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SUMMARY The interaction between the human eye and
electromagnetic (EM) waves in the ISM (industrial, scientific,
and medical) frequency bands is investigated with the use of the
finite-difference time-domain (FDTD) method. In order to as-
sess possible health hazards, the specific absorption rates (SARs)
are calculated and compared with the recommended safety stan-
dards. In particular, we calculate temperature rises in the human
eye to assess the possibility of microwave-induced cataract for-
mation. The results show that the maximum values of averaged
SARs are less than the standard levels. In addition, we observed
what is called the ‘hot spot’ in the region of eye humor at 2.4 GHz
but not at 900 MHz and 5.8 GHz. Furthermore, the maximum
temperature rise due to the incident EM power density of 5.0
mW/cm2, which is the MPE (maximum permissible exposure)
limit for controlled environments, has been found to be at most
0.26◦C at 5.8 GHz, which is small compared with the threshold
temperature rise 3.0◦C for cataract formation.
key words: FDTD method, human eye, ISM frequency bands,

speci�c absorption rate (SAR), temperature rise

1. Introduction

In recent years, there has been an increasing public
concern about possible health hazards due to exposure
to EM waves. Accordingly, many international protec-
tion organizations and regulatory agencies have pro-
posed the safety standards for exposure to EM waves
[1]–[4]. These standards are based on the SAR, which
is a measure of the EM power absorbed in the tissue.
Thus a great deal of theoretical work has been done on
the SAR distributions in human bodies for exposure to
EM waves, assessing possible health hazards based on
these standards (reviewed in Ref. [5]).

The ISM frequency bands (900MHz, 2.4GHz, and
5.8GHz bands) [6] assigned for multiple-user applica-
tions are suitable for, and expected for, the wireless
LAN applications. The applications typically support
a limited number of users in an indoor area. Thus the
users are unconsciously exposed to EM waves which
directly come from antennas or which are reflected
and scattered from objects existing in the area [7].
The applications in these frequency bands also include
portable telephones, microwave ovens, and so forth.
The purpose of this paper is to investigate the thermal
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distributions in the human eye exposed to EM waves
in the ISM frequency bands. The reason for focusing
our discussion on the human eye is that it seems to be
one of the most hazardous organs because it has neither
blood flow to carry away the heat evolved nor skin layer
to protect it [8]–[10]. In the previous papers, the calcu-
lations have been carried out at 750MHz [8], 1.5GHz
[8], [9], and 6–30GHz [10]. The dielectric properties of
human tissues, however, are frequency-dependent [11],
[12]. Therefore, the SAR distributions in the human
eye should depend on the frequencies of applied EM
fields. This is the important fact to stress. In this pa-
per, we discuss in detail the frequency dependence of
SAR distribution for the human eye in the ISM fre-
quency bands.

Additionally, we calculate the temperature rise in
the human eye by using the Pennes’ bioheat equa-
tion [13] for investigating the possibility of microwave-
induced cataract formation [14], [15].

2. FDTD Method and Model for the Analysis

In this paper, we investigate the thermal distributions
in an anatomically-based model of the human eye ex-
posed to the EM wave in the ISM bands, with the use
of the FDTD method. The procedures for construct-
ing the model for the analysis are largely dependent on
Ref. [10]. In addition, only the outline of the FDTD
method will be described, since the detailed account of
the method can be found in the literature [16]–[18].

2.1 The Model of the Human Eye

In this paper, we do not consider a whole–head model
but a model which only consists of the eye and the
surrounding head region [8]–[10]. However, we have to
obtain reasonable solutions even if we use a simplified
model. For this purpose, we consider a two-dimensional
human head model as shown in Fig. 1. Note that the
procedures for constructing the model will be described
later in this section. We also consider another model
in which the rear part of the head is removed along the
line (A–A’ in Fig. 1). The position of this line is chosen
so that a sufficient portion of brains is included in the
model to get reasonable numerical results. The validity
of this model is guaranteed by the following facts:
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Fig. 1 Two-dimensional human head model through the center
of the eye.

Fig. 2 Relative errors in the SARs averaged over the human
eye.

• Major reflections occur at the boundaries between
eyeball and fat, and at those between fat and
brains. Therefore, the transmitted waves to brains
are not so large.

