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Induced EM Field in a Layered Eccentric
Spheres Model of the Head: Plane-Wave

and Localized Source Exposure
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and Dimitris P. Chrissoulidis, Member, IEEE

Abstract— The induced electromagnetic (EM) field in a lay-
ered eccentric spheres structure is determined through a concise
analytical formulation based on indirect mode-matching (IMM).
The exact analytical solution is applied to a six-layer model of
the head. This model allows for eccentricity between the inner
and outer sets of concentric spherical layers which simulate
brain and skull, respectively. Excitation is provided by a nearby
localized source or by an incident plane wave. The numerical
application provides information about the total absorbed power,
the absorption in each layer, and the spatial distribution of the
specific absorption rate (SAR) at frequencies used by cellular
phones. The effects of excitation frequency, eccentricity, exposure
configuration, and antenna-head separation are investigated.

I. INTRODUCTION

NDERSTANDING the interaction of EM radiation with

humans is essential in a number of contemporary ap-
plications. There is currently strong interest in the biological
effects and in the medical use of radio-frequency (RF) and
microwave radiation [1]. Special attention is paid to the
absorption of EM energy by the human head, which exhibits a
resonant behavior in the frequency band 0.1-3 GHz. The use
of handheld transceivers for wireless communications, which
operate in close proximity to the head, has raised safety-related
questions and questions concerning the effect of the head on
the performance of the mobile phone antenna.

Research on the induced EM field in the human head
is aimed at determining the total absorbed power and the
SAR distribution [1]. Calculations are mostly performed by
numerical techniques which can be applied to complex, hence
realistic, geometries. Analytical techniques necessarily deal
with simpler head/exposure models. Nevertheless, analytical
solutions are useful for synoptic surveys of the interaction of
EM radiation with the human head and they are indispensable
as benchmarks for numerical solations.

Primary numerical efforts to determine the SAR distribution
in the human head were based on the finite-element method
(FEM) [2]. Lately, interest has been focused on the finite-
difference time-domain (FDTD) method which was used in
conjunction with anatomically realistic head models, con-
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structed from MRI data, and realistic box models of handset
artennas [3]-[7].

The most complex head model that has been used so far by
analytical techniques is the layered concentric spheres model
[8] which comprises five spherical layers (skin, fat, bone, dura,
CSF) and a brain tissue core. An extended Mie solution to the
EM field induced in this head model was first obtained for
plane-wave excitation [8] and [9]. Exposure to a linear dipole
artenna or a loop antenna has been considered [10], albeit
for an unrealistic exposure geometry and only for a specific
frequency.

This paper serves two objectives. We introduce the layered
eccentric spheres model for the head and we present an
analytical solution to the induced EM field for time-harmonic
localized source excitation; the simple case of plane-wave
excitation is also treated.

The cardinal feature of the layered eccentric spheres model
is the eccentricity between the inner and outer sets of concen-
tric spherical layers which simulate brain and skull, respec-
tively. The complex geometry of this model ensures better
fitting to the head anatomy [11] than the concentric spheres
model. Still, the eccentric spheres model is simple enough to
permit an exact analytical solution to the wave equation, which
we present in this paper. Eccentric spheres models have been
used before within the framework of EEG and MEG research
[11] and [12], which requires an analytical solution to the
Laplace equation.

A compact IMM [13] analytical formulation is presented
in Section II. We use multipolar expansions for the electric-
field intensity in each region of the stratified structure and
we apply the continuity of the fields across the spherical
interfaces through surface integrals related to Green’s vector
theorem of the second kind. The end-result is a set of coupled
linear equations for the wave amplitudes of the electric-
field intensity, which can be solved by matrix-inversion. This
analytical solution is actually an extended Mie solution for
the eccentric spheres model.

Expressions for the wave amplitudes of the incident electric-
field intensity are given in Section III for plane-wave excitation
as well as for excitation from a general localized source.
Application is made to a linear dipole antenna that carries
sinusoidal current and to a small loop antenna that carries
constant current.
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Dielectric properties are assigned to the various layers of the
head model through the Cole—Cole equation [14] which we fit
to existing experimental data in Section IV. The numerical
application of Section V is first focused on the total absorbed
power in the head. We look into the effects of excitation
‘frequency, exposure configuration, eccentricity, and antenna-
head separation. We next investigate the internal deposition of
EM energy in the head under linear dipole antenna exposure;
we present plots of the absorption in each layer against the
frequency and maps of the SAR distribution at specific cross
sections of the head. The half-wavelength antenna is located
at the side of the head and the excitation frequency is either
0.9 GHz or 1.9 GHz; these frequencies are typical for GSM
(Group Speciale Mobile) or DECT (Digital European Cordless
Telephone) phones, respectively.

