensive (dense 

matrices), limited to 
linear/homogeneous media, 

convergence not guaranteed, harder 

to parallelize [9] 

FDTD Time Volume-based Conceptual simplicity, broadband 

analysis from single run (with FFT), 
handles nonlinearity, guaranteed 

convergence [10] 

Global grid issues for complex 

geometries, numerical dispersion 
error (accumulates), CFL condition 

constraint [10] 

TLM Time (adaptable to 

Frequency) 

Network/ Circuit-based Unconditional stability, intuitive 

visualization, material/mesh 
flexibility, computational efficiency 

(parallelizable), 

complex/nonlinear/dispersive material 
handling, better boundary geometry 

modeling [11] 

Higher memory per node, early 3D 

complexity [11] 

FIT Time/ Frequency Volume-based Stability and discretization of 
Maxwell’s equations in their integral 

form. [12] 

Poor performance in transverse 
scaling, complex implementation 

[12] 

MoL Time/ Frequency Line-based Suitable for longitudinally repeating 
objects and resonant structures. [13] 

The scaling performance in the 
transverse direction is very poor, it is 

somewhat difficult to visualize. [13] 

 

TLM is, firstly, used by G. Kron [14,15] as an equivalent 

circuit representation of Maxwell’s equations. P. B. Johns 

and R. L. Beurle introduce a numerical method based on 

Kron’s equivalent circuit representation with impulse 

excitation of the circuit [16].  Some features of TLM, 

which explain why it is preferred in computational 

electromagnetics [11] can be listed as: 

 

-  It is unconditionally stable.  

- It allows easy visualization of the problem being 

simulated.  

- It supports variable mesh size and material.  

- Its numerical solution is simple and can be easily 

parallelized.  

  

PSpice is a general-purpose circuit simulator. It is capable 

of handling analog, logical, and mixed-signal 

components, circuits, and systems. There are studies in 

the literature where electromagnetic problem solved in 

PSpice environment based on TLM method. For instance, 

in [17], the transmission line model of PSpice is employed 

to simulate wave propagation in a lossless medium. 

Similarly, in [18], the same model is used to compute the 

voltage standing wave ratio (VSWR) for various types of 

terminations. In [19], a one-dimensional multilayered 

planar tissue model is used to investigate electromagnetic 

energy absorption when the model is exposed to radiation 

from a base-station antenna for two different frequencies.  

However, as seen in the aforementioned studies, 

traditional implementations often assume frequency-

independent parameters or rely on repeated simulations 

across discrete frequencies, limiting their applicability in 

broadband scenarios within PSpice environment. 

 

This study addresses that gap by developing a frequency-

dependent TLM framework implemented in PSpice using 

dependent voltage sources (ELaplace devices). This 

approach allows the lumped parameters of the 

transmission line—resistance, inductance, capacitance, 

and conductance—to be explicitly defined as functions of 

frequency.  

 

In this study, a one-dimensional (1D) multilayer planar 

tissue model was employed to investigate electromagnetic 

energy absorption using the TLM method. Previous 

studies have analysed electromagnetic energy absorption 

in tissues using various models [20–23]. In this work, the 

stratification model of tissues was selected as skin, fat, 

and muscle, as described in [24–27]. A simulation was 

performed for frequencies ranging from 1 GHz to 100 
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GHz, assuming far-field radiation conditions, and its 

performance is validated through comparison with FEM-

based analysis and theoretical skin depth calculations 

The structure of the paper is as follows: Section 2 

describes the materials and methods, Section 3 presents 

the simulations and results, and Section 4 offers a 

conclusion. 

 

2. MATERIAL AND METHOD 

 

2.1. Material and Method Subheading 

 

In this study, a one-dimensional (1D) multilayer human 

tissue model is used for simulations. The solution of the 

field equations for a plane wave traveling through a 

medium is analogous to the solution of a voltage wave on 

a transmission line. 

