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ABSTRACT

This thesis presents the results of our investigation into the measurement
and �ltering of microwave radiation, and the subsequent development of a mi-
crowave reduction solution for modern building architecture utilising Energy
Saving Glass (ESG), in conjunction with Frequency Selective (FSS) surfaces
through which useful signals can be �ltered.

In the investigation, radiation power density levels arising from the three
common microwave sources (radio base stations, mobile phones, and microwave
ovens) were measured, and the results were compared with the standards pro-
vided by the Australian Radiation Protection and Nuclear Safety Agency. For
the radio base stations, the relationship between radiation intensity levels and
the important location parameters at the measurement point, e.g., line of sight,
distance and elevation, are discussed in detail. Our results show that locations
having the same elevation level as the RBS receive higher level of radiation,
compared to those locations not at the same level.

Power density of the radiation from microwave ovens was measured at var-
ious distances and angles. The results indicate that most of the radiation is
emitted through the main door of the ovens, with the doors normally being as-
sembled utilising simple �oat glass. ESG was found to have desirable radiation
attenuating characteristics, and was identi�ed as an e�ective replacement for
�oat glass in microwave oven doors.

In our investigation of the third potentially hazardous source of microwave
radiation, the mobile handset, measurements were carried out in order to analyse
power density levels during both call and idle times. Our results con�rm that
some handsets do not change power level, while others use higher power to
communicate with the base station during a call. It is our recommendation that
the manufacturers label each handset with the speci�c transmission power level
in order to provide users with the relevant information.

The conclusions drawn from our investigations lead us to recommend that
ESG be used in buildings close to RBS, so that the levels of unnecessary radia-
tion are reduced. However, useful signals would still be transmitted by utilising
the dual bandpass FSS �lters designed as part of this work. We designed two
distinct models of bandpass FSS �lters on hard coated ESG. The �rst �lter that
we designed will block microwave signals coming from weather radar, personal
communication devices, power transmission lines and emergency service radios,
while transmitting useful UMTS and Wi-Fi signals; minimising the radiation
impact. Only 7.30% of the coating area of the glass was removed to enable
transmission in the U850 and U2100 frequency bands. The second design re-
quires the removal of 12.35% of the coating area to enable transmission in the
U800,U850,U1900 and U2100 frequency bands. Simulation results for the two
designs show stable frequency responses for both TE and TM polarisations at

vi



normal and oblique incident angles, with attenuation's below 10 dB within the
passbands. Parametric studies on geometrical dimensions, substrate permittiv-
ity, and thickness help clarify the e�ects of these parameters upon the overall
performance of FSS on hard coating ESG, and help the process of FSS design
optimisation.
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Chapter 1

Introduction

The rapid development of the telecommunication sector has seen the replace-
ment of much of the physical cabling by microwave signals. While great bene�t
has been achieved through the application of modern wireless communication
systems, concerns regarding the impact of microwaves on the environment are
also increasingly being heard. During the past two decades in particular, mi-
crowave radiation saturation has increased dramatically because of high demand
for such useful applications, e.g., Wireless Fidelity (Wi-Fi), mobile phones and
other communication devices.

Mobile phone communication has become so widespread that it is now con-
sidered to be an essential part of our daily life. A mobile phone is a low power
Radio Frequency (RF) transmitter, operating at 0.1 � 2 W, within an oper-
ational frequency range of 450-2700 MHz. However mobile phones need to
communicate with a base station or Radio Base Station (RBS), which trans-
mits at much higher power levels. These RBSs have become one of the main
sources of microwave radiations in the metropolitan and rural areas. Further-
more, while communicating a mobile phone user uses a transmitter close to his
or her head, and hence the resulting exposure to the radiation is non-negligible.
Serious concerns have been raised about the health impact of the increasing level
of Electromagnetic Radiation (EMR) in our environment, and safety hazards
resulting from RF exposure have recently become very active research topics.

From an environmental perspective, fossil fuel emission has also become a
major global concern relating to sustainable development. During 1990-2007
global emission of CO2 increased by 34%, arising mainly from the expansion in
usage of fossil fuels and activity in the cement industry [75]. Thus, it is neces-
sary to develop e�cient ways of energy saving to reduce global CO2 emissions.
Energy Saving Glass (ESG) helps to reduce energy usage, and also reduces car-
bon emission through the reduction in energy consumption. For example, it
has been estimated that each household in United Kingdom (UK) could save
about ¿200 per year, or the equivalent of a reduction of 2 tonnes of carbon
dioxide (CO2) emission [11] by using ESG. Clearly ESG is well placed to meet
challenges of radiation and carbon pollution reduction into the future, with the

1



tasks being accomplished by upgrading the commercial and residential buildings
with a variety of di�erent Low-Emissivity (Low-E) glass, or ESG. Importantly,
ESG can also be employed to reduce the radiation level within the microwave
range, and as such it is a potential useful tool to combat microwave pollution.

1.1 Motivation

In 1993, public concern was focused on mobile phone radiation hazards following
the death of a woman in Florida, United States of America (USA) , due to
brain cancer; her husband claiming that the cause of her death being due to
radiation arising from mobile phone usage[25]. In general, the major sources of
radiation pollution are the RBSs which connect the mobile phone users using
RF radio waves; and it has been suggested that exposure to high levels of
RF radiation could result in long term adverse health hazards. As such it was
desirable to �nd out the RBSs radiation level in di�erent metropolitan areas and
to identify the highest exposure locations around and underneath the individual
RBSs. As described earlier, the transmitting power level from mobile phones
handsets is also a concern. Di�erent types of mobile handset may have di�erent
transmitting levels, and those which transmit at higher power could lead to
excessive exposure to the user's body and brain.

A second major source of microwave radiation is the microwave oven, which
is typically found in every house and work place. The oven door has a special
type of metallic mesh of periodic structure (hexagonal or circular), commonly
known as a Frequency Selective Surface (FSS), attached to the inside face of
the front glass door, which helps to attenuate radiation coming out from the
microwave oven. It is important to identify safer distances to stand while food
is being cooked.

In order to reduce the hazard of excessive radiation exposure, shielding so-
lutions can be provided which employ ESG in the construction of commercial
and residential buildings that are subjected to high level of radiations. ESG can
be used as a building material for signi�cantly reducing electromagnetic radia-
tion exposure inside the building, within both the Infrared (IR) and microwave
spectrum regions, the radiation can be attenuated up to 30 dB by using ESG
with soft coating, and up to 55 dB by using ESG with hard coating (Fig. 2.12).

It is anticipated that the higher frequencies being proposed for future wireless
communication systems should also bene�cial to the screening capabilities of
ESG, as attenuation levels increase with the frequency [65] [26]. A primary
bene�t of using ESG is that while attenuating IR and microwave radiations,
ESG will enable transmission of visible light without attenuation [83][61][110].
Importantly, these thermal insulation materials can help keep buildings warmer
in winter and cooler in summer, and in doing so increase their overall energy
e�ciency.

One of the problems associated with the existing application of ESG is that
it will completely block useful mobile phone and Wi-Fi signals which are nec-
essary for communication links. This problem can be resolved by designing a
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FSS �lter on the coating side of the glass [43][70][100][112][39] to improve signal
transmission in the microwave bands [42], while achieving the desired attenua-
tion level. A solution of this nature is particularly important for the locations
where excessive radiation levels are present.

The design process for developing FSSs exhibiting suitable properties presents
a number of challenges [70]:

� Electromagnetic waves propagating through space can have di�erent trans-
mission directions and polarisations. As such, the FSS should have a stable
frequency response with respect to transmission and re�ection characteris-
tics for various polarisations and various angles of incidence. Polarisation
and angle stable FSS designs for various thickness of glass substrate are
also required.

� An important design parameter of a FSS is the percentage of coating
area which must be removed. A trade-o� is required in order to minimise
the area where coating is to be removed, so that the required microwave
radiation can be transmitted without signi�cantly a�ecting the energy
saving property of the glass.

This thesis includes measurements of microwave radiation levels in the vicin-
ity of locally installed RBSs at varying angles, distances, and elevations. The
intensity of EMR coming directly from microwave ovens of di�erent brands is
also measured at various distances, and the results are discussed in detail with
recommendations given for a safer level. ESG was used as the shielding material
at the front door of the microwave oven, and a signi�cant reduction in radiation
was observed. Measurement of the EMR from various types of mobile phones
was also carried out and the results are discussed.

Finally, the thesis presents FSS on ESG designs for �ltering microwave sig-
nals. The designed FSSs show stable frequency response to both perpendicular
(Transverse Electric (TE)) and parallel (Transverse Magnetic (TM)) polariza-
tion at normal and oblique angles of incidence. Two typical designs of FSSs
are presented for comparison purposes, and the results of a parametric scan of
FSS and substrate parameters are also presented together along with detailed
discussions.

1.2 Organisation of Thesis

An introduction to microwave radiation absorbers is presented in Chapter 2,
providing a basic understanding of how the radiation absorbers work, and iden-
tifying the range of applications of these absorbers.

Chapter 3 presents our measurement of the microwave radiation power den-
sity levels in the vicinity of the Universal Mobile Telecommunication Systems
(UMTS) near Telstra Wide-band Code Division Multiple Access (WCDMA)850
and 3GIS WCDMA2100 (local carriers) RBSs, located at Edith Cowan Univer-
sity (ECU), Australia. The relationship between the measured intensity levels
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and three important parameters (line of sight, distance and elevation to the an-
tenna level) are discussed in detail. Our results show that locations having the
same elevation level as the RBS are more exposed to the radiation, compared to
those at ground level. Moreover, the intensity level is expected to increase for
higher frequencies (2.8 GHz) in Worldwide Interoperability for Microwave Ac-
cess (WiMAX) and Long Term Evaluation Advance (LTE-A), whereas current
Wi-Fi and UMTS are operating at the maximum frequency of 2.4 GHz.

Chapter 4 discusses the microwave radiation levels measured at varying dis-
tances and angles close to the microwave ovens during their operation. Recom-
mendations are given for safe proximity to the microwave oven during operation.
The radiation level is also measured using ESG as a shield at the front door of
the oven for comparison purposes. Measurements were also carried out on the
transmitting power level from di�erent types of mobile phone. Results show
that, some phones do not change power level before or during call, while other
mobile phones transmit at higher power when communicating with the RBS
immediately after the call is initiated. It is our recommendation that manufac-
turers should label every handset with the transmitting power level in order to
supply users with the relevant information.

Chapter 5 presents an introduction to FSSs, including types of FSS element
and corresponding frequency response of these structures. The classi�cation of
FSSs and techniques of analysing these structures are also discussed in detail.

Chapter 6 illustrates two typical designs of Dual Bandpass (DBP)-FSS �lters
based on hard coated ESG. The objective is to create a novel design of FSS on
ESG, which can be used to block microwave signals from weather radar, personal
communication devices, power transmission lines and emergency service radios,
while transmitting only useful UMTS and Wi-Fi signals to avoid microwave
saturation. The �rst design of the DBP-FSS presented here has achieved trans-
mission requirements for two speci�c frequency bands, with stable frequency
response for both TE and TM polarisations at normal and oblique incident
angles up to 600. The optimised design of a Double Square Loop (DSL)-FSS
sustains 92.7% energy e�ciency of the original ESG by attenuating IR radia-
tions, while transmitting the U850 and U2100 frequency bands with less than 10
dB attenuation. The second design for a Top Loaded Cross Dipole (TLCD)-FSS
sustains 87.65% energy e�ciency of the original ESG, while allowing the trans-
mission of the U800, U850, U1900 and U2100 frequency bands with attenuation
less than 10 dB.

Chapter 7 presents the conclusions and recommendations for future research
work.

1.3 Original Contributions

The main contributions of this thesis are outlined below:

� Microwave radiation power density measurements of UMTS bands are con-
ducted with respect to distance, elevation and angles to identify location
of the highest level at ECU for the �rst time (Chapter 3). The results
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are compared with Australian Radiation Protection and Nuclear Safety
Agency (ARPANSA) standards to provide a safety guide for the working
environment.

� Two designs of DBP-FSSs, DSL and square loop-TLCD have been de-
veloped which enable the transmission of useful mobile phone and Wi-Fi
signals while attenuating all other unwanted microwave signals (Chapter
4). These designs show stable frequency response to normal and oblique
incident angles for both TE and TM polarisations. A parametric scan of
TLCD-FSS and substrate thickness is also conducted for future optimisa-
tion of the designs.

� The microwave radiation measurements of a selection of microwave ovens
at varying distances and angles are conducted, and the results are com-
pared with Australian radiation safety standards to provide an indepen-
dent survey of oven radiation safety (Chapter 5). Recommendations are
made based on the results of our investigation. The radiation level from
each oven with a normal oven glass door is measured. The ovens are then
retro�tted with ESG and the radiation levels measured. A comparison is
made between each set of measurements, clearly demonstrating the supe-
rior attenuating capabilities of ESG. The results show that ESG can signif-
icantly reduce radiation level without compromising the inside view of the
oven. It is our assertion that our measurement of the radiation emanating
from microwave ovens while using ESG as a shielding on the oven door
constitute original work. Radiation levels of various mobile phones are
also measured, both before and during the call; for analysing Uplink (UL)
transmitting power pattern of various types of handsets. Results show
that some handsets transmit more power to communicate with the RBS,
while others maintain a constant level. It has been recommended that the
manufacturer should label each mobile handset with the UL transmitting
power.

1.4 Research Collaborations

For achieving M.Sc. project milestones and knowledge sharing, collaborative
work was conducted with di�erent organisations and research institutes. Details
of the collaborations are given below,

CSIRO ICT Center, Australia

A collaboration was established with The Commonwealth Scienti�c and In-
dustrial Research Organisation (CSIRO) Center at Mars�eld NSW, to work on
the ESG project. Dr Gha�er Kiani, a post doctoral fellow at CSIRO helped in
modeling FSS to improve communication through ESG. To set up a long term
collaboration, Dr Kiani has been o�ered an adjunct senior lecturer position at
the Center for Communication and Engineering Research (CCER), ECU. This
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should help the two organisations to further extend collaboration on other re-
search topics in the future.

Viridian Glass, Australia

The assistance of the glass industry was invaluable; without which it would not
have been possible to develop our ESG solution. Mr Peter Bland from Viridian
glass supplied the glass panels utilised in the testing and design process and
provided all necessary information related to the manufacture of Low-E glass.

1.5 List of Publications

Below is the list of publications which are the outcome of this M.Sc. thesis:

Conference papers

1. Irfan Ullah, Daryoush Habibi, Xiaoli Zhao and Gha�er Kiani, �Design
of RF/Microwave E�cient Buildings Using Frequency Selective Surface�
,IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications (IEEE PIMRC), Toronto, Canada, 11-14 Sep 2011, Pages:
1-5

2. Irfan Ullah, Xiaoli Zhao, Daryoush Habibi and Gha�er Kiani, � Transmis-
sion Improvement of UMTS and Wi-Fi Signals Through Energy Saving
Glass Using FSS", IEEE Wireless and Microwave Technology Conference
(WAMICON), Clearwater, Florida, USA, 18-19 April 2011, Pages: 1-4

3. Irfan Ullah, Gha�er Kiani, Xiaoli Zhao and Daryoush Habibi, �Selective
Transmission of RF Signals through Energy Saving Glass using FSS� 12th
Australian Symposium on Antenna, Sydney, Australia, 16-17 Feb 2011.

Journal Papers

1. Irfan Ullah, Daryoush Habibi, Xiaoli Zhao, Gha�er Kiani, �Microwave
Radiation Measurements and issues Associated with Radio Base Station
Installed in Metropolitan Areas�, Journal of Engineering Science and Tech-
nology Review (under submission process).

2. Irfan Ullah, Daryoush Habibi, Xiaoli Zhao, Gha�er Kiani �Mobile Phones
Uplink transmitting Power trend and microwave oven Radiation Safety
Recommendations: A review�, IEEE Transactions on Antenna and Prop-
agation (under submission process).
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Chapter 2

Electromagnetic Radiation

Absorbers

2.1 Basics of Electromagnetic

In modern science EMR can be de�ned as the propagation of energy in the
form of waves through free space or other mediums. It can be classi�ed into two
major types:

� Ionising radiations (gamma rays, X-rays, etc).

� Non-ionising radiations (RF, Ultraviolet (UV), light and IR radiations,
etc).

Those radiations which are capable of ejecting an electron from an atom are
commonly known as ionising radiations and those that cannot eject an electron
but still induce charged ions upon contact with matter are commonly known as
non-ionising radiations.