• The transmitted wave to brains is damped to be
small enough due to the conductivity of the tissue.
Hence, the SAR in the human eye is not affected
so much by the reflected wave from the back ends
of the human head.

Then, these models are illuminated by a plane wave
from the front of the head model. We calculate the
SARs averaged over the human eye for these two mod-
els and compare them in the frequency range between
0.1GHz and 2.0GHz. We show in Fig. 2 the relative
errors of averaged SARs between the two models. As
seen from Fig. 2, the relative errors of averaged SARs
are not so large, i.e., within 5.0% in the frequency range
above 800MHz. The reason why the relative errors are
large below 800MHz is that the conductivities of tis-
sues are not so large. Fortunately, the frequency range
we treat in this paper is above 800MHz. Thus we con-
struct the human eye model with the aid of a simplified
model in which the rear part of the head is removed.

Fig. 3 SAR distributions in the semi-infinite eye humor.
(The amplitude of SAR is arbitrary.)

The human eye model has been constructed from
photographic images of the human head. These im-
ages whose resolution is 3 dots / mm have been
taken from the Internet site “The Visible Human
Project”(http://www.nlm.nih.gov/research/visible/vi-
sible human.html). In order to use these images in the
FDTD method, we must divide them into cells. In this
paper, we divide these images into cubic cells with its
side length of 1.0mm. We should notice that the FDTD
stability requires cell dimensions less than λε/10, where
λε is the shortest wavelength in the system to be con-
sidered. We must use the cells with its side length of
about 0.7mm at 5.8GHz in order to satisfy this con-
dition strictly. For comparison, we show in Fig. 3 the
SAR distributions in the semi-infinite layer of eye hu-
mor for the cubic cell with its side length of 0.1mm and
1.0mm. Note that the results with the use of 0.1mm
cell corresponds to a more accurate solution, because
the condition mentioned above is well satisfied. As seen
from Fig. 3, we could obtain good agreement with the
accurate solution even if we use the cell size of 1.0mm.
Thus, in this paper, we use the cubic cells with its side
length of 1.0mm. The main reason for the validity of
this simplification is that the eye humor is a highly
lossy medium in the frequency range above a few GHz
[12]. Similar results of SAR calculations are reported
in Refs. [10], [19].

For geometries in which the wave-object interac-
tion has to be considered in open regions, the com-
putational space has to be truncated by using absorb-
ing boundary conditions (ABC) (See Refs. [16], chap.7
and [18], chap.2). In this paper, we adopt the Mur’s
2nd order ABC. In our simulation, we do not use the
whole head model but use a simplified human head
model which has been specified in the foregoing dis-
cussion. Therefore, the model abuts on the boundary
at the planes z=−22, z=58, and y=80 [mm]. Thus,
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Fig. 4 Geometry of the Problem. (a) Front view of the human
eye image. (b) Top view of the model around the eyeball on the
horizontal plane (z = 18 [mm]).

at the planes z=−22 and 58 [mm], which is parallel to
the propagation direction of the incident wave, we have
made the absorbing boundaries (ABs) themselves in-
volve conductivities for avoiding unphysical wave prop-
agations. Note that the conductivities of tissues chose
to ABs are used for those of ABs. The reflections at the
boundary are not negligible, but they do not affect the
human eye so much. On the other hand, the symmetric
boundary condition is applied along the center of the
nose.

The model obtained above is shown in Fig. 4, with
the coordinate system. Figures 4(a) and (b) show, re-
spectively, the front view of the human eye image and
the top view of the model around the eyeball on the
horizontal plane (z = 18 [mm]). The model obtained is
comprised of 80× 80× 80 cells. In this model, the eye
occupies a volume of 10.9 cm3, corresponding to a mass
of 11.0 g.

Table 1 Dielectric properties of the human tissues in the ISM
frequency bands.

Freq. 900MHz 2.4GHz 5.8GHz
Tissues εr σ εr σ εr σ
skin 46.1 0.84 42.9 1.56 38.6 4.34
fat 11.3 0.11 10.8 0.26 9.86 0.83

brains† 45.8 0.77 42.6 1.48 38.3 4.24
humor 68.9 1.64 68.2 2.44 64.8 6.67
cornea 55.2 1.39 51.7 2.26 46.5 5.66
lens 35.8 0.48 34.0 1.06 30.5 3.43
muscle 56.0 0.97 53.6 1.77 49.0 5.20
nerve 32.5 0.57 30.2 1.07 27.2 2.94

† The dielectric constants averaged over white matter and grey
matter are used for those for brains.

