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ABSTRACT

The proliferation of mobile telecommunication devices and radio transmitting antennas
has precipitated global concern over possible health hazards associated with exposure
to the generated electromagnetic radiations.Global System of Mobile (GSM)
communications in Nigeria is enabled byover 30,000 Base Transceiving Stations
(BTS) servicing over 140 million mobile subscribers. Data on the spectral analyses of
Radiofrequency (RF) signals and the energyabsorbed by the human brainfrom mobile
phones in Nigeria are scarce. This has made it impossible for GSM risk assessments in
the Nigerian environment. The objectives of this work were to delineate the energy
contribution of each RF component, estimate energy absorbed in the brain from BTS

and mobile phones to ascertain possible health risk to the public.

Lagos,Ibadan and Abuja were purposively selected for the study. A calibrated
spectrum analyser coupled with an isotropic antennawas used to identify prominent RF
signals within 900-2500 MHz band and to determine their exposure levels from 40
BTS in each city.The mean distances of maximum human exposure from theseBTS
were determined.The analyser, which measures specific bands, and a broadband
Electrosmog meter for measuring total RF band were used to acquire RF spectra at the
points of maximum exposure from 120, 100 and 80 BTS in Lagos,Ibadan and Abuja,
respectively. The spectra were analysed to determine the power density of the various
signals observed. The energy fractions transmitted to the brain tissue from 60 common
mobile phones in active mode were computed in terms of Specific Absorption Rate
(SAR), using a multi-layered model of the human head.The obtained level of exposure
was compared to the standard prescribed by the International Commission on Non
Ionizing Radiation Protection (ICNIRP). Data were analysed using descriptive

statistics.

The distances of maximum exposure were 183%58, 195£19and 190+£63 m,in Lagos,
Ibadan and Abuja, respectively. Nine major RF signals were identified at each point in
the three cities. Five of these signals were satellite signals, within band 960-1700 MHz
and producing a highest power density overall of 9.6 pW/m? in Lagos. The remaining
four (within 935-960 MHz and 1805-2290 MHz) were from BTS, producing a highest

power density overall of 5411 pW/m?” in Abuja. The total power densities in the cities

vii



ranged from 10-27500,1-8430 and 108-90900puW/m?, with only 23, 26 and 46% being
from BTS inLagos, Ibadanand Abuja, respectively. The SAR in brain tissue from BTS
ranged from 8.0x10”— 7.3x10” W/kg. The SAR due to all emissions in the near field
of the mobile phones ranged from 1-150mW/kg. This showed that the energy
absorption in the brain from mobile phones was higher than from the base stations.
The highest SAR obtained was lower than the 2.0 W/kg exposure limit set by the
ICNIRP.

Exposures to radiofrequency radiation are from nine major communication signals in
most environments, with global system of mobile communications producing the
highest. The currently obtained exposure level is within limits, indicating low health

risk to the public.

Keywords: BTS signal power density, Radiofrequency exposure level, Spectral

analyses, Brain specific absorption rate, Radiation related health risk

Word count: 496
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CHAPTER ONE

INTRODUCTION

1.1 Electromagnetic Radiation (EMR)

Radiation can simply be defined as the propagation of energy from a source into space,
which is delivered to any material medium it passes through. Electromagnetic radiation
(EMR) consists of both oscillating electricfield Eand magnetic fieldHwhich are
perpendicular to each other and to the direction of propagation of the radiation. It is
produced by accelerated charges and it propagates with the speed of light in space. The
quantitative relationships between E, H and the electromagnetic properties of a

medium are given in the Maxwell’s equations.

The arrangement of all EMRsaccording to their frequency, wavelength and energy is
called the electromagnetic (EM) spectrum, as shown in Table 1.1. Electromagnetic
spectrum extends from low frequency radiations wused for long distance
radiocommunication to  gamma  radiation at  high-frequency  (short-
wavelength).Generally speaking, EMR covers wavelengths from 10" to 10" m. The
EM spectrum is generally studied for spectroscopic applications to characterize
matter(Mehta, 2011). From the perspective of their effects on human health, EM
spectrum can be divided into ionizing and non-ionizing radiations.lonizing radiations
are generally radiation types that have ability to ionize atoms and molecules thereby
producing some reactive species that can cause damage at cellular level. Gamma rays
and X-rays are two examples of ionizing EM radiations, while examples of particulate
ionizing radiation include alpha and beta particles. Non-ionizing radiations such as

light and radio waves do not have enough energy to ionize matter.



Table 1.1: Electromagnetic spectrum

Spectrum of Electromagnetic Radiation

Region Wax(fcell]el;lgth Fre((ﬁlze)ncy E?ee\ll')gy
Gamma Rays <107 >3x10" >10°
X-Rays 107-107 3x107-3x10" 10° - 10°
Ultraviolet 4x107-107 7.5x10"-3x 10" 3-10°
Visible Light 7x10°-4%x107 43x10"-75%x10" 2-3
Infrared 0.01-7x107 3x10”-43x10" 0.01-2
Microwave 10-0.01 3x10°-3x10" 10° - 0.01
Radio waves > 10 <3x10’ <10?




1.2 Radiofrequency (RF) Radiation

Electromagnetic radiations within the frequency band 3 kHz — 300 GHz are generally
referred to as Radiofrequency (RF) radiation. Radiofrequency radiations are the main
types of EM radiation used for transmitting signals or information from one point to
another through space. Radio transmission was initially made from experimental spark
gap apparatus by Heinrich Rudolf Hertz 1887, transmitting signals wirelessly over
several meters (Siwiak and Bahreini, 2007). Pioneer inventors like Nikola Tesla and
Alexander Popov, improved on the earlier wave propagation experiments to produce a
simple radio transmitting system comprising of resonant transmitters and receiver

circuits by 1890.

Modern day applications of RF signals cut across different types of digital radio
transmission technology and techniques in radio, television, mobile phone and satellite
communication systems. The uses of RF radiation in modern communication
technology also include RADAR communication systems in airports or airways traffic
control, military missile guiding systems, microwave heaters and ovens. Some specific
applications of RF radiation in communication technology and their corresponding
frequency bands are presented in Table 1.2. All devices that emit RF radiation convert
electrical power to EM power which is transmitted into space. The transmitted energy
is absorbed to different extents by materials in the medium. The amount of energy
carried by an electromagnetic field is determined by theelectric field intensity E(V/m)

and magnetic field strength H (A/m) of the EM wave.

1.2.1  Production of RF Radiation

Radio waves are generated from a radio transmitter and a common type of this
transmitter is an audio transmitter used in AM and FM radio stations illustrated in
Figure 1.1. The production of radiofrequency radiations startsfrom the acceleration of
electrical charges through electrical oscillations in an electronic oscillator at a pre-set
frequency. An Oscillator in its simplest form is an inductor,acapacitor, and at least one
active device like a transistor to amplify an input signal. The generated signal voltage
or current from the oscillatoris weak and thereby transferred to a buffer amplifier

where the signal voltage is increased to a level that can be modulated.



Table 1.2: Some applications of RF radiation

RF Application Frequency Range
Radio Broadcasting (AM) 30 —-300 kHz
Radio Broadcasting (FM) 87.5—-108 MHz

TV broadcasting 54 -216 MHz

GSM Communication 400 — 1900 MHz
CDMA Communication 1900 — 2200 MHz
Wi-Fi (Wireless LAN) 2.4-59GHz

Satellite links 3-30GHz
Remote Sensing 30-300 GHz




BUFFER
OSCILLATOR AMPLIFIER AMPLIFIER
% SPEECH MODULATOR
AMPLIFIER

POWVER
SUPPLY

Figurel.1: Schematic diagram of a radiofrequency transmitter(Tpub, 2016)



Meanwhile, a baseband signalintended to be transmitted into space (such as an Audio
Frequency (AF) signal received by a microphone) is amplified by the speech amplifier
because its output current or voltage is weak. This intermediate amplification is
necessary because the voice signal needs to have enough signal amplitude for it to be
received by a speech driver. The speech driver acts like an amplifier, which increases
the amplitude of the incoming baseband signal so that the modulator can receive it

without any loss or distortion.

An RF modulator is a device that addsthebaseband AF signal generated by the
transducer (microphone) to an electronic signal carrier generated from the oscillator
and outputs a radio frequency-modulated signal that is fed into a power amplifier. The
power amplifier is a circuit that takes sufficient power from a power source and
generates radiofrequency signals of a significant amount of RF output-power directly

fed into an antenna, which transmit the signal into space.

1.2.2 The Global system for mobile communication

One of the widespread applications of RF radiation in the 20th century is the
development of the Global System for Mobile communication (GSM) originally called
Groupe Spécial Mobile.It is a digital communication system created by European
conference on postal and telecommunication administration in 1982 in order to
develop a standard for mobile communication in over 212 countries in the
world(Samra, 2008). The GSM works by using differentcarrier frequency bands, such
as 450, 850, 900, 1800, and 1900 MHz bands, but only GSM 900 (P-GSM) and GSM
1800 (DCS1800) are used in Nigeria.



The different bands of GSM signals allocated around the worldand their corresponding
carrier frequencies are presented in Table 1.3. (Eberspécher et al., 2009). Out of all the
available bands of GSM in the world, only GSM 900 (P-GSM) and GSM 1800
(DCS1800) are used in Nigeria. About 373 and 123 RF carrier channelsof GSM 1800
and GSM 900 bands can be achieved, respectively. This shows that GSM 1800 offers
more than double of GSM 900 speech channels for mobile phone users and therefore

ideal for frequency reuse in a congested area.

Signal transfers during a call in a GSM network are made on a duplex frequency
operation within designated frequency bands. In the duplex frequency operation
mode,there is a link between the mobile phone and the Base Transceiver Station (BTS)
(Uplink signal frequency) and also between the BTSand mobile phone(Downlink
signal frequency),operating separately at a very small time difference so that callers
can speak and hear at the same time. For effective operation, GSM bandsare divided
into several channels, having a pair of frequencies with a bandwidth of 200 kHz and a
specific offset frequency that vary from one band to other. This division of the GSM
spectrum into allocated frequencies is referred to as the Frequency Division Multiple
Access (FDMA).The GSM makes use of digital speech and signalling channels, and it

is considered to be a second generation (2G) mobile phone system.

1.2.3 GSM Base Transceiving Station (BTS)

A GSM service provider divides a service area into cells.A cell is a coverage area
which surrounds a BTS, in whicha fixed number of mobile phone subscribers can
connect to the network of a service provider. The BTS is a communication equipment
that supports 1 to 16 two-way radio called a Transceiver (TRX), depending on the
number ofmobile phone subscribers in an area(Manjish, 2015). Each TRX can provide
up 8 basic communication channels on the same TDMA frame via the air interface
(ETSI, 1996b). Each BTS consists of a power amplifier to enhance signal transmission

via the BTS antennas.



Table 1.3: GSM frequency bands and theirAbsolute Radio Frequency Channel Number

(ARFCN)
GSM ]l;;‘lel((]luency GSM Frequency range ARFlgll:Illl(Eel;:;nnel
GSM 850 824 §984419\41\f{22(1()[f£$&§69 - 128 — 251
GSM 900(P-GSM) 890 — 915MHz (Uplink) and 1— 124

935 - 960 MHz (Downlink)

880 — 915 MHz (Uplink) and

GSM 900(E-GSM) 925 — 960 MHz (Downlink)

975 - 1023,0—- 124

876 — 880 MHz (Uplink) and

GSM 900(R-GSM ) 921 — 925 MHz (Downlink)

940 -974,0-124

1710 — 1785 MHz (Uplink) and

GSM 1800 (DCS1800) 145 1880 MHZ (Downlink)

512 —-885

1850 — 1910MHz (Uplink) and

GSM 1900 (PCS1900) 1930 — 1990 MHz (Downlink)

512-2810




Although GSM 900 has less communication channels than GSM 1800, it is generally
rated better than GSM 1800. This is because the GSM 900 is mainly used for
longdistance communications due to its longer wavelength than that of GSM 1800.
The rating of a BTS within a cell is controlled and kept below a regulated level in
order to prevent interferences with signals in neighbouring cells and also to prevent
hazardous exposure to humans in an area. A typical classification of GSM 900 and

GSM 1800 BTS transmission power is presented in Table 1.4.

1.2.4 The Code Division Multiple Access (CDMA)

While GSM uses both time and frequency divisions to allocate calls to users, The Code
Division Multiple Access (CDMA) makes use of a spread spectrum transmission
technology to allocate call slots to different users(Ipatov, 2000). The spread spectrum
technique works by spreading all the mobile phone users uniformly over the available
signal bandwidth at the same power,while each conversation is encoded with a pseudo-
random digital sequence and a special coding scheme. The CDMA mobile system
provides faster, larger capacity for voiceand data communications(5 times bigger than
GSM systems),and a better communication hands off between two BTS(Harte et al.,

2002; Kopp, 2005; Satooshi et al., 2002).

The CDMA mobile system operates within the down link frequencies of 1930 — 2170
MHz, and constitutes about 3 percent of mobile communications in Nigeria. The
power rating of CDMA mobile systems range from 24 dBm (0.25 W) — 38 dBm (6.3
W) (ETSI, 2008). The maximum rated power of CDMA is about 1 percent of that
power of GSM. Although the power ratings of CDMA are generally lower than GSM,
CDMA mobile phones consume more battery power than GSM. This is due to the
ability of CDMA mobile phones to work with many BTS at the same time, and
because of the complex network of electronic components within the phones that
works most of the time. The 3G (2100 MHz) mobile standard is based on CDMA
technology and it is often used in backward compatibility with GSM systems.



Table 1.4: Classification of GSM BTS transmission power (ETSI, 1996a)

GSM 900 GSM 1800
Transmission Maximum output Transmission Maximum output
power class power in watts power class power in watts
1 320 -640 1 2040
2 160 —320 2 10 -20
3 80 -160 3 5-10
4 40 — 80 4 25-5
5 2040
6 10-20
7 5-10
8 25-5

10



1.2.5 Mobile Phones (Mobile Stations)

The mobile phone is a portable versatile two way radio system that transmit to and
receive signals from a BTS (within a designated frequency band), when in the area
covered by the BTS. It consists of a Subscriber Identity Module (SIM) card and
Mobile Equipment (ME). Each SIM card has an International Mobile Subscriber
Identity (IMSI) number that is unique, while the mobile phone has a unique
International Mobile Station Equipment Identity (IMEI) number.

Mobile phones are low-powered devices (< 8W) that operatetypically between 450 and
2700 MHz.The power ratings of GSM and CDMA mobile phones are presented in
Tables 1.5 and 1.6, respectively. The mobile phoneonly transmits power when it is
turned on and hence the exposure to a user falls off rapidly with increasing distance
from the mobile phone to the users head. Mobile phones derive the energy required
for their operation from their batteries. The BTS controls the power output of the
mobile phone, keeping the power level sufficiently high to maintain a good signal to
noise ratio, and not too high to reduce interference, overloading and also to preserve
the battery life (Ian, 2017). The human head is often within the region around a
mobile phone, where the maximum RF energy is four times the average energy at the
aperture of the phone’s antennain the active mode. Most mobile phones operate on
several mobile communication bands like the third generation (3G), GSM (2G)/EDGE
and WCDMA/ HSPA standards. This multi-band system of mobile phones is made
possible by the one or more antennas that switch between different operating modes of

the phones.

