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SAR optimization for multi-dipole antenna array with regard
to local hyperthermia

Abstract. The following paper describes the valid optimization problem of multi-element circular array that contains 16 equal-length dipole antennas
surrounding given two-spherical object. The task of the authors was to maximize the specific absorption rate (SAR) inside the inner object, while
maintaining its minimum value in the external sphere. The proposed approach includes changes in the powers and phases of the voltage sources
supplying individual dipoles of the antenna matrix. The shown method may have huge impact in localized tumor heating during thermal therapy.

Streszczenie. Niniejsza praca opisuje wazny problem optymalizacji wieloelementowego szyku kotowego, ktéry zawiera 16 anten dipolowych, o réw-
nej dfugosci, otaczajgcych dwu-sferyczny obiekt. Zadaniem autoréw byta maksymalizacja wspofczynnika absorpcji wtasnej (SAR) w wewnetrznym
obiekcie, przy zachowaniu jego minimalnej wartosci w zewnetrznej kuli. Zaproponowane podejscie uwzglednia zmiany mocy i faz zrédet napigcio-
wych zasilajgcych poszczegéine dipole szyku antenowego. Przedstawiona metoda moze miec olbrzymi wptyw na zlokalizowane grzanie guza
podczas terapii cieptem. (Optymalizacja wspéfczynnika SAR dla szyku z wieloma antenami dipolowymi pod katem hipertermii miejscowej)
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Introduction

Hyperthermia (HT) is defined as the phenomenon of na-
tural or artificial increase in temperature of whole body or its
specific parts such as tissues or organs [1]. A natural HT
results from the impairment of the body's thermoregulatory
system, which leads to defect the heat dissipation mecha-
nism and, as a result, to heat accumulation in dysfunctional
tissue. An artificial HT involves increasing the temperature
in the target area to values 40-45°C [2] or even higher (so-
called thermal ablation) [3], under the influence of external
heat sources (eg. hot water or wax baths) or different EMF
applicators including various-type solenoids, coils, antennas
or their multi-element arrays [1, 2]. The main task of artificial
HT is thermal damage of malignant cells that are more
sensitive to high temperature than normal cells. The main
reason for this is the fact that the cancer tissue is highly
vascularized but the tumor vessels are unable to growth
their cross-sections during heating and remove excess heat
as in the case of healthy tissues. Therefore, the tumor heats
up much faster than the surrounding tissues with the same
power of RF or MV applicators [1].

The challenge of modern hyperthermia is to design such
HT systems that selectively heat only cancerous tissue,
keeping intact healthy tissues [4]. Developing research con-
nected with the EM energy usage results in the emergence
of novel radiating elements [5] that allow for constant and
controlled EMF exposure conditions [6, 8]. Importantly, the
use of high frequencies limits the area of tissue penetration
[1]. Simultaneously, the combination of several probes in
the antenna matrix allows to increase the EM energy accu-
mulation in the target volume [9]. By utilizing several EMF
sources with the appropriate power, amplitude and phase
control of the power supply signals, the required heat
focusing within the deep-seated tumors can be achieved
[10, 11]. For better targeting the EM energy on treated
tissue the hybrid wideband multichannel HT systems [12]
may be used. Furthermore, the multi-frequency field focus-
ing devices can be applied to limit the so-called hot spots
[13]. To prevent superficial tissues overheating, the ap-
propriate frequency and number of applicators can be em-
ployed [12]. According to bioheat equation, the requested
temperature levels of given tissue are connected with
corresponding specific absorption rate (SAR) values [14].
Very often, for locoregional tissue heating the single dipole
antenna [6], their arrays [15], as well as more complex an-
tenna matrixes [9, 11, 13, 16] are successfully utilized.

The current work presents the concept of optimizing the
16-dipole-antenna array by means of powers and phases of
individual dipoles occurring in the antenna matrix based on
the SAR maximization in the target volume. This article is
an extension of the previous publication [2].

Model Description

In current work, the authors have investigated a multi-
antenna array including 16 dipole applicators surrounding
the tested object, as depicted in Fig. 1. Each dipole con-
tained two arms of equal sizes (with length Ly/2 =50 mm
and radius 4= 1 mm) and port placed between them, which
is mimicking a sinusoidal voltage source with an internal
resistance of 50 Q. Such a system, with evenly spaced
elements, forms the circle of radius R,=50 mm centred
in the origin of coordinate system S (0,0,0). The analysed
object includes two spheres with radii of R =46 mm and
r=>5 mm, respectively. What is important, the inner sphere
is shifted relative to the outer one and its centre is set at the
point S, (25,5,0) mm.

