
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000 2003

Analysis of the Interaction Between a Layered
Spherical Human Head Model and

a Finite-Length Dipole
Konstantina S. Nikita, Senior Member, IEEE, Georgios S. Stamatakos, Nikolaos K. Uzunoglu, Senior Member, IEEE,

and Aggelos Karafotias

Abstract—The coupling between a finite-length dipole antenna
and a three-layer lossy dielectric sphere, representing a simplified
model of the human head, is analyzed theoretically in this paper.
The proposed technique is based on the theory of Green’s functions
in conjunction with the method of auxiliary sources (MAS). The
Green’s function of the three-layer sphere can be calculated as the
response of this object to the excitation generated by an elementary
dipole of unit dipole moment. The MAS is then applied to model
the dipole antenna by distributing a set of auxiliary current sources
on a virtual surface lying inside the antenna physical surface. By
imposing appropriate boundary conditions at a finite number of
points on the real surface of the antenna, the unknown auxiliary
sources coefficients can be calculated and, hence, the electric field
at any point in space can be easily obtained. Numerical results con-
cerning the specific absorption rate inside the head, the total power
absorbed by the head, the input impedance, and the radiation pat-
tern of the antenna are presented for homogeneous and layered
head models exposed to the near-field radiation of half-wavelength
dipoles at 900 and 1710 MHz. The developed method can serve as
a reliable platform for the assessment of purely numerical electro-
magnetic methods. The method can also provide an efficient tool
for accurate testing and comparison of different antenna designs
since generalizations required to treat more complex antenna con-
figurations are straightforward.

Index Terms—Biological effects of electromagnetic radiation,
dipole antennas, electromagnetic coupling, Green’s function,
mobile communication.

I. INTRODUCTION

T HE ever expanding use of hand-held tranceivers operating
in close proximity to the human head has raised public

concern about potential health effects and compliance with stan-
dards. On the other hand, the effect of the head on the perfor-
mance of the mobile phone antenna and the need to improve
antenna design have further motivated research efforts to study
the interactions between mobile communications handsets and
the human body.

Several calculation techniques, such as finite-difference
time-domain (FDTD) algorithms [1]–[6], method of moments
(MoM) [7], multiple multipole method (MMP) [8], and ana-
lytical methods [9]–[11] have been used by many researchers
in order to evaluate the interaction between human head and
mobile phone antennas. These analyses range from simple
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models of the human head, such as a homogeneous sphere to
heterogeneous anatomically correct models based on magnetic
resonance imaging.

Furthermore, considerable efforts have been devoted on an
international level to ensure both the validity and applicability
of numerical methods in terms of computing time and memory
demands. Therefore, basic canonical problems have been
proposed for the comparison of different numerical treatments
[12]. In an associated study performed within the framework
of the COST 244 Project, it has been shown that significant
discrepancies can be observed in the results obtained by dif-
ferent groups nominally using a very similar numerical method,
even for well-defined canonical cases. These discrepancies are
related with specific implementation details of the numerical
method adopted, as it is also pointed out in [13], where the
effect of antenna numerical representation and absorbing
boundary conditions in FDTD modeling of canonical exposure
problems is studied. In this context, the treatment of simple
models is necessary for computer code checking and allows
the comparison of different purely numerical techniques, while
analytical and semianalytical methods provide indispensable
tools for independent validation and accuracy assessment of
numerical techniques.

Much work to approach the problem of interaction of electro-
magnetic radiation with parts of the human body in an analytical
way has been performed [9]–[11], [14]–[22]. Simplified models
of the head, most frequently homogeneous or multilayered con-
centric [11], [15], [18], [21] or eccentric [10] spheres have been
used. The choice of these geometries was essentially due to the
necessity of characterizing a structure resembling a human head
and having at the same time a closed form of the wave equation.
In the above works, either a plane wave [9], [10] or a localized
source exposure, such as a dipole or a loop [10], [11], [14], [21]
is considered. Furthermore, a predefined distribution for the in-
cident waveform or the current along the antenna is assumed
[9]–[11], [14]–[18], [21] and the effect of the head model on the
source current distribution is not taken into account. However,
recent efforts, based on numerical methods, have been focused
on the study of the interaction between the antenna and biolog-
ical object [1]–[3], [23]–[25], especially for characterizing the
antenna performance.