1.2.6 Mobile Telecommunication in Nigeria

A revolution in the Nigerian telecommunication industry took place in 2001, when
GSM was introduced. The GSM network services in Nigeria have since then expanded
enormously in capacity, with the inclusion of the CDMA-1900 and 3G mobile
telecommunication bands. It was reported that Nigeria’s teledensity is over 99 percent,
with over140million active mobile telecommunication lines (NCC, 2019). This huge
number of active lines has attracted over30,000 base transceiver stations and millions
of mobile phone handsets within the country. About 98 percent of the BTS in Nigeria
are used for GSM.
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Table 1.5: Classification of GSM mobile phone transmitting power (ETSI, 1996c)

GSM 900 GSM 1800
. . Tolerance (dB) for
Power class Maximum output ~ Maximum output -
conditions
power power
Normal Extreme

1 1 W (30 dBm) +2 +2.5
2 8 W (39 dBm) 0.25 W (24 dBm) +2 +2.5
3 5 W (37 dBm) 4 W (36 dBm) +2 +2.5
4 2 W (33 dBm) +2 +2.5
5 0.8 W (29 dBm) +2 +2.5

12



Table 1.6: The maximum output power of CDMA Mobile Phones (ETSI, 2008).

WCDMA Band 1 WCDMA Band 2
Downlink Downlink
Pc‘izvszr (2110~ 2170 MHz) (1930 — 1990 MHz) TOlegﬁﬁfifﬁ(gi) for
Maximum Output Maximum Output
Power Power
Band 1 Band 2
tolerance  tolerance
1 +33dBm (2W) - +1.7/-3.7 +25
2 +27dBm (0.5W) - +1.7/-3.7 +25
3 +24dBm (0.25W) +24dBm (0.25W) +1.7/-3.7 +25
4 +21dBm (126mW) +21dBm (126mW) +2.7/-2.7 +25
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The Nigerian Communications Commission (NCC) is the Independent national
regulatoryauthority for the telecommunications industry in Nigeria. The Commission
is responsible for allocating mobile telecommunication frequency band to service
providers and providing healthy competitive environment among service providers
aswell as protecting the interest of the consumers in Nigeria. There are currently four
major GSM service providers in Nigeria namelyMobile Telecommunications Network
(MTN), Globacom (GLO) mobile, 9-Mobile and Airtel mobile and about two major
CDMA-1900 (1900 MHz) service providers namely Visafone and Multilinks mobile.

While the number of GSM mobile phone subscribers in Nigeria recorded an increment
of about 24 % from 2014 to 2018, the number CDMA-1900 mobile phone users had a
setback of about 98 % within this period (NCC, 2019). Although the 3G mobile band
is based on CDMA technology, it is often incorporated into the existing GSM systems.
Therefore, most GSM users with an enabled internet facilities in Nigeria switch
between GSM (2G) and 3G systems. The NCC frequency spectrum allocation for
GSM, CDMA-1900 and 3G-2100 (2100 MHz) bands are presented in Table 1.7.

1.3 EM Energy transmission and Absorption

Electromagnetic radiations transport energy in space and can deposit this energy in a
material medium they interact with. The amount of energy available in EM radiations
depends on their frequency or wavelength. High frequency or short wavelength
radiations have higher photon energy levels, than the lower frequency or long

wavelength radiations.

The interaction of EM radiations with a material medium can cause them to be
scattered, absorbed or transmitted across the medium (Chaudhary et al., 2016).The
mechanism by which EM radiation energy is absorbed in a medium is basically
through electronic transitions, molecular vibrations and rotation in the atom of the
medium (L'Annunziata and Baradei, 2003).Ionising radiations like X-rays with high
quantum energies (far above 12.4 eV) can completely eject an electron from an atom,

thereby resulting in photoionization and Compton scattering.
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Table 1.7: Mobile communication frequency bands allocated by the NCC in Nigeria

Mobile Frequency  Transmission (TX) Receiving (RX) Number of
Band frequency (MHz) frequency (MHz) Subscribers
(gosg/[l\fg(z)) 935.00 — 960.00 890.00 — 915.00
((1}885\(/)[ l\lflgg) 1805.00 — 1880.00 1710.00 — 1785.00 162,000,000
(231(0}(_)21\1/[(}({)2) 2110.00 - 2150.00 1920.00 — 1960.00
((:11391:)/{)A1\-/[1§(Z);) 1963.75 — 1988.75 1883.75 — 1908.75 124,000
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Below 12.4 eV, absorption of EM radiation like the ultraviolet in a medium is mainly
by electron transitions which results in effects such as Fluorescence (MTU, 2019). The
infrared IR radiation has photon energy between 0.01 and 2 eV and is capable of
producing molecular vibrations which results to heating in a medium. Radiofrequency
(RF) radiation (microwave and radio waves) have low photon energies less than 0.01
eV and cannot cause ionisation in any medium. The absorption of RF radiation in a
medium produces molecular rotations and torsion due to the interaction between the
polar molecules of the medium and the applied high frequency electric field. The
electric field of RF radiations can also set up ionic current by induction and produce

the Joule heating in a medium (Cember and Johnson, 2009).

1.3.1 Health Effect of Ionising Radiation

Ionising radiations have enough photon energies to cause ionisation in the human
body. This process leads to the production of new undesired molecules, a change in the
conductive properties, and a release of energy in the body (Ralph, 2012). This action
causes free radicals to be produced in the cellular water which is about 70 — 90
percentage of the human tissue. The production of free radicals in body results in the
formation of reactive molecule which damages deoxyribonucleic acid, enzymes, nuclei
and chromosomes of the human cell (RPII, 2013).Generally, ionizing radiations are
known to cause skin redness, hair loss, radiation burns, known as acute effects

andCancers and heritable mutations known as stochastic (probabilistic) effects.

1.3.2 Health Effect of Non-ionising Radiation

The human body absorbs part of the non-ionising radiations like radio waves incident
on them and at very high frequency can absorb almost all of the radiation energy, at
the skin surface as heat such as infrared radiation. The major effect of absorbing RF
radiation ranging from 10MHz — 300GHz by a human body is the production of heat in
the body,leading to heat exhaustion and heat stroke (ACGIH, 1996). The production of
heat is as a result of induced ionic currentand Joule heating due to the reorientation of
the electric dipoles in the body (ICNIRP, 1998).Other effects of RF radiation, which
are not associated with temperature increment in the body are consideredto be non-
thermal effects such as DNA damage, increase in blood brain-barrier permeability and

ocular impairment(Wolf and Wolf, 2004).
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1.3.2 RF Radiation Exposure Quantities and Units

The tissues of the human body are lossy dielectric materials. A dielectric is a non-
conductor of electricity, but exhibits electric polarization in finite amount of time when
an electric field is applied to it (Feldman et al., 2005). The measure of how easy a
dielectric medium can be polarized is called its relative permittivity &, or dielectric
constant. The dielectric constant is the ratio of the permittivity of a substance to the
permittivity of free space and this is the electrical equivalent of relative magnetic

permeability,.

The permittivity of a biological medium is complex in nature, with real and imaginary
components. The real part of the complex permittivity (8,) represents the polarisation

in line with an incident EM field, while the imaginary part (8”) represents the
component of the polarisation in quadrature with the field (Feldman et al., 2005). The
¢ of a medium is attributed to bound charges and relaxation phenomena in the
medium, which give rise to energy loss that is similar to the losses due to conduction

charges that is quantified by the conductivity (0) of the medium (Ramo et al., 1994;
Zhao et al., 2016).

The loss of EM energy in a dielectric medium (often as heat) is a function of the
dielectric loss which is parameterised as loss tangent (tan 6). The loss tangent in a

dielectric medium can be expressed as,

tan5=§=i (1.1)

we
where, ® is the angular frequency of the incident wave. Similarly, magnetic loss

tangent can be expressed as,

tan &, = ’;— (1.2)

It is therefore apparent that RF energy losses in the human body basically depend on
parameters like permittivity, permeability and conductivity of the body, which are

intrinsic characteristics of biological materials.
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To accurately account for the absorbed RF energy in a human body, the intrinsic
characteristics of the body must be known. The measurement of radiation energy
absorbed by humanorgans in an EM field over a period of exposure is called dosimetry

(Ahlbom et al., 2012).

The proportion of energy absorbed by human body in a given period of timein a
radiofrequency electromagnetic fieldis referred to as the Specific absorption rate
(SAR) (W/kg). The SAR was developed and has been used since 1974 (Gandhi, 1974).
It is normally related to Eand can be expressed as(ANSI, 1982),

75 (W/kg) (13)

SAR = —
2p

o = conductivity

p=Mass density

When an EM wave is incident upon an aperture of an area 4 of a medium the total

power P flowing through A can be expressed as,

pP= fA S.ndA (W) (1.4)

where,nis a unit vectornormal to area 4andS is the poynting vector, defined as,

S=E xXH(l.5)

Sis the power density (W/m?) carried by the wave along the direction of wave

propagation.The power density, E andHare interrelated byEquation (1.6) (ICNIRP,
1998),

2
S = — = 377H}(W/m?) (1.6)

where, 377 is the characteristic impedance of free space in Ohms. In biological media,

the characteristic impedance is expressed as the complex intrinsic impedance 1.

Practically, measurements of the amount of power flow in a lossy medium can be

expressed asan average power density S,,,(Hayt and Buck, 2012) where,

2
Sy =2 % e ?%cos6,(W/m?)(1.7)
Ne

The magnitude of complex intrinsic impedance 1 in polar form is,

Ne = 1Mec |eﬂ917 (1.8)
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Where 0, is the phase difference betweenE and H components of a wave propagating
in positive z direction within the lossy medium and a is the attenuation constant of the

medium expressed as,
1
! n 2 2
_ ue €
a= w{T[ /1 +(5) - 1]} (1.9)

1.4 Problem Statement and Justification of Study

The proliferation of mobile telecommunication devices and radio transmitting antennas
has precipitated global concern over possible health hazards associated with exposure
to the generated electromagnetic radiations(Ahaneku and Nzeako, 2012; Durduran et
al., 2013; Oladapo et al., 2011; Wu et al., 2013). In Nigeria, communication BTS and
masts are found averagely at every 500 m interval of distance in its major cities.
People live as close as 10 m to these BTS and can be exposed to excessive RF

radiation (Aderoju et al., 2014; Farai et al., 2012).

In densely populated Nigerian cities like Lagos, Ibadan and Abuja, assessments of RF
power density are needed to be constantly made to avoid unnecessary health hazard to
the populace. However, there are only few known studies to have assessed the level of
RF power density around GSM masts and mobile phone handsets in the major cities of
Nigeria, using both RF broadband and spectrum analyser (Mamilus et al., 2012; Ojuh
and Isabona, 2015). There is a need to measure the power density of GSM signals
around the numerous BTS and assess the level of RF emissions from mobile phones in

major cities in Nigeria.

Assessments of RF exposure from communication systems in Nigeria are mainly done
to evaluate GSM signal power density in an environment (Akintonwa et al., 2009;
Akpolile et al., 2014; Ibitoye and Aweda, 2011). Most of these studies makes use of a
broadband meters. A broadband meter measures the total RF power density at a point
due the contributions of a wide range of frequencies. There is a need to assess RF
emission characteristicsof signal frequencies within the RF range (WHO, 2010),
because these signals are used for different RF applicationsand may present different
exposure scenarios that can be used to characterise RF exposure to the general

population.
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However, information on exposure of signals within 900 and 2500 MHz in Nigeria to
humans is scanty. Therefore, there is the need to identify and assess various RF signals

within 900 and 2500 MHz in each environment using a spectrum analyser.

The evaluation of SAR in the human head from various BTS masts and the numerous
brands of mobile phones in Nigeria is necessary to determine their safety to the
public.However, studies on the assessment of SAR in the human brain tissue, in the
use of GSM and various brands of mobile phone sets in the country are scarce. There
is the need to quantify RF exposure to the brain using a frequency selective meter and

estimate any associated health risk in the use of mobile phones in Nigeria.

1.5 Aim of Study
The aim of this study is to determine the power density due to each signal in the
frequency range 900 — 2500 MHz and assess the health risks due to GSM signals from

BTS masts and mobile phones in Nigeria.

1.6 Objectives of Study
The objectives of this study are to,

1. Make spectral survey of RF signals around 40 randomly selected BTS masts in
Lagos,Ibadan and Abuja in order determine the general profile and estimate the
point of maximum power density, representing the point of worst case scenario
of power density.

2. Identify the major signals within 900 - 2500 MHz around the distance of
maximum power density from BTS masts in each city and determine their
respective power densities.

3. Measure the Electric field intensity (E) on the skin of the head during the use
of mobile phones.

4. Extrapolate the fraction reaching the brain tissue from the intensity on the skin
from both the BTS masts and the hand held mobile phones.

5. [Estimate the radiological health risks using established guidelines.
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CHAPTER 2

LITERATURE REVIEW

2.1 Antennas

As introduced in chapter one, RF radiations are produced from the acceleration of
electrical charges within the circuitry of a radio transmitter. The generated RF signal
within the transmitter, after being amplified to the desired level of output signal power,
must be fed into an antenna device in order to radiate it into space. An antenna is a
device that converts high frequency alternating electric power into radio waves which
can be transmitted by the radiating antenna or received by a receiving antenna

(Schantz, 2003; Seybold, 2005; Straw, 2007).

Antennas can be used as transmitting (TX) or receiving (RX) antennas. These
characteristics of the antenna 1is based on the reciprocity theorem
ofelectromagnetics(Stutzman and Thiele, 2012), which establishes that the principle
governing the characteristics of an antenna are the same when the antenna is used as an
emitter or a receiver. A transmitting antenna radiates the RF energy applied to it into
space, while the receiving antenna collects and coverts the radio waves from space into
an applied alternating voltage to the receivers amplifying circuits. An antenna can be
classified into directional or Omni-directional antenna. Directional antennas
concentrate the RF radiation from there elements to a preferred direction and suppress

it in others.
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Examples of Directional antennas are the Yagi, parabolic, Conical, sectorial and Horn
antennas, presented in Figures 2.1 and 2.3. Omni-directional antennas on the other
hand, are antennas that emit RF radiation equally in all directions. Examples of Omni-
directional antennas are the Monopole and Dipole antennas, presented in Figure 2.2.
Most BTS antennas in mobile communication are mostly directional antennas, which
are made of well-arranged sectorial antennas with a rear reflector to concentrate
emitted radiation to a desired point. An example of a GSM sectorial antenna is

presented in Figure 2.3.

Electromagnetic waves are radiated from an antenna when a sinusoidal signal voltage
from a radio transmitter is applied to a two-conductor transmission line that is
connected to the antenna (Balanis, 2005). The two-conductor transmission line creates
an EM fields between the conductors and transfers it to the antenna. Electric charges
and current are created within the antenna, which in return produce free space waves

that are detached from the antenna into space (Serway and Jewett, 2010).

2.1.2 The Gain and Directivity of an Antenna

The gain (G) of an antenna describe its ability to concentrate EM radiation in a
particular direction and it is defined as the ratio of the antenna’s radiation intensity (U)
(Watt per unit solid angle) at a point, to the radiation intensity (U,) that would be
obtained at that point if the antenna were to be an isotropic antenna. The isotropic
antenna is an antenna that radiates energy equally in all direction. The gain of an

antenna is defined as:

U U
G —U—o—4‘7TP—in 2.1

Piy= Input power (W).

U, = Power accepted by the antenna
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Yagi antenna Horn Antenna

Parabolic antenna

Figure 2.1: Examples of Directional antennas.
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Bi-conical Antenna

Monopole Antenna Dipole Antenna

Figure 2.2: Examples of Omni-directional antennas
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Figure 2.3: GSM directional sectorial antenna showing dipole antennas arranged in it
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The gaincan be related to the geometry of an antenna and the wavelength of the
radiated waves from the antenna as,

__4AmnA
G = =

Where,

2.2)

A = Aperture (area of the antenna)
A = Wavelength of RF

n = Antenna efficiency

The gain can also be used to calculate the power density (S) (W/m?) of RF radiations
received by the antenna of RF meters such as a spectrum analyzer using Equation (2.3)

(Aaronia, 2011),

P-G
10( ) 41
=—X= (23
1000 FERCEY

P =power received by the antenna of the meter in dBm
G = gain of the antenna in dBi

Z =1is wavelength of the received signal meters (m).

