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ABSTRACT

The use of mobile communication technology has been growing rapidly over recent years 

in Malaysia. Basically, the technology provides two-way communication services among 

people especially those constantly on the move. The increased demand of its capacity in 

the country led to a significant increase of cellular base transceiver station (BTS) facilities 

in public neighbourhood. They are generally perceived as hazardous because of the 

electromagnetic radiation emitted from these facilities. This has raised some concern 

among the public and researchers of possible adverse health effects to humans due to such 

radiation. This study aims to present some measurement results and analysis of power 

density levels near cellular BTS facilities in Kuching and Kota Samarahan Divisions of 

Sarawak. The exposure levels in the selected survey sites were indeed found to be in 

compliance with the American Federal Communications Commission (FCC) maximum 

permissible exposure (MPE) limit. In addition, a simple mathematical modeling 

programme was developed using MATLAB programming tool to predict microwave 

pattern and field strengths in the vicinity of a cellular BTS. Using data provided by a local 

cellular telephone company, the model was compared to the field data measured. It was 

found that the results were comparable, in particular those of the "off axis" measured data 

and the simulated model.
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PENGUKURAN KUANTITATIF DAN PERMODELAN KEAMATAN MEDAN 
GELOMBANG MIKRO BERDEKATAN DENGAN ANTENA RANGKAIAN BERSEL

ABSTRAK

Kebelakangan ini, penggunaan teknologi komunikasi mudah alih telah berkembang 

dengan pesat di Malaysia. Pada asasnya, teknologi im membekalkan kemudahan 

berkomunikasi dua hala di kalangan manusia terutamanya bagi mereka yang sentiasa 

bergerak. Permintaan mutu perkhidmatan teknologi berkomunikasi yang semakin 

meningkat dalam negara telah menambahkan lagi pembinaan kemudahan stesen bersel 

pemancar-penerima tapak (BTS) yang sedia ada di persekitaran awam. Kemudahan 

stesen im mungkin berbahaya kerana sinaran elektromagnet yang berpunca darinya. Ini 

telah menimbulkan kebimbangan di kalangan orang awam dan para penyelidik terhadap 

keselamatan dan kemungkinan kesan sampingan kepada kesihatan manusia yang 

terdedah kepada sinaran ini. Kajian penyelidikan im bertujuan untuk melaporkan 

beberapa keputusan pengukuran awalan dan analisis paras ketumpatan kuasa 

berhampiran dengan kemudahan BTS di bahagian Kuching dan Kota Samarahan, 

Sarawak. Didapati paras pendedahan sinaran di kawasan ujian yang dipilih itu 

mematuhi had piawaian pendedahan maksimum yang dibenarkan (MPE) oleh Federal 

Communications Commission di Amerika Syarikat dan dikatakan tidak berbahaya. 

Tambahan pula, sebuah program permodelan matematik yang ringkas telah direka 

dengan menggunakan perisian pemprograman MATLAB untuk meramalkan corak dan 

kekuatan medan gelombang mikro berdekatan dengan BTS. Dengan menggunakan data 

yang dibekalkan oleh sebuah syarikat telefon bersel tempatan, model ini telah 

dibandingkan dengan data lapangan yang telah diukur. Didapati bahawa keputusan
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model dan data lapangan adalah hampir sama, terutama sekali dengan data lapangan

yang luar paksi ("off axis").
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CHAPTER 1

INTRODUCTION

1.1 Background 

Today, mobile communication technology has become an integral part of modern society 

lifestyle, which allows people to keep in touch while supporting movement of freedom. 

Global System for Mobile Communications (GSM) Association has estimated that global 

total GSM subscribers have reached 1012.0 million by the end of 2003 and the number 

has increased to 1296.0 million by the end of 2004, which is a 28.1% growth in 2004. 

Asia Pacific countries have contributed approximately 38.1% of the total GSM 

subscribers. In Malaysia, the number of GSM subscribers has grown up to 9.745 million 

in 2003 (Mohd Yusof Mohd All et al, 2003). According to Malaysian Communications and 

Multimedia Commission (MCMC) (2004), the number has grown up to about 13.042 

million subscribers by the end of September 2004. It is expected to grow up to 13.599 

million by the end of 2004. Consequently, it is obvious that more radio base stations 

(RBS) or base transceiver stations (BTS) are required in order to continually provide 

high quality communication services as subscriber demand increases. In 1998, the 

number of BTS in Malaysia is 2403 (MCMC, 2004). However, the number has grown to 

10673 by the end of September 2004, which is more than a four-fold increase over a 

period of 6 years. 

Microwave radiation emitted from these cellular BTS facilities is a type of non- 

ionizing radiation because it does not have sufficient energy to cause the ionization of 

atoms or molecules in living tissue. However, a long term exposure of microwave 

radiation in ambient background environment has given rise to public concern over the 

potential adverse health effects of this technology. Possible health risks may include
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different types of cancer risk, growth of brain tumors and deoxyribonucleic acid (DNA) 

damage (The Royal Society of Canada, March 1999 & Dr. Sheela V. Basrur, November 

1999). Numerous scientific studies relating to possible adverse health risks and 

hazardous effects of exposure to microwave radiation have been carried out over recent 

years. However, studies done so far have produced conflicting and contradictory results. 

And none of the studies can address long-term exposure effects. Obviously, the actual 

facts relating health risks and exposure to these electromagnetic fields are yet to be 

established. 

For this reason, several international expert organizations, such as International 

Commission on Non-Ionizing Radiation Protection (ICNIRP), Institute of Electrical and 

Electronic Engineers (IEEE), American Federal Communications Commission (FCC) 

and UK National Radiological Protection Board (NRPB) take such concerns seriously 

and they have gathered considerable resources to addressing this general scientific 

issue. Guidelines and regulations (see Section 2.3 in Chapter 2) have been established to 

limit exposure of RF and microwave field to safe levels in relation to the well-understood 

heating effects. 

Therefore, it is important to conduct various safety assessment of microwave 

field intensity emitted from these cellular BTS antennas. In this study, measurements 

of microwave field intensity (in terms of power density) were carried out around cellular 

BTS (under its normal daily operating conditions) near ground level or rooftop surface 

where general public or workers may be exposed. The operating frequencies of interest 

were 900MHz and 1.8GHz, based on local GSM systems. It is hoped that such a study 

may help to improve an understanding of the behaviour of microwave field intensity in 

the vicinity of cellular network tower and to enhance local data and information of the 

mobile communications safety issue in the country.



1.2 Objectives

The objectives of this study are as follows: 

i. To carry out radiofrequeny (RF) survey measurements of electromagnetic 

exposure levels from selected radio base stations (RBS) or base transceiver 

stations (BTS) in Kuching and Kota Samarahan Divisions for quantitative 

analysis and determining compliance with the standard maximum permissible 

exposure (MPE) limits. 

ii. To design and develop a computational modeling program using MATLAB for 

graphical presentation of the distribution of field intensities at ground or rooftop 

level around a typical cellular network antenna. 

iii. To predict electromagnetic exposure levels in the vicinity of a typical cellular 

transmitting antenna using a software program developed during this study, 

which is based on a prediction methodology.

1.3 Chapter Summary 

This thesis consists of six chapters concerning human exposure to electromagnetic fields 

originating from the cellular base transceiver station (BTS) antennas. The contents of 

each chapter are as follows. 

Chapter 1 provides a brief introduction of modern mobile telecommunication 

industry and the effect of the radiofrequency (RF) and microwave field exposure to 

individuals in ambient environment. The objectives of this study are outlined as well. 

Chapter 2 reviews some literature on the characteristics of electromagnetic field, 

the cellular network facility including the BTS and antenna system, potential health 

risks of RF and microwave exposures, as well as some international exposure guidelines.
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Chapter 3 discusses the theoretical prediction methodology that is used to 

estimate the exposure level (in terms of power density) in the vicinity of a typical 

transmitting antenna. A three-dimensional (3D) interpolation technique for antenna 

radiation pattern is demonstrated in this chapter. It also presents a newly developed 

software program that is used to perform some mathematical calculations and graphical 

representations. 

Chapter 4 describes the instrument and the surveying methodology utilized in 

this study. Apart from that, it also includes a discussion on measurement limitations 

and uncertainties. 

Chapter 5 presents some results obtained from the survey measurements that 

have been conducted at five cell sites. The results are then analyzed and compared to 

the standard maximum permissible exposure (MPE) limit provided in the Federal 

Communications Commission (FCC) guidelines. Discussions on each of the 

measurement result are included. 

Finally, conclusions are drawn in the final Chapter 6. Recommendations for 

future research direction are proposed in this chapter as well.
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CHAPTER 2

LITERATURE REVIEW

2.1 Electromagnetic Waves

Electromagnetic (EM) waves have played a very important role in providing wireless 

communications, which include telecommunications, broadcast and other services. It can 

be generated by many different means, but all of them involve the movement of 

electrical charges. When an electrical current oscillates in the conductive metal object or 

transmitting antenna, the EM wave is launched and radiated away into space (see 

Section 2.3.1.1). The propagated EM wave possesses both alternating electrical (E) and 

magnetic (H) field components as shown in Figure 2.1. These fields transverse in the 

same direction and both are orthogonal, which means the E-field and H-field are at right 

angles to each other. Thus it is known as transverse electromagnetic (TEM) waves. The 

EM wave propagating in space is then intercepting the receiver antenna, such as the 

antenna integrated into a hand-held cellular telephone, for communications purposes.

Figure 2.1 Electromagnetic wave.
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The EM waves can be characterized by a wavelength, A (in m) and a frequency, f 

(in Hz). The wavelength is the distance of one complete electromagnetic wave cycle (see 

Figure 2.1). The frequency is the number of EM waves passing a given point in one 

second. EM waves travel through free space at the speed of light, c (= 3.0 x 108 ms-I). 

The wavelength and frequency of EM wave are inversely related by the following 

expression.

f = ý (2.1)

Microwaves

VLF LF MF EHF IR
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i
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SHF
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Figure 2.2 Electromagnetic wave spectrum.

The electromagnetic spectrum, as shown in Figure 2.2, includes all the various 

forms of electromagnetic waves. Radio waves and microwaves are typical forms of 

electromagnetic wave that are used for wireless communications, which are collectively 

described by the term radiofrequency (RF). The RF part of the electromagnetic 

spectrum is generally defined as that part of the spectrum where radio waves and 

microwaves have frequencies in the range of about 3 kHz to 300 GHz. However, 

microwave region in the electromagnetic spectrum officially begins above the UHF 

region, that is, in the frequencies range from about 900 MHz to 100 GHz. This
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corresponds to a range of wavelengths from 30 cm to 0.3 mm in free space (Joseph J.

Carr, 1996).

2.1.1 Near Field and Far Field Regions 

The space around a radiating antenna can be divided essentially into two regions, the 

near field region and the far field region. The near field region has different meanings 

for large and small antennas and is further subdivided into the reactive near field region 

and the radiating near field region (see Figure 2.3).

Reactive near-field Radiating near-field Radiating far-field

Antenna

Figure 2.3 Representation of the near field region and the far field region.

Generally, the electric (E) and magnetic (H) fields in the near field region do not 

have a substantially plane wave character, but vary from point to point. The reactive 

near field region present in the immediate vicinity of the antenna where the reactive 

(non-radiating) components of the field are predominant. Reactive fields can be 

inductive (low EIH ratio) or capacitive (high EIH ratio) in nature, and either field 

component can dominate. These characteristics relate to the inductance and capacitance 

of the antenna. Reactive fields contain most or nearly all of the stored energy, which is 

transferred periodically between the antenna and the near field rather than propagated 

beyond the near field region. It tends to be stronger near antenna of small dimensions
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with respect to wavelength. For the case of electrically large antenna in terms of

wavelength, the reactive near field region extends from the antenna up to a distance R.

R= 
ý 
27c

(2.2)

where A is the wavelength at the frequency of interest. For most antennas, the reactive 

near field extends to a distance of approximately one-half wavelength from antenna 

surface. 

The radiating near field region starts at a distance from the antenna where the 

reactive field has diminished to an insignificant amount. The antenna gain and the 

angular field distribution vary proportionally with distance from the antenna. This is 

because the radiation field predominates over the reactive near field, but lacks 

substantial plane wave character and is complicated in structure. The radiating near 

field region may not exist if the antenna has a maximum overall dimension that is not 

large compared with the wavelength. For large antenna in terms of wavelength, the 

radiating near field region is sometimes referred to as the Fresnel region. For reflector 

type antennas, such as parabolic dishes, the radiation is somewhat more complex in its 

distribution pattern. 

The far field region, also known as free-space region, is sufficiently far from the 

antenna that the field has a predominantly plane wave character. The region has locally 

a very uniform distribution of E field strength and H field strength in planes transverse 

to the direction of propagation. The antenna gain and angular field distribution are 

essentially independent of distance, and the power density is inversely proportional to 

the square of the distance from the antenna (a 1/R2 function). This region is also referred
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to as the Fraunhofer region for larger antennas. The far field is commonly assumed to

begin at a distance of R1 and extend to infinity.

RI - 
2D 2 

(2.3)

where D is the greatest dimension of the antenna and A is the wavelength at the

frequency of interest.

2.1.2 Electromagnetic Wave Propagation Phenomena

In the case of radio waves and microwaves, the charges moving in a conductor or 

antenna will generate and launch electromagnetic radiation into free space. Since radio 

waves and microwaves are identical to light waves except for frequency, it is expected to 

behave in similar ways of the phenomena of reflection, refraction and diffraction. 

Reflection and refraction is assumed to be occurring when the surfaces involved are 

larger than the wavelength. If this is not the case, diffraction will occur. However, radio 

waves and microwaves behavior near the earth is influenced by factors that include the 

properties of both the earth and the various layers of the atmosphere. 

There are four major propagation paths, which include ground wave, 

tropospheric and ionospheric. But both tropospheric and ionospheric phenomena are not 

strictly microwave in nature, so it will not be discussed in detail here. All forms of 

ground wave propagate in the troposphere because it is the region of earth's atmosphere 

between the surface and stratosphere, or about 6 to 11 km above the earth's surface. 

However, due to certain weather conditions at higher altitudes, tropospheric 

propagation is different from other ground waves. The ionosphere is the region of earth's 

atmosphere above stratosphere, or about 50 to 500 km above the earth's surface. It is
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believed that ionization and recombination phenomena in the ionosphere add to noise 

level experienced at VHF, UHF and microwave frequencies (Joseph J. Carr, 1996 & 

2001).

The ground wave consists of surface wave and space wave. The surface wave 

travels in direct contact with earth's surface. Due to absorption into the ground, surface 

wave attenuation increases rapidly as frequency increases. Thus, AM broadcast band 

(i. e. 540 - 1700 kHz) typically preferred surface wave. The space wave is radiated from 

an antenna many wavelengths above the surface. VHF, UHF and microwaves are 

usually space waves. For both forms of ground wave, communication is affected by 

wavelength, height of both receiving (Rx) and transmitting (Tx) antennas, distance 

between antennas, terrain, and weather along the transmission path (Joseph J. Carr, 

1996 & 2001). Antennas for ground wave propagation are usually vertically polarized 

arrays.

In many cases, space wave is made up of direct and reflected waves (see Figure 

2.4). When both waves arrive at the receiving antenna, the waves will interfere with 

each other and an increase or decrease in signal strength will occur. In Figure 2.4, if the 

ground is rough, the reflected signal will be scattered with lesser intensity in any given 

direction. Alternatively, if the reflecting surface is relatively smooth, such as water, the 

reflected signal strength will be much higher to interfere with the incident signal. 

Whether the interference is constructive or destructive depends on the phase shift 

between the signals. If they are in phase, the resulting signal strength will be increased. 

There is usually a 1800 phase reversal at the point of reflection causing partial 

cancellation as shown in Figure 2.5. The exact phase shift depends on the different 

propagation path lengths for both direct and reflected waves. A reduction of 20 dB or

10



more in signal strength can occur when the surface is highly reflective (Roy Blake,

2002), and this effect is called fading.

............. I ................ ................................................. I ............................ -. 1 ...........
Tropospheric path-., -----'

Tx antenna
_. ý" n;.. ý,. ý ., o+j,

Ric antenna
/ iJll Glu rJü411 7 

i 
ý 

ý.

Incident path
18011 phase shift

, -------Reflected path
Earth's surface I

Refracted ' 
into ground

Figure 2.4 Tropospheric, direct and reflected propagation path.

Direct space wave

ýý Reflected space wave

Figure 2.5 Direct and reflected waves 1800 out of phase.

The earth's atmosphere is definitely not free space. The dielectric constant of air 

usually decreases with increase height from the earth. This is because of the reduction 

in pressure, temperature and humidity with increase in height. However, the effect 

varies with weather conditions (Roy Blake, 2002). As a result, refraction occurs when 

electromagnetic wave passes through media of differing density in the atmosphere. 

Electromagnetic waves tend to bend slightly in proportional to the difference in density 

toward the earth. At VHF, UHF and microwave frequencies, the space wave is actually 

limited to line of sight distances. However, due to refraction, it is possible for radio

space wave ý-ý
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communications to take place over a distance approximately one-third farther than the 

line of sight horizon. 

Diffraction from obstacles in the path is more likely to cause problems when the 

direct and diffracted waves have opposite phase and tend to cancel each other. Figure 

2.6 shows some of the possibilities of diffraction from a hill. Diffraction, however, may 

greatly reduce the signal strength, requiring more powerful transmitters and more 

sensitive receivers than are required for line of sight communications.

Tx antenna Direct path Rx antenna

Incident path /'" Diffracted path

Earth's surface

Diffracted path 
Rx antenna

_'----. ý

Figure 2.6 Diffraction due to an obstacle, such as a hill.

Reception problem caused by multipath phenomenon can also occur when the

signal reflects from large objects, such as hills or buildings, interfere with the direct 

signal. Figure 2.7 shows some of the possibilities of multipath propagation in mobile 

environment. There may be phase cancellation and also significant time differences 

between the direct and reflected waves. The "ghost" that appear in television reception 

is the most familiar cause of multipath phenomenon. In mobile communications,

12



multipath phenomenon is responsible for dead zones and picket fencing. According to 

Joseph J. Carr (1996 & 2001), a dead zone exist when destructive interference between 

direct and reflected (or multiple reflected) waves significantly reduces signal strengths. 

Picket fencing occurs as a mobile unit moves through successive dead zones and signal- 

enhancement (or normal) zones, and sound like a series of short noise bursts.

Figure 2.7 Multipath propagation in a mobile environment.

2.2 Base Station Characteristics 

Mobile phone base stations are also known as base transceiver stations or 

telecommunications structures. They are low power, multi-channel two way radios. In 

engineering terms, the base station is the electronic instrument contained in the plant 

room as shown in Figure 2.8. A base station contains a number of radio transmitters 

(TRx), n and each of these has the same maximum output power, Pt. t. The transmitted 

power is within the range of 1OW in Malaysia (Mohd Yusof Mohd Ali et al, 2003). The 

outputs of these transmitters are then combined via a combiner before being fed to the 

base station antenna. The base station antenna, which produces radiofrequency (RF)
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fields, is mounted at the top of either transmission tower or roof mounted structures 

(mast) and connected to the base station via cables. Depending on the number of 

transmitters, n and the system loss, L that include the combiner loss and the cables loss, 

the total power fed into the base station antenna, P can be calculated using the following 

expression. The system loss is measured in decibels (dB).

P = nP, x10 
L/IO (2.4)

Microwave 
beam

Figure 2.8 A typical complete installation of a base station facility with a number of 
radio transmitters (TRx).

The power fed into the base station antenna is transmitted as a microwave beam, 

which travels away from the antenna. According to the inverse square law, the signal 

strength falls off rapidly with distance from the antenna. The power density, S in the 

beam thus varies with distance, d according to expressions further discussed in Chapter 

3. The use of radiofrequency (RF) and microwave signal has permitted wireless 

communication between transmitting and receiving antennas. Mobile phone 

communicating with the base station antenna via radio signals is known as the uplink.
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In contrast, a separate radio link, known as downlink, carries the signals from the base 

station antenna to mobile phones. 

The antennas connected to the base stations are normally mounted at a certain 

height above ground level in order to have wider coverage. According to Mohd Yusof 

Mohd All et al (2003), antennas installed on the rooftop of building in urban areas are 

typically mounted at heights of between 15 in and 50 in from the level of rooftop. In the 

case of towers for coverage in rural areas, antennas are mounted between 40 in and 100 

in above ground level. The base station connected with such antennas is known as 

macrocellular base station because it is designed to provide coverage over distances of 

several kilometers.

2.2.1 Cellular Network Coverage 

Mobile communications systems used in Malaysia are known as GSM (Global System for 

Mobile Communication) cellular network systems, which are similar technology 

developed and used in some other countries, such as Singapore, China, Australia, and 

United Kingdom. GSM (the original name was called Group of Special Mobile) was 

started to develop in Europe in 1983 and it was first set up in Germany in 1991. GSM 

was the first digital mobile cellular system in the world (William C. Y. Lee, 2006). 

In this thesis, the GSM systems operating close to 900 MHz will be denoted as 

GSM900 and other GSM systems operate close to 1.8 GHz will be referred to as 

GSM1800. Each GSM cellular network system has been allocated a range of frequency 

band for communications between mobile phones and cellular base stations. Each 

frequency band contains a large number of channels. These channels are shared 

between the cellular network operators in the country. The GSM radio channel consists 

of paired uplink frequencies and downlink frequencies that are exactly 45 MHz apart for
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GSM900 and 95 MHz apart for GSM1800. The structure of paired frequency bands is

illustrated in Figure 2.9.
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Figure 2.9 The structure of paired frequency bands with separated uplink and 
downlink frequencies of 45 MHz apart for GSM900.

At least one radio signal quasi-continuously, known as the Broadcast Control 

Channel (BCCH) carrier, is transmitted from all GSM base station antennas because it 

carries important signaling information to set up calls. The BCCH carrier can also 

handle up to 7 mobile phone calls simultaneously. If there is a need for more than 7 

mobile phone calls at the same time, an extra carrier known as non-BCCH carriers can 

be transmitted that allows the base station to provide further 8 mobile phone calls. For 

example, a base station transmits 4 radio carriers could control up to 31 mobile phone 

calls simultaneously (S. M. Mann et al, June 2000). 

GSM is one of the leading digital cellular technology systems used for 

transmitting mobile voice and data services. It uses digital access technology, which is 

based on Time Division Multiple Access (TDMA) transmission method. In TDMA, the 

base station communicates with mobile phones by sending out 217 frames of information 

every second. Each frame is divided into timeslots. GSM has 8 timeslots and the 

timeslots are number from 0 to 7, as illustrated in Figure 2.10. Each timeslot can 

support a particular phone call. The timeslot zero in the BCCH carrier is used for
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setting up phone calls. The BCCH carrier is transmitted at full power during each

timeslots, even not handling any calls, whereas the non-BCCH carriers are only 

transmitted when calls are present. Thus the non-BCCH carrier is partially occupied 

and also uses power control. The information signals carried by the radio waves are 

frequency modulated in which the frequency of the carrier is varied proportionally to the 

information signal.
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Figure 2.10 GSM Time Division Multiple Access (TDMA) technology.

power

In cellular networks, there are multiple cells to provide complete coverage of an 

area as illustrated in Figure 2.11. Each cell has its own antenna, a base station unit and 

a set of frequencies. Adjacent cells have different frequencies to prevent co-channel 

interference, but distant cells could have the same frequencies. Thus cellular concept 

allows a limited number of frequencies to be reused, which will increase the capacity of

2
...................... Full
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the system. The cells can be regarded as a hexagon, but the cells in practice are 

influenced by many factors that vary in shape and size. The power radiated by the base 

station has to be carefully controlled in any cell so that signals do not interfere with 

signals in other cells using the same frequency. The decline of signal strength with 

distance has limited cells coverage of around 10 km for adequate reception of certain 

minimum signal strength. Therefore, a large number of base stations are needed to 

provide coverage for the whole country.

Uplink signals

Cells

Downlink
signals _-_--/ Base

stations 
Figure 2.11 Frequency reuse in cellular network. Cells with the same shading use the 

same set of frequencies.

2.3 Antenna Technology for Mobile Communications 

In 1886, Heinrich Hertz, a professor at the Technical Institute in Karlsruhe, Germany, 

invented the first radio antennas operating at meter wavelengths with an end-loaded 

dipole as the transmitting antenna and a resonant square-loop antenna as receiver. 

Although Hertz was the father of radio, his invention remained a laboratory curiosity 

until 20-year-old Guglielmo Marconi of Bologna, Italy, went on to add some 

improvement.
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In mid-December 1901, Marconi startled the world by transmitting signals from 

a station he had constructed at Poldhu in Cornwall, England and receiving it at St. 