In this paper, a semianalytical technique is presented based on
the use of the dyadic Green’s function theory [21], [26] and the
method of auxiliary sources (MAS) [27], [28], to model the in-
teraction between a layered spherical model of the human head
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Fig. 1. Three-layer lossy dielectric sphere exposed to the near-field radiation
of a finite-length dipole.

and a finite-length dipole antenna, placed at its close proximity.
The developed technique takes into account the modification of
the current along the dipole due to the presence of the head.
The MAS is a very efficient numerical technique, which is able
to provide accurate solutions of scattering problems, with rela-
tively low computational demands. According to the MAS, a set
of auxiliary current sources with unknown coefficients are dis-
tributed on virtual surfaces usually conforming to the real sur-
faces of the examined scattering structures. By imposing the ap-
propriate boundary conditions at a finite number of points on the
physical surfaces of the scatterers, the unknown coefficients of
the auxiliary sources are determined. In the problem examined
in this paper, the dipole antenna is modeled by considering a set
of auxiliary sources (e.g., elementary dipoles) distributed along
its axis since the diameter of the antenna is usually substantially
less than the radiation wavelength (e.g., at 900 and 1800 MHz).

This paper is organized as follows. In Section II, the for-
mulation and analysis for the problem of interaction between
a three-layer lossy dielectric sphere and a dipole antenna are
presented, followed by the necessary checks for the validation
of the developed method in Section III. In Section IV, both a
homogeneous and a three-layer head model exposed to the radi-
ation of a half-wavelength dipole are considered, and numerical
results are presented at 900 and 1710 MHz for the specific ab-
sorption rate (SAR) distribution, the maximum SAR values av-
eraged over 1 and 10 g of tissue, the antenna input impedance,
and radiation pattern.

II. M ATHEMATICAL FORMULATION AND ANALYSIS

The head is modeled by a three-layer sphere with radii, ,
and , as shown in Fig. 1. The three layers can be used to simu-
late different biological media, such as skin, bone, and brain tis-
sues. The dielectric properties of the layers are denoted with the
corresponding complex permittivities, , . The magnetic
properties of the layers are defined as . Free
space is assumed for the exterior of the sphere with wavenumber

, where is the radian frequency and and
are the free-space permittivity and permeability, respectively.

The dipole antenna is modeled by two metallic cylinders,
in diameter, separated by the feeding gap of length. The length

of the entire antenna (including the feeding gap) isand the
position vector of its center is . Although the axis
of the antenna can generally have any orientation, for the sake
of simplicity, it is assumed parallel to the-axis of the coordi-
nate’s system, as shown in Fig. 1. The time dependence of the
field quantities is assumed to be and it is suppressed
throughout the analysis. In order to solve this boundary value
problem, a Green’s function technique in conjunction with the
MAS is adopted.

A. Dyadic Green’s Function of the Layered Sphere

First, the Green’s function of the three-layer sphere is deter-
mined as the response of this object to the excitation generated
by an elementary dipole of unit dipole moment, external to the
sphere [21]. To determine the Green’s function of the three-layer
lossy dielectric sphere, a method based on the superposition
principle is employed [21]. According to this method, the un-
known dyadic Green’s function in each region , , ,
of space is properly expanded as an infinite sum of spherical
waves satisfying the appropriate vector wave equation. Then,
the boundary conditions on the interfaces , , de-
termine the unknown expansion coefficients [21], [26]. Thus,
considering the finiteness of the field at , the following
expressions hold for the electric-type Green’s function inside
the layered sphere:

(1)

(2)

(3)

where ,
are unknown coefficients to be determined and

, , , ; , are the
well-known spherical wave functions [26].

