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The electromagnetic wave absorption characteristics of composite cement-based building
material have attracted much interest in recent times. Researchers have mainly focused on
the 2 GHz to 12 GHz frequency range. Mobile and wireless communication systems use
frequencies from 800 MHz upwards. The determination of characteristics such as reflec-
tion loss, absorption, attenuation and shielding effectiveness are crucial in the evaluation
and development of these materials for the building industry. Absorption is an indication of
how much of the EMW energy enters the material. Attenuation indicates how much of the
absorbed energy is converted into other forms of energy by the material. Shielding effect-
iveness (SE) is a combination of reflection loss, attenuation and multiple internal reflections

and attenuations.

This research determined these characteristics by measuring the S11 and S21 parameters

of the composite cement-based material in the GSM and WiFi frequency bands. The time
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domain gating function of a vector network analyser is applied to measure the reflection
from the material. The data was then used to obtain the reflection and absorption losses
in the frequency bands. The transmission loss was measured by placing the sample in the

propagation path between two antennas.

MnZn-ferrite and electrolytic manganese dioxide in powder form were eval uated as absorber
material to increase the permeability of the cement-based material to improve absorption
and attenuation capabilities to create a cost-effective practical electromagnetic wave ab-
sorber. The compound of the cement-based material was cement, sifted river sand and filler

powder.

The results achieved in the research showed the uniqueness of electrolytic manganese diox-
ide asfiller in composite cement based material for electromagnetic wave shielding effect-
iveness improvement. The combined measurement techniques used in this research were
uniquely used to determine the required el ectromagnetic wave absorption characteristics and
shielding effectiveness of 10 dB was measured in the GSM850 and GSM900 frequency

bands.
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Die Federale Kommunikasie Kommissie (FKK) het voorspel dat 'n spektrum-tekort in die
nabye toekoms, onder die huidige regulatoriese omgewing, ondervind kan word. Hierdie
dreigende spektrum-tekort is gedeeltelik as gevolg van die vinnig groei van aanvraag na
draadlose dienste en van ondoeltreffende gebruik van die huidige gelisensieerde spektrum.
'n Nuwe paradigma met betrekking tot draadlose spektrumtoekenning, wat bekend staan as

kognitiewe radio (KR), is voorgestel as’n moontlike oplossing vir hierdie probleem.

Die doel van hierdie verhandeling is om navorsing op die gebied van KR te doen. Die
navorsing sal bydra deur 'n ondersoek in te stel op die effek van 'n primére gebruiker (PG)
kanaal besettingsmodel op die prestasie van ' n sekondére gebruiker (SG) in 'n KR-netwerk.
Die model is gebaseer op die aanname dat die PG-kanaal besetting as’ n binére proses beskryf
kan word en ' n twee-toestand Verborge Markov-model (VMM) is dus vir hierdie ondersoek
gekies. Tradisionele algoritmes vir die afrigting van die model is met sekere evolusionére-

gebaseerde opleidingalgoritmes in terme van hulle voorspelling van akkuraatheid en bere-
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keningkompleksiteit vergelyk. Die prestasie van die model is belangrik omdat dit SGs 'n
basis bied vir kanaal skakeling en toekomstige kanaaltoekennings.

'n Basis vir KR-simulasies is ontwikkel en die effek wat dié model op die kanaal skakeling
het sowel as die bereikbare prestasie van 'n SG binne 'n KR-netwerk is deur die re-
sultate geillustreer. Prestasie met betrekking tot die haalbare deurvoer van SG data, PG-
ontwrigtingkoers en die SG-kragverbruik, isvir beide teoretiese toetsdata asook die data wat
verkry is deur werklike spektrummetings (geneem in Pretoria, Suid-Afrika) word geillust-
reer. Die resultate wys dat daar ' n duidelike verband bestaan tussen die haalbare SG-deurset
en die gemiddel de PU-ontwrigtingkoers. ' n Beduidende SG-prestasi everbetering iswaargen-
eem wanneer voorspellingsmodellering gebruik word en dit is gevind dat die prestasie en
kompleksiteit van die model beinvioed word deur die algoritme wat gebruik word om dit
op telei. SG-prestasie word ook deur die lengte van die vinnige afmeting in tyd beinvioed.
Uitslae wat verkry is op grond van gemete besettingsdata is vergelykbaar met dié wat met
teoretiese besettingsdata verkry is, met 'n gemiddelde gelykvormigheidstelling van 95% vir
die voorspellingakkuraatheid, 90% vir die SG-deurset, 83% vir die SG-kragverbruik en 71%

vir die PG-ontwrigtingskoers.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

The electromagnetic wave (EMW) absorption capability of composite cement-based mater-
ial has attracted much attention from researchers in recent times. The continues exposure to
EMW radiation has raised concern of potential health effects [4]. Accordingly researchers
have adopted various methods to determine the absorption characteristics of such materials.
It has been found that wireless communication and wireless networks are affected by
the propagation characteristics of building materials, with cement-based material being
one example. Knowledge of the absorption, attenuation and reflection ability of building
materials alows for the proper implementation of indoor wireless communication and
network systems. The accurate determination of these characteristics is of high importance
for such implementations. Various methods have been reported in the literature to determine
the characteristics of building material. Such knowledge also alows for the manipulation
of the composition of the building material to achieve the required results for specific

applications.

Absorption is an indication of how much EMW energy enters the material. Attenu-
ation, on the other hand, indicates how much of the absorbed energy is converted into other
forms of energy by the material. The most common method used to determine absorption is

to measure the reflection loss S;1 of the material by placing a conductive back plate behind

© University of Pretoria
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the device under test (DUT). Thisisdone practically using avector network analyser (VNA)
and two horn antennae in an anechoic chamber [5], [6]. This experimental setup measures

the total EMW energy attenuated by the material.

Shielding effectiveness (SE) is a combination of reflection loss and attenuation, as
well as multiple internal reflections and attenuations [7]. SE can be measured by placing
the DUT between two horn antennae and measuring the transmission loss (S ) through the
material [8]. This method gives an indication of the total shielding effect, but it does not
reveal the actual attenuation of the EMW in the material.

In the literature and in various applications, different composite cement-based materi-
als are used to absorb and attenuate EMW energy. For example, expanded polystyrene
is added to a cement-based EMW absorber to improve its absorbing properties [6]. This
method shows that the attenuation is mainly due to multiple internal reflections and
scattering. SE of 6 to 16 dB in the 8 to 18 GHz frequency range has been reported in the
literature. Further, carbon fillers [5] in the form of graphite and carbon black are used for
shielding and absorption respectively. Moreover, SE of 5to 15 dB is achieved inthe 2to 8
GHz frequency range with carbon black. It has also been found that ferrite and stainless steel
powder can serve as awooden building material for EMW absorption in indoor applications
[9]. Absorption of above 10 dB is measured at frequencies above 2 GHz. However, the
cost of thesefillingsis high and they are complicated to process. Research has mainly been

concentrated on the 2 to 12 GHz frequency range.

Standard concrete walls of 300 mm thickness show an SE of 3 to 4 dB for frequen-
cies between 500 MHz and 1.1 GHz [10]. However, this low level of SE can be increased
by altering the composition of the structure in various ways as indicated above. Apart from
the walls, there are also many apertures such as doors, windows, air-conditioning ducts and
cable holes that are sources of EMW penetration. Accordingly, different aperture shapes
have been modelled to determine SE in the GSM frequency bands [11]. SE variations of 1

to 5 dB were achieved by the apertures examined.

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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1.2 RESEARCH QUESTION

Theinterest shown by literature to material as absorber of EMW specially in building mater-
ial, emphasises the need for suitable and cost effective building materials to improve the SE
of building material and buildings. This quest is still to be successful for the different global
conditions. In Africaand specifically in South Africathis need has not been investigated and
fulfilled. The literature uses various methods of measuring SE to determine its effectiveness.
An accurate method of measuring SE to manipulate the characteristics of composite building
material isstill aunanswered question. In this dissertation the research done to find solutions

for the mentioned research questionsis discussed.

1.3 RESEARCH OBJECTIVE

This study investigated the feasibility of using ferrimagnetic and magnetic material in a
cement-based composite to develop an optimal EMW absorber building material for mobile
and wireless communication system radiation in order to prevent EMW from entering or
exiting a room or building. Various ratios of substances containing ferrite and magnetic
material can be used to achieve effective attenuation of the EMW through the material. The
South African manufactured magnetic powder MnOg4, known as el ectrolytic manganese di-
oxide (EMD), isinvestigated as an absorbing filler to improve the absorption and attenuation
characteristics of cement-based composite building material for South African and African
conditions. The absorber has to be cost-effective, decorative and practical for the use as a

building material.

Various methods for measuring the SE characteristics of building material is investig-

ated to suggest and confirm a more complete method than reported in the literature.

1.4 AUTHOR’S CONTRIBUTIONS AND OUTPUTS

In this research, the author reports on research findings to determine the exact absorption

and attenuation capabilities of cement-based building material in mobile communications

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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and indoor wireless communication systems. The measurement techniques that are used de-
termine and identify the absorption, attenuation and reflection loss components of the SE
capabilities of the composite building material. The absorption is determined by using the
gating function of a vector network analyser (VNA) measuring in the time domain to find
S11. The transmission coefficient is determined by measuring the $; parameter and posi-
tioning the DUT in the EMW propagation path between the sending and receiving antennae.
Consequently, the combination of the results of the two measurement methods enables one

to determine the reflection, absorption and attenuation capabilities.