Johns, Newfoundland. In 1903, he and his team of colleagues have successfully 

demonstrated transatlantic wireless telegraphy. Since then, wireless telegraphy was 

pressed into service for safety purposes by shipping companies. During World War II, 

with the advent of radar by British, centimeter wavelengths became popular and the 

entire spectrum was opened up to wide usage. 

Over the past few years, an evolution of antenna technology has taken place due 

to the introduction of new communication networks, i. e. GSM (Global System for Mobile 

Communication) or PCN (Personal Communication Network). The antenna technology 

becomes an important factor in the performance of the ever-expanding communication 

networks. Basically, antenna is just a transducer that transforms electrical alternating 

current oscillations at a radio frequency into space propagated electromagnetic wave of 

the same frequency (John D. Kraus & Ronald J. Marhefka, 2002). 

The following section will first give an insight into antenna basics, as well as its 

characteristics. Then discussion will focus on several types of antennas and special 

methods that are commonly used in GSM or PCN systems.

2.3.1 Antenna Basics 

Antenna is actually a device which interfaces the transmitter or the receiver and the 

propagation medium. It radiates both electric and magnetic fields to form the 

electromagnetic field, and this field is responsible for the transmission and reception of 

electromagnetic energy through free space. An antenna is also part of the electrical 

circuit of a transmitter (or a receiver), which comprises inductance, capacitance, and 

resistance. Therefore, a current through it produces a magnetic field, and a charge on it

19



produces an electrostatic field. These two fields taken together form the induction field. 

Although antennas may seem to have a large number of designs, all operate according to 

the same basics principles of electromagnetism.

2.3.1.1 Combined Electric and Magnetic Fields

When two conductive elements, such as metal rods, wires or co-axial cables, are 

connected across a source of radiofrequency (RF) energy, such as a transmitter, the 

elements are charged to some amount, depending on the RF energy. Due to the current 

oscillations of the transmitter, negative charges flow to one element, leaving the other 

element positively charged. Accumulation of charge in each element creates pulsing 

electric field between the elements. The electric flux lines are projected from the positive 

to the negative charged elements, and are orthogonal to the elements (see Figure 

2.12(a)). The sphere marked E is assumed as the transmitter supplying RF energy. 

Due to the paralleled elements, the electric field cannot free itself from the 

elements. Energy is guided as a plane transverse electromagnetic mode (TEM) wave 

with little loss along the parallel elements. The term transverse implies the electric and 

magnetic fields are perpendicular to the travel direction. The separation between 

elements is assumed to be a small fraction of a wavelength. If the ends of the elements 

are spread farther apart that approach the order of a wavelength or more, the electric 

flux lines become longer and must curve to meet the elements at right angles (see Figure 

2.12(b)). When the elements are bent open at right angles as shown in Figure 2.12(c), 

the flux lines reach a length, which tend to be radiated as a free-space wave. The flux 

lines become approximate semicircles when the elements are in a straight line. The two 

elements then can serve as the antenna for a transmitter supplying RF energy.
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(a) (b) (C)

Figure 2.12 Electric Fields between conductive elements at various angles.

The flow of charge oscillating back and forth along the radiator element creates a 

current and produces a magnetic field. The magnetic flux lines form concentric loops 

that are perpendicular to the direction of current flow (see Figure 2.13). The current 

flow out on the antenna and end there, but the fields associated with them keep on going 

(Joseph J. Carr, 2001). The direction of the magnetic field can be determined according 

to the right-hand rule. When an antenna is supplied with RF energy, the effects of 

charge, current, the electric and magnetic fields are taking place simultaneously. These 

effects have definite time and space relationship to each other, causing an 

electromagnetic wave to propagate in a direction perpendicular to the radiator element. 

Physically, both electric and magnetic fields occur at right angles to each other (see 

Figure 2.1).
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Figure 2.13 Magnetic fields about a half-wave antenna (right-hand rule). 

The same antenna can be used for both receiving and transmitting signals with 

equal success because of the law of reciprocity. Figure 2.14 depicts the radio 

communication link between transmitting (Figure 2.14(a)) and receiving antenna 

(Figure 2.14(b)). In the figure, an antenna is thus a transition device, or transducer, 

between a guided wave and a free-space wave, or vice versa.

TRANSMITTING ANTENNA

Generator 
or transmitter 

I
l: ýýýrlorl (TFMI wave Transition 

nnp-dimensional wave ý-ý

(a)

or antenna radiating in 
three dimensions

Plane wave 
rte''-' 

E Iines I i i

0 0 0 *

region Free-space wave

. _

RECEIVING ANTENNA

Tapered 
transition

Guided (TEM) wave

L/ Receiver

Transition region 
or antenna

(b)

Figure 2.14 Radio (or wireless) communication link with (a) transmitting and (b) 

receiving antenna. (Source: John D. Kraus & Ronald J. Marhefka, 2002)



2.3.2 Antenna Characteristics 

There are a few common important parameters or terms that must be defined and 

explained in order to understand the antenna characteristics.

2.3.2.1 Antenna Radiation Pattern 

The antenna radiation pattern is a graphical way of showing the relative radiation 

directions. Antenna radiation patterns are actually three-dimensional, but commonly 

seen patterns are in the form of azimuthal or horizontal plot, and elevation or vertical 

plot. The plots are merely two slices of that three-dimensional pattern. The antenna in 

Figure 2.15 is a typical free space vertically polarized Hertzian radiator such as a half- 

wavelength dipole. As shown in Figure 2.15(a), the three-dimensional doughnut-shaped 

pattern, it radiates poorly at the ends, and radiates very well at angles perpendicular to 

the wire. 

By slicing out of the three-dimensional radiation pattern (Figure 2.15(b) and 

2.15(c)), the azimuthal and elevation plane view (Figures 2.15(d) and 2.15(e) 

respectively) for this antenna are then developed. Due to the vertical dipole, the 

azimuthal or horizontal plot is usually termed omnidirectional, i. e. radiates equally well 

in all horizontal directions. The elevation or vertical plot (Figure 2.15(e)) is shown as a 

figure `8' that exhibits bidirectional radiation. Two main lobes contain the RF power 

from the transmitter, with sharp nulls or no power off the ends of the antenna axis. For 

horizontally polarized half-wavelength dipole (rotated 90° of vertical dipole); the 

radiation patterns remain the same, but are reversed.
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Figure 2.15 The half-wavelength dipole antenna radiation pattern. (Source: Joseph J. 
Carr, 2001)

A three-dimensional of unidirectional field pattern for a typical directional 

antenna with its main beam (maximum radiation) in z-direction at 0 = 00 and minor 

lobes (side and back lobes) in other direction is shown in Figure 2.16. Nulls have zero 

fields between the lobes. The radiation in any direction is specified by the angles 0 and 

¢. As shown in the figure, the direction of the point Pis at the angles 0 = 300 and 0 = 850. 

The pattern is symmetrical in 0 and a function only of 0.

24



Main lobe 
axis
0=0

Field
pattern

Field 
components

n 0 - 30`

Main 
beam 
or main 
lobe

IIIIT'
OEMW1f1111t11ltl I I III II IIf IHIINIIA

wuuI Field in
vmm"Mwlulmgm v, rv oirecuon

ýý \\ý 1 1 1 1 tllllliJ1 I Iý I llll ý
Side 
lobesýý--

0 __ E::: ý

ýiit\\\ //>XýWSýu Al I I 11 I J1 ! Illll ! YI f R " PJý

Back 
lobes

NSVFf RTMMR?? 7t"ý,,,. nJJI

qmwmý-RESEW
41199mv

ß = 85°

Figure 2.16 Three-dimensional field pattern of a directional antenna. (Source: John D. 
Kraus & Ronald J. Marhefka, 2002)

Figure 2.17 presents the principal plane patterns for a typical directional 

antenna, with both relative electric field strength (Figure 2.17(a)) and relative power 

(Figure 2.17(b)) plotted in polar coordinates. Both normalized field and power patterns 

are dimensionless number with the maximum value of unity. The angular beamwidth 

(in degrees) at the half-power level or half-power beamwidth (HPBW) and the 

beamwidth between first nulls (FNBW) as shown in Figure 2.17 are important pattern 

parameters. The HPBW is also called -3dB beamwidth. The normalized or relative field 

pattern for the electric field is obtained by dividing a field component by its maximum 

value (John D. Kraus & Ronald J. Marhefka, 2002), which is given by

Nnrmalizerl fielrl Wittern = F-(fi_(h) =
E,, (e,

-t/ ý- 'r /n E(e0l 
© \' /mas

Nulls

(2.5)
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where Ee(9,0) is the 9 component of electric field as a function of 0 and 0 (in V/m), and 

EB(9,0)max is the maximum value of Eo(9, qi) (in V/m). As shown in Figure 2.17(a), it is the 

field pattern with normalized relative field E�(9) = 1 at 9 = 00. The HPBW = 400 is 

measured at the E = 1/, /2-= 0.707 level. These are the points where the electric field 

strength drops off to 70.7% of its maximum or to the half power point.

Nulls

(a)

0 
= 

oO

(b)

Figure 2.17 The principal plane field and power patterns for a typical directional 

antenna in polar coordinates. (Source: John D. Kraus & Ronald J. Marhefka, 2002)

Patterns may also be expressed in terms of the power per unit area or Poynting 

vector (S (0, q). Normalized or relative power pattern can be obtained by normalizing 

this power with respect to its maximum value (John D. Kraus & Ronald J. Marhefka, 

2002), which is given by

if ,. , ----- ---- ----- - n In , 4l - 
S(0'0)

lvormaiizea power pauuerii - r� k(7, V) _ s B, o 
mas

(2.6)
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where S (6, 0) is the Poynting vector (_ [EB (9, 0) + EE (B, q$)] / Z(, ) (in W/m2), S (0) Amax is 

the maximum value of S (6, 0) (in W/m2), EO(6,0) is the 0 component of electric field as a 

function of 0 and 0 (in V/m). and Zo is the intrinsic impedance of space (= 376.7Q). The 

power plot (proportional to E2) as shown in Figure 2.17(b), with relative power Pn(6) = 1 

at 6= 00 and with HPBW = 40° as before is measured at the Pn = 0.5 level.

2.3.2.2 Antenna Directivity and Gain 

Probably the most important parameters of an antenna are defined in terms of 

directivity and gain, which are always specified in three dimensions. Practically, 

antennas do not radiate or receive uniformly in all directions. Directivity (D) refers to 

the fact that certain directions are favored and others rejected, which means that RF 

energy is directed to a limited direction, rather than in all directions equally. Indeed, it 

is interrelated with the antenna gain. The directivity of an antenna is equal to the ratio 

of the maximum power density P(0,0)max (in W/m2) to its average value (P(0,0)av) over a 

sphere as observed in the far field of an antenna (John D. Kraus & Ronald J. Marhefka, 

2002). Thus

Tl 
. 

P 
\e' 

ý/max

Lj =

or referenced to isotropic,

P(B,

4; T D=- 
Q. 

a
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where QA is the beam area or beam solid angle expressed in steradians (sr) or square 

degrees ( ). For the idealized isotropic antenna, QA = 471 sr. It should be noted that the 

idealized isotropic antenna has the lowest possible directivity (D = 1), while actual 

antennas have directivities ratio greater than 1 (D > 1). For example, the simple short 

dipole has a directivity, D = 1.5 (= 1.76 dBi). A common way for specifying antenna 

directivity is the half-power beamwidth (HPBW). 

Antenna gain (G) refers to the fact that certain antennas seem to produce a 

signal that is more powerful than the signal caused by some reference antenna (e. g. 

dipole). Antenna gain is a measure of how the antenna focuses available power away 

from all directions to certain specific directions. The gain can be expressed as either a 

multiple or in decibel notation. In practical, due to the ohmic losses caused by the 

current flow in the resistance of the antenna and a mismatch in feeding the antenna, 

the antenna gain is always less than the directivity. The ratio of the gain to the 

directivity is the antenna efficiency factor (0<k<1), which is dimensionless. Thus

G=kD (2.9)

Antenna-transmitter systems are often rated in terms of effective radiated power 

(ERP), which is the apparent power produced by the product of the transmitter power 

and the antenna gain. For instance, if an antenna has a gain of 3dB, its power radiated 

in the direction of main-lobe maximum is increased by a factor of 2 times as much as 

would be radiated by a dipole radiator for the same power output. Thus, the ERP will be 

equal to 200W for a transmitter output power of 100W.
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2.3.2.3 Decibel (dB) Notation 

The decibel (dB) is a unit of measure of the ratio of two signals. The signals can be two 

voltages, two currents or two powers. The equation for decibel is

dB = k log (ratio) (2.10)

where k is equal to 10 for powers and is equal to 20 for voltages or currents. It should be 

noted that +dB represents a gain, and -dB represents a loss. The term `0 dB' means that 

the ratio of the two signals is 1: 1, neither gain nor loss. The use of decibel notation 

makes it possible to use only addition and subtraction arithmetic. 

For radiation pattern of an antenna, the decibel is given by

dB =10 log� P� (0, ý) (2.11)

where Pa(B, q is given by Equation (2.6). However, the gain of an antenna maybe 

expressed in decibels with respect to an isotropic radiator (in dBi) or a half-wave dipole 

(in dBd). Since the gain of a dipole is 2.15 dBi, the gain of any antenna in dBd is 2.15 dB 

less than the gain of the same antenna expressed in dBi. Thus

G(dBd)=G(dBi)-2.1sdB ý2.12)

where G(dBd) is the gain antenna with respect to a half-wave dipole(in decibels)., and

G(dBi) is the gain of the same antenna with respect to an isotropic radiator (in decibels).
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2.3.2.4 Inverse Square Law 

Radiofrequency (RF) and microwave fields become weaker as they travel far away from 

the source. The relationship is called the inverse square law, which means that the field 

intensity falls off inversely proportional to the square of the distance traveled (1/R2, 

where R is the difference in distance). The total amount of wave energy remains the 

same, but the energy per unit of area is reduced rapidly as the distance from the source 

increases. In Figure 2.18 all the wave energy falls onto a square (A) at distance R. But 

the wave energy spreads out and covers 4 times the area (4A) at twice the distance (2R) 

far from the source. Thus, better and more sensitive receivers are required in order to 

receive much weaker radic signal at distances far from the transmitter.

Figure 2.18 Wave propagates and spreads out according to the inverse square law.

2.3.3 Types of Microwave Antennas 

In this section, the characteristics of several types of microwave antennas will be 

discussed. Before looking at the various antennas that are commonly used in mobile 

communications, it is important to understand the basic isotropic and dipole antennas. 

Antenna definitions and specifications are usually compared relatively to a 

theoretical constructed antenna called isotropic radiator. An isotropic radiator is
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basically a perfectly spherical point source that radiates radiofrequency (RF) energy 

equally well in all directions; that is, its directivity becomes unity (1). The RF wavefront 

propagates outward from it is in a spherical pattern, and thus it is truly omnidirectinal 

(all directions). From spherical geometry, the isotropic power density at any distance (R) 

from the point source can be calculated using the general Equation (3.6) (see Section 

3.1.1 in Chapter 3). The calculated figures can then be compared with the actual values 

from an antenna being tested. 

The dipole antenna is fed balanced at the center with respect to ground. It is 

practically made of either wire or tubing. The most common form of dipole is usually 

referred to as a half-wavelength (k/2) center-fed dipole. It is sometimes called a Hertz 

antenna, the term Hertzian dipole refers to a dipole of infinitesimal length. Figure 2.19 

shows the basic half-wavelength dipole, which consists of two quarter-wavelength long 

elements. The polarization of the dipole is parallel to the radiator element, which is the 

direction of the electrical field vector. The radiation pattern of the half-wavelength 

dipole at elevation of zero degree in free space can be seen in Figure 2.15. It has a 

directivity of 1.64 or 2.15 dBi with referenced to the isotropic radiator. The impedance of 

the dipole is commonly assumed as 73Q in free space, which is well matched to an 

ordinary 750 coaxial cable.
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Figure 2.19 Basic half-wavelength dipole and its electric field propagation.

The dipole can be mounted either horizontally or vertically. If mounted vertically, 

its transmission line feeder cable should extend at least a quarter wavelength from it at 

a right angle. The middle ends of the dipole normally have a center insulator to provide 

connection spot for transmission line. Figure 2.20 shows a microwave dipole connected 

at the end of a section waveguide. A waveguide is essentially a RF pipe through which 

an electromagnetic wave travels. The energy wave (little losses) is practically reflected 

from the walls and confined into the interior of the mirrored pipe. Thus, its intensity is 

undiminished along the guide. A waveguide is a hollow metal pipe made of aluminum, 

brass or copper and can have either circular or rectangular cross section. The internal 

surfaces of most waveguides are electroplated with either gold or silver to reduce ohmic 

losses.

Figure 2.20 Dipole element connected to a waveguide. (Source: Joseph J. Carr, 1996)
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The following section will discuss several types of antennas that are commonly 

used as cellular and personal communications system (PCS) base station antennas. 

These antennas generally fall into two categories: omnidirectional and directional 

antennas.

2.3.3.1 Omnidirectional Antennas 

As mentioned in the previous section, the dipole can be mounted vertically. If a dipole 

element is mounted vertically perpendicular to a large conducting object, such as meal 

plate, the bottom element of the dipole can be eliminated. A virtual element will be 

electrically reflected from the plate. An impedance of 36 0 will be achieved and provides 

a good match to receiver or transmitter if the metal plate is approximately at least a 

half wavelength square. The antenna is thus called the quarter-wavelength groundplane 

antenna. 

The classical omnidirectional antennas are of a groundplane or quarter-wave 

(? J4) skirt nature (see Figure 2.21). The groundplane antenna is a wideband antenna 

and a conductive plane is achieved via three counterweighted poles. The quarter-wave 

skirt antenna, however, only works across a very limited bandwidth, and the decoupling 

is achieved by using a quarter-wave skirt. 

The dipole radiates the same power from the tip of the mast in all azimuth 

directions (see Figure 2.22(a)) with the vertical half power beamwidth (HPBW) of 78 

degrees. The radiated power in a defined direction can be increased by connecting single 

and vertically stacked dipoles at a middle distance of one wavelength as shown in Figure

2.22(a). As a result, the HPBW can be reduced. Thus, an increase of gain by 3dB (double

the power) can be achieved by doubling the number of dipoles. Figure 2.22(b) shows an
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example of a GSM-Gain antenna which has several dipoles stacked inside a common

fibre-glass tube.

(a) Groundplane

1 dipole

0

2 dipoles

Ii 11
4 dipoles

i: i 
0 
El 
a

(b) 2J4-skirt antenna

Figure 2.21 Groundplane and quarter-wave skirt antenna.

ýý

HPBW = 780 
Gain = 0 dB

HPBW=3`?. G 
Gain= 3 dB

Omnidirectional 
gain antenna

(a) (b)

Figure 2.22 Achieving gain via vertical beaming.

HPBW = 150 
Gain =6dB
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2.3.3.2 Directional Antennas 

The dipole antenna has resulted in a lot of power lost in the desired horizontal plane. 

Theoretically, the gain can also be achieved via binding in horizontal plane. By radiating 

the existing energy in a semi-circle (1800), a gain of 3 dB can be achieved; 6 dB gain can 

be achieved via radiating in a quadrant (90°) (see Figure 2.23). However, it should be 

noted that reality directional antennas cannot produce such sharp corner points.

/Reflector

1 dipole 

0

1 dipole

2 dipoles

3600 
Gain = 0 dB

1800 
Gain = 3 dB

900 
Gain =6dB

U

Figure 2.23 Achieving gain via horizontal beaming.

Two types of directional antennas are commonly found in mobile 

communications, which are end-fire arrays and broadside arrays. In end-fire arrays, its 

mechanical features are parallel to the main radiation beam. Typical examples of this 

type of antenna are Yagi-Uda and logarithmic periodic arrays (see Figure 2.24).
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Figure 2.24 Yagi-Uda and logarithmic periodic arrays.

Yagi-Uda (commonly known as Yagi) array (see Figure 2.24(a)) is used 

extensively in HF, VHF, UHF, low-microwave bands (commonly used to 800 or 900MHz) 

and mid-microwave bands (several GHz) for modified versions. It consists of a half- 

wavelength center-fed dipole driven element and ten or more parasitic elements for 

microwave versions. Two kinds of parasitic elements are used: reflectors (approximately 

4% longer) and directors (slightly shorter). The reflectors are placed parallel behind, 

while the directors are placed parallel in front of the driven element. Their spacing to 

the driven element is typically about 0.1 or 0.3 wavelength away from it or each other. 

The Yagi antenna is unidirectional with a single main lobe in the direction of the 

director elements, as well as several minor lobes. However, its mechanical concept is not 

suitable for extreme climatic conditions, such as ice and snow, which have strong 

influence on the radiation diagram. 

A logarithmic periodic (commonly known as log-periodic) array is less sensitive to 

ice. Its radiation diagram is constant over a wide frequency range and it has fewer side- 

lobes. Figure 2.25 shows active central region and inactive region (left and right ends) of 

Isbell log-periodic frequency-independent type of dipole array. The basic concept is that 

at any given frequency only a fraction of antenna is used and radiates most effectively
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when the dipole elements are closest to resonance (about k/2 long) so that the active 

(radiating) region moves along the array with the change in frequency. The dipole 

lengths gradually increase along the antenna with a constant angle ((X). A balanced 

feedline (or twin line) is connected to the narrow end, and power is fed to the other 

dipoles via a crossed connections network as shown in Figure 2.25. At a wavelength (X), 

radiation occurs from the central region where the dipole elements are about k/2 long. 

When the wavelength is increased, the radiation zone moves to the right. When the 

wavelength is decreased, it moves to the left with maximum radiation toward the feed 

point of the array.

Active 
(radiating) 
region (l X/2) 

(transmission line) 

region (l < 1J2)

inactive (stop) 
region (l > X/2)

10
9

11

Figure 2.25 Isbell log-periodic frequency-independent type of antenna. (Source: John D. 
Kraus & Ronald J. Marhefka, 2002)

On the other hand, if the mechanical features are orthogonal to the main 

radiation beam, it is called broadside arrays. Panels and corner reflector antennas are 

typical examples for this type of antenna (see Figure 2.26). Panel antennas are made up 

of several dipoles mounted in front of a reflector in a precision array. Thus, an increase
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in gain is achieved from both the horizontal and vertical plane. The overall gain of an 

array antenna is proportional to the number of elements, as well as their spacing. 

Theoretically the reflector plate can be replaced with a second set of dipoles, which 

radiate with the inversed phase.

dipole element

(a) Panel antenna (b) Corner reflector antenna

Figure 2.26 Panel and corner reflector antennas.

Due to the short wavelengths, it becomes possible to use reflector antennas at 

microwave frequencies. There are several common forms of reflector surface shape. The 

corner reflector antenna as shown in Figure 2.27(a) is primarily used in the high-UHF 

and low-microwave region. The corner reflector antenna has a bent forward reflector 

plate of chosen angle, normally 900. The chosen angle has strong influences on the 

horizontal half power beamwidth (HPBW). It uses either solid metallic reflector surfaces 

or wire mesh. The holes in the mesh must be ',, -wavelength or smaller if mesh is used. 

To receive the reflected wavefronts from the surface in phase, a dipole element is placed 

at the focal point of the corner reflector. 

The parabolic dish antenna is one of the reflector antennas that is most 

commonly used in microwave systems. The dish antenna has a paraboloid shape as
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defined in Figure 2.27(b). Any wavefront that originates from a radiator element placed 

at the focal point and strikes the reflecting surface will be reflected parallel to the axis of 

the parabola in phase. In the same way, wavefronts intercepted by the reflector surface

will be reflected to the focal point. The gain of a parabolic antenna

several factors: dish diameter, feed illumination, and surface accuracy.

Dipole Element
r (Focal point, F)

(a) Corner reflector antenna

is a function of

Radiator Element 
(Focal point, F)

(b) Parabolic antenna

Figure 2.27 Reflector antennas.

Any type of antenna can be used with parabolic reflector; a horn radiator 

provides a simple and efficient method to feed power to the antenna. The horn radiator 

is essentially an extension or a tapered termination of a length of waveguide, which 

serves both as antennas and as illuminators for reflector antennas. The examples in the 

Figure 2.28 represent the most common types. A horn antenna may be regarded as a 

flared-out (opened-out) waveguide. It also provides the impedance transformation that 

match waveguide impedance to that of free-space, but it is not perfectly match to the

Corner reflector 
surface

. . i... i .............................................
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waveguide. It produces a uniform phase front with a larger aperture than that of the 

waveguide, and thus greater directivity. The gain of the horn radiators depend on the 

type of horn and its dimensions. The equation for gain is given by

G=
l0A 

A 2
(2.13)

where A is the flared open flange area (e. g. A = a x b in Figure 3. ß'8(b)) and is the

wavelength.