2.1.1 Di�erential Equations in Free Space

In free space, Maxwell's equations can be expressed in di�erential forms,
Faraday's law of induction

∇× E = −∂B
∂t

(2.1)

Ampere's law

∇×B = µ0J + µ0ε0
∂E

∂t
(2.2)

Gauss's law of electrical �elds

∇.E =
ρ

ε0
(2.3)

7



Figure 2.1: The scattering phenomenon of an incident electromagnetic wave
by a medium

Gauss's law of magnetic �elds

∇.B̄ = 0 (2.4)

Where E is the electric �eld intensity, B is the magnetic �ux density, ∇. is the
divergence operator, ∇× is the curl operator, ∂

∂t partial derivative with respect
to time, ε0 and µ0 are permittivity and permeability of free space respectively.
The simpli�ed mutual relationship between E (electric �eld) and D (electric
�ux density), as well as that between H (magnetic �eld) and B (magnetic �ux
density) in free space can be expressed as,

D = ε0E (2.5)

B = µ0H (2.6)

where ε0 = 8.854×10−12Farad/meter is the permittivity, and µ0 = 4π×10−7

Henry/meter is the permittivity of free space respectively. The equations of
electric and magnetic �eld propagation can be derived from the above equations,

∇2E = ε0µ0
∂2E

∂t2
(2.7)

∇2H = ε0µ0
∂2H

∂t2
(2.8)

2.1.2 Scattering of EMR

When a wave traveling in a free space strikes the surface of a medium, a certain
portion of the wave is re�ected back and the remainder is transmitted through,
or is absorbed by the medium, as shown in Fig. 2.1. This process is termed
scattering, and its nature is dependent on the properties (i.e. the conductivity,
permittivity and permeability) of the medium.

The relationships between the propagation parameters and the medium pa-
rameters can be summarised as:
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Z =
Z0√
εr

(2.9)

λ =
λ0√
εr

(2.10)

V =
c
√
εr

(2.11)

Z0 =
µ0

ε0
(2.12)

where Z0 = µ0

ε0
= 377Ω is the impedance of free space, λ0 is the wavelength

in free space, λ is the wavelength,v is the velocity of wave traveling inside the
material, c is the speed of light in free space, and εr indicates the relative
permittivity of the material. The main factor a�ecting scattering of waves
from a medium is the impedance mismatch between the medium and the free
space. According to equation 2.9, the material impedance Z is normally lower
than the free space impedance (Z0). Scattering of waves in free space and
inside the material are the main factors to be considered during the design
process of electromagnetic absorbers, because various materials have di�erent
wave attenuation, or material losses, due to di�erent relative permittivity and
permeability characteristics. Materials or mediums may be categorised into
di�erent types such as lossless, homogenous or heterogeneous, dispersive or non-
dispersive, and isotropic or anisotropic. The free space can be normally treated
as a linear, isotropic, homogenous, lossless, and non-dispersive medium.

2.1.3 Power of EMR in Free Space

Wave propagation in free space has minimal attenuation which typically arises
from moisture or the response of molecules in the open environment. The power
density of the electromagnetic wave can be calculated using a simple power
equation. The starting point is the general electrical power expression,

P =
E2

R
(2.13)

where, P is the power density in watt (W ), R is the resistance in Ohms (Ω), and
E is the electric potential in volts (V ). For electromagnetic waves, the term R
in the above equation is replaced by impedance (Z) of free space. For example,
if the electric �eld intensity is 10 V/m and the free space impedance value is
377Ω, the power density P d of the signal traveling through space would be,

Pd =
10

377
Watts/meter2 = 0.265

W

m2
(2.14)
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Figure 2.2: (a) Transmission and re�ection of a TE incident wave with an oblique
angle through (from) a dielectric surface, (b) transmission and re�ection of a
TM incident wave with an oblique angle through (from) a dielectric surface [38]

2.1.4 Polarisation and Oblique Angle of Incidence

RF, IR, and UV waves are all transverse electromagnetic waves, but the RF wave
has a longer wavelength and lower frequency compared to IR and UV waves. The
term polarisation in radio waves describes the fact that the direction of electrical
or magnetic oscillation is within a plane which is orthogonal to the direction
of wave propagation. Polarisation is categorised into TE and TM, which are
mutually orthogonal. In a wave with TE polarisation, the induced electric
�eld is perpendicular to the incident plane, as shown in Fig. 2.2(a), where
mediums 1 and 2 can be described as less dense and more dense respectively.
The incident wave hits the boundary between the two mediums with an oblique
incident angle θi and is re�ected with angle of re�ection θr, equal to the incident
angle. Conversely for a wave with TM polarisation, the induced magnetic �eld
is perpendicular to the incident plane [14] as illustrated in Fig. 2.2(b).

The refractive index of medium 1 and 2 are represented by η1and η2 respec-
tively, where η1 =

√
ε1µ1

ε0µ0
and η2 =

√
ε2µ2

ε0µ0
, ε1, ε2 are relative permittivity,

and µ1, µ2 relative permeability of medium 1 and medium 2, respectively. The

characteristics impedance of medium 1 and 2 are expressed as η1 =
√

(µ1

ε1
) and

η2 =
√

(µ2

ε2
) respectively.

2.2 Applications of Microwave

Microwave radiation is a sub-class of EMR within the frequency range between
300 MHz-300 GHz, with the wavelength varying from 1m to 1mm. Microwaves
play a signi�cant role in modern industry and daily life. Currently, the most
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important applications of microwaves include mobile phones, microwave ovens,
Wi-Fi and radar systems. It was estimated that at the end of June 2010, there
were a total of 292.8 million mobile phone users in the USA alone [56]. Initially,
the major standard frequency bands for mobile phones were the Global System
for Mobile Communication (GSM) 900 MHz and GSM 1800 MHz bands, which
have since been upgraded to UMTS with operating frequencies of 850 MHz and
1920 � 2200 MHz, in most countries. The new frequency bands provided higher
data rate, higher channel capacity, and improved frequency reuse e�ciency.
When using mobile phones, the voice data is sent by handsets through the air
medium to the radio base stations in UL, and the base stations broadcast back
to the senders in Downlink (DL). The Wi-Fi is another major application using
microwaves. However in this application, it is the data instead of the voice
that is being transmitted. using a microwave system complying to the IEEE
802.11 standard (sub classi�cation 802.11a for operating frequency of 5GHz
and 802.11b and 802.11g for 2.4 GHz). Microwave ovens use microwaves to
heat food by transmitting waves towards a food container. The energy of the
microwaves is absorbed by the food without a�ecting the container appreciably.
Another application of microwave radiation is microwave therapy, which has
been adapted to minimise the toxic e�ects of chemotherapy in cancer treatment
[54].

2.3 Standards for Microwave Radiations Expo-

sure

Potential health risks from microwave radiation prompted the radiations reg-
ulatory agencies to develop, and continue to update standards concerning mi-
crowave usage on a regular basis. Some organisations distinguish these stan-
dards as public and occupation standards [4], but others have identi�ed them
by distinguishing the area under consideration; for example, controlled areas,
and uncontrolled areas, instead of categories or groups of people [35].

The absorption and transmission of microwave radiation in human tissues
depends entirely upon the body structure and tissue boundaries involved. How-
ever for general evaluation, the term Speci�c Absorption Rate (SAR) is used to
de�ne the safety standards. Usually SAR is expressed in watts per unit mass
in tissue (W/kg). For example, if the weight of a human body is 80 Kg and the
total power dissipation in the body is 8W, the average whole body SAR can be
evaluated as 8/80 W/kg or 0.1 W/kg.

Absorption of microwaves within by human tissues will result in a temper-
ature increase. The relation between energy absorption and temperature rise
can be expressed as [91],

T = J/(c× 4180) (2.15)

where T = increase in temperature in 0C, J = speci�c energy absorption in
J/Kg, c = relative heat capacity = 0.85 J(kg0C)−1. Thus, for a person of 60
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Exposure

category

Frequency range E-Field (V/m

rms)

H-�eld

strength (A/m

rms)

Power density

(mW/cm2)

Occupational

100 KHz-1 MHz 614 1.63/f N/A

1 MHz-10 MHz 614/f 1.63/f 100/f2

10 MHz-400 MHz 61.4 0.163 1.0

400 MHz-2 GHz 3.07×f0.5 0.00814 f /400

2 GHz-300 GHz 137 0.364 5.0

Table 2.1: Occupational reference levels for time average exposure to the RMS
electric and magnetic �eld [4]

kg in weight, a SAR of 2W/Kg in 30 minutes will rise the body temperature by
10C, when cooling e�ects were ignored. The majority of the western standards
include additional safety margins. Worldwide standards allocation bodies are
listed below:

� Australian radiation protection and nuclear safety agency, an agency of
Commonwealth department of health, who established a radiation stan-
dard series in 2002 [4].

� International Commission for Non-Ionisation Radiation Protection (IC-
NIRP) [34].

� The American National Standards Institution (ANSI).

� The Institute of Electrical and Electronics Engineering (IEEE) C95.1 (RF
safety standard name) standard group, which worked under ANSI for a
long time but recently have started to work independently [35].

� The International Non-Ionising Radiation Committee (INIRC) - the Inter-
national Radiation Protection Association (IRPA). This body has been in
operation for several years. In May 1991 IRPA announced the establish-
ment of an ICNIRP standard [34], which speci�cally deals with RF/non-
ionised radiations and de�nes safety standards against saturation. IRPA
is a non-government and non-political organisation formed by professional
bodies concerned with ionised and non-ionised radiations.

� The UK National Radiological Protection Board (NRPB), which is work-
ing as a legal adviser for the health and safety commission on both ionised
and non-ionised radiations.

� The commission of the European community's, which is also drafting stan-
dards for ionised and non-ionised radiations.
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Exposure

category

Frequency range E-Field

strength (V/m

rms)

H-Field

strength (A/m

rms)

Power �ux

density

Non-Occupational

100 KHz-150 KHz 86.8 4.86 N/A

150 KHz-1 MHz 86.8 0.729/f N/A

1 MHz-10 MHz 86.8/f0.5 0.729/f N/A

10 MHz-400 MHz 27.4 0.0729 0.2

400 MHz-2 GHz 1.37×f0.5 0.00364×f0.5 f/2000

2 GHz-300 GHz 61.4 0.163 1.0

Table 2.2: Non-occupational reference levels for time average exposure to the
RMS electric and magnetic �eld [4]

2.4 Microwave Radiation Absorbers

There are several commercial microwave radiation absorbers available which
can signi�cantly reduce radiation impact, either as narrow band or broadband
absorbers. Narrow band absorbers are usually built using a large number of
lumped resistors, in order to allow tuning options for di�erent frequencies. How-
ever, the cost of resistors in large quantity is prohibitive, and external Direct
Current (DC) sources are also required, which adds complexity to the imple-
mentation [95].

Typical examples of these absorbers are the Salisbury screen absorber, the
resonant absorber, and the Dallenbach absorber. They are formed from three
layers, with the thickness of each layer being a quarter of the wavelength (λ/4)
of the absorbing frequency. The main disadvantage of this type of screen is their
large thickness, which is at least 2.5 cm if the wavelength range is between 1
mm and 10 cm (within the microwave range). Other disadvantages are: 1) this
type of screen absorbs only a single frequency, 2) they do not remain e�ective if
radiation frequency changes, and 3) they do not provide good angular stability.
Researchers are working to rectify these problems in order to enhance the ab-
sorption bandwidth and angular stability of narrow band absorbers. Recently
the FSS technique has been utilised to enhance the capability of the Salisbury
screen absorber. A FSS fabricated sheet was placed in the outer layer of the
resistive sheet and ground plane, which was designed to create extra re�ection
nulls at de�ned frequencies. Results showed three narrow absorption bands hav-
ing widths in the range of 24-32% at the normal incident angle, which can be
increased to 117% by loading resistive FSS with �10 dB re�ectivity for incident
angles ranging between 00� 400[12].

Traditional microwave absorbers are designed to dissolve a wave by reduc-
ing the re�ectivity factor. The property of absorbing electromagnetic energy at
varying frequencies can be achieved by modifying the geometry and structure
of certain type of materials [46]. The laws governing wave propagation, re�ec-
tion, absorption, and transformation of energy are summarised by Maxwell's
equations, in conjunction with constitutive equations, de�nition of impedance,
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and Helmholtz wave equations. The optimum design for a microwave absorber
requires an appropriate material of speci�c dimensions, which is characteristic
of a speci�c application. Two major types of microwave absorbers for di�ering
applications will be discussed below.

2.4.1 Narrowband Absorber

This type of absorber is usually designed in two parallel surface layers, and
provides good absorption characteristics for any particular frequency for which
the absorber is con�gured. The structure of these absorbers is designed in such
a way that the re�ected wave from the outer (primary) surface interfere with
waves re�ected from the inner (secondary) surface. The absorption frequency
of a narrowband absorber depends upon a variety of di�erent parameters, such
as the dimensions of the pattern and period, the materials and the thickness of
the conducting layer and the substrate, etc. This type of absorber can also be
built using many lumped resistors, which allows more tuning capabilities [95].
Salisbury screen absorbers, resonant absorbers and Dallenbach absorbers are
typical examples of the narrow band absorbers.

Salisbury Screen Absorber

W.W Salisbury of MIT radiation laboratory is the inventor of this absorber,
which was patented in 1952 [70]. A Salisbury screen includes a resistive sheet
placed a quarter of the wavelength from the ground plane. The ground plane is
an important part of the absorber, supplying backing to the absorber sheet to
avoid any uncertainty. The Salisbury screen design uses the following equation,

Ẑ(z) = η̂
1 + Γ̂(z)

1− Γ̂(z)
[Ω] (2.16)

equation 2.17 illustrate the re�ection ration as follows,

Γ̂(z) =
Ẑ(z)− η̂(z)

Ẑ(z) + η̂(z)
(2.17)

The re�ection ration at any point of absorber can be obtained using 2.18
expression,

Γ̂(z,) = Γ̂(z)e2γ(z
,−z) (2.18)

where, Γ̂(z) and η̂(z) are the respective re�ection and refractive coe�cients
at location z, z

,

is the imaginary part and γ is the gamma function.
In a Salisbury absorber, an incident wave is re�ected from metal in zone 4

(Fig. 2.3). Assuming that the metal conductivity is in�nite (σ =∞) , then the
total impedance would be zero Ω in zone 4, and the impedance in the air region
(zone 3) would be 377 Ω. The resistance of Zone 2 (thin resistive sheet) can be
considered equivalent to the resistance of the parallel edges of a square over a
surface [101], which can be represented as,
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Rs =
1

σd1
(2.19)

where d1is the thickness of resistive sheet as expressed Fig. 2.3. The com-
patibility goal can be achieved by matching the impedance in zone 2 and zone
3, which means that the resistive sheet impedance should be equal to or close
to 377 Ω, as illustrated in Fig. 2.3; the distance between the metal and the re-
sistive sheet is d2 = λ0/4 which is one quarter of a wavelength. A wave with its
wavelength equivalent to an even multiple of the λ0/4 gap will be transmitted,
while waves with other frequencies/wavelength will be blocked. In this way a
narrow band absorber is realised. Salisbury absorbers cannot be used for low
frequencies due to the λ0/4 distance requirement.

A Salisbury screen can result in a standing wave in space before the perfect
electric conductor, caused by the interaction between the incident and the re-
�ected waves. According to electromagnetic theory, the maximum electric �eld
will be induced in a plane with a distance of one quarter of the wavelength be-
fore the conductor (metal), which takes place in the region of a lossy dielectric
material. The maximum magnetic �eld will be induced at the metal edge. Ab-
sorption properties of the Salisbury screen do not depend upon the permittivity
and permeability of the material. If the Salisbury screen resistance is equal to
the impedance of free space (Z0), then the optimal thickness t can be presented
as,

t =
1

z0σ
(2.20)

where σ presents the electrical conductivity of sheet.

Resonant Absorber

This type of absorber structure normally has a one-quarter wavelength thick-
ness. Resonant absorbers do not depend on the match of impedance between
the free space and absorbing material. Thus both transmission and re�ection
start from free space at the air-absorber interface. In the next phase, an inci-
dent wave inside the medium exhibits multiple re�ections, which in turn creates
several evolving rays back to the incident point as presented in Fig. 2.4. The
destructive interference of this re�ected wave will produce absorption charac-
teristics.