II. ANALYTICAL FORMULATION

We consider a layered sphere with an eccentric layered
spherical inclusion [Fig. 1(a)]. The center of the layered sphere
O will serve as origin of coordinates for the exterior (i.e.,
region 0) and the outer layers, whereas the center of the
layered inclusion O, will be the origin of coordinates for
the eccentric shell (i.e., region Nj), the inner layers and the
spherical core (i.e., region N). With regard to the spherical
coordinate system (O1; m161¢1) [Fig. 1(0)], Oz isatr; =d <
ay, — an,+1, #1 = 0. Each region of space is characterized
by the wavenumber k, = w./lge,, or, equivalently, by the
(complex) refractive index n; = k,/ko, the index 4 being
0,1,2, .-, N. Free space is assumed for the exterior and
harmonic time dependence e 7*! is implied throughout the
analysis.

The electric field intensity in regions ¢ = 0, 1, ---, N is
written as a sum of spherical multipoles

B () =" Y ChaWha(k 7) (1)

n=1 m=—-n
where ¥ = 7, if 0 < ¢ < Ny, and ¥ = 7%, if Ny <i < N
[Fig. 1(b)]. C},, represents a quadruplet of wave amplitudes

Con = [0nn Oran Con A ] @

mn mn
which will be determined through the analysis, whereas W,,,,
represents a quadruplet of vector spherical harmonics

Wn(k, 7) =
Sk, 7 Mk, 7 Nk, 7 NSk, 7] G)

which constitute a complete set of solutions to the vector
Helmholtz equation with respect to a spherical coordinate
system [15]. The symbol T in the right-hand side of (1) is the
transpose operator. The superscript (1) or (3) in the notation
of vector spherical harmonics implies the use of the spherical
Bessel function j,(kr) or of the spherical Hankel function
h%l)(lw-), respectively [16].

The wave amplitudes a2,,, c0,. and the vector spheri-
cal harmonics Jﬁﬁ%(ko, 7). Nia(ko, 71) are used in the
multipolar expansion of the incident electric field intensity

Eine(71), which is part of E°(7)); expressions for a®,., ¢%
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Fig. 1. (a) Cross section of layered eccentric spheres model and (b) exci-

tation geometry.

are given in Section III for plane-wave excitation as well as
for localized source exci_gation with 71 < R. The scattered
electric field intensity Feeo(F1) = Eo(ﬁ) — Elnc(Fl) is
expressed through the wave amplitudes 89 . d°  and the

mn? mn
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vector spherical harmonics M,Sf’%(kg, 1), N,(,?,)L(ko, 71). The
latter involve the radial function h%l) (kor1), which, if kgry >
1, represents an outgoing spherical wave with virtual origin
at Oy [16]. E°(7) is, therefore, regular at infinity. Moreover,
since EN (7%) must be regular at Og, we set bY, = dN =0,
thus avoiding the use of hgl)(k}]v’f'g) in the core.

An IMM equation of the first kind [13]

[ ARG RTATAR PP AN
Sny
. 721 ds

:f BN ¥ x GM — G x 7 x BN+
SNy+1
- fa ds “

may be obtained from Green’s vector theorem of the sec-
ond kind, as applied to the eccentric shell for EM (72)
and G™1; the latter may be any element of sz(kNl, )
with [ = 1,2,--- and £ = —I, -1,0,1,---, . If
QN1 = M,gl {(kn,, T2) or QN1 = N,gl)(kNl, 73), (4) ylelds
the following set of linear equations

o«

Ni—157le ki
> 6N U by -1, By o, ) AR,
v=k'

_|_ch 1V1L(kN1_17 knys aNl)B,’j,l,,l
+ MU (b, 1, Eny any ) AR

djj}cu 1V3L(kN1—17 Eny, aN1)BII§1l/, 1]

v
2
ON 41 Nitlyrl
= ( : ) [a’—llcl Ui L(kN1+17 kny s O‘N1+1)
aNl
Ni+1
+ U (kv 41, kv v, 1)

(e o)

Ni—1rrle kl
> 6N U (-1, kv, vy ) Bl s

v=k'
+ C 1V1L(kN1—17 kNu aNl)Akl/ 1
bjj;culUgb(kNl—h kny s aNl)BkV,l
+dN TV (b, -1, kv, any AR ]

2

AN +1 Ni+1lys1

= (—1 ) [N Vi (kvy 41, By any41)
OtN1

Ni+1
+d v

(5a)

(kny+1, by s @y +1)] (5b)

where k' = max {1, |k|} and ¢ = 1. If gM = M,E?)(kNl, 72)
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Appendix B of [13]. The abbreviations

Uit (u, v, 1)
_ 2n(n+1)
2n+1
- [oz{) (ur)nl®) (vr)
Vit (u, v, )
_2n(n+1)
T 2n+41
st ()l (or) — o ()22 (or)] (6b)

have been used in (5); 2z (kr) represents j,(kr) or

hg)(kr) for ¢ = 1 or « = 3, respectively, and nn)(kr) =
[krz$ (kr)]' Jkr, the prime implying differentiation with
respect to kr. The superscripts ¢;, t2 in (6) stand for 1 or
3.