The directivity (D) of an antenna is the ratio of the radiation intensity at a point in a
given direction (U) (Watt per unit solid angle), to the radiation intensity averaged over

all directions expressed as (Balanis, 2005),

4ty
D =

(2.4)
Prad

Pr.q4 = the total radiated power in watts (W).

The directivity and the gain of an antenna are related by (Straw, 2007),
G

D =- 2.5
" (2.5)

where 7 is referred to as the antenna efficiency (Seybold, 2005).
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2.1.3  Antenna Radiation Pattern

The directivity of an antenna is based on the fact that it is required that EM radiations
from an antenna are emitted to favour certain directions and to discriminate against
noise or interference in other directions (Straw, 2007). The strength of the radiation is
not the same around the antenna, but depends on the direction or angles around the
antenna (Serway and Jewett, 2010). The radiation pattern of an antenna is generally
expressed as the plot of measured electric field strength, magnetic field intensity or

radiation power against the angle of direction of measurement around the antenna.

Graphical expression of radiation patternsare made in terms normalizedE field, H
field, radiation intensity, power and logarithmic scale or more commonly in the
decibels (dB) scale. The normalized antenna’s radiation property is obtained when the
value of the property at a point is divided by its maximum value. The normalized

power at a point around an antenna can be expressed as,

P
Prormatisea = P (2.6)
max

A typical plot of the radiation pattern of a mobile telecommunication antenna is shown
in Figure 2.4. The radiation pattern in a spherical dimension is shown in Figure 2.5. As
indicated in Figure 2.5, radiation patterns can be obtained in the vertical or elevation
directions called the vertical radiation pattern VRP or in the horizontal or azimuth
directions called the horizontal radiation pattern HRP. The radiation pattern of an

antenna is divided into different parts that are referred to as lobes.

The lobes are divided into the major or main, minor, side, and back lobes. A major
lobe contains the direction of maximum radiation from the antenna. A minor lobe is
the radiation lobe that is less than the major lobe and it consists of the side and the
back lobes. Figure 2.6 presents the various lobes, the beam width and the angular
distance they occupy. The Half PowerBeamwidth (HPBW) is the angular distance
between two identical half power points on the opposite sides of the main beam. The
half power points are located in the directions where the value of the radiation intensity
or radiated power of the antenna is half its maximum value, called the 3dB points. The
First Null Beamwidth (FNBW) is the angular distance between the first nulls of the

pattern.
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Figure 2.4: The plot of the normalized power around a typical mobile

telecommunication antenna against the vertical angular directions (ITU, 2013).
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Figure 2.5: The vertical and horizontal radiation pattern of a typical mobile

telecommunication antenna with its power in dB(ITU, 2013).
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Figure 2.6: Radiation lobes and beam widths of the normalised power patternof a

directional antenna (Balanis, 2005).
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2.1.4 Near and Far Field of an Antenna

The near field of an antenna is the region where reactive energy flows back and forth
during successive emission of RF waves from an antenna.Reactive energy is stored in
very close to the antenna, contributing to the total energy at regions near the
antenna(Cember and Johnson, 2009). The near field can be divided into the reactive
non-radiative (reactive) and radiative field regions.The non-radiative field region exists

in the distanceRy expressed as,

R; = 0.62 X \/% 2.7)

Distances greater than Ry is the radiative near field region, as shown in Figure 2.7.
There is an uneven distribution ofE and H in the near field region an antenna, thereby
making the ratio of EtoH to differ substantially from the 377Q impedance of free
space. This is the reason why the power density is notsuitable in determining RF
exposure in the near field of an antenna (ICNIRP, 1998).The maximum Energy (W,,)
in the near field of an antenna as in mobile communication systems like the BTS and a
mobile phone is four times the average Energy (Wy) at the aperture of the antenna

(Cember and Johnson, 2009) i.e.,
W, = 4W, (2.8)

The far field region of an antenna starts at a distance f;from the antenna. The distance
/4 from the antenna can be expressed as,

2D?
fa== (2.9)

where, D is largest dimension of the antenna and A is the wavelength of the emitted

signal. Meaningful measurements of power density can be made in the far field region

of an antenna.
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Figure 2.7: Field regions of an antenna.
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For example, the largest dimension (D) for a typical mobile phone ranges from 1 — 5
cm(Al-Mously and Yahya, 2010).For a mobile phone antenna with D =5 cm, the f; at
900 MHz is 1.5 cm, 3 cm at 1800 MHz and 3.5 cm at 2100 MHz. This shows that, a
caller’s head is always in the near field of the mobile phone during an active call. The
brain of a caller may be exposed to high level of power density at this region, leading
to the heating of the brain tissues.The thickness of most mobile phones is typically
between 0.5 and 1.5 cm and this range of distances are within the near field of the

antenna as illustrated in Figure 2.8.

2.2 Principle of RF Signal Detection and Measurement

Radiofrequency signals in space carry energies that can be converted into a measurable
electric current or voltage by a RF receiver. The detection of RF signals in a receiver
starts from a receiving antenna, which receives the signal as an induced voltage that
causes current to flow into a RF tuner or filter. The RF tuner selects the desired signal
frequency from a band of frequencies. The selected signal is usually of low voltage or
current, which is amplified by feeding it into a signal amplifier. The amplifier
increases the amplitude of the signal for adequate detection by the detector. The
detected signal is transferred into a power or DC amplifier before the value of the
signal power density or electric field intensity of the signal is indicated on the meter.

An illustration of a RF detection system is presented in Figure 2.9.

The mode of signal detection in an RF receiver depends on the frequency at which the
signal is being transmitted. At low frequencies(below 100 kHz),power and hence
power density is measured indirectly. The detected signals aremeasured by the

received voltagel or current /,according to Ohm’s law:

14
I=- (2.10)

where, Ris the impedance of the detection medium. The power is then calculated from
the values of the voltage or current. At very high frequencies, direct power
measurement is more accurate thanwhen it is calculated from voltage and current,
because of the large variation in the detector’s impedance asthe frequency of signal
increases. Therefore at frequencies above 1GHz, direct measurement of power is more

reliable than taking current and voltage measurements (Agilent, 2001).
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As carlier stated, signals of various frequencies may induce a signal voltage across the
antenna system of a receiver but the tuner circuit selects the frequency of the desired
radio signal from other frequencies received by the antenna. The turner circuit is made
up of inductors and capacitors connected together to create a resonating currentsimilar
to the frequency of the desired signal. The amplitude of the signal that is selected by
the tuner is amplified for proper detection by the RF amplifier.

There are three majordevices for detectingthe average power atRF and microwave
frequencies(Agilent, 2001). These detectors are a thermistor, a thermocouple and a
diode detector. Many RF receivers contain the crystal diode, because of its ability to
detect extremely low and high frequency signal powers. A crystal diode is a non-linear
device that rectifies the high frequency signal energy received from a receiver’s

antenna, into an output voltage which is proportional to the antenna’s power input

At a higher signal power levels, thermistor and the thermocouple are often used as RF
detection device. Thermistors are power sensors that operate by changing resistance
due to achange in temperature. The change in temperature results from converting high
frequency RFor microwave energy into heat within its element(Delisle,
2014).Thermocouples are based on the fact that dissimilar metals generate a voltage
due to temperature differences at a hot and a cold junction of the two metals. When RF
radiation or microwave signal is introduced to the elements of a thermocouple, there is

a temperature change in these elements which gives rise to a voltage drop across them.

2.3 Broad bandMeters

Broadband meters are RF detector that measure the E or power density of all the
signals within a wide RF band. They are similar to power meters that are often used in
the radar and navigation systems that depended primarily on the peak power
radiated(Skolnik, 1962). The Broad band meters make use of thermistors, a
thermocouple or diode as a RF detector device (Agilent, 2001; Haim and Shimshon,
2002). Power measurements are often made by comparing the output power coming
out of an amplifier, relative to thatgoing into it. These measurements are usually in the

decibel (dB) units expressed as:
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P(dB) = 10log, (Pif) @.11)

where, P is the detected power and P, is the reference power or input power. To
avoid the number of zeros that are sometimes involved in low power signal

measurements, microwave power measurements are often expressed in terms of dBm,

P(dBm) = 101l0g;o (——) 2.12)

The measured power by the broadband meter is expressed in terms of power density,
electric and magnetic field units at its digital or analog display.All commercially
available broadband meter have the same basic functionality, i.e.they can integrate the
powerof individual signal frequencies that make up a wide band of frequency.
Although relatively inexpensive, broadband meters are limited by their inability to

identify each frequency within the detected RF band.

Few of the broadband meters that have been used in some RF studies are the ALRF05
by Toms Gadgets (Enyinna and Avwir, 2010) and EMR-300 by Wandel &
Golterman(Shurdi et al., 2010). Most of these meters can cover the frequency range of
100 kHz — 3 GHz and they have atri-axial antenna that can detect Eof signals and
display its valueup to 600V/m.

2.4 Spectrum Analysers

A spectrum analyser is required in the study of radiocommunication signals in the
frequency domain. It is therefore one of the most-versatile and widely used RF
measuring instrument. A spectrum analyser basically measures the magnitude of the
strength of signal against its frequency. There are two classes of spectrum analysers
which are the Superheterodyne and Fast Fourier Transform (FFT) based spectrum

analysers.

In a superheterodyneor swept spectrum analyser,the power of a received signal is
limited by the RF attenuator to prevent the signal from damaging the delicate
electronic components within the spectrum analyser. The obtained signal may be
accompanied by other undesired signal frequencies, it is therefore transferred into a

low pass filter that allow only the desired signal to go through it as long as the
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frequency of the desired signal is lower than cut-off frequency of the filter. The signal
from the low pass filter is mixed or swept through a fixed signal frequency generated
from the local oscillator, at the mixer. The mixer converts the base band or carrier
frequency into a different signal usually of lower frequency called the Intermediate
Frequency (IF). The signal conversion is done in order to improve the performance of
the spectrum analyser by reducing unacceptable signal loss before the signal detection

1s done.

The obtained IF signal is amplified and sent to the envelope detector. The envelope
detector is a circuit that converters the amplitude of the modulated signal (in this case
the IF signal) to the envelope of the original (base band) signal. For the detected
signal to be displayed in the frequency and time domain, the ramp generator is
employed. The ramp generator is a circuit that drives the sweep generator of the local
oscillator by creating a linear rising and falling output signal voltage with time. The
detected signal is displaced on the screen of the spectrum analyser as bar indicating the
frequency and power level of the signal.The configuration of a superheterodyne

spectrum analyzer is shown in Figure 2.10.

The FFT spectrum Analyser on the other hand, samples one or several base band
signals through sampler and converts the signal from analogue to digital format using
the analogue to digital converter. Analysis of the obtained digital signal is done using a
Fourier transformation before the resultant frequency and power level of the signal is
displayed on the screen. The FFTspectrum analyseris more expensive and often more
specialized than the superheterodynespectrum analyzer. Figure 2.11 presents a

simplified configuration of a FFT frequency spectrum analyzer.
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The superheterodyne spectrum analyzer is widely used because it can operate in a wide
range of frequencies of many GHz, but can only detect signals in continuous wave
mode of transmission. This is because superheterodyne spectrum analysers are slow in

capturingthe phase information of a given signal sweep.

The FFT spectrum analyzer alternatively, can capture a sample very quickly and then
analyse it. Therefore, an FFT analyzer can capture short lived or one-shot phenomena
in signal measurements. However, the FFT spectrum analyzer has a limited (narrower)
frequency bandwidth, which iscaused by the sampling rate of the analogue to digital

converter in it.

There are different models of spectrum analysers used in various studies around the
world. The Tektronix 2712 (9 kHz to 1.8GHz) (ARPANSA, 2000), the Narda SRM
3006 (9kHz to 6GHz)(Frei et al., 2010), the Agilent E4408B (9 KHz up to 26.5GHz)
(Pérez-vega et al., 2008) andthe Advantest R3131 by Rohde & Schwarz (Haumann et

al., 2002) are few popular models of spectrum analysers around the world.

Some of these spectrum analysers are portable or handheld and can measure the
magnitude of RF fieldsas well as comparing the measured quantity to various limits
(maximum permissible exposures)on RF exposure. All spectrum analysersare
accompanied by a probe or antenna that is capable of performing narrowband spectrum
measurements. Antennas accompanying a spectrum analyser can either be a directional
or an isotropic one. Both types of antennas during measurements are positioned at

about 1.4to 2.0m above the ground level (Ismail et al., 2010).
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2.5 Features of RF Exposure Assessment

Radiofrequency exposure assessments are aimed at estimating the maximum level of
power density due to mobile communication signals in an environment. There are
techniques and steps that are taken during RF measurements to obtain a data that can
be used to draw meaningful conclusions during the analysis of the data. These steps
are determined by some factors that are associated with location (study area),

instrumentation, planning and logistics.

2.5.1 Study Areas

The area or place where a RF exposure assessment is carried out can either be in an
urban or rural area. An urban area is relatively congested with human population and
many facilities like the BTS masts. With many BTS masts in urban areas, several
measurements of power density are required to account for the level of RF exposure to
the public. The use of a spectrum analyser is necessary to characterise the various
sources of RF radiation in these areas. This type of assessment may require a method
to cut the time spent on the field and also reduce the overhead cost of carrying out of a

study.

In some studies of RF exposure around world, the study areas were first stratified and
some relevant locations were selected to reduce time and cost. In Australia, this
method was used to measure RF power density around GSM masts (ARPANSA,
2000). The study area was quite large and fourteensuitable spots were selected for
measurements within two neighbourhoods at different statesof the country. A study in
Spain by Perez-Vega et al (2008) was done in Santander metropolis with a broadband
meter. Measurements in this study were made along the streets of the town in a car
running at low speed, while to recording the RF exposure from BTS masts in the town

(Pérez-vega et al., 2008).

The number of BTS masts and the mobile communication teledensity in some areas
are the main reason why RF exposure assessments are carried out in them. In Nigeria,
two LGAs in Rivers State were considered for RF exposure assessments because of the

numerous masts and mobile phones in them than the other 21 LGAs (Biebuma and
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Esekhaigbe, 2011).Specific locations where BTS masts are sited are also targeted in

some studies (Okonigene and Yesufu, 2009).

2.5.2 Study sampling time or period

The time taken to acquire RF exposure data in an area may be different for various
studies. The idea of varying the time of exposure during measurements is as a result
the variation in the temperature response (thermal effect) of human body to RF
radiation. Radiofrequency radiation exposure to a human tissue willconstantly increase
the temperature of the tissue with time and 67% of the constant increase in temperature
may occur at about 6 minutes which is referred to as the thermal time constant.Safety
guidelines by most international organizations and scientific bodies are based on this

concept of exposure time (ICNIRP, 1998).

Measurements are often based on 6 — 30 minutes time averages recommended by some
international standards (Shurdi et al., 2010), while some studies make use of
continuous data logging, where measurements were made for as long as 24 hours

period (ARPANSA, 2000; Frei et al., 2009).

2.5.3 Exposure and Distance Relationship

The importance of measurement distance from the source of RF radiation (usually an
antenna) can be of great significance. Most antennas are installed on masts are pointing
in a given direction for precise signal coverage in an area. Radiofrequency workers
may be exposed to the near field region of these antennas, but since this region is not
always accessible it is rarely studied. To prevent occupational hazard during antenna
maintenance, the IEEE (IEEE, 2002) proposes that a distance of 20 cm should
maintained in front the active antennas. For far field radiation assessments, some
studies have considered RF measurement from the foot of a BTS to a distance which
sometimes range from 100 m — 1km at different intervals of distance (Akpolile et al.,

2014; Haumann et al., 2002; Mousa, 2011)
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2.6 Variation of Power Density with Distance

Most GSM BTS antennas are directional antennas made up of a reflecting panel that
contains arranged dipole antennas. They are mounted on a BTS mast at typically at 15
— 50 m above the ground, depending on the terrain and nearby structures. In practice,
three of these antennas are mounted on a mast, each covering 120 degree sector around
the mast to ensure azimuthal coverage. The antenna is slightly tilted (typically at 5° —
10°) to allow the main beam hits the ground at 30 — 300 m from the foot of the mast
within which we have the maximum RF intensity on the ground (Sambo et al., 2015).
The distance of maximum power density on the ground, represents the region of worst-

case scenario of exposure around a mast.