 

Consider a plane wave propagating in the z-direction 

within a lossy medium. The field equation for a transverse 

electromagnetic (TEM) wave can be expressed as: 

 

∇2𝐸 − 𝛾2𝐸 = 0 (1) 

 

where  

 

𝛾2 = 𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀)  (2) 

 

In Equation 2, 𝜔 represents angular frequency, and 𝜇, 𝜎, 

and 𝜀  represent field parameters permeability, 

conductivity, and permittivity, respectively. 

 

The solution of Equation 1 can be written as: 

 

 

𝐸𝑥(𝑧) = 𝐸0𝑒−𝛾𝑧 + 𝐸0
′ 𝑒𝛾𝑧  (3) 

 

where 𝐸0 and 𝐸0
′  represent the magnitude of the incident 

and reflected electric field, respectively. 

 

Similarly, the equation of a voltage wave on a 

transmission line can be written as: 

 

∇2𝑉 − 𝛾2𝑉 = 0 (4) 

where  

 

𝛾2 = (𝑗𝜔𝐿 + 𝑅)(𝑗𝜔𝐶 + 𝐺) (5) 

 

In Equation 5, 𝜔 represents angular frequency, and L,R,C 

and G represent transmission line parameters inductance, 

resistance, capacitance, and conductance per meter, 

respectively. 

 

The solution of Equation 4 can be written as: 

 

𝑉𝑥(𝑧) = 𝑉0𝑒−𝛾𝑧 + 𝑉0
′𝑒𝛾𝑧 (6) 

 

Where 𝑉0 and 𝑉0
′ represent the magnitude of the incident 

and reflected voltage wave, respectively. 

 

Finally, the intrinsic impedance of a lossy medium is, 

 

η=√
j𝜔μ

σ+j𝜔ϵ
 (7) 

 

and, the corresponding characteristic impedance of a lossy 

line is, 

Z0=√
R+j𝜔L

G+j𝜔C
 (8) 

 

As evident from the equations above, the solution for an 

electromagnetic wave traveling through a medium is 

mathematically equivalent to that of a voltage wave 

traveling through a transmission line. For this equivalence 

to hold, the medium's parameters 𝜇  (permeability), 𝜎 

(conductivity), and 𝜀  (permittivity) must correspond to 

the transmission line's parameters L (inductance 

meter −1), G (conductance meter −1), and C (capacitance 

meter  −1 ), respectively. Additionally, the value of R 

(resistance meter −1) in the transmission line must be set 

to zero, as there is no analogous parameter for R in the 

medium. 

 

2.2. Frequency-Dependent Transmission Line Model 

 

In this section, the transmission line model for frequency-

dependent parameters is described. The currents at both 

ends of a transmission line, shown in Figure 1a, can be 

expressed as below [28]: 

 

𝑖𝑎 =
𝑉𝑎

𝑍0

− 𝑖𝑏
′

𝑖𝑏 = −
𝑉𝑏

𝑍0

+ 𝑖𝑎
′

 (9) 

  

where 𝑍0  is the characteristic impedance of the 

transmission line discussed in the previous section, and 𝑖𝑎
′  

and 𝑖𝑏
′    are described as: 

 

𝑖𝑎
′ = 𝑖𝑎𝑒−𝛾𝑙 +

𝑉𝑎

𝑍0

𝑒−𝛾𝑙

𝑖𝑏
′ = 𝑖𝑏𝑒−𝛾𝑙 +

𝑉𝑏

𝑍0

𝑒−𝛾𝑙

 (10) 

 

where 𝛾  is the propagation constant of the line, as 

described in Equation 5. 

 

Using Equation 9, the Thevenin model of a transmission 

line link can be implemented as shown in Figure 1b. 

 

The Thevenin model given in Figure 1b can be 

implemented in PSpice with an ‘ELaplace’ device for 

frequency-dependent simulations. The impedances in 

Figure 1b can also be modelled with the ’ELaplace’ 

device. 

