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Abstract—Wireless personal communication is a rapidly ex-
panding sector, particularly in the field of cellular mobile phones
and wireless local area networks (WLAN’s). In an indoor WLAN
system, the user of the mobile terminal can find himself in close
proximity to the radiating antenna. It is, therefore, important to
consider possible health hazards due to this type of exposure. As
the most considered adverse effects of the electromagnetic (EM)
fields are of thermal nature, particularly with reference to the eye,
in this paper, we have evaluated the temperature increase induced
in a human eye exposed to WLAN-like fields. In particular,
we have considered possible WLAN’s operating in the range
between 6–30 GHz, so that the incident field can be simulated
via a plane wave. As a first step, we have computed the specific
absorption rate (SAR) distribution in a human-eye anatomical
model, developed from the “visible human” data set, by using the
finite-difference time-domain (FDTD) numerical technique with
a cell resolution of 0.5 mm. Starting from the calculated SAR
values, the heating distribution has been derived through the
bioheat equation, which has been solved using an explicit finite-
difference scheme. Temperature increases in the order of 0.04
�C have been calculated in the eye lens with an incident power
density of 1 mW/cm2 at 6 GHz. Lower heating is obtained in the
lens when the frequency increases. Finally, considerations about
the exposure limits in the considered frequency range are made.

Index Terms—Biological effects of electromagnetic radiation,
dosimetry, electromagnetic heating, FDTD methods, temperature,
wireless LAN.

I. INTRODUCTION

I NDOOR applications of wireless local area networks
(WLAN’s) were introduced in the early 1980’s to reduce

the installation and relocation costs of conventional wired
local area networks (LAN’s) and to allow the mobility of
connected elements in the work space [1]. The existing
applications of WLAN’s are unlicensed spread-spectrum
systems operating the industrial, scientific, and medical (ISM)
frequencies around 2.45 and 5.8 GHz, and licensed cellular
systems operating at 18–19 GHz. More recent WLAN’s
projects contemplate the use of millimeter-wave frequencies
(30 and 60 GHz) [2]. In fact, in this frequency region, wide
bands are still available from spectrum regulatory agencies,
and the signal is more confined within rooms or buildings,
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thereby increasing the possibility of frequency reuse and the
privacy of communications.

To transmit data, wireless LAN systems use a directive
antenna placed at a mobile personal terminal (computer, tele-
phone, camera, etc.) and a wide beam antenna placed at a
fixed site (the base station) usually located at the room ceiling
or high on a vertical wall. In this arrangement, the user
can find himself in close proximity to the radiating mobile
antenna, where the electromagnetic (EM) field assumes its
highest values. In particular, the user is exposed to an EM
field made of the wave directly coming from the radiating
antenna and waves produced by reflection and scattering from
objects present in the area. As a consequence, it is important
to consider the possible health hazard due to such systems
and, in particular, to define the EM field values that are safe
for human beings.

With reference to the kind of applications under consid-
eration, the frequency range around 2.45 GHz has already
been sufficiently investigated due to its extensive use in ISM
applications. In this paper, therefore, we specifically focused
our attention on the frequency range between 6–30 GHz.

Over 6 GHz, the correlation between the power-flux density
of the incident field and the specific absorption rate (SAR)
inside the exposed body has usually been obtained by using
geometrical optics [3]. This technique assumes the incident
field wavelength very short in comparison with the dimensions
of the exposed region of the body, so as to describe the incident
radiation by rays. The body is usually modeled as a sphere or
prolate spheroid, and the additional approximation is made
that internal absorption is high enough for the rays not to be
internally reflected, but completely absorbed.

In this frequency range, the eye seems to be one of the
most hazardously exposed body organs. In fact, the absorption
takes place mainly in the skin, and the eye, at least when
eyelids are open, is not protected by a skin layer. The above-
mentioned assumptions seem not to be appropriate in the study
of the exposure of the human eye. In fact, due to the eye’s
strongly inhomogeneous physical structure and to its reduced
dimensions (compared to wavelength), geometrical optics is
not applicable. Moreover, the eye is an organ particularly
sensitive to heating because of the lack of blood flowing into
it, and it is subject to thermal damage (lens cataract) even in
the presence of weak heating.
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On the basis of the previous observations, we have per-
formed a theoretical study of the heating induced inside the
human eye exposed to fields with frequencies greater than
6 GHz. The analysis has been conducted using an accurate
anatomical model of the human eye and of surrounding
cranial structures and utilizing finite-difference techniques to
solve both the EM and thermal problem. In particular, we
have evaluated SAR absorbed in the eye using the finite-
difference time-domain (FDTD) algorithm. Starting from SAR
distribution, we have computed the induced heating by solving
the bioheat equation with an explicit finite-difference scheme.

