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Microwave ablation (MWA) is a process that uses the heat from microwave energy to kill cancer cells
without damaging the surrounding tissue. MWA is emerging as an attractive modality for thermal ther-
apy of large soft tissue targets in short periods of time, making it particularly suitable for ablation of liver
cancer. The effectiveness of this technique is related to the temperature achieved during the process, as
well as the input microwave power and heating time of treatment. The models of heat and blood flow
transport have been used extensively in the study of MWA process and a strong tool for predicting the
temperature profile, blood velocity profile and coagulation zone. These models play important role in
the optimization of devices and economical way to evaluate new hypothetical designs. Furthermore, they
can be used as a guideline for the practical treatment. In this work, the interstitial MWA in two-layered
porous liver by single slot microwave coaxial antenna (MCA) and double slot MCA is carried out. A com-
plete mathematical model of MWA of the porous media approach is proposed, which uses transient
momentum equations (Brinkman model extended Darcy model) and energy equation coupled with elec-
tromagnetic wave propagation equation to describe the specific absorption rate (SAR) profile, tempera-
ture profile and blood velocity profile within the porous liver. The coupled nonlinear set of these
equations is solved using the axisymmetric finite element method (FEM). The role of transport phenom-
ena in two layers porous media (layers of tumor and normal tissue) for advancing the progress in biomed-
ical applications is investigated numerically. The study aims to understand of the influences of antenna
type on the SAR profile, temperature profile and blood velocity profile. In particular, the results calculated
from a porous media model are compared with the results calculated from a bioheat model as well as the
experimental results from previous work in order to show the validity of the numerical results. The
results show that the maximum SAR, temperature and blood velocity appears within the porous liver
when using a single slot MCA which is higher than when using a double slot antenna. However, the vol-
umetric SAR, temperature and blood velocity profile within the porous liver when using a double slot
MCA provides a wider region in porous liver around the slot MCA and has two hot spot zones which
occurs in the vicinity of these double slots.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Microwave ablation (MWA) is a process that uses the heat from
microwave energy to kill cancer cells. The energy from the micro-
wave frequency waves emitted by the microwave coaxial antenna
(MCA) creates heat in the local cancerous tissue cancer without the
damaging surrounding tissue. The microwave energy applied to
the tumor causes water molecules to vibrate and rotate, resulting
in heat to a temperature high enough to cause cell death. The goal
of MWA is to elevate the temperature of un-wanted tissue to 50 �C
where cancer cells are destroyed [1]. MWA is a minimally invasive
ll rights reserved.
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decho).
modality for the local treatment of solid tumors and can also en-
hance the effects of certain anticancer drugs [2]. Many research
shows that MWA has a larger zone of active heating than Radio
Frequency (RF), and its delivery does not rely on tissue texture
and impedance [3,4]. Therefore, MWA is one promising alternative
for cancer treatment particularly suitable for treatment of liver
cancer. Several antennas have been developed for MWA within
the liver, such as the slot antenna [5,6], floating sleeve antenna
[7], triaxial antenna [8,9] and cooled-shaft antenna [10,11]. How-
ever, the slot antenna is extremely important for MWA application
because of their small dimensions and low cost to manufacture
[12]. Moreover, the heating characteristic of the slot antenna is
uniform and spherical-like heating region, which is more suitable
for the interstitial MWA process [13].

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.10.043
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Nomenclatures

c speed of light in free space (m/s)
Cp specific heat capacity (J/(kg �C))
D tumor diameter (cm)
E
*

electric field (V/m)
f microwave frequency (Hz)
F0 normal stress (N/m2)
g gravitational constant (m2/s)
H
*

magnetic field (A/m)
k propagation constant (m�1)
K thermal conductivity (W/(m �C))
p pressure (N/m2)
P input microwave power (W)
Q heat source (W/m3)
r dielectric radius (m)
t time (s)
T temperature (�C)
u
*

velocity (m/s)
u, w velocity component (m/s)
Z wave impedance in the dielectric of the coaxial cable

(X)

Greek letters
b coefficient of the thermal expansion (1/K)
l magnetic permeability (H/m)
e permittivity (F/m)

r electric conductivity (S/m)
k wave length (m)
x angular frequency (rad/s)
q density (kg/m3)
/ porosity (–)
m kinematics viscosity (m2/s)
j permeability (m2)
g dynamic viscosity (Pa.s)

Subscripts
b blood
eff effective
ext external
inner inner
met metabolic
n normal tissue
outer outer
r relative
r, z components of cylindrical coordinates and u
s solid
t tumor
0 free space, initial condition

Superscript
T transpose of matrix
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Of many previous studies on design the slot antenna for inter-
stitial microwave hyperthermia. Two major parameters of slot an-
tenna are number of slot and length from tip to the center of the
slot have been widely studied. The effect of two parameters on
specific absorption rate (SAR) and temperature distribution were
studied both theoretically and experimentally. The studied the ef-
fect of number of slot have been investigated [5,14,15]. Terakawa
et al. [14] measured SAR distribution from a thin three slot anten-
na for microwave hyperthermia. The result shows that the high
SAR was obtained around the antenna tip and the distribution
was considerably tailed along the cable to the surface of the
phantom. This might be caused by a reflected electric current
flowing back on the outside of the cable. Many previous work car-
ried out on the numerical simulation and experimental of inter-
stitial for thermal ablation process in biological tissues using a
double slot antenna. The clinical trials of interstitial microwave
hyperthermia by used the single and array coaxial double slot an-
tenna were presented by Saito et al. [5]. Moreover, the depen-
dency on the insertion depth of the heating pattern around the
antenna were investigated in order to confirm the treatment.
Next, Rubio et al. [15] studied both numerical and experimental
interstitial microwave hyperthermia by a double slot antenna
using two different numerical methods, the finite element meth-
od (FEM) and a finite-difference time-domain (FDTD) method. The
result shows that the numerical result using FEM corresponds
very well to the experimental result in temperature distribution.
The effect of the length from tip to the center of the slot on
SAR distribution during microwave hyperthermia were studied
[16,17]. Hyodo et al. [16] measured SAR distribution from a single
slot antenna in microwave hyperthermia. The result shows that
the higher length from tip to the center of the slot provides a
higher SAR value than the SAR value of lower length from tip
to the center of the slot. However, there are few studies on the
effect of slot antenna type on the SAR and temperature distribu-
tion in the couple way.
Because of the ethical consideration, the experimental cancer
therapy cannot be carried out on live human beings. Consequently,
there are experimental studies in animals [18]. However, they may
not represent a realistic situation of cancer treatment. Therefore,
modeling of heat transport is needed in order to completely ex-
plain the actual process of MWA within the biological tissue.
Numerical simulation has been widely used to study MWA as it of-
fers a fast and economical way to evaluate new hypothetical de-
signs. In addition, to accurately predict heating patterns within
the liver and control of input microwave power and heating time
during MWA process. Of many previous studies on modeling of
heat transfer for MWA using a slot antenna within the biological
tissue using Pennes’s bioheat equation. Pennes’s bioheat equation,
introduced by Pennes [19] based on the heat diffusion equation. Li
et al. [13] investigated microwave hyperthermia of biological tis-
sue on heat transfer model of bioheat equation using FDTD meth-
od. The SAR distribution from coaxial slot antenna with choke is
compared with the SAR distribution from monopole antenna. The
result shows that the SAR pattern for monopole antenna is tear-
drop-like and obvious back radiation while the coaxial slot antenna
with choke has the SAR distribution is more localized and more
spherical-like, which is more suitable for the interstitial microwave
hyperthermia. Due to simplifications and many assumptions of
bioheat model, other workers have established mathematical bio-
heat models by extending or modifying Pennes model. The study
of high temperatures tissue ablation using a modified bioheat
equation to include tissue internal water evaporation during heat-
ing has been proposed [20]. The simulation result of modified bio-
heat equation is found in agreement well to the experimental
result.