" The continuity of the fields across the spherical interface S;
between any two regions 2 — 1 and ¢ [Fig. 1(a)] is enforced
through an IMM equation of the second kind [13]

—unr(l“)(ur)z,(l‘z)(w)] (62)

?{ [E1xVxG—GxVxE #ds
S,
:%[ElexQ—QxVXE’]-ﬁds 7
S,

where Q is any element of Wy(ki—1, ¥) or Wi(k;, 7).
Equation (7) is simply a synoptic expression of the continuity
of the tangential components of the electric- and magnetic-field
intensities throughout S;.

On the one hand, by use of ]\Zf,gll)(ki_l, ), M,E?)(k,_l, ),
1\7,5})(&_1, 7) or N,g?)(ki_l, 7) as @, (7) yields the matrix
equation

colt=Cp T (8)

where 7~ L4 s the 4 x 4 transfer matrix for the inward
crossing of S;. On the other hand, by use of M,El (k., 7).
M (ky, 7), NP (ke, 7) or NP (ki, 7) as G, (7) yields the
matrix equation

Chrn = Conn T )

where 7»*~! is the 4 x 4 transfer matrix for the outward
crossing of S;. Both 7,'~1:% and 7,»*~1 are obtained from the
definition given in (10) as shown at the bottom of the page
where |t/ — ¢| = 1. The abbreviations

- - 1160t UL1L3 (U’7 v, T)
or GM = N )(kNl, 7), (4) yields (5) with ¢ = 3. The cou- L v, 1) = G ) (1)
pling coefﬁ01ents AFL |, BFL , originate from the translational Vi (u, v, 1)
addition theorem for vector spherical harmonics, as applied to Jite (g o) = W‘?(’—’) (11b)
the translation from O; to O; (see Appendix A). Details about vnor
the evaluation of the surface integrals in (4) may be found in  have been used in (10) with ¢1, t2, ¢t3 equal to 1 or 3.
L3 (ks ke ) L3k, Ky, o) 0 0
i _ I3k, Koy o) L33 (ks Ky o) 0 0
7;7, N 0 0 J7-1Ll3(kt’7 ku aL) J7]1:31(kl/3 ku aL) (10)
0 0 ng?’(ku, k., o) J231(k‘ﬂ, k., o)
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By iterative application of (8), we obtain the matrix equation
= Crn T (12)

N-1, NpN—-2, N—1 __
Tn TTL

Ni+1
Conm

where 7% =
transfer matrix associated with the inward crossing through
the inner layers. Moreover, by iterative application of (9) we
obtain the matrix equation

TNAL N2 g the

cht=cl, 1o (13)

where 7.0% = T5L0T2 1. .. TN1=1. M =2 i5 the transfer matrix
associated with the outward crossing through the outer layers.
By use of (12) and (13), we 1ntroduce al¥,,cN andb? . do.
in (5) and, by elimination of a2, , ¥ we ﬁnally obtain a pair
of coupled linear equations for the wave amplitudes b2,,,, d2,,,

of Esca (7 1)

5 €0, 707 =0

(14a)
v=k’
> Y, 05 =0 (14b)
v=k'
@4 and O5 are 1 x 4 matrices
0, =
2" ©,, v) 8P, ) o (v, ) 9P V.. 1))
(15a)
Oy =
Mw,, z) 0¥, z) VW, z) 8PV, 7))
(15b)

with elements given by the definition

o@(xy, )
ku 1[XL1(kN1—17 ]"N17 O‘Nr) ?(kNr—Ha an aN1+l)
- X1L13(kN1—la kNl, aNl)‘I/l (kN1+17 kN17 aNl—i-l)] (16)

where X‘*2 stands for U/t*2 or V1*2 and ¥} stands for ¥}
or Z;. The latter are defined as follows

Yi(u, v, r) :U}L”(u, v, r)’]}f”(l, 1)

+ U3 (u, v, r)T™(1, 2) (17a)
Z! (u, v, T) =V (u, v, r)’];f”(?», 3)

+ V3w, v, r)T2™(3, 4) (17b)

where 7,/" (¢, j) 1s the element of 7}" in the :th row and the
jth column. Finally, Ff! ; in (16) stands for AfL , or BfL |
according to the scheme

if
W, Y1) or
(Xu7 ‘Ill)_{(va Zl) or
In order to solve for 0, ., d% . we truncate the infinite sum-

mations in the left hand side of (14). Let M be the appropriate
truncation number; the choice of M is discussed in Section V.

