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This study theoretically investigates wave propagation properties at the interface of air-skin-fat tissues
for a microwave frequency of 6.8 GHz. For this proposes, propagation of the microwaves in a biological
tissue model of skin—fat are numerically analyzed by using FDTD method for the transverse magnetic (TM)
mode of 2D-Maxwell’s equations. These analyses are conducted for various point source placements such
as none-contacting, embedded to skin and embedded to fat configurations. Electric field intensity and
SAR distribution across the air-skin-fat tissue layers are revealed. The energy penetration and absorption
degrees of planar skin-fat tissue layers are discussed in a physical origin. The large electrical impedance

mismatches between the tissue layers result in reflection of microwaves from the interface of layers. Skin
layer exhibits a considerable wave reflection property due to the high reflection coefficient at air-skin

and skin-fat interfaces.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

Advance in microwave based medical technology requires com-
prehension of electromagnetic wave (EMW) propagation within
the biological tissues. The EMW propagation simulation on tissue
models has a substantial role in not only research activities but also
estimating the possible effects of clinical treatments based on the
microwave technology (MT).

Regional microwave energy absorption by the biological tissue
results in heating the region [1]. One of applications of electro-
magnetic field in medical treatment is hyperthermia [2-4]. Clinical
hyperthermia is used to reduce or eliminate tumors by means of
controlled heating. Obtaining reliable and uniform heating at deep
tissue sites is one of main concerns in applicator design for clini-
cal hyperthermia applications. Interaction and propagation of EM
waves in tissue layers should be known to estimate possible effects
of applicators.

Finite difference time domain method, which is shortly abbre-
viated as FDTD in the literature, is based on the solving Maxwell
equations in a spatio-temporal domain directly according to the
finite differences method. FDTD has become a versatile numeri-
cal analysis tool which has been used nearly for the solution of
many electromagnetic problems since its first declaration in 1966
[5-12]. The studies of the interaction of electromagnetic waves
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(EMW) with the biological tissues date back to the beginning of
1950s. Gabriel et al. published a literature survey for the dielectric
features of biological tissues and presented them graphically [13].
They showed the conductivity and dielectric constants for several
organs and tissues for various frequency intervals and establish a
basicliterature. Afterward, many approaches were proposed for the
numerical analysis of the distribution of electromagnetic waves in
a tissue [5-7]. Drezek et al. combined FDTD and pulse reply tech-
nique in order to calculate the light spreading feature of biological
tissues [8]. Bérenger introduced the Hygens subgridding technique
for a finer spatial sampling of lossy media in FDTD method [9].
Costen et al. were examined the validity of the Hygens subgridding
technique in the first order Debye media such as the anatomical
structures [14]. Many numerical studies analyzing impacts of wire-
less transmitter devices at GHz frequency range on human body
was done for a close antenna-body configurations [10,15,16].

In this study, electric field intensity and SAR (specific absorption
rate) distributions are analyzed in order to investigate the inter-
action of microwave at 6.8 GHz by the planar skin-fat layer. For
this proposes, a 2D microwave propagation simulation based on
FDTD method for the transverse magnetic (TM) mode is used to
demonstrate impacts of multi-layer tissues on electric field inten-
sity distribution and SAR distribution across a planar cross-section
of the 3D tissue model in Fig. 1(a). This reduces the computa-
tional complexity of simulation due to inhomogeneity of planer
layers media appears on this cross-section. Electrical parameters
of skin—fat tissue model used were estimated from electrical char-
acterization of anatomical tissues reported by Costen et al. [14]. By

Please cite this article in press as: H.Z. Alisoy, et al., An FDTD based numerical analysis of microwave propagation properties in a skin-fat
tissue layers, Optik - Int. ]. Light Electron Opt. (2013), http://dx.doi.org/10.1016/j.ijleo.2013.03.085



dx.doi.org/10.1016/j.ijleo.2013.03.085
dx.doi.org/10.1016/j.ijleo.2013.03.085
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:hafiz.alisoy@inonu.edu.tr
dx.doi.org/10.1016/j.ijleo.2013.03.085

