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SAR Pattern of Biological Objects Contacted with Coaxial
Waveguide Antenna Using the FDTD Method

Sung-Mo Koo*, Chang-Won Lee, Chul-Ho Won, and Jin-Ho Cho

Noninvasive multifrequency microwave radiometry using coaxial waveguide antenna has been investi-
gated for a homogeneous and four layer human body model. The coupling between coaxial waveguide
antenna and a biological object was analyzed by use of the finite-difference time-domain(FDTD)
method to obtain the absorbed power patterns in the media. The object studied in this paper was a
homogeneous and four-layered lossy medium. The specific absorption rates(SAR) distribution which
was corresponding to the temperature distribution was calculated in each region by use of the
steady-state response in FDTD method. The SAR pattern of 1.2GHz was compared with that of 1.

8GHz.
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INTRODUCTION

Typical tumors encountered in the clinic can range
from 2 to 10 cm in diameter, and tumor sites vary
from being on the skin surface to deep within the
brain or pelvis. The primary objective of any
hyperthermia system is to raise the temperature in
the tumor volume to 43-55 °C while the surrounding
normal tissue remains below 44 °C.

Noninvasive microwave radiometry has been inves-
tigated for temperature measurement in human body.
With currently available technique, invasive thermome-
ters are used in the clinic. In this method, number
and positions of thermometer probes that can be in-
serted in the patent’s body are quite limited by trau-

ma considerations, resulting often in inadequate ther-
m(;metry. Inserting and locating the thermometer
probes are laborious and time consuming tasks for
doctors, besides the probe insertion gives discomfort
to the patient. For these reasons, development of
noninvasive technique of temperature measurement
has been desired and studied for many years.
Recently, the waveguide antenna has been used in
experimental investigations of multifrequency micro-
wave radiometry to develop noninvasive techniques of
constructing temperature profiles and map in bio-logi-
cal objects[1,2]. In these applications, the objects are
lossy dielectric materials, such as a saline solution,
phantom material, and a portion of human body. The

portion of body coupled to the antenna is usually rep-
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resented by a plane-parallel layered model consisting
of, for example, the skin, fat and muscle. The problem
of coupling between the rectangular waveguide anten
na and the biological object of various configu-rations
has been studied by a number of authors:Guy(3],
Nikital 4 |, Mizoshiri{5] and Katsumi{6]. Rectangular
waveguide as an excitation source was contacted
with the different models of the biological object in
these studies. It is difficult to contact practical biolog-
ical object with the rectangular waveguide in the clin-
ical applications because it is too hard to bend and
heavy.

In this paper, a new type of the noninvasive micro-
wave radiometry which had no the above constraints
was proposed and two models of human body are
considered. One is the homogeneous model which is
equivalent material with human muscle and the other
is the four-layered model of human body. We derived
FDTD algorithm and equation of absorbing boundary
conditions in cylindrical coordination. The coupling be-
tween coaxial waveguide antenna and two model me-
dium was analyzed by use of the FDTD method to
obtain the absorbed power pattern in the medium.
The SAR distribution which was corresponding to the
temperature distribution was calculated in each region

by use of the steady-state response in FDTD method.
DESCRIPTION OF THE PROBLEM

The geometry of the problem is shown in Fig. 1,
along the coordinate system, where a coaxial waveguide
antenna with a finite flange is radiating into a four-
layered lossy medium. The relative dielectric constant
of the coaxial waveguide is =27 and radii of inner
and outer conductor are a=2.85mm, b=28.5mm, res-
pectively.

In our present study, we treat a homogeneous lossy
medium and a four-layered lossy medium. The homo-
geneous medium is a 0.4% saline solution at 30 "C
which is considered a muscle equivalent material. The
four-layered medium is assumed to consist of dis-
tilled~water(14.25mm), skin(1.9mm), fat(14.25mm)
and muscle layer extending to infinity. Electrical
properties of each material are listed in Table 1. Elec-
trical properties of the saline solution and distilled-

water(bolus) are obtained by Slogryan’s equation[7],

solution(30 °C)
>

4

I T .

skin| fat muscle

Fig. 1. Geometry of a coaxia antenna with a finite flange
in contact with a 4-layered object

Table 1. Electrical properties of biological materials used
in this paper.

dielectiic conductivity 1
=  conistant(g) (o] S/m) {
0.4% saline ]

(distilled-water)

75.1
skin 49.7 J
P fat 5.6 016 ‘
I muscie o 49.7 7 : 7
bolus J
76.4 0.26

and those of the skin, fat and muscle are taken from
Johnson and Guy[8].