The majority of the studies conducted on the eye exposure
to microwave fields, both experimentally and theoretically, has
concerned the ISM frequencies of 915 MHz and 2.45 GHz.

As concerns the experimental studies because of the dif-
ficulty in performing experiments directly on the human eye,
investigators have worked with rabbits, having an eye anatom-
ical structure similar to that of the corresponding human organ.
The first detrimental effect evidenced by these experiments
has been lens cataract [4]. Many experiments, performed at
frequencies around 2.45 GHz evidenced that an incident power
density higher than 100 mW/cmlasting at least 30 min, can
induce lens opacification (cataract) [4]. These experiments also
demonstrated that the threshold for the induction of the cataract
depends on the product of the incident power density with the
exposure time. In particular, the higher the power, the smaller
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 effect [4].

Guy et al. [5] measured the temperature inside the rabbit
eye during 2.45-GHz irradiation and found a thermal threshold
for the induction of cataract equal to 41C, corresponding
to a temperature increase of about 3C (the rabbit’s blood
temperature is about 38C). Experiments on other animals
(e.g., dogs [6]) have confirmed a threshold of 3C heating in
the lens for the induction of the cataract. Extrapolating these
data to the human eye, the minimum temperature to be reached
to induce lens opacification should be of about 40C.

All mentioned experiments concentrated on the investiga-
tion of possible thermal effects on the lens. This is justified by
the fact that at frequencies around 2.45 GHz, the EM radiation
penetrates sufficiently deep in the eye, so that the part of the
eye most at risk is its inner region. However, when moving
toward higher frequencies (6–30-GHz range), the EM radiation
has a smaller penetration depth and, therefore, a great power
deposition takes place directly in the cornea, which becomes
another hazardously exposed tissue [7]. Unfortunately, its ther-
mal sensitivity has not been extensively investigated. Anyhow,
as this tissue is very similar to skin, the temperature increase
necessary to induce thermal damage should be at least 10C
[8], [9].

In addition to the above cited experimental works, some
theoretical studies have been performed in order to evaluate
SAR distribution and the induced heating in an exposed eye.
One study, conducted by Taflove and Brodwin [10], considered
the interaction of a model of the human eye with 750-
MHz and 1.5-GHz radiations, both from a dosimetric and a
thermal point-of-view. With an incident power density equal

to 100 mW/cm, they found a temperature hot spot of 40.4
C in the lens. Similar values have been measured by Guyet

al. in the rabbit’s eye irradiated at 2.45 GHz with the same
power density [5].

Many international protection organizations and regulatory
agencies have proposed recommendations for a safe exposure.
The most commonly recognized are the IEEE C95.1-1992
Standard [11], the INIRC/IRPA 1988 Guidelines [12], and
the European Committee for Electrotechnical Standardization
(CENELEC) Prestandard ENV 50 166-2 [13].

Among the above mentioned standards, and with refer-
ence to the general population, the most stringent limit in
the 6–30-GHz range is 1 mW/cm[13]. This value should
guarantee that, in any part of the exposed body, the basic
limit on the local SAR (2 W/kg averaged over any 10 g of
tissue) is never exceeded. On the contrary, the most relaxed
limit for the incident power density is 10 mW/cm[11].

When studying the interaction from a thermal point-of-view,
it would be useful to have limits directly involving temperature
increase in the tissues. On the basis of the previously reported
experimental data, considering a safety factor of ten on the
temperature increase (equal to that adopted on the SAR), the
maximum acceptable temperature increase should be 0.3C
in the lens and 1 C on the cornea. These are the threshold
values that we have used in our work to judge the “safety” of
exposure from the thermal point-of-view.

II. M ETHODS AND MODELS

A. Head Model

The head model has been obtained from photographic
images of the human head. These images have been taken
from the “visible human project” data set representing an
internationally known anatomic data base.1

To obtain an FDTD-compatible head model, each pixel of
the photographic images has been converted into an integer
number representing the corresponding tissue [14]. For ob-
taining a good accuracy of the EM solution with the FDTD
method, a cell dimension of 0.5 mm has been used [14], [15].