Some research group used the coupled model of Pennes’s bio-
heat equation and others model for analyzed the temperature in-
crease in biological tissue, such as Özen et al. [21] analyzed the
temperature increase in one dimensional three-layers skin tissue
model exposed to microwaves by using finite difference method.
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Fig. 1. Model geometry of a MCA (a) single slot MCA (b) double slot MCA.
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The results calculated from a thermal wave model of bioheat trans-
fer (TWMBT) are compared with the results calculated from a Pen-
nes’s bioheat equation, it was found that the temperature increase
in skin of TWMBT lower than the Pennes’s bioheat equation. After
that Keangin et al. [22] carried out on the numerical simulation of
liver cancer treated using the mathematical model considered the
coupled model of electromagnetic wave propagation and bioheat
transfer.

In realistic, the biological tissue including cell and microvascu-
lar bed with the blood flow direction contains many vessels and
can be regarded as a porous structure. Thus, the study of heat
transport in biological tissue should used porous media theory.
Description of the established porous media models can be found
in the literature [23]. Nevertheless, most of the works have concen-
trated on only the heat transport model however do not consider
electromagnetic wave propagation model. Moreover, most concen-
trated on single-layer porous media biomaterials. Nakayama and
Kuwahara [24] derived a general set of bioheat transfer equations
for blood flows and its surrounding biological tissue using a two-
energy equation model. Mahjoob and Vafai [25] analyzed charac-
terization of heat transport through biological media incorporating
hyperthermia treatment, utilizing the local thermal non-equilib-
rium model of porous media theory, exact solutions for the tissue
and blood temperature profiles have been established. They con-
sidered the effect of parameters such as the vascular volume frac-
tion, tissue permeability, blood flow rate, metabolic heat
generation and body core temperature on blood and tissue phase
temperature profiles. Afrin et al. [26] presented a generalized
dual-phase lag mode for living biological tissues based on nonequi-
librium heat transfer between tissue, arterial and venous bloods.
Their work studied the effect of thermo physical properties of
blood and surrounding tissue on phase lag times for heat flux
and temperature gradient in brain and muscles. The results
showed that the phase lag times for heat flux and temperature gra-
dient are the identical for the case that the tissue and blood have
the same properties. A few studies considered model of heat trans-
port of layered biomaterials and concentrated the complete math-
ematical model considered the coupled model of electromagnetic
wave propagation, heat transfer and blood flow, especially a de-
tailed study of the effect of antenna type on the SAR, temperature
and flow patterns. This is because complexity of the dielectric and
thermal properties in each layer as affected by the SAR, tempera-
ture and blood velocity profile within the layered materials. The
complete mathematical model is useful for the development of
biomedical technologies especially.

In this study, the influence of antenna type namely single slot
microwave coaxial antenna (MCA) and double slot MCA on SAR,
temperature and blood velocity profile within the porous liver dur-
ing MWA process have been investigated. This work is substan-
tially extended from our previous work [22] in which the
formulated model based on porous media approach in two layers
liver is proposed. Mathematical model of the process involved in
MWA are based on transient momentum equations (Brinkman
model extended Darcy model) and energy equation coupled with
electromagnetic wave propagation equation. The coupled nonlin-
ear set of governing equations as well as initial and boundary con-
ditions are solved using the axisymmetric FEM via COMSOLTM

Multiphysics. In order to verify the accuracy of the presented
mathematical model of MWA, the resulting data is validated
against the experimental results, obtained by Yang et al. [20].
The comparison of the result calculated from porous media model
with the bioheat model in our previous studies [22] is also consid-
ered in order to test the efficiency of the proposed model. The re-
sults of distribution of SAR, temperature and blood velocity are
presented in details. The analysis from this study serves as essen-
tial fundament for the development of mathematic models of heat
transfer and blood flow phenomena and can be used as a guideline
for the practical treatment.
2. Problem statement

Slot coaxial antennas are the most popular antennas in MWA
application of the advantages, its size (small dimensions), design
simplicity, low cost to manufacture and convenient adaptation to
treatment. This study uses a single slot MCA and double slot
MCA, to transfer microwave power into the porous liver for the
treatment of liver cancer. The antennas are composed of a thin
semi-rigid coaxial cable. Since the antennas are intended to be in-
serted into the human body, it is desirable that the outer diameter
be as small as possible. These antennas have a diameter of
1.79 mm because the thin antenna is required in the interstitial
treatments. A ring-shaped slot, 1 mm wide is cut off the outer con-
ductor 5.5 mm in length from the short circuited tip of the antenna
to allow electromagnetic wave propagation into the tissue because
the effective heating around the tip of the antenna is very impor-
tant to the interstitial heating and because the electric field be-
comes stronger near the slot [27]. Our design uses a 1 mm wide
in each slot, which is easily fabricated, and also gives minimal
power reflection [28]. The antennas are composed of an inner con-
ductor, a dielectric and an outer conductor. The antennas are en-
closed in a catheter (made of polytetrafluorethylene; PTFE), for
hygienic to prevent adhesion of the probe to desiccated ablated tis-
sue and guidance purposes. Fig. 1(a) and (b) shows the model
geometry of a single slot MCA and a double slot MCA, respectively.
The antennas are operated at the frequency of 2.45 GHz, a widely
used frequency in MWA and is one of the ISM (Industrial, Scientific,
and Medical) dedicated frequencies. In case of double slot MCA, the
slot spacing is chosen based on the effective wavelength (keff ) in
tissue at frequency of 2.45 GHz, which is calculated using the fol-
lowing equation [29]:

keff ¼
c

f
ffiffiffiffi
er
p ð1Þ

where c is the speed of light in free space (m/s), f is the operating
frequency of the microwave generator (2.45 GHz) and er is the rel-
ative permittivity of tissue at the operating frequency.

For the double slot MCA, the slot spacing length of 4.2 mm cor-
responds to 0.25 keff . The slot spacing length is chosen to achieve
localized power deposition near the distal tip of the antenna.
Dimensions of antennas are given in Table 1. While the dielectric
properties of antennas are given in Table 2.



Table 1
Dimensions of a MCA.

Materials Dimensions (mm)

Inner conductor 0.135 (radial)
Dielectric 0.335 (radial)
Outer conductor 0.460 (radial)
Catheter 0.895 (radial)
Slot 1.000 (wide)

Table 2
The dielectric properties of a MCA.

Properties Relative
permittivity er

Electric conductivity
r (S/m)

Relative
permeability lr

Dielectric 2.03 0 1
Catheter 2.1 0 1
Slot 1 0 1
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The porous liver consists of two parts, namely, the normal tis-
sue and the tumor. The porous liver is considered as a cylindrical
geometry, it has a 30 mm radius and 80 mm in height. Within
the porous liver there is a spherical tumor with diameter of
20 mm. The antennas are inserted into the porous liver with
70.5 mm depth. An axially symmetric model is considered in this
study, which minimized the computation time while maintaining
good resolution and represents the full three-dimensional result.
The model assumes that the antennas are immersed in a porous
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Fig. 2. Axially symmetric

Table 3
The thermal properties and dielectric properties of normal tissue, blood and tumor [20,28

Properties Thermal conductivity K (W/m �C) Density q (kg/m3) Specific h

Normal tissue (n) 0.497 1030 3600
Blood (b) 0.45 1058 3960
Tumor (t) 0.57 1040 3960
biological tissue. The vertical axis is oriented along the longitudinal
axis of the antennas, and the horizontal axis is oriented along the
radial direction. Figs. 2(a) and 2(b) show the axially symmetrical
model geometry for analysis when using a single slot MCA and a
double slot MCA, respectively.

In an anatomical view, three compartments are identified in the
biological tissues, namely, blood vessels, cells and interstitial space
[24,25]. The interstitial space can be further divided into the extra-
cellular matrix and the interstitial fluid. However, for sake of sim-
plicity, the biological tissues are divided into two distinctive
regions, namely, the vascular region (blood vessels) and the ex-
tra-vascular region (cells and the interstitial space) and treat the
whole anatomical structure as a fluid-saturated porous medium,
through which the blood infiltrates. The vascular region is regarded
as a blood phase and extra-vascular region is regarded as a solid
phase, as illustrated in Fig. 2.

The physical properties of the materials involved in the model
are selected from several literatures; [20,28,30–32]. The thermal
properties and dielectric properties of normal tissue, blood and tu-
mor used for mathematical calculations are given in Table 3 where
the microwave frequency of 2.45 GHz is considered.

3. The formulation of the mathematical model

A mathematical model has been formulated to predict the SAR
profile, temperature profile and blood velocity profile in the porous
liver during the MWA process. In the next section, an analysis of
electromagnetic wave propagation, blood flow and heat transfer
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,30–32].

eat capacity Cp (J/kg �C) Relative permittivity er Electric conductivity r (S/m)

43.00 1.69
58.30 2.54
48.16 2.096



Fig. 3. Boundary conditions for analysis.
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in the porous liver during MWA process will be illustrated. The sys-
tem of governing equations as well as initial and boundary conditions
are solved numerically using the FEM via COMSOLTM Multiphysics.
The relevant boundary conditions are described in Fig. 3.

3.1. Analysis of electromagnetic wave propagation

Mathematical models are developed to predict the SAR profile
with relation to temperature gradient within the porous liver. To
simplify the problem, the following assumptions are made:

1. Electromagnetic wave propagation is modeled in 2D axially
symmetrical cylindrical coordinates (r–z).

2. An electromagnetic wave, propagating in a MCA, is character-
ized by transverse electromagnetic fields (TEM) [28].

3. In the porous liver, an electromagnetic wave is characterized by
transverse magnetic fields (TM) [28].

4. The model assumes that the wall of the MCA is a perfect electric
conductor (PEC),

5. The outer surface of the porous liver is truncated by a scattering
boundary condition.

6. The model assumes that dielectric properties of the porous liver
are uniform and constant.

The axisymetric finite element (FE) model used in this study is
adapted from a MCA general model [8,33]. In this model, the elec-
tric and magnetic fields associated with the time-varying TEM
wave is expressed in 2D axially symmetrical cylindrical coordi-
nates:
Electric field (E
*

)

E
*

¼ er
C
r

ejðxt�kzÞ ð2Þ

Magnetic field (H
*

)

H
*

¼ eu
C
rZ

ejðxt�kzÞ ð3Þ

where C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZP
p: ln router=rinnerð Þ

q
, Z is the wave impedance (X), P is the in-

put microwave power (W), rinner is the dielectric inner radius (m),
router is the dielectric outer radius (m), x = 2pf is the angular fre-
quency (rad/s), f is the frequency (Hz), k ¼ 2p

k is the propagation con-
stant (m�1) and k is the wave length (m).

In the porous liver, the electric field also has a finite axial com-
ponent, whereas the magnetic field is purely in the azimuth direc-
tion. The electric field is in the radial direction only inside the
coaxial cable and in both radial and the axial direction inside the
tissue. This allows for the MCA to be modeled using an axisymmet-
ric TM wave formulation. The wave equation then becomes scalar
in H

*

u:

r� er �
jr
xe0

� ��1

r� H
*

u

 !
� lrk

2
0H
*

u ¼ 0 ð4Þ

where e0 = 8.8542 � 10�12 F/m is the permittivity of free space, er is
the relative permittivity, r is the electric conductivity (S/m), lr is
the relative permeability and k0 is the free space wave number
(m�1).

