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SAR Distribution and Temperature Increase in
an Anatomical Model of the Human Eye
Exposed to the Field Radiated by the
User Antenna in a Wireless LAN

Paolo BernardiFellow, IEEE Marta Cavagnaro, Stefano Pidaember, IEEE,and Emanuele Piuzzi

Abstract—Wireless personal communication is a rapidly ex- thereby increasing the possibility of frequency reuse and the
panding sector, particularly in the field of cellular mobile phones  privacy of communications.

and wireless local area networks (WLAN'’s). In an indoor WLAN To transmit data, wireless LAN systems use a directive
system, the user of the mobile terminal can find himself in close '

proximity to the radiating antenna. It is, therefore, important o~ @nteénna placed at a mobile per_sonal terminal (computer, tele-
consider possible health hazards due to this type of exposure. Asphone, camera, etc.) and a wide beam antenna placed at a
the most considered adverse effects of the electromagnetic (EM)fixed site (the base station) usually located at the room ceiling
fields are of thermal nature, particularly with reference to the eye, high on a vertical wall. In this arrangement, the user

in this paper, we have evaluated the temperature increase induced ; . . L - .
in a human eye exposed to WLAN-like fields. In particular, C&N find himself in close proximity to the radiating mobile

we have considered possible WLAN's operating in the range antenna, where the electromagnetic (EM) field assumes its
between 6-30 GHz, so that the incident field can be simulated highest values. In particular, the user is exposed to an EM
via a plane wave. As a first step, we have computed the specificfield made of the wave directly coming from the radiating

absorption rate (SAR) distribution in a human-eye anatomical : .
model, developed from the “visible human” data set, by using the antenna and waves produced by reflection and scattering from

finite-difference time-domain (FDTD) numerical technique with Objects present in the_ area. As a consequence, it is important
a cell resolution of 0.5 mm. Starting from the calculated SAR to consider the possible health hazard due to such systems

values, the heating distribution has been derived through the and, in particular, to define the EM field values that are safe
bioheat equation, which has been solved using an explicit finite- for human beings.

difference scheme. Temperature increases in the order of 0.04 ith ref he kind of licati d id
°C have been calculated in the eye lens with an incident power With reference to the kind of applications under consid-

density of 1 mWi/cn? at 6 GHz. Lower heating is obtained in the ~eration, the frequency range around 2.45 GHz has already
lens when the frequency increases. Finally, considerations about been sufficiently investigated due to its extensive use in ISM
the exposure limits in the considered frequency range are made. applications. In this paper, therefore, we specifically focused
Index Terms—Biological effects of electromagnetic radiation, our attention on the frequency range between 6-30 GHz.
dosimetry, electromagnetic heating, FDTD methods, temperature,  Over 6 GHz, the correlation between the power-flux density
wireless LAN. of the incident field and the specific absorption rate (SAR)
inside the exposed body has usually been obtained by using
o , geometrical optics [3]. This technique assumes the incident
I NDOOB appllca_ltlons of V\_/|reless local are’za networkﬁem wavelength very short in comparison with the dimensions
(V_VLAN s)_ were mtroduce_d in the early 1980 s_to redu_ceof the exposed region of the body, so as to describe the incident
the installation and reloca}tmn costs of convennonql_ W'rel%diation by rays. The body is usually modeled as a sphere or
local area networks (LAN's) and to allow the mobility of rolate spheroid, and the additional approximation is made

connected elements in the work space [1]. The existi Bat | AR
" . at internal absorption is high enough for the rays not to be
applications of WLAN’s are unlicensed spread-spectrum P g 9 y

systems operating the industrial, scientific, and medical (ISI\WE}”EEZ frreeﬂeuc;?](i, br:;Cthpr:gteelyeaks)zzrrgid{o be one of the
frequencies around 2.45 and 5.8 GHz, and licensed cellular q y ge, Y

systems operating at 18-19 GHz. More recent WLAN,rSnost hazardously exposed body organs. In fact, the absorption

projects contemplate the use of millimeter-wave frequencig%ke_S place maml_y in the skin, and the Eye, at least when
(30 and 60 GHz) [2]. In fact, in this frequency region, Wid(?yel"_jS are open, 1S not protected by a skin Iaygr. T_he above-
bands are still available from spectrum regulatory agencidd€ntioned assumptions seem not to be appropriate in the study
and the signal is more confined within rooms or buildingg,]c the exposure of the humaq eye. In fact, due tq the eye’s
" _ ed D ber 3 1097 revised A 1 1998 Ts_trongly inhomogeneous physical structure and to its reduced
anuscript receive ecemoper J, , revise ugust 1, . H . . .
work was supported by the Italian National Research Council (CNR) un mensions (Compared to Wavelength)’ geometrlcal optics Is