In particular, in our simulations, two anatomical models
have been used. The first is a two-dimensional model, consist-
ing of a horizontal section of the whole head at the level of
the eye (with open eyes) [see Fig. 1(a)]; the second is a three-
dimensional model, and takes into account the whole eye and
some surrounding anatomical structures (like the nose). The
reason for including the nose in the three-dimensional model
will be justified in the following. The three-dimensional model
is 62-mm large, 52-mm deep, and 58-mm high. A central
horizontal section of the three-dimensional model is shown
in Fig. 1(b).

B. The FDTD Method

The dosimetric problem has been solved by using the FDTD
technique [16], [17]. The excitation field has been supposed
to have the characteristics of a plane wave. Into the FDTD
method, this condition has been simulated by dividing the
whole volume under study in a total field region and in a

1See Internet site: http://www.nlm.nih.gov.
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(a) (b)

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
total field region a time-harmonic source field. Then, in order
to bound the domain under study, the scattered field region has
been closed by applying a second-order absorbing boundary
condition [16], [17].

C. Electrical Parameters

Due to the lack of experimental data at the considered
frequencies, the evaluation of the complex permittivity values
related to the eye tissues is not straightforward. To solve
this problem, we have extrapolated the permittivity values of
interest to our work from experimental data available at lower
frequencies and by using the Debye’s dispersion equation [14],
[15]. Debye’s equation gives the complex permittivity ()
of a dielectric material as a function of the frequency (),
according to

(1)

where is the relaxation frequency, is the change
in the permittivity due to this relaxation process, and and

are the limits of the conductivity at very low frequencies
and of the permittivity at very high frequencies, respectively.

With reference to the head’s tissues, Debye’s parameters
are directly available only for the lens cortex and lens nucleus
[18]. However, it has been shown that for high water-content
tissues, there is a linear dependence of these parameters from
the water content of the tissue [19]. Starting from the values
measured in the lens cortex and in the lens nucleus, and
using the water content of the various tissues [18]–[21], it
has been possible, by means of a simple linear interpolation,
to calculate Debye’s parameters for all soft tissues present in
the head. The Debye’s parameters of the fat and bone do not
follow the above mentioned linear dependence, due to their
low water content. Consequently, for these two tissues, the
and values have been assumed equal to theand values
measured at about 1 GHz [19]. For all the considered tissues,
the relaxation frequency has been evaluated by using a
linear interpolation, and has been assumed equal to 5.1,
which is the pure-water high-frequency limit [18]. The values

TABLE I
DEBYE’S PARAMETERS AND DENSITY OF THE HEAD’S TISSUES

TABLE II
ELECTRICAL PARAMETERS OF THE HEAD’S TISSUES

AT THE FREQUENCIES OFINTEREST

obtained using the above described procedure are shown in
Table I. Inserting these parameters in (1), the permittivity ()
and conductivity ( ) values for the various head tissues at the
frequencies of interest have been obtained (see Table II). These
values are comparable (within 20%) with those evaluated in
[22]. Analysis of data in Table II shows that both and
increase with tissue water content.

D. The Bioheat Equation

The heating profiles inside the irradiated eye have been
evaluated making use of the bio-heat equation [23]

W/m (2)
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This equation simply equals the heat accumulated per unit
time and per unit volume in the body to the temperature
increase per unit time multiplied by the thermal capacitance
of 1 m of tissue, given by the product between the specific
heat [J/(kg C)] and the tissue density [kg/m ].

In particular, the four terms in the first member of (2)
represent different ways through which heat is accumulated
inside the tissue, precisely: 1) heat transfer through internal
conduction (K [J/(s m C)] is the thermal conductivity); 2)
metabolic heat production ( [J/(s m )]); 3) heat deposition
due to the absorbed microwave power ([J/(s m )]); and 4)
heat exchange mechanism due to blood perfusion, proportional
to the difference between blood and tissue temperature ( )
( [J/(s C m )]).

To solve (2), the external surface of the body is bounded
applying the convective boundary condition [23], obtained
imposing the continuity of the heat flow perpendicular to the
surface of the body (heat reaching this surface from the interior
of the body through conduction must equal heat exchanged
through convection with the surrounding medium or fluid)

W/m (3)

where: [J/(m s C)] is the convection coefficient, is the
surface temperature, and is the fluid temperature.