(a) Rectangular (b) Pyramid (c) Conical

Figure 2.28 Horn radiatiors. (Source: Joseph J. Carr, 1996)

2.3.4 Diversity 

Diversity is used to increase the uplink signal level from the mobile to the cellular base 

station. The problem is that a transmitted signal rarely reaches user via the most direct 

route, while the received signal is normally a combination of direct and reflected waves 

of different phase and polarization characteristics. Thus, the reception field strength 

may be extremely varying due to canceling of the signal at specific locations. It is very 

common that reflections appear to be from buildings, masts or trees, because mobile 

communications predominantly uses vertical polarization. 

Cellular and personal communications system (PCS) base station receiving 

antennas are usually mounted in such a way as to obtain space diversit y. The typical

40



omni cell-site is made up of three antenna mounted at the corners of a tower with 

triangular cross section (see Figure 2.29(a)). Such cell with an omnidirectional pattern 

needs only one transmitting antenna and is mainly installed in regions with relatively 

low number of subscribers. For capacity reasons, the cell is divided into three 1200 

sectors in urban areas. As shown in Figure 2.29(b), it is usual to mount two or three 

directional antennas (i. e. panels) for each sector on the sides of the tower, where only 

one transmitting antenna is needed per sector. In the figure, the marked R. is assumed 

as receiving antenna and transmitting antenna is denoted as T. It is possible to use 

duplexer for a single antenna to become receiving and transmitting antenna, but often 

the transmitting antenna is located separately.

(a) Omnidirectional antennas

Directional ý ºC:: 7 Cl C: J 
antennas Rxu, Txl RxB

ý

Rx2$ RxgB 

Tx2 ý Txs 

RX2Aý Tawer ýR, x'8A

(b) Directional antennas

Figure 2.29 Space diversity.

In a cluttered mobile environment, especially in urban areas, signal polarization 

may be randomized by reflections. In addition, a mobile phone is never held exactly 

upright, which mean that all polarizations are possible. Recent development has 

reduced the number of antennas required for diversity by the use of dual-polarization 

antennas. Thus, polarization diversity can be achieved by using two orthogonally 

polarized antennas, typically horizontally and vertically polarized respectively (00/900) 

and 450 angles to the vertical (+450/-450) (see Figure 2.30). Figure 2.31(a) shows typical
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mounting of a dual polarized antenna (used for Rx) and a vertically polarized antenna 

(used for Tx) for each sector on the sides of the tower. If the vertical path of the dual 

polarized antenna is fed via duplexer for Rx and Tx, only one antenna is needed per 

sector supported from a mast (see Figure 2.31(b)).

Dipole elements

(a) 00/900 polarization (b) +45°/-45° polarization

Figure 2.30 Dual-polarization antennas.

(a)

Figure 2.31 Polarization diversity.

(b)

The cell sizes are normally small in high-traffic area. To reduce the distance the 

signal travels and the interference to neighboring cells, directional base station 

antennas are often tilted downwards. This downtilt can be done either mechanically or 

electrically so that it aims downwards at a slight angle.
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2.4 Potential Health Risks of Radiofrequency and Microwave Exposure 

We live in a world that is exposed to both natural and man made radiation every second 

in our life. Radiation is electromagnetic in nature, and it is a form of energy that travels 

in a straight line. When it collides with an object, it will either pass right through 

(transmission), reflected or absorbed. However, its energy is reduced as it moves away 

from its source (see Section 2.3.2.4), which means that personnel who stay indoors will 

receive less exposure compared to staying outside or standing close to the source. 

Since the mobile phone and its base transceiver station (BTS) is a two way radio, 

they produce microwave radiation as a means of communicating, and this can expose 

humans to radiation. In addition, humans are also exposed to radiofrequency (RF) 

radiation originating from paging and other communications antennas such as those 

used by the fire, police and emergency services. Television and radio broadcast antennas 

commonly transmit higher RF radiation levels than the mobile communications system 

in many urban areas. Therefore, theoretically, environmental RF field exposures from 

mobile base station system are generally very weak. However, local partial body 

exposures are stronger when using mobile phone. Moreover, occupational exposure of 

workers who work near BTS antennas may be strong enough to require control 

measures to limit exposure. 

Essentially, there are two kinds of radiation: ionizing radiation and non-ionizing 

radiation (NIR). Ionizing radiation has enough energy to cause ionization. Ionization is a 

process by which electrons are stripped from atoms and molecules. Ionization will cause 

chemical reactions in the body that leads to damage in biological tissue including effects 

on deoxyribonucleic acid (DNA). Gamma rays and X-rays are two forms of ionizing 

radiation. NIR, however, does not have sufficient energy to cause ionization in living 

tissue. But it causes some heating effect (or thermal effect) which is usually insufficient
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to cause any kind of long term tissue damage. RF, visible light and microwave radiation 

are considered NIR. 

As mentioned, RF radiation can cause thermal effect in the human body, which 

means that it can cause heating of living tissues that leads to an increase in the body 

temperature. Although the body has its effective ways of regulating its temperature, 

however if the RF exposures are excessively high, the body may not be able to remove 

heat from the tissues. In extreme cases, such thermal effects can cause blindness, 

sterility and other serious health problems (ICNIRP, April 1998). According to the 

International Commission on Non-Ionizing Radiation Protection Guidelines (ICNIRP, 

April 1998), available laboratory studies have demonstrated a wide range of tissue 

damage resulting from either partial body or whole body heating (temperature rises in 

excess of 1 - 2 °C). 

There are considerable public concerns regarding the biological and health effects 

of RF and microwave exposures from these cellular BTS. Numerous research studies 

and scientific reviews have been conducted to address this global health issue. Most of 

these research studies are laboratory studies, which involve in vivo and in vitro studies 

of cellular and animal experiments. Some experimental studies suggest a possible link 

to cancer formation or DNA damage in animals exposed to RF radiation under certain 

specific conditions. From published reports of laboratory studies (RSC. EPR 99-1, March 

1999), a number of reviewers have reported that genetic changes have been observed in 

microwave studies only in the presence of significant rise in temperature. However, the 

epidemiological evidence to date is insufficient to support a hypothesis of a relationship 

between exposure to RF field and risk cancer, reproductive problems, or congenital 

anomalies. According to ICNIRP (April 1998), further epidemiological studies on 

exposed workers and the general public also yield no convincing evidence that typical
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exposure levels lead to adverse reproductive outcomes or an increased cancer risk in 

exposed individuals. 

For thermal effects that present significant temperature increase in excess of 1 - 

2 °C, a large number of physiological effects have been characterized in cellular and 

animal studies (ICNIRP, April 1998). These physiological effects include changes in 

neural and neuromuscular functions, increased blood-brain barrier permeability, lens 

opacities and corneal abnormalities, changes in the immune system, haematological 

changes, reproductive changes (e. g. reduced sperm production); and changes in cell 

morphology, water and electrolyte content, and membrane functions. In the case of 

animal studies (RSC. EPR 99-1, March 1999), the observed responses to RF radiation 

exposure include changes in temperature regulation, endocrine function, cardiovascular 

function, immune response, nervous system activity and behavior. 

Some studies have examined other possible effects caused by RF radiation, 

including headaches, dizziness, memory loss or birth defects. Although there is a need to 

consider the possibility of microwave induced symptoms such as headache and fatigue, 

existing data is inadequate to support the conclusion that microwave can induce 

headaches (RSC. EPR 99-1, March 1999). Thus, no conclusive scientific evidence is 

established yet. Nevertheless, there is a need for additional, larger well-designed 

studies, to provide further information on these relationships. 

Scientists have been researching biological effects and health risks of RF 

radiation on animals and humans over recent years. The results were published in 

scientific journals and have been extensively reviewed by international organizations. It 

is concluded that there is no consistent and convincing scientific evidence of adverse 

health effects cause by RF and microwave radiation. Meanwhile, further ongoing
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research based on established scientific methods will continue to explore and investigate

for our better understanding of this important global health issue.

2.4.1 International Exposure Guidelines 

There are a number of different existing exposure guidelines that have been set by 

international expert organizations to protect people from hazardous radiofrequency (RF) 

and microwave radiation exposures. In Malaysia, base transceiver stations (BTS) are 

installed in compliance with the stringent guidelines set by the Malaysian 

Communications and Multimedia Commission (MCMC) and the Ministry of Housing 

and Local Government. The guidelines on permissible exposure levels have been set and 

released by the MCMC in August 1998 (Ng Kwan-Hoong, 2003) that conforms to the 

latest safety standards recommended by world organizations, such as the International 

Commission on Non-Ionizing Radiation Protection (ICNIRP) and the World Health 

Organization (WHO). In addition, this section will review some commonly known 

standard exposure guidelines: the ICNIRP 1998 Guidelines, the Institute of Electrical 

and Electronic Engineers (IEEE) Standard C95.1-1999 Edition, and the Federal 

Communications Commission (FCC) 1997 Regulations. 

The maximum permissible exposure (MPE) limits recommended by these 

standard guidelines vary according to the frequency of the RF and microwave that 

produce a given exposure. The exposure guidelines specify the MPE limits in terms of 

power density, S (in mW/m''), electric field strength, E (in V/m) and magnetic field 

strength, H (in A/m) field strength. The MPE limits expressed in terms of power density 

(S) as shown in Table 2.1 consider only the frequencies of 900 MHz and 1800 MHz, 

which is particularly of interest in this study.
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Table 2.1 The different MPE limits (in terms of power density) for occupational and 
general public exposures at the transmit frequencies of 900MHz and 1800MHz.

Guidelines Exposure Type

ICNIRP

IEEE

FCC

Power Density, S (MW/cm') 
GSM900 GSM1800

Occupational 2.25 4.50 

General Public 0.45 0.90

Controlled 3.00 6.00 
Uncontrolled 0.60 1.20
Occupational 3.00 5.00 

General Population 0.60 1.00

In the far field of a transmitting antenna, the electric and the magnetic field, and 

their propagation direction are considered mutually orthogonal or plane wave condition. 

The fields are in phase and their magnitudes are interrelated with each other by the 

Equations (3.4) & (3.5) (see Section 3.1.1 in Chapter 3). In the near field exposure, the 

value of far field equivalent or plane wave equivalent power density is calculated using 

the squares of the electric or magnetic field strength. 

The power density limits is spatially averaged over the body dimensions. It is 

most accurately related to exposure criteria quantified in specific absorption rate (SAR) 

averaged over the whole body that resulted from the exposure to avoid harmful 

temperature rises in the body. SAR is the rate of RF energy absorption in a unit mass of 

body tissue that is measured in Wkg-l. It should be noted that local (e. g. limbs, head and 

trunk) exposures values that exceed the MPE limits may not be related to non- 

compliance if the whole body averaged exposures levels does not exceed the MPE limits 

(FCC, August 1997). SAR averaged over the whole body is normally 0.4 Wkg-1 for 

controlled environment and 0.08 Wkg-1 for uncontrolled environment (ICNIRP, April 

1998).
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Generally, two groups of people are at higher risk of exposure to RF and

microwave radiation. They are the occupationally exposed population and the general

public. The occupational exposed population consists of workers or persons near 

transmitting facilities (in controlled environment) who are trained to be fully aware of 

potential risk for exposure and can control over their exposure to electromagnetic field. 

By contrast, the general public consists of individuals (in uncontrolled environment) who 

have no knowledge and control of their exposure. They may not be made fully aware of 

the potential for exposure. Existing international exposure guidelines have categorized 

these people into two separate tiers of safety limits that are dependent on the situation 

in which the exposure takes place (see Table 2.1). 

The MPE limits may be averaged over certain appropriate time period with the 

average exposure level not exceeding the limits for continuous exposure. For example, 

consider a relevant averaging time of 6 minutes in controlled environment with the 

MPE limit of 2 MW/cm`'. If an exposure level is determined to be 4 MW/cm`', a worker is 

only allowed for 3 minutes exposure at this level during any given 6 minutes interval. 

The allowable time(s) for exposure can be calculated by the following expression.

sexptexp = Sliintav9 (2.14)

where Se. p is the power density level of exposure (in mW/cm`-), Si; ný is the appropriate 

power density limit (in mW/cm`-), te. p is the allowable exposure time, and tavg is the 

appropriate averaging time. The average exposure level will comply with the MPE limit 

as long as both sides of the equation are identical. Frequently, the averaging time for 

occupational or controlled exposures is 6 minutes, while the averaging time for general 

population or uncontrolled exposures is 30 minutes.
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2.4.2 Exposure Calculations for Sources with Multiple Frequencies Fields 

In situations where there are a number of sources at different frequencies or broadband 

sources contributing to the total exposure, it becomes necessary to weigh each 

contribution relative to the Maximum Permissible Exposure (MPE) in accordance with 

the standard guidelines. To comply with the MPE, either for controlled or for 

uncontrolled environment, the ratio of the measured value to the MPE limit (in terms of 

the square of electric field, E2, the square of magnetic field, H2 or the power density, S) 

incurred within each frequency interval shall be determined. And the sum of all such 

ratios thus obtained for all frequencies should not exceed unity. The limit, as applied to 

multiple frequencies, can be expressed as 

(where the electric field strength is measured),

E, 
MPE,

or (where the magnetic field strength is measured),

2 H; 
<1 

MPE,

or (where the power density is measured),

S, 
< 1 

MPE,

(2.15)

(2.16)

(2.17)
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where E; is the electric field strength at frequency of source i, H; is the magnetic field 

strength at frequency of source i, Si is the power density at frequency of source i, MPE, 

is the maximum permissible exposure at frequency of source i. 

For both electric and magnetic field strength measurements, the measured 

values and the limits shall be squared before determining the ratios. In order to comply 

with the provisions of the MPE, both summations, the sum of the ratios of the time- 

averaged squares of the measured electric field strength to the corresponding squares of 

the MPE, and the sum of the ratios of the time-averaged squares of the measured 

magnetic field strength to the corresponding squares of the MPE, should not exceed 

unity. For example, if the summation in terms of magnetic field strength is less than 

unity, and the summation in terms of electric field strength exceeds unity, therefore, the 

MPE is exceeded.

50



CHAPTER 3

MODELING AND SIMULATION

3.1 Theoretical Prediction

Radiofrequency (RF) and microwave radiation levels emitted from cellular base 

transceiver station (BTS) antennas should be in compliance with the safety limits 

established by some major standard guidelines. Prior to conducting any measurement, it 

is necessary to have an idea about the behavior of the exposure levels in the vicinity of 

BTS site in order to find the positions with greatest field intensity. This section would be 

helpful in estimating the exposure levels in terms of electric field strength (K), magnetic 

field strength (M) and power density (S) levels around typical radiating antenna by 

using the recommended prediction methods (ACA, Sept 2000; FCC, August 1997; Health 

Canada, 1999 & Michael Bangay, Sept 17, 2002). However, it should be noted that the 

equations discussed later are generally only accurate in the far field region (>_ 2D2/2, 

where D is the greatest dimension of the antenna (in m), and /I is the wavelength (in m)) 

of an antenna but will overestimate the power density (S. M. Mann et al, June 2000) 

close to the antenna or in the near field region (< 2D212), which is normally within 10 in 

from a typical antenna. Both far field and near field prediction calculation are depend on 

the type of antenna used. 

A "worst case" approach is applied in this prediction methodology, where the 

exposure levels are estimated on the highest telephone call capacity (simultaneous 

telephone calls on all channels) and all transmitters are working at full rated power, in 

which there is no automatic power adjustment by cellular network for serving any 

established phone calls. The prediction also assumes an unobstructed line of sight view 

to the antennas. The prediction does not take into consideration of any possible
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reflection, re-radiation, scattering, attenuation nor diffraction of RF and microwave 

signals through building, walls, conducting structure or trees present around typical 

BTS site. This is because of these multipath phenomena could either reduce or gain 

signal strengths at a point near ground level. However, reflection of incoming radiation 

at or near ground level or rooftop surface will be included in the prediction (see the 

following Section 3.1.1). In practice the actual exposure levels will generally be 

significantly less than estimated levels due to path losses and cellular network 

automatically adjusting transmitted power to suit the actual telephone traffic. For these 

reasons, care should be taken when comparing predicted and actual measurement 

results. The following subsections will describe both on and off axes prediction 

methodologies used to estimate field strength and power density in the vicinity of typical 

radiating antenna.

3.1.1 On Axis Prediction 

This section provides a method of estimating on axis power density from a typical 

radiating antenna. As stated in ICNIRP (April 1998) guidelines, the power density (S) is 

the power per unit area normal to the direction of propagation and is expressed in watts 

per square meter (W/m2). It is essentially equal to the amplitude of Poynting vector, 

which relates both the electric and magnetic fields by the following expression.

S = E x H (3.1)

where E is electric field strength (in V/m), and H is magnetic field strength (in A/m). If 

far enough from the radiating antenna (i. e. in far field region), the electromagnetic field 

propagation is believed to be in plane-wave model, where the E and H vectors and the
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direction of propagation are mutually perpendicular to each other. The phase of the E 

and H fields is the same in plane wave form, and the ratio of their amplitude is constant 

throughout space with the scalar relationship in free space given by

E_ 
H ý

Po 

Eo
(3.2)

where & is the permittivity of free space (_ (1 / 36, r) x 10-9 F/m) and j is the permeability 

of free space (= 4. r x 10-7 H/m). Thus the intrinsic impedance of free space (77) is assumed 

to be equal to

i= =120, r = 377ohms

Therefore, the power density (S) in Equation (3.1) can be expressed as:

S 
E' E2 E' E2 

po / £0 120T 377 17

or

H z =120ýH` = 377H' = 77H'

(3.3)

(3.4)

(3.5)
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These equations are only applicable in the far field region of an antenna and it is often 

the case that power density may be expressed in terms of "far-field equivalent" or 

"plane-wave equivalent" power density. 

The power density in the near field region is rather more difficult to specify 

because the field patterns are more complicated, where the maxima and the minima of 

E and H fields do not occur at the same points along the direction of propagation as they 

do in the far field (ICNIRP, April 1998). In this case, power density is no longer an 

appropriate quantity to express exposure restrictions (as in the far field) but both E and 

H fields must be measured in order to determine compliance. 

In the case of a total radiated power, Prad (in W) transmitted via an isotropic 

antenna, the antenna radiates equally in all directions and a spherical surface enclosing 

such antenna is considered. The strength of the electromagnetic wave decaying with 

distance from the antenna is in proportion to the inverse square law (see Section 2.3.2.4 

in Chapter 2). Thus the power density (S) at a radial distance R (in m) would be given by 

the following equation.

S = 
Pr., 

4,7 R
(3.6)

However, any real antenna will employ some means of focusing its radiated 

power in some desired radiating direction, often known as directional antenna. This 

means that the power density at a distance R will be greater than that given by 

Equation (3.6) by a factor equal to the antenna gain. The power density (S) on the main 

beam axis in the far field region of a directional antenna can be estimated by using the 

general equation below.
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PG 
47rRz (3.7)

where Pis the power input to the antenna (in W), G is the power gain of the antenna in 

the direction of interest relative to an isotropic radiator (a numeric gain), and R is the 

distance to the centre of radiation of the antenna (in m). 

The power density may also be expressed as:

S _ 
EIRP 

_ 
1.64ERP 0.41ERP 

4nR 2 4ýrR z rcR 2
(3.8)

where EIRP is the equivalent (or effective) isotropically radiated power (i. e. power 

referenced to an isotropic radiator), and ERP is the effective radiated power (i. e. power 

referenced to a half-wave dipole radiator). It is necessary to convert ERP into EIRP by 

multiplying the ERP by the factor of 1.64 (2.15 dB), which is the gain of the half-wave 

dipole relative to an isotropic radiator. 

In far field region, an electromagnetic wave can also be characterized by the 

electric field strength (E) and magnetic field strength (H) since its propagation is 

considered to be in the form of plane-wave. Thus, the root mean square (rms) electric 

field strength (E) at a distance R from a source with EIRP on the main beam axis, as 

derived from Equations (3.4) and (3.8), is equal to

E 
30EIRP 

R

and is expressed in volts per meter (V/m).

(3.9)
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It is important to note that the power gain factor (G) in Equation (3.7) is actually 

a numeric gain relative to an isotropic radiator. But the power gain of the antenna may 

be expressed in decibels with respect to either an isotropic radiator (in dBi) or a half- 

wave dipole radiator (in dBd). Half-wave dipole power gain (in dBd) can be converted to 

isotropic power gain (in dBi) by adding a factor of 2.15 dB. When the power gain factor is 

expressed in logarithmic terms (i. e. dBi), a conversion given by the following relation is 

required to obtain a numeric gain.

G(, H; =101og G (3.10)

or

Gde, 

G=1010 (3.11)

where GdBi is the isotropic power gain of the radiating antenna (in dBi). For example, a 

logarithmic power gain of 16 dBi is equal to a numeric gain of 39.81. 

If the antenna gain is not known, it can also be calculated by the following 

equation using the actual antenna dimensions and its aperture efficiency (FCC, August 

1997 and Health Canada, 1999):

G _ 
41rA, 

ý ý, ̀
(3.12)

where G is the power gain in the direction of interest relative to an isotropic radiator, Ae

is the effective area of the antenna, where A, - cA , A is the physical aperture area of
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the antenna in m2, s is the aperture efficiency (typically 0.5<_ r<_ 0.75 as stated in Health 

Canada (1999)), and A is the wavelength of the electromagnetic field (in m). 

Reflections may increase the power density at a given position near ground level 

or on a rooftop. For a truly worst-case prediction, 100% reflection of incoming radiation 

can be assumed, as illustrated in Figure 3.1. Such reflections would result in a potential 

doubling of predicted electric field strength, thus the total far-field equivalent or plane- 

wave equivalent power density would be expected a four-fold increase (FCC, August 

1997 & S. M. Mann et al, June 2000). Equation (3.7) can be modified as:

S- (2) 2 PG PG 
_ 

EIRP 
4)rR2 ; rR2 7rR2

BTS mast or 
tower with 
antenna

Ground

Figure 3.1 Direct and reflected waves arise at a survey point.

(3.13)

Based on the actual cellular base transceiver station (BTS) configuration, a BTS 

contains a number of radio transmitters (n) and each has the same maximum power 

output (Pt. r), which are then combined and fed via cables to the BTS antenna. The total 

power input to the BTS antenna must take into account all known system losses, L (in 

dB), normally includes combiner loss and cable loss. Therefore, the total power fed into 

the BTS antenna (P) is given by the following equation.
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-/. /10 

P = nP, r 
10 (3.14)

The power density (S) in Equation (3.7) thus varies with distance (R) according to the

following expression.

J. = 
U- nP. _10((;,, 

H, -c)no

4, rR2
(3.15)

If the vertical (Y) and horizontal (X) separation (see Figure 3.2) between the 

antenna mid-point and the point of interest are known, the slant distance (R) to the 

centre of radiating antenna can be calculated as follows:

R = X + Yiz (3.16)

where Y'= (Y- h). The slant distance (R) is expressed in meters (m).

Vertical 
distance, Y

Survey 

point 
height, h

-4 Horizontal distance, X

Figure 3.2 The vertical and horizontal separation between the antenna mid-point and 
the survey point of interest.
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It should be noted that the above equations are used to estimate field strength 

and power density in far field region in a worst case condition where maximum power 

gain is applied. Alternatively, if information concerning actual elevation or vertical 

radiation pattern data for the antenna is taken into account for the prediction, it would 

most likely reduce ground level exposure predictions from those calculated above, 

resulting in a more realistic estimate of the actual exposure levels at a given point of 

interest (see Section 3.1.2 for detail).

3.1.2 Off Axis Prediction 

Frequently, it is often the case to estimate field strength and power density at a point of 

interest that is not on the main beam or bore-sight axis of the radiating antenna. 

Therefore, the use of equations above such as Equation (3.7) & Equation (3.15) will 

overestimate the power density at a given point near ground level where maximum 

power gain is applied. In this case, if an actual antenna's elevation or vertical radiation 

pattern data is known, the relative field factor or the relative gain can be derived from 

such pattern and incorporated into the calculations to expect a more accurate power 

density at a given point of interest. Such relative gain is referred to as off axis gain. 

An example of the horizontal and vertical radiation pattern for a directional 

antenna, known as DECIBEL® Base Station Antenna Products Model DB848H65E-XY, 

showing the variation of antenna gain with angle from antenna bore-sight is illustrated 

in Figure 3.3. Note that the variation of antenna gain is shown relative to bore-sight 

gain which is normalized to 0 dBd. If the relative gain in the antenna main beam 

pointed horizontally is 15.7 dBd, then the field may be significantly less than 15.7 dBd 

in other direction downward from the horizontal main beam axis although antenna side 

lobes may have significant gain. Vertical off axis gain for the point of interest near
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ground can be determined by the use of trigonometry approach, where the information 

concerning vertical (Y) and horizontal (X) separation between the antenna mid-point 

and the point of interest are required, as well as the survey point height (h) as 

illustrated in Figure 3.2. Thus the depression angle (9) below horizontal line can be 

calculated using the following expression.