2.2 Dielectric Properties of Tissues

In the last subsection, we have constructed the human
eye model composed of nine tissues, i.e., lens, cornea,
humor, nerve, fat, skin, bone, brains, and muscle. In or-
der to incorporate these tissues into the FDTD method,
we must have their dielectric properties. The dielectric
properties of the tissues are determined with the aid
of the 4-Cole-Cole extrapolation [12]. The dielectric
properties of the tissues in the ISM frequency bands
are listed in Table 1.

3. SAR Calculations

We give, at the initial state, a plane wave [16]
with vertical polarization (See Fig. 4(b)). The power
density for the EM wave is assumed to be P0 =
5.0 [mW/cm2], which is the value of MPE limit for
controlled/occupational environments. Note that this
value is slightly different on the guidelines and/or in fre-
quency ranges [1]–[4]. On the other hand, according to
the IEEE 802.11 wireless LAN standard, the maximum
permitted output power of antennas for wireless LAN
applications at 2.4GHz is 1.0 [W] in the United States,
0.10 [W] in Europe, and 10 [mW/MHz] in Japan. Then,
the power density 5.0 [mW/cm2], needless to say, would
be sufficiently larger than the worst exposure for un-
controlled/public environments. Hence, the results ob-
tained in our simulation would cover various situations.

3.1 Calculations of SAR Distributions

For harmonically varying EM fields, the SAR is defined
as

SAR =
σ

2ρ
|Ê|2 =

σ

2ρ
(|Êx|2 + |Êy|2 + |Êz|2), (1)

where Êx, Êy, and Êz are the peak values of the electric
field components.

First, we show in Fig. 5 the SAR distributions on
the horizontal plane (x = 18 [mm]). As seen from Fig. 5,
the SAR distributions greatly depend on the frequen-
cies of the incident wave. For higher frequencies, the
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Fig. 5 SAR distributions on the horizontal plane (z = 18 [mm])
at (a) 900 MHz, (b) 2.4 GHz, and (c) 5.8 GHz.

peak values of local SARs are larger and the SAR distri-
butions are concentrated around lens and cornea. The
main reason for this is that the conductivities of tis-
sues become larger as frequency is increased [11], [12],
resulting in the decrease of the penetration depth of
EM fields. In order to clarify the EM penetration in
the eye, we illustrate in Fig. 6 the spatial distributions
of the SAR along the center line of the eye. Note in
Fig. 6 that the regions of 0–2.0 [mm], 2.0–9.0 [mm], and
9.0–28 [mm] correspond, respectively, to cornea, lens,
and humor. As seen from Fig. 6, the SAR distribution
at 5.8 GHz is concentrated around cornea and steeply
drops as we move into the interior of the eye. This
is because the penetration depth of EM fields becomes
shorter at 5.8GHz, as mentioned before. Additionally,
what is called the ‘hot spot’ is observed in the region
of eye humor at 2.4GHz (z � 16 [mm]) but not at 900
MHz and 5.8GHz. It is not easy to explain this dif-
ference in short. Thus, we investigate how the SAR
distribution depends on the frequencies of the incident

Fig. 6 SAR distributions along the line (x = z = 18 [mm]).

Fig. 7 Dependence of the averaged SAR on the frequencies of
incident wave (P0 = 5.0 [mW/ cm2]).

wave.
We show in Fig. 7 the dependence of the SARs av-

eraged over the whole eye and those averaged over the
humor on the frequencies of the incident wave. In this
analysis, we carry out numerical simulations in the fre-
quency range between 800MHz and 6GHz. As is ev-
ident from Fig. 7, both the averaged values of SARs
become maximum around 1.9GHz, which corresponds
to resonance. Similarly, both the averaged SARs have
two slight peaks at 2.9GHz and 3.7GHz. Then, the fre-
quency 2.4GHz is located between these resonant fre-
quencies and the eye becomes a quasi-resonant struc-
ture there. This is evident from Fig. 5(b) where the
SAR is substantially distributed over the whole eye.
Hence, the hot spot is found to be closely associated
with geometrical resonance. On the other hand, the
wavelength at 900MHz is larger than the fundamental
resonant wavelength. Therefore, the SAR distributions
are not largely affected by the geometrical structure of
the eye. At 5.8GHz, as mentioned before, the SAR
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Table 2 Comparison of averaged SAR values in W/kg.