Contract S774-WWLAN. not applicable. Moreover, the eye is an organ particularly
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On the basis of the previous observations, we have p#s-100 mW/cm, they found a temperature hot spot of 40.4
formed a theoretical study of the heating induced inside tR€ in the lens. Similar values have been measured by &uy
human eye exposed to fields with frequencies greater thalnin the rabbit's eye irradiated at 2.45 GHz with the same
6 GHz. The analysis has been conducted using an accuradgver density [5].
anatomical model of the human eye and of surroundingMany international protection organizations and regulatory
cranial structures and utilizing finite-difference techniques tgencies have proposed recommendations for a safe exposure.
solve both the EM and thermal problem. In particular, we€he most commonly recognized are the IEEE C95.1-1992
have evaluated SAR absorbed in the eye using the finitandard [11], the INIRC/IRPA 1988 Guidelines [12], and
difference time-domain (FDTD) algorithm. Starting from SARhe European Committee for Electrotechnical Standardization
distribution, we have computed the induced heating by solvifGENELEC) Prestandard ENV 50 166-2 [13].
the bioheat equation with an explicit finite-difference scheme. Among the above mentioned standards, and with refer-

The majority of the studies conducted on the eye exposiwgace to the general population, the most stringent limit in
to microwave fields, both experimentally and theoretically, halse 6-30-GHz range is 1 mW/én{13]. This value should
concerned the ISM frequencies of 915 MHz and 2.45 GHz.guarantee that, in any part of the exposed body, the basic

As concerns the experimental studies because of the difrit on the local SAR (2 W/kg averaged over any 10 g of
ficulty in performing experiments directly on the human eydissue) is never exceeded. On the contrary, the most relaxed
investigators have worked with rabbits, having an eye anatolimit for the incident power density is 10 mW/énj11].
ical structure similar to that of the corresponding human organ.When studying the interaction from a thermal point-of-view,
The first detrimental effect evidenced by these experimeritsvould be useful to have limits directly involving temperature
has been lens cataract [4]. Many experiments, performediratrease in the tissues. On the basis of the previously reported
frequencies around 2.45 GHz evidenced that an incident povexperimental data, considering a safety factor of ten on the
density higher than 100 mW/cnasting at least 30 min, cantemperature increase (equal to that adopted on the SAR), the
induce lens opacification (cataract) [4]. These experiments als@ximum acceptable temperature increase should bé®.3
demonstrated that the threshold for the induction of the cataréctthe lens and PC on the cornea. These are the threshold
depends on the product of the incident power density with tialues that we have used in our work to judge the “safety” of
exposure time. In particular, the higher the power, the smallexposure from the thermal point-of-view.
the exposure time necessary to induce lens cataract. According
to the authors of these experiments, this is the main proof of
the fact that lens cataract is a thermal effecF [4_]. A. Head Model

Guy et al. [5] measured the temperature inside the rabbit ] ]
eye during 2.45-GHz irradiation and found a thermal threshold The head model has been obtained from photographic
for the induction of cataract equal to £C, corresponding Images of the human head. These images have been taken
to a temperature increase of abouf@ (the rabbit's blood from the “visible human project” data set representing an
temperature is about 38C). Experiments on other animalsintérnationally known anatomic data base. .

(e.g., dogs [6]) have confirmed a threshold dfG heating in 10 obtain an FDTD-compatible head model, each pixel of
the lens for the induction of the cataract. Extrapolating thelfd® Photographic images has been converted into an integer
data to the human eye, the minimum temperature to be reach&Per representing the corresponding tissue [14]. For ob-
to induce lens opacification should be of about°a taining a good accuracy of the EM solution with the FDTD

All mentioned experiments concentrated on the investighiéthod, a cell dimension of 0.5 mm has been used [14], [15].
tion of possible thermal effects on the lens. This is justified by N Particular, in our simulations, two anatomical models
the fact that at frequencies around 2.45 GHz, the EM radiati§iVe been used. The firstis a two-dimensional model, consist-

penetrates sufficiently deep in the eye, so that the part of fg Of @ horizontal section of the whole head at the level of
g(eneye (with open eyes) [see Fig. 1(a)]; the second is a three-

eye most at risk is its inner region. However, when moving: ] ]
toward higher frequencies (6-30-GHz range), the EM radiati ensional model, and takes into account the whole eye and

has a smaller penetration depth and, therefore, a great powd€ surrounding anatomical structures (like the nose). The
deposition takes place directly in the cornea, which becom@&2ason for including the nose in the three-dimensional model
another hazardously exposed tissue [7]. Unfortunately, its th¥‘f’-" be justified in the following. The three-d|meq3|onal model
mal sensitivity has not been extensively investigated. Anyhoty, 62-mm large, 52-mm deep, and 58-mm high. A central
as this tissue is very similar to skin, the temperature incredi@fizontal section of the three-dimensional model is shown

necessary to induce thermal damage should be at lea&C 10" Fig. 1(b).

