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ABSTRACT

In Sri Lanka, more base stations are being installed in every part of the country. This may cause a potential
danger to public health. The amount of electromagnetic energy absorbed by the body is given by the Specific
Absorption Rate (SAR) in W/kg. International regulations specify the maximum acceptable SAR value and
field density for public safety.

Electric field strengths due to base station antennas are measured in different parts of the country at sites which
represent a normally high population during daytime and three frequency bands of 900 MHz, 1800 MHz and 2
GHz are considered. Field strength is measured at 30 locations in main cities in the country. The present
exposure levels are found to be below the maximum limits set by the FCC (Federal Communication
Commission) guidelines. From among the measured sites, highest is reported at Vavuniya mostly due to the 2
GHz band. Among those five network providers, one particular service provider dominates in all three
frequency bands.

The SAR values are calculated by using Finite Difference Time Domain (FDTD) method. The maximum SAR
for the eye under worst-case conditions is 0.1491 W/kg was observed from Galle and the highest contribution
is due to 2 GHz band.

The human eye at 2500 MHz was considered to observe how the electrical properties of the tissues affect the
electromagnetic energy absorption in an organ. When relative permittivity &, is perturbed in small percentages
with conductivity o remaining unchanged; the value of the maximum SAR also changes by small values.
However, both these cases, when the electrical properties are changed, the location of maximum SAR remains
unchanged. It is exactly at the center of the eye.

Keywords - Radio Frequency (RF) Radiation, Exposure Quotient, Maximum Permissible Exposure, Electric
Field Intensity, Specific Absorption Rate.

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.
Telecommunication towers or base stations (BS) are continuously being erected. An incredible amount of
publicity generated in the mass media about ease of access to cellular phones has also caused great concern
among people.

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 incident on the body as given in equation (1),

sAR = Z|gf 1)
P
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where E is the root mean square of intensity of electric field at considered point, o and p are the conductivity
and mass density of tissue of the human body organ under examination respectively. To avoid adverse health
effects, several reputed organizations have adopted exposure guidelines for the general public as well as for RF
workers in the course of their regular duties. According to FCC guidelines [1], the safety level of SAR for the
general public is 1.6 W/Kg in 1 g of tissue. Several methods have been described in the literature [2] for
numerical calculations of rates of electromagnetic energy absorption. The Finite Difference Time Domain or
FDTD is the most often used numerical technique to solve the electromagnetic dosimetry problems [3-5]. 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 guidelines. The eye is taken for
the calculations because it is one of the most sensitive organs in the human body.

Standards also specify the exposure level in terms of the electric field strength, E (V/m), and the power
density, S (W/m?). ‘Exposure Quotient’ [6] is a useful dimensionless quantity that expresses the exposure due
to electric fields of multiple radio signals at any location as given in equation (2).

. n, S, 2
Exposure Quotient = ' 2)
iZ:l: 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.

By using these two factors i.e., “Exposure Quotient” and “SAR”, a particular location can be checked whether
it is free of RF hazards or not. By doing this in this study, several spot measurements were taken from 30 major
towns in the country with respect to the mobile base station antennas operating three main frequency bands.

1.1 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 Fig.1. This is carried out in a
time-stepped manner until convergence is reached [7-10].

The Maxwell’s time-dependent curl equations are,

oH
VAE=-pu— 3
NE=—u— ©)
V/\H:GE+566—|tE 4)

Here E — Electric field strength, H — Magnetic field strength, p - Permeability of the medium, ¢ - Permittivity
of the medium, ¢ — Conductivity of the medium.

The body under investigation is divided into a large number of small cubic cells of size &y, dy, and 5; and the
investigation is carried out at ‘3t’ time intervals until steady state is reached.

E;
> bodw
—_—
- " o U £
—_—

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 vector equations
(3) & (4) represent a system of six scalar equations, which can be expressed in the rectangular coordinate
system (X, Y, z) as;

OBy _1[oH, dHy OEy, 1(oH, oH
=_ z _ — ok _ X z
ot 8[ o o Xj ®) 6’ty _Z( oz ox OEVJ ©)
OB, _1[Hy oH, L oH, 1(0Ey 0OE,
ot el x oy O ° (7) ot ul oz oy (8)
6Hy :i 8EZ B 6EX aHz —i 5EX _8Ey
ot wul ox oz ) ot ul oy ox (10)

The propagation of an incident RF wave, E;, through the body having electrical properties, o, x and ¢ is
governed 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 6 field components, Ey, Ey, Ez, Hx, Hy, H, can
be obtained. Following Yee’s notation, we assume that the grid points of the body are defined using (i, j, K)

with coordinates given as, (10, j8y,kd;), where 6 =6, =5, =6, 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 (Am) when it has the highest permittivity.

ie:

S<01l — 0.1c )

"ot

For stability, the time step is given by,

o

ot = 2 (12)

In the 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 field which has been simulated. The truncation
used is in accordance with Bayliss and Turkel [10] and it results in an error as given by equation (13).