1.5GHz 1g peak whole eye
Our Results 1.98 1.24
Results in [9] 2.11 1.22

6.0GHz 1g peak whole eye
Our Results 3.12 1.20
Results in [10] – 1.25

distribution is concentrated around cornea and lens.
This phenomena is also evident from Fig. 7 where the
difference between the SAR averaged over humor and
that averaged over the whole eye becomes larger as fre-
quency is increased in the range above 4GHz.

As stated before, this paper focuses on the ther-
mal distributions in the eye for plane wave exposures
in the ISM bands. In particular, resonance phenomena
found in this paper come from the standing waves due
to the geometrical structure of the eye. A more detailed
account of resonances in the eye is shown in Ref. [20].

Finally, in order to confirm the validity of our re-
sults, we compare our results with those reported in [9]
at 1.5GHz and with those reported in [10] . In these
comparisons, we use the dielectric constants in each
reference and adjust the size of our model to that re-
ported in each reference. As is evident from Table 2,
our results coincide with those reported before. Slight
differences in the compared results would mainly come
from the difference in the modeling of the human eye.
Note that in Table 2 ‘1g peak’ corresponds to the max-
imum value averaged over 1g tissues (10 × 10 × 10
cells). Thus one can safely state that the accuracy of
our model fall within an acceptable range.

3.2 Comparison of the Calculated Data with the
Safety Standards

We compare the SARs obtained in our simulation with
the safety standards [1]–[4]. According to the guide-
lines approved by CENELEC (1995) [2], the Ministry
of Posts and Telecommunications (1997) [3], and IC-
NIRP(1998) [4], exposure conditions are acceptable if
it can be shown that peak SAR values averaged over
any 10 g tissue and over the time duration of 6 minutes
are less than 10W/kg† for controlled environments. Ac-
cording to IEEE/ANSI [1], on the other hand, the stan-
dard is based on the peak SAR value averaged over any
1 g tissue (in the shape of a cube), and it must be less
than 8W/kg for controlled environments.

We show in Table 3 the SAR values averaged over
1g tissues and the whole eye. Note that, in this paper,
we adopt the SAR values averaged over the whole eye
(11.0 g) as those averaged over 10 g tissues.

The SARs averaged over the whole eye at 900MHz,
2.4GHz, and 5.8GHz are, respectively, 0.77, 1.45, and
1.03 [W/kg]. These values are much less than 10W/kg,
which means that they are within the safety standards.
For the SARs averaged over 1 g tissue as well, the val-

Table 3 SAR values averaged over tissues in W/kg.

915MHz 2.4GHz 5.8GHz
1g peak 1.11 2.72 3.03
Whole eye 0.77 1.45 1.03

ues obtained in our simulation are less than the safety
standards. Thus local peak SARs for the worst expo-
sure in the ISM frequency bands are well within the
safety standards, as far as the human eye is concerned.

4. Temperature Calculations

In this section, we calculate the temperature rises due
to the microwave heating in the human eye in order
to assess the possibility of microwave-induced cataract
formation, with the use of the Pennes’ bioheat equa-
tion [13]. When the thermal problem associated with
the eye is considered, the following simplifications are
valid [10], [22]. First, the blood flow in the human eye
is absent. Secondly, the heat exchange between the hu-
man eye and surrounding tissues are negligible. Thus
the human eye is considered as the object thermally
isolated from the head.

4.1 Bioheat Equation and Thermal Parameters

For calculating the temperature rises in the human eye,
we use the Pennes’ bioheat equation [13], [21]:

Ctρt
dT

dt
= K∇2T − ρt(SAR)− btT (2)

where T denotes the temperature rise of the tissue, K
the thermal conductivity of the tissue, Ct the heat ca-
pacity of the tissue, and bt the term associated with
blood flow. Note that in this analysis as mentioned
above, the term bt is negligible. Additionally, the
boundary condition for Eq. (2) is given in the next equa-
tion [8], [10], [22], [23],

H · (Ts − Te) = −K
∂T

∂n
(3)

where H, Ts, and Te denote, respectively, the convec-
tion coefficient, the surface temperature, and the fluid
temperature (corresponding to air and body core tem-
peratures).