8l 8 . , B. The FDTD Method
In addition to the above cited experimental works, some

theoretical studies have been performed in order to evaluaté "€ dosimetric problem has been solved by using the FDTD
SAR distribution and the induced heating in an exposed eygchnique [16], [17]. The excitation field has been supposed

One study, conducted by Taflove and Brodwin [10], considerdd have the characteristics of a plane wave. Into the FDTD
the interaction of a model of the human eye with 75gnethod, this condition has been simulated by dividing the

MHz and 1.5-GHz radiations, both from a dosimetric and 4hole volume under study in a total field region and in a
thermal point-of-view. With an incident power density equal 'See Internet site: http://mww.nlm.nih.gov.

Il. METHODS AND MODELS
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Fig. 1. Anatomical models. (a) Two-dimensional model. (b) Three-dimensional model (horizontal section).
scattered field region, and by applying on the surface of the TABLE |
total field region a time-harmonic source field. Then, in order DeBYE'S PARAMETERS AND DENSITY OF THE HEAD'S TISSUES
to bound the domain under study, the scattered field region has = Tissue Water fr £ G P
been closed by applying a second-order absorbing boundary [%] | [GHz] [S/m] | [kg/m3]
condition [16], [17]. Humor 90 24.3 65.7 1.57 1000
Grey Matter 82 22.8 53.5 1.38 1050
Lens Cortex 77 21.9 45.8 1.26 1050
C. Electrical Parameters Sclera/Cornea | 75 215 42.7 1.21 1050
Due to the lack of experimental data at the considered Aé;’jf,if ;3 %}; 3}; }}3 1828
frequencies, the evaluation of the complex permittivity values  White Matter | 73 21.2 39.7 1.16 1050
related to the eye tissues is not straightforward. To solve Skin 68 202 320 104 | 1000
this problem, we have extrapolated the permittivity values of LC“S;;‘:C]C”S 692 ;92’} %(z).g 8'32 iggg
interest to our work from experimental data available at lower Bone 9 921 00 1 005 1 1200
frequencies and by using the Debye’s dispersion equation [14], _ Cartilage 9 9.21 10.0 0.05 1000

[15]. Debye’s equation gives the complex permittivity*)

: : : : TABLE I
of a dllelectrlc material as a function of the frequendf, ( ELECTRICAL PARAMETERS OF THE HEAD'S TISSUES
accordlng to AT THE FREQUENCIES OFINTEREST

o o e — g 6 GHz 18 GHz 30 GHz
S =g e b TS ) ST T o [0 [w o [a] o
J2m feo 2rfeo gy ;L %] [S/m] [S/m] [S/m]
Ir 90 Humor 622 | 627 | 442 | 306 [ 29.1 | 51.0
82 Grey Matter 504 | 535 | 349 | 249 | 22.8 | 40.2
wheref, is the~ relaxation frequencys — e is the change 77 Lens Cortex | 43.0 | 472 | 29.4 | 212 [ 192 | 336

in the permittivity due to this relaxation process, ang and ;i Sclera/Cornca | 40.0 | 446 | 27.2 | 197 | 17.9 | 30.9
i . : Muscle/Blood 38.5 1 433 | 262 | 190 | 17.2 | 29.6
£~ are the I|m|ts_ (_)f_the conducfuwty at very_low frequerymes White Mater 1371 1418 152 T 152 Ti6s 283
and _of the permittivity at very hlgh frequencies, respectively. ¢z Skin 508 1349 1 201 | 144 | 135 | 218
With reference to the head’s tissues, Debye’s parameterss2 LensNucleus | 212 | 259 | 145 [ 973 | 10.2 | 143
are directly available only for the lens cortex and lens nucleus 2| Fat/Bone/Cartilage | 8.54 | 0.797 | 6.12 | 2.04 } 552 | 2.34
. . L - Air 1 0 1 0 1 0
[18]. However, it has been shown that for high water-content