0= tan -' [(Y- h)lX] (3.17)

The depression angle (0) can be used to derive the off axis gain from the available 

vertical antenna radiation pattern data for the point of interest. Therefore, a more 

realistic prediction of power density at the survey points of interest can be calculated by 

incorporating the off axis gain into the previous equations such as Equation (3.15). For 

instance, if a base transceiver station (BTS) is transmitting at a frequency of 900 MHz 

with a total equivalent (or effective) isotropically radiated power (EIRP) of 34.134 kW 

from an antenna model discussed previously (see Figure 3.3), and the height above 

ground to the mid-point of the antenna is 45 in, the power density that could be expected 

at points 1.7 in above ground (approximate average Asian people head level) and at 

distances near BTS tower is shown in Figure 3.4. Both on axis and off axis prediction 

approach is applied in Figure 3.4. Apparently, the power density estimated using off 

axis approach is much reduced since the relative gain in the direction other than main 

bean is much lesser. A logarithmic (base 10) scale is used for the power density axis in 

Figure 3.4 since the off axis estimated power density is very small to plot in linear scale 

axis compared to the on axis estimated power density.
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Model: DB848H65E-XY0 (Gain 15.7 dBd) 
270

- Horizontal Plane 
Vertical Plane 240 300

90

Figure 3.3 An example of the horizontal and vertical radiation pattern for a directional 
antenna.

Figure 3.4 shows that the off axis estimated power density at or near the foot of 

the BTS tower is very much lower than at distances ranging from tens to hundreds of 

meters. At these distances, side lobes in the antenna's vertically directional pattern give 

rise to a series of peaks in power density. At approximately 100 m, the lower edge of the 

main beam may begin to occur. The highest peak of the power density level is achieved 

at approximate 170 in from the tower (see Figure 3.4), which is caused by the side lobe 

with significant power gain. Power density then falls off according to the inverse square 

law at greater distances. This is typically the case where cellular base transceiver 

station (BTS) antennas are installed on the rooftop of high-rise buildings in urban areas 

and on towers for coverage in rural areas.
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Figure 3.4 An example of power density variation as a function of distance at ground 
level from a typical antenna installed on a BTS tower.

The height of the mounted antennas above ground level on top of the BTS mast 

or tower is varied according to locations. They are generally installed at the height of 15 

in to 50 in from the rooftop surface, and 40 in to 100 in for the case of tower (Mohd Yusof 

Mohd All et al, 2003). The elevation of the main beam formed by a typical antenna is 

illustrated in Figure 3.5. At ground level, maximum exposure levels are usually found at 

distances 50 in to 300 in from the foot of cellular BTS tower. Therefore, when the point 

of interest where exposure may occur is in other directions away from the main radiated 

beam path of an antenna, field strength would be significantly less than those in the 

antenna main radiated beam. According to FCC (1997) guidelines, due to attenuation 

caused by building materials in the walls and roof, exposures inside a building can be
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expected to drop off by at least 10 to 20 dB. Furthermore, the radio frequency (RF) and 

microwave fields may be absorbed, reflected and refracted by objects in random and 

unpredictable manner. Consequently, it is always preferable to determine actual 

exposure levels by measurement.

) 
50- 100

Main beam

50 - 300m

Ground

Figure 3.5 Elevation behavior of the beam radiated by a typical antenna.

3.2 Three-dimensional (3D) Radiation Pattern 

In almost all cases, antenna manufacturers make only the antenna radiation pattern in 

horizontal (or azimuth) and vertical (or elevation) planes, but do not make available full 

three-dimensional (3D) radiation pattern. Some manufacturers even provide only the 

half-power beamwidth (HPBW) for the vertical plane of antenna radiation pattern. If 

information concerning a full 3D radiation pattern of the antenna is available, it is 

possible to simulate the distribution of power density in any direction around typical 

cellular base transceiver station (BTS) antenna near ground level. 

This section will discuss some interpolation methods that can be used for the 

estimation of full 3D radiation pattern from the horizontal and vertical directivity 

pattern of antenna. These interpolation methods are based on assumption that both
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horizontal and vertical antenna radiation patterns data are available. For simple 

visualization of the problem, the definitions for application of the 3D interpolation 

methods of antenna radiation pattern are shown in Figure 3.6. Since the point of 

interest in any direction, P(9, 0) is defined by two coordinates (i. e. B and 0), it is clearly a 

two-dimensional (2D) problem.

e=o

(: 
Goi 

, 
` 

A, 

9i 
. P

3n/

Horizontal 
plane 

S = 'ý Vertical

1 W ý 

' 
n 92 

R

9=r

Figure 3.6 The definitions for application of the 3D interpolation method of antenna 
radiation pattern. (Source: Francisco Gil et al, Sept 1999 & April 2001)

As illustrated in Figure 3.6, 82 are the relative angular distances between the 

direction of interest and the horizontal plane, 01, 01 and 02 are the relative angular 

distances between the direction of interest and the vertical plane, and Gm1 and G02 are 

the appropriate gains derived from the vertical plane. Gg1 and G62 are the appropriate 

gains derived from the horizontal plane. There are four different kinds of 3D 

interpolation method to be discussed in this section. The first three algorithms of the 3D
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interpolation method are based on conversion method provided by AWE 

Communications GmbH. Then, we followed the method proposed by Francisco Gil et al. 

(Sept 1999 & April 2001). The basic idea of these methods is to obtain the directional 

gain (GP) in any direction from the values of angular distances and its corresponding 

individual gain. 

i. The simplest algorithm is known as neighbouring point analysis. This 

algorithm looks for two nearest angular distances of the points of interest 

from both vertical and horizontal planes of the antenna radiation diagrams. 

For example, as shown in Figure 3.6, the nearest angular distances would be 

01 and 9i. The appropriate individual gains are then derived from both 

horizontal and vertical plane data, such as Go1 and Goi (see Figure 3.6). By 

arithmetic means, the interpolated directional gain (GP) for the points of 

interest can be calculated by using the following expression.

G1, =Goi+Gei 2
(3.18)

ii. The next algorithm is known as bilinear interpolation. It looks for the points 

of interest with four angular distances (i. e. b1, 02, 9i, and 02) from both vertical 

and horizontal radiation diagrams as illustrated in Figure 3.6. For each point, 

the individual gain (i. e. Got, G2, G©1 and Go2, ) of each associated angular 

distance are then derived from the horizontal and vertical plane data, and 

weighted using the following Equation (3.19), which would result in an 

interpolated directional gain (GP) for the points of interest.
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G/= 
e1Ge2 +e2Ge1 +, 0/, 

1G02 +(ý2GO1 

el+e2+Y'1+02 (3.19)

iii. This algorithm is almost identical to the previous mentioned algorithm, 

known as weighted bilinear interpolation. Again, for each point, the 

individual gains (i. e. G0i, G02, G01 and G02) with appropriate angular 

distances (i. e. 01, 02, 91, and 92) must be defined from the horizontal and 

vertical plane data. The angular distances 01 and 02 with factor (1 - sine are 

only weighted here. Thus the values Got and G02 do not make any contribution 

for 9 = 900 and therefore the horizontal diagram is easier to consider. For the 

points of interest in any direction, the interpolated directional gain (GP) is 

given by the following expression.

9, GB, +B2GB, +o, (1-sin9) G02 +Y'2 (1-sin B)G,, 
G. = 

/l . /1 . 1 [1 
--- 

/l\ . 1 /, 
_ 

/1\

91 +9, +0, (1-sin0) +0, (1-sin9)
(3.20)

iv. A 3D interpolation method for base station antenna radiation pattern 

proposed by Francisco Gil et al. (Sept 1999 & April 2001) is another useful 

algorithm. This method is used in this study for developing a mathematical 

modeling programme that is used to predict the behavior of exposure levels 

around typical cellular BTS antenna near ground level (see next Section 3.3 

for detail). The algorithm is chosen because it leads to lower errors compared 

to other algorithms. As usual, the individual gains (i. e. G01, G02, G91 and Ge, ) 

with the corresponding angular distances (i. e. 01, 02, 91, and 02) between the 

direction of interest and the horizontal and vertical planes must be defined
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(see Figure 3.6). For each point, the interpolated directional gain (GP) is 

determined by weighting the individual gains inverse proportionally with the 

relative angular distances to the point of interest. Thus, the interpolated 

directional gain (GP) can be achieved by using the following expression.

8,82 
I ý {OIG02 

+o2G01 
{ 

( 6)2 

}+9GO2+92GOI(ýý)2j 

Gr, - - 
, +Bz 

1 
ý + 2 (3.21) ý r i

9182 0,0z {0, +02} 
(B +92) 

2 +{91 +92} 1(01+02)2
I

As a result, the closer the point of interest to the given radiation plane, the 

higher the weight. It should be noted that the weighting angular distances 

were normalized so that the resulting formulation would have units of gain. 

Since 01+02 = 7d2 and 01+02 = ; r, the interpolated directional gain (GP) in 

Equation (3.21) can be modified as:

IO1G0` +02GO11 
ý49, ez l+{9GB2 

+6, Ge1} 

G,, = 4ele, ý1ý2 {01 +(62} ý2 
+{e1 +e, } Ir 

2

il 02 

7ý
(3.22)

Finally, it should be observed that the illustration shown in Figure 3.6 is only for 

the upper hemisphere interpolation. For the case of lower hemisphere, the interpolated 

directional gain (GP) for each point can be obtained by considering the appropriate value 

Gel with an angle of 0 = it instead of 0.

00
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3.3 Mathematical Modeling Programme - CBTSRadHaz Tool 

The algorithms discussed in the previous section are very helpful when incorporating a 

full three-dimensional (3D) radiation pattern into the prediction of radiofrequency (RF) 

and microwave field intensity. However, only the algorithm proposed by Francisco Gil et 

at. (Sept 1999 & April 2001) is implemented in this study for solving 3D interpolation 

radiation pattern problem. The algorithm is chosen for its efficient method that leads to 

lower errors compared to other algorithms. According to Francisco Gil et at (Sept 1999 & 

April 2001), the method has been tested for various theoretical cases and real 

measurements. Results have showed that it performed best, with a relative error 

between prediction and measurements of less than 1 dB, while the absolute error was 

around 4 dB. Consequently the interpolation method can be quite accurate and very 

useful in the estimation of 3D antenna radiation pattern. 

Although estimation of the power density distribution in any direction around 

typical cellular base transceiver station (BTS) antenna near ground level becomes 

possible when using 3D interpolation method, performing the complex mathematical 

calculations is rather a complicated task that requires significant expertise. It is very 

time consuming and relatively costly. Therefore, it is the objective of this study to design 

and formulate a computational modeling programme using MATLAB programming 

language to predict field intensity in a more timely and cost effective manner. Similar 

software programme tools that used to represent estimated result in 2D and contour 

form are commercially available. However, different algorithm techniques (see previous 

Section 3.2), that is neighbouring point analysis, bilinear interpolation and weighted 

bilinear interpolation, have been used to interpolate the 3D radiation pattern. This 

section will briefly describe the programming algorithm used in developing the software
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programme tool. The main features of the graphical user interface (GUI) for the 

mathematical modeling programme tool is illustrated in Figure 3.11. 

The software programme tool is named Cellular Base Transceiver Station 

Radiation Hazard, in short CBTSRadHaz. CBTSRadHaz is a tool for evaluating RF and 

microwave field intensity present in the vicinity of a cellular BTS antenna that conforms 

to some international safety standards. In fact, the programme is able to provide 

information concerning maximum exposure levels at nominated range of distances near 

ground level. When actual measurement of field intensity is performed, the predicted 

position could help researcher to easily identify and locate the position where maxima 

field intensity takes place. The programme provides users a significant competitive edge 

through time saving in calculating the electromagnetic exposure levels and identifying 

position with maximum exposure level, as well as presenting data in an easy to 

understand manner. The estimated results can be displayed either in two-dimensional 

(2D), contour or three-dimensional (3D) graphical representations. Example of the 

different types of graphical representations can be found in Appendix A. 

Nevertheless, it should be noted that CBTSRadHaz tool can only calculate the 

power density for a single transmitter and antenna system on a mounting structure 

where the "worst case" approach is applied in the prediction (see Section 3.1). It takes 

into account of either a direct path or propagation path due to ground reflection. But its 

estimation does not include any possible signal re-radiation, scattering, attenuation or 

diffraction due to buildings and the general environment. Basically, users can load an 

antenna pattern database, specify the site characteristics, calculate the surrounding 

electromagnetic field intensity and display the results in just a matter of minutes. A 

flowchart of the CBTSRadHaz programming algorithm is shown in Figure 3.7.
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Figure 3.7 The flowchart of the CBTSRadHaz algorithm.
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The algorithm starts with an initial loading of antenna database into the

programme. The antenna database is obtained from some well-known antenna 

manufacturers, such as Kathrein and Decibel. Each antenna database contains two data 

sets of horizontal (azimuth) and vertical (elevation) directivity patterns of the antenna 

model. Figure 3.8 shows an example of the antenna database in TEXT-file format (*. txt). 

The comments provide general information of the antenna specifications. The following 

pair of values after the comment lines gives a constant increment in angle (in degrees) 

and inconsistent power gain (in dB). The directivity radiation diagram of the selected 

antenna database can be viewed in polar plot type (see Figure 3.3) by using the 

"polarhg" function created by John L. Galenski III (Sergey N. Makarov, 2002). It is 

similar to MATLAB "polar" function; however, with different settings of some pseudo- 

properties.

Comments 
Azm Gain 
0 15.70 
1 15.70 
2 15.70 
3 15.70

357 15.60 
358 15.60 
359 15.70

Elv Gain 
0 15.70 
1 15.50 
2 14.90 
3 13.80

357 14.00 
358 14.90 
359 15.50

Figure 3.8 Example of an antenna database in TEXT-file format.
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Before attempting to generate any graph concerning field distribution around 

typical cellular BTS tower or mast, it is important to specify some characteristics of the 

BTS site in CBTSRadHaz tool. The required configuration parameters, which may be 

obtained from local mobile services providers, mainly include the antenna height 

relative to the ground level or rooftop surface, the antenna dimensions, the antenna 

downtilt and azimuth angle, the carrier specifications, the prediction area and the 

survey height. This information is very useful when applying Equation (3.15) in the 

programme to calculate the estimated power density. 

CBTSRadHaz provides various choices of plot types, which include 2D, contour, 

filled contour, pseudocolor, surface, surface light and 4 in 1 plots (see examples in 

Appendix A). Depending on the selection of plot type, the directional power gain (in dBi) 

associated with each point near ground level or rooftop surface can be derived using two 

approaches. Firstly, for the case of 2D plot, the points are constructed along the antenna 

main beam direction away from the foot of BTS tower or mast. The points are spaced 

apart equivalent to a degree increment, which can be calculated using the following 

expression.

Y-h 
X= 

tan 0
(3.23)

where X and Y are the horizontal and vertical separation between the antenna mid- 

point and the point of interest respectively, h is the survey point height and 8 is the 

depression angle below horizontal line of the antenna main beam direction, which may 

range from 1 to 89 degrees beneath the horizontal line of the main beam direction, and 

91 to 179 degrees beneath the horizontal line of the opposite direction (see Figure 3.9). 

Figure 3.9 illustrates the 2D Cartesian space and the prediction plane above ground
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level in the vicinity of a BTS tower. For instance, if (Y - h) = 45 m, the first six nearest 

points to the BTS tower calculated via above Equation (3.23) would be at distances, X of 

approximately -2.4 m, -1.6 m, -0.8 m, 0.8 m, 1.6 m and 2.4 m, at which the corresponding 

depression angle 9, are at 93, 92 91, 89, 88 and 87 degrees respectively. The BTS tower 

or mast is placed at its origin that is 0 m. Negative sign implies the location of the 

survey points that are in the opposite direction of the antenna main beam. The 

directional power gain associated with each point is thus identified and derived from the 

antenna database of the vertically radiation pattern ranging from 1 to 179 degrees 

below horizontal line of the antenna main beam direction.

Figure 3.9 Illustration of Cartesian coordinate system created in surrounding area of a 
BTS tower.

Secondly, the basic idea of plotting contour or 3D graph is by constructing grid

points, which is performed within the horizontal plane in surrounding area of a BTS
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tower (see Figure 3.9). The prediction plane can be shifted vertically by adapting the 

survey height (h) relative to ground or rooftop surface. The grid points constructed on 

the horizontal plane are spaced apart that are equivalent to a degree increment (in the 

vertical plane) for each point using the following equations.

x = 
Y - h 

(3.24) 
tan 0

And

Y-h 
z= 

tan 0
(3.25)

where x and z are the spaced vectors between the foot of BTS tower or mast and the 

constructed grid points in the direction of x and z axes respectively (see Figure 3.9). 

While both X (in Equation (3.23)) and x (in Equation (3.24)) equations appear identical 

to each other, it is important to distinguish between X and x, which are made for 2D and 

3D Cartesian space respectively. Individual spaced vectors x and z are then transformed 

into numerical array form, which consists of repeated rows and columns, respectively, 

over the x and z domain. This can be done by using MATLAB "meshgrid" function, which 

is better suited for a 2D Cartesian space. An example to create a numerical array from 

vectors is as shown in Figure 3.10. 

The directional power gain associated with each point can be then calculated 

using Equation (3.22) to interpolate the vertical and horizontal directivity patterns with 

appropriate angular distances 01, 02, 91, and 92 (see Section 3.2 for detail). The evaluated 

directional power gain is also created in the form of numerical array. These numerical
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arrays will be used to evaluate contour or 3D plots concerning the field distribution in

the vicinity of cellular network tower that is located at coordinate (0, 0).

Vector x = -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 

Vector z = -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 

Array x Array z

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 -0.8 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 

-2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 -2.4 -2.4 -2.4 -2.4 -2.4 -2.4 -2.4

Figure 3.10 Example of numerical array creation.

As mentioned previously, the power density (in W/m2) can be estimated by the 

use of Equation (3.15) as long as the required BTS configuration parameters are 

available. Conversion of power density to electric (in Vm-1) or magnetic (in Am-') field 

strength is also possible with appropriate formulae discussed in previous section, such 

as Equations (3.4) and (3.5), assuming a far field impedance of 377 ohms. In the near 

field region, there may be substantial variations from the far field impedance value 

(ICNIRP, April 1998). Finally, the 2D, contour or 3D graphical representations can be 

displayed in axes viewer of the CBTSRadHaz by using appropriate MATLAB plotting 

function. The predicted result of an antenna model can be also saved in MATLAB MAT- 

file (*. mat) for future reference. 

The following section explains the usage of the CBTSRadHaz tool, together with 

some implementation details, which include the system requirements and the
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description of the programme files that was created for executing the programme. In 

order to evaluate its reliability, the estimated result has been compared with the actual 

measurement result, which will be explained in detail in Chapter 5.

3.3.1 Using CBTSRadHaz Tool 

An introduction to the basic usage of the Cellular Base Transceiver Station Radiation 

Hazard (CBTSRadHaz) tool is described in this section. Prior to executing CBTSRadHaz 

tool, MATLAB must be initially started. To start MATLAB on Windows platforms, 

double-click the MATLAB shortcut icon on the Windows desktop. The MATLAB desktop 

will appear as shown in the Figure 3.11, in which it contains tools (graphical user 

interfaces) for managing files, variables, and applications associated with MATLAB. 

MATLAB uses its current directory and search path as reference points to find 

MATLAB M-files and other MATLAB-related files, and run it in MATLAB. Thus, any 

files related to CBTSRadHaz tool must either reside in the current directory or in a 

directory that is on the search path. The default current directory was set to 

$matlabroot\work, where $matlabroot is the directory where MATLAB files are 

installed. The current directory can be changed by using the Current Directory field in 

the desktop toolbar as shown in Figure 3.11. Alternatively, the MATLAB Current 

Directory browser can be used to view, open, and make changes to MATLAB-related 

directories and files. It is advisable that the user change the pathname in the MATLAB 

default Current Directory field to where the CBTSRadHaz directory is resided, such as 

$matlabroot\work\CBTSRadHaz.
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Figure 3.11 The appearance of the MATLAB desktop.

)

CBTSRadHaz tool can be started simply by typing and entering its name in 

MATLAB Command Window field, and the main window of the CBTSRadHaz tool as 

shown in Figure 3.12 will appear. The polar plot of the two-dimensional (2D) radiation 

pattern that is shown in the axes viewer belongs to the Decibel antenna model 

BD848H65E-XYo. The colors on the plot represent horizontal plane (blue) and vertical 

plane (magenta) of the antenna radiation pattern. The main window of the 

CBTSRadHaz tool comprises several settings including Antenna Settings, Carrier
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Settings, Standard MPE & Units settings, Prediction Area settings, Plot Type selection 

and other related parameters settings, that must be initially defined by user before 

generating an appropriate graph.

Antenna Settings

UIITII
File Eät View Se , 7 Help 

Antenna settings 
rMntenna 

Name 48H85E XY_0

Antenna Pattern C: 1 TLAB6p5\work\CBTI 

f View n New Fgure View Pattern

Antenna Height 40 m 

Aperture Length 2.44 m 

-Antenna 
Orientation

DowntiM

r 
Carriers Settings 

I Name

Number of Carriers 

Carrier Frequency 

Carrier Output Power 

System Loss

0 Degree

SM900

900 MHz 

50 W 

0 dB

Standard MPE & Units 
Named Standard FCC 1997 (Occupational) 

SelectUnils W/m 2

Select Plot Type : 

2D 

rý Groudd Effect

F-ikot in New Figure 

Sho PE Level

I

- Horizontal Plane
Vertical Plane

Minimum Maximum 
Distance (2D) r - 
x Coordinate: 

z Coordinate: F

F4 Auto Scaling

Plot Type selection Standard MPE 

and other parameters and Units 

settings settings

Plot I Save \ I Close

Prediction Area 

settings

Axes viewer

Mini Window used to 
display additional 
information

Figure 3.12 The appearance of the CBTSRadHaz main window.

It should be noted that CBTSRadHaz tool will be useless without typing or 

loading the pathname of an antenna data file into the Antenna Pattern text field 

presented in Antenna Settings region. CBTSRadHaz tool includes an antenna library, 

which allows user to view some of the available antenna data achieved from some well-

Carrier Settings

Mini window

-> Antenna Model DB848H65E-XY_0. 

->Gain: 15.7dBd. .
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known antenna manufacturers, such as Kathrein and Decibel. Each antenna data file 

consists of two data sets of horizontal (azimuth) and vertical (elevation) plane of 

radiation patterns for a particular antenna model. User can choose to load the data file 

format of either TEXT-files (*. txt) obtained from antenna manufacturers or MATLAB 

MAT-files (*. mat) which is previously saved data file using CBTSRadHaz tool. 

The antenna data file can be easily loaded into CBTSRadHaz tool by pressing the 

push button next to the Antenna Pattern text field or by selecting Open in the File 

menu. When the Open dialog box as shown in Figure 3.13 appears, user must locate an 

antenna data file and double-click it or press the Open button to insert it into the 

Antenna Pattern text field. CBTSRadHaz tool allows user to view the defined antenna 

data in polar diagram as illustrated in Figure 3.12 by pressing the View Pattern button. 

If the View in New Figure check box is checked, the antenna polar diagram will be 

displayed in new window for additional functions such as interactive zoom in and out on 

the diagram. 

When an antenna data file is successfully loaded, its Antenna Name and 

Aperture Length may be loaded with the value from the data file and automatically 

display them in the text field. If none occurs, user must manually type in the Antenna 

Name and Aperture Length. The Antenna Height must be defined as well as both the 

downtilt and azimuth of the antenna orientation. The antenna height is the mounting 

height from the ground level or the rooftop surface to the bottom of the radiating 

aperture, which is set to 40 m by default to create only a single 2D graph.
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Figure 3.13 The Open dialog box.

Open

Cancel

It is possible to generate multiple 2D graphs with different antenna heights at a 

time on the same axes. In this case, a list or array of values, which is similar to the 

simple arrays construction technique in MATLAB, must be applied in the Antenna 

Height text field. For example, "40: 10: 70" is an array containing four elements, which is 

identical to "40, 50, 60, 70". The colon notation (: ) in the array means start with 40, 

count up by 10 and stop at 70. The illustration of the graphs can be seen in Appendix A. 

The default direction of the antenna is in 0 degree heading North without mechanical 

downtilt (i. e. 0 degree). Both downtilt and azimuth must be set to positive values where 

mechanical downtilt rotates antenna downwards to ground and mechanical azimuth 

orientation rotates antenna in clockwise direction. 

