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Abstract

This paper presents the computed Specific Absorption Rate (SAR) in the human eye using measured
field strengths from RF signals radiated by FM radio, TV and mobile cellular base stations operating
in the 900 MHz band, in different parts of Sri Lanka. The SAR values in the eye are well below the
internationally recognized FCC standards on human exposure to RF radiation. Calculations were
carried out using the Finite Difference Time Domain (FDTD) method.

The estimated SAR distribution in some organs of the human body due to exposure from signals of
frequencies ranging from 100 MHz to 2500 MHz, based on an incident field of strength 1 VV/m, are also
presented. Some of the most vital organs of the human body, the eye, the testis, the brain and the
kidney, have been examined. Results indicate that in all the organs investigated except in the testis,
the maximum SAR increases with increasing frequency. Among the four organs the highest SAR of
value 0.308 W/kg is in the eye and it occur at the highest frequency.

The SAR distribution in the eye shows that beyond 900 MHz its maximum value shifts towards the
interior of the eye and at 2500 MHz it is almost at the centre of the eye. In the kidney, at low
frequencies, the highest SAR is at the front layers and it gets shifted to the centre of the kidney at 900
MHz and beyond this frequency the peak SAR shifts towards the interior. SAR values inside the four
vital human body organs analyzed in this paper are below FCC standards and therefore at present we
are safe.

1. INTRODUCTION

The rapid deployment of wireless communication systems such as cellular phones has caused an
increased concern for the potential dangers to public health as a result of exposure to electromagnetic
waves. Signals are transmitted in the form of electromagnetic waves in all directions by FM radio
transmitters broadcasting in the VHF region and TV transmitters broadcasting in the VHF and UHF

* Corresponding Author, E-mail: indra@ent.mrt.ac.lk



M. A. A. Karunarathna and 1. J. Dayawansa, Sri Lankan Journal of Physics, Vol. 7, (2006), 35-47

regions. In cellular mobile systems and fixed wireless local loop systems, base stations transmit in
the UHF and microwave regions. Computer networks and the Internet are accessed using wireless
techniques at frequencies in the microwave range from 2 to 4 GHz, using bluetooth technology for
short distances, WiFi technology for longer distances and WiMax technology for very long distances
such as 10 to 20 km. As the number of users grows, more base stations are installed to increase the
system capacity. In urban areas, base stations are closer together but operated at lower power
levels than the rural areas where cells tend to be larger in size. Thus we are constantly being exposed
to RF and microwave radiation from a variety of wireless communication systems. The electromagnetic
waves of different power levels and different frequencies penetrate into the human body causing
health risks; this is of great public concern.

The rate at which electromagnetic energy is absorbed by the tissues of the human body is usually
quantified by the specific absorption rate or the SAR value. It is a quantity that depends on the tissue
mass and the strength of the electromagnetic waves inside the body as given in equation (1),

SAR = %%|E|2 o)
where E is the electric field intensity of the electromagnetic wave in the tissue, s and r are the
conductivity and tissue mass respectively, of the human body organ under examination. To avoid
adverse health effects, several reputed organizations such as the Institute of Electrical and Electronic
Engineers [1] (IEEE), Federal Communications Commission [2] (FCC), the National Council on
Radiation Protection and Measurements [3] (NCRP) and the International Committee on Non-
lonizing Radiation Protection [4] (ICNIRP) and the National Radiation Protection Board [5] (NRPB)
have adopted exposure guidelines for the general public as well as for RF workers in the course of
their regular duties. According to FCC standards, the safe level of SAR for the general public is 1.6
W/Kg in 1 g of tissue. Standards also specify the exposure level in terms of the incident electric field
strength, E (\V/m), and the power density, S (W/m?). ‘Exposure Quotient” is a useful dimensionless
quantity that expresses the exposure due to electric fields of multiple radio signals at any location as
given inequation (2).

Exposure..Quotient = i 2)
posure.Q < MPE,

where S, is the power density and MPE is the maximum permissible exposure of power density at
the i" frequency. For safety, the ‘exposure quotient” must be less than or equal to one.