3.1.1. Boundary condition for electromagnetic wave propagation
analysis

Microwave energy is emitted from the MCA slot, which con-
nected to the microwave generator, and propagates through the
MCA into the porous liver from the MCA slot. Therefore, boundary
condition for analyzing electromagnetic wave propagation, as
shown in Fig. 3, is considered as follows:

At the inlet of the MCA, TM wave propagation with input micro-
wave power of 10 W is considered. An axial symmetry boundary is
applied at r = 0:

E
*

r ¼ 0 ð5Þ

@E
*

z

@r
¼ 0 ð6Þ

The first order scattering boundary conditions for Hu
*

were used
along the outer sides of the porous liver boundaries to prevent
reflection artifacts:

n̂�
ffiffiffi
e
p

E
*

� ffiffiffiffi
l
p

H
*

u ¼ �2
ffiffiffiffi
l
p

H
*

u0 ð7Þ

where H
*

u0 ¼ C=Zr is the excitation magnetic field.
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For simplicity and to eliminate numerical error, the inner and
outer conductors of the MCA are modeled as the PEC boundary
conditions:

n̂� E
*

¼ 0 ð8Þ
3.2. Analysis of blood flow and heat transfer

To solve the thermal problem, the coupled effects of electro-
magnetic wave propagation, blood flow and heat transfer are
investigated. The surroundings of the porous media model are
fixed temperature at 37 �C except at the outer surface between
the MCA and the porous liver is considered as adiabatic boundary
condition. To reduce complexity of the problem, several assump-
tions have been offered into the blood flow and energy equations:

1. Corresponding to electromagnetic wave propagation analysis,
blood flow and heat transfer analysis in the porous liver is
assumed in 2D axially symmetrical cylindrical coordinates (r–
z).

2. The porous liver is assumed to be homogeneous and thermally
isotropic and saturated with a fluid (blood).

3. The blood flow is an incompressible and Newtonian [24,34].
4. There is local thermodynamic equilibrium (LTE) between solid

and blood phases [35,36].
5. There is no phase change occurs within the porous liver, no

energy exchange through the outer surface of the porous liver,
and no chemical reactions occur within the porous liver.

6. The thermal properties of the porous liver are assumed to be
constant.

3.2.1. Momentum equations
The Brinkman model extended Darcy model was first developed

by Brinkman [37] and used to represent the blood flow within the
porous liver. Using standard symbols, the governing equations
describing the heat transfer phenomenon are given as follows
[38]:

Continuity equation

@u
@r
þ @w
@z
¼ 0 ð9Þ

Momentum equations

1
/

@u
@t

� �
þ 1

/2 u
@u
@r
þw

@u
@z

� �
¼ � 1

qb

@p
@r

� �

þ m
/

@2u
@r2 þ

@2u
@z2

 !
� um

j
ð10aÞ

1
/

@w
@t

� �
þ 1

/2 u
@w
@r
þw

@w
@z

� �
¼ � 1

qb

@p
@z

� �

þ m
/

@2w
@r2 þ

@2w
@z2

 !
�wm

j

þ gb T � T1ð Þ ð10bÞ

where u and w are the blood velocity component (m/s), / is the tis-
sue porosity (the volume fraction of the vascular space) (-) [24] in
this study used /n = 0.6 and /t = 0.7, p is the pressure (Pa),
m = 3.78 � 10�7 m2/s is the kinematics viscosity, b = 1 � 10�4 1/K
is the coefficient of the thermal expansion and j is the permeability
(m2) can be expressed by the following [39,40]:

j ¼
/3d2

p

175ð1� /Þ2
ð11Þ

where dp = 1 � 10�4 m2 is the diameter of cell tissue.
The first viscous term on the right hand side of Eq. (10) is the
Darcy term while the second viscous term is the analogous to
the momentum diffusion term in the Navier–Stokes equation.

Although the viscous boundary layer in the porous medium is
very thin for most engineering applications, inclusion of this term
is essential for heat transfer calculations [41]. However, the inertial
effect was neglected, as the flow was relatively low.

3.2.2. Energy equation
The temperature profile in the porous liver during MWA pro-

cess is obtained by solving the conventional heat transport equa-
tion where the microwave power absorbed is included as an
internal heat sources (namely metabolic heat source). The temper-
ature profile corresponds to the SAR. This is because when micro-
wave propagates in the porous liver, microwave energy is absorbed
as well as SAR by the porous liver and converted into internal heat
generation which causes the porous liver temperature to rise. The
governing equations describing the heat transfer phenomenon are
given by

qCp
� �

eff

@T
@t
þ qCp
� �

b u
@T
@r
þw

@T
@z

� �

¼ Keff
@2T
@r2 þ

@2T
@z2

 !
þ Q met þ Q ext ð12Þ

where

qCp
� �

eff ¼ 1� /ð ÞðqCpÞs þ / qCp
� �

b ð13Þ

Keff ¼ ð1� /ÞKs þ /Kb ð14Þ

are the overall heat capacity per unit volume and overall thermal
conductivity, subscripts eff, s and b represent the effective value, so-
lid and blood phase, respectively, T is the temperature (�C), q is the
density (kg/m3), Cp is the specific heat capacity (J/kg �C) and K is the
thermal conductivity (W/m �C).