tissues, there is a linear dependence of these parameters fgpined using the above described procedure are shown in
the water c_ontent of the tissue [19].'Starting from the valuggpie |. Inserting these parameters in (1), the permittivity (
measured in the lens cortex and in the lens nucleus, afity conductivity ¢) values for the various head tissues at the
using the water content of the various tissues [18]-{21], ffoquencies of interest have been obtained (see Table I1). These
has been possible, by means of a simple linear interpolatiQfy es are comparable (within 20%) with those evaluated in

to calculate Debye’s parameters for all soft tissues present[i@]_ Analysis of data in Table Il shows that both and o
the head. The Debye’s parameters of the fat and bone do pRhease with tissue water content.

follow the above mentioned linear dependence, due to their
low water content. Consequently, for these two tissuess$he b Tnhe Bioheat Equation
ando s values have been assumed equal tosthend o values . . o . .
measured at about 1 GHz [19]. For all the considered tissues, "€ heating profiles inside the irradiated eye have been
the relaxation frequency, has been evaluated by using &Valuated making use of the bio-heat equation [23]
linear interpolation, and., has been assumed equal to 5.1 2 or 3

. ’ oo o C KVET + A vw— B(T —T,) =Cp— [WIm’]. (2
which is the pure-water high-frequency limit [18]. The values VTt dor@ ( ) r [ @

at
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This equation simply equals the heat accumulated per unit TABLE Il
time and per unit volume in the body to the temperature THERMAL PARAMETERS OF THE EYE'S TISSUES
increase per unit time multiplied by the thermal capacitance Tissue Spec. Heat (C) | Therm. Conduct. (K)
of 1 m? of tissue, given by the product between the specific Uikg °CJ [V/m s °C]
° . . 3 Humor 3997 0.603
heatC [J/(kg °C)] and the tissue density [kg/m°]. Lens 3000 0.40
In particular, the four terms in the first member of (2) Sclera/Cornea 2178 0.58

represent different ways through which heat is accumulated

inside the tissue, precisely: 1) heat transfer through internalThe previous stability condition has been obtained on the

conduction (K [J/(s m°C)] is the thermal conductivity); 2) basis of the approach suggested in [24]. Application of the

metabolic heat productiondq [J/(s n?)]); 3) heat deposition criterion to the case of the eye gives rise to a maximum usable

due to the absorbed microwave poweé},([J/(s n?)]); and 4) time step of approximately 0.4 s.

heat exchange mechanism due to blood perfusion, proportional

to the difference between blood and tissue temperaffzre) E. Thermal Parameters

(B [3(s - °C - m?))). When the thermal problem is applied to the eye, the bioheat
To solve (2), the external surface of the body is bounde@juation can be solved by using the following simplifications:

applying the convective boundary condition [23], obtained 1) the metabolic heat and the blood flow are absent;

imposing the continuity of the heat flow perpendicular to the 2) part of the external surface of the eye (sclera) is strongly
surface of the body (heat reaching this surface from the interior perfused: this means that a strong convective heat ex-

of the body through conduction must equal heat exchanged change is present on this surface;

through convection with the surrounding medium or fluid) 3) the orbital fat has a low thermal conductivity and the
oT ) heat exchanged by the eye through conduction with
_K<%>S = H(T, - T) [W/m7] 3) surrounding tissues is, therefore, negligible.

. ) o ) As a consequence of 1), ttie and 4, terms in the bioheat
where:H [J/(m?s °C)] is the convection coefficientl; is the  equation are negligible. As a consequence of 2) and 3), the
surface temperature, aid is the fluid temperature.  eye is considered thermally isolated from the head, and two

To obtain a finite-difference formulation of the bioheagonyective boundary conditions, taking into account the heat
equation, the body under consideration is divided in cubic cefigchange with blood on the sclera and air on the cornea are
of ¢ size corresponding to those used in the FDTD methogseq.

Imposing the thermal balance to the ¢, k) cell (the heat  The values used for the physical parameters of the eye,

accumulated must equal the temperature increase in the g@lked on those reported in the works by Lagendijk [25] and
multiplied by its thermal capacitance) [24], we obtain th&cott [26], are given in Table Ill.

following explicit equation: Lagendijk and Scott have also evaluated the convective
T (i, 4, k) coefficients to be applied on the surface of sclera and cornea.
f( The values areHs = 65 W/(m? °C) for the sclera, and
= G St (i — 1,4, k) + T (i + 1, 4, k) He = 20 W/(m? °C) for the cornea.