Because the antenna is always positioned on the mast at a considerable height from the
ground, RF measurements taken at ground level or at a certain height (typical between
1.2 and 2.0 m) from ground level around the mast are within the far field region of the
antenna. Radiofrequency measurements are made in clear view (line of sight (LOS)) of
the antenna in the direction of measurement. The antenna is clearly visible without any

physical obstruction to the RF measuring instrument.

Power densities at various distances from the BTS vary as the measurements are taken.
This is mainly due to the radiation intensity from the antenna, which varies inversely
withthe square of the distance from the antenna. The height (H), tilt angle () and the
vertical beam width (VBW) of the antenna are also a contributing factor to this process.
An illustration of a typical GSM mast in an environment is presented in Figure 2.12.
The illustration of the changes in power density at different distances from the foot of
a typical BTS up to 300 m, indicating the distance of maximum power density is

presented in Figure 2.13.
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Figure 2.12: Radiation beam from a tilted antenna on a typical BTS mast(Balanis,

2005; Sambo et al., 2015)
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Figure 2.13: An illustration of the variation of power density with distance around a

typical BTS mast (Linhares et al., 2013)
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In figure 2.12,

o, = vertical beam width (VBW)

6= solid angle between a receiver's direction and the direction of maximum radiation
intensity from the antenna.

R = distance between the antenna and the receiver.

x = distance between the foot of the measurement point.

h = height of the RF meter from the ground level.

The power density at a point from a typical antenna with a gain and a power output
(P,) can be generally obtained by (Milligan, 2005):
 47R2

(2.13)

Due to the nature of the radiation pattern of an antenna, power density (S) below a

BTS antenna is angular dependent (ITU, 2013). Therefore in the vertical plane (8):

G (6
s(0) = —PM;Z) (2.14)

Radiation pattern (U) of directional antennas can be modeled by (Kraus, 1988; Lo and
Lee, 1993; Tai and Pereira, 1976) as,

U(0) = cos™(0)(2.15)

Therefore, the power density at a point in a direction at a solid angle 6 to the centre of

the antenna can be expressed as (Linhares et al., 2013),

PG
S = %cos"@ (2.16)

G = antenna maximum gain

P, Gpqyx = the Equivalent Isotropically Radiated Power (EIRP)

n = log0.5 2.17)
log(cos%) '

The value of Cos"@ in Equation (2.15) is the normalized power or intensity of the

radiation pattern of directional antennas at a point determined by 6.
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By considering the antenna and the measurement heights in Figure 2.12, Equation

(2.15) can be modified as:

_ EIRP
T 4m((H-h)2+x2)

cos™G  (2.18)

The equivalent power density of the RF waves can be calculatedat various points
around the BTS mast with Equation (2.18). With access to BTS antenna parameters in
an area, the variation of power density against distance around a BTS mast can be
modeled with Equation (2.18) as shown in Figure 2.13. The data on GSM BTS antenna
parameters in Nigeria are not always readily available. Only hypothetical values of the
antenna parameters can be generated from the various antenna manufacturers’ data and

existing literature.

2.7Assessments of RF Exposure in Nigeria

The assessment of RF radiation from wireless communication devices and its impact
on human health have been in progress in many countries around the world for quite
some time. Many studies have focused on environmental RF exposure assessments,
epidemiological studies, animal/cellular studies and computational modelling (Cooper
et al.,, 2004; Durney et al., 1986; Gandhi, 1974; Gandhi et al., 2012; Imaida et al.,
1998; Islam et al., 2006; Mann and Roschke, 1996; Maskarinec et al., 1994; Samaras
and Kuster, 2000; Yee, 1966). The study of RF radiation exposure in Nigeria became a
popular area of research interest, few years after the introduction of GSM in 2001.
Although the popularity of GSM has increased overtime, studies on RF radiation from
GSM devices are not sufficient to establish RF exposure criteria in Nigeria, as has

been done in some other countries.

RF exposure assessments in Nigeria are usually carried out to estimate GSM signal
power density around BTS masts in each neighbourhood (Akintonwa et al., 2009;
Farai et al., 2012). There are few known studies to have employed a spectrum analyzer
in assessing the level of RF exposure around BTS in Nigeria (Okonigene and Yesufu,
2009). Thesestudies neither considered other component RF signals within 900 — 2500
MHz frequency range, nor evaluate the contributions of GSM Band to the total RF

spectrum in an environment. The dearth of studies on RF exposure around BTS has
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resulted to the scarcity of data on spectral power density of various RF signals in our
environment. Some of the few RF exposure assessments around BTS masts in Nigeria

are presented in Table 2.1.

2.8 Biological Effect of RF RadiationExposure

All biological materials absorb part of the RF radiation that is incident on them.
WhenRF radiation is absorbed by the human body, it is known to produce some effects
which are categorised into thermal and non-thermal effects. Thermal effects
arereferred to as the responses of human body to a measurable rise in the temperature

of a body that is exposed to RF radiation.

The production of heat in human body is as a result of time varying RF field which
causes the drift of electrons, the polarisation of charges and the repositioning of
electric dipoles in the body (ICNIRP, 1998). Heating effects of RF radiation in
biological materials usually occurat frequencies between 10MHz — 300GHz.A
temperature increase of about 2 °C can resultto healthhazards like heat exhaustion and

strokein humans (ACGIH, 1996).

When the human body responds to an incident RF radiation in a manner that its
temperatureis not increased, then the response is consideredto be non-thermal in
nature(Eger and Neppe, 2009; Hardell et al., 2005; Hyland, 2000). It is possible that
RF radiations can interfere with processesrelated to DNA replication and repairs by
subtly altering their molecular conformation, but does not have enough energy to break
them apart (Hyland, 2003). Other non-thermal effectsof RF radiation may be
leukaemia, nervous tissue tumour, increased blood brain-barrier permeability, ocular
impairment, stress associated change in immune system, reproductive change,

changes in cell morphology and many more(ICNIRP, 1998; NRPB, 1992).
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Table 2.1: Previous measurements of RF power density around some GSM masts in

Nigeria
Distance to Maximum
Author Location BTS level of Instrument
exposure
(Akp ;)gii)e tal, Delta State 60 m — 360 m 5.66 yW/m>  Broad band
(Isabog%ellrslsi Ojuh, Benin city 0 m— 100m 120 mW/m*>  Broad band
(Oluwza(J)(l)Z; ctal, Minna 100m—-400m  2.70 mW/m>  Broad band
(Enyinna and Rivers State  2m—100m  31.00mW/m*>  Broad band
Avwir, 2010)
(Farai et al., 2012) Ibadan 10m-200m  53.40 mW/m*> Broad band
(Ushie et al., 2013) Lokoja Om-—125m 1.73 mW/m*>  Broad band
(Akln?g(%E; ctal, Lagos 0Om- 200 m 14.00 W/m>  Broad band
(Ajetunmobi, 2014) Ijebu Ode Om—150m  20.86 mW/m”> Broad band
(Olorunfemi et al., . 2 Broad
2016) Ile-Ife Not specified 1361 uW/m band/GIS
(Brlgagls-zK(;l ilga)lra et Port Harcourt O m-—100m 4.90 yW/m*>  Broad band
(Ahancku ct al., Nsukka ~ 50m-300m  0.19 mW/m?  SPectum
2015) analyzer
(Okonigene and B 2 Spectrum
Yesufu, 2009) 56 Towns Om-1500m  59.00 pW/m analyzer
(Umarctal,2017)  Kaduna  20m—100m  58.08 nW/m?  >Pectrum
analyzer
(Aminu et al., 2014)  Kaduna 25m-200m 3100 pW/m?  Spectrum
analyzer
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2.9 Limiting Human Exposure to RF Radiation

There is a general concern for possible the health hazardswhich may be linkedto RF
radiation exposure due to the numerous BTS masts and mobile phone units around the
world (Alenoghena et al., 2014; Hutter et al., 2006; Linhares et al., 2014; Wolf and
Wolf, 2004). Several experimental and epidemiological studies on the effect of RF
exposure on man and animal have been carried out over the years.Many of the
scientific literatures and research papers from these studies were put together using

internationally accepted criteria to setup RF exposure guidelines.

Various scientific bodies and organisation around the world organizations have
establishedguidelines for the control occupational and public RF radiation exposures.
These organisations publishand update safety recommendations which are meant to

limit exposure levels that can result in thermal and sometimes non-thermal effects.

2.10The ICNIRP RF Exposure Guideline

The ICNIRPwas established by the International Radiation Protection
Association(IRPA) in 1992 as an independent organization, to examine the healthrisks
in the use of the varioustypes of non-ionizing radiation, develop an exposure guide and

deal with all aspects of non-ionizing radiation protection.

The ICNIRP with the help of the IRPA and the environmental health division of the
World Health Organization (WHO), made a document on health criteria relatedNIR.
This document consists of summaries of NIR characterisations, methods of NIR

measurements in biological materials, various effects of NIR and the evaluation of

health risks of NIR exposure(ICNIRP, 1998).

The main objective of the ICNIRP 1998 publication is to provide guidelines that will
provide protect RF workers and the public against adverse effects of NIR. The ICNIRP
guidelineis based on scientific data alone. The data are gotten from epidemiological
studies of cancer risk (NRPB, 1992), meta-analysis of reproductive outcomes(Shaw
and Croen, 1993), residential cancer studies (Wertheimer and Leeper,
1979),0ccupational studies (Savitz and Loomis, 1995),Cellular and animal studies and

direct and indirect effects of electromagnetic fields(Bernhardt, 1988).
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Thenumbers of published epidemiological research on the effect of RF radiation
around the world are limited and inconclusive. It was established that both
epidemiological studies and studies on human volunteers are fully in support of the
health effects that are related to temperature increasein excess of 1°C, atthe frequency
range of 100 kHz-300 GHzin the human body tissue. The ICNIRP 1998 guideline
protects mainly against thermal effects of various NIR in humans. The summary of the
ICNIRP 1998 document is that, there are evidences from different studies that
exposure of the whole body of humans to approximately 30 minutes of EMF and a
SAR in the entire human body of less than 4 W/kgwill increase the body temperature
with about 1 °C. At SAR greater than 4 W/kg,this temperature increase will exceed of

1°C and can lead to an irreversible thermal damage to the human tissues.

These ICNIRP guidelines are classified into two categories, which are the basic
restrictions and the reference levels. The basic restrictions were established directly
from known health effects of NIR; while the reference levels wereestablished to
ascertain the compliance with basic restrictions during the practical assessment of NIR
exposure. Generally, the ICNIRP reference levelsare the main standard for limiting
NIR exposure to humans. Thereference and basic restriction levels for preventing
occupational and public RF exposure hazarddue to mobile communications are

presented in Table 2.2 and 2.3, respectively.
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Table 2.2: ICNIRP, 1998 reference levels for public and occupational RF exposure at

frequencies (f) between 400 MHz and 300 GHz

Equivalent
Frequency Electric field Magnetic field Magnetic plane wave
range strength (Vm™)  strength (Am™) field (uT) power density
(Seq) (Wm_z)
Public exposure
400 — 2000 MHz 1.3751"2 0.0037/" 0.0046/" 11200
2 -300 GHz 61 0.16 0.20 10
Occupational
exposure
400 — 2000 MHz 3712 0.0081"2 0.01/"2 1140
2 -300 GHz 137 0.36 0.45 50
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Table 2.3: ICNIRP, 1998 basic restrictions for time varying electric and magnetic

fields exposure at frequencies between 10 MHz to 10 GHz

Current Whole bod Localized Localized

Exposure Frequency density for average S A}l/{ SAR (head SAR

characteristics range head and trunk (W%{ ) and trunk) (limbs)
(mA m”) (rms) ¢ (Wkg)  (Wke'™)

Occupational 10 MHz —

exposure 10 GHz B 04 10 20

General 10 MHz - —

exposure 10 GHz 0.08 2 4
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2.11Brain Energy Absorption Model

An EM wave can propagate in both free space (vacuum) and in matter. When
propagating in matter (solids, liquids or gas), it can lose part of the energy it carries as
it propagates through them. A material, in which appreciable EM energy is absorbed,
usually to produce heat, is referred to as a lossy material. The heat generated manifest
by temperature rise in such materials. Most biological materials are lossy materials. In
this section, the principles of EM propagation in free space and a lossy medium are
discussed. A model to assess fraction of energy transmitted to and absorbed within the
human brain tissue is obtained from existing principles and models of wave

propagation in matter.

2.11.1 Uniform Plane Waves in Free Space

Electromagnetic waves are composed of E(V/m) and H(A/m), which are perpendicular
to each other in space and to the direction of propagation.The response of different
materials to EM waves can be studied by using the popular four Maxwell’s equations,

which in free space (air) are of the form,

VxH=¢2 (219
VXE=—u,2 (2.20)
V-H=0 2.21)
V-E=0 (2.22)

where g, is permittivity of free space measured in farads per meter (F/m), L, is the

permeability of free space measured in Henry per meter (H/m).

These equations describe the spatial variation of E and H in a direction normal to their
orientation. A wave can be described by the x component ofitsE and H, when moving
in the z orthogonal direction at time ¢. The time variation of the x component of E and
Hof this wave shows that it will move or propagate in space in z direction with the

speed of light and this can be mathematically expressed as (Hayt and Buck, 2012),

022 1 0%E,

A ey 075,02
2 2

0z _ 1 0 Hx(2.24)

at2 UoEp 0%H,
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Equations (2.23) and (2.24) can be transformed to Equation (2.25), by squaring both
sides of the equations and reducing the similar terms. Equation (2.25) represents the

propagation velocity of the wave in vacuum (air)

oz _ 1 _ 8
at_m_3X10 m/s (2.25)

A general solution to Equations (2.23) and (2.24) depictsa forward and backward
waves propagating in space (Ulaby et al., 1994). The solution can be translated into a
real instantaneous sinusoidal function of a specified frequency in the form of a forward
and backward propagating cosine waves(Hayt and Buck, 2012),

E(z,t) = |Eyolcos(wt — kz + ¢) + |Eyolcos(wt + kz + ¢p) (2.26)

where ¢ is the reference phase, & is the propagation constant or wave number and o is

the angular frequency.

k=2= 27” (rad/m)(2.27)

w = 2nf (rad/s) (2.28)

The frequency f'is measured in cycle per seconds Hertz (Hz) and c is the speed of light

measured in meters per seconds (m/s) and |E,,| is the magnitude of the amplitude of

E.

A time-dependent sinusoidal waveof cosine a form can be expressed in the phasor
form. Expressing the wave function in its phasor form or phasor domain helps to
suppress the time domain aspect of the function, thereby allowing a simpler way of
solving the function. The phasor of a sinusoidal time-dependent wave function
contains only the amplitude and phase information of the function. Equation (2.26) can
be expressed in its phasor form as:

E(z,t) = R[|Ey, e/ EF2HPletiot]  (2.29)

where the symbol R represent the real part of the wave function and also,

j=+v-1 (2.30)

|Exole’® = Erp (2.31)

Substituting Equation (2.31) in Equation (2.29), it can be modified as,

E(z,t) = R[E, e/ FDetiot] (2.32)

E(zt) = R|Es e*/*t](2.33)
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From Equation (2.33), the phasor form of the electric field component of the forward
and backward wave is,

E;(2) = RE,, = XE,,e/¥*2) (2.34)

Where Egis the phasor electric field strength, while Ej,is the wave complex amplitude

in x direction with a phase angle ¢.

