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Abstract: RF equipment compliance tests employ
electromagnetic field calculation in a head phantom to
derive Specific Absorption Rate values. We have hypo-
thesized that a biological tissue in certain conditions
could act like a dielectric resonator hence affecting the
field estimation. To study the resonance effects in a
human head, we have formulated an eigenfrequency
problem for a structurally realistic 2D human head
phantom and solved it by the finite element method. The
results have revealed 124 underdamped eigenfrequencies
within a 0,2—2 GHz frequency band.
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1. Introduction

Rapid development of mobile telecommunication
systems caused a lot of debates around its impact on
health. While we have modest historical experience about
biological reaction on lasting RF exposure, thermal effects
of non-ionizing radiation proved to be harmful long ago
and arguments still center around non-thermal effects [1-
4]. Thousands of studies have been carried out aimed at
investigating RF exposure effects, many of them are still
ongoing [5]. Based on the results, several institutions
established guidelines to limit public exposure; IEEE [6]
and ICNIRP [7] are those mostly used.

Almost all modern standards adopted the index of
Specific Absorption Rate (SAR) as a quantitative
measure of the energy absorbed in a biological tissue:

SAR = [(o)[EM) [ptr)dr, (1)

where o is the tissue electrical conductivity [S/m],
E denotes the root mean square electric field [V/m], p
stands for the tissue density [Kg/m’], and r is the general
space variable.

Ukraine and Russia, however, employ Poynting
vector to standardize the exposure limits defined as
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where 77 is the wave impedance (=337Q for free space).

Procedures IEEE 1528-2013 [8] and IEC 62209-1
[9] describe how to measure peak spatial-average SAR
of hand-held devices used in close proximity to the ear.
However, neither of the described approaches considers

possible resonance effects inside a human head due to
substantial difference in dielectric properties of its
tissues (see table 1). Moreover, the proposed head
phantoms make impossible to study these effects due to
homogenization and averaging of its structure.

Based on the theory of dielectric resonators [10], we
asked whether underdamped resonances do exist in a
head within VHF-SHF frequency bands. It may be
possible due to electrically heterogeneous brain structure
with differences of ¢, up to 63,13 on the CSF/marrow
boundary, which could be seen in Table 1.

Dielectric resonators are similar in principle to the
cavity resonators but have field fringing on the sides and
ends that lowers quality factor O, [11]. The example in
Fig. 1 demonstrates a cylindrical dielectric resonator.

Fig. 1. Geometry of a cylindrical dielectric resonator.
L: height, a: radius, and ¢,: relative permittivity.

Estimated resonant frequencies of TM,,,, modes could
be obtained from the following equation for a dielec-
tric cylindrical resonator (a, L) [10]:
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where x,, denotes the zeros of the m™ order Bessel
function while # is its number of zero crossings, u is the
absolute permeability, and &, is the absolute permittivity.
Thus, from (3) for an adult with the head radius of
a=9[cm], the first resonant frequency frmoio [Hz]
is located roughly at
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In this way, 200 MHz defines the lower bound for the
eigenfrequency study of a human head. The upper bound
may be estimated from the skin penetration depth that
could be found in [12, 13]. At 2 GHz, the penetration
depth for skin is 0,026 m, so it is beside the purpose to
search for eigenfrequencies further.

Eigenfrequency study of a realistic human head
phantom for the defined frequency band of 0,2-2 GHz
could be realized only by using numerical methods due
to the complex geometry of the problem. The finite
element method is more appropriate for this kind of
problem than Finite-Difference Time-Domain (FDTD)
method because of its adaptivity [14] and better
boundary approximation. In both cases, the study
domain requires truncating using either appropriate
boundary conditions or perfectly matched layers.

As this study aims to found the existence of
underdamped resonances in a human head caused by
sinuous brain structure, it is sufficient to formulate the
problem in 2D assuming E(z) = const., i.e. find only the
frequencies for TM,,,,p modes. As it could be easily seen
from (3), for the 3D case when a=L, there will be
approximately 33% more eigenfrequencies within the
defined frequency band.

2. Phantom geometry modeling

We used a simulated normal brain MRI scan [15]
(Fig. 2: left) to create a 2D realistic brain phantom model
for electromagnetic eigenfrequency analysis. The advan-
tage of the simulated MRI scans is that the different
tissues could be easily separated to layers and converted
to lines using image processing algorithms. After tracing
each image layer using MATLAB, we obtained the paths
of all boundaries between tissues within a head and com-
bined them to the final geometrical model (Fig. 2: right).
Then, the geometry is ready to be exported to FEM
software for assigning material properties, boundary
conditions and, finally, for computation.

Fig. 2. MRI head scan simulation [15] (left)
and resulted model (right).

A detailed process of a 2D and 3D head phantom
development algorithm for FEM study is out of the
scope of this paper and will be published separately.

