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ABSTRACT 
For practical bio-electromagnetic applications, such 
as the interaction of electromagnetic fields with 
human head and body, accurate simulation of 
biological tissues is a key factor for reliable results. 
The characteristics of biological tissues are 
frequency dependent and thus called dispersive 
materials. For accurate FDTD simulation of 
biological tissues, a numerical technique is 
proposed to derive Debye coefficients from the 
measured frequency-dependent permittivity of 
different biological tissues, and then a scattered 
field FDTD formulation is developed for such 
dispersive media characterized by multi-tenn 
Debye expressions. The proposed scattered field 
FDTD formulation is valid for three dimensional 
analysis of practical EM problems involving 
combination of dispersive and nondispersive 
materials. The developed procedure has been 
verified for different types of biological tissues 
over a very wide band of frequency (from 30 Hz to 
20 GHz). The reflection coefficients of a semi- 
infinite dispersive media using one, two, and three- 
term Debye expersions are computed and compared 
favorably with the corresponding analyhcal 
solution. Hence, the accuracy and stability of 
modeling multi-term Debye dispersive materials 
using the proposed scattered FDTD formulation is 
assessed. 

I. INTRODUCTION 
Several methods have been used for the calculation of 
EM energy absorbed in human tissues. A review of 
theoretical and numerical dosimetry techniques has 
been introduced in [l]. Among the different 
numerical techniques, the FD-TD has proven to be 
extremely useful in calculating the induced currents 
and fields in the human body exposed to 
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electromagnetic radiations [2-141. Different 
formulations have been used to represent dispersive 
media for numerical analysis, such as Debye [2-!5], 
Lorentz [5-71, or Cole-Cole models [8,9]. The 
commonly used FDTD formulation is usually 
modified using different approaches to accommodate 
the dispersive characteristics. Among these 
approaches are the recursive convolution (RC), Z- 
transform, and the auxiliary differential equation 
(ADE). The Debye modeling is becoming more 
favorable for its simple implementation [lo]. 
Available literature addressed the one and two terms 
Debye representation in the total field FDTD 
formulation. However, for accurate representation of 
the dispersive characteristics, specially over a wide 
band of frequencies, more than two terms are usually 
required. 

Thls paper presents a two-step procedure for accurate 
incorporation of dispersive media into the FDTD 
formulation. First, a technique is developed to extract 
a predefined number of Debye terms from a set of 
data representing the material properties as a function 
of frequency. Then a scattered field FDTD 
formulation is developed for dispersive media 
characterized by multi-term Debye expressions. The 
proposed formulation is valid for three dimensional 
analysis of practical EM problems involving 
combination of dispersive and nondispersive 
materials. 

The developed procedure has been verified for 
different types of biological tissues over a very wide 
band of frequency (from 30 Hz to 20 GHz). The 
reflection coefficients of a semi-infinite dispersive 
media using one, two, and three-term Debye 
expersions are computed and compared favorably 
with the corresponding analytical solution. 
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II- DERIVATION OF DEBYE 
COEFFICIENTS 

For dielectric dispersive media, the flux density 
vector B is related to the electric field intensity 
vector 2 through the complex permittivity E*  (w) 
by the following 

The general form of Debye formulation for the 
relative complex permittivity E: (U)  is given in [8] 
as 

B ( W )  =€*(@)E(@) (1) 

Where E, is the relative permittivity at WZ, >> 1 ,  
E, is the relative permittivity at or,, << 1 , and oi 
is the static ionic conductivity. Using the "residues" 
Matlab procedure, the Debye coefficients 
( E, , oi , A, , z, ) were obtained and tabulated in [ 81. 
The reported three-term Debye coefficients, in 
addition to the ionic conductivity term, are only 
suitable in the frequency range 0.75 - 250 MHz 
with error not exceeding 15%. Moreover, the ionic 
conductivity term ai / jms0 will complicate the 
auxiliary differential equation (ADE) approach for 
dispersive FDTD formulation. 

This paper adopts a more convenient 
Debye formulation, in which oi is implicitly 
considered as 

(3) 

Where AE; = Ai (E: - ,$, ) . The procedure is based 
on substituting the experimental data of [9] in the 
L.H.S. of (3), and then using a two-step numerical 
fitting procedure to yield the required Debye 
Coefficients ( E: , AEA , z: ). Firstly, Matlab 
"invfeqs" is used to find the real numerator b(nb+l) 
and denominator a(na+l) coefficients of the 
measured E; ( W) as described in the following form. 

b(l)(jw)"b + 11(2)(jw)"~-' + ... + b(nb + 1) 
a(l)(jw)"a + a(2)(jw)"-' + ... + a(na + 1) 

(4) E; ( j w )  = 

Matlab "residue " is then used to convert the obtained 
quotient of the polynomial form of (4) to the partial 
function expansion, from which the corresponding 
Debye coefficients of (3) are calculated. The obtained 
coefficients are then substituted into the R.H.S. of (3) 

to reconstruct. The maximum emor in the real and 
imaginary parts are also calculated and presented 
along with the two and three term Debye coefficients 
for the 16 biological tissues in 8 tables and 4 graphs 
covering the frequency range fiom 30 Hz to 20 GHz 
P11. 