 

In Figure 2, the PSpice implementation of the Thevenin 

model is given. All the sources in the figure are dependent 

voltage sources. Among the sources, 𝑉𝑎1,𝑉𝑎3,𝑉𝑏1, and 𝑉𝑏3 

are current controlled voltage sources with gain 𝑍0 , 

𝑍0𝑒−𝛾𝑙 ,𝑍0 , and 𝑍0𝑒−𝛾𝑙 , respectively, while 𝑉𝑎2  and 𝑉𝑏2 

are voltage controlled voltage sources with gain 𝑒−𝛾𝑙 . 
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These dependent voltage sources are implemented in 

PSpice with ‘ELaplace’ devices, in which the gains of 

these sources can be defined in terms of frequency, and 

the ‘ELaplace’ device can be either a current or voltage-

controlled voltage source. The PSpice expression of 

Figure 2 is given in Appendix B. An example of a PSpice 

expression of a frequency-dependent transmission line 

cell for tissue is provided in Appendix C. 

 

 
Figure 1. (a) Transmission line and (b) its Thevenin model 

. 

 
Figure 2. PSpice implementation of transmission line Thevenin model 
 

2.3. The Multilayer Human Tissue Model Used in 

Simulations 

 

The multilayer human tissue model used in this study is 

depicted in Figure 3. The model consists of three layers: 

skin, fat, and muscle tissues. For the simulations, the 

thicknesses of the skin, fat, and muscle layers were set to 

1 mm, 4 mm, and 10 mm, respectively, as specified in 

[29].  

 

The TLM method is used to analyse electric field 

distribution in multilayer tissue. A transmission line 

model is generated for each tissue layer since the medium 

parameters are different for each tissue. Each layer is 

further subdivided into 100 identical transmission line 

cells, as illustrated in Figure 4. The frequency-dependent 

parameters, namely C and G of the transmission line, were 

defined as a function of frequency.  

 

 
Figure 3. Multilayer tissue model used in the study 
 

The lengths of the transmission line cells are 10−2 mm for 

skin, 4 x 10−2  mm for fat, and 10−1  mm for muscle 

tissue. In Figure 4, the transmission line cells depicted as 

TSi, TFi, and TMi represent skin, fat, and muscle tissues, 

respectively, 𝑍𝑎𝑖𝑟  is intrinsic impedance of air (377Ω), 

independent of frequency, and 𝑍𝐿  is the intrinsic 

impedance of muscle tissue, which is frequency-

dependent 

 

 
Figure 4. PSpice schematic for the simulation of electric field 

distribution in the multilayer tissue model, TSi, TFi, and TMi represent 

skin, fat, and muscle tissues respectively 
 

𝑍𝐿 is selected as the intrinsic impedance of muscle tissue 

to prevent waves from being reflected back at the end of 

the muscle tissue. Since 𝑍𝐿   is frequency-dependent, an 

‘ELaplace’ device is used to emulate a frequency-

dependent impedance. The general expression of 

‘ELaplace’ is:  

 

“E{name} {+node} {-node} LAPLACE {expression} {s 

expression} “ 

 

An example PSpice expression for frequency-dependent 

impedance is given in Appendix A. 

 

As mentioned in the previous section, L, G, and C 

parameters of the line are equivalent to 𝜇 , 𝜎 , and 𝜀 

parameters of the medium, respectively. Among the 

medium parameters, 𝜎  and 𝜀  parameters vary with 

frequency, while 𝜇  parameter does not, since human 

tissues are a non-magnetic material that their magnetic 
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permeability (𝜇) is the same as or very close to that of 

vacuum [30–33]. In Figure 5, relative permittivity (𝜀𝑅) 

and conductivity (σ) of tissues are given for a frequency 

range of 1 GHz-100 GHz. 