3. Mathematical model

To find eigenvalues in a frequency domain using
COMSOL implementation of the finite element method
[16], the governing wave function for the problem could
be written as

VX—L(VXE)—ﬁ(&f"£1)E=O, 5)
H, ws,

where u, and ¢, are respectively relatives permeability
and permittivity, o is the electrical conductivity [S/m], &y
stands for the electric constant [F/m], ® denotes the
frequency [rad/s], and k&, is the wave number of free
space that is defined as

ky = \&,4, = % (6)

Boundary conditions between two media (o;, &, i,
where i = 1, 2) are defined as

nx (El -E, ) =0
nx(H -H,)=J, o
, 7
(D -D,)=p,
n-(B,-B,)=0
where J; is the current density at the boundary [A/m] and
s denotes the surface charge density [C/m?].
As we deal with lossy medium (i.e. the conduction
current is not negligible), the eigenvalue A is complex
and consists of eigenfrequency and damping in

space/time. The quality factor could be derived from
eigenfrequency w [rad/s] and damping J as

9]

Qfact = m :
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Physical meaning of O, is the ratio of the stored energy
to the energy dissipated over one radian of oscillation.

4. Head tissue properties

Biological tissues are dispersive since the electrical
properties vary with frequency f [17]. A linear depen-
dence has been assumed for the studied bandwidth.
Table 1 shows the linear approximations for the
properties of the tissues used in the model.

Table 1
Linear approximation for the head tissue electric
properties
Tissue Rel. permittivity Electrical
c [ conductivity
- O [S/m]
Blood -2x107f+ 63,348 6x10"° £ + 1,0323
White Matter -2x10” f+ 40,761 4x10™° £+ 0,2666
Grey Matter -3x10” f+ 55,371 5x10"°% + 0,4932
Cerebrospinal Fluid ~ -2x107 £ + 70,076 6x10"% + 1,9016
Marrow -1x107" £+ 5,637 3x10Mf+0,0119
Skull 2x10° f +22,233 3107+ 0,0917

Skin (incl. Muscles)

-2x107 f+ 48,31

4x10"%F + 0,4573

fdenotes the frequency [Hz].
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5. FEM Computation

The problem was solved in 2D formulation for the
out-of-plane electric field component (E,) using
COMSOL 4.3b. The discretization gives 115 846 ele-
ments using automatic space adaptivity, including
115 702 triangular and 144 quadrilateral (Fig. 3). Linear
shape functions were used for the solution ¢(x,y)
interpolation inside the element. In this way, the number
of degrees of freedom (DoF) of the model will be
reduced without significant loss in accuracy due to very
fine mesh (L <<A[m]) that is imposed by the
geometry of the problem. For a triangular element, the
solution interpolation is given by

¢()C,y) :Ni(xsy)¢i +Nj (x’y)¢j +Nk (xay)¢k )

where W ; , are Lagrange polynomial coefficients [18]
and ¢, ; « denote the values at the nodes.

Head
Phantom

Fig. 3. Adaptive finite element discretization of the problem
using triangular and quadrilateral elements.

The study area was truncated using a perfectly
matched layer (PML) that absorbs all radiated waves
with negligible reflections by stretching virtual domains
into a complex plane. It is done by using coordinate
transform for the general space variable r:

r'=(r/A,) (1-))F, (10)
where A,, is the width of PML region, »n represents the
PML order and F denotes the scaling factor.

In order to linearize the eigenvalue problem, perfect
electric conductor boundary condition (AxE=0) was
imposed at the outer limits of PML.

PMLs should be sufficiently away from the phantom
to compute the correct eigenvalues, but putting it too far
will affect the number of DoFs and thus the computation
performance. The variation of eigenvalues decays
exponentially with PML radius, so the rule of thumb

isto select such a radius that will be sufficiently
accurate; for our case we chose 0,4 m.

The resulting model has 58 020 degrees of freedom;
the solution time is about 20 seconds when searching for
five eigenfrequencies on Intel i5 2520M processor with
16 Gb of RAM.

6. Method validation

If we consider an L-infinite cylinder of radius a, the
second term in the brackets in (3) disappears hence the
resonator would support only TM,,,c modes and the
problem dimension could be reduced to 2D. In this way,
we can verify the method adequacy by comparing the
analytical approximation with numerical approach. So,
we have considered the dielectric resonator (g, = 70) with
the radius @ = 0,05 m. The analytical approximation is:

S, 21/221,25%10° - 70-8,85x 10" x
X2,4048/O, 05 ~ 2’ 74 x 108 [HZ]

The actual resonant frequency — and so its numerical
estimation — would be slightly lower because of the
field fringing on the resonator sides.

The numerical solution (Fig. 4) gives

Sr,, =2,697x10° [Hz]

which proves the adequacy of the modeling approach
and its sufficient accuracy for the given problem.

(1)

Air
sr=1

Magnetic field [A m']

| i — ! | L
-0.4 -0.2 0 0.2 0.4
x-coordinate [m]

Fig. 4. FEM computation of TM,;y mode for the cylindrical
dielectric resonator with the radius a=0,05 m.