1.4.1 Research contribution

The author’s main research contribution can be summarised as follows:

Combining the results of two measuring methods enabled the author to accurately
characterise cement-based composite building material in terms of reflection loss, trans-
mission loss, absorption and SE. The author also compared commonly used ferrimagnetic
material MnZn-ferrite, with electrolytic manganese dioxide (EMD), as afiller for cement-
based building material in terms of to improving the SE characteristics. It was found that, as

anew magnetic filler, EMD is superior to MnZn-ferrite in terms of SE improvement.

14.1.1 Measurement system

To determine a complete measure of the SE, a combination of measurement systems was
used to measure the reflection loss, transmission loss, absorption and attenuation of the
building material. The measuring setup in Figure 3.6 was used to measure the Sy scattering
parameter to find the SE. This setup was combined with the measurement of the S;; scatter-
ing parameter to find the reflection loss using only the transmitting (TX) antenna. The author
combined the results of the two measurements to determine the absorption and attenuation
by the material.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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1.4.1.2 Plaster cement absorbing shield

Plaster cement, also referred to as cement mortar, is the material most widely used to finish
off the concrete and brick walls of buildings. It is applied to the wallsin alayer of between
15 mm and 25 mm in order to leave a smooth surface. Plaster cement has an SE of 2 to 4
dB for frequencies between 100 and 400 MHz [12]. An SE of less than 5 dB was measured
between 1 and 6 GHz by [13]. In the 8.2 to 12.4 GHz frequency range, an SE of lessthan 3
dB was measured by [14].

The literature gives various techniques for improving the SE of a building or enclosure by
[15], [12], [6], [16], [17], [18] and [19], as discussed in the literature study of this document.
In this research the SE of plaster cement in the GSM bands and the WLAN band was
measured and increased by adding ferrite and magnetic fillers. The author found that modi-
fying plaster cement by adding a magnetic material to the composition of the cement-based
material canimproveits SE. Thisnew composite plaster cement can then easily be applied to
the surface of a concrete or brick wall to improve its SE. Normal plaster cement is prepared
by mixing one part cement with six parts sifted river sand. The magnetic material is then
added to the mixture by replacing a proportional amount of river sand with the magnetic
material in powder form. For testing purposes, the composite plaster cement was moulded

in tile format as shown in Figure 3.4.

1.4.2 Journal publications and conference papers

The following peer reviewed and accredited journal articles have been published by the

author as part of hisresearch activities.

The author presented the paper "Ferrimagnetic composites in building material for
electromagnetic wave absorption wireless communication systems' at the 4th 1EEE
European conference on antennas and propagation in Barcelona, Spain, 12-16 April 2010
[20].

Department of Electrical, Electronic and Computer Engineering 5
University of Pretoria

© University of Pretoria



Chapter 1 & . Introduction
& v

The author Johann Christiaan Pretorius and co-author B.T. Maharg published the IS
journal article: "Electrolytic manganese dioxide for EMW shielding effectiveness im-
provement of cement-based composites in indoor wireless communication systems' in
the International Journal of Physical Sciences, vol. 8(8), pp. 295-301, February 2013
[21].

1.5 DISSERTATION OUTLINE

In Chapter 1 an introduction to the research is given with amotivation and research question.
The objective of the research is discussed and an overview of the authoraAZs contributions

and outputs are given.

In Chapter 2 a background and literature review is given. Published literature on SE
Is reviewed. The background of EMW absorber material is given and an overview of
the published literature on various absorber materials is given. Shielding with building
material and the absorption of EMW in buildings is discussed. An overview is given of the
measurement methodologies used in literature. The background of EMW propagation and

SE theory is discussed and the chapter ends with a conclusion.

In Chapter 3 the methodology of this research is given. The ssimulation of the propagation
of EMW through composite material is discussed. The chapter explains the preparation of
the samples used in the research. An overview of measuring techniques is given and the
measurement methods and equipment used in this research are discussed. The chapter ends

with a conclusion of the methodology used in this research.

Chapter 4 is a discussion of the measured results of this research. The measured SE
of electrolyte manganese dioxide and MnZn ferrite composite cement-based material
samples is given and discussed. The effect of the moisture content of the samples on the
measured SE results is given and discussed. The measured results of the reflection loss

and attenuation of the samples are discussed. The measured results are compared with the

Department of Electrical, Electronic and Computer Engineering 6
University of Pretoria
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simulated results and the findings discussed. A conclusion of the chapter is aso given.

Chapter 5 is a conclusion of this research and recommendations for further study is

given. The dissertation is ended by adetailed list of references.

Department of Electrical, Electronic and Computer Engineering 7
University of Pretoria
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CHAPTER 2

BACKGROUND AND LITERATURE
REVIEW

2.1 LITERATURE REVIEW

A literature study is done to identify the latest research that has been conducted on a partic-

ular topic. This study covered severa sections of EMW absorbtion:

Shielding effectiveness

Absorber material

M easurement methodol ogies

Shielding with building material

Absorption in buildings

2.1.1 Shielding effectiveness

Electromagnetic interference (EMI) shielding refers to the reflection, absorption and
attenuation of EMW radiation by materia that acts as a shield against radiation. The
primary mechanism of shielding is reflection. Accordingly, the shield has to be electrically

conductive for reflection as a result of mobile carriers such as free electrons and holes

© University of Pretoria



Background and Literature
AP Review

<o<

Chapter 2 < !

[22]. Absorption attenuation is the second mechanism of shielding. It is also known as
the skin-effect attenuation within the thickness of the material. The shield should have
electric and magnetic dipoles that interact with the electromagnetic fields in the material.
The electric dipoles have a high value of dielectric constant, while the magnetic dipoles
have high magnetic permeability. The absorption loss is an attenuation and is a function
of the product (oy ;) while the reflection loss is a function of (oy/ur), with o; being the
electric conductivity relative to copper and p, the relative magnetic permeability. A third
mechanism contributing to SE is multiple internal reflections and attenuations [23]. Hence,

SE can be calculated by obtaining the sum of the contributions of the three mechanisms.

The way in which the EMW shields transmit plane EMW is analogous to the transmission
of electrical current and voltage by a two-wire transmission line [7]. The transmission
equations for a transmission line with series impedance Z, and shunt admittance Y per unit

length complex constants, are:

dv
=2 (2.1)
di

=V (2.2)

The analogous equations for a plane EMW transmitted through a shield are:

— =—jouH (2.3)
dH .
= —(o+ joe)H (2.4

where u istheinitial magnetic permeability, € the dielectric permittivity, and o the electrical

conductivity.
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2.1.2 Absorber material

2.1.2.1 Polymer material

It has been found that doping of a polymer with p-type or n-type impurities increases its
conductivity by several orders of magnitude. High conductivity combined with the light-
weight and high mechanical strength of the polymers make them attractive for high frequency
shielding applications. The plain wave shielding behaviour of laminated shields constructed
with these polymers and materials like copper and aluminium as a function of frequency
was studied by [24]. Conductive polymer shielding is used in high data rate applications
and aerospace where weight is a constraint. A 1 mm thick lamination of three layers, con-
sisting of a combination of conductive polymer and conducting materias like copper and
aluminum, was used. Computations for various combinations of copper-polymer-copper,
polymer-copper-polymer, aluminium-polymer-aluminium, and polymer-aluminum-polymer

were done. The polymer used was polyacetylene doped with 80% weight iodine.

2.1.2.2 Test system for polymer material

The reflection and transmission formulation by a planer multilayer was applied to compute
the SE of the laminated conductive shields. Equation (2.82) was used to develop the SE
theory for a multiple laminated sheet with three layers.

The transmission coefficient T for athree-layer laminated sheet is

T 2n02M12122N3 (2.5)

(Mo+mn1)(M1+n2)(N2+n3)(N3+ Mo)

with 11, n2 and n3 the intrinsic impedance of layers 1, 2 and 3 respectively.
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The reflection coefficient T across the four mismatched interfaces of a three-layer

laminated sheet is the product of the reflection coefficient at each interface:

r— MNo—MN1,,M1—"N2,,M2—N3,,MN3—T"To (2.6)
MNo+M1” M1+MN2" NM2+MN3" N3+MNo

2.1.2.3 Results for polymer material

The computed results of the SE as a function of frequency for the different combination of
materials indicated that the material can perform well as a shield, although no experimental
measurements were done to verify the calculations. Although the study did not specify the
absorption loss, reflection loss and attenuation calculated to determine the SE, the calculated
SE for the various models was higher than 200 dB at frequencies above 800 MHz. As the
different components of the calculated SE were not specified, it is not possible to classify
the used models as absorbing shields or reflecting shields.

It is shown by [25] that the absorption of a sheet does not depend on polarisation and
that the shield is optima when the angle of incidence and polarisation are arbitrary. The
designed shield shows that half of the incident power is absorbed but no measurement data

was available for verification.
2.1.2.4 Ferrite material

Hexagonal ferrites are known to exhibit the phenomenon of natural ferromagnetic resonance
only at frequencies higher than approximately 2.5 GHz and up to 200 GHz, because their
internal field of magnetic crystallographic anisotropy ranges from a few units to dozens of
kilo-oersted [26], [27], and [28]. At lower frequencies, hexa ferrites do not substantially
absorb EMW energy, and have high reflection. Spinal ferrites known to be soft ferrites
with high permeability, absorb EMW energy at lower frequencies as a result of the high
imaginary part of the complex permeability, which is a function of frequency. Neither

hexagonal ferrites, nor spinal ferrites absorb EMW energy effectively in the frequency range
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of 100 MHz to 2.5 GHz. However, absorption in this range can be achieved by increasing
dielectric loss in the mixture of ferrites and the base material. The dielectric lossin NiZn
and MnZn composite ferrites can be increased by the inclusion of conducting particles, such

as carbon, in the mixture.