It must be noted that th&l~ coefficient takes into account

ney; 4 N iy 4 . A ) . i
I - L k) T g+ 1 R) three mechanisms: evaporation of the tear film, convective

+ T, . k= 1)+ T, j, k+1)] exchange with the air, and radiative exchange with the sur-
+ T4, 4, k) rounding objects.
K H B
|1 = Nint =—= + Next—=—+ = )6t [ll. RESULTS
[ < INT Cps? + EXTCp6 + C’p) }

A. Validation

In order to validate the algorithms used for SAR and
(4) temperature evaluation, we have considered the exposure of

. a muscle cylinderg,. = 47, o = 2.21 S/m, p = 1070 kg/m?,
where Niyt and Ngxr are the number of internal andC — 3140 Ji(kg - °C), K, = 0502 J(m - s - °C),

exterr_1a| nodes, re_specnvely, aQJacent to th_e cellj( k). H =837 J(E - s - °C), Ag = 1005 J(? - s), B = 1674
The first parenthesis of the previous expression only contal‘?/imgs .°C), T, = 24 °C, T, = 37 °C) to a plane wavek
the temperatures of the internal nodes adjacent to the on e b P

considered and, therefore, is made up of less than six ter%asra”el FO Fhe cylinder aXIS).WIth a frequency of 2.45 GHz
) and an incident power density of 100 mW/&nThe results
in the case of boundary nodes.

In order to avoid numerical instability, in the choice of thehave been compared with those obtained using the analytical

. ) . . S Solution [23].
gaégmgﬁloi\l,zz-m the time stef, the following criterion has Fig. 2(a) and (b) shows SAR and temperature distribution,

respectively, along the diameter of the cylinder. In particular,
5t < 1 ) (5) the temperature distribution is shown at different instants of
Nint —— + N, - 4 B time computed from the beginning of the exposure. The nu-
INT 5 EXT . . . .
Cpé Cpé  Cp merical results are in good agreement with the analytical ones.

H 1
Nexr — 8T, + — 6t[Qv (i, 4, k) + Ao + BT;
+ Nexr Cpb ot + o 8t[Qv (4, J, k) + Ao + BT3]
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Fig. 2. SAR and temperature distributions in an irradiated muscle cylinder (dots represent values from the analytical solution). (a) SARMistributi
(b) Temperature distributions.

TABLE IV
SARpmAx INSIDE THE EYE CoMPUTED USING
DiFFERENT TwoO-DIMENSIONAL MODELS

TABLE V
SARaverage VALUES INSIDE THE EYE COMPUTED
UsING DIFFERENT TwO-DIMENSIONAL MODELS

Eye Alone | Eye with Nose | Whole Head Eye Alone | Eye with Nose | Whole Head
Frequency SARMAX SARMAX SARMAX Frequency | SARaverage SARaverage SARaverage
(GHz) [Wrke] [Wikgl [Wrke] [GHz] [Wikg] [Wrke] [W/kg]
6 1.85 2.42 244 6 0.25 0.22 0.22
18 12.29 21.60 21.44 18 0.14 0.16 0.16
30 18.84 20.58 20.76 30 0.12 0.12 0.12

B. SAR Distribution in the Two-Dimensional Model

fact that at 6 GHz, a lateral penetration of the field, reaching

Since a three-dimensional model of the whole head requirté"ae eye, is present. This field, p_enetrating from the truncatgd
a great amount of memory and computation time, we have ﬁ_%ggs of the anatomical mpdel, increases the SAR absor_pt_|on
studied the interaction of a plane wave with the head by usif{?'de the eye, compensating for the absence of the focalizing
a two-dimensional model. effect of the nose. At 18 and 30 GHz, the field penetrating

These preliminary two-dimensional computations have belgierally is absorbed in the few tissue cells surrognding the
aimed at the evaluation of the minimum portion of the hegt/€ SO that the average SAR is about the same, independent

around the eye to be considered in order to keep the mogglm the modt_al. . . .
truncation error at an acceptable level. On the basis of the previous observations, in the three-

For this reason, three different models have been considergI :ens_lonal simulations, we have used a mode] of the eye
the first one is made up of a layer, extracted from the hej'&, ich mclude_s the nose ar_ld is large enough to prevent the
and including the eye and some cells of surrounding tiss é%ld penefration from the sides of the eye.