To obtain a finite-difference formulation of the bioheat
equation, the body under consideration is divided in cubic cells
of size corresponding to those used in the FDTD method.
Imposing the thermal balance to the (, , ) cell (the heat
accumulated must equal the temperature increase in the cell
multiplied by its thermal capacitance) [24], we obtain the
following explicit equation:

(4)

where and are the number of internal and
external nodes, respectively, adjacent to the cell (, , ).
The first parenthesis of the previous expression only contains
the temperatures of the internal nodes adjacent to the one
considered and, therefore, is made up of less than six terms
in the case of boundary nodes.

In order to avoid numerical instability, in the choice of the
maximum size of the time step, the following criterion has
to be followed:

(5)

TABLE III
THERMAL PARAMETERS OF THE EYE’S TISSUES

The previous stability condition has been obtained on the
basis of the approach suggested in [24]. Application of the
criterion to the case of the eye gives rise to a maximum usable
time step of approximately 0.4 s.

E. Thermal Parameters

When the thermal problem is applied to the eye, the bioheat
equation can be solved by using the following simplifications:

1) the metabolic heat and the blood flow are absent;
2) part of the external surface of the eye (sclera) is strongly

perfused: this means that a strong convective heat ex-
change is present on this surface;

3) the orbital fat has a low thermal conductivity and the
heat exchanged by the eye through conduction with
surrounding tissues is, therefore, negligible.

As a consequence of 1), the and terms in the bioheat
equation are negligible. As a consequence of 2) and 3), the
eye is considered thermally isolated from the head, and two
convective boundary conditions, taking into account the heat
exchange with blood on the sclera and air on the cornea are
used.

The values used for the physical parameters of the eye,
based on those reported in the works by Lagendijk [25] and
Scott [26], are given in Table III.

Lagendijk and Scott have also evaluated the convective
coefficients to be applied on the surface of sclera and cornea.
The values are W/(m C) for the sclera, and

W/(m C) for the cornea.
It must be noted that the coefficient takes into account

three mechanisms: evaporation of the tear film, convective
exchange with the air, and radiative exchange with the sur-
rounding objects.

III. RESULTS

A. Validation

In order to validate the algorithms used for SAR and
temperature evaluation, we have considered the exposure of
a muscle cylinder ( , S/m, kg/m ,

J/(kg C), J/(m s C),
J/(m s C), J/(m s),

J/(m s C), C, C) to a plane wave (
parallel to the cylinder axis) with a frequency of 2.45 GHz
and an incident power density of 100 mW/cm. The results
have been compared with those obtained using the analytical
solution [23].

Fig. 2(a) and (b) shows SAR and temperature distribution,
respectively, along the diameter of the cylinder. In particular,
the temperature distribution is shown at different instants of
time computed from the beginning of the exposure. The nu-
merical results are in good agreement with the analytical ones.
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(a) (b)

Fig. 2. SAR and temperature distributions in an irradiated muscle cylinder (dots represent values from the analytical solution). (a) SAR distribution.
(b) Temperature distributions.

TABLE IV
SARMAX INSIDE THE EYE COMPUTED USING

DIFFERENT TWO-DIMENSIONAL MODELS

B. SAR Distribution in the Two-Dimensional Model

Since a three-dimensional model of the whole head requires
a great amount of memory and computation time, we have first
studied the interaction of a plane wave with the head by using
a two-dimensional model.

These preliminary two-dimensional computations have been
aimed at the evaluation of the minimum portion of the head
around the eye to be considered in order to keep the model
truncation error at an acceptable level.

For this reason, three different models have been considered:
the first one is made up of a layer, extracted from the head,
and including the eye and some cells of surrounding tissues
(isolated eye), the second has been obtained by extracting from
the head a layer including the eye and nose (eye with nose), the
last considers the whole head layer. The results obtained with
the three models are given in Tables IV and V with reference
to and SAR averaged over the eye ( ),
respectively. The Tables show that in the eye with nose model,
SAR values are very close to those obtained with the whole
head, while the results obtained using the isolated eye model
are affected by a noticeable error, particularly with regard to

.
Analysis of Table IV indicates that the anatomical structure

most influencing the maximum SAR inside the eye is the
nose. In fact, scattering and reflections from the nose give
rise to a focalizing effect. As a consequence of this focal-
ization, increases when the nose is included in the
anatomical model.

Table V shows that the presence of the nose does not
considerably influence the average SAR. This is due to the

TABLE V
SARaverage VALUES INSIDE THE EYE COMPUTED

USING DIFFERENT TWO-DIMENSIONAL MODELS

fact that at 6 GHz, a lateral penetration of the field, reaching
the eye, is present. This field, penetrating from the truncated
sides of the anatomical model, increases the SAR absorption
inside the eye, compensating for the absence of the focalizing
effect of the nose. At 18 and 30 GHz, the field penetrating
laterally is absorbed in the few tissue cells surrounding the
eye so that the average SAR is about the same, independent
from the model.