Where the first and the second terms on the left hand side of Eq.
12 denotes the transient term and convection term due to blood
perfusion, respectively. The first, second and third terms on the
right hand side of Eq. 12 denote the heat conduction term, meta-
bolic heat source (Qmet = 33,800 W/m3) term and external heat
source (Qext) (heat generation by the electric field) term, respec-
tively. The external heat source term is equal to the resistive heat
generated by the electromagnetic field and assume only generated
from solid phase which can be defined as:

Qext ¼
rj E

*

j2

2
ð15Þ

where, the electrical properties strongly affect the temperature in-
crease. Interaction of electromagnetic fields with biological tissues
can be defined in term of SAR. When microwave propagates in
the porous liver, microwave energy is absorbed by the porous liver
and converted into internal heat generation which causes the por-
ous liver temperature to rise. The SAR profile is widely used to dis-
cuss the heating characteristics of MWA process. The SAR
represents the electromagnetic power deposited per unit mass in
tissue (W/kg) at any position. It can define by:

SAR ¼ rj E
*

j2

2q
¼ Q ext

q
ð16Þ
3.2.3. Boundary condition for blood flow and heat transfer analysis
The blood flow and heat transfer analysis are considered only in

the porous liver, which does not include the MCA. As shown in
Fig. 3, the boundaries of porous liver corresponds to the assump-
tion are considered as follows:
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An axial symmetry boundary is applied at r = 0 for the blood
flow and heat transfer analysis:

n̂ � u
*
¼ 0 ð17Þ

n̂ � �pI þ ð1=/Þg r � u*þ r u
*

� �T
� �� �

¼ 0 ð18Þ

n̂ � KeffrT � qCp
� �

b u
*

T
� �

¼ 0 ð19Þ

The surroundings of the porous liver are fixed temperature at
37 �C and the boundaries for blood flow analysis are considered
an open boundary condition:

n̂ � �pI þ ð1=/Þg r � u*þ r u
*

� �T
� �� �

¼ �F0:n̂ ð20Þ

where g is the dynamic viscosity (Pa s) and F0 is the normal stress
(N/m2)

At the outer surface between the MCA and the porous liver is
considered as adiabatic boundary condition.

n̂:ðKeffrTÞ ¼ 0 ð21Þ

Furthermore, the outer surface of MCA between the MCA and
the porous liver is rigid body, a no slip boundary conditions are ap-
plied for the momentum equations.

u
*
¼ 0 ð22Þ

It is assumed that no contact resistant occurs between the nor-
mal tissue and the tumor. Therefore, the internal boundary is as-
sumed to be a continuous.

n̂: �ptI þ gt r:u
*

t þ r:u
*

t

� �T
� �

þ pnI � gn r:u
*

n þ r:u
*

n

� �T
� �� �

¼ 0

ð23Þ

n̂: KeffrTt � ðqCpÞb u
*

Tt � KeffrTn � ðqCpÞb u
*

Tn

� �
¼ 0 ð24Þ

The initial temperature of the porous liver is assumed to be
uniform:

Tðt0Þ ¼ 37
�
C ð25Þ

And initial condition for the blood velocity and pressure are

uðt0Þ ¼ 0 m=s; wðt0Þ ¼ 0 m=s and pðt0Þ ¼ 0 Pa ð26Þ
4. Calculation procedure

In this study, the FEM is used to analyze the transient problems.
The computational scheme is to assemble axisymmetric FEM mod-
el. The coupled model of electromagnetic wave propagation, blood
flow and heat transfer analysis is solved by the FEM, to demon-
strate the phenomenon that occurs within the porous liver during
MWA. The computational scheme starts with computing an exter-
nal heat source term by running an electromagnetic wave propaga-
tion calculation and subsequently solves the time dependent
temperature and blood velocity in the porous liver. All the steps
are repeated until the required heating time is reached.

The description of blood flow and heat transfer pattern, Eq. (9),
(10a), (10b), (11)–(14) requires specification of temperature (T),
velocities components (u,w) and pressure (p). These equations
are coupled to the electromagnetic wave propagation equations
(Eq. (2)–(8)) and momentum equations and energy equation by
Eq. 15. The time-steps used to solve the system of equations
describing electromagnetic wave propagation and heat transport
are Dt = 2 � 10�12 s and Dt = 0.01 s, respectively.

The axisymmetric FEM model is discretized using triangular
elements with the Lagrange quadratic shape functions. In order
to obtain a good approximation, a fine mesh is specified in the sen-
sitive areas. The set of partial differential equations along with
their related boundary conditions are coupled and are solved
numerically by the FEM via COMSOLTM multiphysics. FEM models
can provide users with quick, accurate solutions to multiple sys-
tems of differential equations and as such, are well suited to heat
transfer problems like ablation [28]. The system of governing equa-
tions as well as initial and boundary conditions are solved with the
Unsymmetric Multifrontal Method (UMFPACK) solver to approxi-
mate SAR profile, temperature profile and blood velocity profile
variation across each element. The convergence test is carried
out to identify the suitable numbers of element required. The con-
vergence curve resulting from the convergence test is shown in
Fig. 4. This figure shows the relationship between temperature
and number of elements from simulations at a critically sensitive
point, of the slot center (insertion depth of 64 mm). The number
of elements where solution is independent of mesh density is
found to be around 20,471. It is reasonable to confirm that, at this
number of element, the accuracy of the simulation results is inde-
pendent from the number of elements through the calculation pro-
cess. Dense mesh zone has been generated in the vicinity of the tip
of the antenna, where the temperature is more concentrated

5. Results and discussion

A complete set of mathematical model is proposed, which uses
comprehensive transient momentum equations (Brinkman model
extended Darcy model) and energy equation coupled with the elec-
tromagnetic wave propagation equation to describe SAR profile,
temperature profile and blood velocity profile in the porous liver
of MWA. The influences of antenna type on the SAR profile, tem-
perature profile and blood velocity profile of porous liver are sys-
tematically investigated.

5.1. Validation of the model

In order to verify the accuracy of the presented mathematical
model of MWA, the simulation results with single slot MCA of
the single-layer porous media proposed in this study is validated
against the simulation results of bioheat model obtained at the
same testing condition by Keangin et al. [22]. Moreover, the simu-
lation results from this study also compared with the experimental
results obtained by Yang et al. [20]. Fig. 5 shows the geometry of
the validation model. In the validation model, the input microwave
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Fig. 5. Geometry of the validation model obtained from the Yang et al. [20].

Table 4
Comparisons of RMSE of the liver tissue temperature between the present study and
Yang et al. [20] and Keangin et al. [22].