2.11.2 Plane Wave Propagation in Lossy Materials

A dielectric material is a poor conductor of electricity, but a good agent of electrostatic
processes. Dielectric materials respond to the passage of EM waves by producing polar
charges within them. They can be classified into a low-loss, lossless, lossy or high-loss
dielectric material. A lossless dielectric is a perfect dielectric material such as vacuum
or air with no power loss when EM waves propagate through it. A lossy material
absorbs power from the EM waves that propagates through it.A biological tissue such
as the human tissue is a lossy material and hence, will absorb RF radiation passing

through it.

A lossy material absorbs energy from the propagating wave, making the propagation
constant of the wave to be complex in nature (Ulaby et al., 1994). For a linear,
isotropic and homogeneous lossy medium the complex propagation constant y can be
expressed as,

Yy =a+jB(2.35)

where, o andf are given by
1

12

a= w{% 1+ (“;—)2 - 1_}2 (2.36)
g = w{% /1+(";—',')2 + 1_}E (2.37)

where, €, |1, 0, o and f are electric permittivity, magnetic permeability, conductivity,

attenuation constant (Np/m) and phase constant (rad/m) of the medium, respectively.

The quantities ¢ and ¢’ are real and imaginary part of complex permittivity &
expressed as,

g =¢ —je" (2.38)

Where,
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e =c¢ (2.39)
n_ 9
e =2 (2.40)

The intrinsic impedance nof the lossy material is also complex and can be expressed

as,
n _l
ncz\/g:\ﬁﬁ,@—ji—,) * (2.41)

2.11.3 Power Flow in Lossy Materials
An EM wave upon an aperture area 4 of a lossy material with an outward surface of

unit vector n,has a total power P flowing through Aequal to,
pP= fA S.ndA (W) (2.42)

Where Srepresents the poynting vector or power density(W/m?) expressed as,

S=E x H (2.43)

The energy absorbed in a lossy medium can be expressed in terms of the average
power density(Hayt and Buck, 2012). The average power density is generally
expressed as,

Sav = 3 R[Es X H;] (W/m?)(2.44)

The average power density of an EM wavesmoving in z direction, havingan
Ecomponent only along the x direction in free space can be expressed as,

a |Exo|2

Suy = zT(W/mz)(2.45)

For a lossy medium,the quantities y and m.are complex andthis modifies Equation

(2.45) as,

2
Sy, =2 % e ?%cos0,(W/m?)(2.46)
Nc

The magnitude of complex intrinsic impedance 1 in polar form is,
ne = |efn @47)

where 0, is phase difference betweenE and Hwithin the lossy material.
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2.11.4 Plane Waves at the Boundary between Two Media

When an EM wave which incidents normally on the surface of a medium m;passes
through the medium encounters another medium m,, the wavewillbe partly reflected
and partly transmitted at the boundary between the two media. This is illustrated in
Figure 2.14. The constitutive parameters of these media are the permittivity g,

permeability p, conductivity ¢ and the intrinsic impedance 1.

The incident waveis made up ofboth an electric field strength E'and magnetic field
strengthH', moving along a unit vector k' in the positive z direction. When the incident
wave reaches the boundary between m; and m,, part of the wave is reflected back into
m,;.The remaining wave crosses the boundary into m, and continues to move in the
positive z direction. The reflected wave consistsE'and H", moving along a unit vector
k' in the negative z direction.The H'will undergo a 180 degrees phase change after
reflection. The transmitted wave consists of E'and H', moving in the same direction as

the incident wave.

The phasor form of the incident wave in m; can be expressed as,
Ei(z) = REL e /k17(2.48)
Hi(z) =2 x B® _ g L pi_p=ilaz() 49)
M M1
That of the reflected wave is,
El(z) = REL eT/k1z  (2.50)
HI(2) = —2 X En—f) = —9 L El,ethr51)
The field component of the transmitted wave in m; is,
El(z) = REL, e /¥2%(2.52)
Hi(z) = 2 x ? = 9 Blye/%(2.53)
EL,, ET, and EL,are, the amplitude of the incident, reflected and transmitted electric
field strengths at the boundaryrespectively, where z = 0. The relationship between
these component fields can be obtained by enforcing the boundary conditions between
m; and m,. The underlying boundary condition is that the tangential component of the

total E(E,") and total magnetic fieldstrength H (H,") is continuous across the

boundary.
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Figure 2.14: The process of reflection and transmission undergone by an incident

wave between two media m; and m,(Ulaby et al., 1994)
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The total E and Hcomponents in my is,

E{'(2) = E{(2) + E{(2) = R(Exoe /% + Efpe/1%)(2.54)
HI'(2) = Hi(2) + HI(2) = § - (BLpe 4% — El,e /%) (2.55)
The total E and Hcomponents in my; is,

EX2(z) = El(z) = REL e /%22 (2.56)

H?(2) = Hi(2) = 9 Efe ™ (2.57)

At the boundary (z = 0), if the tangential components are continuous, therefore,
EJ1(0) = ES?(0)  (2.58)

HI1(0) = H?(0)  (2.59)

From Equations (2.54) and (2.59),

Exo + Exo = Exo  (2.60)

io — ELrO = ELtO (2.61)
LRt LRt N2
Solving Equations (2.60) and (2.61) for E,, and E,,'with respect toE,, , then,

r — (M2 i
EL, = (22) EL,262)

t _( 212 i
Efo = (22) ELo2.63)

The ratio ofincident and reflected E at the boundary betweenm; and myis referredto as
the reflection coefficient (I'), while that of the transmitted and incident Eis the
transmission coefficient (7). I' and T can be obtained from Equations (2.62) and (2.63)

as,

r _
r=2e=TM (36
x0 N2+N1

Eago 213
=== — 2.65
Ey n2+11 ( )
Therefore,

ET, = TEL,(2.66)

El, =tEL, (2.67)

Where,

T=1+T (2.68)

In a lossy mediumthe propagation constant k; and k»is y; and y,respectively, while 1;

and npare the complex intrinsic impedance 1.; and 1.
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The average incident, reflected and transmitted power at the boundary between two
lossy media, will obey the law of conservation of power i.e.,

Sty = Sty + 55,(2.69)

S..is the incident average power density and S,,'is the reflected average power density
in the first medium.S,,' isthe transmitted average power density in the second medium

where,

i 2
Si = %e"zazcosenQJO)

Sty = ITISE, (2.71)
St = ITI*Sky (2.72)
Therefore,

It|2 =1—1T|? (2.73)

|t|2 1s the ratio of SavttoSaVi referred to as Transmittance (7)), while |1“|2 1s the ratio of

Say't0Say,Referred to as reflectance (R).

2.11.5 EM Waves Transmission in Human Head Tissues

The human head consists of mainly six thin layers of tissues. These tissues illustrated
in Figure 2.15, include the Skin, Fat, Bone, Dura, cerebro-spinal fluid (CSF) and the
brain. Each tissue absorbs EM waves according to its electric and magnetic properties.
Across each boundary, there are multiple reflections which progressively reduce the
amplitude of the waves. To study the interaction of EM wave with each layer of tissue,
the planar multi-layered model of the human head was developed(Abdalla and Teoh,
2005).

The multi-layered model of human head approximates the head tissues to a flat multi-
layered arrangement of different thicknesses z; to zs and absorption coefficients a; to
os. As illustrated in Figure 2.16, there exist the boundaries b; — bs between the tissues
and the thicknesses z; to zs in the model. The conductivity o, mass density p and the
relative permittivity & of each of these tissues are given in Table 2.4 (Gretel et al.,
2006; ITIS, 2016; Sabbah et al., 2011). The approximate value of relative permeability

Y, of the human tissue is 1.
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Figure 2.15: The layers of the human head (Earsite, 2015).

63



Skin Z,=0.07 cm
_ Z,=0.16 cm
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Bone  £3=2.05cm
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Figure 2.16: A six-tissue multi-layered planar model of the human head
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Table 2.4: The dielectric parameters of the layers of the head tissues at 900 MHz, 1800
MHz and 2100 MHz (Gretel et al., 2006; ITIS, 2016; Sabbah et al., 2011).

900 MHz 1800 MHz 2100 MHz

Tissue & 6 (S/m) & o (S/m) & 6 (S/m) p (kg/m?)

Skin 41.400 0.867 38900 1.180 38.400 1.310 1109
Fat 5460 0.051 5350 0.078 5320  0.090 911
Bone 12450 0.140 11.800 0.275 11.600 0.328 1908
Dura 44.400 0961 42900 1.320 42.500 1.470 1174
CSF 68.700 2.410 67.200 2.920 66.800 3.150 1007

Brain 52.700 0.940 50.100 1.390 49.500 1.570 1045
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2.11.6EM Wave Transmission across each Boundary

A normally incident EM wave with an average power density S, , will interact with the
first boundary (b;) of the head tissues and part of the incident power will be
transmitted across this boundary, while the rest is reflected in a back into the air
(Abdulrazzaq and Aziz, 2013). The average power density across b; can be expressed
as,

S1 =S, il (2.74)

|1/ , is the transmittance (7) at the first boundary (b;) and refers to the fractionof
incident power density across b;between the air and the skin. Both the transmittance
(T) and the reflectance (R) can be obtained from Equations (2.64), (2.65) and (2.68).
For the various boundaries between the tissues above the brain, their transmittance and

reflectance are expressed as7; — Ts and R; — Rs.

Part of the power across b, is absorbed by the skin tissue and the remaining part on
getting to b, is partially reflected and back propagates towardsh;. The back
propagating wave will again be absorbed by the skin and the rest will undergo a partial
reflection on getting to b;. The total power across b; is the sum of the direct and the
partially reflected powers from b;, after part of them have been absorbed by the skin.
Some of the power across b, will be absorbed within the fat. The rest of the power on
getting to b3 will be reflected back to b,. The reflected power undergoes a partial
reflection at b, and forward propagates towards b3, where some of it crosses into the
bone. The total power across b; is the sum of the direct and the partially reflected

powers from b, after part of them have been absorbed by the fat.

This process will continue until the wave signal gets to bg, as illustrated in Figure 2.17.

The total power density across b, can be expressed as,

So, T, T,e*®71 + S2 T, T, R, R,e**171 (2.75)
S, [TiT,e?%171(1 + R R,e?%171))] (2.76)
Where,

T, T,e?“1%1(1 + R R,e?%1%1) = F,(2.77)

F,= fraction of the incident average power density (S3,) across b,
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Figure 2.17: The processof wave transmission and reflection across the head tissues
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The total power density across b; is expressed as,

S, [F,Tse2%2%2(1 + Ry Rze?%2%2))] (2.78)
Where,

F,T;e2%%2(1 4 Ry R3e?%2%2) = F4(2.79)

Across by (total power density at the Dura),

S, [FsT,e?%373(1 + R3R4e2%3%3)](2.80)

Where,

F3T,e?%7%3(1 + R3R,e2%37%3) = F,(2.81)

Across bs (total power density at the CSF),

SO, [FyTse?%74(1 + RyR5e?%4%4)] (2.82)
Where,

F,Tse?®%4(1 + RyR5e?%%4) = Fy(2.83)

Across bs (power density at the Brain),

S, [FsTs€2%5%5(1 + RsRge?%s%s))] (2.84)
Where,

FsTee?®s7%5 (1 + RsRge?%5%5) = Fq(2.85)

F; to Fs are the fraction of the average incident power density (SJ,), at the different

instances when the transmitted power crosses b; to b.

A steady state is reached across bs, where the net power transmission across each
boundary and the fraction of incident power density in each tissue are constant. At the
steady-state transmission of the propagating waves, many co-propagating waves
produce the effect of a single wave at definite amplitude and phase (Hayt and Buck,
2012).The net average power density across the various boundaries at the steady state
is determined by the net power density across the last boundary (bg). This is because
the total power across bg is the remaining part of total power that is transmitted across
b;. The total power across b, is the sum of the direct power across b; and total reflected

power at b, the due to multiple reflections from all the other boundaries (b, to bg).

If the fraction of the incident power density across by is Fs(Fsrqin), the overall fraction

of the incident power density in each tissues is presented in Equations (2.86) to (2.91).
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F. Fe
Skin — T2T3T4T5T6e—Z((llzl+(l222+(l323+(l424+(l525)

(2.86)

Fe

Frar = T3TyTsTge ~2(@2Z2+a323+4Z4+a575) (2.87)
Fgone = T4T5T6e‘2(0-’3i63+“4Z4+0¢525) (2.88)

Fpura = T5T66—2(5224+a525) (2.89)
Fesp = % (2.90)
Fprain = Fe 2.91)

where,Fg,to Fesr are the net fractions of §9,, in the tissue, when there is a net power
transmission across b6. The use of Equations (2.86) to (2.91) in the calculation of the
fraction power density of a RF radiation reaching brain will be discussed in chapter

three.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study Areas
The cities of Lagos, Ibadan and Abuja were purposely selected for this study because

they are renowned cities in Nigeria with considerable size of mobile communication

facilities (NBS, 2018; NPC, 2006).

3.1.1 Lagos

Lagos is a mega city that is made up of many districts and local government areas
(LGA), which constitute over 80 percent of the land mass of Lagos state. The city is
located at latitude 6.4550°N and longitude 3.3841°E of Nigeria. There are about 20
local government areas (LGA)in Lagos state and the city hosts about 9.1 millionpeople
with about 2.2 million households (NPC, 2006). Most developed part of Lagos is often
referred to as the Metropolitan Lagos. These areas include both the islands of the
former municipality of Lagos and the mainland suburbs. The metropolitan Lagos
encompasses about 16 of the 20 LGA of Lagos State. The metropolitan part of Lagos
contains about 85% of the whole population of Lagos (Olowu, 1992; Rasaki, 1988).
There are a considerable number of tall buildings in Lagos comparable to some cities
in the world.Lagos has one of the largest and most extensive network of roads in West

Africa (Mason-Jones and Cohen, 2012).

The city of Lagos is one of the hubs of Information Communications and Technology
(ICT) in the West Africa (Zeng, 2008).There are 19 million active GSM voice lines in
Lagos state (NBS, 2018). This study was carried out within 10 LGA in the state,
hosting about 48 percent of active line in the state. A map of Lagos showing 120

points where RF measurements were made is presented in Figure 3.1.
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Figure 3.1: A map of the city of Lagos showing measurement positions (Base map



3.1.2 Ibadan

Ibadan is the capital city of Oyo state in Nigeria, is located at latitude 7.3964°N and
longitude 3.9167°E of the country. The city of Ibadan is in the south-western region of
Nigeria, 128 km inland northeast of Lagos and 530 km southwest of Abuja. The city is
a major link transit between the coastal region and the areas to the north. The core
areas of Ibadan are within 6 LGA of Oyo state (Tomori, 2007). The city holds about 3
million people and a 0.4 million households. The city of Ibadan is the third largest
metropolitan region by population, in Nigeria (NPC, 2006).

Ibadan since the era of the Western Region government in Nigeria has possessed a
number of sophisticated, liberal, scientific and cultural community on the continent of
Africa. The city has one of the best road networks in Nigeria and hosts quitea number
of financial institutions in the country. There are about 8§ million GSM active lines in
Oyo state (NBS, 2018) and Ibadan hosts 60 percent of the active lines in the state
(edirectsms, 2016). A map of the Ibadan showing 100 points where RF measurements

were made is presented in Figure 3.2.

3.1.3 Abuja

The Federal Capital Territory (FCT) and some of its surrounding areas are referred to
as Abuja. The city of Abuja is located at latitude 9.0667°N and longitude 7.4833°E of
Nigeria. There are 6 LGA in the FCT holding about 1.4 million people with about 0.3
million households (NPC, 2006). It was reported by United Nations that Abuja grew at
the rate of 139.7% between 2000 and 2010, making it one of the fastest growing cities
in the world (Boumphrey 2010). The city by 2015 still grew annually by 35%, which
makes it the fastest growing city in Africa (Abuja fact, 2005). The road network in

Abuja is wider andbetterthanmost other cities in Nigeria.