On the basis of the previous observations, in the three-
dimensional simulations, we have used a model of the eye
which includes the nose and is large enough to prevent the
field penetration from the sides of the eye.

C. Effect of Glasses

Some two-dimensional simulations have been performed to
evaluate the effect of a glass lens, located in front of the cornea,
on the SAR levels absorbed in the eye. As a dielectric slab
located in front of a body can act as an adapter, it is possible
that the presence of the lens results in an increased power
absorption in the eye.

In order to find the distance of the glass lens [ ]
from the eye (chosen in the 1–2-cm range) and the lens
thickness (in the 2–5-mm range), which could maximize the
power absorbed in the eye, a simple unidimensional (layered)
model of the structure has been considered and analyzed using
microwave computer-aided design (CAD) software Touch-
stone.

The values obtained are shown in Table VI, together with
the fraction of incident power transmitted in the cornea with
and without lens.
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Fig. 3. SAR distributions in the three-dimensional eye model irradiated with 1 mW/cm2. (a) f = 6 GHz. (b) f = 18 GHz. (c) f = 30 GHz.

TABLE VI
VALUES FOR THE GLASS-LENS THICKNESS AND POSITION PRODUCING

THE HIGHEST POWER TRANSMITTED IN THE CORNEA

TABLE VII
SAR VALUES IN THE THREE-DIMENSIONAL EYE MODEL

The table shows that at the frequency of 6 GHz, the
glass lens induces a decrease in the power absorption, mainly
because of the reduced dimensions of the lens and the air
gap compared to wavelength. At 18 and 30 GHz, a lens of
appropriate thickness and position can almost perfectly match
the cornea to the air (see Table VI).

Using the values obtained with the monodimensional study,
we have performed some two-dimensional simulations on the
whole head model placing a slab of glass before the eye. The
obtained results differ from those of the monodimensional
study as the frequency increases. This is because at high
frequencies, the wavelength becomes comparable with the
dimensions of the eye and the monodimensional model is no
longer applicable. Notwithstanding these limitations, using the
distance and width values obtained with the layered model, we
have obtained at the frequency of 18 GHz, and with the two-
dimensional model, an increase in the SAR averaged over the
whole eye of approximately 31%.

TABLE VIII
TEMPERATUREVALUES AND HEATING INDUCED INSIDE THE THREE-DIMENSIONAL

EYE MODEL. INCIDENT POWER 1-mW/cm2 VERTICAL ELECTRIC FIELD

It must be noted that the unidimensional model is not
an accurate representation of the realistic situation and it is
possible that other values of the lens thickness and distance
from the cornea result in even worse absorption conditions.

D. SAR Distribution in the Three-Dimensional Eye Model

After the preliminary two-dimensional simulations, we have
performed SAR calculations on the more realistic three-
dimensional eye model, assuming an incident wave having
a power density of 1 mW/cm, equal to the most stringent
limit found in the safety standards previously examined. The
computed values are reported in Table VII, which shows
maximum and average SAR values in the whole eye and SAR
averaged over the lens alone.

The results show the way SAR changes with frequency. As
frequency increases, reaches higher values while, at
the same time, the average SAR decreases. This is because, at
higher frequencies, decreases and increases. The decrease
of results in a better matching between the tissues and the
air, with a higher fraction of the incident power entering the
eye. The increase of causes this power to penetrate at a lower
depth. The combined effect of these two mechanisms results
in an increase of the on the external surface of the
eye (cornea) and in a contemporaneous decrease in SAR value
averaged over the whole eye. The reason why the
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Fig. 4. Heating distributions in the three–dimensional eye model irradiated at 1 mW/cm2. (a) f = 6 GHz. (b) f = 18 GHz. (c) f = 30 GHz.

remains almost unchanged passing from 18 to 30 GHz (see
Table VII) has to be searched in the effect of the nose, which
has a higher focalizing effect at 18 GHz.

Table VII also shows that at the higher frequencies (18 and
30 GHz), the eye lens is negligibly reached by the microwave
power, thanks to the superficial absorption.

SAR distributions computed in the three-dimensional model
are shown in Fig. 3(a)–(c) for the three frequencies of 6, 18,
and 30 GHz, respectively. The figure refers to a horizontal
section at the eye center.