Position (mm) Comparisons of RMSE with experimental data obtained from
Yang et al. [20] (�C)

Bioheat model
(Keangin et al. [22])

Porous media model
(present study)

4.5 mm 11.10 3.87
9.5 mm 4.52 2.73
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power of 75 W with frequency of 2.45 GHz and the initial liver tis-
sue temperature of 8 �C are selected. The single slot MCA with a ra-
dius of 1.25 mm is inserted into liver tissues 20 mm in depth. The
axially symmetrical model is used to analyze the MWA process
with the heating time of 50 s. The validation results of the selected
test case are illustrated in Fig. 6 for temperature distribution in the
liver tissue, with respect to the heating time of 50 s with the posi-
tions of 4.5 and 9.5 mm away from the MCA. From the figures, it
can be observed that the simulated results of the porous media
model corresponds well to the experimental results with similar
trends in temperature distribution over the same approximate
time range at both positions, especially at the end stage. This is
due to the fact that the porous media model is based on convective
heat mode coupled with conduction heat mode. While the bioheat
model is manly governed by conduction heat mode. Considering
the fact that the convective heat is influence increases at the end
stage, it is obvious that the porous media model yields better re-
sults. Table 4 shows the comparisons of the root mean square error
(RMSE) of the liver tissue temperature between the present study
(porous media model) and our previous work [22] (bioheat model)
with experimental data obtained from Yang et al. [20]. From the ta-
ble, it is observed that the bioheat model gives greater error than
the simulated temperature obtained from porous media model.
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Fig. 6. The validation results of the liver tissue temperat
However, at the position of 9.5 mm away from the MCA, the tem-
perature distribution match the experimental results better than
the temperature distribution at the position of 4.5 mm. Therefore,
the selected developed model based on porous media approach is
reasonable and can be used effectively for this problem. This is
important to obtain the approaching realistic tissues modeling
during MWA. It is found that the previous study [22] considered
only the heat transfer in the single-layer biological tissue using
the bioheat model however, in practical applications of MWA
process, most biological tissues are multilayer porous materials.
In addition, the antenna type has a significant effect on SAR, tem-
perature and blood velocity profiles. Consequently, the model of
MWA based on two layers porous liver model using a single and
a double slot MCA for study the effect of antenna type on SAR, tem-
perature and blood velocity profiles, is developed in this work.

5.2. Comparison of single slot MCA and double slot MCA

5.2.1. SAR profiles
The basic principle of MWA is to apply microwave power to the

tumor through the MCA. The microwave energy is absorbed within
the tumor and heated it. At temperatures exceeding 50 �C, tumor is
destroyed [1]. The SAR profile is one of the most important charac-
teristics of antenna for heating. Fig. 8 shows the computer simu-
lated results of SAR profile in the porous liver based on a
frequency of 2.45 GHz, input microwave power of 10 W and heat-
ing times of 300 s during MWA process. Fig. 8(a) shows the SAR
profile within the porous liver when using a single slot MCA and
Fig. 8(b) when using a double slot MCA for heating times of 30,
150, and 300 s, respectively. The figure illustrates the volume heat-
ing effect expected from MWA. Microwaves power emitted from
30 40 50

e (s)

ure, against Yang et al. [20] and Keangin et al. [22].
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Fig. 7. The extrusion line in the porous liver where the SAR, temperature and blood
velocity distribution are considered.
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the MCA propagates through the tumor and the normal tissue,
which is converted to heat by dielectric heating. According to the
results, in both cases, the SAR profile exhibits a near ellipsoidal
shape around the slot. It has the highest value in the vicinity of
the slot MCA and decreases with the distance lead to the SAR value
within the tumor is higher than the SAR value within the normal
tissue. The comparison of the SAR profile pattern between when
using a single slot MCA and using a double slot MCA, it is found
that the volumetric SAR within the porous liver of double slot
MCA provides the two hot spot zones with a wider region of SAR
pattern to the porous liver around the slot MCA. This is because
of the double slot MCA have supplied microwave energy via its slot
separately. Consequently the volumetric SAR in this case is seemed
to be a wider region as compared to single slot MCA. The means
that the single slot MCA is generally suitable for the narrow tumor.
While, the double slot MCA is suitable for the larger tumor size or
adjacent tumors.

Consider the maximum SAR value within the porous liver from
two antennas, a standard single slot MCA provides a higher maxi-
mum SAR value within the porous liver than when using a double
    (a)                               

SARmax

3.906x10
SARmax

6.104x10-3 W/m3

Fig. 8. The SAR profile in the porous liver based on a frequency of 2.45 GHz, input micro
double slot MCA.
slot MCA. It is found that at the heating time of 300 s and using an
input microwave power of 10 W, the maximum SAR values are
6.104 � 103 W/m3 and 3.906 � 103 W/m3 when using a single slot
MCA and double slot MCA, respectively. However, in two cases, the
maximum SAR values appeared near the antennas tip and the low-
er slot exit of the MCA.

Fig. 9 shows the comparison of SAR distribution between when
using a single slot MCA and double slot MCA along the extrusion
line defined in Fig. 7 at level of the upper slot exit (z = 21.2 mm,
insertion depth of 58.8 mm) and the lower slot exit (z = 16 mm,
insertion depth of 64 mm) based on a frequency of 2.45 GHz, input
microwave power of 10 W and heating times of 300 s. From the
Fig. 9, it is found that in all cases the SAR distributions have a sim-
ilar trend with a slight difference in magnitude. The SAR distribu-
tions gradually increase along the longitudinal axis of the MCA and
reach maximum value at the slot exit. After that the SAR values
quickly decreases and have the lowest value with r = 30 mm. When
using a single slot MCA, the maximum SAR values obtained for
10 W of input microwave power is 4.43 kW/kg and 2.30 kW/kg at
                           (b) 

-3 W/m3

wave power of 10 W and heating times of 300 s when using; (a) single slot MCA (b)
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Fig. 10. The temperature profile in the porous liver at various times based on a frequency of 2.45 GHz and input microwave power of 10 W when using; (a) single slot MCA (b)
double slot MCA.
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z = 16 mm and z = 21.2 mm, respectively. While when using a dou-
ble slot, the maximum SAR values obtained for 10 W of input
microwave power is 2.29 kW/kg and 3.37 kW/kg at z = 16 mm
and z = 21.2 mm, respectively. Furthermore, it is seen that when
using a single slot MCA generates the SAR distributions at
z = 16 mm is higher than at z = 21.2 mm. Nevertheless, the double
slot MCA has the SAR distributions at z = 16 mm is lower than at
z = 21.2 mm due to the microwave energy through the upper slot
before the lower slot. Comparison between maximum SAR values
along the extrusion line obtained from the two antennas, it can
be seen that the single slot MCA provides a higher maximum
SAR value (at z = 16 mm) within the porous liver than that of the
double slot MCA (at z = 21.2 mm), which corresponds to a higher
SAR profile, as shown in Fig. 8. This is because higher attenuation
of the microwave reduces the contributions of propagated waves
as they propagate through the double slot MCA. It is found that
the variation of SAR distribution within the porous liver is due to
the antenna type and the extrusion line position. From the figures,
it is found that the variation of the SAR distribution in the porous
liver is due to the antenna type and the distance away from the
antenna.