In the region outside the three-layer sphere, the electric field
is due to the primary excitation from the unit

source located at and the field scattered from the
spherical object

(4)
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In (4), is the well-known free-space dyadic Green’s
function, and is expressed in terms of spherical waves as [26]

(5)

The scattered field of (4) should satisfy the radiation
conditions. Therefore, it should be expanded as [26]

(6)

The boundary conditions for the continuity of the tangential
electric and magnetic field components are then imposed on the
interfaces , ,

(7)

(8)

where denotes the unit vector along the radial direction of the
coordinates system illustrated in Fig. 1. By making use of the or-
thogonality properties of the spherical wave functions [26], two
independent 6 6 linear sets of equations are obtained for the
unknown expansion coefficients. These two independent sets
can be solved analytically for the coefficients
and , respectively. The end result
for the Green’s function in each region , , , can then
be written in the form

(9)

where for , , for .
The detailed expressions for the scalar coefficients

, , , ; , appearing in (9)
are given in the Appendix.

B. MAS

The dipole antenna of the examined structure (Fig. 1) is mod-
eled by applying the MAS. The MAS is a general method able
to model both dielectric and conducting objects. The principal
idea of MAS is based on the concept of distributing a set of
auxiliary current sources with unknown coefficients on virtual
surfaces usually conforming to the real surfaces of the examined
scattering structures [27], [28]. Thus, auxiliary sources are dis-
tributed on auxiliary surfaces lying inside and outside each scat-
terer, to describe the external and internal excited fields, respec-
tively. For conducting objects, only one (internal) surface is re-
quired to describe the external field, while for dielectric media,
two surfaces are required to describe both the external and in-
ternal fields. Using as auxiliary sources, fundamental solutions
of the Helmholtz equation with unknown weighting coefficients
and imposing the boundary conditions for the electric- and mag-
netic-field components at a finite number of points lying on the
real conducting or dielectric surfaces, the unknown weighting
coefficients of the auxiliary sources can then be determined and
the fields at any point of interest can then be easily obtained.

For the problem of the dipole antenna treated in this paper,
since its diameter is usually substantially less than the radia-
tion wavelength, a number of auxiliary sources (elementary
dipoles) are distributed along the axis of the dipole antenna,
with corresponding position vectors , where

and . The electric field at a
point lying in any region , , , can be expressed as

(10)

where is the dyadic Green’s function in the corre-
sponding region and is the dipole moment of each el-
ementary dipole–auxiliary source positioned at.

Since the elementary dipoles are aligned parallel to the-axis,
their dipole moments can be further expressed as

where denotes the constant moment magnitude of theth
elementary dipole.

According to the MAS, appropriate boundary conditions
should be applied at a number of points on the surface of
the antenna in order to calculate the unknown coefficients

. Thus, the boundary conditions for the tangential elec-
tric-field component vanishing on the conducting surface of the
dipole—with the exception of the feeding gap—are imposed
at a finite number of (collocation) points lying along a line on
the surface of the dipole, with corresponding position vectors

, with

if

if

(11)
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TABLE I
MASS DENSITY (�), REAL PART (" ), AND IMAGINARY PART (" ) OF THE

DIELECTRIC PERMITTIVITY OF TISSUESUSED IN THE SIMULATIONS

where is calculated using (10) and is the voltage imposed
at the feeding gap.

By enforcing (11), a system of linear equations is ob-
tained, which is solved for the unknown dipole moment coef-
ficients . Once these coefficients are computed, the electric
field can then be calculated at any point inside and outside the
spherical head model, according to closed form (10), with a re-
markably low computational cost. From the electric field, two
derivative quantities of practical interest, the SAR and the scat-
tering amplitude in the radiation zone, can be obtained.

From the above description, it can be observed that, in the
specific case of the dipole treated in this paper, the application
of the MAS is similar with the treatment of thin wires by the
traditional MoM [29].

It is important to note that the above-presented method is
quite general as far as the radiating source is concerned. Thus,
in the case of more complex antenna configurations, such as
helical antennas, the same treatment applies if adequate geo-
metrical description of the real surface points, on which the
boundary conditions are imposed, is provided.