(Vus Zl)

Ve, Y1) (19
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Since max {1, |k|} = k' <v < M, there are 2(M — k' + 1)
unknowns in (14), but only two equations for them. However,
the subscript [ of the testing wavefunctions M,Ell)(kNl, 72),
M,g?)(kNl, 72). N,gll)(kNl, 72), and N,g?)(kNl, 72), used in
(4), can also be varied in the range [/, M. Thus 2(M —k'+1)
equations are obtained for the 2(M — k' 4 1) unknowns. That
set yields #0,.,d>. with m = —k and &' < n < M.
The wave amphtudes 80 ., d0 . with —-M < m < M and
max {1, [m|} < n < M can be determined by varying k
from —M to M and repeating the above steps.

Once bY ,, have been determined, the wave amplitudes

mn?
in the outer Iayers can be determined through the matrix
equation ¢, = CO.TLOTHL ... Tl with « =
1,2, N1 - 1 Knowmg aN1 ! le L=l ghi=1,

we obtain alitt plitl) c%ﬁl d%;ﬁl from (5) and sub.
sequently a%m c%n from (12). The wave amplitudes
in the inner layers can be obtained from the matrix
equation C,,, = CN TN-LNTN-ZN-1 . Toutl with
1= N1, Ny +1,---, N —1. This completes the exact IMM
solution for the wave amplitudes of the electric field intensity
throughout the layered structure. The wave amplitudes
al,., ., of Emc(rl) which were so far assumed to be
known, are determined next.

III. EXCITATION

The simplest excitation is provided by a linearly polarized
plane EM wave. Without loss of generality we may assume
that the incidence direction 7 is in the coordinate plane x1 0121
[Fig. 1(b)]. Hence, ¢, = 0 and the incident wavenumber
vector is Emc = kot = —w M0€0(§71 sin B,nc + 21 €08 O,0c)-
The wave amplitudes al,,, c%,.. of the multipolar expansion
for Emc(n) are given by [13]

@0, = (1 2t
n(n+1)
(0= T = byne, ¢ =) (19a)
QD (qymEjn 2n+1 P
" n(n+1)
B0 =7~ bine, ¢=7)  (19b)

where Bynn(0, ¢), Crn (6, ¢) are complex spherical surface
vector functions [15] and € is the polarization vector.

More realistic excitation of the layered structure is provided
by a nearby localized source which is enclosed in a spherical
region V' centered at O [Fig. 1(b)]. This localized source is
represented by a current density J () and a charge density
p(f) =V . J1 (7)/jw, both expressed with respect to the local

spherical coordinate system (O; rf¢). The wave amplitudes
0

a® . ¢ of the multipolar expansion for (7 ) are given
by
G = D D BT AL s + IS BIY, 5] (200)
v=1 p=—v
o =Y D BB, s+ duifAly, 5] (20b)
v=1 pu=-—v
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where
k2 2v+1 (v—p)! /
— \Y
v+ D) Wl Jy
(7 x J)jy, (kor)P*(cos B)e™H¢ dy
mc - k(2) 2V+ 1 (V_ I’L)' /
-

T i L+ 1) )
LD (kor) + jwpo (7 -
€0

mne
by =Zo

3

(21a)

f)ju(kor)}

- P¥(cos 8)e™7" dy (21b)
are the wave amplitudes of the multipolar expansion for
Epme(7 = Ri+ ) [17]. Al o, BhY' o are the coupling
coefficients associated with the translation of vector spherical
harmonics from O to Oy (see Appendix A), Zg = \/1o/€o0
is the intrinsic impedance of free space and P}(cos 0) is
an associated Legendre function of the first kind [18]. The
expressions of (20) and (21) are valid for r1 < R, where R is
the distance of Oy from O, and outside the source region V.

We first consider a linear dipole antenna of length {, centered
at O, and directed along the arbitrary polarization vector é
[Fig. 1(b)]. This localized source is represented by a spherical
source region V' of radius {/2, wherein the current density is
J(7) = I(r)P[8(0—0)8(d— be) — (0 —m+0e)8(dp—7 — de )5
the corresponding charge density p(7) can be obtained from
the equation of continuity. The wave amplitudes a,,,, 2., of
(20) can be used for Elnc(Fl), provided that 1y < R —1/2. If
I(r) = Iy sin[ko(l — 27)/2], (21) yields b}, = 0 and

2041 (v—p)
w(v+1) (v+p)!

diﬁ,c = — 30k2(Lol)[1 — cos (v7)]

Gy (I-”;—l) P#(cos 0, )e Ko (22)
If é = z, (22) is simplified as follows:
dine = — 30k§(Iol)8,, 0[1 — cos (v)]
) @

where 8, o is a Kronecker delta; (23) indicates that d};;° =
unless g = 0 and v is odd.