The Carrier Settings region presents several general parameters for the carrier 

including Name and Number of Carrier, Carrier frequency, Carrier Output Power as 

well as System Loss that are already set to its default values. The carrier name should 

be defined in order to identify the individual carrier of each analyzed radiating antenna 

for future reference, where it is set to GSM900 by default. The number of carrier
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indicates the number of different channels being used at any one time. It is understood 

that carrier number will influence the output power (in W) of the carrier where the 

output power is increased in proportion to the carrier number. Besides, the antenna 

input power is also influenced by system loss (in dB) which is due to the loss in combiner 

and cable feeding an antenna. Greater loss therefore decreases the power delivered to 

the antenna. For the determination of maximum permissible exposure (MPE) limit 

within a selected standard guideline, a specific carrier frequency (in MHz) must be 

defined and it has to be within the frequency band for the standard specified in 

CBTSRadHaz. 

As mentioned previously, MPE limits must be defined according to the standard 

exposure guidelines for the evaluation and determination of the computed power density 

level. The available standard exposure guidelines listed in popup menu (see Figure 3.14) 

comprises three major standard choices of selection, namely the Federal 

Communications Commission (FCC) 1997, the Institute of Electrical and Electronics 

Engineers (IEEE) 1999 and the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP). Each standard exposure guidelines have two separate choices of 

safety limits dependent on the situation in which the exposure takes place. If the carrier 

frequency defined in previous region is not covered by the selected standard, a warning 

message will appear indicating frequency is out of range for the standard specified in 

CBTSRadHaz. It should be noted that the implemented frequency range for the 

standards specified in CBTSRadHaz is only sufficient for wireless communications 

antenna sites.
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r_Standard MPE & Units 
Name of Standard J FCC 1997 (Occupational) 

Select Units IM mix 
FCC 1997 (General Public) 
IEEE 1999 (Controlled) 
IEEE 1999 (Uncontrolled) 
ICNIRP (Occupational) 
ICNIRP (General Public

Figure 3.14 The selection of Standard MPE popup menu list.

By default, the far field equivalent power density is expressed in watts per

square meter (W/m2). However, CBTSRadHaz provides a number of different units 

selection for user to choose from the list of Units popup menu as shown in Figure 3.15. 

Field strength units including W/m2, mW/cm2, V/m and A/m are derived from the total 

power density assuming a far field impedance of 377 ohms. The units represented in % 

of standard refer to what percentage of the selected standard MPE limit they represent.

Standard MPE & Unit
Name of Standard IFCC 1997 (Occupational)

Select Units IW/m^2

mWlcm"2 
Vlm 
A/m 

of Standard

Figure 3.15 The selection of Units popup menu list.

A significant feature of the CBTSRadHaz tool is its ability to compute and 

present not only in 2D plot but also in 3D plot of the power density level behavior near 

ground level or rooftop surface around a typical cellular network tower. There is a 

number of different plot types selection provided in a CBTSRadHaz popup menu list (see 

Figure 3.16). These selection choices of the plot types consist of 2D, Contour, Filled 

Contour, Pseudocolor, Surface, Surface Light and 4 In 1 plot. Example of these plot 

types can be found in Appendix A for illustrative purposes. The selected graph will be
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generated automatically on the axes viewer of the CBTSRadHaz when user presses the 

Plot button. However, user is given the choice to plot the graph in a new window by 

checking the Plot in New Figure check box.

Select Plot Type : 

2D 

Contour 
Filled Contour 
Pseudocolor 
Surface 
Surface Light 
41n1

F Plot in New Figure 
(- Show MPE Level

Figure 3.16 The selection of Plot Type popup menu list.

For the purpose of comparing graphs with different parameters set, 

CBTSRadHaz provides a feature to add a new 2D plot to an existing 2D graph. However, 

this will only happen right before generating the second 2D plot, where an Add New Plot 

dialog box will appear to inquire user response of adding new plot (see Figure 3.17). 

Example of this added plot result can be found in Appendix A. The MPE level can be 

shown together in the computed 2D graph by checking the Show MPE level check box. 

When a 31) graph is successfully rendered the notation, 0 (in pink) indicates the 

location of the cellular network tower or mast will appear if the Show Mast Location 

check box is checked. A Contour Settings dialog box will also appear when generating a 

Contour or Filled Contour plot (see Figure 3.18). The dialog box allows user to define the 

settings of contour which take account of the number of contour level, selections of 

plotting contour with or without contour labels, as well as the font size and color of the 

contour labels. By default, the Ground Effect check box is checked to take into account of 

the ground effect factor in the far field prediction (see Figure 3.12).
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) Add New Plot

Do you want to add a new plot to existing graph? If yes, some settings (i. e. Antenna Azimuth, Carrier Frequency, 
Name of Standard & Units) will remain same as previously set. 

Yes No

Figure 3.17 The Add New Plot dialog box.

ý

Number of contour levels : 1 12 Font Size:I
No contour labels. 

r' Add contour labels that fit within the contour lines. 

Add contour labels at randomly select positions.

Rl

I ̀ 1

OK

Figure 3.18 The Contour Settings dialog box.

S

The far field prediction is always performed within horizontal planes in 

surrounding area of a typical cellular network tower. The prediction plane can be shifted 

in vertical direction to a certain height from the ground level or rooftop surface by 

adapting the survey height (in m). When plotting a 2D graph, the prediction model 

assumes that the points of interest are in the main beam of the antenna. Hence, the 

prediction area behind and in front of the antenna can be chosen by simply modifying 

the minimum and maximum distances. Additionally, the extension of the prediction 

area for 3D graph can be defined by adapting both corners of the x and z coordinates. It 

should be noted that the minimum and maximum scales can be set to either positive or 

negative values, but the minimum must not be greater than the maximum to avoid any 

geometrical grid structure error when computing the far field prediction. Alternatively, 

user can choose to automatically scale the graph by checking the Auto Scaling check box.
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CBTSRadHaz also provides a Mini Window that can be used to display additional 

information about the graph that is successfully generated. The information may 

include the peak power density with its distance from the foot of the antenna tower 

presented in the antenna main beam, as well as its compliance with the selected 

standard MPE limit. CBTSRadHaz allows user to save their prediction work for future 

reference. When user press the Save button, a Save dialog box as shown in Figure 3.19 

will appear with the initial File name same as previous defined antenna name. The file 

is saved in MATLAB MAT-files format, which can be loaded later by selecting Open in 

the File menu of CBTSRadHaz tool. To close the CBTSRadHaz tool, user can just simply 

press the Close button or by selecting Exit CBTSRadHaz in the File menu. A Confirm 

Close dialog box as shown in Figure 3.20 will appear to inquire user confirmation of 

closing the programme.

ý

Save in: _) CBTSRadHaz

Antenna Data 

save 

temp

File name:

w rt-I &

: -: 1
Save as type: MAT-files (". mat]

Figure 3.19 The Save dialog box.

: ° ý-

Save

Cancel
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Figure 3.20 The Confirm Close dialog box.

3.3.2 System Requirements 

Cellular Base Transceiver Station Radiation Hazard (CBTSRadHaz) tool is created and 

written using MATLAB Version 6.5. Thus, it can run on any operating system 

supporting MATLAB runtime environment. Nevertheless, the CBTSRadHaz tool is 

developed on Microsoft Windows XP platform and tested on both Intel Pentium IV and 

AMD Athlon XP based personal computer, with at least 128 MB of RAM (256 MB of 

RAM is recommended). The system is required to have a minimum 120 MB of free disk 

space for MATLAB only and 260 MB of free disk space for MATLAB with online help 

files. It is also strongly recommended that the system have a 16, 24 or 32-bit OpenGL 

capable graphics for better and fast performance of rendering three-dimensional (31)) 

graphics.

86



CHAPTER 4

MEASURING INSTRUMENT AND TECHNIQUES

4.1 Instrumentation 

This section focuses on the instrument used to measure the radiofrequency (RF) and 

microwave field intensity. Generally, the instrument used for the RF and microwave 

assessment may be either broadband or narrowband devices. Although both types of 

devices can operate over a wide frequency range, each has certain advantages and 

disadvantages depending on the environment and measurement types. Basically a 

typical broadband instrument responds uniformly and instantly over the frequency 

range and requires no tuning, while a narrowband instrument must be tuned to certain 

frequency bandwidth of interest that is limited to only a few kilohertz. 

The accuracy of each type of instruments depends mainly on the kind of probe 

used and the type of measurements that of interest to researcher. For instance, using 

broadband instrument to measure RF and microwave field intensity for a specific 

frequency of interest (e. g. approximate 900 MHz) could cause significant error in the 

measurement result as the instrument responds consistently over a wide frequency 

range, such as between 300 kHz and 3.0 GHz. Hence, it is important for personnel who 

perform the measurement survey work to have good knowledge and appropriate 

selection of the exact measuring instrument and probe since its frequency dependence 

will affect the measurement result. As described in Industry Canada (August 2000), the 

survey instrument is desirable to have the following characteristics:

i. covers the frequency range to be measured; 

ii. operates in a high RF field strength environment; and 

iii. operates in the climate and weather condition of the survey locations.
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RF and microwave radiation hazard device, composed of a probe, a lead and a 

metering instrument, is usually the preferred means for measurement and assessment 

of potential RF and. microwave hazard to which human beings may be exposed to. The 

instrument used in this study is considered as a type of broadband instrument because 

it responds instantly over the entire specified frequency range (i. e. 300 kHz and 3.0 

GHz) and requires no tuning to certain narrow bandwidth of interest. As shown in 

Figure 4.1, the selected instrument consisted of a hand-held, a battery-powered Narda 

Model 8718B electromagnetic radiation survey meter connected to a compatible Narda 

Model A8742D probe via a cable. Illustrations of the Narda electromagnetic radiation 

survey instrument used in this study can be found in Appendix C.

8718B Survey Meter

Cable Link

8700D Series Probe

'ý+r II

Figure 4.1 Basic components of RF and microwave survey instrument.

4.1.1 The Survey Meter 

As mentioned previously, the Narda Model 8718B electromagnetic radiation survey 

meter used in this study is a hand-held and battery-powered meter. It is designed to 

simplify the measurement of radiofrequency (RF) and microwave field intensity. It can 

be used with any appropriate Narda 8700 Series probe (see the following Section 4.1.2 

for more details about the measuring probe). The meter is designed to be able to perform 

both simple measurements that instantly display the measured exposure value, and 

more demanding ones that require spatial or time averaging measurements and data 

logging. The logged and recorded survey data can be transferred using 8718B User's
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Software to a personal computer for subsequent analysis in a spreadsheet program.

Figure 4.2 illustrates the physical appearance of the survey meter used.

Figure 4.2 The Narda Model 8718B electromagnetic radiation survey meter.

The survey meter can be used with an optional optical fiber link instead of 

standard probe cable link to connect probe for enhanced accuracy in certain applications. 

However, a direct connection is also possible and useful for certain low frequency 

measurements (see Figure 4.3). Since the survey meter is battery operated, it must be 

ensured that the battery is fully charged prior to conducting the survey. A fully charged 

meter is capable to operate for approximately 20 hours (and approximately 6.5 hours if 

using back lighting). It is also important to calibrate the instrument to ensure its 

reliability. Calibration has been done by the manufacturer upon purchase. The meter 

includes a signal-conditioning circuitry and a display panel, primarily designed to 

process and display received field density. The readout on the Narda Model 8718B meter 

is expressed in terms of percentage of the referenced major standard maximum 

permissible exposure (MPE) limits (in % of Std. ), such as the Federal Communications 

Commission (FCC) 1997 Regulations, the National Council on Radiation Protection
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(NCRP) Report 86 or the Institute of Electrical and Electronic Engineers (IEEE) C95.1-

1991 for occupational or controlled environments.

8718B Survey Meter
8700D Series Probe

Figure 4.3 Direct connection between the survey meter and the probe.

The introduction of the alternative measurement display mode makes instant 

frequency-specific measurement of equivalent power density possible. However, this 

display mode should only be used for single frequency or where all signal frequencies are 

close to each other with the same exposure standard limits. The survey meter also has a 

useful peak hold feature that provides maximum field reading while making 

measurements.

4.1.2 The Measuring Probe 

The probe is primarily used to detect radiofrequency (RF) and microwave field intensity. 

It is essential to understand that the probe design and characteristics greatly determine 

its performance and application. Narda 8700 Series RF measurement system offers a 

very wide selection of probes and the Narda Model A8742D probe is chosen to be used in 

this survey study (see Figure 4.4). The selected probe is an isotropic or omni-directional 

electric field probe, which covers a wide frequency range between 300 kHz and 3.0 GHz. 

Isotropic probe contains three mutually orthogonal or perpendicular arrangement of 

sensing elements or detectors coupled to a dipole antenna to sum all electric field 

components in any direction. This characteristic simplifies the job of RF and microwave
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hazard assessments because the probe can be easily used by holding it in any

orientation with respect to the field.

Figure 4.4 The Narda Model A8742D shaped probe.

The probe consisted of compensated diode for its detection mode. This design has 

the ability to make true Root Mean Squared (RMS) measurements in which the diode 

detectors are always kept in the square law region without the use of squaring circuits. 

Narda East stated that diode detectors can become abnormally linear or rather not RMS 

for its detection mode at high input levels as shown in Figure 4.5. To overcome the 

problem, some instrument manufacturers use squaring circuits to compensate for the 

diode. However, this design approach can generate greater error that overestimates 

actual field strength in multi-signal environments. It also implies high improvement 

cost for the phantom problem, implementing operational limits is at worst unacceptable, 

and a given transmitter is out of compliance when it is not. Therefore, Narda apply a 

patented technique to design the compensated diode detection that can maintain RMS 

measurements over the entire frequency range of the probe.
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Figure 4.5 RMS vs. Linear Detection. (Source: Narda East RF Safety Products)

A conventional probe designed with flat frequency response throughout a broad 

operating range makes a direct measure of the electromagnetic field strength, and it has 

the same response at all frequencies. In contrast, the probe used in the study is specially 

designed to have a shaped frequency response that conforms to mimic the requirements 

of a major standard, such as the FCC 1997 Regulations, the National Council on 

Radiation Protection (NCRP) Report 86 or the IEEE C95.1-1991 under occupational or 

controlled environments. Consequently, within the probe's rated frequency range, the 

energy from all signals is not only summed in terms of RMS power but also 

appropriately weighted at each frequency in accordance with the variation in standard 

maximum permissible exposure (MPE) limits (see Table 2.1 in Chapter 2). Thus, the 

meter readout is displayed in terms of percentage of the applicable standard safety 

limits (% of Std. ). The shaped probe reduces the chance for error and simplifies the RF 

and microwave radiation measurements in complex multi-emitter environments where 

exposure limits vary with various emitter frequencies, as well as in classified 

environments.
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All Narda 8700 Series probes are internally coated with thin film and high 

resistive coating that provides a shield to minimize error due to electrostatic charges. 

The detected output from the shaped probe is carried directly to the 8718B meter via a 

1.2 m long cable with quick-release style eight-pin connector on both ends. As stated in 

Narda 8718B User's Guide, a preamplifier is located in the probe handle that is used to 

amplify the detected signals from the sensors, and to eliminate cable modulation. To 

reduce any disturbance due to the coupling of the leads with the ambient field, the cable 

is made of some form of high resistance wires. 

Prior to carrying out any measurement mode, it is important to initially set the 

probe and meter to "zero". The purpose of "zeroing" the probe and meter is to set the 

meter indicating a zero field strength when the survey system is out of significant RF 

and microwave field. For accuracy, it is recommended by Narda 8718B User's Guide 

that the ambient field level be at least 30 dB below the full scale of the probe, which can 

be in typical office environment where the probe can be zeroed without shielding. At 

high field areas, the probe must be shielded during zeroing. This can be done by the use 

of Model 8713B electric field attenuator supplied with the meter and place in the 

shielded storage case. Alternatively, use aluminum foil or aluminum can to shield the 

head of the probe. 

Before attempting to zero the probe and meter, it is essential to ensure the 

survey system become conditioned to the ambient temperature. There is a temperature 

sensor located inside both the probe and meter. For highest accuracy, the sensor inside 

the meter must sense similar ambient temperature as the probe. The situation become 

important when the probe and meter are operating at significant different ambient 

temperatures, for instance the meter located indoors and the probe is outdoors. If this is 

the case, the Narda Model 8718B survey meter can be set to correct the temperature 

differential. The amount of error that can occur for diode probes is about 1% per degree

93



centigrade. However, depending on the probe model, the change may either increase or 

decrease the meter reading from true value. Usually, diode sensor-based probes require 

only a few minutes to stabilize with ambient temperature. 

The full-scale of the shaped probe equals 600% of a standard. Hence, the 

weighted field strength levels can range from as high as six times the MPE limits to less 

than 1% of the MPE limits. Under full-scale conditions, all Narda 8700 Series probes 

deliver 1V dc output to the survey meter. The probe can be mounted on some form of 

nonconductive tripod, such as a wooden tripod, while conducting the time averaging 

measurements survey.

4.2 Surveying Techniques

This section outlines some principles and techniques of measuring the actual 

radiofrequency (RF) and microwave fields to which persons may be exposed in far field 

region. The procedures are not considered to be appropriate for the measurement of EM 

fields in the near field region. It is also noted that the procedures are devoted 

exclusively to the measurement of the RF and microwave energy levels associated with 

land mobile, cellular and PCS services, operating within the frequency range of 30 MHz 

to 2 GHz. However, this survey study is particularly concerned with the Global System 

for Mobile Communications (GSM) transmitting facilities operated at 900 MHz and 1.8 

GHz. According to the Federal Communications Commission (FCC) guidelines, for 

frequencies greater than 300 MHz, it is usually sufficient to measure only the electric 

(E) field for determining compliance.

4.2.1 Preliminary Preparations 

Prior to carrying out the measurement survey of the radiofrequency (RF) and microwave 

fields, it is important to acquire and determine the characteristics of the radio base
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transceiver station and site as many as possible. This information is useful for 

estimating the maximum equivalent power density level at each survey point. 

Consequently, this knowledge will allow a more appropriate selection of survey 

instruments and measurement procedures. The necessary characteristics and 

parameters for the radio base transceiver station and site (FCC, August 1997; IEEE, 

2003 & Industry Canada, August 2000) include the following:

i. Geographical coordinates or map of the survey location; 

ii. Structure type of either rooftop or tower; 

iii. Area accessible type of either the general public or workers; 

iv. Existence of nearby reflecting surfaces or conducting objects that are likely to 

influence the field distribution; 

v. Number of antennas located at the survey site; 

vi. Antenna mounting height with respect to the floor or ground level; 

vii. The manufacturer, model and physical dimensions of the antenna; 

viii. Antenna beamwidth, orientation and its downtilt angle; 

ix. Antenna gain and its patterns; 

X. Polarization of electric (E) and magnetic (H) fields (i. e. linear or elliptical); 

xi. Number of transmitters at the survey site; 

xii. Transmit power; 

xiii. Transmission line loss; 

xiv. Carrier or operating frequency (i. e. 900 MHz and 1800 MHz); 

xv. Types of modulation; 

xvi. Ancillary instrument.
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In a multiple transmitter environment, nearby transmitting stations may affect 

the field reading and its parameters should be taken into account in the prediction of 

expected field strength. It is generally useful to search for the databases and site maps 

of any transmitting station within a radius of 200 m of the survey site and any power 

transmission (e. g. AM broadcasting or radar) within 2 km (Industry Canada, August 

2000).

For reference purposes, a record sheet in tabular form would be useful which 

contains information of the point's relative position, the date and the time of the reading 

taken, the reading itself, antenna and transmitter parameters, the instrument being 

used, as well as the weather condition during the survey. A copy of drawings or maps of 

the survey site indicating the antenna layout, relative positions and site characteristics 

(i. e. site plan and building floor plan) should be obtained and attached to the record 

sheet. It would also be helpful to take photographs of the site for reference purposes.

4.2.2 Measurement Procedures 

When making measurements of radiofrequency (RF) and microwave fields, especially in 

occupational or controlled environment, surveyors may be exposed to excessive levels. To 

ensure surveying sites are well below the maximum permissible exposure (MPE) limits, 

surveyors should begin walking rapidly around the site with the probe set in the 

maximum hold position. While walking around, monitor the meter by moving the probe 

up and down between the knees to the top of the head, side-to-side motion (at arm's 

length) or in circular pattern. This procedure shall begin from a distance at which low 

field levels exist and approach the radiating antenna slowly to reduce the risk of over- 

exposure to survey personnel. If the meter reading exceeds the MPE limits, leave and 

note the area immediately, then prepare to evacuate the area.
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At survey site, the points at which exposure levels are to be measured must be 

constructed and recorded on the map. In general public or uncontrolled environment, 

the survey points are separated in steps of 50 in within 500 in range of radial distances 

from the foot of transmitting structure, which is in the direction of the antenna main 

beam. However, the separation of the survey points is shorter in occupational or 

controlled sites, which was in steps of 5 in within 25 in range of radial distance from the 

transmitting facility of interest. If multiple transmitting antennas are present at 

various locations at the site, especially in occupational or controlled environments, it is 

essential to designate a single reference point. 

For safety purposes, measurements survey shall start at the point furthest away 

from the concerned radiating antenna. Before starting to gather new exposure data at 

each identified survey point, surveyor shall observe the variation in meter readings by 

moving the probe in a constant up and down, side-to-side motion. Perform exposure 

measurement at a fixed position if only a slight variation in the readings, relative to the 

instrument accuracy. If large variation occurs that is greater than 110% of the relative 

instrument accuracy, it is recommended to perform spatial averaging measurement 

(Industry Canada, August 2000). The spatial averaged exposure levels can be 

determined by slowly moving the probe while scanning from the foot to the head over 

the projected area of a human body. The Narda Model 8718B survey meter has the 

ability to provide instantaneous spatially averaged reading during the scanning process. 

When using survey instrument, it is required to be more careful so as to 

minimize any possible source of error. For instance, the cable connected to the survey 

meter should be held perpendicular to the known polarization of electric field in order to 

minimize error due to cable pickup (Narda Model 8718B User's Guide and Narda East 

RF Safety Products). This precaution on cable pickup and interference problems 

(especially in high field areas) can be easily identified by observing any significant

97



change occurring in the meter readings while rotating the survey meter and moving the 

connecting cable with the probe fixed in position. Or else, cover the probe with metal foil 

and observe the meter readings. Narda Model 8718B User's Guide suggested that to 

minimize any interaction between the meter, the field probe and the electromagnetic 

field, the meter should be separated from the probe by a minimum distance of 30 cm. 

Measurements closer than 20 cm from any reflective or re-radiating objects is not 

allowed because peak readings will occur (FCC, August 1997; IEEE, 1999 &Industry 

Canada, August 2000). The location is commonly known as RF hot spots and the peak 

readings may not be valid for compliance purposes. 

Furthermore, reflections from personnel body may affect the measurement 

readings. The surveyor's body may become part of the antenna at frequencies especially 

below 1 MHz, significant error can be introduced by probe or cable pickup, and 

instrument or body interaction. The error may be reduced by placing the probe on some 

form of non-conductive stand, such as the use of wooden tripod in this study. Also, 

surveyors should not position their body between the antenna and the field probe, but 

rather to the side of the antenna and probe axis. As stated in the Federal 

Communications Commission (FCC) guidelines, all unnecessary personnel shall be 

retreated from the survey area in order to prevent any errors due to reflection and field 

perturbation. It is preferred to fix the probe at height of about 1.7 in (approximately the 

average height of Asian man) above the ground or floor. 

This survey study aimed at recording the far field equivalent power density 

levels from signals of 900 MHz and 1.8 GHz over a volume of space at different locations 

in the immediate vicinity of the cellular network antennas. This was achieved by using 

the Narda 8718B survey meter to make a time averaging measurement over the 

intervals of 30 minutes for general public or uncontrolled sites and 6 minutes for 

occupational or controlled sites. The field probe was calibrated and tested to ensure it is
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working properly with minimal errors prior to perform any measurements. Since the 

field levels at survey sites vary as a function of time, a series of measurements were 

made at different chosen time, such as 7 a. m., 10 a. m., 1 p. m. and 4 p. m. Thus a 

relatively large sampling of data will be necessary to determine exposure potential. The 

exposure data were measured in terms of a percentage of the MPE limits they represent, 

as specified by FCC protection guidelines to determine if an over-exposure condition 

exists.

4.3 Limitations 

Modern wireless communication systems have made the measurement surveys more 

difficult than ever. In the complex environmental locations, including multiple 

reflections from walls, re-radiation from conducting structure and shielding or 

shadowing by buildings, electric field strength can be non-uniform over small regions of 

space about the measurement locations. The incidence direction and polarization of the 

radiofrequency (RF) or microwaves can also be unpredictable. 