G Model
IJLEO-53160; No.of Pages7

2 H.Z. Alisoy et al. / Optik xxx (2013) XXX—XXX
(a) Here, the parameter o represents the conductivity. One canreor-
ganize time dependence of electric field in Eq. (1) as,
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Fig. 1. (a) 3D representation of a skin-fat-muscle tissue layers. (b) Skin-fat-muscle
simulation model for point sources configuration (embedded into the skin (1),
10 mm above the skin (2) and 10 mm below the skin (3)) and on the right hand
side, characteristic impedance distribution in logarithmic scale trough vertical axis
(the skin layer has a thickness of 2 mm, the fat layer has a thickness of 33 mm and a
muscle layer extents below the fat layer).

using the parameters of Costen et al., dielectric constant parame-
ters of skin—fat-muscle layers were calculated according to Debye
model and effective conductivity are calculated via the formula
used by Lagendijk [2]. The tissue densities for SAR calculations were
directly taken from values reported by Chapla et al. [17]. Numerical
analysis of EM wave absorption of the tissue layers were man-
aged in two tasks: firstly, EM wave propagation simulation were
conducted by the model parameters of air-skin-fat, and then SAR
distribution was calculated by using the electric field intensity dis-
tribution obtained in the first task. Those analyses were conducted
for the various configurations of point applicator, which are none-
contacting antenna, a contact point antenna embedded to skin layer
and a contact point antenna embedded below the skin layer. In the
light of simulation results, basic physical mechanisms having effect
on SAR distribution are discussed for a multilayer lossy media such
as biological tissues.

2. Methodology

2.1. FDTD based numerical simulation of electromagnetic wave
propagation in a lossy inhomogeneous media

Real wave propagation mediums exhibit attenuation effects,
which is mainly characterized by a loss term, namely conductivity.
In order to model EM propagation in the lossy mediums, Maxwell
equations was written as the following [13]:

oF -
5§=V><H—0E (1)
oH 1 -
W:—EVXE (2)

When finite differences linearization is applied to the deriva-
tives terms in Egs. (4)-(6), the following finite difference equations
are obtained:

At ENi,j+1) - ENG,j)
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The parameters Ax and Ay are horizontal and vertical unit dis-
tances for 2D spatial domain. A square solution point grid on this
2D plane was defined in the simulation by setting Ax= Ay. The
parameter At is a unit time increment for the solutions in tempo-
ral domain. In order to obtain a stable EM wave propagation in the
spatio-temporal domain, the Courant stability criteria, expressed
as At < (Ax/(¥/2 - ¢)), was considered to determine an appropriate
value of At. Here, c = 1/.,/€olto stands for the velocity of electro-
magnetic wave in a vacuum. By taking into account the unit time
increment as At = (Ax/(v/2 - ¢)) for a stable wave propagation on
a 2D square solution grid, Eq. (9) can be rearranged as the following
[18,19],

st oy (1=0)mp . 1/v2 NH1/205 o /2 i
Ez7,0) = (Ha)Ez(l,J) WHO{)[HX (L,j)-Hy 7 (0,j-1)
n41/20: 1o gn1/20s _ At.-o
+H, (i—1,j)-H, (i,j)], where a_728r80' (10)

The finite difference equations given by Eqs. (7), (8) and (10)
were used to simulate microwave propagation in a lossy inhomo-
geneous media that was modeled by the electrical parameters, the
dielectric constant and the conductivity. In simulations, excitation
of electric field intensity was done according to hard source model
that directly drives the field intensity via a relevant waveform func-
tion [20]. We used a sinusoidal waveform for the field excitation at
6.8 GHz in the simulations. Our simulations take about 12 min in
average via Matlab Technical Programming platform running on a
personnel computer (PC).
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Table 1 Table 2
The parameters of biological tissues at 6.8 GHz [14]. The dielectric constant, electrical conductivity and tissue density values used in the
- numerical analysis of the skin-fat-muscle model at 6.8 GHz.
Medium o (S/m) Eoo & 7o (Ps)
H N 3
Air 10-14 1 1 0 Medium & O (S/m) p (kg/m?)
Skin 0.49 30 79 62 Air 1 10714 13
Fat 3x1072 35 6.2 39 Skin 36.11 6.61 1118
Muscle 0.7 42 100 49 Fat 4.21 0.48 999
Muscle 52.77 9.23 1119
2.2. Parametric modeling of skin-fat tissue model Table 3
Reflection coefficients of the skin-fat-muscle simulation model.
A point source of 6.8 GHz sinusoid microwave has been used in Layers R
the FDTD simulation. Values of electrical parameters (o: conduc- Air to skin ~0.73
tivity, €s: static dielectric constant, &.,: optical dielectric constant Skin to fat 0.50