- We also consider a 3-oriented magnetic dipole at O, which
is a circular current loop centered at O; the plane of the
loop is normal to 2. Let o be the radius of the loop,
which is assumed to carry constant current fo. This localized
source is represented by a spherical source region V of radius
o, Wherein the current density is J (7 = (Lo /ag)qgé(ﬁ -
7/2)6(r — ag); the corresponding charge density is zero.
Equation (21) now yields din¢ = 0 and

b = Zok3 (Io)6,, 01 — cos (vm)]
w41 dP,

o tD Ju(koao) [70‘ (24)

:| O=n/2

where P,(cos #) is a Legendre polynomial [16]. The wave
amplitudes a0, 2, of (20) can be used for En.(71) if
1 S R — Q.
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TABLE 1

S1x-LAYER MODEL OF HuMaN HEAD
Layer| Density* |Radius** £oo s Os f [Hz] a
Skin 1.10 9 23.1 17.698 | 0.309 46.5 0.578
Fat 1.85 89 2.63%x1075] 14.93 10.242|8.25 x 10°]0.194
Bone| 1.85 8.76 12.63x 105 14.93 10.242 [8.25x10%{ 0.194
Dura| 1.10 8.35 23.1 17.968 ] 0.309 46.5 0.578
CSF 1.06 8.3 5 74 2 25 0
Brain| 1.03 8.1 27.85 15.77710.416 5.92 0.651
* 1103 kg/m®]
£ [cm]

1V. HEAD MODEL

The theory is applied to a six-layer eccentric spheres model
of the human head. The outer set of layers comprises skin and
fat tissue layers enclosing an eccentric bone shell. The inner
set of layers comprises dura and CSF tissue layers enclosing
a brain core. The model allows for eccentricity between the
outer and the inner layers. Eccentricity may range fromd =0
(i.e., concentric spheres model) to d = g — 4. The overall
radius of the head is 9 cm. Values for the outer radius [8] and
the density [3] of the various layers are given in Table L

The dielectric properties of tissues depend on the cellular
tissue structure and they are characterized by strong (a-,
(3-, and ~-dispersions) and weak (d-dispersion) relaxation
phenomena [14]. The frequency band of interest for our
study (i.e., 0.1-3 GHz) is at the low end of the ~y-dispersion
which is due to the relaxation of free tissue water; the
relaxation frequency is 25 GHz at 37°C. Moreover, there
may be significant contribution from é-dispersion [19] in this
frequency band; é-dispersion, being rather poorly defined,
is mostly attributed to the relaxation of water bound to
protein molecules. In order to account for several relaxation
mechanisms, we represent the dielectric properties of tissues
by the Cole—Cole equation

€s — € Os

— +J
if— I-a 27I'f€0
”( 7. )

which is a well-known empirical approximation [14] for the
dielectric properties of systems that exhibit a wide variety of
effective relaxation times; €* in (25) is the complex permittiv-
ity, f is the frequency, and &g is the permittivity of free space.
The model parameters ceo, €5, 05, fo, o are estimated by
fitting (25) to experimental data from the literature {20]-{29].
Non-linear least squares estimates of the parameters are pre-
sented in Table I for all the tissues involved. As the frequency
band of interest does not cover an entire dispersion range, the
estimated parameters have only limited physical significance.
Yet, they reproduce to within 10% the experimental data in
the frequency range from 0.1-3 GHz.

Skin data of Grant et al. [20] and Tamura et al. [21] were
used. Identical dielectric properties were considered for the fat
and bone layers; the experimental data of [22] and [23] were
used for fat and bone tissue. The dielectric properties of dura
were assumed to be identical to those of skin. The dielectric
properties of CSF, which is 99% water, were approximated by
those of pure water [24] with the addition of a DC conductivity

(25)

e¥ = €0 +
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0s = 2 S/m, which is typical for physiological saline solutions
[25]. Because of the diversity of published data for brain tissue,
average values from several references [22], [26]-[29] were
used.

We currently investigate the sensitivity of calculated results
to uncertainties of the dimensions and the dielectric properties
of the layered eccentric spheres model of the head. Preliminary
results suggest that the most critical parameters are the overall
" radius, the thickness of the fat-bone layer and the dielectric
properties of the brain.

V. NUMERICAL RESULTS AND DISCUSSION

We checked this theoretical solution in several ways. Energy
conservation was checked for plane-wave excitation by use of
the following equation:

N

%Z/ ai|E‘i[2(’iv:‘
o [ m 7 ) -2

sin 01 dt91 d¢1 (26)

27 — A
- [ [ G
0 Jo

o; stands for the conduct1v1ty of region :, which occupies
volume V;, and f (z 71) is the scattering amplitude which
is introduced through the far-field expression Fye,(71) =
FG, #1)e?™ [ry; the latter is valid for kor1 3> 1. Each side
of (26) represents the total absorbed power, the right-hand side
resulting from the optical theorem [30]. Energy conservation is
checked by independent calculations of each side of (26); the
energy error of our solution was generally less than 0.1%. The
principle of reciprocity was checked by use of the equation
|7G, #1)| = |f(—#1, —1)|. Reciprocity checks were equally
successful. Although the above are only necessary conditions
for the validity of any solution, it is reassuring that our solution
successfully passed both tests.