When the incident wave impinges onto the surface of the �rst medium, part
of the wave is re�ected back with a phase angle of 1800(π) and the remaining
part transmits through the �rst medium. When the transmitted wave strikes
the second medium it is again e�ected with a phase angle of π. If the distance
covered by the re�ected wave equals an even multiple of λ0/2, then the re�ec-
tions from the �rst and the second interfaces would be out of phase, and there
will be destructive interference at the �rst interface. When designing absorbers,
material thickness and properties should be selected in such a way that, the inci-
dent wave and the re�ected waves should be equal in magnitude but be reversed
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Figure 2.3: Salisbury screen absorber with a resistive sheet placed at a distance
d2 from the metal surface, adjacent is an equivalent circuit of the absorber
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Figure 2.4: The re�ection and evolving wave mechanism of an incident wave for
a mulch-layered structure made of di�erent absorbing medium.

in phase at the �rst interface. This can be achieved when the �rst layer has
a thickness of one quarter of the required wavelength, producing a 1800 phase
angle di�erence. The absorber condition of one quarter wavelength restricts it
to absorbing at only speci�c frequencies, without providing good stability at
oblique incidence angles.

Dallenbach Absorber

A Dallenbach absorber is a single homogenous lossy absorbing layer backed by
a conducting plane (metal), as illustrated in Fig. 2.5.

It can also be categorised as a resonant absorber, where waves of thick-
ness of one quarter of the wavelength of re�ected waves from the �rst and the
second boundary with a phase di�erence 1800, resulting in destructive interfer-
ence. Part of the incident wave is absorbed in the air-medium interface. Good
impedance matching reduces re�ection, resulting in more complete wave absorp-
tion. The absorption properties can also be modi�ed using multiple absorbing
layers which improve the impedance matching from the air to the conductor
(substrate), resulting in an expansion of absorber bandwidth. The equation for
attaining zero re�ection (maximum absorption) can be expressed as,

Γ =
ztanγd− z0
ztanγ + z0

= 0 (2.21)

Ztanγd− z0 = 0 (2.22)

where Γ is the re�ection coe�cient at front interface, z0is the impedance of the
air, Z is the impedance of the conductive material, d represents the thickness
of absorber, and γ is the propagation constant of the electromagnetic wave.

Conductive materials can be optimised to obtain impedance matching (re-
ducing re�ection and increasing absorption) characteristics. This can be realised
by altering the thickness, permittivity and permeability properties in order to
achieve lower re�ectivity and larger bandwidth. The electromagnetic wave re-
�ective properties of a single layer absorber have already been discussed [72].
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Figure 2.5: Dallenbach radar absorber consisting of magnetic material on a
metal back layer.
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Broadband absorption in a Dallenbach absorber cannot be attained with a sin-
gle layer only, though multiple layers can provide enhanced bandwidth [59].
The Lagrangian optimisation method with constraint variables has been used
to design multilayer Dallenbach absorbers. Furthermore, re�ectivity issues have
been resolved by using the Powell method [101].

2.4.2 Broadband Absorbers

This type of absorber generally has a broadband absorption capability, which
is achieved by exploiting the basic properties of the material, and by changing
the structure and layer patterns.

Jaumann Absorber

A Jaumann absorber is a combination of di�erent resistive sheets that are lay-
ered together with equal separation between the layers (see Fig. 2.6). This ab-
sorber also exhibits resonance characteristics, and the cancellation of re�ected
waves is achieved by using interference technique. The distance between any
adjacent layers of this absorber (re�ecting surface and ground plane) is λ/4.

Geometric Transition Absorbers

This type of absorber can be further classi�ed into four di�erent con�gurations:
pyramidal type, truncated pyramidal type, wedge type, and convoluted type,
as shown in Fig. 2.7. The pyramidal type absorber is more common due to
its good performance at higher frequencies. Foams, �lled with electrically lossy
materials such as carbon, are the primary material for all four con�gurations.
These absorbers are made from two-dimensional arrays of lossy foam pyramids,
cones and wedges. They are mainly used in anechoic chambers for reducing
wall re�ection. The broadband nature of these absorbers gives attenuation of
up to -50 dB, when the thickness is 10λ. Moreover, these absorbers sustain
arbitrary incident angles and polarisation direction. The materials used for these
absorbers help to reduce impedance mismatch at the air absorber boundary.
These absorbers do not perform well at lower frequencies (GSM) unless modi�ed
into the con�guration of Geometric Transition (GT) absorbers, which contain
a group of multilayer wedges [114] or range of double periodic curved pyramids
[115]. The performance of GT absorbers with loaded FSS elements with respect
to tolerance variation has also been investigated [23]. Their larger size limits
the application of the absorbers.

Inhomogeneous Graded Dielectric Absorber

In this type of absorbers, the medium is not homogenous, and the basic elec-
tromagnetic properties (permittivity, permeability) vary at di�erent locations.
The absorber consists of a combination of di�erent layers, with di�erent mate-
rial properties, which are stacked together on a metal surface back plane . The
optimal design of layer stacking ampli�es the loss tangent towards the direction
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Figure 2.6: Four layer resistive sheet of Jaumann absorber backed with a
conductive ground, equivalent circuit and frequency response.
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Figure 2.7: Four di�erent types of geometric transition absorber backed with
conductive ground

of the conducting layer (metal). However, it still remains a challenge to control
spatial variation of electromagnetic properties (permittivity and permeability)
in the material during the fabrication process.

Electromagnetic Shielding Paint

This type of absorber consists of a thin conductive coating layer painted on
normal building materials, such as walls. The painting liquid is made from
metal (Ag, Ag hybrid, Cu, Ni) �akes and some additives (water, pure acrylic
binder, graphite, carbon black). The electromagnetic shielding paint is an al-
cohol�soluble broadband absorber, which can maintain its performance even
at high temperatures, and has better adhesion to a range of speci�c materials
for di�erent applications. The viscosity of this absorber is within the range of
1000-2000 cps, while the surface resistance of single layer is 10 Ω/m. The atten-
uation of the absorber depends upon the number of layers and frequency range.
Measured results presented in Fig. 2.9 shows that HSF 54 [117] can attenuate
up to 60 dB at 2 GHz and 120 dB at higher frequencies (6 GHz). The main
disadvantage of this type of absorber is that it is not transparent to visible light
(Fig. 2.8), and is normally black in colour, which makes it unsuitable for use
on windows (the main pathway to Electromagnetic Interference (EMI)).
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Figure 2.8: Transmission measurement setup for HSF 54 shielding paint using
log periodic antennas.

Figure 2.9: Measured transmission result of HSF 54 shielding paint with single
layer coating on one side
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Figure 2.10: Energy saving glass in a modern architect used to save energy and
to secure indoor wireless communication system (photo courtesy of Oracle)

Energy Saving Glass

Electromagnetic shielding windows are now used as absorbers in many mod-
ern buildings (Fig. 2.10). EMI shielding windows can be classi�ed in three
types, knitted wire mesh screens, woven mesh screen, and transparent conduc-
tive coating. The third type of transparent conductive coating is known as ESG.
Its manufacturing process does not require any wire mesh for EMI shielding.
Instead, conductive material (metal oxide) is deposited onto the surface of ordi-
nary glass substrate, in order to achieve thermal and microwave isolation, while
allowing transmission of the visible light spectrum. It exhibits di�erent attenu-
ation capabilities according to the material used in the manufacturing process.
For example, measurement result for Viridian ComfortSaveTM [102] shows 55
dB attenuation for the frequency range of 800 MHz - 3 GHz (Fig. 2.12) atten-
uation. For illustration purposes, the measurement setup is presented in Fig.
2.11.

ESG is considered to be the best radiation absorber which can attenuate
electromagnetic waves in the IR and microwave region, while transmitting in
the visible light spectrum. Another characteristic of ESG is to enhance the
original beauty of building (Fig. 2.10).
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Figure 2.11: Transmission measurement setup for ComfortSaveTM ESG in the
frequency range of 800-3000 MHz using log periodic antennas.

Figure 2.12: Measured transmission result of ComfortSaveTM ESG with full
coating on one side.
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Chapter 3

Microwave Radiation

Measurements

3.1 Potential Microwave Radiation Hazards

The number of mobile phone users worldwide has dramatically increased during
recent years, especially after the upgrading from GSM to UMTS. The bene�ts
for using UMTS are that it can e�ectively used for voice, video communication
and net browsing due to its higher data rate/channel capacity than that GSM
provides. This increase has led to more RBSs being installed in metropolitan
areas, in the very locations that citizens may be concerned about associated po-
tential hazards; i.e. near their homes or workplaces. Due to the ongoing con�ict
between the demands for more communication facilities and the community op-
position to these RBSs, telecommunication enterprises have been forced to take
these prospective risks seriously. A general consensus has been achieved that
the radiation exposure guidelines should be based on the worst case scenarios
[94].

For more than two decades researchers have examined disease impacts of
RBSs on human beings; for example, cancer and brain tumors as well as more
subtle potential e�ects such as headaches, body temperature increase, sleep
disorders and other unexpected health symptoms.

In the early stages of the introduction of mobile phones, research (1994) on
health impacts of microwave radiation reported that electromagnetic radiation
could induce a blood brain barrier [88], promote the development of brain tu-
mors [26][87], promote the development of tumors with neuronal features [73],
and cause damage to DNA [84]. In 1995, research on the e�ect of exposure to
radiation on human brain activity during sleep revealed a correlation between
reduction of sleep latency and percentage of Rapid Eye Movement (REM), and
the increase in radiation power �ux density near a GSM base station. REM
sleep in turn, has a signi�cant impact on information handling in the brain,
speci�cally on the learning processes [55]. Heating due to microwave radiation
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may disturb human biological infrastructure. However not all mechanisms di-
rectly linked to heating produce signi�cant e�ects at higher exposure levels, for
example, electrical induction in body cells and electroporation [24]. The World
Health Organisation (WHO) conducted a broad study in 2005 to identify e�ects
of short-term usage of mobile phones[108] and found no major adverse health
e�ects. However, more research work is needed to elucidate the e�ects of long-
term exposure to microwave radiations, which can increase the thermo-embolic
risks in the endothelial cell line [10]. Hinrichs et al. discussed the in�uence
of a GSM 1800 base station in a far �eld exposure experiment of double-blind
design type. A vertically polarised electromagnetic �eld from the GSM 1800
MHz band continuously radiated 13 subjects for 2 nights. No signi�cant ad-
verse health impacts were identi�ed during sleep. However it was suggested
that di�erent carrier frequencies should also be tested, speci�cally at higher fre-
quencies, such as the UMTS bands which could be critical in sleep disturbance.
As sleep and working patterns may be a�ected, it was recommended that these
factors be considered in motivation and alertness studies [31].

In 2005 a broad review conducted by Moulder [67] revealed cancer occurrence
relating to RBS radiation. Referring to the biological considerations, it had been
proven theoretically that radiations initiated by mobile phones and radio base
stations have signi�cant e�ects when interacting with the human body. How-
ever, the epidemiological facts for an informal association between cancer and
microwave energy were not strong enough to support the conclusion. Results
of animal studies were not su�ciently consistent to verify potential hazards of
microwave radiations. This review was not able to clarify an exact association
between cancer and RBS, but it was suggested that more research on epigenetic
e�ects should be conducted. To date, studies on the e�ects of mobile phone
radiations (GSM 900 and 1800 MHz) have revealed cognitive impacts, however
the debate is still ongoing.

In 2007, a meta-analysis was conducted in which a total of 19 studies were
tabled for consideration, with 10 studies which ful�lled the criteria for relevant
robust research being analysed in detail. The study concluded that electromag-
netic radiations emanating from a GSM base station may impact on human con-
centration; and that response times for computational subtraction tasks could
be a�ected. A further issue was associated with working memory, as measured
by the N-back test. As both e�ects were very small, further study employing
a double blind study structure was recommended, in order to focus speci�cally
on changes to attention and working memory [7].

An interview-based study which considered subjects at risk of brain tumor
due to mobile phone radiations was published in 2010. It was conducted between
2000-2004 in 13 countries including Australia, on 2708 glioma and 2409 menin-
gioma patients. This research was funded and monitored by the International
Agency for Research in Cancer. In this study, questionnaires were based on dif-
ferent topics, such as basic demographics, usage of mobile phone and other wire-
less communication equipment, occupational exposure to Electromotive Force
(EMF) and links to other risk factors: 1) location of residence from ionised ra-
diation transmitter, and 2) family history of cancer. All cases were determined
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in neurological and neurosurgical treatment facilities. In the case of glioma pa-
tients, 60% were men and 40% were women, whereas for meningioma patients,
24% were men and 76% were women. No risk of either glioma or meningioma
arising from the usage of mobile phone was discovered. However, risk of glioma
or meningioma was suspected to arise due to higher RF-Electromagnetic Energy
(EME) exposure. It was suggested that further investigations are required on
the long-term health hazards of heavy mobile phone usage [27]. Another study
was published on the e�ect of GSM 1800 MHz radiation transmitting antenna on
children immature Central Nervous System (CNS) in 2010. The cell stress and
glial responses in the brain of growing rats were computed after the rats were
exposed to GSM 1800 MHz signal transmission for 2 hours at the SAR range
of 1.7- 2.5 W/kg. From the results it was not possible to identify any cortical
cell responses indicating that short-term exposure can induce neurotoxic e�ects
in growing rat brains. However, this could have negative e�ects on neural cell
signaling or gene expression in the development and maturation of glial cells
and neuronal infrastructure. It was also recommended that further research be
conducted on repetitive exposure at di�erent developmental stages [105].

A study conducted by Heinrich, examined the e�ects of RF-EME exposure
to mobile base station transmissions, by selecting and personal interviewing
3022 young people and children in 4 di�erent cities in Germany. Each user
operated a mobile phone for a short period of time each day (half of the children
and all adults owned mobile phones). In this research no association between
exposure and chronic symptoms during normal waking hours were identi�ed.
However, an association was observed between self-reported usage of mobile and
Digital Enhanced Cordless Telecommunications (DECT) phone and impatience
in young people [30]. Radiation level was measured by keeping a dosimeter
near the bed of each participant during the night, resulting in a constant and
arbitrary measurement; because valid readings can only be recorded by moving
the dosimeter. In this study a dosimeter was kept with each participant for 5
hours of the 24 hours cycle. It was suggested that both long term exposure
and keeping the dosimeter for a longer duration with each participant should
be assessed for both children and adolescents [30].

A recent study also focused on the e�ects of RBSs (using UMTS and GSM
900) on the macro structure of sleep. This study consisted of an adoption night
(worked as a screening night) and an adjustment night in a testing environ-
ment. The study was conducted for 9 nights, with a gap of 2 weeks, on 30 men
with ages ranging from 18-30 years, who were subjected to three di�erent radio
frequency exposures (WCDMA/UMTS, GSM 900 and sham). Potential health
e�ects were observed on the human nervous system by examining a period of
8-hours of continuous sleep, and found no change to the sleeping patterns. This
research was conducted on the assumption that the handset was transmitting
at a maximum power with is less than the SAR = 2.0 W kg-1 speci�ed under
guidelines of ICNIRP [33].

A report published online in 2011, stated that the total brain tumor (benign
and malignant) incidents were 18.71 per 100,000 persons per year, with 11.52
per 100,000 persons diagnosed with a benign tumor, and 7.19 per 100,000 with a
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malignant tumor. Past studies on brain tumors were reviewed and indicated the
exact relationship between development of brain tumor and RF-EME radiation
exposure [76].

The impact of the position of the user of the mobile handset, in closed and
free space environment over SAR in the human head-phantom, generated by
mobile phone transmitting antenna, was studied in 2011. The SAR distribution
within the human head-phantom was simulated using a Finite Di�erence Time
Domain (FDTD) technique, and found no signi�cant di�erence between the
exposure of human head in closed space and free space [5].

In summary, global attention has focused on the potential health hazards
of microwave radiation due to rapidly increasing numbers of RBSs and mobile
phone users. Direct links between exposure to radiation and health disorders
have been con�rmed in some cases, and require further investigations in other
cases. Therefore the need for shielding buildings from microwave radiations has
become a serious public concern.

3.2 E�ects of Radiation Exposure

Due to the rapidly increasing number of mobile phone users, operators in various
countries have upgraded frequency spectrum according to new standards. The
early analogue services used the frequency range near 850 MHz, GSM standard
bands used the 900 MHz and 1800 MHz ranges, while UMTS used the range
above 2000 MHz in most countries, as shown in Table 3.1. These operating fre-
quencies are close to the Industrial Scienti�c Medical (ISM) bands (915 and 2450
MHz) used in USA for microwave ovens and medical equipments respectively.