c 2.5
Error ~ {27: . r} (13)

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

According to the literature [11-12]., in the human eye model, from 100 to 900 MHz the highest SAR value is
reported at the front layers of the eye. At 900 MHz some highest SAR spots appear around the center of the
eye and the highest can be found at 2500 MHz and is exactly at the center. Therefore the other effort was to
examine how the electromagnetic energy absorption depends on the electrical properties of the organ.
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METHODOLOGY

2.1 Field Measurements

The measurements of field intensity were made at different locations, which represent highly populated flat
urban environment, such as Colombo, Gampaha, Jaffna and Kurunegala. Further, along the coastal belt from
Jaffna to Trincomalee which are urban. Kandy, Matale, Nuwara-Eliya, Badulla and Bandara wela are hilly
areas at high elevation and measurements were taken from other areas of the country as well. The
measurement set up consists of standard Yagi-antenna (Telewave product — USA) of different frequency
ranges and a spectrum analyzer (Anritsu MS 2712 E — 100 kHz to 4 GHz). Three different antennas were used
to measure the signals in 900 MHz, 1800 MHz and 2 GHz bands.

All measurements were taken during the daytime when most of the mobile phones are normally in use. For
measuring the field strength in each city, a particular location was selected by considering the most populated
areas such as public bus stands, railway stations, playgrounds, etc.

For a particular network provider, operating in a certain bandwidth, the maximum voltages received were
obtained with respective to the different channels operated in that frequency slot from the spectrum analyzer.
This was done by rotating the antenna in 360° in 8 steps as 45° divisions. The approximate time spent for a one
step was two minutes. Then finally it gave the maximum voltages (Vm) received for the corresponding channels
belonging to the network provider. Likewise for one frequency band, all signals received belong to different
network providers within the allocated frequency slots were scanned at a particular location. This was repeated
for other two frequency bands as well.

The measured value of Vim was converted to field intensity E (dBu V/m) using Eq. (14). Then it was converted
into the numerical value.

E (dBuV/m) = K (dB/m) +V, (dBuV)+L (dB) (14)

Where, K (dB/m) is the antenna factor which is the ratio of electric field strength at the antenna to the voltage
produced at the antenna connector. The value of K is given by the antenna manufacturer. Here L (dB) is the
total system loss. The measured signal field strength is only from one direction and it is in the direction of
maximum field strength received for that signal. For the worst case (maximum possible) situation we suppose
that this field comes from three orthogonal directions. This will be added as an additional safety factor for the
exposure level. Hence,

EV%Iorst =E>2( +E$+E§ ; EX :EY :EZ =E

Max
Therefore,
EWorst = \/gEMax (15)

The power density in worst-case situation can be written as;

2
— EWorst (16)
n

S Worst

Where 7 is the intrinsic impedance of which equals to 377 Q. The Electric field strength and the Power density
were calculated using Eq. (14) to (16). Then the respective “Exposure Quotient” can be calculated using
equation (2).

2.2. SAR Calculation

As the human eye is one of the most sensitive organs in human body, SAR values are evaluated for each site
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with respect to the human eye. The process of this work is summarized as shown in Fig. 2.

Mﬂi{mlﬁm Maximum incident Eye
inciden -

. lain wave model
Electric Field =

ardad

SHONENIED

Worst case Maximum Electric
SAR Field inside eye

Fig. 2. Block diagram of the SAR calculation Process

For a particular site, there are a large number of signals with respect to the three frequency bands. In one
frequency band, the maximum received signal was taken as the sinusoidal incident plane wave and it was
allowed to interact with the eye model. According to FDTD method, the equations for E and H are solved as

described using the Matlab programming.

Then the SAR can be calculated at each point by,

SAR(X, y,z):ix E2 (X,Y,2) (17)

2 p max

Then the highest value of these maximum amplitudes from all the cells is selected to calculate the worst case
SAR1g value.

SAR. = Maximum SAR value
9 Volume of a cubical cell

(18)

If the number of received signals from a particular frequency band is N and the maximum field strength from
these signals is E'max, the maximum SAR14 can be calculated letting E'max to interact with the eye model. Then
the total maximum SARyq of that location due to that particular frequency band is SAR1gxN. Likewise the total
maximum SAR1g4 values due to the signals from other two frequency bands are calculated.

If the maximum SAR1g values and number of available signals for those three bands are SAR1g1l, SAR142 and
SAR143 and N1, N2 and N3 respectively; the maximum possible SAR1y due to all considered networks of a
location would be,

Worst-case SAR1q Of the site = (SAR1g1xN1) + (SAR1g2x N2)
+ (SAR1g3x N3) (19)

Then this total worst-case SARig is compared with the standards for general public i.e., 1.6 W/kg for
compliance testing of that site. The process is repeated for each of the RF measured sites.