More confidence in this solution was gained by comparisons
with existing computational results [2], [8], and [9] for the
concentric spheres model of the head, which is a special case of
our model. We reproduced accurately Figs. 5 and 6 of [2] and
Figs. 2 and 3 of [9]. Since we found no evidence against the
veracity of this solution, we decided, for the sake of brevity,
to omit numerical results concerning checks and comparisons.

The computational load associated with our solution de-
pends mainly on the length of the truncated multipolar expan-
sions and only slightly on the number of layers. Four-digit
convergence was achieved for the head model of Section
IV with truncation number 9 < M < 11. Convergence
is generally slower when the eccentrlclty is maximum (i.e.,
d = az — o).

Our numerical application is first focused on the total
absorbed power (i.e., the average SAR). The calculations were
made as indicated by the left-hand side of (26). Plane-wave
excnatlon is cons1dered in Fig. 2(a). The direction of incidence
is1=—% ors=—2, the polarization vector é being parallel
to the coordinate plane x1 012 [Fig. 1(b)]. The eccentricity is
d = 0 (curve 1), d = 2 mm (curves 2, 3), and d = 4 mm
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Fig. 2. Normalized total absorbed power P, / Pmc versus frequency
f = w/27: (a) plane-wave excitation (z = 3,6 =& or: = —&4,
é = —2%); eccentricity d = 0 1) d = 2 mm 2), 3) d = 4 mm 4), 5);
P, is the incident power intercepted by the geometric cross section, (b)
Half-wavelength linear dipole antenna (¢;nc = 0°, f;ne = 90°, R = 19 cm,
€ = 2); eccentricity d = 0 1) d = 2 mm 2) d = 4 mm 3); P, is the power
radiated by the antenna, and (c) loop antenna (¢;,. = 0°, 8;,. = 90°,
R=19cm, é = %, koo = 0.2); eccentricity d =0 1) d =2 mm 2) d = 4
mm 3); P;,. is the power radiated by the antenna.

(curves 4, 5). The total absorbed power is normalized with
respect to the power normally incident upon a circular area of
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Fig. 3. Normalized total absorbed power P, / P, versus separation R—o
from linear dipole antenna; f = 1.9 GHz, | = A/2, é = %, ¢ype = 0°,
Oine = 0° 1) Bppe = 45° 2) 8, = 90° 3); eccentricity d = 0 or d = 2
mm; P,,. is the power radiated by the antenna.

radius a;. Absorption is weak at low frequencies; the layered
structure exhibits a resonance behavior as the frequency is
increased. The first peak of the absorption characteristic occurs
at 0.525 GHz; this peak is related to the overall size of the
layered structure, as compared to the incident wavelength.
Subsequent peaks are related to layer resonance [3]. The
effect of eccentricity is more pronounced at high frequencies.
Eccentricity may be responsible for up to 20% reduction of
the total absorbed power from the level corresponding to the
concentric spheres model. Endfire incidence (i.e., 1= —%1)is
most sensitive to eccentricity.

Exposure to a linear dipole antenna [Fig. 2(b)] or a loop
antenna [Fig. 2(c)] are discussed next. The antenna is at the
side of the layered structure, the eccentricity is d = 0, 2
mm or 4 mm, the antenna-head separation is B — a3 = 10
cm, and the total absorbed power is given as percentage of
the power radiated by the antenna. Strong absorption occurs
above 2 GHz. As only broadside incidence (i.e., = —I1)
is considered in Fig. 2(b) and (c), the reduction of absorption
due to nonzero eccentricity is only up to 10% of the reference
level. By comparison of Fig. 2(b) and (c), it is verified that
absorption is slightly stronger for the loop antenna excitation.

The dependence of absorption on the separation (R — 1)
between the layered structure and the feed-point of a half-
wavelength linear dipole antenna is displayed in Fig. 3. The
antenna is in the coordinate plane 2101 2; and it is parallel to
the z;-axis. Thick curves correspond to the concentric spheres
model, whereas those marked by small squares correspond to
the eccentric spheres model.