The RBSs transmit microwave signals at a required power level, commonly
known as E�ective Radiated Power (ERP), which is a measure used to deter-
mine the power intensity of radiated signals (typically 200-2000 W). However,
ERP is not constant for each micro cell. For example, in metropolitan areas
transmitting power can be 10 W, whereas in rural areas this value may increase
more than 10 W. In metropolitan areas, small micro cells are used for providing
better coverage within a radius of a few hundred meters, which is in contrast to
the multiple kilometer radius utilised in rural areas.

The amount of microwave energy absorbed by the human body is measured
as the SAR value, which can be described as power absorbed (W) by per kilo-
gram of tissue (W/Kg). The measurement condition requiring that the subject
be within the far �eld, or more than one wave length away from the antenna.
The intensity of the microwave radiation beam is measured in power density
(power per meter square W/m2). The exposure can increase when the subject
is closer to the RBS, which should be always below the speci�ed limit (de�ned
for both general public and occupational categories).

As previously noted, countries including the USA, Canada and Australia
have already established microwave radiation standards to provide for a green
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Frequency
bands

Uplink
frequency
(MHz)

Downlink
frequency
(MHz)

Region

2100 1920-1980 2110-2170 Oceania,
Europe, Asia

1900 1850-1910 1930-1990 North
America

850 824-849 869-894 Australia,
Hong Kong

800 830-840 875-885 Japan

Table 3.1: Worldwide frequency allocation table of the paired Universal Mobile
Telecommunication System (UMTS)-FDD Bands.

environment, However, the long term health e�ect of radiation is still not a clear
issue, and further investigation is required.

3.3 Problem Description

During recent years, RBSs have been installed densely in metropolitan areas
to provide better coverage. For example, at ECU Joondalup campus, Telstra
Corporation and 3GIS Pty Limited (local operators) have installed a roof top
RBS on building 21 to transmit radio signals of WCDMA850 and WCDMA2100
bands respectively for mobile phones communication.

Several other buildings are located within 100 m of the RBS. In these build-
ings most of the sta� members, students, and even the children at the childcare
center, spend approximately 8 hours every day of a normal working week. Con-
cerns have been raised, as previous studies suggested the presence of potential
health hazards for those who remain at a location within 300 m from RBS for
a minimum of 1 hour a day [89]. Furthermore, those students and children
who spend most of the time outside buildings receive more exposure to mi-
crowave radiation, compared with those who stay inside the buildings. This is
because the radiation level is reduced considerably inside the buildings, due to
the absorption property of the building walls [83]. Therefore it is desirable to
measure the microwave radiation level at di�erent locations near building 21
(where RBSs are installed), including areas inside building 21, outside of build-
ing 19, and public places within 100 m radius of the RBS transmitting antenna.
The measured results should be compared with the ARPANSA standards and
the potential health hazards assessed. It is also desirable to provide an Electro-
magnetic Interference (EMI) shielding solution, in order to reduce current levels
of radiation in the vicinity of the RBS. The proposed shielding solution will be
employed in future Energy Smart and Microwave E�cient (ESME) buildings.

Other sources of microwave radiation include microwave ovens to be used in
the prospective ESME. Safe distance and safe angle from the microwave oven
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door should be de�ned, and then observed by the operator while the ovens are
in use. Transmitting power behavior of various mobile phones must also be
analysed, in order to obtain a clear understanding of the e�ects of microwaves
on the user's heath while communicating with mobile phones.

3.4 E�ect of Geographical Location of Microwave

Radiation Transmitter

Radiation intensity at a speci�c point can be in�uenced by a range of factors,
including: 1) distance between the transmitting antenna and the object, 2)
number of RBS channels in use, 3) quality of received signals (poor reception
handsets transmit more power to communicate and vice versa) and 4) angle of
exposure. Research results relating to radiation induced cancer and leukemia
have raised concerns, speci�cally for those who are living in close proximity to
a mobile phone base station or radio or TV transmitter. A national debate was
started in Italy following a media report concerning the growth in diagnosis of
leukemia within a 10 km radius of Vatican radio station. However, debate could
not go farther because analysis was only focused on small group and de�ned
area as a substitute of exposure [62]. Cancer clusters were also identi�ed in
the vicinity of an FM/TV broadcasting base station during a 1997 study con-
ducted in UK. Incidence of leukemia declined with increasing distance from the
transmitting antenna [20]. An Australian study also reported a higher rate of
leukemia in children and adults within 2 km of a radio base station [32]. Most
of these studies utilised a single line of sight and distance from an antenna, as
a substitute indicator for radiation exposure. However, the radiation pattern
from a broadcasting antenna is highly dependent on the angle i.e., they are angle
dependent, with beam intensity also changing due to re�ections from objects
and the terrain along its direction of propagation. Exposure is also dependent
upon the total time which one spends while he stays at one particular location.
Radiation power density should be measured at a selection of geographical loca-
tions surrounding an antenna, in order to identify the locations with the highest
radiation levels. Thus, a questionnaire based survey was conducted on 530 res-
idents (male and female) living close (50 m, 100 m, 300 m or > 300) to the
roof top antenna of a mobile base station for 1 year or longer. More symptoms
of headache, nausea, loss of appetite, sleep disturbance, depression, discomfort
and visual interruption were found in people living within 100 m of the base
station. These symptoms declined with increasing distance. For example, at
200 m only headaches and sleep discomfort were identi�ed. At a distance of
more than 300 m these e�ects were signi�cantly reduced, particularly for those
living in a house which is not facing towards the antenna [89]. It was suggested
that a minimum distance from roof top RBS to the exposed subject should be
at least 300 m. However, the candidate could not identify any published study
which addressed the in�uence of radiation pattern and angular power distribu-
tion in a substantive manner. The radiation pattern of a RBS is determined by
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its directionality. Research shows that the radiated power from the azimuthal
direction of an RBS could be designed as a Gaussian function [22] or a Lapla-
cian function [15]. Thus, it is necessary to measure the radiation power density
surrounding the base station transmitting antenna, which is of concern.

3.5 Purpose of the Measurements

Since RBSs in metropolitan areas are installed close to each other, and it is
necessary to determine exposure levels, proximity, location, and angle to de-
pict the most a�ected area; this research only focuses on RBSs installed at the
Joondalup campus, ECU. The base station antennas under consideration have
been installed on the roof of Building 21. It has been reported that potential
hazards exist for those who stay at least 1 hour a day at a location which is
within 300 m of a RBS [89]. GSM-RBS measurements were conducted in Pales-
tine in 2010 for radiation power density following ICNIRP and FCC standards;
results were recorded at 3, 6, 10, 15, and 20 m away from the transmitting
antenna. It was determined that there was an inverse linear relationship be-
tween exposure and distance. It should be noted that the receiver was on the
ground and the antenna was mounted on a 17 m high mast [68]. It has been
determined that when evaluating the level of RF-EME within the vicinity of
the RBS at ECU, the measurements are taking over longer periods of time and
at di�erent selected locations. Our initial results at ECU showed that higher
levels of radiation are measured at locations which are at same height as the
transmitting antenna. This is an important consideration when attempting to
e�ectively shield buildings or apartments closer to the roof top RBS.

3.6 Measurement Methods

For comparison purpose, this research only focus on RBSs installed at the Joon-
dalup campus, ECU. EMR power density measurement was performed using
Selective Radiation Meter (SRM)3006. A calibrated isotropic antenna and a
1.5 m RF cable were used with a tripod at 1.5 m height above the ground to
reduce interference as shown in Fig. 3.1 & 3.2.

UMTS measurements require con�guring channels at code level since they
use Code Domain Multiple Access (CDMA), in which the Primary Common Pi-
lot Channel (P-CPICH) shares the same spectrum with other tra�c channels,
which makes it di�cult to measure P-CPICH powers separately. Whereas GSM
channel can be measured easily using a selective receiver because the Broadcast
Control Channel (BCCH) is separated from the tra�c channel while utilising
constant power. In our measurement, power of P-CPICH was measured by us-
ing an option which enables identi�cation of the number of scrambling codes,
and their subsequent power levels. Bandwidth ranges for the Telstra base sta-
tion and the 3GIS were set to 884.7 MHz � 889.7 MHz and 21101 MHz � 21151
MHz respectively. The radiation power density was measured during normal
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Figure 3.1: Irfan Ullah (L) and Dr Xiaoli Zhao (R) measuring RF-EME levels
for the Telstra WCDMA 850 and 3GIS WCDMA2100 inside Building 21 at ECU
using a selective radiation meter 3006.

Figure 3.2: The selective radiation meter 3006 used to measure the RF-EME
level from the Telstra WCDMA 850 and 3GIS WCDMA2100 (in line of sight).
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working days, when the majority of sta� and students were present in the Uni-
versity. Only DL bands of the UMTS cellular base station was measured. The
resolution bandwidth was set to 200 KHz, and the measured frequency band (at
350 measurement points) was scanned in each 30 sec interval to generate the
maximum and average data during the speci�ed time period. All measurements
were conducted using the ARPANSA guideline [4]. ARPANSA is an agency
responsible for establishing the general public and occupational radiation pro-
tection standards. Levels were observed at more than 200 locations inside and
outside of Building 21 where the roof top RBSs are installed, for a duration of 1
minute each, to locate the highest radiation levels and identify the most impor-
tant locations for carrying out further detailed measurements. After four such
locations were determined, measurements were carried out for 2 hours at each
selected location, and then 24 hours at the locations with the highest level, for
each of the two base stations. The level of power density was given in W/cm2.

3.7 Results and Discussion

According to the ARPANSA standards, the RF-EME general public limit for
the Telstra WCDMA850 service is 0.44 mW/cm2 and the 3GIS WCDMA2100
service is 1 mW/cm2. The measured results at 100 m distance from ground �oor
of the building adjacent to the RBS, building 19 are shown in Fig. 3.3 (for 3GIS
WCDMA2100) and Fig. 3.4 (Telstra WCDMA850). The approximate angle
formed between the vertical line and the line joining the RBSs and radiation
meter was 450. For the 3GIS band power density was remained within the
range of 0.70 - 0.75 nW/cm2 for the 2 hour measurement period, except at one
instance when it approached to 1 nW/cm2. During the 2 hour time period the
power density of the Telstra band (Fig. 3.4) was higher than that of the 3GIS
(Fig. 3.3), while the exposure limit of the Telstra band (0.44 mW/cm2) was
less than that of the3GIS band (1 mW/cm2). The Telstra radiation level was
relatively stable (2.0 - 2.3 nW/cm2) and was lower than the limit speci�ed by
the ARPANSA guidelines.

Fig. 3.5 presents the results of measurements taken for the Telstra base
station when conducted inside the top �oor (Room 21.521) of Building 21, with
the SRM 3006 placed at an approximate angle of 300, and 30 m distance from
the Telstra base station. In this case, the re�ection and attenuation of signals
when passing through the roof need to be considered in conjunction with the
directionality of the antennas. It was noticed that even when the measurement
location was closer to the transmitting antenna (RBS), the radiation power
density was lower (150 - 170 pW/cm2) than in Fig. 3.4 (100 m). This e�ect
was due to the attenuation of the radiation by the building roof, as well as the
directionality of the RBS antenna. The measured level for the 3GIS (Fig. 3.6)
at the same location was again lower (50 - 60 pW/cm2) than that of the Telstra
unit. The radiation levels for both bands were well below the limits speci�ed in
the standard. Compared to the previous level (Fig. 3.3 & 3.4), it was concluded
that sta� who work immediately below the roof top antenna in rooms at the top
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Figure 3.3: RF-EME measured level of 3GIS WCDMA2100 band over 2 hours
period, outside of building 19 at ground �oor in line of sight to the transmitting
antenna.

Figure 3.4: RF-EME measured level of Telstra WCDMA850 band over 2 hours
period, outside of building 19 at ground �oor in line of sight to the transmitting
antenna.
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Figure 3.5: RF-EME measured level of Telstra WCDMA850 band over 2 hours
period, inside the room number 21.521 on top �oor of building 21 at an angle
of 300 and 30 m away from the transmission point.

level of Building 21 received less radiation exposure per unit time than students
outside of the adjacent buildings.

Fig. 3.7 presents the measurement results for the Telstra base station which
were again contained on the top �oor of Building 21 (Room 21.501), below
the RBSs at a 1700 angle. These results (Fig. 3.7) clearly indicate that at
the same �oor and through the same roof construction material, the radiation
level becomes even lower (60 - 65 170 pW/cm2 ) as compared to that in Fig.
3.5 (30 m away from transmitter). However, for the 3GIS bands the di�erence
in the levels (Fig. 3.8) was not signi�cant. All the measured levels remained
below the ARPANSA de�ned limit. Therefore, among all the locations where
measurements were taken, the location with minimum radiation exposure was
immediately below the RBS. This location was later assigned to research stu-
dents, who normally work more than 8 hours a day there.

The last measurement point for the Telstra base station (DL) was in Building
19, outside room 19.388. The location was 100 m away from the antenna, and
at approximately 1800 in the line of sight as shown in Fig. 3.9. Out of the four
selected locations this was the highest exposure point in the vicinity of the base
station. The maximum level reached was more than 70 nW/cm2 on 2 occasions,
whereas most of the readings were between 40 - 60 nW/cm2 and two readings
at > 70 nW/cm2, as illustrated in Fig. 3.9. This point was at the same distance
and direction as the measurement point where the result was shown in Fig. 3.4,
the only di�erence being the angle for the line of sight. In Fig. 3.4 (at ground
level of Building 19) the maximum level was below 2.5 nW/cm2, when a 450

angle was formed between measurement meter and RBS. However, at a 1800

angle the radiation level exceeded 70 nW/cm2, which shows a large variation in
radiation exposures due to a change of relative orientation between the RBS and
the measuring antenna. To verify this conclusion, measurements were conducted
over 24 hours for Telstra and 3GIS RBSs separately. Fig. 3.10 & 3.11 show the
24 hours result for the Telstra base station. The radiation level always remained
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Figure 3.6: RF-EME measured level of 3GIS WCDMA2100 band over 2 hours
period, inside the room number 21.521 on top �oor of building 21 at an angle
of 300 and 30 m away from transmission point.

Figure 3.7: RF-EME measured level of Telstra WCDMA850 band for 2 hours,
in the room below the transmitting antenna (room number 21.501), on the top
�oor of building 21.
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Figure 3.8: RF-EME measured level of 3GIS WCDMA2100 band over 2 hours
period, in the room below the transmitting antenna (room number 21.501), on
the top �oor of building 21.

within the range of 40 - 50 nW/cm2, except during the night time when fewer
communication channels are in use, when readings were about 20 30 nW/cm2

(Fig. 3.11), higher than the measured result of Fig. 3.4. The same trends were
also observed in the 3GIS measurement results at the same location; during the
2 hour time period the level remained between 8 - 14 nW/cm2 as shown in Fig.
3.12, whereas in Fig. 3.3 (at 450 angle) the level was less than 0.8 nW/cm2.
This relationship was further examined over 24 hours (Fig. 3.13 & 3.14). The
intensity �uctuated around 8 - 15 nW/cm2, and never falls below 8.0 nW/cm2,
which con�rms that the higher level readings were observed on the upper level
of Building 19, when compared to the that on the ground �oor.

Thus, an EMI shielding solution is desirable at the top levels of the adjacent
buildings, even though these radiation levels are still below the ARPANSA
standards. As noted in previous studies, the RBSs can still produce potential
health hazards in daily life and possibly adverse long term e�ects even at the
lower levels. This is especially the case in a typical o�ce environment where
sta� and students spend more than 8 consecutive hours in a typical working day.
As published research works showed that if the distance between the subject and
the transmitter is below 100 m, the exposure limit is reached quicker when both
are in the line of sight [29]. Due to the geographical restrictions, the candidate
could not measure radiation levels at other locations which are less than 100 m
in line of sight at an angle of 1800. As clearly indicated by our results, those
residential apartments which are at close proximity (30 m) to the base station,
at the same height and at an angle of 1800 will be receiving a higher radiation
level.

In summary, measurement results of RF-EME levels at all selected locations
did not exceed the ARPANSA general public exposure limit for the frequencies
being transmitted by the RBS. The highest measured level was 82 nW/cm2 on
the 3rd �oor of Building 19 (room 19.388) where the receiving antenna was in
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Figure 3.9: RF-EME measured level of Telstra WCDMA850 band over 2 hours
period, outside of building 19 on 3rd �oor in line of sight and almost at the
same elevation as the transmitting antenna.