5.2.2. Temperature profiles
The effective performance of MWA is characterized by its tem-

perature profile, which is determined mainly using the antenna. In
order to simulate the temperature profile as well as heat transfer
within the porous liver, the coupled model of transport phenome-
non of blood flow, heat transfer and electromagnetic wave propa-
gation are used. The combination of these phenomena has an effect
in which the microwave energy can be absorbed by the porous li-
ver and then converted into heat. Fig. 10 shows the simulated re-
sults of temperature profile within porous liver at various times
based on a same condition as Fig. 8. The temperature profiles with-
in the porous liver when using a single slot MCA and a double slot
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MCA, for heating times of 30, 150, and 300 s, are shown in
Fig. 10(a) and (b), respectively. It is observed that the temperature
profile within the porous liver corresponds to the SAR profile
(Fig. 8). A higher SAR value near the antennas tip and the lower slot
exit of the MCA (as shown in Fig. 8) leads to the generation of a hot
spot zone in the same location as the SAR. In two cases, the tem-
perature profile forms a nearly ellipsoidal shape around the slot
and the highest value occurs in the vicinity of the slot MCA and de-
creases with the distance following SAR. This is because the SAR
within the porous liver distributes, owing to energy absorption.
Thereafter, the absorbed energy is converted to thermal energy,
lead to increases of temperature in the porous liver. It is found that
the maximum temperature within the porous liver of the two cases
increases with time. At the early stage of the process (T = 30 s), the
heat transfer is manly governed by conduction heat mode.
Whereas, in the end stage of the process (T = 300 s), the effect of
convective flow increase. This convective effect is especially strong
near the tip and the slot of the MCA because it has high tempera-
ture volume. The natural convection due to blood flow, are pre-
sented in section later. The presences of natural convection heat
transfer in the porous liver based on porous media model leads
to an infiltrated flow through the tissue pores far away from the
MCA as well as hot spot zone. This natural convection effect influ-
ences the characteristic of the interaction between microwave and
porous liver, which is expected to occur in the realistic physiolog-
ical condition

Again, corresponding to the SAR pattern, the comparison of the
temperature profile pattern between when using a single slot MCA
and a using a double slot MCA, illustrates that the volumetric heat-
ing within the porous liver of double slot MCA provides the two hot
spot zones with a wider region in porous liver around the slot MCA.
As opposed to the result when using a single slot MCA which only
yields one and narrow region. Furthermore, it is worth to point out
that the pattern of the two hot spot zones within the porous liver
when using a double slot is not symmetric. That is because the
microwave power absorbed within the porous liver attenuates ow-
ing to energy absorption, and thereafter the absorbed energy is
converted to the thermal energy, lead to increases of temperature
in the porous liver.

It is interesting to observe that the temperature profile of the
porous liver highest value occurs in the tumor, lead to the temper-
ature of the tumor is higher than the temperature of the normal
tissue. In addition, the obtained results show that the maximum
temperature calculated from models within the tumor region has
temperature higher than 50 �C, which are capable for destroying
cancer in the porous liver (Normally, tumor is destroyed at temper-
atures exceeding 50 �C [1]). Because the double slot MCA provides
a wider region in porous liver than the single slot MCA, the normal
tissue surrounding the tumor is destroyed more than when using
the single slot while considering the tumor diameter of about
20 mm. Therefore, the double slot MCA is suitable for the larger tu-
mor size. By comparison between the maximum temperatures
when using a single slot MCA and a double slot MCA, it can be seen
that the distribution patterns of temperature at a particular time is
the same, but the maximum values are quite different. The single
slot MCA provides a higher maximum temperatures value within
the porous liver than that of the double slot MCA at all duration
times. The maximum temperature differences for the two cases
are 2.015% at heating times of 30 s, 2.930% at heating times of
150 s and 2.736% at the heating times of 300 s, respectively. A less
than 5% difference between the two cases can be obtained.

With regard to the temperature distribution at the extrusion
line (Fig. 7), Fig. 11 shows the comparison of temperature distribu-
tion between when using a single slot MCA and a double slot MCA
along the extrusion line at level of the upper slot exit and the lower
slot exit based on a frequency of 2.45 GHz, input microwave power
of 10 W and heating times of 300 s which corresponds to the SAR
distribution (Fig. 9). It is seen that the temperature distribution
when using a single slot MCA and a double slot MCA have similar
trends with a slight difference in magnitude. The temperature
quickly increases along the extrusion line to a maximum tempera-
ture value at the slot exit. After that the temperature values grad-
ually decreases and approach to steady state. When using a single
slot MCA, the maximum temperature values obtained for 10 W of
input microwave power is 79.83 and 68.87 �C at z = 16 mm and
z = 21.2 mm, respectively. While when using a double slot, the
maximum temperature values obtained for 10 W of input micro-
wave power is 74.63 and 75.42 �C at z = 16 mm and z = 21.2 mm,
respectively. In addition, it is seen that when using a single slot
MCA generate the temperature distributions at z = 16 mm is higher
than at z = 21.2 mm. Nevertheless, the double slot MCA has the
temperature distributions at z = 16 mm is lower than at
z = 21.2 mm following SAR. That is because the microwave power
absorbed within the porous liver attenuates owing to energy
absorption, and thereafter the absorbed energy is converted to
the thermal energy, lead to increases of temperature in the porous
liver. The maximum temperature values at level of the upper slot
exit (z = 21.2 mm, insertion depth of 58.8 mm) is higher than the
maximum temperature values at the lower slot exit (z = 16 mm,
insertion depth of 64 mm) when using a double slot due to the
microwave energy through the upper slot before the lower slot
of this antenna.

When comparison between maximum temperature values
along the extrusion line obtained from the two antennas, it can
be seen that the single slot MCA provides a higher maximum tem-
perature value (at z = 16 mm) within the porous liver than that of
the double slot MCA (at z = 21.2 mm) which corresponds to a high-
er temperature profile, as shown in Fig. 10. It is found that the an-
tenna type significantly influences to temperatures differences in
porous liver.