(isolated eye), the second has been obtained by extracting from

the head a layer including the eye and nose (eye with nose), theEffect of Glasses

last considers the whole head layer. The results obtained withsome two-dimensional simulations have been performed to
the three models are given in Tables IV and V with referenegaluate the effect of a glass lens, located in front of the cornea,
to SARpax and SAR averaged over the ey@ARaverage): 0N the SAR levels absorbed in the eye. As a dielectric slab
respectively. The Tables show that in the eye with nose modelcated in front of a body can act as an adapter, it is possible
SAR values are very close to those obtained with the whaieat the presence of the lens results in an increased power
head, while the results obtained using the isolated eye moggkorption in the eye.

are affected by a noticeable error, particularly with regard to In order to find the distance of the glass leas{ 5; o = 0]
SARMAX. from the eye (chosen in the 1-2-cm range) and the lens

Analysis of Table IV indicates that the anatomical structuickness (in the 2—5-mm range), which could maximize the
most influencing the maximum SAR inside the eye is thgower absorbed in the eye, a simple unidimensional (layered)
nose. In fact, scattering and reflections from the nose giweodel of the structure has been considered and analyzed using
rise to a focalizing effect. As a consequence of this focahicrowave computer-aided design (CAD) software Touch-
ization, SARyax increases when the nose is included in thstone.
anatomical model. The values obtained are shown in Table VI, together with

Table V shows that the presence of the nose does nioé fraction of incident power transmitted in the cornea with
considerably influence the average SAR. This is due to thed without lens.
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Fig. 3. SAR distributions in the three-dimensional eye model irradiated with 1 mW/@mh f = 6 GHz. (b) f = 18 GHz. (c) f = 30 GHz.

TABLE VI TABLE VI
VALUES FOR THE GLASS-LENS THICKNESS AND POSITION PRODUCING TEMPERATURE VALUES AND HEATING INDUCED INSIDE THE THREE-DIMENSIONAL
THE HIGHEST POWER TRANSMITTED IN THE CORNEA EvE MODEL. INCIDENT POWER 1-mW/cn? VERTICAL ELECTRIC FIELD
Fraction of incident power Frequency TmAX(eye) | TMAX(comea) | TMAX(lens) ATMAX(cornea) | ATMAX(lens)
transmitted in the cornea [GHz] [°C] [°C] [°C] [°C] [°Cl
Frequency | Thickness | Distance Without With no rad. 36.98 36.29 36.80 - -
[GHz] [mm] [cm] lens lens 6 36.99 36.33 36.82 0.05 0.04
6 2 1 0.46 0.32 18 36.98 36.32 36.81 0.06 0.03
13 5 165 049 .99 30 36.98 36.31 36.81 0.03 0.02
30 3.5 1.5 0.52 1
TABLE VII It must be noted that the unidimensional model is not
SAR VALUES IN THE THREEDIMENSIONAL EYE MODEL an accurate representation of the realistic situation and it is
Frequency SARMAX | SARuverage(eye) | SARaverage(lens) possible that other vall_Jes of the lens thlckne_:ss and _d_lstance
(GHz] [Wrkel [W/kg] [W/kg] from the cornea result in even worse absorption conditions.
6 6.317 0.253 0.594
18 36.558 0.107 0.009 o . . . )
30 40.414 0.068 0.000 D. SAR Distribution in the Three-Dimensional Eye Model

After the preliminary two-dimensional simulations, we have

The table shows that at the frequency of 6 GHz, theerformed SAR calculations on the more realistic three-
glass lens induces a decrease in the power absorption, madilyensional eye model, assuming an incident wave having
because of the reduced dimensions of the lens and the aipower density of 1 mW/ch equal to the most stringent
gap compared to wavelength. At 18 and 30 GHz, a lens kit found in the safety standards previously examined. The
appropriate thickness and position can almost perfectly matbmputed values are reported in Table VII, which shows
the cornea to the air (see Table VI). maximum and average SAR values in the whole eye and SAR

Using the values obtained with the monodimensional studyveraged over the lens alone.
we have performed some two-dimensional simulations on theThe results show the way SAR changes with frequency. As
whole head model placing a slab of glass before the eye. Tinequency increaseSARnax reaches higher values while, at
obtained results differ from those of the monodimensiontie same time, the average SAR decreases. This is because, at
study as the frequency increases. This is because at higgher frequencies,. decreases angincreases. The decrease
frequencies, the wavelength becomes comparable with tfes,. results in a better matching between the tissues and the
dimensions of the eye and the monodimensional model is a, with a higher fraction of the incident power entering the
longer applicable. Notwithstanding these limitations, using tlese. The increase of causes this power to penetrate at a lower
distance and width values obtained with the layered model, wepth. The combined effect of these two mechanisms results
have obtained at the frequency of 18 GHz, and with the twot an increase of th8ARy4x on the external surface of the
dimensional model, an increase in the SAR averaged over the (cornea) and in a contemporaneous decrease in SAR value
whole eye of approximately 31%. averaged over the whole eye. The reason whySA&ax
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Fig. 4. Heating distributions in the three—dimensional eye model irradiated at 1 nf\W(ajf = 6 GHz. (b) f = 18 GHz. (c) f = 30 GHz.