Material containing different types of ferrites or metal particles, fibres or manganite
powders improves the control over the complex permittivity and permeability of the mater-
ial. The reflection coefficient is a function of the ratio % and the transmission coefficient
depends on the absolute value of u; [29]. It is shown that material with dominant magnetic
losses is thinner and exhibits improved absorption behaviour. However the calculations have

not been verified by experimental findings.

Carbon and MnZn ferrite was used to prepare a sheet-type EMW absorber, with chlorinated
polyethylene being used as a binder. The absorber was fabricated by using an open roller
[30], and was devel oped for an electric toll collection system at 5.8 GHz. Results of the 3.38
mm thick sample showed absorption of up to 20 dB at the operating frequency.

A two-layer EMW absorber, with short metal fibres in a ferrite-resin mixture and
providing a bandwidth improvement in the GHz range, was developed by [31]. The metal
fibres used were brass and measured 1 to 4 mm in length and 60 umin diameter. The fibre

lengths chosen were half the wavelength of the frequency of operation.

Wooden panels manufactured from thin laminated layers of wooden film impregnated
with magnetic fluid were developed by [15]. The laminated wood was dried before it was
placed under a pressure reduction of 5.3 kPafor 2% hours to create a vacuum in the conduit
and trached pipes in the wood. The wood was then pressurised at 686.5 kPa for another 2%

hours in the magnetic fluid.

Another type of wooden panel was manufactured by [32] and [9] by sandwiching
magnetic powder between thin wooden layers. The SE and effective frequency of the panel

can be controlled by changing its thickness and the composition of the magnetic powder.
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The magnetic powder used is MnZn ferrite and stainless steel, and the resulting magnetic
wood can be used to prevent radio interference in indoor wireless local area networks LANs

which mainly use the 2.4 GHz frequency band.

A ferrite absorber for building walls in Japan was developed to suppress the reflec-
tion of VHF and UHF television signals in an effort to solve the problem of ghost images
[19]. The absorber panel consists of ferrite fins and building material constructed so as to

model a glass curtain wall.

2.1.2.5 Test system for ferrite material

In [26], washer-shaped samples were manufactured using ferrite, graphite and ferrite-
graphite with paraffin as the base material. The ferrite used was of the MnZn ferrite type.
The washer-shaped samples were approximately 14 mm in thickness and the absorption was
found to be proportional to the total mass of ferrite. All samples were prepared with the
same mass which resulted in dight variations in thickness. Subsequently, the samples were
placed in a coaxial fixture with diameters of 16 and 7 mm. The transmission coefficient in
the line was measured between 1 and 2.4 GHz and the absorbed power was calculated for

each sample.

Cylindrical toroidal samples were also prepared by [28]. The samples, with 7 mm
outer diameter, 3 mm inner diameter and 4 mm thickness, were prepared by mixing ferrite
particles with an epoxy resin at an 85% weight content. The complex permeability and
complex permittivity of the samples were measured by the transmission-reflection coaxial

line method using an HP8722ES VNA system for frequenciesfrom 2 GHz to 18 GHz.

2.1.2.6 Results for ferrite material

The results found by [26] for the washer samples show that the mechanism of absorption
Is a result of the ferrite particles. The graphite samples achieved an SE of 1 dB, the

ferrite samples had an SE of 2.5 dB to 6.5 dB over the measured frequency range and the
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ferrite-graphite samples 6 to 13.5 dB.

The results obtained by [28] are typical for ferrite, with the real and imaginary parts
of its permeability retaining low values and the real part at 2.03.

Ferrite, graphite and carbon black were evaluated as EMW absorber materials in [33].
The measurements were done from 1.5 to 3 GHz. In the study, the materials were mixed
with synthetic enamel and applied on a plate of expanded polystyrene (EPS). The char-
acterisation was based on the determination of transmission and reflection characteristics.
Two types of measurement technique were performed, the Naval Research Laboratory
(NRL) arch technique and the insertion between antennae. The NRL arch technique was
inconclusive owing to the peaks and valleys that were observed in adjacent frequencies.
Two centre frequencies of 1.8 and 2.4 GHz each with a 300 MHz bandwidth were measured.
Accordingly, it was found that graphite as an absorber material showed the best absorption
of 5.7 dB at afrequency of 1.77 GHz.

2.1.2.7 Composite foils

Flexible foils with 0.5 to 1.5 mm thickness were developed in [34]. The foils consisted of
polyethylene, carbon and inorganic fillers. Variousfillers, such as ferrites, garnets, amorph-
ous, nanocrystalline metals, dielectric, ferroelectric and piezoelectric ceramics, semicon-
ductors, thermal and PTC resistor ceramics, and varistor ceramics, were aso used. The
broad spectrum of foils was developed for absorption, which was determined by their con-
ductivity and permeability. It was found that the 1 mm thick foils absorb more than 30%
of the incident power for frequencies above 40 MHz. Thus, foils can be prepared that hold

optimal properties for given applications.

2.1.2.8 Test system for composite foils

Transmission and refl ection measurementsin [ 34] were done with aclosed coaxial measuring

technique in the 40 MHz to 1 GHz frequency range. The transmission loss from 700 MHz
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to 18 GHz was measured using an open horn antenna setup. This setup cannot quantify the
reflection loss owing to interference effects arising from the interaction between the antennae

and its surroundings.
2.1.2.9 Results for composite foils

Transmission measurements were done from 700 MHz to 18 GHz and foils with 1 mm
thickness absorbed more than 3 dB of the incident power [34]. The measured results showed
that high SE of 21 to 34 dB can be achieved with 1 to 1.5 mm thick composite foils at 1
GHz, mainly as a result of high reflection losses. Samples with high absorption and lower
reflection losses showed SE of 7t0 13.4 dB at 1 GHz.

2.1.2.10 Poly-vinylchloride composites with ferrite fillers

Poly-vinylchloride (PVC) polymer-based composites with different kinds of single ferrite
fillers were examined by [35] and [36]. The complex permeability spectra and the EMW
absorbing characteristics of MnZn/LiZn/PVC polymer composites were investigated by
[35]. It was found that the complex permeablity had characteristic frequency dispertion
which was attributed to two types of resonance mechanism: resonance of vibrating domain
walls and natural ferromagnetic resonance of rotating magnetic moments in domains.
It was also found that the triple ferrite MnZn/LiZn/PVC polymer composites are good
EMW absorbers and are suitable for EMW suppression in mobile electronic equipment at
frequencies above 100 MHz. Spina ferrites, hexaferrites and metallic magnetic materials
cannot be applied in the microwave region as absorbers because of the decrease in the
magnetic loss (1) resulting from their Snoek limit. Ferrite polymer composite materials
are suitable candidates for thin EMW absorbers in the GHz frequency range, because their
Snoek limit is enhanced in the high frequency region.

The magnetic loss and permeability properties of different composites of MnzZn fer-

rite ring samples were determined from direct current (DC) up to 10 MHz by [36].
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2.1.2.11 Test system for PVC composite material

Polymer-based composites were produced by [35] by mixing the MnZn and LiZn ferritesin
powder form with PV C powder. Toroidal 3 mm thick samples with a9 mm outside diameter
and a 3.6 mm inside diameter were then produced using a compression moulding process
at 5 MPa and then thermally processing at 135°C for an hour. The complex permeability
spectra were measured over the frequency range 10 kHz to 1 GHz using two VNAS at room

temperature. The EMW-absorbing properties were then optimised by numerical simulations.

A wattmeter-hysteresis graph setup designed to cover many decades in the frequency
range was used by [36]. An NF-HSA4101 power amplifier was driven with an Agilent
33220A function generator. The MnZn ferrite samples were prepared with outer diameters

ranging from 15 to 5.9 mm and thicknesses ranging from 1.2 to 7 mm.
2.1.2.12 Results for PVC composite material

It was found by [35] that the value of 1" is constant at low frequencies and, at frequencies
above 1 MHz, drops rapidly to very low values. The reflection loss was calculated by [35]
using the determined permeability values from 100 kHz to 1 GHz. In Table 2.1, the results
of [35] show the frequencies at which the air-material interface was optimised by matching

the impedances at the input interface for absorption.

Results obtained by [36] showed that the permeability of MnZn ferrite decreased to
very low values at frequencies above 1 MHz. Thisfinding is consistent with the findings of

other research done.
2.1.2.13 Conductive and carbon composite material

The EMW dissipation capabilities of cement mortar were improved by replacing small
amounts of the fine aggregate with bamboo-charcoal as a conductive filler by [12]. The SE

of the cement mortar was improved from 2 dB, with no carbon filler up to 20 dB, with the
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Sample Matching frequency (MHz)

1.0 MnZn 344
0.8MnzZn+0.2LiZn 522
0.5MnZn+0.5LiZn 714
0.2MnZn+0.8LiZn 845
0.1LiZn 938

Table 2.1: EMW absorption properties of MnZn/LiZn/PV C samples

carbon filler in the frequency range 100 MHz to 400 MHz.

Multiwalled carbon nanotubed (MWCNT) filled polyacrylate composite was coated
1.5 mm thick on 60x60x5 cm concrete panels and tested for EMI shielding applications by
[37]. MWCNT has excellent electrical and mechanical properties. Pure acrylic emulation
is weather resistant and a universal choice for making alkali-resistant paints for internal

applications. The polyacrylate is non-conductive on its own.