and 7¢: relaxation time) to be used to estimate model parameters of
skin-fat-muscle layers for 6.8 GHz microwaves are listed in Table 1.

The four parameters, listed in Table 1, applied to well-known
Debye model and the measurable electric constant to be used in
electrically modeling of the skin-fat tissue layers was calculated
by the following formula [21],

& — Exo . O }

: _i-Z 11
(1 +jotg) ]eow an

& =Re {soo +
&o is the dielectric constant of vacuum and its value was taken
8854 x 10-12F/m in the simulation. w denotes the angular fre-
quency and it is expressed as w=2mf. Here, f is linear frequency
value of EM wave.

By considering Table 1, the effective value of electrical con-
ductivity to be used in the simulation was also calculated via the
following formula [17],

. & — €
=0 - — 12
Off =0 — &y imag { 1+ ot } (12)

SAR depends on the energy of EM waves, the conductance and
the density parameters of the materials. In the simulations, SAR
was calculated by the following formula [10,19,22,23].

IE?
SAR = creffE (13)
where p (kg/m) and o5 (S/m) are the tissue density and the effec-
tive electrical conductivity, respectively.

The electrical parameters of skin—-fat-muscle models used in the
2D FDTD simulation of microwave propagation at 6.8 GHz are listed
in Table 2. In order to estimate SAR distribution of the skin-fat
model by using Eq. (13), the electric field intensities are obtained
from the 2D FDTD simulation and the tissue densities were taken
from Table 2.

3. Simulation results and discussion

A microwave source at 6.8 GHz frequency placed to three dif-
ferent distances from the skin, marked by blue dots at (1)-(3) on

Fat to muscle -0.56

the skin-fat-muscle test model represented in Fig. 1. In Fig. 1(b),
each planar tissue layer was indicated with a color coding, where
the black is for the air, the turquoise is for skin tissue, the yellow is
for fat tissue and the red is for muscles tissue. The microwave point
source indicated with blue color code. In simulations, a square grid
with Ay=Ax=0.2 mm unit distances was used to define discrete
solution grid of electric field and magnetic field components. These
unit distances provide a sufficient spatial sampling for 6.8 GHz EM
wave propagation in the skin-fat tissues (a wavelength of 44 mm
was solved with 220 point of the square solution grid). This exces-
sive spatial sampling also provide an adequate spatial resolution
to model the narrowest layer of the biological tissue, which is the
skin layer with thickness of 2.0 mm. A time resolution of 0.47 ps
(At=0.47 ps) was used to comply with Courant stability criteria.
In order to prevent boundary reflections from edges of simula-
tionregion, a boundary absorption region expanding with the same
medium parameters of simulation region edges is used around the
simulation region. Thus, the edge of simulation region behaved as
an infinite medium for a limited simulation time period depending
on the arrival time of reflected waves from the absorption region.
It would be better to give a brief discussion on impedance mis-
matches of layers and the resulting wave reflection phenomenon.
As known, biophysical characteristics of tissues are determined
by the conductivity, permittivity and permeability. Characteris-
tic impedances of layers, defined as Z = /jou/(o + jwe), is an
important parameter which determines reflection coefficient of
interfaces between the layers. The characteristic impedance varia-
tion in the layers of the simulation model is illustrated in Fig. 1(b).
Reflection coefficient (R) between the layers is calculated by,