remains almost unchanged passing from 18 to 30 GHz (sedt is interesting to note that the maximum temperature
Table VII) has to be searched in the effect of the nose, whidficrease in the eye has been obtained using the frequency
has a higher focalizing effect at 18 GHz. of 18 GHz. This is due to the fact that, at this frequency,

Table VII also shows that at the higher frequencies (18 as\ Ry1ax is high and the radiation is able to reach a penetra-
30 GHz), the eye lens is negligibly reached by the microwati®n depth which is sufficient to heat the eye in the inner part
power, thanks to the superficial absorption. and not only on its external layer, which is in direct contact

SAR distributions computed in the three-dimensional modelith the air.
are shown in Fig. 3(a)—(c) for the three frequencies of 6, 18,Instead, at 30 GHz, although the peak SAR is even higher,
and 30 GHz, respectively. The figure refers to a horizontdie penetration depth is too small to increase the temperature
section at the eye center. in an appreciable manner.

The analysis of the distribution at 6 GHz [see Fig. 3(a)] It is important to note that with respect to the lens, which
shows that absorption takes place mainly in the part of the eigethe part of the eye most sensitive to heating, the most
opposite to the nose; this is the consequence of the scatterdaggerous frequency among those examined is 6 GHz. How-
by the nose itself. The distributions referring to the frequencieser, it has to be noted that at the frequencies of 18 and
of 18 [see Fig. 3(b)] and 30 GHz [see Fig. 3(c)] show a SAR0O GHz, although SAR dissipated in the lens is negligible,
hot spot near the nose, due to its reflecting effect that focalizbe lens is subject to a certain amount of heating due to
the field. the heat-conduction mechanism. Consequently, even at these
frequencies, the lens remains the part of the eye most at risk.

Heating profiles computed in the eye at the three frequencies
tested are shown in Fig. 4, with reference to the horizontal

Thermal analysis has been performed in two steps: fitgntral section of the model.
of all, we have used the thermal model to evaluate theThese profiles indicate the different characteristics assumed
temperature distribution in a nonirradiated human eye; startibg power absorption and heating in the eye. In particular,
from this initial situation, we have calculated the temperatuie can be noted how heating becomes more superficial as
increase induced by the incident microwave radiation using thhe move toward higher frequencies. However, thanks to the
SAR values previously computed. During the thermal analydigat conduction mechanism, the heating process extends to a
an ambient temperature of 2€ has been assumed. greater depth than that reached by SAR, as can be verified

The results of thermal simulations, assuming an incideodmparing the heating profiles with SAR distributions in
power density of 1 mW/cr are reported in Table VIIl. The Fig. 3.
table shows the maximum temperatures reached in variou§he thermal profile relative to the frequency of 6 GHz
parts of the eye and the maximum temperature incredsee Fig. 4(a)] shows that heating is maximum in the part of
found in the cornea and lens. Due to the low incident powére eye opposite to the nose. Temperature distributions at 18
levels and to the small volume subject to heating (superficiaee Fig. 4(b)] and 30 GHz [see Fig. 4(c)] instead show a
absorption), the heating process has reached steady state &ftaperature hot spot in a zone located near the nose.
approximately 7 min. Comparison between heating profiles and SAR distributions

Analysis of data reported in Table VIII shows that theshows that in all three cases, the maximum temperature
heating induced inside the eye by an incident power densiticrease is located in the same zone as the peak SAR. This
of 1 mWi/cn? at the frequencies under study is minimal, botfs mainly due to the fact that the blood flow is absent inside
in the lens and cornea. the eye.

E. Heating Induced in the Three-Dimensional Model
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IV. CONCLUSIONS [12] IRPA Guidelines, “Guidelines on limits of exposure to radiofrequency

. . . electromagnetic fields in the frequency range from 100 kHz to
On the basis of the results obtained, it appears that the use 3qg GHZ;gHeanh Phys.vol. 54, no_qL pp?/115_gl23‘ 1988.

of the exposure limits proposed by the different protectioi3] g'g(;ngn E)Xposure to lélectromfvl_gnetic Fieldsd- H(ijgh FreQ%eré%y 2(10$|)<S|)42 to
. . . f : : Hz) European Communities Prestandard ENV 50166-2, 1995.