Concrete walls reinforced with metallic grids have been investigated for many years
[17]. Conductive concrete, which consisting of a cementious composite with alow volume

concentration of steel fibresincluded in the cement mixture, was investigated by [18].

2.1.2.14 SE by cavity and interface mismatch

By creating small cavitiesin the cement mortar by adding small 1 mm expanded polystyrene
(EPS) spheresto the mixture, [6] increased the SE by increasing the multiple reflections and
attenuations inside the material. Accordingly, the EPS beads scatter the incident wave and
reflection losses of up to 10 dB in the 8 GHz to 18 GHz frequency range were measured.
A volume increase (up to 60%) in the EPS in the cement mixture was accompanied by an

increase in reflection loss.

A three-layer EMW absorber was designed using building material only by [16]. The
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third layer was an air gap placed between the two outer layers of fibre reinforced building
material.

Two low-loss parallel slabs consisting of stratified construction materials with differ-
ent dielectric constants were used to construct an absorbing shield by [38]. The wave
shielding happens at the interface of the two materials. The two materials used were acrylic
resin and glass and the SE was controlled by the thickness ratio of the two materials and had

anarrow bandwidth.

A 2 to 5 cm sandwich-like panel, with a substrate consisting of polyurethane phen-
olic material with both sides covered with smooth aluminium foil or polyester for shielding

in buildings against mobile communication systems, was developed by [39].

2.1.3 Measurement methodologies in the literature

Reflection measurement based on amonostatic configuration was performed in an anechonic
chamber of 4 min length by [40]. The setup consisted of four similar horn antennae which
were positioned 3 m in front of the test sample. The sample was placed on a polystyrene-
covered pylon situated 1 m from the back of the chamber. This antenna array allowed
for different polarisation measurements. These measurements were done in the 8 to 12.5
GHz range. Various homogeneous single-layer samples were studied, measuring 170x 170
mm. To determine the complex permittivity, three measurements were done with the same
antenna setup. Firstly, the S;; parameter was measured using a flat metallic plate that was
the same size as the samples. This measurement was used as the reference. Secondly,
S11 was then measured with the sample in front of and against the metalic plate. Thrirdly,
S11 was measured with the sample in place but without the metallic plate. An optmisation
algorithm was developed using a gradient algorithm and the data obtained from the three

measurements and the theoretical data.

The reflective properties of materials were characterised in specular direction by [2].

The transmitting antenna (Tx) and receiving antenna (Rx) in Figure 2.1 are moved along a

Department of Electrical, Electronic and Computer Engineering 18
University of Pretoria

© University of Pretoria



Background and Literature
AP Review

<o<

Chapter 2 & i

circle with aradius of 0.7 m placing the sample in the centre of the circle. The measured
angles were limited to between 20° and 60° owing to the cable lengths. The incidence angle

¢ and the reflective angle ¢, were kept equal.

Sample material
b= @

Figure 2.1: Setup to measure reflective properties of materials by [2]

A time domain simulation of magnetic media was developed by [41]. This simulation was
based on incorporating a non-linear system into the transmission line modeling (TLM)
method. Subsequently, the frequency dependent permeability was described using amultiple
Debye approximation and the saturation of the magnetisation was modelled using the Ising
spin formulation of equation (2.46).

A windowed semi-anechoic box method is used by [42] to remedy the deficiencies of
time-domain test methods of SE. The results found showed that the method can be used to
distinguish the SE performance of different materials for each frequency component and to

evaluate the overall shielding performance of materials against electromagnetic pul ses.

Transmission and reflection frequency domain measurements were done to determine
the electromagnetic properties of solid material by [43] and [44]. Accordingly, the complex
relative permittivity & and complex relative permeability u, were determined simultan-
eously. This method is known as the Nicolson-Ross-Weir (NRW) method, and uses the S
parameters to obtain & and u, from equations (2.55) to (2.63).

An efficient three-dimensional geometry and image technique multi-array propagation
model was used to trace multiple signal rays from the transmitter to the receiver by [45].

This method solved the problem of requiring numerous ray-object intersection tests and
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extensive data arrays for ray tracing which demands lengthy computation time and many
resources to obtain satisfactory results. However, the model becomes cumbersome for

complex geometry and for large numbers of reflections.

The traditional definition and measurement methods for SE are adequate when the ra-
diation is from a narrowband EMW source. However, they are not necessarily valid for
wideband (WB) and ultra wideband (UWB) sources, because it is not always valid to
associate the effectiveness of the source with the peak or average power of the target as
defined by alocal point in space. A new method was presented for characterising the SE of
a building and found to be more encompassing than a limited point measurement by [46].
Three different CW source locations were used with multiple source elevations. Simulations
were run prior to taking measurements to determine the number of test points required to

capture the electric field distribution in a building.

A SPICE program transmission line model was employed in simulations on materials
with known properties. This model was based on Schelkunoff isomorphism, assuming
that attenuation in shielding material depends on materia conductivity and magnetic
permeability by [47]. The inductance (L) and capacitance (C) transmission line parameters
in Figure 2.2 were determined assuming that C corresponds with the permittivity € and L
with the permeability p. The resistive element (R) was determined by the natural analogy
between electricity travelling through a conductor and an EMW propagating through a
conductive medium. The data obtained from the SPICE simulation was verified by using
a waveguide-based measurement setup to test a wide selection of materials with known
electromagnetic characteristics. The samples were also tested with an antenna system.
Good correlation was found between the SPICE model, and the waveguide-based and
antenna-based systems.

2.1.4 Shielding with building material

Shielding of an EMW can be defined as the reflection and/or absorption and attenuation
of EMW radiation by a materia that acts as a shield [22]. Three different types of typical
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Figure 2.2: RLCG transmission line model

building material were modelled in afield calculation tool based on the method-of-moments
technique by [48]. The material comprised low reflective plasterboard, high reflective
plasterboard, and ferroconcrete. The low reflective plasterboard contained a steel frame,
plaster cement, heat insulation, and a moisture barrier of polyethylene foil. In the high
reflective plasterboard the polyethelyne foil was replaced by aluminium foil which resulted
in high reflectivity. The concrete body of the ferroconcrete was reinforced by a steel bar
mesh. The moisture in the concrete increased the reflectivity of the sample. The calculations
and measurements were done from 50 MHz to 1 GHz and showed that the SE is mainly as
aresult of reflection. In the low reflective sample, the SE islessthan 10 dB in the 800 MHz

to 1 GHz range, and between 10 and 40 dB for the high reflective samples.

Ferroconcrete is reinforced with steel mesh and standard concrete. The attenuation
factor and corner frequency depend directly on the electrical parameters of the system. A
shield behaves similarly to an electrical transfer system [49]. Subsequently, the system

parameters were applied in an analytical model.

The absorption capability of cementatious composites was increased by [50] by redu-
cing the reflection loss by impedance matching with a silica fume mortar layer. This
double-layer absorber has an MnZn ferrite mortar layer as a second layer for attenuation.
M easurements between 2 and 18 GHz showed reflectivity of less than -10 dB. However, the

authors made no mention of absorption, attenuation or SE in their results.

Cement mortar was upgraded with conductive matter by [12] to improve the absorp-

tion or dissipation capabilities for EMW. It was found that the replacement of a small
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amount of the fine aggregate in cement mortar with bamboo-charcoal did not affect the
mechanical strength of the material. A series of test experiments for the SE of the cement
mortar panels with various parameters was carried out, and he thickness and replacement
ratio of the bamboo-charcoal were varied. The measurements were done from 30 MHz to
1.5 GHz, and it was found that with 7% replaced aggregate, the SE value can have peaks
as high as 18 dB. The influence of the variation in thickness was not obvious in the study.
The bamboo-charcoal has electrical conductivity, which makes this method of shielding
mainly because of reflection and the EMW absorption and attenuation by the material was
not reported in the study.

The EMW-absorbing effectiveness of carbon black (CB) cement-based composites
(CBCC) was studied by[14]. Measurements were done from 8 to 26 GHz, and the compre-
hensive strength, electrical properties and absorbing coefficient of the CBCC, containing
different contents of CB, were studied. The conductive network within the CBCC can be
formed by using a small amount of CB. It was founf that the comprehensive strength of the
CBCC decreases with an increase of CB content. The CBCC with 2.5 wt.% CB has a -10
dB reflectivity bandwidth of 15 to 26.5 GHz. The CB improved the loss factor of the CBCC

which resulted in polarisation absorption.

The SE of a densified small particle (DSP) cement composite was investigated by
[51] using the nested reverberation chamber (NRC) method. Accordingly, different loading
ratios were measured. The success of the DSP cementatious composite was based on the
use of water-soluble polymers and ultra fine solid particles consisting of amorphous silica.
The SE was improved by adding graphite powder and stainless steel fibres separately. The
samples were manufactured by mixing the DSP cement composite with various ratios of the
graphite and stainless steel fibres and, the SE of the samples was measured by the increasing
evaporation of fluid components. Empirical asymptotic limits of SE were found for the
material used in the samples, which isimportant for the long-term shielding performance of

architectura structures.

Continuous basalt fibres, spherical expansion perlite with closed pores and graphite,
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were used as components and combined with space wave impedance matching to improve
the absorption of new cement-based microwave absorbing materials [52]. Thus a minimum
reflectivity of -10 dB over a 4 GHz bandwidth was achieved. Cement-based materials are
typical structural materials. The matching problem between wave absorbing components
and cement resultsin the instability of the interface between cement and hydration products.
Thisinstability leads to the decline of mechanical properties. The measurements were done

from 8 to 18 GHz with aminimum of -10 dB reflectivity from 14 to 18 GHz.