2. BIOLOGICAL EFFECTS DUE TO EXPOSURE

It has been known for many years that exposure to RF radiation can be harmful due to the ability of
RF energy to heat biological tissue rapidly. Exposure to very high RF power densities of the order of

36



M. A. A. Karunarathna and 1. J. Dayawansa, Sri Lankan Journal of Physics, Vol. 7, (2006), 35-47

100 mW/cm?, can result in heating biological tissues and thereby increasing the body temperature
[6]. Tissue damage could also occur during exposure to high RF levels because the body is unable
to cope with or dissipate the excessive heat that could be generated. Under certain conditions,
exposure to RF energy at power density levels of 1 to 10 mW/cm? can result in measurable heating
of biological tissue [6] but not necessarily cause tissue damage. Two areas of the body, the eyes and
testis, are known to be particularly susceptible to heating by RF energy because of the relative lack
of available blood flow to dissipate the excessive heat. It is reported that short term exposure to
very high levels of RF radiation have caused cataracts in rabbits [6]. Temporary sterility, caused by
such effects as changes in sperm count and sperm mobility, is reported to be possible after exposure
of the testis to high-level RF radiation. Mice and rabbits have been employed for most of the
experimental investigations on biological effects of RF exposure.

The RF exposure levels in different parts of Sri Lanka are known [7]. The measured values consisted
of fields radiated by a large number of FM radio, TV and cellular mobile base stations. From several
spot measurements taken from over 20 major towns in the country it has been shown that the
exposure levels at these locations are well below FCC standards [2,7]. This paper reports the SAR
values calculated for the human eye, using the measured values of the electric field strength in different
cities in Sri Lanka and they are compared with the FCC standards. The eye is taken for the calculations
because it is one of the most sensitive organs of the human body. This paper also reports the results
of estimated SAR distribution in different organs of the human body such as the eye, brain, kidney
and testis, due to different incident RF signals at different frequencies.

3. FIELD DISTRIBUTION INSIDE THE BODY AND SAR CALCULATIONS

Several methods have been described in the literature [8] for numerical calculations of rates of
electromagnetic energy absorption. One common technique is the Method Of Moments or MOM
which is a frequency domain technique. The other common method is the Finite Difference Time
Domain or FDTD which is atime domain method. The FDTD method first proposed by Yee [9] and
later developed by many researchers [10-12] is the most often used numerical technique to solve
the electromagnetic dosimetry problems [13-15]. This paper reports results of SAR calculations
using FDTD method to examine the SAR distribution in different organs of the human body.

3.1 Field Distribution inside the body

The electric field intensity at different points that make up the organ under investigation is obtained
using the FDTD method. In this method, Maxwell’s equations in the differential form are solved
when an incident uniform plane electromagnetic wave propagates through the body as shown in
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Fig.1. Thisis carried out in a time-stepped manner until convergence is reached.

The Maxwell’s time-dependent curl equations are,

o0H
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The body under investigation is divided into a large number of small cubic cells of size ,, 8y, 6, and

the investigation is carried out at ‘ot” time intervals until steady state is reached.

Fig. 1 Uniform plane wave incident on the body.
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The components of E and H fields are positioned at half step intervals around a unit cell. The
parameters ¢, L and € are the conductivity, permeability and permittivity respectively of the body.
The vector equations (3) & (4) represent a system of six scalar equations, which can be expressed
in the rectangular coordinate system (X, Y, z) as;
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The propagation of an incident RF wave, E,, through the body having electrical properties, o, uand
eisgoverned by equations (5) to (10). The equations are solved using FDTD method by converting
the six partial differential equations into six difference equations from which all six field components,
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E, E, E, H, H,H,canbe obtained. Following Yee’s notation, we assume that the grid points of
the body are defined using (i, j, k) with coordinates given as, (i9y, jo,.kd,) ,where 6 =06, =6, =9,
is the size of the unit cubic cell.

For good accuracy in FDTD simulations, the cell dimensions should be less than one tenth of the
wavelength in the medium when it has the highest permittivity.

0.1c

1e (11)

5<0.14, =

e
For stability, the time step is given by,

o
12
51—20 ( )

Inthe FDTD method, the radiation condition is not implicit and therefore as the RF wave propagates
inside the body, the scattered waves must be truncated at the edge of the computing field. The
truncation used is in accordance with Bayliss and Turkel [16], and it results in an error as given by
equation (13).

. 25
Error = {Zn'fr} (13)

where fis the frequency of the incident signal, r is the distance from the center of the scattering site
to the edge of the computing field and c is the velocity of light in free space.

Equation (13) implies that problems using lower incident frequencies may require a larger volume
surrounding the body to avoid errors due to imperfect truncation conditions. Thus a computing field
of approximately 56 to 103 is used for minimum truncation error [17].