Qrgamzatlons V_Ve considered 9'Yes ”§e to tempera’gtj_re mcreaagF P. Bernardi, M. Cavagnaro, and S. Pisa, “Assessment of the potential

in the eye, which are far from inducing lens opacification. risk for humans exposed to millimeter-wave wireless LANs: The power
Anyhow, some interesting considerations can be done, es- absorbed in the eyeWireless Networksyol. 3, no. 6, pp. 511-517,

. . 1997.
peC|aIIy with reference to the CENELEC and IEEE/ANSt15] _—_, “Evaluation of the power absorbed in human eyes exposed to

guidelines. millimeter waves,” inint. Symp. Electromagn. CompaRome, ltaly,
i indi i Sept. 1996, pp. 194-199.
Usmg the reference level O.f 1 mW/enindicated .m the [16] A. Taflove, Computational Electrodynamics: The Finite-Difference
CENELEC standard, the heating threshold of 8@ in the Time-Domain Method. Norwood, MA: Artech House, 1995.

eye lens is never reached. However, applying the local SAR] K. S. Kunz and R. J. Luebberghe Finite Difference Time Domain

i ; ; Method for Electromagnetics.Boca Raton, FL: CRC Press, 1993.
limit (2 W/kg over 10 g of tlssue) to the eye (WhICh has M. C. Steel and R. J. Sheppard, “Dielectric properties of lens tissue at

mass little inferior to 10 g) temperature increases induced In" microwave frequencies Bioelectromagneticsyol. 7, pp. 73-81, 1986.
the lens at the frequencies of 18 and 30 GHz reach valué8l J. L. Schepps and K. R. Foster, “The UHF and microwave dielectric

. r properties of normal and tumor tissue: Variation in dielectric properties
around 0.6°C, which corresponds to one-fifth of the threshold with tissue water contentPhys. Medicine and Biologyol. 25. no. 6,

for the induction of cataract (3C). pp. 1149-1159, 1980.
As to the IEEE/ANSI standard, the use of an incident powé’%O] C. Gabriel, R. J. Sheppard, and E. H. Grant, “Dielectric properties of

, , . lar ti t 3T,” Phys. Medicine and Biologyol. 28, no. 1, pp.
density of 10 mW/crh would result in a temperature increase ngfé 'iglé? @ ys. Medicine and Blologyiol. <5, no- & PP

in the lens greater than 0.3C both at 6 and at 18 GHz. [21] M. A. Stuchly, A. Kraszewski, S. Stuchly, and A. M. Smith, “Dielectric

Moreover, an incident power density of 10 mW/rat the properties of animal tissues in vivo at radio and microwave frequencies:
! . . Comparison between specie®hys. Medicine and Biologypl. 27, no.
frequency of 18 GHz would be able to induce heating greater 7 5 927-936, 1982.

than 0.5°C in the cornea. [22] S. Gabriel, R. W. Lau, and C. Gabriel, “The dielectric properties of

; i~ limit di ; ; _ biological tissues—III: Parametric models for the dielectric spectrum of
The adoption of a basic limit directly involving the temper tissues."Phys. Medicine and Biologyol. 41, pp. 22712293, 1996.

ature increase with different reference levels for the varioyss) r. Bardati, G. Gerosa, and P. Lampariello, “Temperature distribution in
parts of the body according to their sensitivity to heating simulated living tissues irradiated electromagneticaldfa Frequenza,

: s i vol. XLIX, no. 2, pp. 61-67, 1980.
could be more appropriate than the basic limit on average S N. Ozisik,Heat Transfer: A Basic Approach.New York: McGraw-Hill,

currently used. In fact, our study has shown that with the same™ 19s5.

SAR value, as averaged over the whole eye, different heatiﬁé] J. J. W. Lagendijk, “A mathematical model to calculate temperature

. . . . distributions in human and rabbit eyes during hypertermic treatment,”
is obtained when frequency varies. This is due to the fact that py, s “\edicine and Biologyol. 27, no. 11, pp. 1301-1311, 1982.

heating is influenced not only by the mean power absorbed[#s] J. A. Scott, “A finite element model of heat transport in the human eye,”
a certain volume of the tissue, but also by the way in which Phys. Medicine and Biologyol. 33, no. 2, pp. 227-241, 1988.
the SAR is distributed in the volume.
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