 

In order to perform an AC analysis of the multilayer 

tissue, some of the transmission line parameters, namely 

C and G, should be defined as a function of frequency. As 

a first step, for each curve in Figure 5, a frequency-

dependent polynomial is constructed using the curve 

fitting method. 

 

 
Figure 5. Relative permittivity (above) Conductivity of the tissues 
(bottom) used in the study with respect to frequency 
 

The process for defining frequency-dependent parameters 

in PSpice involves modelling a frequency-dependent 

transmission line, which was detailed in the previous 

section. 

 

3. SIMULATIONS AND RESULTS 

  

In the analysis of electric field intensity distribution in the 

multilayer tissue model for the frequency range of 1 GHz-

100 GHz, the root mean square (RMS) value of the 

incoming electric field is set as 1 V m-1. The normalized 

electric field distribution is given in Figure 6. 

 

As shown in Figure 6, at certain frequencies, the electric 

field magnitude exceeds that of the incoming electric 

field. The maximum occurs at approximately 10.44 GHz, 

where the electric field magnitude nearly doubles that of 

the incoming field. In this study, the human tissue 

modelled as a multilayer with each layer having different 

electrical properties. Because of this, there will be 

multiple reflections. Other than reflections, there will be 

phase changes and standing wave effects. The electric 

field strength, shown in Figure 6, takes into account the 

aforementioned effects. Because of these effects, the 

magnitude of the electric field may increase as it travels 

through the multilayer medium [34]. Similar results were 

found in [34-39] where the magnitude of the electric field 

increased as it travelled through multilayer tissue model. 

However, in all these studies, the frequency at which this 

phenomenon occurs is different since the number of layers 

in the multilayer tissue model and the thickness of each 

tissue are different from the model employed in this study. 

 

 
Figure 6. The normalized electric field distribution in the multilayer 
tissue model for the frequency range 1GHz – 100 GHz 
 

To further investigate this phenomenon, the equivalent 

characteristic impedance of the multilayer tissue is 

analysed, as it can be related to the resonant frequency. 

The input impedance of a transmission line can be written 

as: 

 

𝑍𝑖𝑛 = 𝑍0

𝑍𝐿 + 𝑍0tanh (𝛾𝑙)

𝑍0 + 𝑍𝐿tanh (𝛾𝑙)
 (11) 

 

where 𝑍0  is the characteristic impedance of the line, as 

described in Equation 8. 𝑍𝐿 is the load impedance of the 

line, 𝛾  is the propagation constant, as described in 

Equation 5, and 𝑙 is the length of the line. 

 

Accordingly, the equivalent characteristic impedance of 

the multilayer tissue can be written as: 

 

𝑍𝑒𝑞 = 𝑍0𝑠

𝑍𝐿𝑠
+ 𝑍0𝑠

tanh (𝛾𝑠𝑙𝑠)

𝑍0𝑠
+ 𝑍𝐿𝑠

tanh (𝛾𝑠𝑙𝑠)
 (12) 

 

where 𝑍0𝑠
, 𝛾𝑠 , and 𝑙𝑠  are the characteristic impedance, 

propagation constant, and the length of skin tissue, 

respectively. 𝑍𝐿𝑠
 is the load seen by the skin tissue, which 

is equal to the input impedance of the fat tissue and can be 

written as: 

 

𝑍𝐿𝑠
= 𝑍0𝑓

𝑍0𝑚
+ 𝑍0𝑓

tanh (𝛾𝑓𝑙𝑓)

𝑍0𝑓
+ 𝑍0𝑚

tanh (𝛾𝑓𝑙𝑓)
 (13) 
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where 𝑍0𝑓
, 𝛾𝑓 , and 𝑙𝑓  are the characteristic impedance, 

propagation constant, and the length of the fat tissue, 

respectively, and 𝑍0𝑚
 is the characteristic impedance of 

the muscle tissue. The load seen by the fat tissue is 

equivalent to the characteristic impedance of the muscle 

tissue, as the muscle tissue is terminated with a perfectly 

matched layer (PML).  