Figure 3.10: RF-EME measured level of Telstra WCDMA850 band for a period
of 1-12 hours, outside of building 19 on 3rd �oor in line of sight and almost at
the same elevation to the transmitting antenna.
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Figure 3.11: RF-EME measured level of Telstra WCDMA850 band for a period
of 12-24 hours, outside of building 19 on 3rd �oor in line of sight and almost at
the same elevation to the transmitting antenna.

Figure 3.12: RF-EME measured level of 3GIS WCDMA2100 band for a period
of 2 hours, outside of building 19 on 3rd �oor in line of sight and almost at the
same elevation to the transmitting antenna.
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Figure 3.13: RF-EME measured level of 3GIS WCDMA850 band for a period
of 1-12 hours, outside of building 19.388 on 3rd �oor in line of sight and almost
at the same elevation to the transmitting antenna.

Figure 3.14: RF-EME measured level of 3GIS WCDMA850 band for a period
of 12-24 hours, outside of building 19 on 3rd �oor in line of sight and almost at
the same elevation to the transmitting antenna.
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line of sight with the Telstra WCDMA850 transmitting antennas. The minimum
measured exposure was 60 pW/cm2 immediately below the roof top Telstra
WCDMA850 base station.

3.8 Conclusion

The RF-EME levels for the Telstra WCDMA850 and the 3GIS2100 (local car-
riers) were measured at 4 selected locations inside the University campus, close
to where the RBSs are installed. All the measurements were conducted for each
service provider separately, for a period of 2 hours, and then 24 hours at the
dominant location. Results were compared with ARPANSA standards, where
the thresholds of 0.44 mW/cm2 and 1 mW/cm2 were de�ned for Telstra and
3GIS, respectively. The measured exposure was below the thresholds de�ned by
the standards, even after multiplying a safety factor of 10 for long term radiation
exposure, the maximum power density becoming 0.1 mW/cm2. Potential health
hazards associated with chronic exposure were discussed extensively during the
past, but exact quanti�cation of radiation exposure limits is still a di�cult is-
sue. Adverse e�ects of non-thermal radiations on humans cannot be gathered
or excluded at this stage, because only very limited toxicological information is
available, despite the enormous growth in mobile phone use. The demands of
proven scienti�c research on adverse health e�ects and dose response for humans
requires the amending and upgrading of new standard guidelines. Unfortunately
there is currently an inadequate limit of detection, an insu�cient dosimetry, and
a lack of exposure management risk assessment for long-term health hazards.
It is highly expected that updated o�cially drafted standards could limit the
consequences of potential adverse health hazards within the economical impact.

3.9 Recommendations

The candidate's recommendation is to pursue the prevention rule, which in-
cludes the implementation of an exposure reduction strategy inside the Univer-
sity wherever sta� and researchers are working more than 8 hours a day. There
is a need to adopt a radiation strategy (in conjunction with non-thermal e�ects)
which is more rigorous than the o�cially de�ned standards, especially within
Universities, Hospitals and Schools environment. Local operators should also
take the issue of reducing radiation to the minimum possible level seriously, in
order to avoid the consequences of long-term e�ects.
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Chapter 4

Measurement of Radiation

from Mobile Phones and

Microwave Ovens

4.1 Working Principle of Mobile Phone

Researchers have been working to improve overall network quality since the
analogue mobile phone was �rst introduced in the United States of America
in 1983. The transmission type was subsequently upgraded from analogue to
digital (1986 in Japan and 1991 in USA). Since then the number of users have
been gradually increasing year by year as illustrated in Fig. 4.1. Voice data is
sent by handsets through the air medium to a RBS (UL), and then base stations
broadcast back to the sender (DL). In these processes microwaves are used as the
carrier. The mobile phone is a low power RF transmitter which operates within
the power range of 0.1 - 2 W, with an operational frequency range between 450 -
2700 MHz. Immediately after the mobile phone is turned on, it starts searching
for the closest RBS that can provide the strongest communication signal. For
areas with less coverage, mobile handset transmission power will be higher in
order to communicate with the base station e�ectively [37]. One of the most
e�ective means to improve telecommunication network performance is to install
extra base stations throughout the metropolitan areas, which also allows mobile
phones to transmit less power while maintaining communication performance
at a required level.

4.2 Mobile Phone Radiation

When human bodies are exposed to mobile phone RF waves, heat is generated
due to movement of the charged particles within tissues. This process is known
as thermal e�ect [86]. Thermal e�ect can be harmful to the body after long
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Figure 4.1: Mobile phone subscriber's per 100 inhabitants 1997-2007[111]

exposure, especially when the phone is placed near to the skull area. Skin
temperature will also increase gradually until it is equivalent to the rate at which
it is dispersed via the circulation of the blood [58]. As explained in chapter 3,
the SAR value is the dosimetry measure, which indicates the absorption rate
of microwave radiation per unit mass by the a�ected part of a body. The SAR
value decreases when the distance between the mobile handset and the body
increases. In other words, a lower SAR value and good network coverage can
reduce exposure signi�cantly.

4.2.1 Radiation Levels in Assorted Types of Mobile Phones

It has been reported in previous research work that mobile handset radiation
can be absorbed in the human head, resulting in a signi�cant increase in body
temperature during a long phone call [58]. For example, during a 15 minutes
phone call, body temperature was increased by 2.6 0C - 3.7 0C , the radiation
consequences remaining for a considerable period of time.

`
In this study, radiation power density from mobile phone handsets is mea-

sured in W/cm2. Various types of mobile handsets (smart and legacy), using
WCDMA850 and WCDMA2100 frequency bands, were used as transmission
sources. All the measured results were in the frequency domain, and the radia-
tion distribution was measured along the physical structure of mobile handset.
The measurement equipment used was a SRM3006 [74] as illustrated in Fig.4.2.

For handset-A the level was measured for Telstra WCDMA850 band, with
the frequency ranging between 884.7 - 889.7 MHz as depicted in Fig.4.3. The
resolution bandwidth was set to 2 KHz. Readings were recorded for a total
duration of 8 minutes. In the �rst 2 minutes the mobile phone was in standby
mode, and during the next 6 minutes a call was connected to the handset. Re-
sults showed that, the level in standby mode remained between 100 - 130×e−15,
and then suddenly increasing slightly to 150×e−15, but remaining below this
level after the call was connected (transmitting mode). The di�erence was an
indication of the radiation level variations before and after making call. It can
be concluded that, handset-A does not transmit a signi�cantly higher power
while communicating with RBS.

In handset-B, radiation power density was also measured for total duration
of 8 minutes. During the �rst 2 minutes the level almost remained the same
(1.20×E−13) whilst in standby mode, as illustrated in Fig.4.4. However, imme-
diately after the call was made (transmitting and receiving mode ), radiation
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Figure 4.2: Selective radiation meter measuring mobile handset radiation level
in standby, transmission and receiving mode

Figure 4.3: Measured radiation level of mobile Handset-A for a total duration
of 8 minutes (2 min standby mode, 6 min transmitting mode).

44



Figure 4.4: Radiation level measured for 2 min in Handset-B during standby
mode.

level jumped to 1.5×e−12, and at one stage it reached 2.0×e−12. In Fig.4.5, a
total of 8 minutes of readings were presented, which clearly showed the dramatic
increase of the radiation level once the call was connected. The comparison indi-
cated that handset-B transmitted at a higher power when communicating with
the RBS, while handset-A transmitted at approximately the same power during
both communication and standby/idle modes.

In our 3rd handset measurement (handset-C), signi�cant di�erences were
observed (during transmission and receiving ) before (standby mode) and after
activating the call. For illustration purposes, readings from the �rst 2 minutes
are presented separately in Fig. 4.6 and results of the total 8 minutes time span
are shown in Fig. 4.7. In standby mode radiation power density remained at
120×e−15, but the level reached 150×e−12 as soon as the call was connecting and
did not fall below 50×e−12. In this handset the radiation level was much higher
and �uctuated throughout a larger range, when compared to both handset-A &
B.

Our results here indicate that there would be a signi�cant di�erence between
the radiation exposure for operators using these particular mobile handsets; 3
orders of magnitude di�erence was observed between handset-A and handset-C.
The level may increase further if handsets having external antennas are to be
used [118]

4.2.2 Recommendations

It is recommended that manufacturers specify the transmit power for each mo-
bile handset; as measured while it is communicating with a RBS. Electromag-
netic Wave Interceptor (EWI) which is a special type of EMR attenuating poly-
mers painted on the receiving side of the handset, should also be installed in
mobile phones. EWI could also be in the form of electric tags pasted on the
back plate. A brief description of mobile phone health hazards and basic expo-
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Figure 4.5: Measured radiation level for mobile Handset-B for total duration of
8 minutes (2 min standby mode, 6 min transmitting mode).

Figure 4.6: Radiation level measured for 2 min in Handset-C during standby
mode.
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Figure 4.7: Measured radiation level of mobile Handset-C for total duration of
8 minutes (2 min standby mode, 6 min transmitting mode).

sure reduction techniques should also added to mobile handset manuals, so that
users can be made to aware of potential health impacts.

4.3 Operation of Microwave Oven

Microwave ovens work at the frequency range around 2450 MHz (120 mm in
wavelength). They work by transmitting radiation towards food placed in the
middle of the oven cavity. Materials behave di�erently when exposed to mi-
crowave radiation. Metallic material completely re�ect microwaves, whereas,
some non-metallic materials, such as glass or plastic, are partially transpar-
ent to the microwave. On the other hand, materials containing moisture, such
as food or the human body, can absorb microwaves radiation, resulting in a
temperature rise.

4.3.1 Energy Distribution

The magnetron is the electric device in each microwave oven which generates
and transmits microwaves. It is surrounded by metal walls which direct the
waves towards the food. The time required for cooking depends upon the shape,
contents and volume of food. Most of the non-metallic cooking utensils used
inside microwave ovens do not absorb energy, so that only the food absorbs
energy and is heated up.

4.3.2 Safety of Radiation Leakage

In Australia and New Zealand, radiation safety agencies have de�ned standards
(AS/NZS60335.2.25:2002) for maximum levels of microwave leakage, aimed at
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reducing the impact of exposure. As a result, manufacturers have been making a
constant e�ort to improve and optimise designs, minimising the radiation levels
coming from the microwave ovens. All microwave ovens are assembled with two
types of safety interlock switches, which help eliminate radiation escaping from
the oven when the door opens. Even though the magnetron ceases emission of
radiation once the electric power is turned o�, radiation leakage still occurs, as
it is di�cult to stop radiation leakage through the door completely.

4.4 Radiation Outside of Microwave Oven

4.4.1 Radiation Levels of Various Types of Oven

It has been observed that the radiation level (or leakage) outside a microwave
oven, depends mainly upon the quality of the door seal, the type of the glass
used in front door, and the con�guration of metallic mesh pasted inside of oven
door to attenuate radiation. Exposure for a person near a microwave oven can
also be angle and distance dependent. Fortunately, it is possible to reduce the
leakage level by modifying these parameters. In this work we have measured
radiation levels for various brands of ovens. Measurements of the radiation from
each oven were taken, both in their original unmodi�ed state, and after ESG
shielding was placed in front of the oven doors. These measurements were used
for comparison purposes.

4.4.2 Measurements Setup

Measurements were conducted using an SRM 3006, as illustrated in Fig. 4.8.
All results were measured in mW/cm2 (which is the rate of energy �ow per unit
area), within the frequency range between 2445 - 2455 MHz. Two liters of tap
water were placed inside a microwave oven, then readings were recorded for a
total duration of 8 minutes (microwave oven-A) for the best case scenario (min-
imum re�ection inside the room), where minimum radiation should be leaked
into the environment. For the �rst 2 minutes the oven was not in a running
state, and data was recorded from other microwave sources. During the next 6
minutes the microwave oven was operated at full power, while data was recorded
continuously. For microwave oven B and C, results were only recorded for the
6 minutes of oven operation.

4.4.3 Results and Discussion

For microwave oven-A, the radiation was measured using a 0.67 m face to face
distance between the SRM 3006 receiving antenna and the oven door. The level
recorded for the �rst 2 minutes was very low, but during the next 6 minutes
(operating mode), the level reached at ~ 1.1×e−6mW/cm2, and remained at
approximately this level throughout, as shown in Fig. 4.9. Radiation exposure
was also measured with ESG pasted in front of, and parallel to, the microwave
oven glass. A signi�cant reduction in radiation coming out from the microwave
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Figure 4.8: Microwave oven radiation power density measurements using selec-
tive radiation meter 3006.
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Figure 4.9: Radiation power density measurements of microwave oven-A with 2
feet distance, during normal working condition for total period of 8 minutes.

oven was observed (Fig. 4.10 illustrate ), while transparency was maintained to
provide an inside view.

In the case of microwave oven-B, the radiation was measured face to face with
the oven door, and the receiving antenna being placed at varying distances. For
the distance of 0.67 m and 1800 angle (face to face), the radiation level climbed
to 1.5×e−6 mW/cm2, (Fig. 4.11) which was higher than the value measured
for microwave oven-A (Fig. 4.9). This indicated that oven-A has better safety
measures in comparison to oven-B and that those who are using oven-B will
receive higher exposure to radiation. Radiation level was also measured at a
1.67 m distance from microwave oven-B as plotted in Fig. 4.12, showing a
gradual reduction in radiation intensity with increase of distance. It con�rms
that the subject will receive less radiation if he moves away from the front door
of the oven.

In microwave oven-C, the radiation was also measured at 0.67 m distance
(Fig.4.13), which is the typical distance the subject stands whilst waiting for
food to be cooked. In this case, the radiation level was the lowest at the 0.67 m
distance, among the three ovens measured. Measurements were also conducted
at the same distance (0.67 m), but at 450 angle away from the center line of
the microwave oven. A signi�cant reduction in radiation level was observed in
comparison to that obtained at a 00 angle; as shown in Fig. 4.14. Hence, it can
be concluded that the major pathway of radiation emission from oven cavity
was through the glass door.

In summary, ovens produced by di�erent manufacturers have varying abil-
ities to shield radiation from the oven cavity. Furthermore, one can reduce
radiation exposure by using the recommended techniques, such as: 1) standing
at a larger distance from the oven (> 1.67 m) during its operation, 2) standing
at 450 or larger angle instead of facing the front panel, etc. One of the most ef-
fective ways of reducing the radiation level from a microwave ovens is to replace
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Figure 4.10: Radiation power density measurements of microwave oven-A with
energy saving glass pasted on front door for period of 8 minutes.

Figure 4.11: Radiation power density measurements of microwave oven-B with
2 feet distance, during normal working condition for total period of 6 minutes.
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Figure 4.12: Radiation power density measurements of microwave oven-B with
5 feet distance, during normal working condition for total period of 6 minutes

standard �oat glass with ESG.

4.5 Conclusion

Radiation levels from two major microwave devices; mobile phones and mi-
crowave ovens were measured, and the results have been discussed in detail.
Radiation levels from various type of mobile handsets have been measured in
both standby and operating modes, and the results were compared. It was con-
cluded that di�erent brands of handset have di�erent transmission powers and
radiation levels. It has been recommended that the transmission power of the
handset be speci�ed in the user guide. Radiation emission from another source,
the microwave oven, has also been discussed in detail. ESG has been proved to
be a good radiation attenuator on the microwave oven, signi�cantly reducing
radiation exposure in comparison to the standard �oat glass. Importantly, this
has been achieved while maintaining a clear inside view of the oven. Finally, it
has been determined that subjects can be less exposed to radiation by standing
1.67 m or further away, and at an angle of 450or above from the front door of a
microwave oven.

52



Figure 4.13: Radiation power density measurements of microwave oven-C with
2 feet distance, during normal working condition for total period of 6 minutes.

Figure 4.14: Radiation power density measurements of microwave oven-C with
2 feet distance and 450angle, during normal working condition for total period
of 6 minutes
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Chapter 5

Frequency Selective Surface

5.1 De�nition

FSSs are a planar periodic array of identical metal-dielectric patch or aperture
elements, arranged in a 1D or 2D plane. During plane wave transmission, res-
onance will be induced if the length of the elements is a multiple of half of the
incident wavelength, i.e λg/2 [70][98]. This array of elements acts as a spatial
electromagnetic �lter and exhibits capacitive and inductive frequency charac-
teristics, as shown in Fig. 5.1. The frequency response of these structures is
determined by several factors, including the periodicity along the X-axis and Y-
axis, and the manner by which the periodic surface is exposed to the EMR (for
example, incident angle etc). In term of functionality, periodic structures can be
classi�ed into four major categories; 1) lowpass, 2) highpass, 3) bandpass, and
4) bandstop �lters. In each of these four instances, the resonance phenomenon
remains the same [70].

