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Abstract. In this work, the analytical method of electromeatic waves scattering (by G. Mie)
was used to develop a computer code that allownatdield deposition inside spherical biological
models exposed to radiofrequency radiation. Contjouts may be done over a wide range of size-
frequency-modulation types. Physical basis of fagosition inside biological objects was followed
especially to underline differences due to modatatcharacteristics of the excitatory signal.
“Window effects”, both in frequency and in inteysitvere reported for biological effects of
radiofrequency irradiation, but few commercial pags allow computations of specific modulated
excitations. Our code tried to fill that gap ofsllaknowledge. Obtained results were validated by
making use of a professional numerical code. Ondirfigs show that resonances amplitude and their
in-depth position may be in some cases dependemt mppdulation characteristics.
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INTRODUCTION

Electromagnetic fields interaction with biologicgystems and the afferent
dosimetric needs have become a challenging corlately, especially due to the
wide spreading of the communication technology te tadiofrequency (RF)
region of the spectrum and in connection with regents of protective
guidelines for humans.

A theoretical dosimetric approach is followed ire thresent paper, which
deals with the implementation of an analytical metho compute the absorbed
radiofrequency power inside spherical models ofdgjical objects. The excitations
are signals either in the UHF or SHF bands of tkete@magnetic spectrum, and
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may be continuous or digital modulated ones. Thelobical target is the
homogeneous sphere containing human tissue. Feattite distribution of the
absorbed power inside the models are followed @uligdsed and their dependence
upon the dimension, dielectric properties of thedetoand upon the incident
radiation characteristics is investigated.

MATERIALSAND METHODS

For 300 MHz — 6 GHz band, the relevant measureosigp deposition in
biological objects is the specific absorption ré8&AR — in W/kg), which in the
local form is given by:
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whereP, is the power dissipated per unit volunpg, is the mass density of the
biological materialg is the effective conductivityE;! is the root-mean-square of
the E-field vector in the interior point of the objeat,is the field pulsatiorg, is the
free space permittivity and is the relative loss factor.

The algorithm based on the Mie theory of electromegig waves scattering
[4] was implemented in present paper in Mathcad lathematica environments,
in order to compute values &, or local SAR.

We considered an incident RF continuous plane wavadiating a
homogeneous spherical model filled with human &sdine incident wave (electric
component) is linearly polarized along Ox and ispaigating along Oz axis, as
shown in Figure 1.

Fig. 1. The spherical model irradiated by the Imepolarised radiofrequency wave.

In spherical coordinates, the incidéifield may be written as:
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whereM andN are spherical vector functions and are construaié¢il spherical
Bessel function of the first kind and also conttie derivative of the Legendre
function of the first kind, as given in [3]:
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The induced secondary field consists of two pabise part applies to the
interior of the sphere and is referred to as thesmitted field, while the other
applies to the exterior of the sphere and is cahledscattered field. Thus the total
field outside the sphere is the sum of the inci@emwt scattered fields. The transmitted
field inside the sphere is the one that we areitapfor, and it is of the form:
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wherec, andd, are the expansion (Mie) coefficients and are ginda].

The irradiated object is a sphere of radiysfilled with various human
tissues, whose complex relative electrical perwitjtidispersion (type Cole-Cole,
n =4 th order) as a function of frequency is takem the parametrical model [2]:
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This model was validated for 44 human tissues @nwvthole RF spectrum
and is widely used in present in dosimetric cakboites.

The independent variables introduced in the codewate for computation
are: a = kr = 2ar/k (k = propagation constant in the alr,= wavelength) and
£ =ma, wherem = ky/k is the refraction index of the spheie £ propagation
constant in the tissue). Introducing ef and S variables simplifies the
computational chain, and this was the reason fachlwthey were used. Running
the code in Mathcad and in Mathematica allows gampresentation of absorbed
power distribution and also of total power absanpiin the sphere.
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Supplementary we made calculations in the case \lienvave is a digital
modulated one, with the outline that equation @)wiritten for each Fourier
component separately, and than summed for findingl £, The modulated
used signals were: amplitude shift keying (ASKgginency shift keying (FSK) and
discrete frequency modulation (DFM).

In order to compare the results obtained by ourlyinal method, a
professional software was run and it allowed thenmatation of the absorption
cross sectiornQ,us of the same spherical models, by the numericalhaaktof
moments [3], for the case of the continuous wavee $oftware we used was
FEKO [1] and it was developed by EM Software & ®yss-S.A (we used the
evaluation version).

RESULTSAND DISCUSSIONS

A typical example of the internal field distributionside a muscular sphere
of radiusr = 10 cm is given in Figure 2. In Fig. 2a, a continsl wave of
f=910 MHz was incident on the model, while in F&pb, an ASK-modulated
signal on the same carrier frequency was used t{tiepefrequencyf, = 91 MHz,
duty factor7/T = 1/2). One notes different distribution aspecte do spectral
components of the modulated signal.
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Fig. 2. The distribution of the normaliz&gfield intensity in the meridian plang = /3,
inside the muscular sphere, for a continuous wayer(for an ASK-modulated wave on
the same carrier frequency (b).
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In Figure 3 it is represented the normaliZedield distribution along the
rectangular axes of the muscular sphere with10 cm, in the EHK polarization
(E||x, H||ly, K || ). One notes thdE, component is the highest only in the central
part of the sphere. Fig. 4 shows the influencehef radius value on the field
distribution, when the same continuous wave isdieici: f = 910 MHz, but radius
was increased to= 20 cm for the muscular sphere.
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Fig. 3. NormalizedE-field distribution along the rectangular axeshait= 10cm sphere
(EHK polarization).