Magnetic wood laminated with ferrite powder and stainless steel powder can be used
as a building material and is a suitable quality for indoor EMW absorber application [9],
[32] and [15]. It was found that the centre frequency of the shield shifted to the lower
frequencies when the thickness of the shield isincreased. The half bandwidth also increased
with the increased thickness of the magnetic layer. The magnetic layer thickness, the ratio
of ferrite powder to stainless steel powder and the volume content of magnetic powder
significantly influence the frequency band width and the EMW absorption. The laminated
magnetic wood is manufactured by using vinyl plastic acetate emulsion adhesive as an
intermediate agent to mix MnZn-ferrite powder and stainless steel powder, which is then

sandwiched between two pieces of fibre board.

The Friis formula indicates that propagation losses increase with an increase in fre-
quency but it was found that the losses are the same at both 2.4 and 5 GHz, the two WLAN
frequencies. Various standard building materials were evaluated in an anechoic chamber
[53], and the scattering parameters of each material sample in the propagation path were

measured. M easurements were done from 2 to 7 GHz.

A dispersion model that accounts for the complex permittivity dependency on fre-
quency was implemented for concrete [54]. The concrete was modelled as a Debye material
with a dc electrical conductivity and dielectric material with constant effective permittivity
in a numerical smulator based on the transmission line modelling method and the finite
integration technique. The magnetic permeability was deemed equal to that of free space

because concrete is a nonmagnetic material. Subsequently, the numerical simulations
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were compared with an analytical approach to the SE of concrete structures based on
the Schelkunoff theory with approximated expressions for reflection, absorption and
multiple reflection losses. It was found that the analytical approach is far more computation-

aly efficient than the numerical model and that it provided an insight into the SE mechanism.

Various concentrations of MnO, were used as magnetic material filler in cement-based
pallets to increase the SE of building material. The sintered pallets was characterised for its
dielectric and SE properties by [55]. A high dielectric constant of 300 at 1 MHz and 25 at
200 MHz and a SE of 2 to 9 dB for frequencies between 8 and 13 GHz was measured. The
test setup used a transmit setup with a signal generator and antenna. The receiving setup
used consisted of a spectrum analyser and antenna. The test sample was placed in between

the two antennae.

2.1.5 Absorption in buildings

Electromagnetic pollution has been categorised as anew form of pollution [56], becauseit is
as detrimental to society asair and water pollution. EMW radiation hasincreased millions of
timesin the last few decades, and the scientific community is devoting increasing attention
to this environmental problem. Radiation from GSM and other radio sources produces
interference that can cause sensitive equipment to malfunction. The SE of buildings has been
investigated by many researchers. Furthermore, various approaches have been followed to

measure SE and the advantages and disadvantages of the different methods identified.

One method for evaluating the EMW SE of a commercial building is presented by
[57]. These authors addressed the issues of extensive and costly tests, access to transmission
points and the constraints of commercia building illumination. This was done by using
the existing EM signals present in buildings such as AM and FM radio signals and cellular
phone tower transmissions. Measurements were taken outside the building in order to
characterise the environment, to identify strong signals from each frequency band and to
congtitute the incident EMW signals. The identified frequencies were then measured inside

the building at various positions. The researchers then determined the SE by using the
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incident and internal measured signal strengths. The results are not discussed however and

the validation of this method cannot be verified.

The ability of an enclosure or building to reduce emissions of EMW by means of its
SE is compromised by the walls of the enclosure, the slots and apertures for heat dissipation,
cable penetration, and peripherals. One method to optimise the EMW shielding of a room
was developed by [58]. This was done using minimum absorbing materials in suitable
predetermined positions on the inner surfaces of the walls. A room with 20% covered walls
showed 17 dB SE for frequencies up to 1 GHz. In this case the absorber material was solid

ferrite tiles 6 mm thick.

In [46], a shielding difference calculation was used instead of the traditional point-to-
point SE calculation. Empirical test data taken with a continuous wave (CW) source on a
reconfigurable building was presented and compared with simulated data, which was gener-
ated using the method-of-moments code. The average electric field of multiple locations of
measurement was computed for each discrete frequency in the CW sweep in the building.
The difference between the average electric field with shielding and without shielding
constitutes the shielding difference. However, this paper only refers to measurements up to
200 MHz. Although the results are not relevant to this research study, the research shows

that the method is viable for determining the SE of a building.

The experimental SE of shielding rooms with various layered walls, which were built
using different conductive cement-based materials, were measured by [59] and [60]. The
research does not, however, mention the material type used to increase the conductivity
of the cement-based 30 cm thick walls. The research did show that SE increases with an

increase in conductivity.

To shield a particular frequency range of radio signals, such as wireless LAN, fre-
guency selective surfaces (FSS) can be applied to the walls, ceiling and floor of an indoor
zone. The extent of radio isolation provided by a shielded dividing wall between two rooms

was evaluated by [61]. Accordingly, radio isolation of 12 and 10 dB was measured at 5.8
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and 2.45 GHz respectively. Diffracted energy leaking through the windows was still found

to be present.

The aperture shapes of doors, windows, air-conditioning ducts and cable holes are
sources of EMW penetration into buildings. Thirteen different aperture shapes for doors
were tested to select the best shape for maximum SE for cellular communication frequencies
by [11]. It wasfound that covering the doorway with a curved wall increases the SE, because

the path length through the curved wall is longer than through the straight wall.

2.2 ELECTROMAGNETIC WAVE PROPAGATION

The history of magnetism began with the discovery of the properties of a minera called
magnetite (FesO4). The most plentiful deposits of this material were found in the district
of Magnesiain Asia Minor before the birth of Christ. At that time it was observed that
these naturally occurring stones would attracted iron [62]. Later on magnetite was used in
the lodestone of early navigators. 1n 1600, William Gilbert published De Magnete, the first
scientific study on magnetism. In 1819, Hans Christian Oersted observed that an electric
current in a wire affected a magnetic compass needle; thus, with later contributions by

Faraday, Maxwell, Hertz and others, the new science of electromagnetism came into being.

Through experimental research Michael Faraday found that a changing magnetic field
produces an electric field. James Clerk Maxwell was inspired by Faraday’s experimental
work and, while working alone at his home in Scotland, found that a changing electric field
produces amagnetic field. The interdependence of electric fields and magnetic fields is what
produces an EMW. It is this interdependence of electric fields and magnetic fields in an
EMW that will be exploited during this research project which intends to cancel or attenuate
an EMW.

The transmission of any sort of information by electrical means involves the propaga
tion of energy by an EMW. EMW propagation depends on the way in which the vector

guantities, electric field and magnetic field vary in space and time. The vector equations
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relating to these quantities are Maxwell’s equations. This section will discuss the existence

and characteristics of EMWs in free space.

The electric and magnetic fields in a time-varying situation are related to each other

by Maxwell’s equations and can be written as:

VxE:%B 2.7)
VxH:%nLJ (2.8)
VeB=0 (2.9)
VeD=p (2.10)

In these equations, D is the electric displacement, E is the electric field strength, B is
the magnetic flux density and H is the magnetic field strength. These are all functions of
position and time. The remaining symbols are p, the electric charge density, and J, the

electrical current density. These four equations form the basis of electromagnetic theory.

The auxiliary equationsrelate D to E and B to H and are given by:

D=c¢E (2.112)
B=puH (2.12)
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With e the dielectric constant or permitivity and u the magnetic permeability, the conduction

current density is:

J=oE (2.13)

In addition the convection current density is:

J=pv (2.14)

With o the conductivity, p the volume charge density and v the velocity.

In order to consider wave motion in free space, Maxwell’s equations may be written

interms of E and H using equations (2.11) to (2.14).

VxH= go%E (2.15)

In equation (2.15), & is the permittivity in free space. Equation (2.15) states that if E is
changing with time at some point, then H has curl at that point and thus can be considered
asforming asmall closed loop linking the changing E field. Alsoif E ischanging with time,

then H will in general also change with time, although not necessarily in the same way.

—JdH
ot

VXE=—u (2.16)

In equation (2.16), uo is the permeability in free space. Equation (2.16) states that
the changing H produces an electric field, which forms small closed loops about the H

lines. Thisresults once morein achanging electric field, but thisfield is presented at a small
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distance away from the point of the original disturbance. The velocity with which the effect

moves away from the original point isthe velocity of light.

The divergence of E and the divergence of H can be written as:

VeE=0 (2.17)

VeH=0 (2.18)

Maxwell’s equations for sinusoidal variation with time in free space can be accomplished by

complex notation and phasors, and can be written as:

V x Hs= joeEs (2.19)
VX Es=—jougHs (2.20)
VeE;=0 (2.21)
VeH:=0 (2.22)

The symbol sindicates a frequency domain quantity expressed as a function of the complex

frequency s. Only cases where sis purely imaginary, s= j®, are considered.