Zy -7
R= ,
Z1+ 2,

(14)

where Z; and Z, are characteristic impedances of the first and the
second layer, respectively. The reflection coefficient takes value in
the range of [-1,1], the value of one indicates the case of a full

Table 4

Some physical mechanisms effecting SAR distribution in a multilayer system with a with high reflection coefficients.
Effect Region Condition Impact on SAR
Constructive reflection interference Field close to layer interfaces Appears when R>0 An increase in SAR level
Destructive reflection interference Field close to layer interfaces Appears when R<0 A decrease in SAR level

Conductance per mass density discrimination On the layer interface

EM attenuation (Beer-Lambert Law) Interior of the layers

For sharp rise,
1

Teff1 Teff2 . .
W'(?) <« (1 —|R|) For a sharp
fall,

-1
Oeff1 Oeff2 _
() >R
Large attenuation when o >0

Very sharp alteration of SAR level

Exponentially decaying SAR
distribution inside layers
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Fig. 2. Arepresentation of physical mechanisms taking effect on peak SAR distribu-
tion in a multilayer media with high reflection coefficients and large conductance
per mass density discrimination between layers.

reflection of waves from the interface between layers. A negative
value of R indicates a 180° phase shift between reflected and inci-
dent waves. In Table 3, an estimation of the reflection coefficients
for the layers of simulation model given in Fig. 1 is listed.

Sharp changes in characteristic impedances between layers
results in a higher reflection coefficient and correspondingly a
lower rate in wave transmission to next layers. This is main mecha-
nism preventing a high EM energy penetration into the multi-layer
mediums involving high impedance mismatches, because most of
energy conveyed by EM wave reflected back from interface of tissue
layers. Inside the layers, penetration of EM wave energy expo-
nentially decays according to Beer-Lambert Law. An attenuation
coefficient, expressed as a = —(1/r)In(|E(r)[2/|E(0)2), is used to
indicate degree of exponential decaying of EM wave intensity.

SAR distribution in a media depends on EM wave energy pene-
trated and material conductance per mass density regarding to Eq.
(13). Table 4 categorizes some possible physical phenomena influ-
encing SAR distribution in a multi-layer media with high reflection
coefficients between layers. Fig. 2 illustrates changes in SAR dis-
tribution depending on these physical phenomena. Arrow 1 shows
decreasing SAR level in layer due to EM attenuation (Beer-Lambert
Law). Curved arrows 2 and 3 show effects of constructive and
destructive reflection interferences on the SAR at the near field
of layer interfaces. Sharp rises and fall patterns on the interface
of layers (vertical arrows 4 and 5) represents changes in SAR dis-
tribution as a result of very large conductance per mass density
discrimination.

In the case of a high positive reflection coefficient among to lay-
ers, a higher field intensity region occurs at the vicinity of one side
oflayer interfaces as a result of the constructive interference of inci-
dent and reflecting waves. This impact causes a slight rise in SAR
distribution at the vicinity of layer interfaces. A high negative reflec-
tion coefficient leads to a destructive interference of reflected and
incident waves, and hence results in a slight decreasing of SAR level
at the vicinity of layers. Such reflection interference phenomenon is
a factor causing altering SAR distribution at the one-side near field
of interfaces of the biological tissue layers. An other factor resulting
in very sharp variation of SAR levels at layer interfaces is the large
differences in conductance per mass density, which is expressed by
the rate of o/ 0. Sharply alterations in the rate of o/ 0 in a multi-
layer system lead to sudden changes in SAR distribution on the
interface of layers. These effects were clearly demonstrated in the
simulation results presented in this section. In the previous studies,
sudden increases and decreases on different tissue interfaces have
been reported: Sullivan in [23] has reported a sudden SAR increases
on the muscle-fat interface for the microwaves, and Moros et al.
revealed a sudden power absorptions on the soft tissue-bone and
soft tissue-lung interfaces for the ultrasound waves [24].
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Fig. 3. A none-contacting point source is placed 10 mm above the skin. (a) Instant
electric field intensity, (b) instant SAR distribution, (c) logarithmic peak SAR dis-
tribution and (d) logarithmic peak SAR distribution on vertical cross-section. The
point indicates location of point antenna and arrows indicates direction of wave
propagation though layer.