5.2 Geometry and Response of FSS Elements

Based on their geometric con�guration, FSS elements are categorised as aperture-
type and patch-type as shown in Fig. 5.2. Aperture/slot type FSSs produce a
capacitive response, re�ecting lower frequency radiation while transmitting at
higher frequencies, clearly demonstrating the properties of a highpass �lter. On
the other hand, patch FSSs act as lowpass �lters, transmitting at lower frequen-
cies and re�ecting at higher frequencies [112]. The performance of one type is
complementary to the other. Alternate element geometries can result in a sim-
ilar resonance frequency, but exhibiting di�erent bandwidth performance. In
addition, some elements show more tuning options than others. E�ective FSSs
should exhibit stable resonant frequencies, at both normal and oblique angles
of incidence.

Broad bandwidth and close separation between the re�ection and trans-
mission bands are desirable properties for the FSS. The selection of the most
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Figure 5.1: Geometry of a two-dimensional FSS periodic array, where Dx and
Dy are the length and width of the unit cell, respectively [85]

Figure 5.2: (a) Layout of an aperture type FSS (b) Layout of a patch type FSS
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suitable element type depends largely upon the particular requirement, and is
to some extent governed by the prior experience of the designer.

5.3 Types of FSS element

The physical shape of the FSS elements can be divided into four di�erent types
[70]. Each element type exhibiting its own frequency response characteristics.
For example, some types allow fast transition between stopband and passband
but are sensitive to the polarisation angle. The combination of these types can
be used to generate new elements with a range of speci�c properties, such as
elements for multiband FSSs, polarisation independent FSSs and miniaturised
element, and so on. In this thesis we utilise Munk approach for distinguishing
element groups, as shown in Fig. 5.3, which can be further classi�ed into four
basic types [70].

5.3.1 Center Connected or N-poles

The main element of this group is a tripole array as shown in Fig. 5.3. These are
formed by a combination of three poles of equal length having the same center
point. In general, tripole elements generate larger bandwidth by reducing inter
element spacing. The individual element properties of this class have been
discussed in various research papers, for example: 1) tripole element stability of
the center frequency in the re�ection band during changing of the mode of the
plane of the electromagnetic wave [6], 2) current from a single tripole element
has also been calculated with a 4:1 frequency range [64], and 3) also along one
arm of the tripole with 450 angle and band spacing 2:1 [99]. Researchers have
also investigated the performance of the cross-dipole, which provides reasonable
bandwidth for the transmission of mobile phone signals (900,1800 MHz band)
while blocking 5 GHz wireless signals[45, 44]. The cross-dipole can also be used
as a dual polarised element, dependent on the angle of incidence [77]. The
Jerusalem cross is the third most important element in the N-poles class, and
provides more tuning options for obtaining the required response [97]. The
modal technique has been used for calculating the plane wave transmission
coe�cients of the Jerusalem cross in frequency ranges up to 40 GHz [79]. In [9],
the performance of the Jerusalem cross was compared with the concentric ring,
and it was found that the Jerusalem cross gives higher bandwidth the concentric
ring does. More details and signi�cance of the Jerusalem cross has also been
investigated in a range of prior research works [60][82][92][1].

5.3.2 Loop Type

The looped tripole, the ring, and the square loop are the main members of this
family; as shown in Fig. 5.3. The length of the two orthogonal poles should
be equal in order to provide for proportionality in the loop type structures.
Since the last decade, these structures have attained signi�cant attention from
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researchers due to their better performance in angle stability, ease of fabrication,
and higher bandwidths. As an example, the plane wave transmission curve of
the square loop gives a band spacing in the range of 1.5 to 2.2 GHz [49]; and the
single FSS screen for four band FSS of DSL element is fabricated to transmit
signals from the X and Ka-band, while blocking the Ku band [113]. The e�ect
of concentric rings was compared to the simple ring [78], and it was observed
that the concentric ring provides more center band frequency with a ratio of
1/1.3, but having a more complex transmission curve. Ring characteristics have
also been discussed in other literature [81]. The third element of this class is a
looped tripole [71]. Transmission line theory can be used to analyse the basic
characteristics of loop type elements. The half-wave dipole exhibits the property
of a shorter dipole which is reactance loaded (ZL). The property of reactance
is to absorb the radiation of shorter wavelengths. When referring to the total
impedance of the dipole, it should have a value of zero at resonance. As the half-
wave dipole shows capacitive characteristics at the resonant frequency[48], the
load ZL should in turn have inductive characteristic, in order to make the overall
impedance equal to zero. However, inductance can be induced by shorting the
transmission line.

5.3.3 Solid Interior/Plate type

The solid interior/plate types are a patch consisting of a metallic array which
can be either a circular disk, square, rectangular, or hexagonal in shape (Fig.
5.3), and having a λg/2 element length. This class of FSS element captured
the attention of designers, as reported in an early study [47]. The circular
elements of this class are generally re�ecting arrays, while the behaviour of the
square patch tends to be transparent to radiation [57, 66]. These elements are
not recommended for general purpose �lter designs because of their poor angle
stability and early onset of grating lobes [70]. This type exhibits characteristics
which are more useful for the design of miniaturised FSS elements [90].

5.3.4 Combination Types

The design of the combination type of element is intended to overcome the
performance shortcomings (angular stability, bandwidth, and so on ) of FSS
structures. They are formed from a combination of: 1) solid interior shape, 2)
loop, or 3) center connected [69, 16, 93] (Fig. 5.3) and typically have a wide
range of elements. A combination of any two elements from the �rst three types
make a new element which is categorised as a combination type.

5.4 Selection Criteria of Elements

The selection of elements is mostly dependent upon two factors; the designer's
experience, and the ease of fabrication. In general, preference is given to those
elements which are not dependent on angle of incidence and polarisation. The
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Figure 5.3: The groups of traditional type of FSS elements
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Element shape Angular
stability

Cross
polarisation

level

Larger
bandwidth

Small band
separation

Dipole 4 1 4 1
Cross dipole 3 3 3 3
Loaded dipole 1 2 1 1

Tripole 3 3 3 2
Jerusalem 2 3 2 2

Ring 1 2 1 1
Square loop 1 1 1 1

Table 5.1: Performance analysis of di�erent shapes of FSS elements [112]
Rating: 1 = best, 2 = second best

Based on the free standing single screen's performance

required angular stability can be achieved by reducing the inter-element spacing
with reference to the wavelength. Wider element spacing creates more grating
lobes, which in turn causes an increase in angular instability. Loop type elements
are considered to be useful for achieving high levels of angular stability [70].

5.5 Performance Analysis of FSS Elements

Table 5.1 presents a comparison of the di�erent shapes for various FSS elements.
The square loop shows the best performance characteristics in terms of obtaining
larger bandwidth, angular stability, polarisation, and sensitivity in comparison
to all other elements. If the side length of the loop is equal to a multiple of half
of the wavelength, the element behaves as a dipole. In the case of a square loop,
we can de�ne resonance points at the stage that the lengths of two sides of the
square reach a multiple of λ0/2.

5.6 Normal and Oblique Incidence Plane Wave

The behaviour of the incident wave after striking the periodic structures at an
oblique angle is illustrated in Fig. 5.4, where the element separation is indicated
as d. The oblique incident wave induces a characteristic current distribution
upon coming into contact with the surface of a periodic structure. The response
is signi�cantly di�erent to that caused by a normal incident wave [28], and
depends on two primary factors, the separation between the elements, and the
thickness of the elements.
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Figure 5.4: E�ect of normal (top) and oblique (bottom) incidence, where d is
the distance between the two conductive periodic strips [38].
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Figure 5.5: F-117 nighthawk stealth strike aircraft (photo courtesy of en.
Wikipedia)

5.7 Applications of FSSs

The enhanced applications of FSSs have contributed substantially to a higher
quality of life and further advances in technology, including:

� Usage in Radio Frequency Identi�cation (RFID) tags, collision prevention
systems, and photonic band-gap structures; and have enabled the achieve-
ment of a signi�cant reduction in Radar Cross Section (RCS) [104].

� Stealth aircraft technology (Fig. 5.5), where it is used to create interfer-
ence to radar waves. FSS structures create lower visibility in IR, visual
and in RF spectrum.

� Microwave ovens, where FSS metallic mesh is pasted inside the door. This
FSS layer acts as a highpass �lter, re�ecting microwave energy at 2.45 GHz
[112], while passing visible light (400 THz-700 THz) to enable an inside
view, as shown in Fig. 5.7.

� Wireless communication security, for example the radome (formed by
radar and dome), which is a special cover fabricated from FSS for mil-
itary applications (such as aircraft), works as a bandpass �lter to reduce
the radar cross section of an antenna outside its operating band [103]. In
the design of all aircraft the antenna is mounted in front of the fuselage
and is covered by a radome. The radome is con�gured to operate in two
modes, known as transparent mode and opaque mode. The transparent
mode enables useful signals for the antenna to pass through the radome
body. The opaque mode re�ects the signals in specular (strong re�ec-
tion), or bi�static direction, because the unique radome shape generates
very weak signals in the back scatter direction to avoid interference with
incoming signals. This technique is utilised in order to reduce the radar
cross sectional area.

� FSSs are also used in the design of sub-re�ectors for spatial communication
[70][112]. In FSS sub-re�ector designs, two separate feeds send signals
to the main sub-re�ector, which in turn only passes one frequency by
attenuating other as shown in Fig. 5.6. This technique allows for the
design of lightweight periodic wire grid re�ector antennas, instead of the
traditional parabolic antennas, which are much heavier in weight.
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Figure 5.6: Dual feed frequency selective surface re�ector antenna. The oper-
ating frequencies of primary and secondary feed are di�er from others [85]

5.8 FSS Classi�cation

Based on their con�gurations and applications, FSS structures can be classi�ed
as either (a) Passive or (b) Active .

5.8.1 Active FSS

An active FSS is formed by incorporating active elements such as varactor and
pin diodes between the FSS elements. These diodes enable the creation of
impedance surfaces having tuning characteristics that can easily be con�gured
after insertion. This property was �rst explained in [112], but a detailed study of
scattering properties of corrugated surfaces loaded with microwave solid state
ampli�ers was published in [51]. However, these types of structures exhibit
certain disadvantages, i.e., they require a continuous DC power source, they are
expensive to produce due to the cost of the diodes, and it is di�cult to design
complex structures. One of the advantages of an active FSS is that it can be
con�gured for two frequency responses.

5.8.2 Passive FSS

The frequency response of a passive FSS is �xed at fabrication, and it is not
possible to be subsequently altered. This type is not recommended for �ltering
smaller cross section areas (such as windows), because more space is required
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Figure 5.7: The metallic mesh of microwave oven door that exhibit high-pass
�ltering property to re�ect microwave energy while transmit visual light for
inside view [36]
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to fabricate the elements. The main advantages of the passive FSS are: it is
cheaper to fabricate than the active FSS, and it is easy to design.

5.9 Methods Used for Analysing FSS Structures

To date the re�ection and transmission characteristics of electromagnetic waves
through FSS structures have been analysed and evaluated extensively. Di�erent
methods of evaluation have been employed which assume: 1) that the FSS
behaves as a planar double periodic structure, 2) that the FSS has an in�nite
number of arrays of equal dimensions, and 3) that the unit cell can be simulated
by applying boundary conditions. However, all evaluation methods have their
characteristic advantages and limitations, which are discussed below.

5.9.1 Equivalent Circuit Method

This method utilises FSS �lter responses as shown in Fig. 5.8., which are
ideally applicable for those periodic structures whose thickness, periodicity, and
dimension of inductive patch and capacitive gaps are less than the excitation
wavelength [3]. This technique does not calculate cross polarisation and wide
angle response; but the oblique incident angle of less than 450 with respect
to normal incidence, has previously been evaluated [50]. The focal point of
impedance in an active FSS can be predicted in a periodic grid on dielectric
substrate, but multilayer thin planar FSS cannot be solved using this technique.

5.9.2 Method of Moments

This method is used to determine the electric and magnetic surface currents of
thin metallic arrays of random shape [8]. The Method of Moment (MoM) result
requires post-processing for achieving transmission and re�ection response.

5.9.3 Mode Matching

This procedure is associated with the growth of boundary conditions and scat-
tering from cavities. Initially this technique was implemented to solve the de-
manding waveguide scattering problems [107], where each side of a broken �eld
diverge in a wave guide mode. The Mode Matching (MM) technique was devel-
oped to solve this problem. This technique uses test functions to minimise the
integral equation into a matrix form. Consequently it can be used for evaluation
of multilayer FSSs. In the FSS periodic structures, the �eld is expanded into
�oquet modes on both side of the unit cell [2]. The procedure is associated with
the growth of boundary conditions and scattering from cavities.

5.9.4 Finite Element Method

This method divides the element structure into smaller elements, and recon-
nects them back through nodes (which holds the elements). This method was
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Figure 5.8: (a) Bandstop (b) Bandpass (c) Lowpass and (d) Highpass FSS
�lters with corresponding frequency responses and equivalent circuits [38]
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originally used for simplifying closed domain problems, as it is appropriate for
evaluating the eigenvector of random structures. The Finite Element Method
(FEM) performance becomes complex in three-dimensional periodic scattering,
with diminishing accuracy at oblique incident angles. To overcome these issues,
a hybrid of FEM and the boundary element [52] or boundary integral [21] can
be utilised. The computational methods of this technique require substantial
computer time to evaluate the structures.

5.9.5 Finite Di�erence Time Domain

Time domain (TD) is suitable for determining the broadband response of pe-
riodic structures; but the TD method is not suitable for oblique excitation of
periodic scattering, because of the required phase shift among adjacent periodic
boundaries. Phase shift in the frequency domain transforms to time delay, by
storing data of all time intervals along appropriate periodic boundaries. In [18],
comprehensive detail of FDTD has been provided for solving FSS structures.
This method is not well suited for oblique incident angles, as it requires an
independent FDTD run for each unique frequency point.

5.9.6 Finite Integration Technique

The Finite Integration Technique (FIT) method is pretty much similar to FDTD
and FEM. Some researchers have attempted to promote FIT, though, FEM has
established better solver techniques [106]. In FIT, the solver domain is separated
into two grids. The space between grids is designed in such a way that corner
of one grid is placed in the middle of a cell in the other grid [17]. The changed
grid conditions correspond to the grid electric voltage vector (E); the magnetic
voltage vector (H), magnetic induction �ux (B) and electric displacement �ux
(D) are presented as the grid condition variables of FIT. The FIT circuit model
does not have coupling for connecting separate branches, whereas these coupling
relations exits in FEM. However, two dimensional structure coupling design
can convert into a coupling free model equivalent; but in the case of three
dimensional FIT, equivalent FEM does not seems e�ective [19].

5.9.7 Network Analysis

The network approach is being utilised; since the scattering properties of waves
from multi-layered dielectrics were initially observed, where each layer is consid-
ered as a transmission line with unique impedance characteristics. The combi-
nation of network method with other techniques has the capability of analysing
thin metallic dielectric scattering structures with negligible losses. The oblique
excitation of slim and broad FSS structures with random aperture cross section
and longitudinal gap, has already been investigated in previous research work
[109].
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5.10 Conclusion

The background and history of periodic structures have been discussed in this
chapter. The geometry of di�erent group elements and their characteristics have
been highlighted in order to choose the most suitable design. These elements
are divided into four groups known as: a) center connected or N-poles (dipole ,
tripole and top-loaded tripole), b) loop type (four-legged dipole , ring , square
loop), c) solid interior or plate type (rectangular patch, hexagonal patch, ring
patch), and d) combination (mixture of any previous element). Di�erent el-
ements behave di�erently upon contact with electromagnetic waves, and each
element has its own unique characteristics (angular stability, higher bandwidth,
lighter in weight). Four basic FSS �lters (lowpass, highpass, bandstop, and
bandpass) with their responses and equivalent circuits have also described. Fur-
ther classi�cation of FSS structures into passive and active forms has been de-
scribed, according to their functionality and implementation. A number of FSS
characterisation and analysis techniques for evaluating the scattering properties
of periodic structures are brie�y discussed.
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Chapter 6

Frequency Selective Surface

Absorber and Transmitter

ESG can be used to re�ect and attenuate microwave radiations coming from
di�erent sources, such as: 1) RBSs, 2) weather radar, 3) emergency services
radio communication devices, 4) AM and FM radio, 5) Personal Communication
Devices (PCS), 6) Global Positioning Systems (GPS), 7) satellite TV, 8) Wi-Fi,
and 9) long distance telephone transmission. It also attenuates useful mobile
phone and Wi-Fi signals. Usually the soft coating layer on ESG attenuates
microwave signals up to 30 dB [43], whereas the hard coating layer blocks up to
200 dB within the same spectrum region. This will probably be more e�ective
when used to accentuate higher frequencies in future wireless communication
systems, as attenuation level increases with frequency [65]. However within
normal commercial and residential buildings this e�ect is not desirable, since
mobile and Wi-Fi signals with su�cient power level are required for e�ective
communication.