 

The magnitude, real, and imaginary parts of the equivalent 

impedance of the multilayer tissue are given in Figure 7 

with respect to frequency. 

 

 
Figure 7. The magnitudes of absolute, real part, and imaginary part of 
the multilayer tissue model equivalent impedance with respect to 

frequency 
 

If Figure 7 is examined, the imaginary part of the 

equivalent impedance is zero at two frequencies, 3.83 

GHz and 10.44 GHz. In other words, at these two 

frequencies the equivalent impedance is purely resistive. 

The resonant frequency can be described as the frequency 

at which the equivalent impedance of a circuit has no 

imaginary part. Hence, 3.83 GHz and 10.44 GHz are the 

two resonant frequencies of the multilayer tissue model 

used in this study. As can be seen in Figure 7, the real part 

is minimum at 10.44 GHz while it has a maximum at 3.83 

GHz. Since the real part of the equivalent impedance at 

10.44 GHz has a minimum, a maximum peak electric field 

occurs at this frequency.  

 

Finite element method (FEM)-based analysis of electric 

field distribution in the multilayer human tissue at 10.44 

GHz is conducted to compare the result of transmission 

line modelling (TLM) method analysis at this frequency. 

The results of both methods at 10.44 GHz are given in 

Figure 8. As can be seen in the figure, the results of both 

methods are very close to each other. This shows the 

successful performance of the proposed transmission line. 

 

 
Figure 8. FEM and TLM-based analysis of electric field distribution in 

the multilayer tissue model at the resonant frequency of 10.44 GHz 

 

To evaluate the results of TLM-based analysis, the skin 

depth of the multilayer tissue is also calculated over the 

frequency range 1 GHz – 100 GHz, and both results are 

compared.   

 

For an N-layer medium, effective skin depth can be 

calculated as [40]:

 

𝛿𝑒𝑓𝑓 = ∑ 𝑑𝑖

𝑁+1

𝑖=1

𝑑𝑖 = ∫ |
∏ (1 + Γ𝑗)𝑖−1

𝑗=1

∏ (𝑒𝛾𝑗 + Γ𝑗𝑒−𝛾𝑗)𝑖
𝑗=1

(𝑒−𝛾𝑖(𝑧−∑ 𝑙𝑗)𝑖−1
𝑗=0 + Γ𝑖𝑒𝛾𝑖(𝑧−∑ 𝑙𝑗)𝑖

𝑗=0 )| 𝑑𝑧
∑ 𝑙𝑗

𝑖
𝑗=1

∑ 𝑙𝑗
𝑖−1
𝑗=1

𝑑𝑁+1 = ∫ |
∏ (1 + Γ𝑗)𝑁

𝑗=1

∏ (𝑒𝛾𝑗 + Γ𝑗𝑒−𝛾𝑗)𝑁
𝑗=1

(𝑒−𝛾𝑖(𝑧−∑ 𝑙𝑗)𝑁+1
𝑗=0 )|𝑑𝑧

∞

∑ 𝑙𝑗
𝑁
𝑗=1

 (14) 

 

where 𝛿𝑒𝑓𝑓 is the effective skin depth, 𝑑𝑖 contribution of 

each layer to the effective skin depth, and 𝛤𝑖 , 𝛾𝑖 and 𝑙𝑖 are 

the reflection coefficient, the propagation constant and the 

length of the 𝑖𝑡ℎ layer, respectively. The calculated 

effective skin depth of the multilayer tissue is given in 

Figure 9. 

 

Skin depth can be simply defined as the depth at which 

the current density has fallen to 1/e (about 0.37) of surface 

current density. Since 

 

𝐽 = 𝜎𝐸  (15) 

 

where 𝐽 is the current density, 𝜎 is conductivity, and 𝐸 is 

the electric field, skin depth can be redefined as the depth 

at which the electric field magnitude has fallen to e-1 

(about 0.37) of the electric field magnitude at the surface 

of the medium. 