3.2SAR distribution

When the E-field distribution inside the body is estimated, the SAR distribution is also easily obtained
from equation (1). The region with the maximum field corresponds to the region with maximum SAR
value. Hence the maximum SAR and the SAR distribution for different body organs of different
shapes and sizes having different electrical properties, o, 1 and e can be estimated from the E-field
distribution.

4. ORGAN MODELS FOR SAR CALCULATIONS

For SAR calculations, the body organs under investigation are modeled in such away that calculations
can be carried out without much difficulty. Spherical models are used for the human eye [18] and
testis [19] with average radii being 18.75 mm and 25.50 mm respectively. A cubical box model of
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side 20 cm is taken for the brain. A rectangular box model of 11x6x4 cm is taken for the kidney
[19]. Tissues of brain, eye sclera, kidney and testis are taken as homogeneous. For electrical
characterization of the tissues, the permittivity and conductivity data reported in Gabriel’s paper
[20] and their highest values in the range of frequencies of interest are taken for SAR calculations.
According to equation (13), the lower incident frequency dictates a larger surrounding volume to
minimize errors. Rather than using an enormous amount of computer resources, the cell size was
increased at lower frequencies, without sacrificing accuracy and stability of the solutions. Using the
symmetrical properties of the organs, only one fourth of the organs are used for SAR evaluation, in
order to reduce the computational time.

For evaluation of the SAR in the human eye at the frequency of 900 MHz, the eye was divided into
a number of cubic cells of size s=1.25 mm and enclosed in to a rectangular box of size
390x390x%399, and lattice truncation condition was applied for the FDTD method. Fig. 2 shows
one forth of the eye model at this frequency. The incident plane wave is assumed to propagate in the
+y direction. This wave is generated at the lattice plane y=30. At planes y=0, y=396, x=4/2 and
z=0the field components E and H_are determined using lattice truncation conditions.

" .

X=EIT§5 E=1354

k J
»4

Fig. 2 The eye model and the axes

All models selected for SAR evaluation in the eye, brain, testis and kidney are shown in Fig.3.

E
[¥]
T . B cm
(a) cubical box model; (a) Spherical model; () rectangular box model;  (a) Spherical model;
brain eye kidney testis

Fig. 3 Human organ models and their dimensions (a) Brain (b) Eye (c) Kidney (d) Testis
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5. OBSERVATIONS & RESULTS
5.1 SAR Levels in the Eye of the Public

The SAR values in the eye are evaluated using FDTD method for the public using spot field
measurements [7] taken in different urban areas. As the human eye is one of the most sensitive
organs of the body, the SAR values for 1 g tissue of the eye are evaluated for the worst-case
situation for each city for compliance testing. The maximum SAR values obtained are given in Table
1. Thetotal SARlg foraparticular frequency range is calculated by multiplying the maximum SAR
value by the number of received signals of that frequency range. This procedure is applied to the
other three frequency ranges as well and finally the grand total SARlg is calculated for each site.

As seen in the results, the total SARlg values in each city are well below the safe limits. The highest
SAR value of 0.0922 W/kg was observed from Badulla; measurements were made at the Uva
provincial cricket grounds. The measurements indicate that the highest contributor to the SAR at
Badulla is from the mobile base stations; perhaps the measurement site which is the Uva provincial

Table 1. Maximum SAR in the eye of the general public

City No. of received signals SAR;, (W/kg) for the human eye
Bl E] o H "
o Fep [ < 9 = —
s 21528 3| = > & & |£235| 3
fy NN = ﬁ &3 s > = 5 S 985 g
> | > A ~ = O E @
|
Colombo Fort | 30 [ 06 | 15| 89 | 140 | 3.69%X10° | 2.90x10° | 7.14X10° | 222%10? | 2.22x 107
Nuwara-Eliya | 30 | 04 | 04 | 44 | 82 | 1.35x10® | 3.50x 10° | 9.08x 10° | 2.94x 10* | 3.88x 10™

Colombo Uni. | 25 |06 | 14 | 76 | 121 | 2.24x 107 | 2.70x 10® | 2.77x10* | 2.62x 107 | 2.90% 107