In the simulation results, the distribution of maximum SAR
values (Peak SAR) recorded in simulation period is presented in
addition to the mapping of instant electric field intensity and cor-
responding instant value of SAR distribution. The instant value of
electric field intensity gives a snap-shot of EM propagation in the
tissue model. This is important for temporal analysis of wave prop-
agation among the tissue layers. The peak SAR distribution map
reveals the tissue region where the maximal energy absorption was
taken place.
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Fig. 4. A contact point source is embedded into the skin layer. (a) Instant electric
field intensity, (b) instant SAR distribution, (c) logarithmic peak SAR distribution
and (d) logarithmic peak SAR distribution on vertical cross-section. White arrows
in (b) shows direction of EM wave propagation and the wave-guiding effect of skin
layer.

Fig. 3 shows the instant electric field intensity distribution in
(a), instant SAR distribution in (b), peak SAR distribution in (c) and
the logarithmic peak SAR distribution on the vertical cross-section
in (d) in the case that a point source is 10 mm above to skin. The
distributions are given in a logarithmic scale (to base 10) so as to
see the interlayer variation of SAR evidently. Due to reflection from
the air-skin interface, a lower EM wave penetration is observed on
the air-skin interface (roughly 50 times less as in Fig. 6(a)). How-
ever, Fig. 3 (c) and (d) reveals that relatively higher level of SAR
is possible in the skin and fat layer because of a large difference
between the conductance per density of the skin and the fat tissues

0.045
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0.055
0.06

E 0.065
0.07
0.075
0.08
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-8

0.07 0.072 0.074]
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Fig. 5. A contact point source embedded into the skin layer. (a) Instant electric field
intensity, (b) instant SAR distribution, (c) logarithmic peak SAR distribution and (d)
logarithmic peak SAR distribution on vertical cross-section. Dashed circle in inset
plot shows the slight rise as a result of constructive reflection interferences.

(o p) =59 x 10~4 for the skin, (oe5/p) = 5 x 1074 for the fat) than
the conductance per density of the air tissue (g/p)=7 x 1071
Inside the skin and fat layers, attenuation of microwaves is taken
place depending on conductance of material. But, a decreasing in
SAR level in front of skin layer appears due to the reduction of field
intensity (see Fig. 6(a)) associated with destructive reflection inter-
ference in Fig. 3(c) and (d). A rise in electric field intensity (see
Fig. 6(a)) as a result of constructive reflection interference main-
tains the SAR level in the thin skin layer.

Fig. 4 illustrates microwave propagation in the case of an
embedded point source placed into the skin layer. An noticeable
phenomenon was observed in this configuration, that is, the skin
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layer behaves in a manner similar to wave-guiding effect due to 5L ! ! ‘
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faces, and hence it transmits the most of the microwave energy [m]
inside the skin layer as shown in Fig. 4(a)-(c). This effect leads to
a laterally extending high SAR region inside skin layer. This impact () log,, SARiax : :
on wave propagation possibly results in the microwaves heat much 6 Sharp :\ 1
wider skin area comparing to non-contacting and under skin source 8 mmmm== Smooth 1 | i 1
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Fig. 5 reveals microwave propagation in the case of an embedded i ' '
point source placed in a fat layer, where is 10 mm below the skin. -12 ' ' Fat 1
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air-skin interface depending on the conductance per densities of Air E E
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ner of wave-guides is apparent in the skin and fat layers in Fig. 5(b) 18k ‘ ! a
and (c). The increase of SAR in the vicinity of air-skin interface due 0.065 0.07 0.075

to constructive reflectance interference is clearly shown inset plot
in Fig. 5(d).