The main district of Abuja houses the top bracket sections of society and business
ventures. The city has the reputation of being very exclusive and expensive. This study
was carried out within 3 local government areas of Abuja, which covers the municipal
area of the city. There are about 5 million active GSM lines in the FCT and Abuja
hosts about 56 percent of its active lines (edirectsms, 2016). A map of the Abuja

showing 80 points where RF measurements were made is presented in Figure 3.3.

72



3.790°E

3.8459F 3.900°F 3.955°F 4.010°F 4.065°F
7.511°N 7.511°N
.
([}
ITE LT Sy -. -
nrAroiesit =~
Reserve C ?
(]
L)
S
7.473°N E 7.473°N
L)
m °
(]
Universsy of Q L
Ibadan Fic® Farm ¥ &¢ e
7.435¢N e 7.435°N
H ¢ &
L) S
. e m e son- o
Vs
- . [ ] [ ]
o A
L L . o ot
L .
L) L) {
7.397°N DR A m'. . ] 7.397°N
2
. . L e . e .
L] L]
.
& ] .
.0 - [0 |
o oo , g Ibadan ‘
. ® ) Ibadan Airport
. * B
0 ) v o Q .
7.359°N e S 7.359°N
» . .«
m’
[ )
o o L]
o
L ()
7.321°N 7.321°N
3.790°F 3.845°F 3.900°F 3.955°F 4.010°F 4.065°F
) 0 5
@ Location } Jkm

Figure 3.2: A map of the city of Ibadan showing measurement positions (Base map

from Google map, 2019)

73




/7.031%L 7.134°L 7.237°F /.340°1 7.443°F 7.546°L 1.649°1
9.17%°N - 9.175°N
&
)
: &
xuaw;:-,-. 1 N )
om & e
L)
e GWARINPA 0
. ]
Macella EEEEY ESTATE ~ale) 3
b *MAGAMA
9.0/1“N AbUJa - '..":JSE?. . 9.0/1°N
s'e g ®hed
[ 22 Asoxd®ig
Anagada O ()
. ® sm e New Karu
Gwaska . e :" :
L} L]
.
.
8967°N < 8.9G7°N
. m
Gwar;v.-,'l.ad-’= Toge L}
L} -
ee ® |
Sauka
0
. Orozo
Kuje
8.8G3°N 8.8G3°N
7.031°E 7.134°E 1.237°t 7.340°E 7.443°¢ 7.546°E 7.649°E
. 0 10
@ Location ————— km

Figure 3.3: An Aerial map of the city of Abuja showing measurement positions (Base

map from Google map, 2019)

74




3.2 Instrumentation

Measurements of RF radiation energy around some selected BTS mastsand mobile
phones were made with a calibrated spectrum analyzer and a broadband meter in the
cities of Lagos, Ibadan and Abuja. A Global Positioning System (GPS) was also
employed during the study to locate the positions of each measurement point. The

specifications and characteristics of these RF meters are discussed in this section.

3.2.1 The Spectrum Analyser

The spectrum analyser employed in this study is a hand held type, called SPECTRAN
HF - 60105V4by Aaronia AG which has been factory calibrated for RF spectral
analyses within the frequency range from 1 MHz to 9.4 GHz. The sensitivityof the
spectrum analyser to RF signals is between —170 dB and +20 dB power levels and a
frequency resolution of 200 kHz — 50 MHz. The instrument is coupled with a factory
calibrated Omnilog-90200 tri-axial antenna to receive RF radiation from the
environmentin all directions. A picture of SPECTRAN HF - 60105V4 hand held
spectrum analyser coupled with the antenna is presented in Figure 3.4. This antenna
detectsRF signal within the range from 700 — 2.5 GHz. Also accompanying the
spectrum analyser is a computer interface where a computer with a pre-installed
Aaronia RF analyses software programme is connected for on-field and post-field data

analyses.

Measurements of E (V/m), H (A/m), signal strength (dBm) and S$ (W/m?) can be taken
separately or simultaneously by the spectrum analyser. By default, the spectrum
analyser measures received signal strength in dBm unit and automatically convert it to
Eand H. During RF measurements around the BTS masts, the spectrum analyser was
mounted on a tripod stand, which is about 1.5 m tall from the ground level. The
spectrum analyser was set to record the peak values of power density during each
measurement. When RF measurements were made around the mobile phones, the
spectrum analyser was also set to record the peak values of E during and the meter was

placed within the near field region of the mobile phones.
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Figure 3.4: An Aaronia SPECTRAN HF - 60105V4 spectrum analyser coupled with an

Omnilog-90200 isotropic antenna manufactured by Aaronia AG
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3.2.2 The Broadband Meter

The broadband meter employed in this study is a factory calibrated TES-92
Electrosmog survey meter,manufactured by Less EMF, NY USA.This meter was
designed to sum up or integrate the energies of all RF signals within the
frequencyrange of 50 — 3500MHz. The TES-92 Electrosmog meter has an inbuilt
isotropic antenna, but can also determine E or H in a spot along any chosen
coordinate.A picture of TES-92 Electrosmog survey meter is presented in Figure 3.5.In
this study, the broadband meter was positioned at about 1.2 m above the ground level
at a spot where measurements of power density were made. The meter was also used to

measure the total E in the near field of the selected mobile phones in this study.

3.3 Estimation of distance of maximum power density

As discussed in chapter 2, the variation of power density with distance from a mast
depends on factors such as the height of the antenna and its angle of tilt. These will
vary from mast to mast and hence the distribution of power density with distance.
From the foot of each, the point of maximum radiation intensity was determined from
mast. For a survey aimed at health hazard assessment as in the case of this work, the
point of maximum power density represents the point of worst-case scenario around a

mast and hence, the point of interest around the masts.

To determine the distance of maximum power density from BTS masts in the cities of
Lagos, Ibadan and Abuja, a preliminary study was conducted. In this study, the
variation of power density of GSM signals versus distance was determined from the
spectral measurements around 40 randomly selected BTS masts in the cities of Lagos,
Ibadan and Abuja. The distance of maximum power density within the foot of each
mast and a distance of 300 m from the masts was obtained from the profile of power
density with distance. The average distance of maximum power density for each city

was determined.
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Figure 3.5: A TES 92 Electrosmog broadband survey meter manufactured by Less
EMF, NY USA
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3.3.1 Distance of maximum power density in the three cities

The typical variation of power density of a GSM signals (mainly GSM 900 and GSM
1800 signal)with distance from the foot of BTS masts up to 300 m in Ibadan, Lagos
and Abuja is presented in Figure3.6. The obtained average distance of maximum
power density of GSM signals around BTS masts is 183 = 58 m, 195 + 19 m,and 190 +
63in Lagos, Ibadan and Abuja, respectively. The distribution of the distances of
maximum power density in the three citiesis presented in Figures 3.7. The weighted

mean distance of maximum power density for the three cities was 189 + 50 m.

3.4 Assessment of all signals within 900 and 2500 MHz RF band

Measurements of power density of all signals including GSM, CDMA-1900, 3G-2100
and other signals within 900 to 2500 MHz band made the calibrated spectrum
analyserand broad band meter around the estimated distances of maximum power
density from 100, 120, and 80 BTS masts in Ibadan, Lagos and Abuja, respectively.
Efforts were made to align each point of measurement with the Line of Sight (LOS) of

the antenna from the foot of each mast.

The prominent signals obtained withinthe acquired spectrum around each mast, were
identifiedfromdata book on national frequency allocation (8.3 KHz to 300 GHz) by the
national frequency management council of the federal republic of Nigeria(NFMC,
2014).The power density of each signal was obtained at each point in order to estimate
its contribution to the environment. An individual is exposed to RF radiations typically
between 50 MHz to 3.5 GHz in each environment. This constitutes the radiation dose
each person is exposed to due signals from various RF sources including BTS and
satellite signals. The sum of power density of all signals from 50 MHz to 3.5 GHz
around the selected BTS masts in each city was obtained with the broadband meter. RF
signals within this broad band encompass all signals used in most applications in
Nigeria. These include radio, TV and RADAR applications, most (or some) of which
were not in NCC data book. This RF range can thus be regarded as the range of

ambient RF radiation in each neighbourhood.
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As stated in chapter two, GSM 900 and GSM 1800 signals occupying 935 — 1880 MHz
frequency band,CDMA-1900 and 3G-2100 occupying 1883 — 2150 MHz band are
from BTS masts in each environment. The total power densities of these signals, as
well as other signals that were not from BTS masts within the obtained spectrum at
each spot were estimated. The percentage contributions of these signals to the ambient
RF radiation at each spot were calculated. Precautions were taken not allow human
interference with the receiving antennas of the two RF instruments. An average of 3

minutes was allowed for the instrument to stabilise before readings were taken.

3.5 RF Exposure Measurements around Mobile Phones

As stated in chapter two, the maximum level of power radiated by a mobile phone is
within the near field region of its antenna and for a typical mobile phone near field
region is less than 3 cmfrom the phone. To estimate the level of RF radiation emitted
from mobile phones, electric field measurements were made with both the spectrum
analyser and the broadband meter at a distance less than 1 cm from 60 common mobile
phones in Nigeria. Out of the selected mobile phones, 30 of them work mainly on
GSM standard during an active call, while the other 30 phones work on the 3G-2100

mobile standard. The selected mobile phones are presented in Table 3.1.

During measurement, each phone was put in the active mode by calling and answering
a call on it. The mobile phones were firmly attached to a tripod stand at 1.5 m above
the ground level, while background measurements ofE were taken with the broadband
meter whenno calls were either made or received from them. The 1.5 m height of the
RF meter is close the region of the head of a reference man whose height is 1.7 m.
Measurements of E were then made in near field region (about 10 mm) of the selected
mobile phones when they were actively making and receiving a call. The difference
between the results of background broadband measurements and other measurements
when the phones were active was taken to represent the value of the E from the phones

in the active call mode.
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Table 3.1: Models and communication standards of the selected mobile phones

Models of mobile phones working on Models of mobile phones working on

GSM standard S

1 Sony Ericsson K800i 31 Malata i-11

2 i-Tel IT 2090 32 Samsung SM-G530H
3 Samsung GT-E2252 33 Prestigio PSP350

4 Nokia 113 34 HTC Desire 626S

5 Samsung GT-E1205T 35 BlackBerry SQW 100-1
6 Nokia 222 36 King Zone S2

7 Nokia Asha 202 37 Blackberry E145

8 BLU Energy X-plus 38 HTC Wildfire SAS10e
9 BlackBerry 9810 39 Sony Ericsson Xperia TX
10 Nokia 103 40 Blackberry BEC1

11 Infinix X551 41 Samsung SM-A310F
12 Nokia RM-1035 42 Nokia Lumia RM-978
13 ZTE 7222 43 Alcatel One touch
14 Tecno P5 44 Samsung core prime
15 Nokia 108 45 Tecno M3

16 Nokia 1209 46 Samsung GT-S6810P
17 Nokia 105 47 Samsung GT-S5282
18 Nokia 1100 48 Apple iphone-5

19 Tecno T6115 49 Lenovo A520

20 Tecno T605 50 Samsung GT -S7562
21 Tecno 608 51 Tecno W2
22 Nokia 1280 52 i-Tel 1508

23 Nokia 5130c-2 53 Lenovo A1010
24 Nokia Lumia 520 54 Tecno Y2
25 Nokia 2626 55 Ifinix smart

26 Nokia 2720a-2 56 Lenovo A369i

27 Solo S355 57 Gionee P2

28 Vodafone Smatt 11 58 Huawei G power
29 Samsung GT-S5301 59 Infinix note 3

30 Tecno T340 60 Huawei Ascend Y520
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The spectrum analyser detects and measures the peak E that is associated with the
transmission signal from the mobile phones during an active call, while the broadband
meter measures the total E that is associates with all signals from 50 MHz to 3.5 GHz
emitted from the phones. Measurements were made in an environment that is free of
disturbances that can suddenly spike up the intensity of E during measurements. Some
of these disturbances include active calls from other nearby mobile phones, human and
vehicular movements and high level of Wi-Fi signals. The peak values of E were

recorded when the readings from both meters were stable.

3.6 Estimation of SAR within some Head Tissues

The estimate of SAR in the brain tissue due to RF radiation in the selected 60 mobile
phones was made from the obtained E around the mobile phones and the obtained
fraction of average power density getting to the brain. The determination of the
fraction of the average incident power density in each tissue of the human head was
discussed in chapter three. By making use of use of Equations (2.36) to (2.73) and the
dielectric parameters of the layers of the head tissues at 900 MHz, 1800 MHz and 2100
MHz presented in Table 2.4, the values of the transmittance T, reflectance R,
attenuation coefficientsa, intrinsic impedancen and phase angleé in the head tissues

was be obtained and presented in Table3.2.

The fraction of average incident power density in each tissue of the headwas obtained
by applying the values of tissues parameters at different signal frequencies in Table3.2
to Equations (2.75) to (2.91) in chapter two. The obtained fractions of average incident
power density in tissues of the head at different signal frequencies are presented in
Table 3.3.

The values of E measured around the selected mobile phones using both the spectrum
analyser and the broadband meter corresponds to the E present at the skin of the head.
The obtained value of E at the skin was used to calculate the average power density in
other tissues of the head using Equation (2.45) and hence the corresponding E in them
using Equation (3.1) and the fractions of average incident power density in them in
Table 3.3. The obtained E within each tissue was used to calculate the SAR in them by

using Equation (3.2).
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Table 3.2: Values of the transmittance, reflectance, attenuation coefficients, intrinsic

impedance and phase angle in the head tissues at 900, 1800 and 2100 MHz

900 MHz
Boundary
bl b2 b3 b4 b5 b6
T 0.465 0.782 0.959 0.905 0.985 0.989
R 0.535 0.218 0.041 0.095 0.015 0.011
Tissue
Skin Fat Bone Dura CSF Brain
o 24.899 4.099 7.438 26.615 52.044 24.056
n 59.347 161.493 107.023 57.411 48.334 52.545
0 8.923 1.429 2.602 9.555 19.673 8.522
1800 MHz
Boundary
bl b2 b3 b4 b5 b6
T 0.476 0.79 0.962 0.903 0.987 0.994
R 0.524 0.21 0.038 0.097 0.013 0.006
Tissue
Skin Fat Bone Dura CSF Brain
o 35.292 6.344 15 37.582 65.723 36.697
n 60.84 163.12 109.93 57.98 47 53.63
0 6.218 1.102 2.627 6.623 11.746 6.439
2100 MHz
Boundary
bl b2 b3 b4 b5 b6
T 0.478 0.791 0.963 0.902 0.987 0.994
R 0.522 0.209 0.037 0.098 0.013 0.006
Tissue
Skin Fat Bone Dura CSF Brain
o 39.464 7.341 18.035 42.082 71.312 41.715
n 61.21 163.58 110.88 58.22 47 53.94
0 5.952 1.093 2.71 6.347 10.876 6.271
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Table 3.3:Fraction of the average incident power density in each tissue

900 MHz 1800 MHz 2100 MHz
Fskin 0.525 0.532 0.533
Frat 0.396 0.400 0.399
Fione 0.375 0.377 0.375
Foua 0.250 0.184 0.162
Fesr 0.240 0.175 0.153
Fiuain 0.193 0.134 0.114
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SAR = 2 (W/kg) (3.2)
Where,

F = the fraction of S3,, in the tissue of interest
o = conductivity of the tissue

p = mass density of the tissue
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

The focus of this study as stated in chapter one is to identify prominent RF signals
within 900 and 2500 MHz band using spectral analysis, determine the contribution of
each signal to the ambient RF radiation intensity in each environment and relate this to
the health implication of GSM to humans. The methods of measurement with both RF
spectrum analyser and broadband meter around some selected BTS masts in the cities
of Lagos, Ibadan and Abuja and around 60 common mobile phones in Nigeria have
been discussed in chapter three. This chapter is focused on the presentation and
analysis of the results of the spectrum analyser and broadband meter as well as

measurement within the near-field of the phone.