 

In Figure 9, skin depth in the TLM-based analysis is 

obtained from Figure 6 by plotting distance at which the 

electric field magnitude has fallen to e-1 of the incoming 

electric field against frequency. In Figure 6, the white line 

shows the skin depth. 
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If Figure 9 is examined, it can be said that the calculated 

skin depth result confirms that of TLM-based analysis. 

However, the two results are not very close to each other 

because, in TLM-based analysis, the field parameters are 

constructed with curve fitting. 

 
Figure 9. Calculated effective skin depth and skin depth obtained from 

TLM-based analysis with respect to frequency 

 

It is stated that in [34, 37, 41-43], at higher frequencies 

(above 30 GHz), the electromagnetic waves have a 

smaller penetration depth typically on the millimetre 

(mm) order. This is also observed in this study, as shown 

in Figure 9, where the skin depth above 30 GHz is less 

than 1 mm. It is also found that the skin depth is less than 

1 mm above 30 GHz in [34, 37] 

 

Finally, specific absorption rate (SAR) of the multilayer 

tissue is calculated for the frequency range 1GHz-10GHz.  

SAR can be expressed as: 

 

𝑆𝐴𝑅 =
𝜎

𝜌
𝐸𝑟𝑚𝑠

2  (16) 

 

where 𝜎  and 𝜌  represent conductivity and density of 

tissue, and 𝐸𝑟𝑚𝑠 is the RMS value of the electric field. 

  

The average SAR of the multilayer tissue for the 

frequency range 1 GHZ-100 GHz is given in Figure 10.  

For the SAR value calculation, the magnitude of the 

incident electric field at the surface of the tissue model is 

1 V m-1 (RMS). If the magnitude of the incident fields is 

doubled, then the SAR value is quadrupled since SAR is 

squarely proportional to the magnitude of the electric 

field. 

 

 
Figure 10. The average SAR of the multilayer tissues model with respect 

to both distance and frequency for the normalized electric field 

If Figure 10 is examined, the local maximum SAR is 

observed at the largest frequency in the skin tissue since 

SAR is proportional to conductivity and squarely 

proportional to the electric field. However, the maximum 

average SAR is observed at the resonant frequency of the 

multilayer tissue model, since the magnitude of the 

electric field at that frequency is the highest. Also, at all 

the frequencies the maximum local SAR is observed near 

the surface of the skin tissue at the incident wave side 

except for the frequencies in the neighbourhood of the 

resonant frequency 10.44 GHz.  In the latter frequencies, 

the maximum local SAR is observed at the other end of 

the skin tissue, near the fat tissue. 

 

4. CONCLUSION 

 

The accurate modelling of electromagnetic wave 

interactions with biological tissues is a cornerstone of 

modern bioelectromagnetic, driven by the complexities of 

human anatomy and the pervasive nature of 

electromagnetic fields in daily life and medical 

applications. The inherent heterogeneity, anisotropy, and 

frequency-dependent dielectric properties of biological 

media fundamentally limit the utility of analytical 

solutions to Maxwell's Equations, necessitating the 

adoption of sophisticated numerical techniques. 

 

The present work contributes to the literature by 

introducing a novel TLM implementation that leverages 

the capabilities of the circuit simulation software, PSpice, 

to perform frequency-dependent analysis. The 

employment of dependent voltage sources (ELaplace 

devices, which can be defined as a function of frequency) 

allows for the direct definition of frequency-dependent 

lumped parameters, enabling a comprehensive broadband 

analysis in a single simulation run. This approach offers 

significant computational efficiency compared to 

traditional frequency sweeps. 