III. V ALIDATION OF THE METHOD

In order to check the developed numerical code, several trials
have been performed. The convergence and stability of the pro-
posed technique have been checked in detail and validation re-
sults are presented in this section for the case of a homogeneous
spherical head model cm in diameter, consisting of
brain. The spherical head model is exposed to the radiation of
a dipole operating at 1710 MHz, with its center placed at the
point (cm) (see Fig. 1), and having the following
geometric characteristics: length ( is the free-space
wavelength), feeding gap cm, conductor diameter

cm. The real part and the imaginary part
of the brain complex dielectric permittivity used in the calcula-
tions have been defined according to literature data [30] and are
shown in Table I.

The prediction of the electric field at any point in space in-
volves the computation of a double sum with respect to the in-
tegers and referring to the spherical wave vectors used to

express the fields inside the layers of the sphere and in the air
region [see (9)]. The infinite sum with respect tois convergent
and, therefore, it can be truncated to a finite one. The number of
terms required for the infinite sum to converge depends on the
size of the spherical object, its electrical characteristics, and the
distance of the elementary dipole from the outer surface of the
sphere. For the specific cases treated in this paper, it has been
observed that truncation of the infinite sum with respect to the
order of the spherical wave vectors as high as ensures
convergence of the obtained solution at any point. However, a
significantly lower number of terms ( ) is sufficient to as-
sure convergence of the solution at far-field points. Convergence
patterns are presented in Fig. 2 for the current induced along the
dipole for the specific case examined in this section.

The far-field predictions of the Green’s function code have
been compared with those of the Mie theory for the case of a
homogeneous sphere irradiated by a plane wave at 1710 MHz.
The plane-wave irradiation of the dielectric sphere has been sim-
ulated by considering aoriented elementary dipole (see Fig. 1)
placed at the far-field point m and selecting its mo-
ment to produce a plane wave with unit electric-field amplitude
at the plane . Detailed comparison of the scattered field
values at different points lying at a distance of 15 m from the
center of the sphere obtained by the Green’s function approach
and Mie theory [31] has shown an excellent agreement, as pre-
sented in Table II.

The convergence and stability of the obtained solution have
also been examined by increasing the number of auxiliary
sources used to model the dipole. Convergence patterns in terms
of the current induced on the dipole are presented in Fig. 2.
A total number of auxiliary sources has been found
sufficient to assure convergence of the solution. Furthermore,
the continuity of the tangential fields at the , ,
and interface planes between different layers has been
checked and verified numerically, while the validity of the
boundary conditions on the surface of the dipole has also been
checked.

Energy conservation has been checked by comparing the
input power computed at the feeding gap, to the sum of the
power absorbed by the head, and the power radiated in the
antenna far field, and has shown an excellent agreement
(difference of the order of 1%).

Finally, comparison of the results obtained using the proposed
semianalytical technique with results obtained using the FDTD
method has shown a difference of the order of 2% in the pre-
diction of both local peak SAR value and input impedance real
part [13], when an infinitely thin wire approximation and a hard
sinusoidal source are used for the FDTD dipole antenna repre-
sentation.

IV. NUMERICAL RESULTS AND DISCUSSION

The developed method has been used to study the interac-
tion between dipole antennas and two spherical models of the
head; a homogeneous sphere consisting of brain tissue and a
three-layer sphere consisting of skin, skull, and brain. Both head
models have a diameter of cm, while the thicknesses
of the skin and skull layers for the layered head model are as-
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Fig. 2. Convergence patterns for the current induced along a half-wavelength dipole at 1710 MHz by increasing the numberJ of auxiliary sources used to model
the dipole and the numberN of spherical waves used for the expansion of the fields. The voltage imposed at the feeding gap is 1 V.

sumed to be cm, cm, respectively.
Calculations have been performed for half-wavelength dipoles,
centered at the point cm, with geometrical char-
acteristics identical to those described in Section III at both 900
and 1710 MHz. Table I summarizes the mass density, real
part , and imaginary part of the complex dielectric per-

mittivity allocated to the tissues used for the calculations at 900
and 1710 MHz [30].