III. SCATTERED FIELD FORMULATION 

Faraday and Ampere's laws for (total) 
elecbomagnetic fields are given 

( 5 )  
by VxE,=-p- ,  - aiY, V x H , = -  - aB, 

at at 
To develop a scattered field formulation, both the 
electric and magnetic field vectors are expressed as 
incident and scattered components 

E, = E , + E s ,  iY, =Ei i+E? ,  (6) 

Substituting (6)  into (5) to yield the following 
incident and scattered field relations as 

V X H , = E - ,  - aEi V x E i = - ~ -  - aiYi 
at at 

(7) 

Where the displacement vector 5 is related to the 
electric field ,?by equation (1). The three relaxation 
terms Debye equation for the complex permitivity is 
then given by 

+ 

E2-&,  +LJ E - E ,  (9) 
1 + joz, 1 + jwz, 

which could be arranged as 

where 
I; =(cl - ~ , ) ( 1 + j w z ~ ) ( 1 +  jwz3) ,  

~2 = (s2 - €,)(I + j o z , ) ( l+  j0z3 ) ,  

q = (E3 - &,)(1+ jWTl)(l + jwz2) ,  

x = (1 + jWT1)(l+ jwz2)(1 + jwz3 )  
= l + j w ( z l  +z2 +z3) 

--U2 (T,T2 + TIT, + z,z,) 
- jw3~1z2z3  
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Using the frequency to time domain 
transformations 

ja=-, a --'=-,and a2 - j w  3 =- d3 
at at2 at3 +&o(&2-&m)[l-=3) (At)' 

and substituting equation (1 0) into the constitutive 
relation in equation (l), one gets the final updating 

E:" = CdlDn+' + Cd2D" + Cd3Dn-' + Cd4D"-2 
equation for the scattered electric field as +'o ('3 -'a)(' -3) 

'I ' 2  '3 Bl =- 
2(at i3  

r 1 

B5 = -B, 

1 
1 

' 2  + ' 3  I '2'3 c3 = Eo (El ,-&,) -- ( 2At (At)' 

'1 +'3 ; '1'3 

'1 +'2 ; '1'2 +EO (&3 -&,) -- 

"0 ('2 .- )( -% (&)2 

( 2At (At)' 

This derived updating equation based on the 
three-relaxation term Debye equation can be easily 
reduced to one or two relaxation terms updating 
expression. This FDTD formulation requires the 
updating of the H field components based on the left 
equation in (8), then the D components based on 
right equation in (8),  and finally the E components 
based on equation (11). This sequence of the 
updating of the field components repeats it self far 
the desired number of time iterations. 

IV. NUMERICAL RESULTS AND 
DISCUSSIONS 

The complete set of two and three-term Debye 
coefficients characterizing the dispersive dielectric 
properties of biological tissues are generated along 
with the comparison figures with the measured 
permittivities [ll]. Figs (1) and (2) display a 
comparison sample for the worst-fit case between 
the permittivity reconstructed using the generated 
two-term Debye @2), three-term @3), and the 
corresponding measured permittivity modeled by 
Cole-Cole (C4) for liver in the lowest frequency 
range 30Hz: 1 1 OOkHz, where the maximum 
percentage error did not exceed 8% and 3.3% for 
two and thee-term Debye modeling, respectively. 
The previously modeled biological tissues using 
Debye dispersion relations with two and three 
relaxation terms as discussed in section (IQ are then 
incorporated into the scattered FDTD formulation of 
section (III) to study their reflection characteristics. 
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Fig. (3) 
Figure 1 Real part of the permittvity of liver tissue. 

Figure (3) displays the coincidence between the 
exact analytical reflection coefficient, and FDTD 
calculations at the interface (cell No. 499) between 
fi-ee space and brain (grey matter) with total 
computational domain of 1 OOOAx, Ax = 50pm , 
At = 0.2Ax/ C , and a Gaussian pulse excitation 
waveform with the decay factor 
p = - log(.OOl) /(pulsewidth * Ax)2 and 
pulsewidth=800At. The grey matter tissue is 
modeled by two or three-term relaxation Debye 
relations in the frequency range 500MHz : 20GHz. 
Following the notation of equation (3), the two-term 
Debye parameters are found , to  be 
E, = 6.366,Aq = 43.41 ,A~~ = 79.59, 
rl = 7.526e-12,r2 =6.937e-lO 
and the three-term Debye parameters 
are 
E, = 5 . 8 3 , A ~ ,  =42.16,Ac2 =2.754,A~~=l37.1,  
rl =7.187e-12,z2 =2.246e-ll,z3 =1.399e-9 
Another comparison is held in Fig.(4) between the 
proposed three-term Debye modeling in this paper, 
and the two-term parameters reported in [3] (2T- 
FDTD), which exhibits the accuracy of the FDTD 
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Figure 2 Imagnary part of the permittivity of liver 
tissue. 

scattered code calculations for the reflection 
coefficients of cortical bone in the frequency range 
50MHz:1600MHz, modeled by the three-term 
Debye (3T FDTD), with the obtained parameters 
through the proposed procedure presented in this 
Paper 

1 " - U  a")-- 2 **---,-- 3 - .-*-' Yoo ~ ". ."','-." 
zl = 1.92e-11,z2 = 6.065e-10,~~ = 3.573e-8. 
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A two-fold procedure has been presented in this 
paper for accurate incorporation of dispersive media 
into the scattered field FDTD formulation. First, a 
numerical technique was devised to accurately model 
dispersive materials using two and three-term Debye 
dispersion relation, and then a scattered field FDTD 
formulation was developed to analyse such dispersive 
media. The proposed formulation is valid for three 
dimensional analysis of practical EM problems 
involving combination of dispersive and non- 
dispersive materials. The developed procedure has 
been verified for different types of biological tissues 
over a wide band of frequency (30Hz : 20GHz). The 
reflection coefficients of semi-infinite dispersive 
media using two, and three-term Debye expressions 
are computed and compared favorably with the 
corresponding analytical solution. 
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