The principal remark incited by Fig. 3 is that the total
absorbed power, which is again given as percentage of the
power radiated by the antenna, decreases as the separation
is increased for all three antenna locations. If the separation
is small, absorption is strongest with the antenna along the
zi-axis (i.e., 8;ne = 0°); the antenna is then closest to the
head. The opposite is true for large separations: absorption
is strongest with the antenna at the side of the layered
structure (i.e., O,ne = 90°), a reasonable outcome since the
target is then in the direction of maximum radiation from
the antenna. Eccentricity again manifests itself as a reduction

1969
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Fig. 4. Layer distribution of normalized absorbed power P,/ P,y linear
dipole antenna I = A/2, é = £, ¢,pnc = 0°, 8,c = 90°, R = 19 cm:
eccentricity d = 0 1) or d = 4 mm 2); P, is the power radiated by the
antenna.

of the total absorbed power from the value that corresponds
to the concentric spheres model. The effect of eccentricity is
more pronounced for small separations. It is remarkable that
on endfire incidence (i.e., #,,. = 0°) a small value of the
eccentricity (d = 2 mm) results in more than 25% reduction
of the total absorbed power. On broadside incidence (i.e.,
Bne = 90°) absorption is less sensitive to eccentricity for
any separation.

Interest is next focused on the internal distribution of the
absorbed power. Each curve of Fig. 4 displays the power
absorbed in the volume enclosed by the outer surface of the
indicated layer. Thick curves correspond to the concentric
spheres model, whereas those marked by small squares cor-
respond to the eccentric spheres model with d = 4 mm. The
uppermost pair of curves display the frequency-dependence
of the total absorbed power. Excitation by a half-wavelength
linear dipole antenna at the side of the layered structure is
considered; the antenna-head separation is R — «; = 10 cm.

The lowermost pair of curves corresponds to absorption by
the brain; more than half of the total absorption occurs in
the brain at frequencies below 1.5 GHz. Substantial absorp-
tion occurs in the highly conductive CSF layer throughout
this frequency band; absorption by dura is negligible. The
contribution of the outer layers (i.e., bone, fat, and skin) is
considerable at high frequencies, as a result of the decreased
penetration depth; more than half of the total absorption occurs
in the outer layers at 2.7 GHz. The effect of eccentricity is
most pronounced at a specific frequency for each layer, which
is higher for superficial layers.

Finally, we examine the SAR distribution in two cross
sections of the layered structure. The excitation frequency is :
0.9 GHz in Fig. 5 and the antenna-head separation is 8.5 cm.
Fig. 5(a) displays the SAR distribution in the coordinate plane
710191, whereas Fig. 5(b) and (c) refer to the coordinate plane
2101 21. Fig. 5(a) and (b) correspond to the concentric spheres
model; the cardinal remarks are that (a) absorption is mainly
superficial and (b) most absorption occurs on the side nearest
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Oine = 90°, R = 17.5 cm,; spacing R — a3 = 8.5 cm; eccentricity d = 0 (a), (b)y or d =

to the antenna. The peak SAR is 0.41 W/kg per W in the skin
layer, 0.75 W/kg per W in the CSF layer, and 0.26 W/kg per
W at the surface of the brain. There is also a secondary peak
near the center of the brain (x; = 3.6 mm, 3; = 2; = 0):
this central peak is an order of magnitude smaller than the
superficial peaks and it may be attributed to focusing by the
spherical cranial structure.

The effect of eccentricity can be seen in Fig. 5(c) which
refers to the eccentric spheres model with eccentricity d = 4
mm. The SAR distribution in the coordinate plane z10;z;
is no longer symmetric with respect to the z1— axis; it is
possible to distinguish the weakly absorbing eccentric bone
shell between the highly absorbing CSF and skin layers. The
SAR distribution in the brain is practically identical to that
of Fig. 5(b), though slightly shified as a result of the brain
displacement in the (eccentric) bone shell.

i

b ..,'.',',',:."n"x
7

(©)

SAR distribution in 1 O1y; plane (a) and in x101 21 plane (b), (c). Frequency f = 0.9 GHz; linear dipole antenna (I = A\/2,
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:., ,,:,,

é= 3) at ¢1nc =0°,
4 mm (c).

We conclude this numerical application with an inves-
tigation of the SAR distribution at 1.9 GHz (Fig. 6); the
antenna-head separation is 4 cm. Fig. 6(a) and (b) display
the SAR distribution in the coordinate planes z:0;y: and
1017, respectively, for the concentric spheres model. As
a result of the decreased penetration depth, absorption is even
more superficial at this frequency. The peak SAR is 5.6 W/kg
per W in the skin layer, 4.1 W/kg per W in the CSF layer,
and 1.5 W/kg per W at the surface of the brain, naturally
on the side nearest to the antenna. Although the peak near
the center of the brain appears quite weak at 1.9 GHz, it
is actually comparable to the central peak observed at 0.9
GHz; the central peak is now located at z; = 14.4 mm,
y1 = z1 = 0, which means that the focal point of the spherical
cranial structure is farther away from the center of the brain

at 1.9 GHz.
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The effect of eccentricity can be realized by comparison
of the SAR distributions in the coordinate plane 10,z for
the concentric [Fig. 6(b)] and the eccentric [Fig. 6(c)] spheres
models. The superficial SAR distribution on the side nearest to
the antenna is distorted as a result of the geometrical asymme-
try associated with nonzero eccentricity. The SAR distribution
in the brain is practically unaffected by the eccentricity but,
plausibly, it follows the displacement of the brain core within
the eccentric bone shell.