One of the solutions to this problem is to design a band-pass FSS [70][43] on
the coated side of the ESG, to improve transmission of mobile phone and Wi-Fi
signals, whilst blocking other signals. Thus microwave radiation saturation can
be avoided without greatly a�ecting the IR and UV attenuation properties of the
ESG [42], while the transmission of mobile and Wi-Fi signals are enabled. As
described in the previous chapter; in order to achieve various spectral responses
and angular stability, di�erent types of FSS elements can be selected for the
required �lter design.

This chapter describes the design and simulation results of two FSS systems,
which can be used to ful�ll the objectives mentioned above:

� Bandpass-FSS model 1, which is a combination DSL for transmitting
WCDMA850 and WCDMA2100 bands at normal and oblique incident
angle; achieved by removing 7.3% of the coating area.

� Bandpass-FSS model 2, which is a combination of a square loop and TLCD
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Band No Frequency band Name UL Frequencies DL Frequencies

1 2100 IMT 1920-1980 2110-2170

5 850 CLR 824-849 869-894

Table 6.1: Frequency allocation of Universal Mobile Telecommunication System
(UMTS)-FDD bands for Australia

Parameters Px×Py Dx×Dy Lx × Ly w1

Values 40×40 mm 37.5×37.5 mm 20.5 mm 0.5 mm

Parameters w2 g/2 εr h

Values 0.5 mm 1.25 mm 6.9 6 mm

Table 6.2: Parameters of the dual-bandpass FSS unit cell.

for transmitting most of the GSM, UMTS Frequency Division Duplex-
ing (FDD) globally used frequency bands (WCDMA800, WCDMA850,
WCDMA1900, WCDMA2100); achieved by removing 12.35% of the coat-
ing area.

6.1 Re�ecting and Transmitting FSS: Model 1

6.1.1 FSS Requirement

In order to improve the transmission of UMTS-FDD band radiation through
ESG windows, two FSS passbands centered at fc = 887 MHz and fc = 2112MHz
need to be designed for transmitting the mobile phone bands of the local carriers
(Table 6.1), and while blocking all other frequency bands. For these frequencies
passbands it is necessary to select an optimum design, which does not a�ect the
performance of the ESG signi�cantly within the IR range. The design is selected
by considering the linear relationship between the percentage area removed and
the percentage increase in IR transmission [42].

6.1.2 Design and Analysis

In the �rst model, DSL-FSS has been selected for designing the DBP �lter, which
has already been analysed and optimsed using various techniques. For example,
beside parametric analysis, some other tuning techniques can also be employed
for DBP; i.e. optimized algorithms and Di�erential Evaluation Strategies (DES)
[53].

The geometry of our optimised �nal design for a DBP-FSS unit cell is pre-
sented in Fig. 6.1, and the parameters are illustrated in Table 6.2. The cell
structure is modeled as two square through-cuts, of di�erent side lengths, on
the coating layer. The relative permittivity (εr) and conductivity ( σ ) of glass
are 6.9 and 5× 10−4S/m, respectively [40].
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The periodic array is arranged in two dimensions with periodicity of Px = Py.
The distance between the boundary of the unit cell and the larger square is g/2.
For the �rst bandpass �lter where fc = 887 MHz band, the length along x - axis
and y - axis is equal to Dx = Dy and the width is equal to w2. Whereas for the
second bandpass �lter tuned at fc = 2112 MHz band, the length along x - axis
and y - axis is equal to Lx = Ly, and the width is equal to w1. The values of
these parameters are listed in Table 6.2 for the center frequencies given above.
In this design 7.12% of coating area was removed from the total area of unit
cell. As a result an extra 7.13% IR energy will be transmitted through the ESG,
which represents an insigni�cant percentage of the total radiations [42].

The parametric analysis of DSL shows that the resonant frequency of the �rst
passband (outer square loop with a resonance frequency of f1), does not depend
on lengths Lx and Ly of the inner square loop which has a higher resonance
frequency, but it is dependent on the aperture width w2. On the other hand,
the resonant frequency of the inner square loop, having a resonance frequency
f2, is depend on Lx and Ly; and f2 increases with the decrease of Lx and Ly.
The control of the resonant frequency of the passband (at frequency fT ) is also
dependent on the relative spacing between the �rst and the second resonance
loop. These observations agree with the results in previous studies obtained
using di�erent substrates [49].

6.1.3 Simulation Procedure

In this research the frequency domain solver of CST MW Studio2010 [63], a fully
featured electromagnetic analysis and design software, was used for designing,
simulating and optimising the FSS model. The full wave simulation technique
was used for DBP-FSS, and for various polarisation modes and incident angles.
To utilise the computational resources e�ectively, whole in�nite periodic surface
was analysed by only considering a periodic cell (see Fig.6.1). The performance
of the complete structure was evaluated by applying a periodic boundary condi-
tion at the four boundaries of the unit cell, which are perpendicular to the FSS
plane, and grouped into two pairs; each consisting of two opposite boundaries
labeled as source and destination. The incident wave was assumed to be a plane
wave, and di�erent transmission modes (TE and TM) at di�erent incident an-
gles were simulated. Due to the fact that the thickness of the coating layers is
of the order of ∼ 10 micrometers, zero thickness is used as an approximation
throughout the modeling process. The coating is treated as a Perfect Electric
Conductor (PEC). Other physical parameters and the geometrical parameters
are discussed in the next section.

6.1.4 Results and Discussion

The simulation results of transmission patterns for the DBP-FSS are presented
in Fig. 6.4 and 6.5. The optimisation process was carried out step by step using
�ne tuning. The transmission coe�cients for TE and TM polarisation were then
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Figure 6.1: Top � double square dual-bandpass FSS. Bottom � cross sectional
view at the center line.
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Figure 6.2: Layout of a portion of FSS in an in�nite 2D array, showing 2Ö2 unit
cells.

Figure 6.3: FSS unit cell source and destination boundary presentation in CST
MW studio2010.
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evaluated and recorded for the 0 - 3 GHz frequency band at both normal and
oblique incident angles.

TE Polarisation

In Fig. 6.4 transmission coe�cients (in dB) for TE polarisation are given at
normal and oblique incident angles. The resonant frequencies and the corre-
sponding bandwidths are listed in Table 6.3. At all four resonant frequencies
plotted, negligible attenuation is observed for transmission of the required mo-
bile phone signals. In order to minimise unwanted absorption throughout the
entire range of the two UMTS bands, the FSS is designed in such a way that the
widths of -10 dB passbands of the �lters are signi�cantly wider than those of the
corresponding UMTS bands, with the center frequencies being slightly tuned in
order to optimize the response. The �nal design gives a maximum attenuation
of only 4 dB over the full WCDMA850 band (824-894 MHz, see Table 6.1), while
the -10 dB passband width is between 388 - 651 MHz for di�erent incident an-
gles (Table 6.3). For the full WCDMA2100 band, the maximum attenuation at
oblique incident angle is 11 dB, while the -10 dB passband width ranges between
357 ∼ 923 MHz for di�erent incident angles. Note that for a particular mobile
base station, only a smaller range of the full band is used; and such smaller
attenuation can be achieved locally by adjusting the center frequencies. For
examples, at ECU site the local band for WCDMA850 is 884.7 � 889.7 MHz,
and over this range the maximum attenuation is reduced to 1 dB. Similar reduc-
tion is observed for the WCDMA2100 band, with a maximum attenuation of 3
dB. These results satisfy the design requirements of transmitting the fc =887
MHz and fc = 2112 MHz UMTS bands. As for di�erent incident angles, the
�rst bandstop center frequency is between 1629 ∼ 1644 MHz, with attenuation
ranging between -62 ∼ -73 dB. On the other hand the second bandstop center
frequency is between 3132 ∼ 3264 MHz, with attenuation ranging between -40
to -54 dB. By using a FSS, the complete WCDMA850 and WCDMA2100 bands
with a TE polarisation can be transmitted with less than 6 dB attenuation, for
an incident angle ≤ 600. There is only a slight shift of resonance frequency of
about 2% in the case of the �rst passband, and 3% in the case of the second
passband, for di�erent incident angles; which con�rms the stability of the FSS
from 00− 600. On the other hand, with the increase of the incident angle, there
is a signi�cant decrease in the bandwidth for both of the passbands: ~ 40%
for the �rst passband, and ~ 60% for the second passband. As such, in the
case when large incident angles are required, variation of other parameters is
necessary in order to achieve desirable performance.

TM Polarisation

Fig. 6.5 presents transmission coe�cient (dB) for TM polarisation at normal
and oblique incident angles. The resonant frequencies and the corresponding
bandwidths are listed in Table 6.4. Again, for all the four resonant frequencies
listed, negligible attenuation is observed. Similar discussions with the corre-
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Figure 6.4: Transmission coe�cient of dual-bandpass FSS at normal and oblique
incidence angles for TE polarization.

887 MHz 2112 MHz

Angle Resonance (MHz) BW (MHz) Resonance (MHz) BW (MHz)

00 875 651 2112 923

300 866 581 2092 730

450 885 500 2100 565

600 891 388 2076 357

Table 6.3: -10dB transmission bandwidth at 887 MHz and 2112 MHz for TE
Polarisation.
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Figure 6.5: Transmission coe�cient of dual-bandpass FSS at normal and oblique
incidence angles for TM polarization.

sponding TE case are applicable for the passband resonant frequencies. On the
other hand, compared with the TE polarisation, larger bandwidths of the two
passbands were observed for the TM polarisation. The bandwidth obtained for
the fc = 887 MHz band ranges between 655 ∼ 1046 MHz, while that for the
2112 MHz band ranges between 921 ∼ 1252 MHz, with respect to a -10 dB
transmission coe�cient. There is a decrease in the attenuation at both band-
stop centers. Here the �rst bandstop center frequency is between 1637 1652
MHz, with attenuation ranging between -47 ∼ - 63 dB. The second bandstop
center frequency is between 3094 ∼ 3269 MHz, with attenuation ranging be-
tween -34 ∼ -47 dB. Again, by using a FSS, the complete WCDMA850 and
WCDMA2100 bands with a TM polarization can be transmitted with less than
8 dB attenuation, for an incident angle ≤ 600. The resonant frequency is also
stable from 00− 600. Furthermore, as discussed above, at a large incident angle
(600), more than 60% increase in bandwidth can be achieved as compared with
00 when using TM polarisation. When a large bandwidth is required, this factor
can be taken into account in the design process.

In summary, the transmission results of both TE and TM polarisation satisfy
the design requirements. Under di�erent circumstances the design requirements
may change, which can be accommodated by using parametric analysis and the
optimisation process.
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887 MHz 2112 MHz

Angle Resonance (MHz) BW (MHz) Resonance (MHz) BW (MHz)

00 861 655 2111 921

300 899 766 2105 1032

450 909 872 2118 1149

600 942 1046 2162 1252

Table 6.4: -10dB transmission bandwidth at 887 MHz and 2112 MHz for TM
Polarisation.

Frequency

Bands

UL Frequencies

(MHz) DL Frequencies

(MHz)

Zone

2100 1920-1980 2110-2170 Oceania, Europe, Asia

1900 1850-1910 1930-1990 North America

850 824-849 869-894 Australia, Hong Kong

800 830-840 875-885 Japan

Table 6.5: Worldwide frequency allocation table of the paired universal mobile
telecommunication system (UMTS)-FDD

6.2 Re�ecting and Transmitting FSS: Model 2

6.2.1 Con�guration

For the second model, TLCD-FSS has been selected to design a DBP �lter,
which transmits almost all useful mobile phone frequency bands being used
around the world.

TLCD-FSS normally provides: 1) higher bandwidth [13], 2) excellent angular
stability, and 3) more tuning options for optimisation. Separation between two
adjacent elements can be much smaller than that between two elements of other
types, which helps to increase mutual capacitance.

In previous research, TLCD's [80] and their characteristics have been anal-
ysed for achieving broad-band and �at top frequency responses, but the angular
stability and polarization e�ects have not been discussed [116].

In this study the relative performances of square loop and TLCD-FSS are
analysed and compared, assuming that the two passband frequencies are well
apart.

6.2.2 Frequency Bands for Mobile Communication

In our previous FSS model, the �lter design was only focused on two bands, with
operating frequencies ranges between 884.7-889.7 MHz and 21101-21151 MHz
respectively [96]. However, the enhanced bandwidth capability of TLCD allowed
transmission of the required microwave signals (GSM, UMTS and Wi-Fi) of the
di�erent frequency bands in use worldwide. Standard GSM normally operates
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Figure 6.6: Top � The dimensions of the square loop and top loaded cross
dipole designed for dual bandpass-FSS �lter. Bottom � cross sectional view at
the middle line.
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in two frequency bands, GSM 900 and 1800 MHz, whereas Wi-Fi works at
2400 MHz. The UMTS-FDD frequency allocation spectrum varies for di�erent
regions, as presented in Table 6.5.

6.2.3 FSS Unit Cell

The requirements of this work can be described as an enhanced �rst pass-band
with an improved bandwidth, and a minimised etching area. Based on these
requirements, we have selected the combination of a square loop and a TLCD
that is designed on coated side (hard coating) of ESG. The front view of our
proposed unit cell is presented in Fig. 6.6. The periodic array is positioned
in two dimensions (X and Y) with a periodicity of 42 mm in both directions.
These dimensions are smaller than the fundamental mode (λg/2), because of
capacitive characteristics of the top loaded element. The relative permittivity
(εr) of glass used in the simulation is 6.9, the conductivity (σ) is 5× 10−4S/m
and the thickness of the glass is set to 6 mm [41]. The two unit cells are 3 mm
apart from each others in both X and Y directions. The square loop center
frequency is tuned to fc = 887 MHz and the TLCD is tuned to fc = 2110 MHz.
As mentioned earlier, the TLCD exhibits more tuning options and behaves as a
parallel equivalent circuit, which is utilised for obtaining higher bandwidth. It
is also possible to increase the equivalent capacitance and angular stability by
rotating the TLCD 450 from its original orientation [70]. In this FSS design only
12.35% of the coating area was removed from the total unit cell area, enabling
transmission of most of the globally used UMTS-FDD frequency bands.

6.2.4 Results and Discussion

TE Polarisation

Results of simulated signal transmission (dB) through ESG for perpendicular
polarization (TE) at 00, 300, and 600 incident angles and the corresponding
bandwidths are presented in Fig. 6.7 and Table 6.6. The square loop and
TLCD-FSS design on coated (hard) side of the glass was optimsed to obtain the
required bandwidth for transmitting UMTS and Wi-Fi signals. Signal attenu-
ation's less than 10 dB were considered to be satisfactory for both band-pass
�lters. The center frequencies were slightly adjusted to optimise the locations
of the transmission bands in the �rst passband, the signal within both UMTS-
FDD 800 and 850 frequency bands (Table 6.5) was fully transmitted with 3 dB
attenuation at di�erent incident angles. However, the total bandwidth at 00

(749 MHZ) is gradually reduced by 43% at an angle of 600. For the second
passband, the signal within the complete UMTS-FDD 1900 and 2100 frequency
bands (Table 6.5) passed with a maximum of 9 dB attenuation at oblique inci-
dent angles, with a shrinking of 54% bandwidth at 600 compared to that at the
normal incident angle.

Table 6.6 shows the total bandwidth achieved at various angles in both
band-pass �lters. Although steady declines in bandwidths were observed with
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Figure 6.7: Theoretical TE transmission results of dual band-pass FSS, modeled
on hard coated energy saving glass.

Figure 6.8: Theoretical TM transmission results of dual band-pass FSS, modeled
on hard coated energy saving glass.
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887 MHz 2112 MHz

Angle Resonance (MHz) BW (MHz) Resonance (MHz) BW (MHz)

00 861 749 2055 860

300 870 694 2065 620

600 888 44 2027 400

Table 6.6: -10dB transmission bandwidth at fc= 887 MHz and fc = 2112 MHz
for TE polarisation.