The common use of co-linear dipole antenna arrays in modern wireless 

communication systems has multiple lobes close to the antenna. Narda Model 8718B 

User's Guide stated that this effect may cause the field strength to be varied by 6dB to 

7dB along the array length. Therefore, the measurements of RF and microwave field 

strength are not only dependent on the distance from the source but also the height 

above the ground or floor. 

Besides that, the field levels at many modern wireless communication sites, 

particularly numerous users' sites, are extremely varying. Cellular communication 

systems, for example, can go on and off, and the number of channels in use is often 

changing with time. Consequently, a series of measurements made at a fixed height may 

vary more as a function of time, rather than location.
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All the signals measured at each survey location would contribute to the total 

exposure of a person. Basically, these signals consisted of broadcast television (TV) and 

radio signals, local cellular base transceiver station signals, local microwave dishes 

signals, pager signals, local emergency services signals and other major signals. In order 

to determine and compare the proportion of each individual signal to the total exposure, 

it is necessary to have a measurement instrument that could measure equivalent power 

density at particular frequency. 

Although the Narda survey meter has an alternative measurement function that 

used to show frequency-specific, real time equivalent power density value on its display 

screen, it should only be used for single frequency or narrow band measurement 

applications. In multi-emitter transmission sites, there have been two usual options to 

determine each signal. First is selectively turning off emitters and make measurements 

of each emitter. However, in today's competitive communications marketplace, it is 

almost impossible to shutdown the emitter completely at any time. Secondly, perform 

measurements with narrowband instruments. This often uses directional antennas, so 

three measurements in x, y and z directions must be made for all frequencies of interest 

at every location. This technique is rarely used because it takes a long time to 

accomplish, and it turn outs that uncertainty may be as high as 6dB of the 

measurement as stated in Narda East RF Safety Products. Therefore, further work 

would be necessary to determine the exposure proportions by using appropriate 

narrowband instrument, such as a spectrum analyzer.

4.4 Measurement Uncertainties 

There are several sources of uncertainty associated with the radiofrequency (RF) and 

microwave field intensity measurement. As acknowledged in Narda Model 8718B User's 

Guide and Narda East RF Safety Products, the measurement uncertainties can be
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separated into two categories of electrical factors related to the probe and meter 

sensitivity, and practical factors concerning the probe handling and positioning during 

surveying practices. 

One of the electrical factors that contribute to measurement uncertainty is 

frequency response or frequency sensitivity, which is typically ±1dB to ±2dB (about 

±25% to ±55%). As stated in Narda East RF Safety Products, the frequency response 

deviation is the amount of deviation from the correct measured value that a probe yields 

at various frequencies. Thus, it is important to calibrate the instrument frequently in 

order to minimize the unavoidable frequency deviation. The amount of frequency 

response errors can be also greatly reduced by the correct use of correction factors. 

However, correction factors can be used when only one emitter is surveyed, when 

multiple emitters operating at the same frequency or at frequencies close to each other 

in the spectrum. Other electrical uncertainty is readily obtained from the relevant 

calibration certificates. The calibration uncertainty of the probe represents another 

±0.5dB (about ±12%), and the Model 8718B meter itself has a maximum uncertainty of 

±0.13dB (about ±3%). 

During surveying practices, the probe mounted on tripod or manipulated by hand 

could cause potentially significant sources of uncertainty. The most significant sources 

of uncertainty are likely to arise from the ellipse ratio and isotropic response of the 

probe. The ellipse ratio is the ratio of readings that occur when one rotates the probe 

around its handle axis. Narda calibrates its probes by rotating the probe about its axis 

and using the mean value to determine the correction factor. Typical value for 

disturbance to correction factor is estimated to be ±0.75dB (about ±19%) or better, 

depending on the model of the probe. This uncertainty can be eliminated during the 

survey if one rotates the probe around its axis and use the mean value. When the probe
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points in different directions, the isotropic response error is likely to occur although the 

probe is designed to pick up energy from all directions. The isotropic response error also 

includes the ellipse ratio and some additional uncertainties. The probe is generally most 

accurate when pointed toward the source of energy where it is understood that the 

isotropic response is no greater than the ellipse ratio. 

The above mentioned uncertainties give an overall uncertainty in RF and 

microwave field intensity measurements of no greater than ±3dB when correction 

factors are not used, provided that the probe is pointed towards the source of energy. 

Consequently, the true maximum exposure levels are approximately not greater than 2 

times and not less than 0.5 times the measured value. While absolute measurement 

uncertainty of no greater than ±1dB is desirable, it is not easy to achieve. However, it is 

worth noting that uncertainties of ±2dB or even greater may be acceptable if the field 

levels are well below the standard safety limits (IEEE, 2003). But the uncertainty 

becomes greatly significant if the field levels are approaching safety limits.
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CHAPTER 5

MEASUREMENT RESULTS AND DISCUSSION

5.1 Introduction 

This chapter describes the locations in Kuching and Kota Samarahan Divisions where 

measurements were conducted, and presents some preliminary results of the measured 

power density level in relations to the American Federal Communications Commission 

(FCC) guidelines. The power density levels are measured as percentages of the FCC 

maximum permissible exposure (MPE). The measured data were then recorded and 

evaluated in order to determine whether the local base transceiver station (BTS) 

transmitters comply with the FCC guidelines. Additionally, the behavior of the exposure 

levels with respect to distance from the cellular network antenna mast or tower will be 

analyzed, as well as its behavior at various selected times of a day, which is 4 times a 

day with 3 hours interval between each measuring time. 

The following section provides some discussion of the survey locations. The 

measurement results will be highlighted in section 5.3, which is divided into five 

subsections; one subsection for each survey site. The results for each survey site are 

then subdivided into two categories; the first category consists of power density as a 

function of distance from the tower and the second category describes the exposure 

levels at various times of a day for each local BTS transmitter. Finally, a summary will 

be given in Section 5.4.

5.2 Survey Locations 

Power density levels measured at the frequencies of 900 MHz and 1.8 GHz for GSM 

(Global System for Mobile Communication) systems have been conducted at five
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different survey sites. These survey sites were chosen due to their proximity to the 

public as well as to the workers of the service providers. Only 5 sites were selected 

because of the time constraint, and accessibility by researcher to other cellular facility 

sites were limited especially rooftop area where permission to get access must be obtain 

from the owner of the building and the service provider. The aim was to achieve a 

reasonable estimate of microwave radiation on the two groups mentioned above, namely 

the general public and the workers (see Section 2.4.1 in Chapter 2 for detail). The survey 

locations are as shown in Table 5.1.

Survey Site 
No.

1

9

3

4

Table 5.1 The location of survey sites.

Site Location

Pei Yien Selatan Road, Sungai Moyan, Batu Kawa,
Kuching, Sarawak.

.............. I ............................. - ................................. - - .............
Near Majlis Daerah Samarahan (MDS), Kota Samarahan, 
Sarawak.

Rooftop of the Penrissen Point building, Penrissen Road,
Kuching, Sarawak.

....................................................................................................
Near Pekan Tondong, Bau, Sarawak.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . --- . . . . . . . . . . . ........................... . ... . -. 1-1-..... -I . . ................................
5 Rooftop of the Wisma Tien Cheng building, Datuk Abang 

Abdul Rahim (DAAR) Road, Kuching, Sarawak.

Three sites accessible to the public (i. e. survey sites no. 1, 2 and 4) were chosen 

for radiation measurement purposes. Measurements at survey site 1 (see Figure 5.1) 

were made in an open area near the roadside of the Pei Yien Selatan road, which was 

situated in a rural residential area of Batu Kawa, a suburb of Kuching city. There was a 

clear line of sight with all three antennas installed on a single tower from the chosen 

survey points at the ground level (see Plate 5.2). The site was considered a single
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transmitter environment. Survey site 4 (see Figure 5.4) was also considered a single 

transmitter environment, where it is situated near the Pekan Tondong, a rural 

residential area of Bau. Measurements were conducted at the roadside on the way to a 

farm. Three antennas installed on a single tower were observed clearly from the chosen 

survey points at ground level (see Plate 5.6). However, survey site 2 (see Figure 5.2) was 

considered a multi-transmitter or a complex environment because several different 

types of antennas were observed on three nearby cellular network antenna towers. It 

was found that several residents are located near to these cellular network towers. 

Measurements were made at the ground level in an open area close to Majlis Daerah 

Samarahan (MDS) building. There was also a good line of sight with all three local 

transmitter structures from the chosen survey points (see Plate 5.3). 

Survey sites no. 3 and 5 were selected for the exposure safety concerns of the 

authorized personnel or worker who works near the transmitting structures. At the 4th 

mile area of Kuching city, which was the survey site 3 (see Figure 5.3), a set of 

measurements was made on the rooftop of a commercial building, known as Penrissen 

Point, situated near the roadside of the Penrissen Road. This location also afforded a 

clear line of sight with all three antennas installed on a single transmitter mast (see 

Plate 5.4). The chosen survey points were the closest positions to the concerned 

transmitter structure on the rooftop. It was expected that the signal strengths would be 

higher at this position, which was usually accessible only by authorized personnel or 

employee of the service provider. Several other local transmitter structures were also 

observed clearly on an adjacent rooftop building (see Plate 5.5), in which radiation from 

these sources will contribute to the total exposure level at the survey points. Therefore, 

the exposure type of survey site 3 is also considered as a multi-transmitter or a complex 

environment.

105



A further set of measurements was conducted on the rooftop of the Wisma Tien 

Cheng building, located near the roadside of the Datuk Abang Abdul Rahim (DAAR) 

Road that is survey site 5 (see Figure 5.5). There was a clear line of sight with the 

antenna of interest installed on a single mast, and two antennas were installed on a 

nearby mast pointing in other directions (see Plate 5.7). The signal strengths were 

expected higher for the chosen survey points because those are the closest position to the 

antenna of interest. The site was considered a multi-transmitter or a complex 

environment since several local transmitter structures were also observed clearly on 

adjacent rooftop buildings (see Plate 5.8). All five survey sites are shown in the maps of 

Figures 5.1 to 5.5 overleaf, and illustrated in the photograph Plates 5.1 to 5.8. Table 5.2 

summarizes the exposure type of each survey site, the date for all the accomplished 

measurements at all survey sites and the total number of measuring data collected. The 

exposure levels encountered at these chosen survey sites will be discussed further in the 

next section.

Table 5.2 The exposure type of each survey site, the measuring date and 
the total number of measuring data.

Survey Site Exposure Type Measuring Date No.

1 General Public March 2003 - April 2003 
June 2003 - July 2003

9

3

4

5

General Public 
........................................................... --- 
Occupational 

............................................................... ............. 
General Public 
............................................................................. . 
Occupational

August 2003 - November 2003

April 2004 - May 2004

Total 
Data

96

176

132

February 2005 - March 2005 115

March 2005 - April 2005 104
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Figure 5.1 Map of survey site 1 (Pei Yien Selatan Road, Sungai Moyan, Batu Kawa, 
Kuching, Sarawak) showing the measurement points, indicated by `®'. The BTS tower 

of interest is indicated by `A'.

L"V

Plate 5.1 View of survey instrument set 
positioned at distance of 50m from the local 

transmitter structure at survey site 1 (Pei 
Yien Selatan Road, Sungai Moyan, Bath 

Kawa, Kuching, Sarawak).
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Plate 5.2 View of local transmitter structure 
from the measurement point of 90m at 
survey site 1 (Pei Yien Selatan Road, Sungai 
Moyan, Batu Kawa, Kuching, Sarawak).
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Figure 5.2 Map of survey site 2 (near Majlis Daerah Samarahan (MDS), Kota 
Samarahan, Sarawak) showing the measurement points, indicated by `®'. The BTS 

tower of interest is indicated by W.
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Plate 5.3 View of survey instrument set positioned at distance of 100m from the local 
transmitter structure of interest at survey site 2 (near Majlis Daerah Samarahan 

(MDS), Kota Samarahan, Sarawak).
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Figure 5.3 Map of survey site 3 (rooftop of the Penrissen Point building, Penrissen 
Road, Kuching, Sarawak) showing the measurement points, indicated by `®'. The BTS 

tower of interest is indicated by `0'.
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Plate 5.4 View of survey instrument set 
positioned at distance of 20 in on rooftop of 

the Penrissen Point building, Penrissen 
Road, Kuching, Sarawak (survey site 3).

Plate 5.5 View of other nearby local transmitter structures (circled) on adjacent 
building from rooftop of the Penrissen Point building, Penrissen Road, Kuching, 

Sarawak (survey site 3).
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Figure 5.4 Map of survey site 4 (near Pekan Tondong, Bau, Sarawak) showing the 
measurement points, indicated by `®'. The BTS tower of interest is indicated by `A'.

Plate 5.6 View of survey instrument set 
positioned at distance of 60m from the local 
transmitter structure of interest at survey 
site 4 (near Pekan Tondong, Bau, Sarawak).
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Figure 5.5 Map of survey site 5 (rooftop of the Wisma Tien Cheng building, Datuk 
Abang Abdul Rahim (DAAR) Road, Kuching, Sarawak) showing the measurement 

points, indicated by `®'. The BTS tower of interest is indicated by '0'.

Plate 5.7 View of survey instrument set positioned at distance of 15 in on rooftop of the 
Wisma Tien Cheng building, Datuk Abang Abdul Rahim (DAAR) Road, Kuching, 

Sarawak (survey site 5).
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Plate 5.8 View of other nearby local transmitter structures (circled) on adjacent 
buildings from the rooftop of the Wisma Tien Cheng building, Datuk Abang Abdul 

Rahim (DAAR) Road, Kuching, Sarawak (survey site 5).
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5.3 Measurement Results 

This section describes the microwave exposure levels as percentages of the American 

Federal Communications Commission (FCC) maximum permissible exposure (MPE) 

limit at frequencies of interest, namely 900 MHz and 1.8 GHz. The field data were 

automatically weighted by the survey instrument at each frequency in accordance with 

the standard MPE limits (see Section 4.1.2 in Chapter 4 for detail). Hence, the results 

are presented in terms of percent of FCC standard (% of Std. ) that is same as the 

readout on the survey meter. Data were collected at various points which were 

horizontally away from the foot of cellular network tower or mast for each survey site. 

The data were then analyzed, and the range of the power density levels for each of the 

survey site is shown in Table 5.3.

Table 5.3 The range of the power density levels, S (as percentage of the 
FCC MPE limit) for the entire data set of each survey site.

Survey Site No.

1

9

3

4

5

Range of Measured Power Density, S (% of Std. )

Min. S Mean S Max. S

0.2
0.2
0.1
0.1
0.0

6.1

8.0

0.8
0.8

0.5

38.6

36.6

4.8

3.5

3.0

As shown in Table 5.3, the exposures at survey sites no. 1, 2 and 4 were found to 

vary between 0.1% and 38.6% of the MPE limit recommended by FCC for uncontrolled 

or public exposure. For survey sites no. 3 and 5, the exposures ranged from as low as 0% 

to 4.8% of the FCC occupational MPE limit. Generally, the results indicate that the 

microwave exposure levels presented on the ground level and rooftop building in front of
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the concerned cellular network tower or mast of the above survey sites complied with 

the standard safety limit. Therefore the measured exposures for the above survey sites 

are not considered hazardous, in as far as our measurements seemed to indicate. 

As observed, there was some variation in the microwave field intensity 

measured. The signals strength varied not only as a function of distance, but also varied 

as a function of time of day. A sample of the signal strength variation over a period of 30 

minutes is represented in Figure 5.6. The measurement was performed by continually 

measuring the level of signals strength at a fixed distance of 187m from the cellular 

network tower at survey site 1. As shown in the figure, the signal varied from as low as 

0% to 27.8% of the FCC general. public MPE limit. Such variation of microwave exposure 

levels could be due to the following factors:

i. The number of active time slots or channels in use was changing during 

measuring time. 

ii. The radiated power per time slot or channel at the time of measurement was not 

constant. 

iii. Reflection, re-radiation, scattering, attenuation or diffraction of radiofrequency 

(RF) and microwave signals through building, walls, conducting structure or 

trees. 

iv. The presence of mobile and non-mobile phone signals (e. g. broadcast television 

(TV) and radio signals, pager signals, local emergency services signals and police 

radio signals) from other adjacent transmitter sources.
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Measuring Duration (30 minutes)

Figure 5.6 Variation of signal strength (in % of FCC general public MPE limit) 
measured over a 30 minute period.

This study showed that the power density levels measured are generally below 

the FCC MPE limit, as shown in Table 5.3. But the results are higher compared to those 

measured by the Malaysian Institute for Nuclear Technology Research (MINT) (Mohd. 

Yusof Mohd. All et al, 2003). Most of the electromagnetic signals present on the ground 

around typical cellular base transceiver station (BTS) site normally consist of mobile 

phones and non-mobile phone signals. The non-mobile phone signals may include 

television and radio signals, pager signals, signals used by the fire, police and 

emergency services and others. According to MINT (Mohd. Yusof Mohd. All et al, 2003), 

the actual exposure level contributed by mobile cellular network facilities was only a 

small fraction, which is below 4%, of the total exposure at any of the location. 

Furthermore, by means of using the Narda shaped frequency response probe in 

the study, the energy of all the signals within the probe's rated frequency range (i. e. 300 

kHz to 3 GHz) will be detected from all directions. The energy is then summed in terms 

of root mean square (RMS) power. They are also weighted in accordance with the 

requirement of the FCC standard's frequency dependent exposure limits. Finally, the
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weighted results will be displayed as percent of standard (% of Std. ). Therefore the 

measured exposure took into account the entire frequency range that may contribute to 

the total exposure of a person at the measurement point. 

The following sections further discuss the measurement results for each survey 

site. The complete spectra showing the entire set of the measured exposure data for 

every survey site can be found in Appendix D. In addition, the estimated result has been 

compared with the actual measurement result of the survey site nos. 4 and 5 (see 

Section 5.3.4 and 5.3.5 for detail) in order to evaluate the reliability of the developed 

mathematical simulation model, which is the CBTSRadHaz tool (see Chapter 3).

5.3.1 Survey Site 1 

Initially, this section will present the results related to the microwave exposure or power 

density levels (measured in % of Std. ) encountered in rural residential area of Batu 

Kawa, survey site 1. This is summarized in Table 5.4, which represents the total 

number of data collected; the maximum, minimum, the average and the standard 

deviation encountered at each survey point for different measuring times of day at 

survey site 1. This site was chosen on the basis of the presence of a single cellular 

network tower in general population environment where three antennas were observed 

on top of the tower (see Plates 5. 1 & 5.2). 

Only three survey points away from the cellular tower were located for 

evaluation purposes because of the surrounding area condition (e. g. the region of marsh 

and tree-plants), which is hardly accessible by researcher or general public. Thus, the 

survey points were located at 50m, 90m and 187m away from the tower (see Figure 5.1), 

which was in the line of sight of one of the antenna's main beam direction. With the 

objective of showing the variation of the exposure level in the morning and afternoon,
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measurements have been carried out at four different times of the day, which were 

approximately at 7: 00 a. m., 10: 00 a. m., 1: 00 p. m. and 4: 00 p. m., at each survey point. 

These were carried out over a few days between March 2003 and July 2003.

Table 5.4 A summary of the power density level, S (as percentage of the FCC general 
public MPE limit) encountered at survey site 1.

Time

7: 00 a. m.

10: 00 a. m.

1: 00 P. M.

Distance Total 
(m) Data

8
8
8 

8 

8

8

8
8

187 8 
............................................................................... 50 8

50 

90 

187 
................... 
50 

90 

187 
................. 50 

90

4: 00 p. m. 90 8 

187 8

Min. S Max. S Average S Standard 

(% of Std. )(% of Std. ) (% of Std. ) Deviation 
(% of Std. )

1.0 3.8 2.3 

1.5 7.0 3.8 

0.4 3.8 1.6 
................. . . . . . . . . . . . . . . . ............. ............................. . . . . . . . . . . . ................. 0.2 7.2 4.5 

1.6 38.6 13.0 

0.3 9.1 4.5 
. . . . . . . . . ................................ . .............. ........ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............. 2.4 19.2 7.6 

1.2 16.4 7.3 

3.2 24.8 9.5 
_ .......................................................................................................................... . 2.1 14.0 5.4 

0.5 18.2 7.8 

1.7 15.8 5.7

1.0 

2.0 

1.0 

2.7 

10.7 

2.9 
..................... 4.8 

5.2 

6.7 
................... 3.8 

5.8 

4.6

A total of eight measurement data were collected at each survey point to obtain 

the average exposure at any one time (refer to Table 5.4). The signal strength was 

detected and averaged over a period of 30 minutes for each measurement data using the 

Narda electromagnetic radiation survey meter. As indicated in Table 5.4, the highest 

average exposure level was found in the morning (i. e. approx 10: 00 a. m. ) at a distance of 

90m to the tower of interest. The exposure was about 13.0% of the FCC general public 

MPE limit. Although the measured exposures are well within the accepted guidelines, it 

is interesting to see how these microwave exposure levels perform over the radial
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distances directly to the cellular network tower (see Section 5.3.1.1) as well as its

behavior over different measuring times of day (see Section 5.3.1.2).

5.3.1.1 Spatial Exposures 

The survey has been carried out over a few days in order to record the maximum 

microwave exposure that would possibly occur at each survey point in survey site 1. 

Figures 5.7 to 5.10 show the graphical representations of how averaged exposure levels 

varied over the distances of 50m, 90m and 187m respectively from the foot of cellular 

network tower measured at four different times of the day. The error bars shown in the 

graphs indicate the uncertainty in the measured exposure value of not greater than 

±3dB (see Section 4.4 in Chapter 4 for detail). 

Figures 5.7, 5.8 and 5.9 show similar trends of the average exposure. The highest 

average exposure level was about 13.0% of the FCC general public MPE limit and this 

occurred at a distance of 90m away from the concerned tower at approximately 10: 00 

a. m. (see Figure 5.8). This showed an increase of about 3 times that of the power density 

measured at 7: 00 a. m. This may point to an increase of mobile phone users at 10: 00 

a. m., as compared with that at 7: 00 a. m. The survey point was situated near the 

roadside of the entrance driveway to the base transceiver station (BTS) facility where 

there was relatively little attenuation of the signals by surrounding objects. In addition, 

adjacent moving people and vehicles may be affecting the measurements reading (see 

Section 4.2.2 in Chapter 4 for detail). It was suspected to have multiple reflections and 

scattering of incoming signals from nearby moving vehicles and human body that would 

contribute to the total measured exposure values. 

Around 7: 00 a. m. (see Figure 5.7) and 4: 00 p. m. (see Figure 5.10), the highest 

(average) power density level was also measured at a distance of 90m to the tower,
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which may be coincident with the peak of the signal with relatively little attenuation 

from the antenna's main beam. The maximum average exposure level presented at the 

distance was about 3.8% and 7.8% of the FCC general public MPE limit at 

approximately 7: 00 a. m. and 4: 00 p. m., respectively. 

The trend of the average exposure levels appeared to be quite stable around 1: 00 

p. m. as shown in Figure 5.9. In Figure 5.9, the average exposure level appeared to be 

relatively high at distance of 187m from the tower, which is 9.5% of the FCC general 

public MPE limit. This was measured at the edge of main road heading to Bau (see 

Figure 5.1). Although the survey point may have been sufficiently far away to be fully 

exposed to the main beam, multiple signals reflecting and scattering from the closest 

moving vehicles and conducting objects would be affecting the measurements that may 

contribute to higher average exposure level.

5.0 
h 
p 

ý 4.0

m w c U) 3.0 
a 
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ý .. 2.0 
ea 

Q 1.0

0.0

6.0

30 50 70 90 110 130 150 170 190 210

Distances (m)

Figure 5.7 The trend of average power density levels (% of the FCC general public MPE 
limit) with respect to distances at approx 7: 00 a. m.
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which may be coincident with the peak of the signal with relatively little attenuation 

from the antenna's main beam. The maximum average exposure level presented at the 

distance was about 3.8% and 7.8% of the FCC general public MPE limit at 

approximately 7: 00 a. m. and 4: 00 p. m., respectively. 

The trend of the average exposure levels appeared to be quite stable around 1: 00 

p. m. as shown in Figure 5.9. In Figure 5.9, the average exposure level appeared to be 

relatively high at distance of 187m from the tower, which is 9.5% of the FCC general 

public MPE limit. This was measured at the edge of main road heading to Bau (see 

Figure 5.1). Although the survey point may have been sufficiently far away to be fully 

exposed to the main beam, multiple signals reflecting and scattering from the closest 

moving vehicles and conducting objects would be affecting the measurements that may 

contribute to higher average exposure level.
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Figure 5.7 The trend of average power density levels (% of the FCC general public MPE 
limit) with respect to distances at approx 7: 00 a. m.
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Figure 5.8 The trend of average power density levels (% of the FCC general public MPE 
limit) with respect to distances at approx 10: 00 a. m.
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Figure 5.9 The trend of average power density levels (% of the FCC general public MPE 
limit) with respect to distances at approx 1: 00 p. m.
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Figure 5.10 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 4: 00 p. m.