The fundamental TEM mode is given at a plane
normal to the waveguide axis which s 0.64 away
from coaxial end point as a source, as shown in Fig.
1, where A is the wavelength in the coaxial waveguide.

The incident electric fiel@source) E, at the reference

plane is given by

Ejo, 1y = =0gh, ()
In(2)p

where w is the angular frequency.

In this paper, operating frequency is 1.2GHz. The
FDTD method is used to calculate electromagnetic
field in each region. Size of the cubic Yee cell is
taken as A =0.95mm= A/30.

YEE’'S ALGORITHM

Yee[9] expressed Maxwell's curl equations in their

finite-difference form. The Maxwell’s curl equations
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used in the Yee/FDTD algorithm are

B

7><H—— + 7, = 5 (2)

By expressing a continuous function of space and

time in its discretized form, a function at its(nth)

}{H-O.S(l., k) _ f{‘

= qhelviell &€ A2l SAR sigle] 33 ofF-
time step can be rewrilten as
F'(i, kY = Flinp, kAz n/t) (3)

i1
After approximating the differential equations as
difference equations and simplifying, following equa-
tions are obtained{ 10]

/\f

°(, k)+~—~ [E(i+05, k)~ﬂ<,—os 1= [EG, k+05) —E(, k-05)] (4a)
1— 9, £—0.5) AY S
B, k-05) = 2 ,f—g;;) E'i, k—0.5)— e“’dfl 25)0% L %G = H %G, k1)) (4b)
l—'_Ze(z,le -0.5) 2¢(7, k—05)
 6(i+05, k)
i Y 2e(i+ 05, k)
EG+05, k) = o 6(1.+0.5’L)Ej(z+0.5, k)
2e(i+05, k)
Nt
e(i+05, £)p(i+0.5, B p +0.5 B +0.5 .
- 1+ 0(G+05, k) loG+1LRYH " Gi+1, B —pG+RVH 73, k)] (4c)
2e(i+0.5, k) .

where ~p, Az are the space increments in p and z

directions, respectively. A¢ is time increment , c is
the light velocity, ¢ is conductivity, e is dielectric
constant, and meet the stability criteria as set forth

by Taflove{9] and given by

N /T‘l_r (5)

C [ —
NZ

V ap?

ABSORBING BOUNDARY CONDITIONS

In order tc model infinite space, boundary condi-
tions at the computational lattice boundaries are need-

ed. Since the computational lattice cannot be infinite

for practical calculation, a finite region is used to

model infinite space. When calculations stop at a
fixed point in space, reflections occur at these compu-
tational boundaries. Lattice truncation conditions at
the ‘computation boundaries which simulate those of
infinite space are therefore required. These absorbing
boundary conditions absorb fields that are incident on
the boundaries such that reflections do not occur. In
our computation, the second-order absorbing boundary
conditions based on Mur’s ABCs[11] in the cylindri-
cal coordinates are used on the truncation boundaries.
The magnetic fields on the upper and left periperies
of the truncation boundary in Fig. 1 are given by the

following equation,

. (N, k) dcoto(N,—1, By—cntop+4npp(N,—1, k)
H™NN,, k=— H (N,—1, B
ie p(N,_.e—l, k) dcnto(N,,, BY+catop+4npe(N,, k) ie
(N, k) 4coto(N,—1, b)—crtnp+4npp(N,—1, k)

ToN,~L B

dcntp(N,,, R)+cathp—4npp(N,

dcotp(N,,, B+ catnp+40pp(N,, k)

H™N,-1, B

ie’

+4czstp(1\§.e, k)+cAtAp+4Ap.0(N k) H: (Moo

8np p(N,, k)

ie’

N, k)

4cA to(N,

ie?

kY +cntnp+4n00(N,, k) [H(N,. &)+ H(N,

-1, B
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(a) 1.2 GHz (a) 1.2 GHz

muscle

——j7.5cm

(b) 1.8 GHz (b) 1.8 GHz
Fig. 2. SAR distribution in the homogeneous lossy medi- Fig. 3. SAR distribution in the four-layered medium for
um for the antenna with the finite flange the antenna with the finite flange
2(ent):no o(N,, k)
1 ie’
+(Az)2 dento(N,, B +cathp+4bpp(N,,, k) [m'(Nie’ k+1) ZH:(Nfe’ k) (6a)