Fig.1. Model of 16-dipole antenna array surrounding tested object

Basic Equations

The outlined electro-thermal problem was numerically
solved using the finite-difference time-domain (FDTD) meth-
od originally developed by K.S.Yee in 1966 [17]. This
numerical approach is based on solving the Maxwell's
equations in differential form, expressed as [2]:
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where ¢ and u, accordingly mean the relative permittivity
and permeability of a medium. Moreover, &, = 8.85:10"* F/m
and po=4n-107 H/m stand for the electric and magnetic
constants, respectively. In addition, ¢ [S/m] and oy [Q/m]
are conductivities that represent the electrical and magnetic
losses occurring for proposed allocation of electric and
magnetic fields. In the FDTD method, individual compo-
nents of electric and magnetic field vectors (E and H) are
positioned in Cartesian coordinate system (x, y,z) on the
shifted Cubic grids and discretized by means approximation
of the second order, which leads to the formulation of Max-
well's equations in scalar form with finite differences [18]:
(3)
OF(i,j,k,n) F"(i+1/2,j,k,n)—F"(i—1/2,j,k,n) 2
Lo . +0[(av)]
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where F, represents the components of E and H vectors in
discrete time ¢ = n-At. Moreover, i, j, k stand for the spatial
indexes, and »n is a temporal index. At denotes a time step,
O[(Ax)], O[(Ay)*], O[(Az)*] and O[(A?)’] express the error
terms, and Ax, Ay, Az are space increments along the axes.
In the field of electromagnetic dosimetry, the parameter,
which determines an energy amount absorbed by biological
systems and thus suitable thermal effect inside them, is the
so-called specific absorption rate (SAR) [19]. It is used to
estimate hazards coming from various RF and MV devices .
At given point of the body r = (x, y, z), the local SAR value is
calculated as proportion between the dissipated EM power
and the density of the object, as defined below [20]:

(5) SAR(r)=i(d_Wj=i AW ) _ o 4T
de\ dm dt\ pdV P dr

where W [J] denotes the energy absorbed by the body, V'
[m’] is its volume, m [kg] — mass, p [kg/m’] — mass density,
and ¢ [s] means the exposure time. Additionally, E stands
for the magnitude of electric field intensity induced at given
location. What is more important, the SAR parameter can
be averaged over given mass or volume of the object [21],
and its value is reflected in the body temperature rise 7.

The heat transfer within biological systems may be well
evaluated with the Pennes bioheat equation [14, 22]:

oT
(6) pe=-= (kVT)+ pQ,, + PSAR(r)— p,c, po(T -T,)

where k£ [W/m/K] means a thermal conductivity, 7' [K] is the
temperature, and c [J/kg/K] indicates specific heat of the
object. Additionally, the Pennes model takes into account
the so-called metabolic heat generation rate Q,, [W/kg] and
the constant heat-transfer rate pycypw [W/m’/K], where py,
¢y, and T, are accordingly the blood mass density, specific
heat capacity of blood, and blood temperature. What is
more, o [mL/min/kg] represents the blood perfusion rate
in the tissue, and pSAR [W/m’] denotes the heat produced
by the analysed 16-dipole antenna array. The heat flow with
the surrounding environment is described using the convec-
tion phenomenon with the Robin boundary condition [2]:

@) n-(kVvT)=h(T-T,,)
where h [W/(m’K)] stands for the heat transfer coefficient
that is specified for the external surface of the body, T, is
the ambient temperature of the air surrounding the object,

and n is the unit vector perpendicular to given body surface.

Problem Optimization

For efficient HT treatment planning the main purpose
should be to seek optimal phases and amplitudes of each
dipole antenna within circular array for localized tumor heat-
ing [4, 11]. The aim of presented optimization problem was
to specify powers P; and phases ¢; of individual excitations
ei(t) = Ancos(2mnfi + ¢;) [V] for each dipole antenna included
in the matrix to minimize the value of SAR coefficient inside
the outer sphere and at the same time to maximize it in the
inner sphere. This can be successfully achieved by applying
the objective function [2, 9, 23]:

J‘mrgww(r)SAR(r)dV

(8) max
J‘a/llargel&w(r)SAR(r)dV

or in the opposite form containing the frequency bandwidth
of interest [12]. In current case a volume marked by term
target represents the small sphere and term all targets was
equivalent for both spheres. Importantly, in equation (8), the
SAR coefficient is averaged over defined volumes of re-
spectively the inner- and outer-sphere. Moreover, the total
power of the 16-dipole antenna array was limited to 8 W
to stabilize temperature in the target volume (small sphere)
at 42°C. It was also assumed that phases of dipole voltage
sources ¢; fluctuates in the range from 0° to 360°. In addi-
tion, all weigh factors in the system of dipole antennas were
assumed as one. A various techniques of SAR optimization
are reported in topic literature, including, among others, the
optimal constrained power focusing [13], the time reversal
method for power absorption focusing [11], E-field focusing
[16], and many similar ones [10].