Figure 5.11 summarizes the spatial variation of average microwave exposures for

different measuring time at survey site 1. As shown in Figure 5.11, the average 

exposure level appeared to be relatively low at a distance closer to the foot of tower (i. e. 

50m). This would probably be due to the survey point being outside the antenna's main 

beam. At this distance, side lobes of the antenna radiation pattern probably gave rise to 

a series of peaks in much weaker power density levels (see Section 3.1.2 in Chapter 3 for 

detail). As stated in NRPB report (K. Fuller et al, Sept 2002), depending on antenna 

height, the main beam from sector antennas would be expected to reach ground level 

typically between 50m and 300m from the foot of a tower. Therefore, this may also 

explain the highest average power density of 13.0% of the FCC general public MPE limit 

measured at a distance of 90m from the tower. The average power density levels then 

fall off at greater distances.
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Figure 5.11 The variation of average power density levels with respect to distances for 
different measuring time at survey site 1. (The lines are for guidance purposes only)

5.3.1.2 Time Dependent Exposures 

As mentioned earlier, the signal strength varied not only with respect to distance, but 

also varied as a function of time. Figure 5.12 shows an interesting variation of the 

average exposure levels with respect to time for different survey distances from the foot 

of cellular network tower of interest at survey site 1. The variation of the time 

dependent average exposure levels for both survey distances at 50m and 187m appear to 

be quite similar where the average exposures increased from approximately 7: 00 a. m. to 

around 1: 00 p. m. This may imply that the number of active time slots for the GSM 

network have become significantly higher at around 1: 00 p. m. The average exposures 

then dropped off slightly at approximately 4: 00 p. m. 

For the survey point at 90m from the tower, the average exposure tends to 

increase more rapidly from approximately 7: 00 a. m. to 10: 00 a. m. This may be due to as 

previously explained (see Section 5.3.1.1), some disturbances around its survey position

ni ý
d
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alongside the driveway to access the concerned radio base station facility. At the 

subsequent time, the average exposures begin to decrease before the trend became 

stable at approximately 4: 00 p. m.
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Figure 5.12 The time dependent average power density levels for different survey 
distances at survey site 1. (The lines are for guidance purposes only)

5.3.2 Survey Site 2 

At survey site 2, near Majlis Daerah Samarahan (Samarahan District Council), 

measurements were made of signals originating from the concerned antenna at five 

publicly accessible survey points (see Figure 5.2). The site was chosen due to the 

existence of multi-transmitter signal sources, where several types of antennas were 

observed on top of three nearby cellular network towers (see Plate 5.3). The survey 

points were separated radially in steps of approximately 50m up to 250m from the 

cellular tower of interest, which was in the line of sight of one of the antenna's main 

beam. Only five survey points were selected because of the time constraint.
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On site measurements were conducted four times a day, which were 

approximately at 7: 00 a. m., 10: 00 a. m., 1: 00 p. m. and 4: 00 p. m. at each survey point over 

a few days between August 2003 and November 2003. At each point, measurements 

were made over a period of 30 minutes, in accordance to the procedure set out by the 

FCC for general public exposure.

Table 5.5 A summary of the power density level, S (as percentage of the FCC general 
public MPE limit) encountered at survey site 2.

Time Distance Total Min. S Max. S Average S Standard 

(m) Data (% of Std. )(% of Std. ) (% of Std. ) Deviation 
(% of Std. )

50 9 

100 10 

7: 00 a. m. 150 9 

196 9 

250 8 
........... ........................ ......... _......... ...................... ......... _........ .......... ... ..................................... 50 9 

100 8 

10: 00 a. m. 150 9

196 9

250 8
50 8 

100 8

....................... . . . . . . . . . . . . .

1: 00 P. M. 150 10 

196 10 

250 8 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................... 50 10 

100 8 
4: 00 p. m. 150 9 

196 9 

250 8

0.5 

1.7 

2.1 

1.5 

1.2 

1.0 

1.9 

1.4 

2.0

20.3 9.1 6.3 

1 6.5 7.5 5.1 

21.0 6.2 5.5 

28.9 11.2 8.2 

7.5 4.0 1.9 
......... ......... ... __. 23.3 9.4 7.4 

29.7 9.7 8.3 

15.0 6.0 4.0 

30.9 13.1 10.5

1.5 32.3 11.5 9.1 
......... ............ ........... 0.6 20.7 7.9 6.6 

1.0 18.4 7.0 5.3 

1.2 7.1 3.9 1.7 

1.3 11.5 6.4 3.2 

1.2 18.8 6.5 5.2 
....................... ....... 4.0 36.6 13.7 9.3 

0.2 14.7 6.4 4.4 

0.7 5.1 3.1 1.3 

2.2 25.5 10.2 7.4 

2.2 18.5 7.2 5.2
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Table 5.5 summarizes the results by indicating the total number of measured 

data; the maximum, minimum, the average and the standard deviation at each survey 

point for different measuring time of day at survey site 2. As indicated in Table 5.5, the 

total number of measurements data for each survey point is not consistent. This was due 

to inability to conduct some measurements under certain weather condition, especially 

during the rainy days. The measured exposure levels perform over the radial distances 

from the cellular network tower and over different measuring times of day will be 

further analyzed in the following Sections 5.3.2.1 and 5.3.2.2 respectively.

5.3.2.1 Spatial Exposures 

This section will discuss the spatial variation of averaged microwave exposure levels for 

different measuring time of the day at survey site 2. The results are given in separate 

graphical representations shown in Figures 5.13 to 5.16, which also include error bars 

showing the uncertainty in the measured exposure value of not greater than ±3dB (see 

Section 4.4 in Chapter 4 for details). 

Figures 5.13 and 5.14 show that the highest average exposures were found at a 

distance of 196m from the cellular network tower of interest. The average exposure level 

was about 11.2% and 13.1% of the FCC general public MPE limit that happened at 

approximately 7: 00 a. m. and 10: 00 a. m. respectively. The survey point was located 

outdoors right in front of the Majlis Daerah Samarahan building and in unobstructed 

line of sight to the concerned tower (see Figure 5.2), where there was relatively little 

attenuation of the signals by building or other surrounding objects. Moreover multiple 

reflections and scattering of incoming microwave signals through the walls of the 

District Council building and nearby-parked vehicles may also contribute to the total 

exposures at the survey point.
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Figure 5.13 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 7: 00 a. m.
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Figure 5.14 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 10: 00 a. m.
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Figure 5.16 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 4: 00 p. m.

The survey point located at distance of 150m from the tower presented a much 

lower exposure levels compared to other survey points. The highest average exposure 

level of 6.2% of the FCC general public MPE limit was measured at 150m from the 

tower at approximately 7: 00 a. m. Although the distance was in the line of sight of the
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concerned tower, it would have been outside the antenna main beam that is exposed to 

lesser microwave radiation. 

As described earlier, the exposure levels were expected to be small at distances 

closer to the foot of tower of interest. But the results shown in Figures 5.15 and 5.16 

seem to be contradicting the statement. The average exposure levels at distance of 50m 

from the tower, as shown in Figures 5.15 and 5.16, appear to be obviously higher than 

other survey points. The highest average exposure was found 13.7% of the FCC general 

public MPE limit and it took place at approximately 4: 00 p. m. (see Figure 5.16). The 

main reason was probably due to the survey point being located at the roadside where 

people and vehicles were always moving around. The field measured at this survey point 

may have multiple reflection and scattering of incoming signals from those nearby 

vehicles and re-radiation of signals from adjacent conducting structure. 

When all the graphs were plotted on the same axes, as shown in Figure 5.17, it 

shows a similar trend of spatial average exposures at all four different measuring times. 

It can be seen that the average exposure levels tend to drop off from the distances of 

50m to 150m from the tower. Although these distances were at outer antenna's main 

beam, the antenna's downtilt angle and the side lobes of its radiation pattern may also 

contribute to high level of field intensity at 50m. However, it increases at a distance of 

196m from the tower, where the main beam may probably begin to become incident at 

ground level. The average exposure levels then fall off again at greater distances.
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Figure 5.17 The variation of average power density levels with respect to distances for 
different measuring time at survey site 2. (The lines are for guidance purposes only)

5.3.2.2 Time Dependent Exposures 

Analysis of the measurement also includes the time dependent average exposure levels 

at every survey distance in survey site 2. The results are represented in Figure 5.18. It 

is clearly shown that the average exposures has similar trend from approximately 7 a. m. 

to 4 p. m. for all survey distances. 

The exposure levels were generally higher at approximately 10: 00 a. m. compared 

to that measured at approximately 7: 00 a. m. This may imply that the number of active 

users for mobile communication services increased from 7: 00 a. m. to 10: 00 a. m. The field 

then falls off at approximately 1: 00 p. m. This may be probably because most residents in 

surrounding area of District Council have gone out of their homes to conduct their daily 

business. Consequently the number of users activating mobile services in the survey site 

may decline. However, the exposure levels increased again at approximately 4: 00 p. m.
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Figure 5.18 The time dependent average power density levels for different survey 
distances at survey site 2. (The lines are for guidance purposes only)

5.3.3 Survey Site 3 

Measurements of the microwave exposure levels were also conducted at a site within 

occupational exposure. For this, survey site 3 was chosen and measurements were made 

on rooftop of the Penrissen Point commercial building (see Figure 5.3) where three 

antennas were installed on top of a single cellular mast (see Plate 5.4). However, it is 

worth noting that the measured exposure levels were contributed not only by signals 

originating from the antenna of interest, but also from other mobile signal sources 

because several local transmitter structures from neighbouring building were spotted 

(see Plate 5.5). Thus, the site is considered as multi-transmitter or a complex signal 

sources environment. 

The results of the site were summarized in Table 5.6, which also includes the 

total number of measurement data; the maximum, minimum, the average and the
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standard deviation encountered at each survey point for different measuring times of 

day. The results were collected daily at approximately 9: 00 a. m., 12: 00 p. m. and 3: 00 

p. m. at each survey point for about two months that is April 2004 and May 2004. Due to 

certain weather condition, especially rainy day, some measurements were unable to be 

carried out. Thus, as indicated in Table 5.6, the total numbers of measurement data at 

each distance of any one time are not constant.

Table 5.6 A summary of the power density level, S (as percentage of the FCC 
occupational MPE limit) encountered at survey site 3.

Time Distance Total 
(m) Data

Min. S Max. S Standard 
(% of (% of 

Average S 
Deviation 

Std. ) Std. ) (% of Std. ) (% of Std. )

5 8 

10 10 
9: 00 a. m. 15 9 

20 8 

25 7 
. .......................... . . . . . . . . .................................................... . . . . . . . . . . . . . . . . . ............................ . . . . . . . . . . . . . . . . . . . .................... 5 9 

10 9 

12: 00 p. m. 15 10 
20 9 
25 10 

....... ..................................................... 11 ... - ......................................................... 5 9 

10 6 

3: 00 p. m. 15 8 
20 10 
25 10

0.1 1.7 0.8 0.5 

0.1 0.6 0.3 0.2 

0.1 0.4 0.2 0.1 

0.1 2.4 1.0 0.8 

0.1 0.5 0.3 0.2 
................... _. ........... 0.1 1.5 0.7 0.4 

0.2 1.2 0.6 0.4 

0.2 4.2 1.7 1.1 

0.1 1.1 0.6 0.4 

0.1 4.8 1.5 1.3 

0.2 1.6 0.7 0.5 

0.1 0.9 0.4 0.3 

0.2 2.1 1.0 0.8 

0.2 3.2 1.3 0.9 

0.3 3.3 1.3 0.9

There are five survey points to be identified for safety assessment purpose, which 

make an unobstructed line of sight path to the antenna of interest. These survey points 

were separated apart in steps of 5m up to 25m from the cellular mast, which were in 

line with the antenna main beam direction. In accordance to the FCC survey procedure
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guidelines, due to its occupational environment, the signals strength were measured and 

averaged over a period of 6 minutes for each measurement using the Narda 

electromagnetic radiation survey meter. The following section will further analyze the 

exposure data separately as functions of distances to the cellular mast (see Section 

5.3.3.1) and as functions of time (see Section 5.3.3.2).

5.3.3.1 Spatial Exposures 

The trends of averaged microwave exposure levels measured at five different survey 

points on the rooftop closest to the cellular network mast at survey site 3 are illustrated 

individually in Figures 5.19 to 5.20. Only three measuring times, that is approximately 

9: 00 a. m., 12: 00 p. m. and 3: 00 p. m., were selected to conduct the measurements in order 

to identify the maximum exposure that would possibly occur at each survey point. The 

measuring times were limited to those mentioned above because these were the only 

possible times to access the rooftop building, i. e. during business operating hours. As 

shown in Figures 5.19 and 5.20, every data is also associated with an appropriate error 

bar to show the uncertainty of the measured exposure value of not greater than ±3dB 

(see Section 4.4 in Chapter 4 for detail).
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Figure 5.19 The trend of average power density levels (% of the FCC occupational MPE 
limit) with respect to distances at approx 9: 00 a. m.
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Figure 5.20 The trend of average power density levels (% of the FCC occupational MPE 
limit) with respect to distances at approx 12: 00 p. m.
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Figure 5.21 The trend of average power density levels (% of the FCC occupational MPE 
limit) with respect to distances at approx 3: 00 p. m.

It can be seen that the highest average exposure levels were measured between 

15m and 25m from the cellular mast of interest for all measuring times although the 

exposures were greatly varying at these survey points. The highest average exposures 

presented were in the range of 1.0% to 1.7% of the FCC occupational MPE limit. This is 

probably because the signals were not only picked up from the concerned antenna but 

also from other mobile signal sources on neighbouring rooftop building (see Figure 28). 

The survey points also had an unobstructed line of sight path to those antennas 

installed on top of the mast located at neighbouring rooftop building. The survey points 

may be sufficiently far away to be fully exposed to those antenna main beams that 

would offer additional contribution to the total exposure levels. Another explanation for 

the exposures found at the survey points would be caused by multiple reflection and re- 

radiation of incoming signals through nearby conducting objects that was used to 

support the signboard on the rooftop building. 

Figure 5.22 shows the variation of the spatial average exposures for all three 

measuring times above in a single graph. The average strength of signals appear to be
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low at distance closest to the mast (i. e. 5m) and further decrease at a distance of 10m as 

the survey points would have been outside the concerned antenna main beam. At 

greater distances, the exposure levels appeared to be extremely inconsistent, even at 

similar distances from the antenna. These survey points were also at outer antenna 

main beam where side lobes of the antenna radiation pattern may yield a series of peaks 

in much weaker power density levels (see Section 3.1.2 in Chapter 3 for detail).
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Figure 5.22 The variation of average power density levels with respect to distances for 
different measuring time at survey site 3. (The lines are for guidance purposes only)

5.3.3.2 Time Dependent Exposures 

The following Figure 5.23 shows an interesting trend of the time dependent average 

exposure levels for every survey point in survey site 3. As shown in Figure 5.23, there is 

quite a significant variation in the average exposure levels, even at the same measuring 

time of day, especially during noon time (i. e. approx 12: 00 p. m. ). Such variations may
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probably be due to the changes of the number of active time slots, as well as its radiated 

power for each time slot during measuring time. 

Generally, the average exposures presented in survey site 3 appear to be quite 

low in the morning. The average exposures then increased at noon, which may imply the 

peak hours of the mobile communication services usage in the surrounding area. 

Eventually, the exposure level dropped slightly in the afternoon. However, the 

exposures were obviously low at distances of 5m and 20m from the cellular mast during 

noon time. This may depend on the number of users activating the mobile 

communication services at the time the measurements were made.
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5.3.4 Survey Site 4 

This section presents some preliminary measurement results around the base 

transceiver station (BTS) site situated near the Pekan Tondong, a rural residential area 

of Bau. The results are shown in Table 5.7. It represents the total number of data 

collected at survey site 4; the maximum and the minimum, the average and the 

standard deviation encountered at each survey point at different measuring times of the 

day. The site was chosen because of the presence of single cellular network tower where 

the general public was exposed to. There are three antennas installed on top of the 

tower (see Plate 5.6).

Table 5.7 A summary of the power density level, S (as percentage of the FCC general 
public MPE limit) encountered at survey site 4.

Time

9: 00 a. m.

12: 00 p. m.

3: 00 p. m.

17ictanrP Tntal Min_ ýg MaY 9 AvPraarp R Standard
v_ (m) vv Data (% of Std. ) (% of Std. ) (% of Std. ) Deviation 

(% of Std. )

60 9 

100 10 

150 10 

200 10 

60 9 

100 10 

150 10

0.1 
0.1 
0.2 
0.1 
................ 0.1 

0.2 
0.1

1.4 

1.1 

2.3

0.6 

0.4 

0.7

0.4 

0.3 

0.6

200 10 0.2 
....... . -- 60 9 0.1 

100 10 0.1 

150 9 0.1 

200 9 0.1

3.4 1.4 

1.7 0.7 

3.5 1.5 

1.6 0.5 

1.5 0.8 

3.0 1.1 

2.0 0.9 

0.4 0.2 

1.6 0.5

1.2

0.6 

1.2 

0.5 

0.5 

1.0 

0.7 

0.1 

0.4

For evaluation purposes, four survey points were located and separated radially

at approximately 60m, 100m, 150m and 200m away from the concerned cellular tower.
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These survey points have an unobstructed line of sight path to the antenna of interest. 

On site measurements were conducted only three times a day, which were 

approximately at 9: 00 a. m., 12: 00 p. m. and 3: 00 p. m., at each survey point. And these 

were carried out over a few days between February 2005 and March 2005. In accordance 

to the FCC survey guidelines for general public exposure, measurements were made 

over a period of 30 minutes at each survey point. Due to inability to conduct on site 

measurement under certain weather condition, especially during the rainy days, the 

total number of exposure data for each survey point is thus different as shown in Table 

5.7.

Table 5.8 The antennas specifications and configuration presented at survey site 4. 
(Courtesy of Celcom (Malaysia) Bhd. )

Specifications

Location 
Latitude
Longitude 

......... Antenna Model

Antenna Gain 

Antenna Height 

Antenna Length

Downtilt

Azimuth / Orientation

Number of Carrier 
...... ......... Carrier Frequency Range 

Carrier Output Power 
......... System Loss

Pekan Tondong, Bau, Sarawak 
. _....... . 0027'31.8"N 

1100 9' 32.8" E 
.... HTDBSS09/18 65/60 17/18 

17.15 dBi 

45 m (150 feet) 

1940 mm 
00 

1500 

26 

890 -970 MHz (Tx / Rx) 

16 dB (- 40W)

0 dB

The measured exposure data will be further analyzed as a function of distance to 

the cellular tower in Section 5.3.4.1, and its behavior over different measuring times of 

the day in Section 5.3.4.2. In addition, we have acquired the antenna specifications and
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configuration of the BTS site from the local cellular service provider, that is, Celcom 

(Malaysia) Bhd. It should be noted that this information is available only for the cellular 

facilities at survey site no. 4 and 5 that operated by the Celcom (Malaysia) Bhd. The 

cellular facilities for survey site no. 1, 2 and 3 are operated by different local cellular 

service providers, in which such information is made strictly confidential only to the 

operators. The specifications and configuration of the concerned antenna at survey site 4 

are given in Table 5.8. Therefore, it is possible to predict and to find the regions where 

the maximum exposure occurring using the developed simulation model that is 

CBTSRadHaz tool (see Chapter 3). The measured field data will be compared to the 

estimated result in the following Section 5.3.4.1 in order to verify the validity of the 

simulation model.

5.3.4.1 Spatial Exposures 

In order to record the maximum microwave exposure levels that would possibly occur at 

each survey point (i. e. 60m, 100m, 150m and 200m), measurements have been carried 

out over a few days in survey site 4. The measured exposure results are given in 

graphical forms as shown in Figures 5.24 to 5.26. The error bars shown in the graphs 

indicate the uncertainty in the measured exposure value of not greater than ±3dB (see 

Section 4.4 in Chapter 4 for detail). 

Figure 5.24 shows the highest average exposure level took place at a distance of 

200m away from the cellular network tower. It was about 1.4% of the FCC general 

public MPE limit that occurred at approximately 9: 00 a. m. The survey distance may 

have been sufficiently far away to be fully exposed to the antenna's main beam where 

the field intensity was expected higher. At the same time of measurement, the average
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exposure levels encountered at other distances were found to be lower then that at 200m 

(see Figures 5.24). 

The measured exposures at a distance of loom from the tower of interest 

appeared to be the highest power density level in the survey site measured at 

approximately 12: 00 noon as shown in Figure 5.25, the average exposure level was 

found to be 1.5% of the FCC general public MPE limit. This showed an increase of about 

twice the average power density level measured at other distances for the same 

measuring time. This may be probably due to the survey point being outside the 

antenna's main beam where the side lobes of the antenna radiation pattern may give 

rise to a series of peak in much higher field intensity (see Section 3.1.2 in Chapter 3 for 

detail).
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Figure 5.24 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 9: 00 a. m.
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Figure 5.26 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 3: 00 p. m.

Usually, the exposure level is expected to be lower at distances closer to the foot 

of cellular tower. However Figure 5.26 appears to contradict the statement. The highest 

average exposure was found 1.1% of the FCC general public MPE limit at distance of 

60m closest to the foot of cellular tower and this occurred at approximately 3: 00 p. m. 

Although these distances were at outer antenna's main beam, side lobes of the antenna

I
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radiation pattern may give rise to a series of peak in much higher field intensity (see 

Section 3.1.2 in Chapter 3 for detail). However, it may also be due to the fact that the 

survey point being located at the roadside where multiple reflecting and scattering of 

incoming signals from neighbouring moving vehicles and surrounding objects that would 

contribute to the total measured exposure values (see Section 4.2.2 in Chapter 4 for 

detail). The overall spatial variation of the average microwave exposures for different 

measuring times at survey site 4 is summarized in Figure 5.27.
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Figure 5.27 The variation of average power density levels with respect to distances for 
different measuring time at survey site 4. (The lines are for guidance purposes only)

The measured field data have been compared with the estimated data achieved 

from the simulation model as shown in Figure 5.28. It appeared to be relatively high at 

distances closer to the foot of the tower that is at distances of 60m and 100m. It is 

obviously due to the survey points being located at the outer antenna's main beam 

where a series of peak in much greater field intensity have yielded by the side lobes of 

the antenna radiation pattern (see Section 3.1.2 in Chapter 3 for detail) as shown in
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Figure 5.28. The average exposure levels tend to drop off at 150m away from the tower 

because this is the point where the lower edge of the antenna's main beam occurs. It 

increases at greater distances as the antenna's main beam hits the ground at those 

distances.
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Figure 5.28 Comparisons between measured values (red marks) and estimated results.

As shown in Figure 5.28, the average power density levels measured at distances 

of 60m and 100m agree fairly well to the predicted result of either off axis or on axis 

prediction (see Section 3.1.1 and 3.1.2 in Chapter 3 for detail). However, for the survey 

points of 150m and 200m from the tower, there was quite a large difference. This shows
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an underestimation of the prediction result, especially for the off axis prediction, 

compared to the actual measurements result. This can be explained since the exposures 

were measured via the use of Narda electromagnetic radiation survey instrument. The 

Narda survey instrument did not only pick up the GSM frequencies (i. e. 900 MHz and 

1.8 GHz) but it also considered all the signals within the probe's rated frequency range 

of 300 kHz to 3 GHz. The signal energy is then summed and weighted in accordance 

with the requirement of the FCC standard exposure limits. Thus, the measured 

exposure levels were actually the total contribution of the entire frequency signal that 

would be exposed to a person at the measurement point (see Chapter 4 and Section 5.3 

for detail).

5.3.4.2 Time Dependent Exposures 

An interesting trend of the measured average exposures varied as a function of times for 

different survey distances from the foot of cellular network tower at survey site 4 can be 

seen in the Figure 5.29. Apparently, the average exposure levels were inconsistent over 

the measuring times of the day, which is due to the changes of the time slots number 

that correspond to the number of users activating mobile services (see Section 2.2.1), 

and its radiated power for each time slot during measuring time. 