887 MHz 2112 MHz

Angle Resonance (MHz) BW (MHz) Resonance (MHz) BW (MHz)

00 875 450 2075 375

300 870 425 2070 300

600 885 500 2075 525

Table 6.7: -10 dB transmission bandwidth at fc= 887 MHz and fc= 2112 MHz
for TM polarisation.

the increase of the incident angle, these bandwidths were still su�cient for
passing commonly used UMTS-FDD and Wi-Fi signals. In the case of a higher
bandwidth requirement, other parameters can be adjusted to achieve the desired
frequency responses. There might be a slight change in resonant frequency,
however the e�ect would have negligible impact on the overall performance in
practical applications.

TM Polarisation

Fig. 6.8 shows theoretical transmission coe�cient response (dB) for parallel
polarization (TM). The resonant frequency points at various angles (00, 300

and 600) and the corresponding bandwidths are presented in Table 6.7. In this
case, the �rst passband �lter (tuned for fc = 887 MHz) was able to fully transmit
UMTS-FDD 800 and 850 frequency bands ranging from 824 ∼ 894 MHz (Table
6.5) with only 2 dB transmission loss. The bandwidth variation in the �rst
passband ranged between 450 ∼ 500 MHz, which is about 40% less than that
of TE for the �rst two angles. For the second passband (tuned for fc = 2112
MHz), the total bandwidth varied between 375 ∼ 525 MHz, with respect to -10
dB transmission coe�cient. Thus, a loss of 50% bandwidth between the �rst
two angles, as well as a slight increase at 600, was observed. This band-pass
�lter is capable of transmitting the full 2100 band (UMTS-FDD) with negligible
transmission loss (1 dB); but for1900 MHz band, the maximum loss reached 16
dB for UL frequencies and 3 dB for DL frequencies (Table 6.5).

In summary, the transmission curves for both polarisations (TE & TM) at
di�erent incident angles satisfy the design requirements (transmitting all UMTS-
FDD bands). This particular design can be optimised for di�erent frequencies
by changing certain parameters, for example, FSS element dimension, substrate
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Figure 6.9: Transmission curve at normal incidence angle for TE polarisation
using di�erent permittivity values.

thickness, or by using substrate of di�erent permittivity.

6.2.5 Parametric Study

Transmission through a FSS can be a�ected by several factors, including element
dimensions, substrate thickness and variations in permittivity (εr). In this sec-
tion, the results of parametric study are presented using all the aforementioned
parameters:

Dimension E�ect of the Top-Loaded Cross Dipoles

The width of the loaded top was parametrically scanned from 0.60 ∼ 1.30 mm,
in 0.10 mm steps, for both TE and TM polarisations and at di�erent incident
angles. At 00 angle and thickness of 0.60 mm, a bandwidth of 808 MHz was
achieved for the �rst passband, which gradually reduced with the increase in
the width for both polarisations. The same e�ect was also observed for the
second passband. At 300 angle of incidence, the bandwidth increased for the
�rst passband, and became steady for the second passband. Meanwhile, the
resonance points moved backward with the increase of the width in the second
passband, but remained unchanged in the �rst passband for both polarisations.
Furthermore, some unwanted resonances, attenuating some particular frequency
ranges within the �rst passband by 12 dB to 16 dB were also seen in perpen-
dicular polarisation at 300. In the case of 600, bandwidth was not changed in
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Figure 6.10: Transmission curve at normal incidence angle for TE polarisation
using di�erent thickness values of glass.

TE polarisation for both passbands, but a slight decline was observed in TM
polarisation for the second passband. Resonance points steadily moved back-
wards with the increase in the thickness. The most important observation here
is that the number of unwanted resonance peaks increased substantially, once
the width was outside of the range 0.80 - 1.20 mm.

Dipole thickness was also parametrically analysed from 0.60 ∼ 1.10 mm, in
0.10 mm steps. For 00 angle of incidence, bandwidth and resonance points did
not change in the �rst passband for both polarisations, but a gradual decline
(∼ 100 MHz) in the bandwidth was observed in the second passband during
the increase of dipole thickness from 0.60 mm to 1.10 mm. At incident an-
gle of 300, resonance points and the bandwidth remained unchanged for TE
polarisation, but for TM polarisation bandwidth was increased steadily up to
an additional 100 MHz. With the second passband, the resonance frequency
point shifted as thickness increased. Unwanted resonances were also seen at
lower thickness for both polarisations, which becomes more prominent in TM
when the thickness exceeded 1 mm. For 600 angle of incidence, the bandwidth
and the resonance point in the �rst passband remain unchanged, but unwanted
resonances appeared at lower and higher thickness for both polarisations. A
bandwidth increase by 100 MHz in the �rst passband and a shift of the reso-
nance points were also observed.
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Permittivity Analysis

The transmission coe�cient of the FSS with the unit cell (Fig. 6.6) was also
analysed, using di�erent relative permittivity values of the substrate at normal
incident angle. Larger bandwidth within the �rst passband was achieved by re-
ducing the permittivity value, for example, 60 MHz addition to the bandwidth
after reducing permittivity by one unit, as illustrated in Fig. 6.9. Meanwhile,
the resonance point only changed with a large change of the permittivity. For
the second passband, both the bandwidth and resonance point reduced dras-
tically for higher permittivity values, Hence, permittivity plays an important
role in deciding the transmission characteristic of an FSS, particularly at higher
frequencies.

Substrate Thickness E�ect

The transmission characteristic of the FSS was also studied using the thickness
of the substrate (glass) as a parameter. Within the �rst passband, a steady
increase in thickness value from 4 mm to 6 mm reduced the bandwidth by
70 MHz, while reductions of the resonance frequency and the bandstop point
were also observed, as shown in Fig. 6.10. However, no signi�cant change
was seen during the change of the thickness between 8 ∼ 10 mm. For the
second passband, the bandwidth increased progressively as the thickness values
increased, however, bandstop and resonance point were reduced as the thickness
increases.

In summary, improved transmission frequency curves can be obtained by
altering the dimensions of a unit cell, substrate thickness, and permittivity
value of the substrate. The results of these parametric analysis can be used for
optimising the con�guration of the FSS elements, in order to achieve particular
design objectives.

6.3 Conclusion

This chapter describes two typical FFS design which are used for improving
the mobile and Wi-Fi signal transmission while maintaining the energy saving
property of ESG.

The �rst design is of a DSL type, with the absorbing and transmitting prop-
erties of bandpass FSS �lters based on hard-coating ESG to improve the trans-
mission of UMTS bands. The design has been optimised according to the partic-
ular scenarios being used at ECU, where the full wave simulation technique has
been utilized to evaluate the response of the FSS. The design has achieved trans-
mission requirements for the two speci�c frequency bands, with stable frequency
response for both TE and TM polarisation at normal and oblique incident an-
gles up to 600. The DSL-FSS unit cell design sustains 92.7% e�ciency of ESG
by attenuating IR radiations, which ful�lls the overall design objectives. Details
about the e�ects of parameters have been discussed, with concrete suggestions
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for variations in similar design work. This design can be adapted as a general
reference, which is suitable for applications under similar circumstances.

The second design is of a combination type,which is used to improve the
transmission of UMTS and Wi-Fi signals through hard coated ESG. A com-
bination of square loop and TLCD were adapted for a novel DBP-FSS. An
optimized design was presented, which attenuates less than 10 dB within the
required microwave bands, with a reduction of 12.35% IR attenuation capabil-
ity. For TE polarisation with di�erent incident angles up to 600, promising -10
dB bandwidths of 444 and 400 MHz were achieved for center frequencies of 887
MHz and 2112 MHz respectively. The corresponding TM bandwidths being 450
and 300 MHz, respectively. Parametric studies were carried out with respect
to the geometric dimensions, substrate permittivity and thickness. The width
of the loaded top of the dipole FSS plays an important role in reducing the
unwanted sharp resonances, with the optimum point located between 0.8 - 1.0
mm. An increase in permittivity shifts the resonance peaks towards the lower
frequency end, and concurrently narrowing the lower pass-band and widening
the higher pass-band. An increase in the thickness of the substrate has similar
e�ects. The results presented in this chapter are expected to help clarify the ef-
fects of di�erent parameters, and optimise designs under similar circumstances.
Furthermore, they indicate that appropriately designed hard coated ESG can
maintain its energy saving property, while avoiding excessive attenuation of the
microwave frequency needed to allow mobile phone and Wi-Fi communication
across external building walls.
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Chapter 7

Conclusion

This thesis shows my e�ort to measure, evaluate, and rectify issues related
to microwave radiation risks, generated from di�erent sources (speci�cally 3G
mobile base stations, mobile handsets, and microwave ovens). In this chapter
a summary is presented of the achievements, contributions, and suggestions for
future work.

Measurements around RBSs were conducted, results were recorded for di�er-
ent periods of time at multiple locations and angles, the results were then com-
pared with ARPANSA standards. Microwave oven measurements have been
conducted for: 1) di�erent brands, 2) distance, and 3) measurement angles.
ESG is utilised in the front panel as a shield to reduce direct radiation expo-
sure. Mobile handsets were measured in both idle and active states to analyse
their behavior. The solution for reducing excessive amount of infrared and
unwanted microwave radiation has been suggested by using hard coated ESG,
which is easy to handle and provides 70 dB signal attenuation. Useful signals
transmission through ESG has been improved by designing DBP-FSS �lters of
varying elements shapes, fabricated onto the hard coated ESG.

7.1 RF-EME Measurements

Chapter 3 presents the measurement results of RF-EME levels at the ECU,
Joondalup campus, resulting from RBSs. Telstra (WCDMA850) and 3GIS
(WCDMA2100) RBS radiations have been individually measured for 2 hours,
at 4 speci�c points selected from a group of multiple short measurement points;
and for 24 hours at highly exposed locations closer to the RBS. Measured re-
sults have been compared to the ARPANSA standards. The objective was to
identify high risk areas. Generally speaking, locations closer to the RBS and
at the same elevation as the transmitting antenna will receive higher levels of
radiation, compared to those which are located at oblique incident angles. Here
are the main contributions of this research work:

� In previous research, measurements for GSM frequency bands have been
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normally conducted only for short periods of time. Similarly for UMTS
base stations, only very limited measurements have been carried out either
in peak time or during o� peak time. This is the �rst time that detailed
EMI measurements have been conducted for 3G (UMTS) networks; these
networks operate at frequency bands which are di�erent from those used
in traditional GSM networks.

� Comparisons between the radiation levels at varying distances and el-
evations have never been conducted before. Without investigating the
in�uence of the angle formed between the transmitting antenna and the
user position, it is di�cult to identify the high risk regions and to provide
EMI shielding solutions. EMI shielding is speci�cally required for those
building closer to a RBS. This research is not limited to the ARPANSA
standards when specifying the need for shielding material, but it suggests
to implement shielding solutions even before the de�ned level is reached,
since researchers have already proved that health hazards could exist be-
low the recommended standards.

� Considerations have been given to those locations where di�erent RF ra-
diation sources are in close proximity, such as weather radar, emergency
services communication systems, radio broadcasting stations, satellite TV
stations, and power transmission lines; and where people are spending a
su�ciently long time; for example, Universities, Hospitals, research and
child care centers. This research work has considered all of these scenarios
for providing the best possible solution to reducing unwanted radiation
exposure. We have proposed that ESG be employed in order to block
unwanted microwave signals, while the maintaining original beauty of the
buildings and enabling the transmission of useful signals.

7.2 Radiations from Microwave Oven and Mobile

Phone

Other sources of microwave radiation are appliances used in everyday life, e.g.,
microwave ovens and mobile phones, etc. Chapter 4 illustrates the measure-
ment results of the radiation levels originating from microwave ovens and mo-
bile phones; during both idle and operating modes. Microwave oven exposure at
various distances and angles has been analysed to provide safety recommenda-
tions in order to reduce direct radiation exposure. Furthermore, the attenuating
capability of ESG, when applied as a shield to microwave ovens has also been
measured. The transmission power of di�erent brands of mobile phones when
communicating with base station has been measured and compared for evalua-
tion purposes. The contributions from this chapter are summarised below:

� Measurement results of radiation power density from microwave ovens
of di�erent brands have been analysed and compared with ARPANSA
safety standards. All measurements have been conducted for the best case

86



scenario (minimum re�ection inside the room and water placed inside oven
which can absorb radiation), where minimum radiation should be leaked
into the environment.

� In�uence of direct radiation exposure at various distance and angles for
di�erent brands of microwave ovens has been discussed in order to rec-
tify higher exposure issues. Suggestions and recommendations have been
proposed to reduce health hazards immediately after the microwave oven
begins to operation.

� The radiation level was measured in front of the microwave oven, both with
and without additional ESG shielding, and the results were compared.
The �tting of ESG to oven doors was recommended due to its signi�cant
shielding e�ect.

� Mobile phone radiation power density level of di�erent brands, before and
during the call, was measured and compared.

� Most of the older mobile phones transmit at a higher power when commu-
nicating with the base station, and even transmit power during idle time.
By comparison, the newer smart phones have the capability of maintain-
ing a low power level before and after a connection has been made. It was
strongly recommended that manufacturers specify the transmitting power
on mobile handsets.

7.3 FSS for Energy Saving Glass

Being an excellent microwave signals attenuator, ESG also attenuates the de-
sired mobile phone and Wi-Fi signals. Chapter 6 describes the design of two
FSS bandpass �lters on hard coated ESG, which enable the desired signals to
be received while attenuating unwanted infrared and microwave radiation.

For the �rst design, only 7.30% of glass coating area was removed, while
92.70% original coating area was maintained. This design allows the locally
used frequency band (WCDMA850 and WCDMA2100) to be transmitted. In
comparison, the second FSS bandpass design allowed transmission of most of the
UMTS frequency bands currently in use worldwide (WCDMA800, WCDMA850,
WCDMA1900, WCDMA2100) by removing 12.35% of the coating area. Both
designs show stable frequency response for TE (perpendicular) and TM (par-
allel) polarisation at normal and oblique incident angles. Listed below are the
main contributions of this research work:

� This is the �rst FSS spatial �lter design on hard coated ESG, which trans-
mits the required signals within speci�c frequency bands, while stops wave
propagation at unnecessary frequencies, including IR radiation.

� A combination of square loop and TLCD-FSS has been suggested for
obtaining stable resonance curve for higher bandwidth, where incoming
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waves approach from arbitrary directions. On the other hand, DSL-FSS
spatial �lters does not give higher bandwidth, but requires the removal of
less coating area while providing angular stability at both polarisations.

� A parametric analysis of: 1) substrate permittivity, 2) substrate thick-
ness, 3) width of square loop and TLCD-FSS has also been conducted to
optimise frequency response for obtaining the required bandwidth.

� In traditional FSS designs, resonance occurs if the length of the element
is equal to λg/2. This research shows that further reduction of element
size can provide better angular stability for di�erent polarisations. The
compact element size is an important requirement at lower frequencies.

7.4 Suggestions for Future Research

Based on the results presented in this thesis, further research works are sug-
gested, as listed below.

� It is recommended that radiation measurements be conducted over a
longer measurement period (for example, 24 hours), under extreme weather
conditions (winter and summer), and in the metropolitan areas where net-
work tra�c load is much higher and RBSs are closer to each other. It is
also desirable that the power density level be measured for the newly de-
ployed Long Term Evolution (LTE) network; which operates at di�erent
frequency bands, such as LTE band number 7 (for Asia and Europe) in
the frequency range 2500-2690 MHz.

� Measurement and evaluation of Femto cell radiation is recommended,
which is an access point for the home users to receive better mobile phone
coverage via a DSL line. It works as an individual RBS in each house and
continuously transmits radiation inside the home or commercial building.

� A feasibility study for using ESG as microwave oven window shielding
instead of normal �oat glass is desirable.

� Measurements should be conducted after applying a radiation attenuator
polymer to the back surface of the mobile handset, in order to ascertain
whether the EME level can be signi�cantly reduced.

� Due to rapid growth in wireless technology and implementation of new
frequency bands, the demand for active FSS �lters will increase. As the
desired frequency response can be tuned using PIN or varacter diodes, it
is desirable to further investigate inclusion of these diodes in FSS.

� Modern trains and cars are also using ESG and tinted window solutions
which a�ect the transmission of mobile phone signals. Therefore, research
should also further expand into this area.

88



� In modern architecture, buildings are often constructed in curved shapes,
hence conventional FSS design may not work precisely for waves coming
at oblique incident angles. As such, further research work in design and
development is required for curved shape FSS, in addition to the planar
structures which have been presented in this work.
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