The simulations result in Figs. 3-5 are commonly show that
there are a sudden SAR drops on the interfaces of the air-skin-fat
layers, which severely attenuates a microwave penetration into
body. Fig. 6 reveals impacts of various source configurations by
showing distribution of the peak electric field intensity and the
peak SAR recorded on the vertical cross-section of the skin-fat
tissue model during the simulations. Embedding a point source
below the skin layer results in a higher energy absorption of the
fat tissues. A contact point source embedded into the skin layer
provides a higher SAR level up to 2cm deep into the fat layer
than a non-contacting point source above the skin configuration
because of a higher electric field intensity penetration. However,
the source embedded into the skin and fat configurations spread
microwave energy to much wider area inside the layers due to

[m]

Fig. 7. Comparison of the logarithmic peak electric field intensity (c) and compar-
ison of the logarithmic peak SAR distribution (d) on the vertical cross-section of
the skin-fat tissue model for the various smoothing factor of medium parameters
(sharp alteration, smooth 1 and smooth 2 alterations of the permittivity (a) and the
conductivity (b)).

wave-guiding effect. This effect may not be desirable when an accu-
rate confinement of energy absorption area inside the tissues is
needed.

Fig. 7 reveals impacts of gradual alteration of medium parame-
ters between layers. Fig. 7(a) and (b) illustrates sharp and smoothed
alterations of medium parameters at layer interfaces. For these
parameters alterations, the simulation results, obtained for antenna
10 mm above the skin configuration, are demonstrated in Fig. 7(c)
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and (d). The gradual changes of medium parameters between lay-
ers result in a minor discrimination in the magnitude of the field
intensity and SAR levels. However, the same effects listed in Table 4
and lateral propagation (wave-guide-like effect) inside the skin
layer were also observed in the simulation results obtained for the
smoothed medium parameters.

4. Conclusions

A multi-layer electrical model of skin-fat tissues were devel-
oped and FDTD based simulation of microwave propagation in this
tissue model was achieved for various antenna configurations. The
simulation results reveal interaction of microwaves in the skin—fat
layer up to 2.5cm depth of fat tissue. Effective physical mecha-
nisms involving in alteration of SAR distribution in a multilayer
system with high reflection coefficients are categorized and eval-
uated by means of FDTD simulation of microwave propagation
throughout a skin-fat layer. Sudden SAR changes on the interfaces
of air-skin and skin-fat layers were observed in simulation results.
This impact principally depends on the large difference in the rate of
O/ p and the impedance mismatches between the layers. The large
impedance mismatches result in a high reflection of EM wave from
the interfaces of layers and greatly decreases EM wave penetration
into the body.

Relatively minor SAR alteration occurs in the vicinity of one
side of layer interfaces due to the interference of the reflected and
incident waves. Attenuation of the EM wave energy interior of the
layers due to electrical losses of the media leads to decreasing of
SAR levels depending on distance from interface of layers. How-
ever, in a multi-layer system with a high reflection coefficient, this
SAR reduction inside layers occurs rather slower than the sharp
SAR changing characteristics appearing at the interface of layers as
shown in Fig. 5(b).

Skin layer shows a relatively higher conductivity comparing to
air and fat layers. This property gains the skin layer a significant
reflectivity at 6.8 GHz. Moreover, this property causes spreading the
EM energy laterally across the skin layerin a similar manner a wave-
guide does. This is why; the configuration of an embedded source
(applicator) into the fat tissue should be preferred in the medical
applications for a condensed energy absorption by the fat layer.
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Appendix A. Derivation of the analytical condition for a
sharp SAR alteration concerning with large conductance per
mass density discrimination

For a SAR level continuity at the interface of two layers (layer_1
and layer_2), the condition of (SAR;/SAR>) =1 in the vicinity of layer
interface should be satisfied. Considering Eq. (13) and the trans-
mitted wave energy to layer2 as |E5)? = (1 — ’R|)|E‘1\2, the SAR
continuity condition can be arranged as,

Tt (Ueff2)1:|ﬁz|2:(1—|R|)
P11\ p2 ’51‘2

A condition for a sharp rising in SAR level at interface of layer_1
and layer_2 ((SAR1/SAR,) « 1) can be deduced as the following,

% . (@)_] < (] — |R‘)
P1 02

A condition for a sharp falling in SAR level at interface of layer_1
and layer_2 (SAR1/SAR,) > 1 can be deduced as the following:

et .(—Geffz)fl > (1-R))
P1 P2
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