4.2 Components of RF Spectrum from each BTS Mast

The typical spectrum of RF signals within 900 and 2500 MHz obtainedat the distance
of maximum power density from each of the randomly selected 120, 100 and 80 BTS
masts in Ibadan, Lagos and Abuja, respectively are presented in Figure 4.1, indicating
signals of the nine most prominent frequency bands.Except for small variations in the
intensities of the peaks, it is observed that features of the peaks for all locations are
quite similar. Using the NFMC (NFMC, 2014) information, the identities of nine
frequency bands giving rise to these peaks and there utilization (or source) are
summarised in Table 4.1. The intensities of GSM 900 and GSM 1800 bands are
labelled as 1 and 7, respectively in the typical spectrum. The numbers 8 and 9 are due
to CDMA-1900 and 3G-2100 networks, of which CDMA-1900 signals are only
available in some masts, as typically observed in Figure 4.1. The numbers 2 to 6 are
mainly signals from radiosondes, radio navigation, broadcast and mobile satellites, as

identified in Table 4.1.
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Figure 4.1: Typical spectrum of RF signals between 900 — 2500 MHz with indications

of prominent frequency bands in Lagos, Ibadan and Abuja
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Table 4.1: Identities of the nine prominent signalsin the three cities (NFMC, 2014)

Frequency Band . e .
(MHz) Nigerian Utilization of Signal Band
935 -960 GSM 900 signal forward link
960 -1215 Aeronautical radio-navigation
1452 - 1492 Broadcast-Satellite (1467 — 1492 MHz digital audio

broadcasting)

Mobile Satellite (down link for BGAN
1518 - 1610 implementation) (down link 1544 — 1545 MHz
dedicated worldwide to distress and safety)

1661 -1668 Radio Astronomy

1668 — 1700 Weather Forecasting (Radiosondes)

1805 - 1880 GSM 1800 signal forward link

1963 -1990 CDMA-1900 signal forward link

2110 - 2290 3G networks; WIMAX (2204 —2285); LTE (2226 —

2333)
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As shown in Figures 4.1, the intensities of the identified satellite signals are generally

low (below -70 dBm) in the three cities.

In order to examine details of each of the nine peaks in the typical spectrum, the
frequency span of the spectrum analyser was reduced to match the frequency range of
the 9 bands giving rise to the peaks. The resolution of the spectrum analyser was also
increased from 3 MHz to 300 kHz thereby revealing the clusters of peaks which make
up peaks 1 to 9 in the typical spectrum. The resulting spectra around GSM 900, GSM
1800, CDMA (1963 — 1990 MHz) and 3G networks (2100 — 2290 MHz) are presented
in Figures 4.2, 4.3, 4.4 and 4.5, respectively.

The ranges of power densities of all signal peaks within the spectrum obtained in each
city are presented in Tables 4.2 and 4.3, respectively for the four BTS signal bands and
the five satellite communication signal bands. As discussed in chapter three, the
radiation dose which an individual is exposed to due to the presence of a BTS mast in
each environment is the sum of the radiation energies of all signal peaks within the
obtained spectrumfor GSM 900, GSM 1800, CDMA-1900 and 3G- 2100 band,
presented in Table 4.4. The radiation dose an individual is exposed due to satellites
signals is the sum of the radiation energies of signal peaks in the spectrum of the five

satellite communication band identified in this work and presented in Table 4.5.

The threshold for which an individual can be exposed to in many parts of the world
including Nigeria was recommended by the ICNIRP. The ICNIRP guideline is based
on quantities like the power density S, E and SAR. When an obtained exposure level
in an area is lower than the reference level, it means that the basic restriction is not
exceeded. Table 4.6 presents the reference level or threshold for public exposure to RF

radiation in the range 900 — 2500 MHz.
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Figure 4.2: Screen shot of the spectrum analyser’s display showing the spectrum of

GSM 900 (935 — 960 MHz) frequency band signal strengths
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Figure 4.3: Typical screen shot of the spectrum analyser’s display showing the
spectrum of GSM 1800 (1805 — 1880) frequency band signal strengths
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Figure 4.4: Typical screen shot of the spectrum analyser’s display showing the
spectrum of CDMA-1900 (1963 — 1990 MHz) frequency band signal strengths
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Figure 4.5: Typical screen shot of the spectrum analyser’s display showing the
spectrum of 3G-2100 (2110 — 2290 MHz) frequency band signal strengths
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Table 4.2: Ranges of power density of signal peaks within the spectra of the four BTS

signal bands in the cities

Power Density (uW/m?)
Lagos Ibadan Abuja
Frequency Max Min Max Min Max Min

Band
GSM 900 447.56 0.01 162.49 0.01 5411.26 0.13

GSM 1800 425.95 0.11 158.65 0.01 1263.00 0.03
CDMA-1900 10.00 0.01 57.52 0.01 175.30 0.01
3G-2100 118.50 0.01 116.82 0.01 423.78 0.06
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Table 4.3: Ranges of power density of signal peaks within the spectra of the five

satellite signal bands in the cities

Power Density (WW/m?)
Lagos Ibadan Abuja
Satellite
Frequency Max Min Max Min Max Min
Band

960 -1215 9.585 0.120 4.74 0.740 8.177  0.231
1452 - 1492 1.247 0.001 0.02 0.001 2.387  0.001
1518 -1610  0.048 0.001 0.02 0.001 0.048  0.001
1661 -1668 0.019 0.001 0.004 0.001 0.016  0.001
1668 — 1700  0.006 0.001 0.003 0.001 0.010  0.001
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Table 4.4: Ranges of the sum of power densities of all signal peaks within thespectra

of the four BTS signal bands in the three cities

Sum of Power Densities (WW/m?)

Lagos Ibadan Abuja

Frequency

Max Min Max Min Max Min
Band

GSM 900 1845.754  0.204  737.590 0.098 2915.907 0.191

GSM 1800 665.488  0.278 695.981 0.058 7045.068 0.064

CDMA-1900 11.390 0.010 68.300 0.010 252.780  0.010

3G-2100 124.030  0.010 176.150 0.010  873.730  0.280
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Table 4.5: Ranges of the sum of power densities of all signal peaks within thespectra

of the five satellite signal bandsin the three cities

Sum of Power Densities (WW/m?)

Lagos Ibadan Abuja
Satellite
Frequency Max Min Max Min Max Min
Band

960 -1215  23.898  0.425 11.978 1.978  20.570  0.705
1452 - 1492  3.113 0.022 0.070 0.023 5988  0.023
1518 -1610  0.165 0.048 0.096 0.049 0.166  0.049
1661 -1668 0.051 0.006 0.014 0.006 0.044  0.006
1668 — 1700  0.031 0.018 0.024 0.019 0.041  0.019
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Table 4.6: ICNIRP, 1998 reference levels for public exposure to RF radiation in the
range 900 — 2500 MHz

Frequency Band

900 MHz 1800 MHz 1900 MHz 2100 MHz

Electric Field Intensity

(E) (V/m) 41 58 60 61

Power Density (S)
(W/m?) 4.5 9 9.5 10
Specific Absorption Rate ) ) ) )

(SAR) (W/kg)
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4.2.1 Comparison of GSM Radiation Intensity with other RF intensities

As stated in chapter one, GSM radiation is just one set of non-ionizing radiation type
in most environments. We have established the presence of some satellite
communication radiation types in the band 900 — 2500 MHz being investigated in this
work. The ratio of the maximum intensities of the satellite signals to maximum
intensities of GSM signals is presented as SS/GSM in Table 4.6 for the three cities. We
can observe that this is generally below 1% in the cities showing the insignificance of
satellite signals to human radiation exposure when compared with GSM signals in the
cities. The maximum value of power densities in the cities have been taken to

represent the worst case health scenario.

As discussed in chapter one, most applications of RF radiation in our environment is
within the range of 50 MHz to 3.5 GHz, whereas, our investigation with the spectrum
analyser covers the band 900 — 2500 MHz within which BTS signals are located. The
many other radiation frequencies below and above these range contribute to human
exposure at a rate which increases with increase in RF applications. In other to see the
current level of exposure outside the GSM, we wish to examine the result of

measurement with the broadband meter, which integrates the entire RF bands.

The ranges of the maximum broadband power density around each BTS mast in the
three cities are presented in Table 4.7 alongside the maximum GSM power density in
each city. From the table, it is concluded that the mean overall contribution of GSM to

overall power density due to all RF signals in a typical environment is about 28%.
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Table 4.7: Ranges of maximum power densities due to satellite and BTS signals in the

three cities

Power Densities (uW/mz)

Satellite BTS (SS/BTS) %
Max Min Max Min
Lagos 24.17 0.63 2546.91 2.41 0.90
Ibadan 12.08 2.07 1594.91 0.40 0.80
Abuja 25.37 0.80 7931.69 0.87 0.30
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Table 4.8: The percentage contribution of GSM to the Total RF power densities in the

three cities

Power Densities (uW/mz)

GSM Total RF Mean
(broadband) (GSM/Total) %
min max min max
Lagos 2.27 2511.24 9.90 27500.00 20
Ibadan 0.16 1418.03 0.84 8430.00 22
Abuja 0.53 7911.05 108.90 90900.00 42
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4.3 Emitted Signalsfrom the Mobile Phones

Typical spectrum of the RF radiation from the 60 selected phones when making a call
is presented in Figures 4.6 and 4.7. The spectrum of typical uplink signal frequencies
of a mobile phone operating on GSM (2G) at 1800 MHz is shown in Figure 4.6. The
spectrum in Figure 4.7 is that of a typical 3G-2100 signal emitted from a mobile
phone. It is no surprise that most of the GSM mobile phones transmitted at GSM 1800
uplink frequencies, because as stated in chapter one GSM 1800 offers more than
double of GSM 900 speech channels for mobile phone users and therefore ideal for

frequency reuse in a congested area like the cities under study.

The spectrum in Figure 4.6 shows that apart from the emitted RF radiation due to the
communication signal frequency from the 2G phones, the phones during a phone call
were also emitting RF radiation continuously at different frequenciesbetween 1710 and
1785 MHz. The spectrum in Figure 4.7 confirm that the 3G phones in this study works
on WCDMA mobile standard and that the emitted RF radiation from the phones was

due to signals within a frequency band of about 5 MHz.

4.4 Electric Field Intensity around a Mobile Phone in Use

The background measurements of E when phones are switched on but no phone calls
are being made around the selected mobile phones were made with the broadband
meter. This represents the sum of E due to the RF signals in the environments where
measurements were being taken and the E due to current flow within circuitry of
phones when no phone calls are made by them. The ranges of the obtained background
E around the 60 selected 2G and 3G phones were from 0.03 — 0.76 V/m and 0.02 —
0.70 V/m, respectively. When the mobile phones were in active mode (in a state of
making and receiving a call), E measurements in the near field region of the phones
were made and the ranges of E obtained from broadband and spectral measurements

around the selected mobile phones are presented in Table 4.9.
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Figure 4.6: A typical spectrum of a GSM 1800 uplink signal band from a mobile phone

in the active call mode
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Table 4.9: Electric field strength in near field region of the mobile phones using broad

band meter and a spectrum analyser

E (V/m) around the 3G Phones

Broad Band Spectral
Maximum 0.70 30.21 33.01 0.19 0.20
Minimum 0.02 2.92 3.60 0.04 0.03
Average 0.19 13.72 14.45 0.10 0.11
Standard Deviation 0.23 6.97 6.73 0.04 0.05

E (V/m) around the 2G Phones

Broad Band Spectral
Maximum 0.76 74.49 76.52 0.22 0.33
Minimum 0.03 6.88 19.70 0.09 0.08
Average 0.31 43.41 48.08 0.16 0.17
Standard Deviation 0.24 18.23 16.21 0.04 0.05
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The E associated mainly to a signal during a phone call from spectral measurements in
the near field region of the 3G mobile phones is about 64% of that of 2G mobile
phones on the average. This shows that an individual whose head is within the near
field region of a 2G mobile phone is prone to a higher level of RF radiation exposure
than from a 3G mobile phone. It was observed that radiation emissions during
incoming calls are slightly lower than the outgoing calls for both 2G and 3G mobile

phones.

From Table 4.9, it was also observed that there is a large difference between the
measured values of E from the two instruments. The large difference is due to the fact
that the broadband meter during measurements, integrate the values of the E emitted
the phones due to various frequencies as shown in the spectrum in Figures 4.6 and 4.7,
while the spectrum analyser measure the peak E due to the signal frequency that is
being used to communicate between the phone and the BTS. The average value of E
emitted due to a communication signal in the near field region of 2G and 3G mobile

phones is about 0.35 and 0.76% of the total Ein the region of the phones, respectively.

4.5 RF exposure within the Head tissues

As discussed in chapter four, RF radiation exposure in 6 tissues of the human head was
estimated from the results of E obtained from broad band and spectral measurements
in the near field region of 60 common mobile phones in Nigeria.The results of the
externally obtained E around the mobile phonesin section 4.4 and the estimated
fractions of power density in each tissue, which was determined from the multi-layered
planar model of the head discussed in chapter two, were used to estimate the resultant

Ewithin the different head tissues.
The obtained resultant E in the various head tissues from both broadband and spectral

measurements around the phones in Table 4.10 and 4.11, shows that the estimated

values of E in the fat tissue is higher that on the skin tissue and the other head tissues.
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Table 4.10: Summary of the resultant electric field intensityin the head tissues due to

2G mobile phones

E (V/m) due to Broadband Measurements around 2Gmobile Phone

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 30.963 43.824 34943  17.782  15.723 14.571
Minimum 2.858 4.045 3.226 1.641 1.451 1.345
Average 18.044 25.539 20.363  10.362 9.163 8.491
Standard deviation  7.577 10.725 8.552 4.352 3.848  3.566
Outgoing calls
Skin Fat Bone Dura CSF Brain
Maximum 31.803 45.013 35.891 18.264 16.150 14.966
Minimum 8.189 11.591 9.242 4.703 4.159 3.854
Average 19.985 28.287 22.554  11.478 10.149  9.405
Standard deviation  6.739 9.539 7.606 3.870 3.422  3.171
E (V/m) due to Spectral Measurements around 2Gmobile Phone
Incoming calls
Skin Fat Bone Dura CSF Brain
Maximum 0.093 0.131 0.105 0.053 0.047  0.044
Minimum 0.008 0.012 0.010 0.005 0.004  0.004
Average 0.065 0.092 0.073 0.037 0.033 0.030
Standard deviation ~ 0.021 0.029 0.024 0.012 0.011 0.010
Outgoing calls
Skin Fat Bone Dura CSF Brain
Maximum 0.136 0.192 0.153 0.078 0.069  0.064
Minimum 0.008 0.012 0.009 0.005 0.004  0.004
Average 0.072 0.101 0.081 0.041 0.036  0.034
Standard deviation  0.024 0.035 0.028 0.014 0.012  0.012
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Table 4.11: Summary of the resultant electric field intensityin the head tissues due to

3G mobile phones

E (V/m) due to Broadband Measurements around the 3Gmobile Phones

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 12.609 17.786 14.208 6.773 5.956 5.481
Minimum 1.218 1.718 1.373 0.654 0.575 0.530
Average 5.725 8.076 6.452 3.075 2.704 2.182
Standard deviation 2.909  4.103 3.278 1.563 1.374 1.265

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 13.776  19.432 15.523 7.400 6.507 5.989
Minimum 1.503  2.120 1.693 0.807 0.710 0.653
Average 6.029  8.504 6.793 3.238 2.847 2.621
Standard deviation 2.809  3.962 3.165 1.509 1.327 1.221

E (V/m) due to Spectral Measurements around the 3Gmobile Phones

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 0.081 0.114 0.091 0.043 0.038 0.038
Minimum 0.018  0.026 0.021 0.010 0.009 0.005
Average 0.041 0.058 0.047 0.022 0.020 0.017

Standard deviation  0.018  0.025 0.020 0.009 0.008 0.009

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 0.085 0.120  0.096 0.046 0.040 0.037
Minimum 0.011 0.016 0.012 0.006 0.005 0.005
Average 0.044  0.063 0.050 0.024 0.021 0.019
Standard deviation 0.022 0.031 0.025 0.012 0.010 0.009
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The high value of E in fat tissue is due mainly to its lower relative permittivity. This
can be seen in the table of dielectric parameters for the head tissues at different
frequency in chapter two, wherethe relative permittivity of the fat is seen to be lower
than all the other tissues of the head. The relative permittivity or dielectric constant of
a dielectric medium like the fat tissue is the measure of its ability to generate or retain
electric flux in the process of being polarized by an external electric field. The
internally generated electric field by the polarization of the dipole molecules in the
medium opposes the external electric field producing it, thereby reducing the effective
electric field in the medium. This opposition or resistance depends on the permittivity
and hence the dielectric constant of the medium. Therefore a medium like fat with low
relative permittivity will yield more electric flux because it offers little opposition to

the electric field during the polarization of its molecules.