2.3. Dependency of SAR on Electrical Properties

Similarly, the effect of the electrical properties on the SAR is examined by making perturbations to the values
of ¢ and o of the different body tissues.
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Here & and o are given perturbations of 5% and 10% to observe the sensitivity of the SAR on electrical
properties of the tissues.

RESULTS & DISCUSSION

3.1 Field Measurements

The results are illustrated in Fig. 3. Among the cities considered, the highest exposure level was at Vavuniya
and measurements were taken at a place close to the public bus stand. This may be due to the fact that the two
network providers established their base station antennas more recently and transmitted high power levels to
have a maximum coverage area. The highest contribution to RF absorption by the human body at this site was
due to 2 GHz band. However, the exposure level was approximately one third of the accepted limits and
therefore it was not much less than the specified limits.

The minimum exposure level was reported in Puttalam and it was 1220 times lower than the prescribed
permissible level. From the sites considered 19 out of 30, the major exposure contribution is due to the 2 GHz.
This may be due to the fact that almost all the network providers were upgraded their systems to higher
frequency bands because of the additional features given. The other significant point is that in the most
populated areas such as Colombo Fort and Jaffna, the exposure level is more than 100 times below the limits.
That is due to the installation of micro cellular base station antennas by replacing macro cellular base station
antennas. By this they can reduce the coverage area thereby reducing the transmitting power.

At the hilly areas such as Badulla, Bandara wela, Nuwara Eliya and Hatton, most of the base station antennas
are mounted on top of the hills and comparatively higher power levels are transmitted to cover the town limits.
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Fig. 3: Exposure Quotients of main cities in Sri Lanka.

Fig. 4 shows the total number of cities that each of these network providers dominates in maximum average
strengths with respect to each frequency range. Fig. 4 clearly shows that among the network providers (NP),
NP 5 leads in all frequency ranges at those cities considered in maximum average strengths. NP 3 dominates in
only two cities in two frequency ranges and normally it provides comparatively lower strengths. In most of the
cities, one network provider shows the maximum strength but not the maximum average strength. For instance,
in 900 MHz band, maximum strength showed at Gampaha by NP 4 but the average maximum showed at
Kandy by NP 1.

3.2. SAR Calculation

The maximum SAR values for each of the city with respect to the received signals are illustrated in Fig. 5.
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As seen in the results, the total SAR1g values in each city are well below the safe limits. The highest SAR
value of 0.1491 W/kg was observed from Galle; measurements were made at a place which is close to the main
bus stand. The highest contribution to RF absorption by the human eye at this site is due to 2 GHz band.

However the exposure level is approximately eleven times lower than the permissible levels.
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Fig. 4. Total number of leading cities in each network provider with respect to each frequency band.
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Fig. 5: SAR1g Values of main cities in Sri Lanka.
3.3. Dependency of SAR on Electrical Properties

SAR values are recalculated to observe how the electrical properties of the tissues affect the electromagnetic
energy absorption in an organ. For this purpose, the human eye at 2500 MHz was taken into consideration as it
gives the maximum energy absorption out of all body organs considered in this analysis. For the human eye at
2500 MHz, relative permittivity er = 52.558, conductivity, c = 2.0702 S/m [09]. Assuming and incident field
of 1 V/m, the estimated SAR is 0.3080 W/kg.

er and o are given perturbations of 5% and 10% to observe the sensitivity of the SAR on electrical properties
of the tissues. Observations are given in Table 1.
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Table 1. Sensitivity changes for variations of permittivity & conductivity
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Fig. 6. SAR Sensitivity for perturbations of permittivity & conductivity

When &, is perturbed in small percentages with o remaining unchanged; the value of the maximum SAR also
changes by small values. The same trend is observed when o is perturbed with ¢, remaining unchanged.
These results are due to the complex dependency of ¢, and o on SAR. However both these cases, when the

electrical properties are changed, the location of maximum SAR remains unchanged. It is exactly at the center
of the eye as shown in Fig. 7. The vertical axis of this figure gives the distance from the front surface of the
eye in cell numbers and the data points show the locations of maximum SAR with respect to the electrical
properties.
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Fig. 7. Locations of maximum SAR corresponding to the percentage change in: (a) permittivity € with o
remain unchanged, (b) conductivity o with € remain unchanged.
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CONCLUSION

According to the results of RF exposure levels and SAR values, we are safe from RF radiation. But when we
are exposed to lower strength of RF radiation for a long period of time it may cause some health effects. For
example, repeated exposure to microwave radiation could alter the blood brain barrier (BBB) permeability
even at extremely low SAR values such as 0.016 W/kg, which is 100 times lower than the permissible level.
Opening of the BBB alows some foreign materials to pass from the blood to the brain.

According to the research outcomes, this kind of exposure assessment should continuously be done at least
once in two years since mobile base station antennas are being built at a rapid rate. It is advisable to build
micro cellular base station antennas by replacing macro cellular base station antennas to have a good coverage
without interferences and to minimize the exposure levels.
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