Making use of Euler's identity e/® = coswt + jsinwt, the x (vertical) component of

E; propagates in the z direction and becomes:
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Ex = Exocos@(t — z\/1o€0)] (2.23)

Equation (2.23) Ex is the value of Ex at z=0 and t = 0. The radical ,/up€o is the
reciprocal of c, the velocity of light in free space. Hy is perpendicular (horizontal) to and

accompanies Ey; it travelsin the z direction and can be written as:

Hy = Eyo, %cos[a)(t — 2./Ti0%0)] (2.24)
0

The ratio of the electric to magnetic field intensities given by (2.23) to (2.24) is the

intrinsic impedance of free space and can be written as:

This uniform plane wave is a transverse electromagnetic (TEM) wave that represents
an energy flow in the positive z direction. If the TEM wave propagates in a material with
magnetic properties (i), dielectric properties (&) and conductivity, then Maxwell’s curl

eguations become:

VxHs=(0+ jwe)Es (2.26)
and
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The electric and magnetic field intensities propagating in the +z direction can be written in

complex exponential notation:

Exs = Exoe 7% = Ejoe %% 1P2 (2.28)
and
E E :
Hys = %Oe—ﬂ - %Oe—ocze—lﬁZ (2.29)

In equations (2.28) and (2.29) y = o + jB the complex propagation constant, o the
attenuation constant, B the phase constant, and n the intrinsict impedance of the material.

The propagation constant can be written as.

. . . O
y=a+jB=jo/ue -0 (2.30)

The intrinsic impedance in the material is complex and can be written as:

| jou [u 1
_ L o S S 2.3
n 0+ JOE £ /1_j((g€) (2:31)

2.2.1 Reflection coefficient and transmission coefficient

For applications of practical interest, material regions of finite size will be investigated. The
phenomenon of reflection occurs when a uniform plane wave is incident on the boundary
between regions composed of two different materials with different permeability, permittiv-

ity and conductivity as shown in Figure 2.3. From (2.28), the incident wave travelling in the
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+zdirection in region 1 toward the boundary surface at z= 0 can be given by:

X
'
Region 1 Region 2
‘E“\I'l F:—Z
Incident Transmitted
Eq
—
Reflected z
z=0

Figure 2.3: Boundary between two regions composed of different materials

Ef, = Ej e "2 =Ej e Mg 1h2 (2.32)

The magnetic field that is associated with El+ isfrom (2.29):

+ .
H ;_sl Exio —Nnz _ %e_alze_lﬁlz (2.33)

With the propagation direction of the incident wave perpendicular to the boundary plane,
it can be referred to as normal incidence. Energy will be transmitted across the boundary
surface at z= 0 into region 2, and the wave propagating in the +z direction in region 2

is:

E;_sz 2 e Yz __ E;- _OCZZe JﬁZZ (234)
Ht. — E><2o e 1Pz — Ex20 @ 02Zg— B2z 2.35
Y2, n2 (&%)

This wave propagates away from the boundary surface into region 2 and is the transmitted
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wave. To satisfy the boundary condition at z= 0, the total electric field intensity has to be
continuous (Exs1 = Exs), Which requires awave travelling away from the boundary in region

1. Thiswave isthe reflected wave and travelsin the —z direction:

Eva = Eqq€"? = Eoe™%e P12 (2.36)
Thereforeat z=0:
EatEa=E& (2.37)
and
Exio+Exo = Eo (2.38)

The accompanying reflected magnetic field intensity is:

E - .
Hyg = _nLioeVlz — —%eﬁ‘lzeﬂﬁlZ (2.39)
and
Hys + Hyg = Higo (2.40)
and therefore
Eio Eao_ B (2.41)
i1 n1 n2
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Solving (2.41) for E,, and substituting into (2.38), the ratio of the amplitudes of the

reflected and incident electric fields is the reflection coefficient:

r— a0 _M2—Mm (2.42)
E;E.O Mm+m

The ratio of the amplitudes of the transmitted and incident electric fields is the trans-

mission coefficient:

J’_
e (2.43)
EXlO m+m

For amateria in region 1 with thickness d, the total fields are:

Eye = E;Llo(e—}’ld + 1“971d) (2.44)
and
E+
Hyss = T)Llo (end _pend) (2.45)
1

The ratio of the total fields (2.44) and (2.45) is the input intrinsic impedance for region 1
[7]:

B N2(en9+end)—ny(end—end)  pyooshyd+ nisinhyd

_ = : 2.46
Hys1 m M (end + e—hd) —1> (eyld — e—nd) M nicoshyd + nesinhypd (246)

Nin
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2.2.2 Electric and magnetic properties of material

There are two types of magnetic material: soft and hard [63]. Soft magnetic materials can
be magnetised and demagnetised so that they can transfer or store magnetic energy. Hard
magnetic materials are difficult to magnetise and demagnetise and are used as permanent
magnets. The way magnetic material conducts magnetic flux in magnetic circuits is similar
to the way conductors conduct electric current in electric circuits. The relative permeability
Ur isameasure of how much better a given material conducts magnetic flux than air. Most
materials are poor conductors of magnetic flux. Magnetic materials undergo magnetisation
when they are subjected to an applied magnetic field. This magnetisation depends on the

structure of the atom involved.

The model of an atom can be used to explain the different behaviour of various types
of material in magnetic fields. Thisatomic model, which assumes a central positive nucleus,
Is surrounded by electrons in various circular orbits. An electron in an orbit is analogous to
asmall current loop, because it is a moving charge and experiences a torque in an external
magnetic field. The pattern of the magnetic field generated by a current loop is similar to
a permanent magnet and can be regarded as a magnetic dipole with north and south poles.
The magnetic field produced by an orbiting electron is aligned with the externa magnetic
field by the torque. All the orbiting electrons in the material will add their magnetic fields to
the applied magnetic field and the resultant magnetic field at any point in the materia will
be greater than it would have been at that point if the applied magnetic field were not there.
The orbiting electron generates an orbital magnetic moment m,. Magnetic dipoles cause

magneti sation.

Electron spin causes a second magnetic moment ms of +9 x 10~2*An?, with the plus
and minus signs indicating aiding or opposing alignment with an external magnetic field.
Only the spins of electrons in unfilled shells will contribute to the magnetic moment of an

atom.

Another contribution to the magnetic moment of an atom is made by nuclear spin.
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This contribution is, however, of negligible effect. The different moments of the atoms
determine the magnetic characteristics of a material. Therefore, the magnetic properties
of a material are determined by the interaction of the magnetic dipoles of its atoms with
an external magnetic field, and depend on its crystalline structure. In atoms with an even
number of electrons, pairs of electrons have opposite spins, and the spin magnetic moments
cancel out. By contrast, atoms containing an odd numbers of electrons have one unpaired
electron and produce a spin magnetic moment. There are various types of magnetic
material and they can be classified as follows. diamagnetic, paramagnetic, ferromagnetic,

anti-ferromagnetic, ferrimagnetic, and super-paramagnetic.

2.2.2.1 Diamagnetic material

Diamagnetic material has atoms in which the small magnetic fields produced by the motion
of the electronsin their orbits and the magnetic fields produced by electron spin, combine to

produce a net field of zero in the absence of an external magnetic field.

This material may also be described as one in which the permanent magnetic moment
of each atom is zero. An externa magnetic field will produce no torque on the atom, no
realignment of dipole fields and, consequently, an internal magnetic field that is about the
same as the applied field. The applied magnetic field causes the spin moment to slightly
exceed the orbital moment (ms > my), resulting in asmall net magnetic field, which opposes
the applied magnetic field.

Metallic bismuth shows a greater diamagnetic effect than most other diamagnetic ma-
terials, among which are hydrogen, helium, and the other inert gases, sodium chloride,
copper, gold, silicon, germanium, graphite, diamond, lead, mercury, silver, and sulphur.
The relative permeability (u,) of diamagnetic material is constant and independent of the
applied magnetic field. Diamagnetic material has small and negative magnetic susceptibility

resulting in iy < 1.

A diamagnetic effect is present in all materials, because it arises from an interaction
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of the external magnetic field with every orbiting electron; however, other effects in the

materials considered next overshadow it.

2.2.2.2 Paramagnetic material

In paramagnetic material the effects of the electron spin and orbital motion do not quite
cancel out. The magnetic susceptibility in such materialis primarily due to spin magnetic
moments (ms), and the atom as awhole has a small magnetic moment; however, the random

orientation of the atomsin alarger sample produces an average magnetic moment of zero.

This material shows no magnetic effects in the absence of an externa field. When an
externa magnetic field is applied, however, the magnetic moments are aligned in the
direction of the applied field and there is a small torque on each atomic moment. These
moments tend to become aligned with the external field. This alignment acts to increase the

value of the applied field within the material over the external value.

However, the diamagnetic effect is still operating on the orbiting electrons and may
counteract the above increase. If the net result is a decrease in the applied field, the material
Is still called diamagnetic, however, if there is an increase in the applied field, the material
Is termed paramagnetic. Paramagnetic elements include aluminium, calcium, chromium,
magnesium, niobium, platinum, titanium and tungsten. Paramagnetic materials have a small
and positive magnetic susceptibility, resulting in i, > 1, and are independent of the applied
magnetic field.

Therest of the materials to be discussed all have strong magnetic moments.

2.2.2.3 Ferromagnetic material

The interaction of adjacent atoms causes an alignment of the magnetic moments of atoms
in either an aiding or exactly opposing manner. In ferromagnetic materials each atom has a

relatively large dipole moment, caused primarily by uncompensated electron spin moments
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(ms) because the orbital magnetic moments (m,) are amost zero.

Inter-atomic forces cause these moments to line up in a paralel fashion over regions
containing large numbers of atoms. These regions are called domains, and they may have a
variety of shapes and sizes, ranging from one micrometre to several centimetres, depend on
the size and shape of the material, and the magnetic history of the sample. Ferromagnetic

materials have alarge positive magnetic susceptibility, resulting in u, >> 1.