The developed semianalytical technique has been used to
predict the value of peak SAR within the head models, SAR
profiles along -axis, SAR distributions at the cm plane,
total power absorbed by the head, antenna input impedance
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TABLE II
COMPARISON OF THEGREEN’S FUNCTION TECHNIQUE SCATTERED FIELD

PREDICTIONS WITH MIE THEORY FOR A HOMOGENEOUSSPHERICAL

HEAD MODEL AT 1710 MHz

TABLE III
HOMOGENEOUS ANDLAYERED SPHERICAL HEAD MODELS EXPOSED TO THE

RADIATION OF A HALF-WAVELENGTH DIPOLE AT 900AND 1710 MHz: PEAK

SAR VALUES, ABSORBEDPOWER, DIPOLE INPUT IMPEDANCE. THE

ANTENNA INPUT POWER IS1 W

and antenna radiation patterns at two planes ( and
).

For all the graphs presenting the results of the computations,
the steady-state radiated power from the antenna is 1 W (i.e., the
power radiated in the far field plus the power dissipated in the
head).

A. SAR Computations and Absorbed Power

The electric field and local SAR values at different points
inside the sphere have been predicted. Furthermore, mass-av-
eraged SAR values have been computed since the basic
restrictions applied for Mobile Terminal Equipment compli-
ance testing are defined in terms of average SAR values over a
tissue mass of 1 [32], [33] or 10 g [34]–[36]. The reference 1-

(a)

(b)

Fig. 3. Variation of SAR alongx-axis. The antenna input power is 1 W. (a)
Local SAR. (b) SAR averaged over 10 g.

or 10-g tissue mass is defined in the safety standards as a cube
according to ANSI–IEEE and CENELEC [32], [33], [35], [36]
or as “any 10 g of contiguous tissue,” according to ICNIRP
[34]. In this paper, the SAR averaged over 1 or 10 g of tissue is
computed by the equation

(12)

where the denominator represents the mass contained in a cubic
cell of size , centered at point, which should be equal to the
reference mass . In general, for the case of a layered sphere,
the size of the cube centered at the point of interest containing
the reference mass is nota priori known and has to be deter-
mined by applying an iterative procedure. Of course, for the ho-
mogeneous sphere case, the cube size containing the reference
mass can be easily determined in a single step by considering
the constant mass density of the sphere. As long as the cube
size containing the reference tissue mass has been determined,
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Fig. 4. Local SAR distributions on they = 0-plane. The antenna input power is 1 W. (a) homogeneous spherical head model (dipole at 900 MHz). (b)
Homogeneous spherical head model (dipole at 1710 MHz). (c) Three-layer spherical head model (dipole at 900 MHz). (d) Three-layer spherical head model
(dipole at 1710 MHz).

the integration limits encountered in (12) can be calculated and
the pertaining integrations can be performed. Since the subvol-
umes to consider for evaluating the average SARs at superficial
points are not clearly defined in the CENELEC [35], [36], IC-
NIRP [34] and ANSI–IEEE [32] safety guidelines, in this paper,
the averaging procedure has been performed only for a cube full
of tissue. Of course, the most crucial problem remains the eval-
uation of the average SARs at superficial points, which are of
great importance, since high local SAR values are observed at
these points.

The maximum values of the local SAR, SAR averaged over
1 g, and SAR averaged over 10 g of tissue have been computed
and are shown in Table III for the homogeneous and layered
head phantoms at 900 and 1710 MHz, for 1 W of radiated power.

As expected, the maximum local SAR value is dependent
on the frequency. The maximum local SARs at 1710 MHz are
larger than those at 900 MHz (for the same radiated power) and
this difference is due to the difference in the penetration depth.
In general, homogeneous sphere models give increased values
for local and averaged SARs compared to layered ones.