Kegalle 25 [ 06| 05|31 ] 67 | 1.63%x10° | 1.07x10° | 1.45%107 | 8.55%10° | 8.55x 107
Dambulla 15 [03]06[28] 51 | 1.21x10" | 1.18x 107 | 4.84x 107 | 9.68x 10> | 9.73%x10°
Matale 34 |o06]06|24( 70 | 8.16x10"° | 2.59%x10° | 9.59x 107 | 433x10° | 4.43x107
Kuliyapitiya 35 |06 | 05| 12| 58 | 261x 10" | 1.38x10° | 4.14x 107 | 2.09x 10° | 2.52x10°
Kandy 32 0912 ]51] 104 | 678x10° | 4.16x10° | 1.41x10° | 547x 10* | 548x10™
Gampaha 37 |06 |04 |30] 77 | 431x10" | 339%x10° | 1.13x 107 | 638x 10° | 6.38x 107
Matara 27 02|06 |48 | 83 | 3.44x 10" | 2.53%x 10" | 4.81x107 | 6.60x10* | 6.61x 10
Galle 22 [o1]03 |31 57 | 7.10x10" | 227x10™ | 7.15%x10° | 8.22x10% | 8.22x 107
Kurunegala 34 |04 | - [ 51| 89 | 3.54x 10" | 1.14x 107 - 2.60x 10 | 2.60x10™

Moratu. Uni. 41 [ 06| 13 |44 | 104 | 1.17x10° | 7.78x 107 | 1.91x10° | 2.33x 107 | 2.35%x 107
Ambalangoda | 19 |02 | 04 [ 34 | 59 | 831x 10" | 576x 10" | 1.86x 107 | 6.98x 10* | 6.98x10™

Anuradhapura | 29 |05 | - |58 | 92 | 1.57x10" | 3.31%10” - 1.74X 107 | 1.74X107
Mahiyangana | 14 |03 | - [ 18| 35 | 8.04x 10" | 9.78x 10" - 1.52x10* | 1.52x10™
Badulla 13 1060539 62 | 237x10™" | 1.90x10° | 1.64x10* | 9.21x107 | 9.22x10?
Ratnapura 19 [02]02]32] 55 | 1.78x10" | 3.12x 10" | 6.26x 10° | 3.34x 10 | 3.34x10™
Chilaw 33 06|01 |32] 72 | 285x10" | 3.79%10" | 424%x10° | 1.63%x102 | 1.63%x107
Puttlam 31 [o06| - [36] 73 | 219x 10" | 3.34x 107" - 3.88x 10° | 3.88Xx10°
Negombo 38 {06 | - [41] 85 | 3.17x10" | 9.67x10° - 9.72x 10* | 9.72x 10"
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cricket grounds is surrounded by a significant number of mobile base stations. The estimated SAR
value at the site is 5.76% of the FCC standard of 1.6 W/kg for the general public. Results in Table
1 also show that the main exposure from all sites is due to the cellular mobile base stations. As the
cellular mobile base stations are rapidly on the increase, the SAR would increase beyond the values
given in the table and some public concern has to be expected as high SAR could cause health
risks. There are no such field measurements or SAR calculations reported from neighbouring countries
for comparison. Up to now there are very few results reported from other parts of the world [21]
and they include only emissions from one or two transmitters and as such the estimated SAR values
are very low.

5.2 Maximum SAR in the human body organs: eye, brain, kidney and testis

The maximum SAR in four vital organs of the human body due to RF & microwave exposure from
auniform field of strength 1 \VV/m is examined. This field strength is a reasonable value for worst case
estimates. SAR calculations are carried out for incident signals of frequencies from 100 MHz to 900
MHz in the range where field strength measurements are carried out. Calculations are extended to
frequencies from 900 MHz to 2500 MHz which are used at present in cellular mobile systems and
fixed wireless communication systems. The human body organs are modeled as mentioned earlier in
this section. The SAR at a single frequency is estimated as a uniform plane sinusoidal wave of that
particular frequency is made to propagate into the organ. The maximum SAR values for 1 g of the
tissue are shown in Table 2.

Table 2. Maximum SAR,, values in the brain, eye, kidney and the testis

Maximum SAR;, (W/kg)
Organ Model
100 MHz 200 MHz 500 MHz 900 MHz 1800 MHz 2500 MHz
Brain Cubicalbox | 134x 105 | 4.77X 10-5 2.89x 104 744% 1004 | 17.84x 1073 | 29.96x 1073
Eye Spherical 129% 100 | 2.09% 1073 127% 103 203x 102 | 11.14x 102 | 30.80x 102
. Rectangular
Kidney B 459x 100 | 270x 105 | 429x 103 | L16x 102 | 201x 102 | 682x 102
Testis Spherical 3.49x 1076 6.62x 1075 3.34% 1073 3.17% 102 | 19.48x 102 | 1533% 1072