As safety guidelines are usually given in terms of SAR
averaged over 1 g of tissue, it is expedient to discuss the
relevance of our results in terms of this dosimetric measure.
The peak SAR averaged over 1 g of skin tissue is 0.37 W/kg
per W at 0.9 GHz and 4.2 W/kg per W at 1.9 GHz; the
superficial peaks in the brain, averaged over 1 g of tissue,

(©)

Fig. 6. SAR distribution in x1 Q1 y; plane (a) and in x1 O 21 plane (b), (c). Frequency f = 1.9 GHz; linear dipole antenna (I = A/2,6 = %) at ¢y = 0°.
Oine = 90°, R = 13 cm; spacing R — oy = 4 cm: eccentricity d = 0 (), (b) or d = 4 mm (c).
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are 0.21 W/kg per W at 0.9 GHz and 1.1 W/kg per W at 1.9
GHz. With regard to the ANSI-IEEE C95.1-1982 safety guide
[1], the results of this model for the brain are well below the
threshold (8 W/kg per W) at both frequencies. Our results for
the skin are also below the threshold, although the peak at 1.9
GHz is above a proposed threshold (1.6 W/kg per W) for the
general public. Comparisons with published numerical results
[4], [5], and [7] indicate that the predictions of this model are
in general somewhat higher, which suggests that our model
may provide conservative estimates of the thermal load due
to RF exposure.

VI. CONCLUDING REMARKS

The main contribution of this paper is the presentation of
a concise analytical solution to the EM field induced in a
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layered eccentric spheres structure. This exact solution can be
used in conjunction with any time-harmonic localized source
or a simple plane-wave excitation. The layered eccentric
spheres model offers an extra degree of freedom to analytical
investigations of EM absorption by the human head.

The numerical application provides specific information
about the frequency-dependence of the total absorbed power,
the role of individual layers in the absorption of the incident
radiation, and the SAR distribution throughout the layered
cranial structure. Eccentricity mainly manifests itself as a
reduction of the total absorbed power and of the power
absorbed in each layer, from the level corresponding to the
concentric spheres model. Absorption is mostly superficial,
especially at high frequencies; it is strongest on the side
nearest to the antenna and it is weaker for larger antenna-
head separation. The peak SAR averaged over 1 g of tissue in
the brain is 0.21 W/kg per W at 0.9 GHz and 1.1 W/kg per
W at 1.9 GHz; both values are below the threshold suggested
by ANSI guidelines.

APPENDIX A
TRANSLATION OF VECTOR SPHERICAL HARMONICS

With regard to the triple-center geometry of Fig. 1(b), any
field point may be represented by the position vectors 771,
7y = 71 —d3;1, and ¥ = Ri+ 7. The following transformation
applies to the translation of vector spherical harmonics from
O to Oy [31] and [32]

( ) v Amn_ Bmn,
{N(z) } Z z [ i ManJ
v=1 p=—v )t HY, L
MIW (ka 7?1)}
o Al
[ & (k, 7) Ay

under the constraint 7, < R; if ; > R, subscripts and super-
scripts marked by a tilde must be interchanged in the right—

hand side of (A1). The coupling coefficients AW o B, ar
given by
A= (=D Y a(m, nl ~ p, vlp)a(n, v, )z (kR)
r
m— m— ¢znc
- P Feos (1 — Brme)]e? ™M) (A2a)

By = (=1 Y a(m, n| - u, vlp+1, plb(n, v, p+ 1)

p
p—l—l (AR)
and p is assigned the integers [n —v|, |n —v|+2, - -, n 4o
Definitions for the various symbols used in (A2) can be found
in [33].
The translation of vector spherical harmonics from O, to
O is performed as follows:
fn(k, )] _ S [Ames B
l: (1) (k 7'2) Z an AR

v=m/' my, 1 mu, e

Ik, 7)
’ "'(1)( )
= max {1, |m|}. Equation
< d; if r1 > d, subscripts

_“[cos (m— Hlnc)]ej(m_")¢‘"°(A2b)

(A3)

The initial value of v is m’
(A3), as shown, applies for r;
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and superscripts marked by a tilde must be interchanged
in the right-hand side of (A3). The coupling coefficients

ATy iy B, are given by
A = (=1 N a(m, n| = m, vlp)
p
a(n, v, p)2f) (kd) (Ada)
By = — (=)™ Y " a(m, n| —m, vlp+1, p)

p

Cb(n, v, p+ )28, (kd), (Adb)
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