  

A TLM-based frequency-domain analysis of a multilayer 

tissue model is conducted. To validate the proposed 

approach, several additional analyses are performed. The 

resonant frequencies of the multilayer tissue model are 

identified by examining the imaginary part of the 

characteristic impedance. It is found that, at one of the 

resonant frequencies (10.44 GHz), the electric field 
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distribution is maximized. Subsequently, a FEM-based 

electric field distribution analysis is carried out at this 

frequency, yielding results that closely match those of the 

TLM-based analysis. In a final analysis, the skin depth of 

the multilayer tissue is calculated, and the skin depth 

obtained from the TLM-based analysis is found to be in 

agreement with the theoretical calculation. 

 

Following these analyses, the average SAR values for the 

frequency range 1 GHz to 100 GHz are calculated using 

the electric field distributions from the TLM-based 

analysis. As the frequency increases, the maximum local 

SAR value rises, primarily near the surface of the skin 

tissue. However, the highest average SAR is observed at 

the resonant frequency of the multilayer tissue model. At 

this resonant frequency (10.44 GHz), the maximum local 

SAR is observed at the far end of the skin tissue. Future 

studies will focus on frequency analysis of other human 

tissues, such as ocular tissue, and will explore temperature 

distribution in tissues induced by the electric field.  
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Appendices 

 

Appendix A. An exemplary PSpice expression for 

frequency-dependent impedance 

 

 E_IMP n+ n- LAPLACE {i(vL)} { 

*real part of the impedance 

++pre1*(abs(s) + pre0 

*imaginary part of the impedance 

++(s*(pl1*abs(s) + pl0))} 

 

where i(vL) is the current flown through the impedance, 

pre1, pre0, pl1, and pl0 are the parameters are obtained 

from curve fitting. 𝑠  is the complex angular 

frequency  𝑠 =  𝑗𝜔  and abs(.) is the absolute value 

function. 

 

Appendix B. The PSpice expression of the frequency-

dependent transmission line model 

 

.subckt tlossyline_thevenin_model A1 A2 B1 B2 params: 

len=1 R=1 L=1 G=1 C=1 

EA1 A1 1 laplace {i(EA1)} = {sqrt((L*s+R)/(C*s+G))} 

EA2 1 2 laplace {v(B1,B2)} =  

+{exp(-len*sqrt((L*s+R)*(C*s+G)))} 

EA3 2 3 laplace {i(EB1)} =  

+{exp(-len*sqrt((L*s+R)*(C*s+G))) 

+*sqrt((L*s+R)/(C*s+G))} 

R1 3 A2 50n  

 

EB1 B1 4 laplace {i(EB1)} = {sqrt((L*s+R)/(C*s+G))} 

EB2 4 5 laplace {v(A1,A2)} =  

+{exp(-len*sqrt((L*s+R)*(C*s+G)))} 

EB3 5 B2 laplace {i(EA1)} = 

+ {exp(-len*sqrt((L*s+R)*(C*s+G))) 

+*sqrt((L*s+R)/(C*s+G))} 

.ends 
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There is an extra resistor element ‘R1’ to break the voltage 

source loop in the simulation. If the value of ‘R1’ is 

selected R1≪ 𝑍0, then the effects of resistor ‘R1’ can be 

omitted. 

 

Appendix C. An example PSpice expression of 

frequency-dependent transmission line cell for skin tissue 

 

.subckt Tskin    A1  A2  B1  B2 params: len=0.1e-4  

****conductivity curve***** 

.param pc0 {4.5546e-09} 

.param pc1 {3.2281e-09} 

****relative permittivity curve**** 

.param pr0 {0.0008023} 

.param pr1 {0.0057397} 

.param eps0 {8.854e-12} 

xlossydskin A1 A2 B1 B2 tlossyline_thevenin_model 

params: len={len} 

****here the lumped elements can be defined as a 

function of angular frequency abs(s)=ω=2πf) 

+ r={0} 

+ l={1.257u} 

+ g={ pc1*abs(s) + pc0} 

+ c={eps0*(pr1*abs(s) + pr0)} 

.ends.   