Table 2 shows that in all organs except the testis, the maximum SAR, values increase with increasing
frequency. Our calculations show that the highest SAR is in the eye and it is approximately 0.31 W/
kg and occurs at the highest frequency of 2500 MHz. The FCC standard is 1.6 W/kg. Such high
values of SAR are considered to be a possible cause of eye cataract [22-23]. The SAR in the brain
is higher than that of all other organs at low frequencies. In the case of the testis, the maximum SAR
increases with increasing frequency; reaches a peak at 1800 MHz and falls off as the frequency
continues to increase. This is clearly seen when the SAR distribution is examined as discussed in the
next section.
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5.3 SAR distribution in human body organs

The distributions of SAR in the four organs, eye, brain, kidney and the testis due to RF and microwave
signals of different frequencies is examined at a field strength of 1 \VV/m. Calculations are carried out
at from 100 MHz to 2500 MHz. From 100 MHz to 900 MHz, there are some differences in the
shape of the SAR distribution curves in the cases of kidney and testis. For clarity, Figs. 4, 5, 6 and
7 show the SAR distributions in the eye, brain, kidney and the testis at 100 MHz and 900 MHz. The
horizontal axes show the depth of each organ in the direction of propagation of the electromagnetic
wave or the signal. The origin corresponds to the centre of the front layer of the organ.

Fig. 6 indicates that the highest SAR values are observed at the front layers of the brain at all
frequencies and an increase in the frequency does not affect the shape of the curve. In the case of the
kidney, at low frequencies, the highest SAR is observed at the front layers and this gets shifted
towards the center of the kidney at 900 MHz.
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Fig. 7 SAR in the testis

When the frequency of the incident signal is increased beyond 900 MHz, in the eye and the testis, an
increase in the SAR value is observed towards the interior of the organ. The eye and testis are said
to be more sensitive to higher frequencies [21]. In the case of the eye, the position of the highest
SAR gets shifted towards the center of the eye as the frequency increases. This implies that when
the eye is exposed to higher frequencies, ‘hot spots’ are created towards its center as seen in Fig. 8.

A similar behaviour is observed in the testis, as shown in Fig. 9. However the peak value decreases
beyond a certain frequency, in this case at around 1800 MHz.

In the case of the kidney, the SAR distribution is such that, although at low frequencies the SAR is
high at the surface, this value drops to less than half at high frequencies. However, there is a broad
peak towards the middle of the testis at high frequencies and the peak becomes narrower and
sharper with increasing frequency; its magnitude gradually drops as the frequency increases. This is
shown in Fig. 10. Its biological implications are not yet known.
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6. CONCLUSIONS

45

All field measurements taken indicate that the estimated SARlg value in the eye tissue of the public,
in major cities of Sri Lanka, is reasonably below the FCC standard. However the estimated SAR
values are not too far away from safety standards. Our measurements were confined to FM radio,
TV and Cellular Mobile operating in the 900 MHz band. We could not take field measurements
from CDMA fixed wireless networks operating in the 2500 MHz band, as they went into operation
recently. The major contribution to the SAR is from the mobile cellular base station emissions.

For theoretical calculations of SAR in the several organs of the body, we considered signals of
frequencies ranging up to 2500 MHz. However calculations are based on an incident field of strength
of 1 V/mwhich is close to the worst case considering the measured field strengths. It is also the field
strength considered by many other researchers. Of the four vital body organs examined, the highest
SAR levels are seen to be at the front layers of the organs up to a frequency of 900 MHz except in
the case of the kidney. A peak occurs in the SAR in the middle of the eye and in the testis at high
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frequencies. The similar peak in the SAR curve is seen in the kidney. Its magnitude gets smaller
when the frequency goes beyond a certain high frequency and the peak gets shifted to the interior
with increasing frequency. However, all estimated values are reasonably less than the public safety
limits specified by FCC.

When the 3G mobile communication systems become operational in the very near future, public
would be exposed to more microwaves and the exposure levels would go up. The eye and testis
would be exposed to higher frequencies such as 3500 MHz and beyond. As such “hot spots’ would
be created close to the center of the eye and the testis; this certainly should be of public concern. As
the demand for telephone and broadband internet access increases, the wireless network providers
would install more base stations with the result that the strength of the field exposed to, by the public,
would go up and with that the SAR would go up. Hence it is advisable to carry out SAR evaluations
periodically to check and maintain SAR at acceptable levels for public safety. Our results indicate
that the maximum SAR values inside the four vital human body organs analyzed in this paper are
below FCC standards and therefore at present we are safe.
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