The SAR average over 1 g of tissue is 1.5–2 times greater
than the average over 10 g of tissue. The averaging mass of 10 g
is small enough not to disguise any strong local heating, but is
large enough not to place undue weight on the localized heating
of small structures. However, in performing SAR averaging over
10 g, important high local SAR regions lying very close to the
head surface have not been taken into account because it is not
possible to obtain cubes with a mass of 10 g, containing such
regions, as it has already been explained.

Furthermore, the penetration curves, which are the SAR vari-
ation from “one ear to the other” (along-axis in Fig. 1) of the
spherical head models, have been computed and are shown in

Fig. 3 for both local SAR values and SAR values, as averaged
over 10 g of tissue.

Fig. 4 shows the distributions of the local SAR, at the
-plane ( cm) for the different cases. The results can

be summarized as follows. The absorbed power distribution
in the head models is strongly inhomogeneous. The region
with high absorption values in all head models is small and
close to the feedpoint of the dipole. The power absorption
at 1710 MHz occurs more superficially than at 900 MHz. In
the high-frequency case, the antennas are physically smaller.
Accordingly, the regions of high SAR values are more con-
centrated. Moreover, no significant differences are observed
between the SAR distributions inside the homogeneous sphere
and those in the layered model.

Finally, the power absorbed by the spherical head models
for 1-W radiated power has been computed and is presented in
Table III. Typically, a 75%–83% of the dipole radiated power
is absorbed by the head models. The total power of W
radiated from the source, calculated at the feeding gap, has been
imposed by using the equation , where and

denote the voltage and current at the center of the feeding
gap.

B. Antenna Performance

The input impedance of the dipole antenna has been calcu-
lated as . In Table III, the real and imaginary parts
of the antenna input impedance for the examined canonical
cases are presented. Due to the small source-head distance and
the resulting strong electromagnetic coupling effect, the input
impedance shifts far from resonance, exhibiting a significant
imaginary part.
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Fig. 5. Radiation pattern (dBi) of a half-wavelength dipole radiating close to a homogeneous or a three-layer spherical head model at 900 and 1710 MHz.

Furthermore, the influence of the head model on the radiation
characteristics of the dipole has been determined. In computing
the radiation pattern, the reference system attached to the center
of the spherical head model has been used (Fig. 1). In Fig. 5,
results for the far-field radiation pattern of the dipole are shown
for the homogeneous and layered spherical head models at 900
and 1710 MHz at both -planes and -planes

. As expected, the spherical head models strongly dis-
turb the symmetry of the radiation pattern. By absorption and
reflection of the power incident on the head, the far-field radi-
ation pattern in the direction of the head decreases, especially
at the higher frequency, as was expected. The decrease in the

direction where the head is located is slightly larger for the lay-
ered sphere structure than for the homogeneous one.

V. CONCLUSIONS

In this paper, a semianalytical technique has been presented
for the study of interaction between a layered spherical model
of the human head and a finite-length dipole antenna placed at
its close proximity. The proposed method is based on the com-
bination of the Green’s function methodology with the MAS.
Extensive validation checks of the developed technique have
been performed. Numerical results have been presented for the
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cases of homogeneous and three-layer models of the head ex-
posed to the radiation of half-wavelength dipole antennas at 900
and 1710 MHz. A number of physical quantities describing both
the electromagnetic power deposition within the spherical head
models and degradation of the telecommunication efficiency
have been evaluated. The application presented, apart from con-
stituting a worst-case approximation for the radiation hazards,
seems to be a reliable and computationally efficient platform for
the assessment of purely numerical electromagnetic methods.
Furthermore, since generalizations of the proposed method to
treat more complex antenna configurations are straightforward,
the method can provide an efficient and accurate tool for testing
and comparing different antenna designs.

APPENDIX

The scalar coefficients , , , , ; ,
appearing in (9) are given as follows:

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

The quantities appearing in (A2)–(A7) are obtained by the
equations

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

where , , are the spherical Bessel, Neuman, and Hankel
functions, respectively, , with being
either of the , , functions

(A15)

(A16)

(A17)

The quantities in (A15)–(A17) are given as

(A18)

(A19)

where , are either of the spherical Bessel, Neu-
mann, or Hankel functions.
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