Simulation Results

In the case of phased-array antenna systems the power
dissipated in the body depends both on powers/amplitudes
as well as phases of each antenna array sources. The as-
sumptions made in the current simulation were as follows —
each element of the 16-dipole antenna matrix was charac-
terized in values: P,=1W, 4,=1V, and ¢,=0. What is
important, the individual applicators worked at operating
frequency equal to f=1 GHz. Furthermore, for mimicking
the electro-thermal properties of human tissues for HT pur-
pose, the outer sphere was linked with breast fat parame-
ters, and the inner one — with muscle parameters. Table 1
compares the dielectric properties of human breast fat and
muscle tissues to clearly show their strong dependence on
exciting frequency [24]. In addition, other physical parame-
ters fitted for the Pennes bioheat equation are gathered
together in Table 2. In the FDTD method implementation it
was assumed that relative permeability and magnetic
conductivity have the following values x.=1 and o5 =0. In
presented model, the open boundary condition was applied
on the outer surface of computational domain and the
uniaxial perfectly matched layers (UPML) were applied
for absorbing incident electromagnetic waves without any
reflection. It was also assumed that initial temperature of
both spheres has constant value 7,=309.75 K =36.6°C,
which due to normal temperature of human body. Similar
temperature level characterizes a blood 7, employed in the
Pennes equation. What is more, all calculations were done
for external temperature value (on the surface and outside
of the big sphere) equal to T, =25°C, as well as the heat
transfer coefficient applied as 4 =5 W/(m*K). It worth not-
ing that described optimization problem for SAR coefficient
was solved by the FDTD engine available in the commercial
software Sim4Life [7].
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Fig.2. Distributions of SAR coefficient inside analysed object with 16-dipole antenna array: a) before optimization, and b) after optimization

Figure 2 compares the distributions of SAR parameter
in the steady state for dipole antennas normalized to 1 W,
both before (Fig. 2a) and after (Fig. 2b) employed optimiza-
tion procedure. Charts in Fig. 3 show the optimized SAR
distributions along the individual axes of the rectangular
coordinate system (x, y, z), referred to the small sphere
centre. Similar distributions in the case of temperature are
depicted in Fig. 4. Such curves seem to be symmetrical with
respect to the centre of the inner sphere. The highest SAR
and temperature levels were observed at the interface of
two spherical objects, mainly for distributions along the
antennas direction. The optimal results including powers
of each matrix element and phases of dipole antennas
excitations are listed in Table Ill. Importantly, the sum of all
antennas powers is equal to 8 W, as assumed in current
simulation. Fig. 5 illustrates a heat accumulation in a small
sphere that is directly due to the increased SAR value in
this area, according to the Pennes equation (6). Moreover,
the temperature in the target region does not exceed thera-
peutic level 42°C after an exposure time 30 min, which cre-
ates good conditions for localized HT treatment.
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Fig.3. Optimized SAR distributions along respective axes of model
related to the centre of a small sphere in the steady-state

Table 1. Dielectric properties for three example frequencies [24]

- Frequency
Tissue 1 KkHz 1 MHz 1 GHz
Blood & =5260 &=3030 &=061.10
5=0.700 S/m | ¢=0.822 S/m | o=1.580 S/m
Bromst fat | = 11200 5=237 =541
0=0.024S/m | ¢=0.026S/m | c=0.053 S/m
Muscle | ©=435000 | &= 1840 & = 54.80
6=0321S/m | 6=0.503 S/m | c=0.978 S/m

T along x-axis
- T along y-axis
== T along z-axis

Temperature [C]
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—40 ~20 0 20 a0
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Fig.4. Temperature distributions along respective axes of model
related to the centre of a small sphere in the steady-state

Table 2. The fitting parameters used for the Pennes equation [24]

Quantity Blood Breast fat | Muscle
Om (W/kg) 0 0.728 0.906
o, p(kg/m’) 1050 911 1090
b, ¢ (J/kg/K) 3617 2348 3421
k (W/m/K) 0.5169 0.209 0.495
o (mL/min/kg) | 10 000 47 36.74
preyp (W/m'/K) | 7.091-10° 2892 2706

Table 3. The optimized parameters for the 16-dipole antenna array

Antenna No. | Power P[W] | Phase ¢ [°]
1 0.2916 171.2346
2 0.4850 171.6066
3 0.8870 135.3964
4 0.0659 170.5173
5 0.1036 -176.3429
6 0.6824 161.0660
7 0.7380 171.5533
8 0.0865 158.0882
9 0.3037 —179.3665
10 0.1453 —-177.6521
11 0.6992 172.4827
12 0.6635 155.7106
13 0.3136 —168.2510
14 1.0012 118.0942
15 0.9270 169.4660
16 0.6065 180.0000
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Fig.5. Temperature inside the objects in the case of: a) a steady-state, as well as b) transient analysis (point in the centre of inner sphere)

Summary

The paper concerns the optimization procedure of multi-
dipole antenna array surrounding the target object with
regard to powers and phases of each matrix element. The
main aim was to maximize the SAR concentration in region
of interest, and to minimize in neighboring volume at the
same time. Before the proposed optimization procedure,
all dipole antennas were operated with the equal powers
and zero phases, and the highest values of SAR coefficient
were concentrated at the centre of outer sphere with low
impact on the small one. The described algorithm allowed
to estimate the optimal parameters of antennas for which
a significant increase of SAR value inside the inner sphere
appears. Simultaneously, it causes the temperature growth
in target object to the therapeutic level, as clearly shown
in performed simulation. Unfortunately, the external areas in
direct proximity to the antennas were also heated, which is
manifested by ‘hot spots’ occurrence, that are unavoidable
without external body cooling. The considered optimization
issue may be essential in localized tumor heat therapy.
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