At approximately 9: 00 a. m., the average exposure levels appeared to be quite low 

except for the survey distance of 200m. This is perhaps the survey point at 200m has 

reached the antenna's main beam as mentioned previously in Section 5.3.4.1. However, 

the average exposures presented at noon (i. e. 12: 00 p. m. ) do not seem to increase. This 

may imply only a small number of active users for mobile communications services in 

the surrounding area of Pekan Tondong. The highest average exposure that occurred at 

noon (i. e. 100m) may be due to, as previously explained (see Section 5.3.4.1), some
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disturbances around its survey position located alongside the driveway that would 

possibly affect the measurement readings. The average exposures then dropped slightly 

at approximately 3: 00 p. m. for all distances except at 200m.
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Figure 5.29 The time dependent average power density levels for different survey 
distances at survey site 4. (The lines are for guidance purposes only)

5.3.5 Survey Site 5 

A further set of measurements was taken on the rooftop of the Wisma Tien Cheng 

building near Datuk Abang Abdul Rahim (DAAR) Road (see Figure 5.5), concerning the 

radiation safety of the authorized personnel or employee who works at the position 

closest to the transmitting antennas. At survey site 5, there was a clear line of sight 

with the antenna of interest installed on a single mast, and another two antennas were 

installed on a nearby mast that faced in other directions (see Plate 5.7). The signal 

strength was expected higher at the site because several local transmitter structures
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were installed on neighbouring rooftop building (see Plate 5.8). Therefore, the site is 

considered a multi-transmitter or complex signal sources environment. 

Table 5.9 summarized the measurement result for survey site 5. It shows the 

total number of data collected; the maximum, minimum, the average and the standard 

deviation encountered at each survey point for different measuring times of day. The 

survey points were separated radially in steps of 5m from a distance of 10m up to 25m 

from the cellular mast of interest. The distance of 5m was not taken into consideration 

for evaluation purposes because it was very close to the concerned antenna that may 

reach the near field region.

Table 5.9 A summary of the power density level, S (as percentage of the FCC 
occupational MPE limit) encountered at survey site 5.

Time

9: 00 a. m.

12: 00 p. m.

3: 00 p. m.

Distance Total Min. S Max. S Average S
Standard 
Tlaviatinn

(m) Data (% of Std. ) (% of Std. ) (% of Std. ) (% of Std. )

10 

15 

20 

25 

10 

15 

20

8 

8 

8 

9 

9 

9

0.0 
0.1 

0.1 

0.1 
0.1 

0.1 

0.0

0.6 

0.4 

1.0 

1.1 

1.5 

1.4 

1.2

0.2 0.2 

0.2 0.1 

0.4 0.3 

0.3 0.3 

0.4 0.4 

0.5 0.4 

0.6 0.4 

0.4 0.4

9

9

9

9

9
25 8

25 

10 

15 

20

0.1 1.3 

0.1 0.6 

0.0 0.8 

0.2 3.0 

0.0 1.5

0.3 0.1 

0.3 0.2 

1.6 1.1 

0.5 0.5

On site measurements were made three times a day, that is approximately 9: 00 

a. m., 12: 00 p. m. and 3: 00 p. m. because the allowed time to access rooftop building could 

only take place during typical office opening hours. Measurements were conducted over
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a few days between March and April 2005. At each survey point, measurements were 

made over a period of 6 minutes, in accordance to the procedure set by FCC guidelines 

for occupational exposure. As shown in Table 5.9, one can see that the total number of 

measurements data was inconsistent because of inability to carry out measurements 

especially during rainy days. Table 5.10 below shows the information about the 

specifications and configuration of the antennas at survey site 5, which were very useful 

in estimating the behavior of the field intensity in the vicinity of the cellular antenna of 

interest by using the developed simulation model that is CBTSRadHaz tool (see Chapter

3).

Table 5.10 The antennas specifications and configuration presented at survey site 5. 
(Courtesy of Celcom (Malaysia) Bhd. )

Specifications

Location

Latitude

Longitude
.......................................... . ...Antenna Model

Antenna Gain

Antenna Height

Antenna Length

Downtilt 

Azimuth / Orientation

Number of Carrier
Carrier Frequency Range 

Carrier Output Power 
.. ...... System Loss

Rooftop of the Wisma Tien Cheng building, DAAR 
Road, Kuching, Sarawak.

1033'7.1"N
...........................................................................

1100 22' 13.0" E 

APX186516 - OT2

18.3 dBi

17.6 m (57.7 feet) from ground level; or 
4.6 m (-15 feet) from rooftop surface

1855 mm
50

400 
......... 16 

1740.6 -1835.6 MHz (Tx / Rx) 

16 dB (- 40W)

0 dB

Fortunately, the antenna specifications and configuration of the base transceiver

station (BTS) site (as shown in Table 5.10) were gathered and provided by a local
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cellular service provider, which was Celcom (Malaysia) Bhd. The actual measurements 

results will be then compared with the predicted result in order to verify the validity of 

the simulation model. A comparison between the predicted result and the actual 

measurements results is given in Figure 5.34 (see Section 5.3.5.1). Analysis of the 

measured exposure data is then expanded to show its performance over the radial 

distances directly to the cellular network tower (see the following Section 5.3.5.1) as well 

as its behavior at various measuring times of the day (see Section 5.3.5.2).

5.3.5.1 Spatial Exposures 

It is the intention of this study to record the maximum microwave exposures that would 

possibly occur at each survey point in the chosen survey site. Figures 5.30 to 5.32 

illustrate the trends of the average microwave exposure levels encountered at distances 

of 10m, 15m, 20m and 25m from the cellular network mast installed on the rooftop of 

survey site 5. The uncertainty of not greater than ±3dB (see Section 4.4 in Chapter 4 for 

detail) for each measured exposure value is shown by appropriate error bars, as shown 

in Figures 5.30 to 5.32. 

It is obvious from Figures 5.30 to 5.32 that similar trends of average exposures at 

various distances for three different measuring times of the day are observed. The 

average exposure levels at distances of 10m and 15m from the foot of the mast appeared 

to be stable and weak as the measurement points would have been outside the antenna's 

main beam. The highest average exposures measured at these distances only reached 

0.5% of the FCC occupational MPE limit, which occurred at the distance of 15m from the 

mast around noon.
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Figure 5.30 The trend of average power density levels (% of the FCC occupational MPE 
limit) with respect to distances at approx 9: 00 a. m.
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Figure 5.31 The trend of average power density levels (% of the FCC occupational MPE 
limit) with respect to distances at approx 12: 00 p. m.
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Distances (m)

Figure 5.32 The trend of average power density levels (% of the FCC general public 
MPE limit) with respect to distances at approx 3: 00 p. m.

However, a peak average exposure was found at a distance of 20m from the mast 

of interest. The maximum average exposure measured was about 1.6% of the FCC 

occupational MPE limit at the survey point and this happened at approximately 3: 00 

p. m. This showed an increase of about at least three times that of the average power 

density measured at 9: 00 a. m. and 12: 00 p. m. at the same survey distance. The survey 

position had an unobstructed line of sight path to the antenna of interest and some 

antennas installed on rooftop of the neighbouring buildings, which may be sufficiently 

far away to be fully exposed to those antennas main beam. Thus, the signals detected 

from this position would be expected higher, where the exposures were the total 

contribution of the signals strength originating from all nearby antennas. The average 

exposure levels then fall off at greater distance (i. e. 25m). 

The spatial variation of average microwave exposures at all measuring times are 

shown in Figure 5.33. It shows an apparently steady trend of the average power density 

levels at the survey distances on the rooftop of the survey site for all measuring times,
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except for the time of approximately 3: 00 p. m. at the survey distance of 20m from the

foot of the mast.
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Figure 5.33 The variation of average power density levels with respect to distances for 
different measuring time at survey site 5. (The lines are for guidance purposes only)

Figure 5.34 shows comparisons between the actual measurement exposures data 

and the predicted data achieved from the simulation model. As shown in Figure 5.31, 

the average power density levels measured at distances of 10m, 20m and 25m appeared 

comparable to the off axis prediction result. However, there is a relatively larger 

difference for the survey points of 15m from the tower. This may depend on the number 

of active mobile phone users during measurement. As shown in Figure 5.34, it is obvious 

to see that a series of varying peaks field intensity appeared at the survey distances, 

which are yielded by the side-lobes of the antenna radiation pattern in much weaker 

antenna power gain (see Section 3.1.2 in Chapter 3 for detail). The average exposure 

levels encountered at the distance of 25m away from the tower is the survey point where 

the lower edge of the antenna's main beam has reached ground level. In fact, the
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simulation model has showed an overestimation of the on axis prediction result as

compared to the actual measurement results.

gas M-Mum a
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15 20 25 
Distance (m)
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Figure 5.34 Comparisons between measured values (red marks) and estimated results.

5.3.5.2 Time Dependent Exposures 

Depending on the number of active time slots, and the radiated power for each time slot 

during the measurement, the signal strength varied frequently. Thus it is also the 

intention of the survey study to show the variation of the average exposure levels with 

respect to measuring times for the concerned survey site. The result for survey site 5 is 

shown in Figure 5.35. It is quite clear that the average exposures is quite constant at
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distances closest to the cellular mast of interest, with the exception of that at 20m

measured at 3: 00 p. m.
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Figure 5.35 The time dependent average power density levels for different survey 
distances at survey site 5. (The lines are for guidance purposes only)

At the survey distance of 20m from the mast, the average exposure was high at 

approximately 3: 00 p. m. This may imply that, as mentioned in previous section, the 

signals were contributed not only by the antenna of interest but also detected from all 

other transmitting antennas installed on rooftop of the neighbouring buildings. 

Moreover, it may also point to an increase of active mobile phone users at approximately 

3: 00 p. m. In fact, the average exposures presented in survey site 5 showed a slight 

increment from morning until noon. Eventually, the exposures dropped slightly in the 

afternoon. This may imply that the usage of mobile communication services were 

consistently active in dense urban areas, Kuching city for instance.
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5.4 Summary 

Measurements survey has been conducted to assess exposure of microwave signals 

originating from the base transceiver station (BTS) facility of interest at three publicly 

accessible sites and two occupational accessible sites in Kuching and Kota Samarahan 

Divisions. The survey has investigated the maximum microwave exposure levels that 

would possibly take place at each survey site and compared the measured power density 

level with the guidelines on maximum permissible exposure (MPE) published by the 

Federal Communications Commission (FCC). It is the intention of the survey to check if 

the BTS facility complies with FCC standard guidelines of radiation safety limit. 

Due to exposure to multiple mobile and non-mobile signals, the maximum 

average exposure level measured in survey site 2 was slightly higher if compared to 

survey site 1. At survey site 1, the maximum average exposure was about 13.0% of the 

FCC general public safety limit, while it was about 13.7% of the FCC safety limit for 

general public at survey site 2. The maximum average exposure level measured in 

survey site 4 was only 1.5% of the FCC general public safety limit, which is weaker than 

both survey sites 1 & 2. In addition, the maximum average exposure at survey site 3 

was about 1.7'Yo of the FCC safety limit since the site happened to be in an occupational 

exposure type of environment. Whereas the maximum average exposure found at survey 

site 5 was slightly lower than that of survey site 3, which was about 1.6% of the FCC 

occupational safety limit. Therefore, it can be concluded that the presence of the 

microwave exposures contributed by these cellular network facilities on the selected 

survey sites were considerably well below the FCC guidelines safety limit. Thus, it can 

be said that the microwave exposures were not considered hazardous to the health of 

people living near to the BTS structure of the selected sites, at least over the period of 

the survey.
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Microwave exposure levels encountered at the selected survey sites were 

extremely variable. They were found to vary according to not only the survey distances 

but also the measuring times of the day. This may probably be due to some reasons as 

mentioned in Section 5.3, such as the number of active time slots, the radiated power 

per time slot during measuring times; any reflection, re-radiation, scattering, 

attenuation or diffraction of signals through adjacent objects, and the presence of mobile 

and non-mobile phone signals in ambient environment. However, it is worth noting that 

the exposure data presented in this research study are only preliminary results. 

Therefore, the results may not necessarily represent the levels of microwave fields from 

BTS for the whole state of Sarawak. 

When conducting an assessment of radiation safety for a BTS site, it is important 

to have an idea about the behavior of the field pattern presented in the vicinity of BTS 

facility in order to find the positions with maximum exposure. This can be done by using 

the developed mathematical simulating model that is CBTSRadHaz tool (see Chapter 3) 

to predict the field strength pattern in surrounding areas of a typical BTS facility. 

Fortunately, the technical information of the antenna specifications and configuration 

needed for prediction and simulation of the survey sites 4 and 5 have been obtained from 

the local services provider that is Celcom (Malaysia) Bhd. Thus, a comparison between 

the estimated result and the actual measurement result for the survey sites can be done 

in order to verify the validity of the simulation model. 

However, this has led to an under estimation of the predicted results, compared 

to the actual measurement results. This is mainly because of the instrument capability, 

where the energy of all the signals within the probe's rated frequency range (i. e. 300 

kHz to 3 GHz) will be detected from all directions and they are weighted in accordance 

with the requirement of the FCC exposure limits. As a result, the measured exposures
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took into account the entire frequency signal that contributes to the total exposure of a 

person at the measurement point. Therefore, it is recommended to use an appropriate 

frequency selective electromagnetic radiation survey instrument, such as spectrum 

analyzer, for future investigation of the microwave exposure assessment at other BTS 

sites.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions 

Nowadays, human exposure to radiofrequency (RF) and microwave radiation originating 

from neighbouring cellular base transceiver station (BTS) antennas have become a 

serious issue since the number of installed or existing antennas increase rapidly over 

recent years to meet the increased demand of mobile communication services in 

Malaysia. From statistics obtained by the Malaysian Communications and Multimedia 

Commission (MCMC) (2004), mobile penetration rate was 37 persons per 100 

inhabitants in 2002. The number of Global System for Mobile Communications (GSM) 

subscribers in Malaysia was to about 13.042 million by the end of September 2004 

(MCMC, 2004). By the end of 2004, the number is expected to grow up to about 1: 3.599 

million subscribers (MCMC, 2004). As a result, it is obvious that more BTS are required 

in order to continually provide high quality communication services as subscriber 

demand increases. In 1998, the number of BTS in Malaysia was only 2403 (MCMC, 

2004). The number has grown to 10673 by the end of September 2004. 

This research study aimed at determining the maximum microwave exposure 

levels that would possibly occur in the vicinity of local cellular BTS sites. Measurements 

have been made at five different chosen sites located in Batu Kawa, Kota Samarahan, 

4th Mile (Penrissen Road), Bau and Kuching (Datuk Abang Abdul Rahim (DAAR) Road) 

areas. The results showed that the microwave exposure levels encountered in this study 

were well below the Federal Communications Commission (FCC) maximum permissible 

exposure (MPE) limit. The highest average microwave exposure level would be 13.7% of 

the FCC general public safety limit measured at Kota Samarahan site. While in 13atu
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Kawa site, 13.0% of the FCC general public safety limit was found to be the maximum 

average exposure level. The maximum average exposure measured in Bau site was only 

1.5% of the FCC general public safety limit, which is much weaker than both Batu Kawa 

and Kota Samarahan site. Concerning occupational exposure type environment at 4th 

Mile site near Penrissen Road, the highest found was only 1.7% of the FCC safety limit, 

while the maximum average exposure was about 1.6% of the FCC occupational safety 

limit measured at the Kuching site near RAAR Road. 

The exposure levels were said to be in compliance with the FCC MPE limit and 

they are considered not hazardous to public health and authorized personnel or 

employee who works closest to the transmitting antennas in the area of above- 

mentioned survey sites. However, it is important to note that care should be taken not to 

over-interpret the data or extend the results as the mobile communication safety issues 

in the country. The results are not necessarily representative of the microwave fields for 

the country. Considerably larger study for future investigation and more data collection 

with carefully selected locations would be necessary to produce a more comprehensive 

result and conclusion. 

The microwave exposure levels measured at the above-mentioned survey sites 

were found to be variable. The exposure levels varied in accordance to not only the 

survey distance but also changing at various times of the day. It may probably due to a 

few factors such as the number of channels in use, the variation of radiated power per 

channel, reflection, re-radiation, scattering, attenuation or diffraction of incoming 

radiation through adjacent objects, and the difference of the survey distances from the 

BTS facility. Since other signal sources were presence in survey sites and the use of the 

Narda electromagnetic radiation survey instrument that would sum up and weight all 

signal energy within the probe's rated frequency range of 300 kHz to 3 GHz, the

159



recorded exposure levels were indeed higher if compared to the results of safety 

assessments that have been done by MINT (Mohd Yusof Mohd Ali et al, 2003). Hence, it 

is recommended that a more practically accurate and easily applied procedure is 

necessary to examine the compliance of the cellular BTS facilities to the standard safety 

limit. Instead of broadband Narda survey meter, commercially available frequency 

selective electromagnetic radiation survey instrument, such as spectrum analyzer, 

would be useful to present the measurements result with respect to different signal 

frequency. 

The results and analysis have led to the development of a simple mathematical 

simulation model program using MATLAB at Universiti Malaysia Sarawak (UNIMAS) 

known as CBTSRadHaz tool (see Chapter 3). It is used to estimate the behaviour of 

microwave field intensities in the surrounding area of a typical transmitting antenna 

type with various mounting configurations. This simulation model can be used to 

represent the estimated exposure levels not only in two-dimension but also in three- 

dimension, as well as contour plotting. It is hoped that the programme will provide a 

framework for predicting exposure levels for future investigation of mobile 

communications radiation safety assessment. Nevertheless, it is also suggested that 

further improvement is to be made to the mathematical simulation model program to 

include multiple frequencies environment in future related research study.

6.2 Recommendation 

Sensitive equipment is necessary for measuring the radiofrequency (RF) and microwave 

signals at the selected survey locations. Although the intention of the survey is to record 

the maximum field strength present at each survey location, it is also possible to give a 

worst-case exposure quotient in percentage contributions to each individual signal
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detected at each survey location. In complex multi-transmitter sites for instance, several 

different types of RF and microwave sources are commonly present in the ambient 

environment. Thus, it is useful to consider using both broadband and narrowband 

instruments to fully characterize the electromagnetic environment. Broadband 

instrument can be used to detect and determine the total field present. An example of a 

broadband instrument is the Narda electromagnetic radiation survey instrument set 

with a compatible shaped frequency response probe which was used in this study. The 

survey meter with the probe connected provides the total field intensity in terms of 

percentage of the MPE limits (in % of standard). 

If the broadband exceed the limit of the applicable MPE, narrowband instrument 

is required to determine the relative contributions of each signal to the overall field. The 

narrowband instrument may consist of a spectrum analyzer connected to a selected 

antenna via an coaxial cable. This allowed measurements to be made over a range of 

frequencies using a narrow bandwidth, which made it sensitive enough to detect power 

densities at a very low level. The spectrum analyzer may display the frequency and 

amplitude of each detected radio signal. The data collected by the spectrum analyzer 

may be transferred to a laptop computer and stored for subsequent analysis. 

Since all the radio signals measured at each survey location would contribute to 

the total exposure, the maximum field strength of each signal can be measured and 

recorded in order to give its contribution to the total exposure of electromagnetic 

radiation at the survey location. Consequently, the percentage contribution of every 

signal can be represented graphically in the form of pie chart. The chart provides a clear 

comparison of each signal with the total exposure of electromagnetic radiation.
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APPENDICES

Appendix A

Examples of the CBTSRadHaz's Simulated Graphs
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Figure A. 6 Surface plot.
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Figure A. 7 Surface light plot.
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Appendix B 

CBTSRadHaz's Program Files 

In this section, the developed files that need to execute the Cellular Base Transceiver 

Station Radiation Hazard (CBTSRadHaz) tool are described briefly. The files are divided 

according to their file types and sorted according to their names as follow:

i. MATLAB FIG-files (*. fig) 

The file contains a complete description of the graphical user interface ((; U l ) 

figure layout and all its components (i. e. uicontrols and axes), as well as the values of all 

object properties. MATLAB supports 10 styles or types of uicontrol, which is commonly 

known as GUI object. The uicontrols consist of push buttons, toggle buttons, radio 

buttons, check boxes, edit boxes, text boxes, sliders, frames, list boxes and popup menus. 

" abtimg. fig : The file provides axes for displaying an image file in a modal 

dialog. 

" CBTSRadHaz. fig : The file comprises the main window of the CBTS1tadHaz 

tool, uicontrols and axes. 

" closedlg. fig : The file creates a modal dialog that is used to make 

confirmation of closing the program from user response. 

" esetting. fig : The file creates a modal dialog for setting the contour plot 

parameters.

ii. MATLAB M-files (*. m) 

The file contains all the commands or programming functions that run and 

control the GUI, including the callbacks for its components. The callbacks are the 

functions that execute when users activate components in the GUI figure.
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" abtimg. m : The file that implements a modal dialog used to display an image 

file. 

" aipower. m : The file contains function that is used to evaluate the antenna 

input power (in W). 

" CBTSRadHaz. m : The file that implements the main CBTSRadHaz window, 

menu bar and its components. It contains all the callbacks associated with 

each menu and component. 

" closedlg. m : The file that implements a modal dialog displayed when the 

close button is pressed or exit program is selected. 

" csetting. m : The file that implements a modal dialog used to set some 

parameters for the contour plot. 

" eirp. m : The file contains function that is used to evaluate the equivalent (or 

effective) isotropically radiated power (EIRP). 

" fcc. m : The file contains function that is used to determine the maximum 

permissible exposure (MPE) limit of the Federal Communications 

Commission (FCC) standard guidelines for the frequency of interest. 

" gain2d. m : The file contains function that is used to define antenna power 

gain (in dBd) in between 1 and 179 degrees. 

" gain3d. m : The file contains function that is used to define antenna power 

gain (in dBd) and interpolate available two-dimensional (21)) radiation 

patterns (both horizontal and vertical planes) into a full three-dimensional 

(3D) radiation patterns. 

" i3e. m : The file contains function that is used to determine the MPE, limit of 

the Institute of Electrical and Electronics Engineers (IEEE) standard 

guidelines for the frequency of interest.
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" icnirp. m : The file contains function that is used to determine the MPE limit 

of the International Commission on Non-Ionizing Radiation Protection 

(ICNIRP) standard guidelines for the frequency of interest. 

" legd. m : The file contains function that is used to put legend on the current 

plot using specified strings as labels. 

" polarhg. m : The file contains function that is used to implement polar plot 

display of the antenna radiation pattern. 

" powdens. m : The file contains function that is used to evaluate the far field 

equivalent power density (in W/m2). 

" slant. m : The file contains function that is used to evaluate the slant distance 

(in m) between the survey point and the mid-point of the radiating antenna.

iii. MATLAB MAT-files (*. mat) 

MAT-files are double-precision, binary, MATLAB format files created on one 

machine and later read by MATLAB on another machine. They can be created by the 

save command and readable by the load command. Additionally, they can also be 

manipulated by other programs, such as external C or FORTRAN programs. 

" sav. mat : The file is created automatically when a graph is generated. It 

contains temporary stored variables that can be retrieved later for the 

purposes of saving data file. 

" temp. mat : The file is created automatically when a graph is generated. It 

contains temporary stored variables of existing graph that is used to 

differentiate the graph with a new added graph of different parameters by 

putting a legend on the plot using the specified strings as labels.
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iv. JPEG Image file (*. jpg) 

" abtimg. jpg : The file is an image file that is used to display a brief 

information about the CBTSRadHaz tool on the axes of a modal dialog.
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Appendix C

Narda Electromagnetic Radiation Survey Instrument

User's Guide
Model 871: 311
Electric Field Attenuator

ý 
ý. y

Battery 
Charger

Computvr 
Cablv

Power 
Cord

Storage 
Case

Narda 
Survey 
Meter 
Model 
87188

Narda Probe 
Model A8742D

Probe Extension 
Cable Model 8714-04

Plate C. 1 Complete set of Narda electromagnetic radiation survey instrument.
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Narda Probe 
Model A87421)

i
Nardi Survey Nleter 
Model 871811

i

Probe Extension 
Cable Model 8744-04

Plate C. 2 Connection of survey meter and probe via cable.
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Appendix D

Spectra of Plane Wave Equivalent Power Density

Measurements of power density level have been carried out at each selected surv-c. N site 

for different survey distances from the cellular network tower or Hoist of interest. This 

appendix presents graphically the entire set of the measured exposure data for each 

survey site. The plane wave equivalent power density is quantified in how many 

percentages of the Federal Communications Commission (F('(') maximum permissible 

exposure (MPE) limit they represent (in '%, of Std. ). The MPE limits comprise two 

categories that vary according to the frequency. For frequency of 900 Mllz, the AII'E 

limit for occupational or controlled environments is 3.0 mW/cm=. and for general 

population or uncontrolled environments is 0.6 mW/cm. The Ml E limit rises at 

frequency of 1.8 GHz, where occupational or controlled environments are restricted at 

5.0 mW/cm2 and general population or uncontrolled environments at 1.0 m\1'/cm-'.
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Figure D. 1 The measured power density levels (% of the 1. 'CC general pulhIir \lI'E limit) 
with respect to distances at approx 7: 00 a. m.
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