For results comparison, the absorption cross secticalculated by our
analytical method were also computed by makingafisie numerical method —
method of moments (in frequency domain) — by rugrtime FEKO professional
software. The results are given in table 1, whekerg good agreement is seen.
The comparison is only possible in the case ofinontis wave excitation, since
FEKO software doesn’t allow computations for dibiteodulated signals.

Different types of digital modulated waves weredis® excite the spherical
model and the results obtained by applying the yaéical method offered a
valuable understanding of the physical nature efdéposition phenomena.
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Fig. 4. The distribution of the normaliz&édfield intensity in the meridian plank = 7/3,
inside the muscular sphere of radius r = 20cm.

Table 1

Comparison of absorption cross section obtaineth&éyriginal method
and by the method of moments

Radius | Tissue Frequency Qaps (M)
(cm) (MHz) Numerical Analytical
method method
(FEKO) (MATHEMATICA)
10 muscle 100 0.004836 0.006420
12 muscle 100 0.011538 0.013465
15 muscle 100 0.025723 0.024939
10 muscle 900 0.030492 0.026768
4 muscle 910 0.006222 0.004834
5 muscle 910 0.008411 0.008889
2 muscle 1500 0.001257 0.001248
10 muscle 450 0.034778 0.032839
10 fat 450 0.026186 0.032839
grey
10 matter 450 0.035053 0,033226
(brain)
grey
5 matter 450 0.007485 0.006304
(brain)
grey
8 matter 450 0.019703 0.019161
(brain)
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Running of many examples indicated that the ragimvben the dimension of
the sphere and the frequency of the wave signifiganfluence field deposition
features inside the model. Differences betweenimoots wave and modulated RF
signals distribution inside the model may be obsénin the studied cases, for low
6 angles (Fig. 1), higher absorption in the exterd@-rds of the sphere for
modulated fields were present comparative to timéiimeous wave excitation.

The DFM signal was the mostly absorbed signal fgjes6 low (due to the
presence of spectral components with higher ang@guon a wider frequency
band). The FSK signal was the mostly absorbed lfaladiuses and alb angles.
Peak absorption positions were the same for aflassy but relative amplitude of
the peaks were different. The maximum absorptiorthn case of our specific
calculations appeared at 1.15 cm from the centehefsphere (of 10 cm radius),
and was the highest for the FSK signal.

Since mobile communications use modulated sigradsestimation of the
impact of the spectral content on the modificatdbrihe internal field distribution
inside a biological object (human head, etc.), camgp to the case when
continuous wave illuminates the target, may bentdrest.

CONCLUSIONS

Analytical methods for dosimetric assessment ofofegjuency fields give
exact solution of Maxwell equations inside biolajicnodels. There are inherent
disadvantages connected especially to the resmiciimposed in model geometry
and in its dielectric heterogeneity definition. Hower, these methods allow a
precise understanding of the nature of electrontagfield deposition when the
excitation is a modulated wave. Not only carriégirency may be of importance,
but also the modulation characteristics (“windoweets” — as reported in
references on biological effects). Most of the pssional dosimetric programs
currently available (based on numerical methods)ndb allow excitations by
complex signals.

On the basis of the Mie theory of electromagnetiw®g scattering, the code
we developed can be successfully applied for coatjuts of both continuous
wave and (digital) modulated RF power depositiorspimerical homogeneous or
layered biological models. Internal field distrilut over a wide range of size-
frequency-modulation type combinations may be olethi

Comparison of the results was done by making use pfofessional code
based on the numerical method in frequency domaicalled the method of
moments — by computing the absorption cross section

In the simple planar model case that we used ip#sé by superimposing of
the “transfer function” on the spectral contenttef incident signal, one can get the
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field deposition aspect. When a spherical modeisisd, supplementary geometric
resonances may appear, and they depend upon tleespddius: when this
increases the resonance frequency decreases. €bgasgontent may shift the
“hot spots” position by comparison to the case whetontinuous wave is used.
The absorption is also dependent upon the dietegtroperties of the sphere
material (tisular content).

In this regard, in data transmission activities,erehwide spectrum signals
are used, special precautions may be needed foatops biological protection.

Acknowledgements. The work for this paper was supported by the attno. 32950/2004 with
additional act no. 34679/2005 granted by CNCSFmanian Ministry of Education and Research,
to “N. Balcescu” Land Forces Academy in Sibiu.

REFERENCES

1. FEKO, Software homepage, http://www.feko.info

2. Gabriel, C., Compilation of the dielectric propestiof body tissues at RF and microwave
frequencies, in: Report N.AL/OE-TR 1996-0037, Odtignal and environmental health
directorate, Radiofrequency Radiation Division, &® Air Force Base, Texas (USA), June
1996.

3. Sadiku, M.N.O., Numerical Techniques in Electrometgs, Second Edition, Boca Raton: CRC
Press LLC, 2000.
4. Wiscombe, W.J., Mie scattering calculations: adesnin technique and fast, vector-speed

computer codes, in: NCAR/TN140+TR, NCAR Technicatdy 1979, revised August 1996,
pp. 5-28.