The analysis of the distribution at 6 GHz [see Fig. 3(a)]
shows that absorption takes place mainly in the part of the eye
opposite to the nose; this is the consequence of the scattering
by the nose itself. The distributions referring to the frequencies
of 18 [see Fig. 3(b)] and 30 GHz [see Fig. 3(c)] show a SAR
hot spot near the nose, due to its reflecting effect that focalizes
the field.

E. Heating Induced in the Three-Dimensional Model

Thermal analysis has been performed in two steps: first
of all, we have used the thermal model to evaluate the
temperature distribution in a nonirradiated human eye; starting
from this initial situation, we have calculated the temperature
increase induced by the incident microwave radiation using the
SAR values previously computed. During the thermal analysis
an ambient temperature of 24C has been assumed.

The results of thermal simulations, assuming an incident
power density of 1 mW/cm, are reported in Table VIII. The
table shows the maximum temperatures reached in various
parts of the eye and the maximum temperature increase
found in the cornea and lens. Due to the low incident power
levels and to the small volume subject to heating (superficial
absorption), the heating process has reached steady state after
approximately 7 min.

Analysis of data reported in Table VIII shows that the
heating induced inside the eye by an incident power density
of 1 mW/cm at the frequencies under study is minimal, both
in the lens and cornea.

It is interesting to note that the maximum temperature
increase in the eye has been obtained using the frequency
of 18 GHz. This is due to the fact that, at this frequency,

is high and the radiation is able to reach a penetra-
tion depth which is sufficient to heat the eye in the inner part
and not only on its external layer, which is in direct contact
with the air.

Instead, at 30 GHz, although the peak SAR is even higher,
the penetration depth is too small to increase the temperature
in an appreciable manner.

It is important to note that with respect to the lens, which
is the part of the eye most sensitive to heating, the most
dangerous frequency among those examined is 6 GHz. How-
ever, it has to be noted that at the frequencies of 18 and
30 GHz, although SAR dissipated in the lens is negligible,
the lens is subject to a certain amount of heating due to
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
central section of the model.

These profiles indicate the different characteristics assumed
by power absorption and heating in the eye. In particular,
it can be noted how heating becomes more superficial as
we move toward higher frequencies. However, thanks to the
heat conduction mechanism, the heating process extends to a
greater depth than that reached by SAR, as can be verified
comparing the heating profiles with SAR distributions in
Fig. 3.

The thermal profile relative to the frequency of 6 GHz
[see Fig. 4(a)] shows that heating is maximum in the part of
the eye opposite to the nose. Temperature distributions at 18
[see Fig. 4(b)] and 30 GHz [see Fig. 4(c)] instead show a
temperature hot spot in a zone located near the nose.

Comparison between heating profiles and SAR distributions
shows that in all three cases, the maximum temperature
increase is located in the same zone as the peak SAR. This
is mainly due to the fact that the blood flow is absent inside
the eye.
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IV. CONCLUSIONS

On the basis of the results obtained, it appears that the use
of the exposure limits proposed by the different protection
organizations we considered gives rise to temperature increases
in the eye, which are far from inducing lens opacification.

Anyhow, some interesting considerations can be done, es-
pecially with reference to the CENELEC and IEEE/ANSI
guidelines.

Using the reference level of 1 mW/cmindicated in the
CENELEC standard, the heating threshold of 0.3C in the
eye lens is never reached. However, applying the local SAR
limit (2 W/kg over 10 g of tissue) to the eye (which has a
mass little inferior to 10 g) temperature increases induced in
the lens at the frequencies of 18 and 30 GHz reach values
around 0.6 C, which corresponds to one-fifth of the threshold
for the induction of cataract (3C).

As to the IEEE/ANSI standard, the use of an incident power
density of 10 mW/cm would result in a temperature increase
in the lens greater than 0.3C both at 6 and at 18 GHz.
Moreover, an incident power density of 10 mW/cmat the
frequency of 18 GHz would be able to induce heating greater
than 0.5 C in the cornea.

The adoption of a basic limit directly involving the temper-
ature increase with different reference levels for the various
parts of the body according to their sensitivity to heating
could be more appropriate than the basic limit on average SAR
currently used. In fact, our study has shown that with the same
SAR value, as averaged over the whole eye, different heating
is obtained when frequency varies. This is due to the fact that
heating is influenced not only by the mean power absorbed in
a certain volume of the tissue, but also by the way in which
the SAR is distributed in the volume.
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