The overall effect of the adjacent atoms is one of cancellation, and the material as a
whole has no magnetic moment. On application of an externa magnetic field, however,
those domains that have moments in the direction of the applied field, increase their size
at the expense of their neighbours, and the internal magnetic field increases greatly in

comparison with that of the external field as can be seenin Figure 2.4

When the external field is removed, a completely random domain alignment is not
usually attained, and a residual, or remnant, dipole field remains in the macroscopic struc-
ture. Thefact that the magnetic moment of the material is different after the applied field has
been removed, or that the magnetic state of the material is afunction of its magnetic history,
is called hysteresis. The relative permeability of ferromagnetic materials is a function of

both the applied field and the previous magnetic history.

The only elements that are ferromagnetic at room temperature are iron, nickel and
cobalt, and they lose al their ferromagnetic characteristics above a temperature called the
Curie temperature, which is 1043K for iron. Some alloys of these metals with each other
and with other metals are also ferromagnetic such as, for example, alnico, an aluminum-

nickel-cobalt alloy with a small amount of copper.

At lower temperatures some of the rare earth elements, such as gadolinium and dysprosium,
are ferromagnetic. It isalso interesting to note that some alloys of non-ferromagnetic metals

are ferromagnetic, such as bismuth-manganese and copper-manganese-tin.
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Figure 2.4: Structure of spin magnetic moment under an applied magnetic field in ferromag-

netic materia

2.2.2.4 Anti-ferromagnetic material

The forces between adjacent atoms in anti-ferromagnetic materials cause the atomic
moments to line up in an anti-parallel fashion as shown in Figure 2.5. The net magnetic
moment is zero, and anti-ferromagnetic materials are affected only sightly by the presence

of an external magnetic field.

This effect was first discovered in manganese oxide, but several hundred anti-ferromagnetic
materials have been identified since then. Many oxides, sulphides and chlorides are
included, such as nickel oxide (NiO), ferrous sulphide (FeS), and cobalt chloride (CoCly).
Anti-ferromagnetism is only present at relatively low temperatures, often well below room

temperature. However, the effect is not of engineering importance at present.

ofeloXo

Figure 2.5: Structure of spin magnetic moment under an applied magnetic field in anti-

ferromagnetic material

2.2.2.5 Ferrimagnetic material

Ferrimagnetic material also shows an anti-parallel alignment of adjacent atomic moments,

but the moments are not equal as shown in Figure 2.6. A large response to an external
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magnetic field therefore occurs, although not as large as that in ferromagnetic materials.

The most important group of ferrimagnetic materials are the ferrites, in which con-
ductivity is low, that is, several orders of magnitude less than that of semiconductors. The
fact that these substances have greater resistance than ferromagnetic materials results in

much smaller induced currents in the material when alternating fields are applied.

Ferrites are ceramic materials with the general chemical formula MOFe O3, where
MO is one or more divalent metal oxides blended with 48 to 60 mole percent of iron oxide.
Iron oxide magnetite (FesO4), nickel-zinc ferrite (NiZnFe,O4), manganese-zinc ferrite

(MnZnFex0O,4), and nickel ferrite (NiFe,O4) are examples of this class of materials.

The magnetic moment of a substance or ion depends on the number of unpaired elec-
trons and is equa to \/n(n+2), where n is the number of unpaired electrons. The ions
with the greatest number of unpaired electrons, that is, Mn?™ and Fe3", have the highest

magnetic moments.

Manganese-zinc ferrites have the highest relative permeabilities, u,, and exhibit volume
sensitivities ranging from one hundred to several thousand ohm-centimetre. They are used
in tuned circuits and magnetic power designs from the low kilohertz range into the broadcast

spectrum.

Manganese ferrite is uniquely suited for applications as multiple output controls in

switch-mode power supplies and high frequency magnetic amplifiers.

2.2.2.6 Super-paramagnetic materials

Super-paramagnetic materials are composed of an assemblage of ferromagnetic particlesin
a non-ferromagnetic matrix. One important example is the magnetic tape used in audio or

video tape recorders.
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Figure 2.6: Structure of spin magnetic moment under an applied magnetic field in ferrimag-

netic material

2.2.3 Complex relative permeability

The magnetic permeability u of a medium at any point is defined as the magnetic field
per unit magnetising field (5), with B the magnetic field and H the magnetising field. u
represents the extent to which a medium is permeable by a magnetic field. The relative
permesbility (u = pour) of amedium is defined as the fraction increase in the field with
respect to the field in free space when amaterial medium is introduced.

The relative complex permeability of magnetic material (ur = p, — ju; ) can be de-
scribed by the following frequency dispersion equation [27]:

(2.47)

With K = % —1 and y; the relative permeability at dc, aso referred to as the initial
permeability, and f, the relaxation frequency, also referred to as the matching frequency,

the real and imaginary parts of the permeability can be written as:

(K1) + ()2
He = f\o (2.48)
1+ (%)
and
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)
Uy = —- (2.49)
L4 ()2
m

The matching frequency fr, isthe frequency where the normalised input intrinsic impedance

of the material becomes unity. For f = fp:

p =2 (250

and

(2.51)

. K
Hy )

At high frequencies 2= << 1 for alossy magnetic material. The propagation constant in

equation (2.30) may be expanded by the binomial theorem (1+x)" = 1+ nx+ %xz +

nn-1n-2)y3 ... where x| < 1and x = —jZ:

y:jw\/ﬁll—ji+%<6)2+--}%%\/g+jw\/u_s[l+%<&)2} (252)

20¢ WE

The complex intrinsic impedance of the material in equation (2.31) can be smplified in a

similar way:

ER e a] - E) e

At high frequencies, the complex intrinsic impedance in equation (2.53) will become \/E

€

and, from equation (2.52), B = w./ue€ for low vaues of .
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2.2.4 Complex relative permittivity

The complex permittivity & relative to free space gy for a planer sample of lossy magnetic

material in free spaceis defined as:

& = 8; - js;/ = s;(l— jtand)

(2.54)

With 6 = & being the loss-tangent, if the scattering parameters S;; and S are measured in

free space for anormally incident plane wave, the reflection and transmission coefficients, I'

and T, arerelated in the following equations [43] and [44]:

r(1-m?
S = 1_T1272 (2.55)
and
_T(1-13) (256)
S v :
With
(Mh—1)
= 2.57
(1 1) (257
and
M=/ ‘tf—r’ is the normalised intrinsic impedance of the material.
TheT and T can be written as:
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Fr=A+vA2-1 (2.59)
where
(S-S +1
A=-——2— 2.60
and
—I
To St (261)
1-(Su+S)T

The plus and minus sign in equation (2.59) is chosen such that [I'| < 1. The relative
complex permittivity and relative complex permeability of the material can now be
determined by:

Y 1—F>
&g =—| —— 2.62
r y0<1+r (2.62)

and

1+T
r = % (E) (2.63)

With 10 = (%) the propagation constant in free space and Ag the free-space wavelength,
the propagation constant y is given by:

log (17 [27n—
y:[ S| |)]+J[ ! ﬂ (2.64)
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Withn=0,+1,4+2,4+3, - - - and with the material thickness d chosen such that d < A, then
& and u; will have unique values corresponding to n=0. Ay = \/% is the wavelength
in the material. Consequently for d > Ay, ur and & can be determined by making

measurements with two different material thicknesses.
2.2.5 Shielding effectiveness

When an EMW is a normal incident wave on a material, as shown in Figure 2.7, a part of
the incident wave's (E;) energy is reflected (E;) by the first interface of the material and
the remaining part (Ea) is absorbed and penetrates into the material [64]. The reflection
is therefore partial. The absorbed energy that propagates toward the second interface is
attenuated along the path. On the second interface of the material a part of the absorbed field
is reflected back (Eym) toward the first interface. Thisis aninternal reflection. The last part
of energy (E;) istransmitted toward the outside of the material through the second interface.
This phenomenon is called the shielding of an EMW.

E; Ea Et
— ﬁ —
=T —M
] ~

Figure 2.7: Propagation of an EMW through a shield

EMW shielding refersto the reflection and attenuation of EMWs by a material that actsas a
reflector and attenuator in order to shield against penetration into and transmission through
the material [22]. Shielding effectiveness (SE) is ameasure of the capability of the shielding
material to reflect and attenuate an incident EMW.
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In order to reflect an EMW, the material must have mobile charge carriers in the
form of electrons and holes which interact with the electromagnetic field. The material tends
to be electrically conducting, although a high conductivity (o) isnot required. Metals are by
far the most common materials for reflection owing to the free electrons in them. Reflection
is a result of a mismatch between the incident wave impedance and the input intrinsic
impedance of the material. For the EMW to be completely absorbed by the material, the
input intrinsic impedance of the material should be equal to the incident wave impedance

(zero reflection).

For the material to attenuate the absorbed propagating EMW internally, the material
should have electric and magnetic dipoles that interact with the electromagnetic fields.
The electric dipoles may be provided by material with high values of dielectric constants
(permittivity), while the magnetic dipoles may be provided by material with high values of
magnetic permeability.

Multiple reflections and attenuation internal to the material also contribute to the SE
of the material [23]. This contribution can be disregarded for material thickness that is much
greater than the skin depth of the material. The skin depth, or depth of penetration, is the
distance the EMW is propagated in the material when it is attenuated by e~* = 0.368 of its
initial field strength.