The estimated value of E on the skin tissue is about 70% of that in the fat tissue. It was
observed that the estimated value of E in the brain tissue is about 45% of what is on
the skin tissue. The distribution of maximum E in the tissues of the head is illustrated
in Figures 4.8 and 4.9. The estimated values of the resultant E in the head tissues was
used to estimate the SAR in each of the tissues and is summarized in Tables 4.12 and
4.13.Typical distributions of the maximum values of the obtained SAR in these tissues
are presented in Figures 4.10 and 4.11. The value of the obtained SAR within the skin
tissue,calculated from both broad band and spectral measurements of external E

around the mobile phones is higher than other tissues.
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Table 4.12: Summary of the SARin the head tissues due to 2G mobile phones

SAR (W/kg) due to Broadband Measurements around 2G mobile Phone

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 0.510 0.082 0.088 0.178 0.358 0.141
Minimum 0.004 0.001 0.001 0.002 0.003 0.001
Average 0.203 0.033 0.035 0.071 0.142  0.056
Standard deviation  0.141 0.023 0.024 0.049 0.099  0.039

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 0.538 0.087 0.093 0.188 0.378  0.149
Minimum 0.036 0.006 0.006 0.012 0.025  0.010
Average 0.236 0.038 0.041 0.082 0.166  0.065
Standard deviation ~ 0.138 0.022 0.024 0.048 0.097  0.038

SAR (uW/kg) due to Spectral Measurements around 2G mobile Phone

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 4.588 0.740 0.791 1.599 3.224 1.016
Minimum 0.038 0.006 0.007 0.013 0.027  0.008
Average 2.451 0.395 0.423 0.854 1.722  0.543
Standard deviation 1.303 0.210 0.225 0.454 0.916  0.289

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 9.816 1.582 2.752 3.421 6.898  2.718
Minimum 0.036 0.006 0.010 0.012 0.025 0.010
Average 3.037 0.489 0.851 1.058 2.134  0.841
Standard deviation 1.895 0.305 0.531 0.660 1.332  0.525
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Table 4.13: Summary of the SARin the head tissues due to 3G mobile phones

SAR (mW/kg) due to Broadband Measurements around the 3Gmobile Phones

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 93.906 15.626 17.352 28.721 55477  22.569
Minimum 0.876 0.146 0.162 0.268 0.518 0.211
Average 24,192  4.026 4.470 7.399 14292 5814
Standard deviation 23.187  3.858 4.285 7.092 13.698  5.573

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 112.091 18.652  20.713 34.283 66.220  26.940
Minimum 1.334 0.222 0.246 0.408 0.788 0.321
Average 25970  4.321 4.799 7.943 15342  6.242
Standard deviation 24.287  4.041 4.488 7.428 14348  5.837

SAR (uW/kg) due to Spectral Measurements around the 3G mobile Phones

Incoming calls

Skin Fat Bone Dura CSF Brain
Maximum 3.832 0.638 0.708 1.172 2.264 0.724
Minimum 0.200 0.033 0.037 0.061 0.118 0.038
Average 1.191 0.198 0.220 0.364 0.704 0.225
Standard deviation  1.024 0.170 0.189 0.313 0.605 0.193

Outgoing calls

Skin Fat Bone Dura CSF Brain
Maximum 4.297 0.715 1.291 1.314 2.539 1.033
Minimum 0.073 0.012 0.022 0.022 0.043 0.017
Average 1.432 0.238 0.430 0.438 0.846 0.344
Standard deviation 1.236 0.206 0.371 0.378 0.730 0.297
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The results in Tables 4.12 and 4.13, and the illustration of the distribution of maximum
SAR in the human head tissues in Figures 4.10 and 4.11, shows that the skin of the
head absorbed more energy emitted in the use of a mobile phone that any other tissue.
As observed in Tables 4.12 and 4.13, the maximum SAR in the brain for both spectral
and broadband measurements around the 2G and 3G phones is about 28 and 24% of
the maximum SAR in the skin, respectively. It can also be observed that more energy
is absorbed in the brain during the use of the 2G mobile phones than in the use of the

3G mobile phones.

The energy absorbed in the brain due to BTS signals at the point of maximum power
density from BTS masts in the cities of Lagos, Ibadan and Abuja, was calculated using
the obtained sum of power densities of GSM 900, GSM 1800, CDMA-1900 and 3G-
2100 signals in each city. The obtained resultant E and SAR in the brain due to each
BTS signal band the cities are presented in Table 4.14. As observed in Table 4.14, the
maximum SAR in the brain due to BTS signals is 17.00 pW/kg from GSM 900
signals, 6.79 pW/kg from GSM 900 signals and 73.14 pW/kg from GSM 1800 signals
in Lagos, Ibadan and Abuja, respectively.

4.6 Risk of RF radiation Exposure in the three cities

Radiofrequency (RF) signals between 900 and 2500 MHz was assessed in the cities of
Lagos, Ibadan and Abuja and the results of this assessment are presented in this
chapter. The energy absorbed in the tissues of the human head in the use of 60
common mobile phones in Nigeria and the values of E in this region were also
obtained. The health implication of the obtained level of radiation exposure from the

different BTS masts and mobile phones is discussed in this section.
As discussed in chapter two, the associated risk with RF radiation exposure from the

numerous BTS antennas and mobile phone handsets to the generally public can be

assessed by comparing its measured quantity against the recommended reference level.
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Table 4.14: The ranges of the resultant E and SAR in the brain tissue due to BTS

signals at the point of maximum intensities from BTS masts in each city

Electric field intensity in the Brain tissue E (mV/m)

Lagos Ibadan Abuja
Max Min Max Min Max Min
CDMA(1900 MHz) 12.817 0.294 31.386 0.380 60.381 0.120
3G (2100 MHz) 39.228 0.111 46.749 0.111 104.117 1.864
GSM 900 194.401  2.045 122.891 1.413 244.342 1.980
GSM 1800 97.971 2.001 100.191 0.913 318.766  0.961
SAR in the Brain tissue (WW/kg)
Lagos Ibadan Abuja
Max Min Max Min Max Min
CDMA(1900 MHz)  0.109 5.755E-02 0.655 8.020E-03 2.425 9.592E-03
3G (2100 MHz) 1.156 9.320E-03 1.642 9.592E-03 8.143 2.610E-02
GSM 900 16.997 1.881E-02 6.792 8.979E-02 26.852 1.763E-02
GSM 1800 6.384 2.664E-02 6.676 5.545E-02 73.139 6.143E-02
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Measurements of RF radiation at the estimated distance of power density to some
selected BTS masts in the three cities led to the identification of 9 prominent signal
bands, which was categorised into non-BTS(mobile and broadcast satellite,
radiosondes and radio navigation) and BTS signal bands. The obtained maximum
spectral power density of satellite signals was 9.59, 4.74 and 8.18 pW/m’in Lagos,
Ibadan and Abuja, respectively, while that of BTS signals was 447.56, 162.49 and
5411.26 uW/m’in Lagos, Ibadan and Abuja, respectively. The highest value of power
density associated with both satellite and BTS signals in the cities is about 0.0002 and
0.12% of the ICNIRP minimum reference levelof 4.5 W/m? for signals from 900 MHz,

respectively.

The sum of power density of satellite and BTS signals was estimated. The maximum
value of the sum of satellite signal from the selected BTS masts in each city was 24.17,
12.08 and 25.37 uW/m? in Lagos, Ibadan and Abuja, respectively, while the maximum
value of the sum of BTS signals was 2546.91, 1594.91 and 7931.69 uW/m? in Lagos,
Ibadan and Abuja, respectively. The highest value of power density associated with the
sum all satellite and BTS signals in the cities is about 0.001 and 0.09%, respectively of
the ICNIRP limit for signals between 900 and 1800 MHz.

The upper limit of broadband power density at each measurement spot was 27500,
8430 and 90900 uW/m® in Lagos, Ibadan and Abuja, respectively, with the highest
value being about 0.91% ofthe ICNIRP limit of 10 W/m?* for signals up to 300 GHz.
Therefore, worst-case scenario of power density of the various RF sources within 900
MHz and 2500 MHz in each city is less than the ICNIRP recommended limits,

showing that there is norisk of any health effect to the public in these cities.

The RF radiation emissions from some selected mobile phones were assessed by
measuring the level of E in the near field region of the phones. The result of these
measurements in chapter 5 showed that the maximum value of the total (broadband)E
in the near field region of the 2G (1800 MHz) mobile phones was 76.52V/m, which
exceeds the 58 V/m limit recommended for GSM 1800 by the ICNIRP. The obtained
total E of 76.52V/m may raise a concern to whether the use of a 2G mobile phone is

hazardous to human health, but this concern can only be factual if the energy absorbed
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by the brain tissue due to the obtained E exceeds the recommend level of SAR by the
ICNIRP. The maximum value of the total from the 3G (2100 MHz) mobile phoneswas
33.01 V/m and this value was about 54% of the 61 V/m limit recommended for 3G
(2100 MHz) by the ICNIRP.

The maximum value of E from spectral measurements in the near field region of the
selected 2G phones during an active call was 0.33 V/m and this value was about 0.57%
of the 58 V/m recommended limit for 1800 MHz frequency. For the selected 3G
phones, the maximum value of spectral E during an active call was 0.20 V/m and this
is about 0.33% of the 61 V/m recommended limit for 3G (2100 MHz) by the ICNIRP

respectively.

The maximum value of SAR in the brain from broadband and spectral measurements
around 2G phones were 0.15 W/kg and 2.72 pnW/kg, respectively, while that of the 3G
phones were 26.94 mW/kg and 1.03 uW/kg, respectively. The highest value of SAR in
the brain was about 8% of 2 W/kg limit set by ICNIRP. This is an indication that the
exposure to the brain from the selected 2G and 3G mobile phones in this study is not

harmful during the active use of the mobile phones.

The energy absorbed in the brain due to signal emissions from BTS masts in each city
was estimated. The maximum value of SAR in the brain due to BTS signals was 17.00,
6.79 and 73.14 uW/kg in the cities of Lagos, Ibadan and Abuja, respectively. The
maximum value of SAR in Abuja is about 0.004% of the 2 W/kg recommended limit
by theICNIRP. This observation also confirms that there is norisk of any health effect
on the public from the BTS masts.
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CHAPTER FIVE

CONCLUSION

5.1 Summary

The study of radiofrequency radiation exposure around 300 randomly selected BTS
masts in the cities of Lagos, Ibadan and Abuja and in the near field region of 60
common mobile phones in Nigeria was carried out. Radiofrequency spectral
measurements were made to determine the distance of maximum power density around
BTS masts in each city and hence identify prominent signals between 900 MHz and
2500 MHz frequency band at estimated distance of maximum power density. The
average distance of maximum power density around the BTS masts in Lagos, Ibadan

and Abuja is 183 =58 m, 195 = 19 m, 190 + 63, respectively.

Nine prominent signals within this range frequency band were identified. Five of these
signals were designated non-BTS (mobile and broadcast satellite, radiosondes and
radio navigation) signals, within band 960-1700 MHz producing a maximum power
density of 9.6uW/m? at a point in Lagos. The remaining four (within 935-960 MHz
and 1805-2290 MHz) were from BTS, with the band 935-960 MHz (GSM 900)
producing the overall maximum power density of 5411.3 pW/m? in Abuja. The result
of this study showed that the level of power density of non-BTS signals is significantly
lower than that of BTS signals.

The worst-case scenario of power density at the point of maximum intensity of all
signals from BTS masts in the three cities was 2546.91, 1594.91 and 7931.69 UW/m?
in Lagos, Ibadan and Abuja, respectively. This value is about 23, 26 and 46% of the
maximum broadband power density obtained at the point of maximum intensity from

the BTS masts in Lagos, Ibadan and Abuja, respectively.
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The level of radiation exposure from BTS masts in the city of Abuja is higher than that
of Lagos and Ibadan. The maximum radiation power density in Lagos and Ibadan was

about 30.25 % and 9.27 % of the maximum power density in Abuja on the average.

Electric field intensity measurements were made with the both the calibrated spectrum
analyzer and the broadband meter in the near field region of the selected mobile
phones in this study. The values of E obtained in the near field region of the selected
mobile phones and the estimated fraction of E in the tissues of the head was used to
estimate the exposure in the brain due to the RF radiation from the use of the mobile
phones. The maximum values of SARin the brain was 0.15 W/kg and 2.72 pW/kg
from broadband and spectral measurements around 2G phones, respectively, while that

of 3G phones was 26.94 mW/kg and 1.03 uW/kg, respectively.

The risk associated with RF radiation exposure from the numerous BTS antennas and
mobile phone handsets to the general public was assessed by weighing the results of
power density and SAR obtained in this study against a references or limit set by the
ICNIRP. It was observed that the highest value of GSM 900, GSM 1800, CDMA-
1900 and 3G-2100 signals in the cities of Lagos, Ibadan and Abuja were less 1 % of
the reference levels or recommended limits for each frequency band.The value of
maximum broadband power density in the three cities was found to be about 2 % of
the 4.5 pW/m? the ICNIRP limit.

The highest value of SAR in the brain due to RF emissions from mobile phones is
about 8 % of the 2 W/kg limit set by ICNIRP.The maximum value of SAR in brain due
to RF emissions from BTS is about 0.004 % of the 2 W/kg recommended limit by
theICNIRP. The worst-case scenario of RF exposure from the various RF sources
within 900 MHz and 2500 MHz in each city, and the selected mobile phones are far
less than the ICNIRP recommended limits. It can be concluded from this study that
there is norisk of any health effect on the public from BTS mast and mobile phones in

the three cities.
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5.3 Contributions, Limitations and Suggestion for Further Studies

This study has successfully identified the prominent signal bands within the frequency
range of 900 — 2500 MHz, provided information on their level of power densities and
their contributions total RF power density in the cities of Lagos, Ibadan and Abuja.
Information on the exposure level due to RF radiation emitted from 60 brands of
mobile phones in Nigeria was provided in this study. The amount of energy that may
be absorbed in the human brain during the use of these phones was also provided in

this study.

This study was carried in only in three major cities in Nigeria due to limited resources.
More cities and BTS masts in various locations could be studied without necessarily
being present at their location if technical parameters like GPS data, BTS antenna
power, tilt angle and vertical beam width of the antennas in the various cities in

Nigeria were readily available.

Despite this limitation, this study has provided the background for which assessment
of RF exposure around BTS masts in all other cities in Nigeria can be made.
Measurements of power densities of the various existing and newly emerging RF
mobile communication radiation in each neighbourhood can be made at the established
distance of maximum power density around each mast in the country. In addition, with
the estimated fractions of incident power density in the head tissue, the level of RF
exposure to the brain from the radiation emitted from newer brands of phone can be

studied.
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