We show in Table 4 the thermal parameters of hu-
man tissues. In this paper, we use the thermal parame-
ters of water as those for cornea and the heat capacity of
humor, as well as in Refs. [10], [22]. Note that the ther-
mal parameters for cornea may not be close to those of
humor. However, this mismatch does not lead to obvi-
ous errors, because the volume of cornea is very small.
Additionally, we use 20 [W/m2·◦C] and 65 [W/m2·◦C]
as the value of the convection coefficient between the
eye surface and air H1 and that between the eye surface

†The shape of 10 g tissue is a cube in CENELEC.
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Table 4 Thermal parameters of the Human Tissues.

Tissues Ct [J/kg·◦C] K [W/m· ◦C]
Cornea 4178 0.603
Humor 4178 0.59†
Lens 3000‡ 0.40‡

† [24]. ‡[25]. The other parameters are assumed to be equal to
those of water.

Fig. 8 Temperature distribution at the initial state
(z = 18 [mm]).

and body core H2, respectively [22]. We should notice
that the value of H1 includes the following effects, i.e.,
i) evaporation of the tear film, ii) convective exchange
with the air, and iii) radiative exchange with the sur-
rounding objects. Furthermore, this value is obtained
in the condition where the room temperature is 23◦C.
Thus, in this paper, the room temperature is assumed
to be 23◦C. On the other hands, the body core temper-
ature is assumed to be 37◦C.

We should notice that the results based on animal
experiments are used for the thermal parameters of hu-
mor and lens in this paper, because we have no reliable
data available on the parameters required in the model
of the human eye. Additionally, the thermal parame-
ters of water are used as those for cornea and the heat
capacity of humor, as mentioned above. Therefore, the
following results would clearly involve some uncertain-
ties.

4.2 Temperature Rises

At the initial state, we give the temperature distribu-
tion for steady-state as shown in Fig. 8. This distribu-
tion is obtained from the steady-state bioheat equation
[22]

K∇2T = 0 (4)

subject to the boundary conditions (Eq. (3)). Here, the
distribution is not symmetrical. This is mainly caused
by the geometrical asymmetry of the eye, particularly
by that of the eyelid.

We show in Fig. 9 the temperature rises along the
center line of the eye. From Fig. 9, the peak tempera-
ture rise in the eye is, respectively, 0.09◦C at 900MHz,

Fig. 9 Temperature rises along the line (x = z = 18 [mm]).

0.15◦C at 2.4GHz, and 0.26◦C at 5.8GHz. Note that
this temperature rises are caused by EM exposures with
power density of 5.0 [mW/cm2], because the SAR dis-
tributions are calculated at that power density.

Comparing Figs. 6 and 9, the distributions of tem-
perature rise are not linearly proportional to those of
SAR. The reason for this is that the heat in the human
body is diffused by Eq. (2). Additionally, the tempera-
ture rises are relatively concentrated around the region
of lens. The reason for this is that the convection coeffi-
cient between human eye and air H1 is small compared
with those between the human eye and the human head
H2, leading to the heat concentration around lens. The
temperature rise for exposure to EM waves in the ISM
bands was at most 0.26◦C at 5.8GHz, which is found
to be small compared with the threshold temperature
rise 3.0◦C for cataract formation [14].

5. Conclusions

In this paper, the thermal distributions in the human
eye for plane wave exposures in the ISM frequency
bands were evaluated. For the analysis of the problem,
we constructed an anatomically-based model, and the
interaction between the model and the EM waves were
investigated with the aid of the FDTD method. First,
the SAR distributions were calculated in the model and
compared with the recommended safety standards. Ad-
ditionally, for assessing the possibilities of microwave-
induced cataract formation, we calculated the temper-
ature rises in the human eye for exposure to EM waves
with power density 5.0 [mW/cm2], which is the MPE
limit for controlled environments.

From numerical analysis, we found the following
results. The SAR distributions were found to be greatly
dependent on the frequencies of the incident wave. Sec-
ondly, the SARs averaged over 10 g tissues were found
to be small compared with the recommended standards.
Furthermore, the maximum temperature rise for expo-
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sure to EM waves in the ISM bands was at most 0.26◦C
at 5.8GHz, which is found to be small enough compared
with the threshold temperature rise 3.0◦C for cataract
formation.
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