5.2.3. Blood velocity profiles
The presences of natural convection heat transfer in the porous

liver based on porous media model leads to an infiltrated flow
through the tissue pores far away from the MCA as well as hot spot
zone. This natural convection effect influences the characteristic of
the interaction between microwave and porous liver, which is ex-
pected to occur in the realistic physiological condition. The effect of
natural convection due to the blood flow in the porous liver is pre-
sented in Fig. 12. The figure shows the blood velocity profile within
the porous liver based on the conditions as mentioned in the
previous figures. The blood velocity profile within the porous
liver when using a single slot MCA and a double slot MCA, for heat-
ing times of 30, 150, and 300 s, are shown in Fig. 12(a) and (b),
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Fig. 12. The blood velocity profile in the porous liver at various times based on a frequency of 2.45 GHz and input microwave power of 10 W when using; (a) single slot MCA
(b) double slot MCA.
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respectively. The blood velocity profile in two cases have a trend
corresponding to the temperature profiles. The blood flow is driven
by the effect of buoyancy (natural convection) due to microwave
energy. The buoyancy effect is stronger near the tip and the slot
of the MCA, leading to a high blood velocity region at location near
the tip and the slot of the MCA. The blood velocity profile forms a
nearly ellipsoidal shape around the slot corresponding to the tem-
perature profile. Further, it reaches highest values in the vicinity of
the slot MCA and decreases with the distance from the single slot
MCA axis. The warmer blood with lower density rises near the slot
of the MCA, where the surrounding colder blood with higher den-
sity displaces the rising warmer blood in the immediate vicinity of
the slot MCA. The blood velocity increases rapidly in the early time
of heating and reaches a maximum value in a short time. Moreover,
the blood velocity within the tumor is higher than the blood veloc-
ity within the normal tissue. This is because the tumor has a higher
porosity and a higher permeability than normal tissue would lead
to stronger microwave energy absorbed as well as natural convec-
tion while the normal tissue is of low permeability would leads to
the blood velocity within the normal tissue is very weak. It is ob-
served that the blood velocity profiles are varied with correspond-
ing to the temperature profile within the porous liver (Fig. 10). This
is because a temperature gradient produced by an electromagnetic
field causes a strong effect of natural convection which produces
enhanced cooling in porous liver during MWA process. Consider
the effect of antenna type on the blood velocity, the double slot
MCA provides a slightly lower blood velocity value within the por-
ous liver. This is because the weaknesses of natural convection as
compared with using a single slot MCA. It is observed that the max-
imum blood velocity differences in two cases within the porous li-
ver are decreased with increasing time, during the MWA process.
The differences maximum blood velocity value for the two cases
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are 11.339% at heating times of 30 s, 8.380% at heating times of
150 s and 5.752% at the heating times of 300 s, respectively.

The last section considers the blood velocity distribution at the
extrusion line (Fig. 7). Fig. 13 shows the comparison of the blood
velocity distribution between when using a single slot MCA and
a double slot MCA along the extrusion line at level of the upper slot
exit (z = 21.2 mm, insertion depth of 58.8 mm) and the lower slot
exit (z = 16 mm, insertion depth of 64 mm) based on a frequency
of 2.45 GHz, input microwave power of 10 W and heating times
of 300 s which corresponds to the temperature distribution
(Fig. 11). It is seen that the blood velocity distribution when using
a single slot MCA and a double slot MCA have similar trends with a
slight difference in magnitude. The blood velocity quickly increases
along the extrusion line to a maximum value at the slot exit and
gradually decreases and approach to zero at the outer boundary
of the porous liver where no effect of propagating wave occurs.
Higher temperature value provides a greater permeability value
which leads to a higher blood velocity in the porous liver, thereby
increasing the rate of convective heat transfer to keep the porous
liver. Therefore, the maximum blood velocity value at z = 16 mm
is higher than at z = 21.2 mm when using the single slot MCA
and the maximum blood velocity value at z = 16 mm is lower than
at z = 21.2 mm when using the double slot MCA following temper-
ature distribution in Fig. 11. Comparison between the maximum
blood velocity value obtained from the two antennas, it can be seen
that the single slot MCA provides a higher maximum blood velocity
value (at z = 16 mm) within the porous liver than that of the double
slot MCA (at z = 21.2 mm) which corresponds to a higher blood
velocity profile, as shown in Fig. 12.

6. Conclusions

This work presents a numerical study of heat transfer and blood
flow coupled with electromagnetic wave propagation in two layers
porous liver tissue during MWA process using a single and double
slot MCA. The convection heat transfer due to the effect of blood
flow is taken into accounts for analysis of heat transfer. The simu-
lation results data of the porous media model (single-layer porous
media) is validated against the simulation results of bioheat model
obtained from previous work and compared with the experimental
results obtained by Yang et al. [20]. The single and double slot MCA
for interstitial MWA in porous liver is evaluated in order to com-
pare their effects on the SAR profile, temperature profile and blood
velocity profile. It is found that the SAR, temperature and blood
velocity value in the porous liver is strongly dependent on the
number of MCA slot. The maximum SAR, temperature and blood
velocity appears in the porous liver when using a single slot MCA
which is higher than when using a double slot antenna. It is found
that the SAR, temperature and blood velocity pattern when using a
double slot MCA provides a wider region in porous liver around the
slot MCA and has two hot spot zones which occurs in the vicinity of
these double slots. Consequently, the single slot MCA is generally
suitable for the narrow tumor while, the double slot MCA is suit-
able for the larger tumor size or adjacent tumors. In addition, the
shape and size of the destructed area can be varied by adjusting
the configuration and antenna design, resulting in no damage to
the normal tissues. Although, the blood velocity in this problem
is very small as compared to the conventional problem in the liter-
atures. Less than a ten percent difference between the two cases in
blood velocity value can be obtained. However, the main idea be-
hind this work is to propose the completed model, i.e., multilayer
porous media model in order to completely explain the actual pro-
cess of MWA within the liver. Conclusively, the mathematical
model presented in this study correctly explains the phenomena
of heat transfer and blood flow in porous liver tissue during
MWA process using a single and double slot MCA.

In next step of this research, will to develop a three-dimen-
sional modeling for approaching realistic liver tissue will be per-
formed. The study will also consider local non-thermal
equilibrium (LNTE) heat transfer model in analyzing biological tis-
sues subjected to microwave energy.
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