However, FEM eigenfrequency solver would also
find some resonances occurring in-between PML and
resonator, which are incorrect for the physical object.
These could be easily filtered during post-processing by
comparing electromagnetic fields inside and outside the
resonator. Moreover, the problems with complicated
geometry and many DoFs may generate some erroneous
results. To filter them out, it is necessary to visually
check the field distributions of the eigenfrequencies
found.
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7. Results

The analysis over the frequency band 0,2-2 GHz
found 124 proper eigenfrequencies, i.e. the eigenfre-
quencies that are invariant to the size of PML. The
observable erroneous results due to numerical
approximation were also filtered. All eigenfrequencies
are the TM,,,,,o type modes due to 2D formulation of the
problem.

A statistical analysis of the results in Fig. 5 shows
nonperiodic eigenfrequencies frequency distribution. It is
hardly possible to predict where the next eigenfrequency
in the spectrum would occur, which is caused by
complex geometry of the problem.

Frequency Distribution
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Fig. 5. Frequency distribution of eigenfrequencies
in the realistic 2D model of human head phantom.

We can notice the peaks of eigenfrequencies in
comparison with neighbors for the bins 920 MHz and
1,73 GHz. This could be interpreted as higher probability
of resonance at the frequency range of these bins.

Fig. 6. Example of numerical computation of eigenfrequencies
in the human head phantom at 905 MHz, left: electric field E,
right: magnetic field H. Qg = 2,6.

Fig. 6 and Fig. 7 show examples of electric and
magnetic field distributions for the eigenfrequencies
905 MHz and 1,775 GHz. These frequencies belong to
GSM900 and DSC1800 uplink bandwidths respectively
and thus a mobile phone operating close to the head
phantom could potentially rouse a resonance given pro-
per coupling conditions and rather high quality factor.
O for the studied model is approx. 2,7+0,9, which
means we deal with an underdamped system (QOre > ¥2)
for all the eigenfrequencies found in the study.

Fig. 7. Example of numerical computation of eigenfrequencies
in the human head phantom at 1,775 GHz, left: electric field E,
right: magnetic field H. Qg = 3,4.

8. Discussion and Conclusion

This study has found that resonances specific for
sinuous brain structure do exist in a realistic human head
phantom. The statistical analysis of the data showed that
the frequency distribution of eigenfrequencies is random
with some peaks: around 920 MHz and 1,73 GHz for
this study. The exact distribution of the peaks depends
on individual morphology of the head/ brain and will
vary according to different subjects. Thereby, there
might be subjects that have the peaks around operating
frequencies of mobile telephony standards. If a phone is
held near a head it could excite the resonances; this
might explain cases of individual electromagnetic
sensibility. In this case, a patient must be sensible not
only to the distance to a source, but also to its position
around the head and the fluctuations of frequency.

While eigenfrequency analysis proves the existence
of resonance frequencies in the head that could not be
found using current procedures, it has some limitations.
The major one is the inability to analyze couplings with
source(s) and thus predict whether the resonance could
be excited. Among other limitations, even if the reso-
nance could be excited by an external source, it is
impossible to assess how much the level of exposure will
rise. These define the future study directions. It should
be also noted, that solving the same problem in 3D will
extend the density of eigenfrequencies in the studied
frequency band. This also needs confirming despite the
fact that it could be a very long computation.

The findings of the study of electromagnetic eigen-
frequencies in the head could be used not only for
modifying SAR measurement procedures, but also for
the development of new medical imaging and moni-
toring techniques that measure changes in the body using
the fluctuations of eigenfrequency spectrum.

Our heads may be resonant with the frequencies
used nowadays in mobile telecommunications; as a
result, SAR measurements might vary for the same
device depending on its frequency and exact position.
We highly anticipate that it will be considered in the next
revisions of the exposure determination procedures.
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PAJIOYACTOTHI PE3OHAHCH
Y IrOJOBI JIIOJUHHA

Hernc Hikomaer

Tt ceprudixauil pamionpucTpois  Ha
BIZIMIOBIIHICTE TPaHWYHO AOIYCTUMHUM HOpMaM BHIIPOMIiHIO-
BaHHS BHKOPHCTOBYIOTh PO3PaXyHOK NOJS Y (GaHTOMI rOJ0BH
JHOJMHH UISL BU3HAYEHHS ITMTOMOTO KOedillieHTy MOTIMHAHHS
eNleKTpoMartiTHo! eHepril. MU IpHITyCTHIN, MO 0COOIMBOCTI
MoOYIOBH TKAHUH TOJOBH MOXYTh MiATPUMYBATH crieludiaHi
PE30HAHCH i, TAKMM YHHOM, BIUIMBATH Ha PO3IOAUI MOJS Ta,
BIZITIOBITHO, HA TMUTOMHH KO¢(IieHT TOTIIMHAHHS eJeKTPO-
MarHiTHoi eHeprii. JIJist BUBYCHHS PE30HAHCHHUX SBHLI Y TOJOBI
JIOIMHA MU CHOPMYJIIOBAIM 33aa4y PO3PAXYHKY BIACHHX
HACTOT Ul CTPYKTYPHO-PEaiCTUYHOIO
¢danToMy Ta po3B's3anmn i1 MeTOXOM CKiHUCHHWX eJIeMeHTIB.
Amnaniz pusBuB 124 BiacHi 4aCTOTH 3 BUCOKOKO TOOPOTHICTIO ¥
miamazoni vactot 0,2-2 I'T1.
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