+H(N,,, k=D +H(N, 1, k+1)—2H (N, -1, )+ H(N,,~1, k~1)]

(caty'ne p(N,, k) H(N,, B H(N, 15k
T2 Toato(N,, Byt catip +4hpo(N,,, BLoAN,, B T oA N, 1, &)

H" G 0=—H" G D+ 222 g G0y + B D 1+ ER2E TG0 + HG D)

+Z(Aégﬁézzl}f&z){I{'(i+1,0)—2}£'(i,0)+H:(z'——l,())+H:(i+1,1)~2H:(i,1)+H:(z’—1,1)] (6b)

(crt)’nz

I ap)e (enfr A LG+ L0 = HG= L0)+ H(i+1,1) ~ G~ L))

where N, is the truncation number in p-direction. sented for two distinct cases:
(1) the antenna with the finite flange radiating
SIMULATION RESULTS into the homogeneous lossy medium,
(2) the antenna with the finite flange radiating
In this section, results of the FDTD computation at into the four-layered medium.
1.2 GHz and 1.8 GHz operating frequences are pre- The compﬁtation results are presented in the form
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of SAR distribution that in given by following equa-

tion.

SARG, b =g *o(ik) *[EGR+EGH]T (D

where FE_ and E_ are computed from the positive and

negative peak values in the FDTD analysis. Fig. 2
shows SAR distribution in the homogeneous lossy me-
dium at 1.2 GHz and 1.8 GHz.

Fig. 3 shows SAR distribution in the four-layered
medium at 1.2 GHz and 1.8 GHz. The pattern indi-
cates that the SAR distributions spread out in the
lateral directions, and the spreading is much larger
than in the homogeneous medium. As consequence of
the lateral spreading of the radiated power, the dis-
tance of power penetration along the z-axis is small-
er in the 4-layered medium (1.2 GHz:2=4.9 c¢m, 1.8
GHz : z=7.5 cm in Fig. 3) than in the homogeneous
medum(1.2 GHz: z=75 cm, 1.8 GHz:z=9.1 cm in
Fig. 2). TheSAR distribution in the 4-layered medi-
um is affected very strongly by the presence of bolus
and fat layers.

The lateral spreading of the electric fields in the
4-layered medium may be explained as following: a
portion of the waves incident on the skin-fat and
fat-muscle interfaces at oblique angles is reflected
and trapped to excite waves propagating out in the
lateral directons in the bolus and fat layer, and con-
sequently in the skin layer as well. This phenomenon
becomes stronger due to stronger diffraction by the
antenna at lower operating frequencies. Because of
this phenomenon, the depth of power penetration is
slightly smaller at 1.2 GHz than at 1.8 GHz accord-
ing to simulation result. This result is contrary to ex-
pectations based on a simple plane-wave theory, in
which the skin depth of the plane wave is square

root inverse proportional to the operating frequency.
CONCLUSION

The dielectric-filled coaxial waveguide antenna is
designed for noninvasive hyperthermia application. We
derived FDTD algorithm and equation of absorbing
boundary conditions in cylindrical coordination. The
coupling between a dielectric-filled coaxial waveguide

antenna and a four-layered biological medium was

analyzed by use of the FDTD method. The second
order Mur’s ABCs in the cylindrical coordinates was
used on the truncation boundaries to model infinite
space. The SAR patterens were calculdted to predict
the penentration depth of the electromagnetic field(or
the temperature distribution) in the four-layered and
homogeneous models of the human body. The simula
tion results indicate that SAR patterns tend to spread
out in the lateral directions due to the presence of
the bolus and the fat layer. The comparision between
SAR patterns of 1.2GHz and 1.8GHz shows that the
penentration depth of 1.8GHz is deeper than that of
1.2GHz, this result is contrary to expectations based
on a simple plane-wave theory. We are currently
using the FDTD method to design a new type of co-
axial waveguide antenna with proper flange dimen-
sions to suppress the lateral spreading and to attain

a deeper penetration depth of SAR distribution.
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