For the purpose of explanation, let E' and H' be the incident fields, E! and H! the
transmitted fields, and E" and H' the reflected fields. For a planer sheet of lossy composite
magnetic material with thickness d in free space, let the first interface from free space to
the material that the fields will encounter at z= 0 be interface 1; the second interface from
the material to free space at z= d be interface 2; and the interface from the material to free
space that the internal reflected fields will encounter at z= 0 be interface 3; and so on for

multiple internal reflections.

From equation (2.38) at interface 1:

Department of Electrical, Electronic and Computer Engineering 46
University of Pretoria

© University of Pretoria



i“% Background and Literature
Chapter 2 & VI SR Review
E}+E]=E} (2.65)
and
Hi 4+ H] =H} (2.66)
From equations (2.28) and (2.29) the following relationships exist:
El = noH} (2.67)
and
Ef = —noH} (2.68)
and
E! =nH! (2.69)
From equations (2.65), (2.66), and (2.67) to (2.69):
E}+Ef =nHjf (2.70)
and
El [—El
=14 ( 1) = H} (2.71)
Mo Mo
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The reflection coefficient for the electric field strength at interface 1 can now be determined
from equations (2.70) and (2.71):

El n—no

re=_1— 2.72
YUE mo+n (272
From equations (2.65), (2.66), and (2.67) to (2.69):
. Et
Hy+Hf =1 (2.73)
n
and
noH; + (—1oH]) = Ej (2.74)

The reflection coefficient for the magnetic field strength at interface 1 can now be determined

from equations (2.73) and (2.74):

HE  1o—
rf=_t-I=1 (2.75)
Hl No+1N

Using equations (2.65) to (2.69) the transmission coefficients TE and TH can aso be found

at interface 1:
Et
TE=So (2.76)
El No+1N
and
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H 2

H_T1_ _<Mo 2.77)

2:

_5 278
27 E, mo+n (78
HY  n—
A R Rl (2.79)
H2 No+M
Et
TE= 22 2Mo (2.80)
E2 No+Mn
t
HoHp2n (2.81)

27 HL motn

By definition [65], the SE is the ratio of the signal received (from a transmitter) without the
shield to the signal received with the shield; the insertion loss occurs when the shield is
placed between the transmitting antenna and the receiving antenna. A theorectical model
of the reflection and multiple internal reflections of an EMW propagation through material
is developed in [3]. The well-known and generally used Schelkunoff model [66] of SE
is determined by the reflection loss (R), attenuation (A), and the loss resulting from the

multiple internal reflections (M), and can be determined by:

SEqg = R+A+M (2.82)

Thetotal reflection loss (R) is by definition:

Department of Electrical, Electronic and Computer Engineering 49
University of Pretoria

© University of Pretoria



é;% UNIVERSITEIT VAN PRETORIA Ba:kground ar]d Lita.aure
Chapter 2 SR HHIMEA R Review
R= —20log|T| (2.83)

Where (T) is the nett transmission coefficient across the two mismatched interfaces and is

the product of the transmission coefficient at each interface:

2o  2n  4non

T = — 2.84
No+nno+n  (No+n)2 (2849

Whith ng the intrinsic impedance of free space and n the intrinsic impedance of the material.
The attenuation across the shielding material with thickness (d) is[3]:

A= 20log ‘eo‘d‘ (2.85)

With y the propagation constant, the loss resulting from multiple internal reflections and

attenuations in the material is[3]:

M = 20log ’ 1— re—ZVd’ (2.86)

Where the nett reflection coefficient (I') across the two mismatched interfaces is the
product of the reflection coefficients at each interface “")(;1—%2”—0)

0
It is concluded in [3] that equations (2.83) and (2.85) do not satisfy the laws of phys-
ics related to reflection, transmission and absorption, and the following equations were

obtained with an iterative algorithm that satisfies the conservation laws:
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-1
R= —20log|T" T (2.87)
| )€
A=-20log|(1-T)(1—e )eYd—I‘Z (2.88)

2.3 ABSORBER AND SHIELDING MATERIAL

The shielding phenomenon is a combination of reflection from interface 1 given by equation
(2.83), interna attenuation given by equation (2.85), and multiple internal reflections and
attenuations inside the shielding materia given by equation (2.86) as shown in Figure 2.7.
Various constructions of building material can be developed that use one of these mechan-
iIsmsto achieve arequired SE. Concrete has been used as a building material for many years,
and has good mechanical properties and durability for construction. Although it is slightly
conductive, concrete is a poor EMW shielding material [67]. To improve the SE of concrete

and cement-based material, various materials can be added to its matrix asfillers.

2.3.1 Building material as absorbers and shields

Owing to its wide application and low cost, concrete and cement-based material offers an
inexpensive solution as host for a shield against EMW propagation for protection against

electromagnetic pollution and environmental electromagnetic security.

2.3.1.1 Material for reflection

There are three main types of conductive filler used in cement matrix materials; these are

conductive polymers, carbon materials and metal materials.

Conductive paint is a popular shielding method because it can be processed easily
and is cost-effective. Water-based paints are used widely with metal powders with high
conductivity, but the dispersed metal particles are easily oxidised [37]. However, there is
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a need for new fillers that are lightweight, chemically stable and more easily adapted to a
wide range of environments. Multi-walled carbon nanotubes are one such filler owing to
their excellent electrical and mechanical properties and unique structure. The SE achieved

by thisfiller ismainly asaresult of reflection, because of the high conductivity of the carbon.

Conductive cement-based material can be produced by using carbon fibre, steel fibre
or lead as conductive fillers [59]. The SE increases with an increase in the conductivity and
thickness of the cement-based material. With o > 0.1S/m the SE increases significantly.
In order for a conductive filler to be highly effective for shielding, it should preferably
have a small unit size, a high conductivity and a high aspect ratio. The curing time for
the cement-based material should be more than 20 days, as the reflection coefficient only
stabilises after that time [68]. Carbon fillersinclude graphite, carbon black, coke and carbon
fibre. Bamboo-charcoal [12] used as replacement for the fine aggregate of cement mortar
will increase the SE of the mortar by up to 90%. A filling of carbon black (CB) improves

the dielectric constant and the |oss factor of cement-based material remarkably [14].

Reinforced walls show an SE of 5 to 8 dB in the GSM frequency bands. This type
of shield also relies on reflection and is not cost-effective or practically applicable in many

circumstances [17].

2.3.1.2 Material for internal multiple reflections

Owing to the electromagnetic transparency of expanded polystyrene (EPS), the cement-
based composites filled with EPS beads can be regarded as a type of porous material [6].
The 1 mm spherical polystyrene beads create cavities in the cement-based material which

increases the multiple internal reflections.

2.3.1.3 Material for attenuation

Only by using EMW absorbing materials and transferring the electromagnetic energy to
other forms of energy, can the EMI radiation be attenuated to the furthest extent. EMW
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attenuation material can be divided into three types, that is electric loss, magnetic loss and
dielectric lossmaterials. Conductive materials are el ectric attenuation absorbents, ferritesare
magnetic |oss absorbents and many ceramic materials, such as barium titanate, are dielectric

| oss absorbents.

2.3.2 Conclusion

Concrete and cement-based building materia is the material used most for building in
southern African countries. It is one of the oldest and most widely used construction
materials in the world and benefits the owner, developer and designer, asit is versatile, has
aesthetic appedl, is cost-effective and is easily available. Its strength, durability and natural
thermal mass result in buildings requiring low maintenance and having high operating

energy efficiency [69].

Table 2.2 gives a summary of the various research contributions to increase the SE in

cement-based material.
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Composite Material Contribution Referance
MnZn The inclusion of silicafume can improve
the impedance matching between the
MnZn cement-based composite (CBCC) and free space. [50]
MnZn and NiZn The dielectric lossin NiZn and MnZn
composite ferrites can be increased by
the inclusion of conducting particles [28] and [30]
such as carbon in the mixture. [26] and [27]
MnZn wood A wooden panel is manufactured by sandwiching
MnZn ferrite powder between thin wooden layers. [32] and [9]
Bamboo charcoal The use of bamboo charcoal that has electric
conductivity effectively improves the
SE of CBCC. [70]
Carbon black (CB) A filling of CB improved
the dielectric constant and |oss factor
of CBCC. [14]
Conductive cement Mixing conductive components
such as carbon fibre, steel fibre and lead
improves the conductivity and SE of CBCC. [59]
PVC PV C polymer-based composites with different
types of single ferrite fillers were examined. [35] and [36]
Graphite fibre Several guidelines on material
applications were presented and discussed
for EMC testing and practical application. [51]
EPS Creating small cavitiesin the cement mortar
by adding small (1 mm) EPS spheres to the mixture
increased the SE of the material. [6]
Table 2.2: Contributions to research in cement-based composite materials
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METHODOLOGY

3.1 SIMULATION
3.1.1 MatLab simulation

The SE can be calculated from equations (2.82) to (2.85) and presented graphically. The

propagation path through the material can be represented as a transmission line [71].
3.1.1.1 Transmission line model of a shield

There is a direct analogy between a uniform transmission line and a uniform plane wave
travelling through a medium. The field distributions for a plane wave and a transmission
line are both known as transverse electromagnetic waves (TEM) because E and H are both
perpendicular to the direction of propagation, and both lie in the transverse plane. However,

in transmission lines it is customary to define a voltage and a current.

LAz VLAZ

Vs +AVsS

-I-Cﬁz

Figure 3.1: RLCG transmission line model
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The circuit model in Figure 3.1 contains the inductance (L), capacitance (C), shunt conduct-
ance (G), and series resistance (R) associated with an incremental length (Az) of line. The
series elements are divided in half to produce a symmetrical network because the section
of the transmission line looks the same from either end. The voltage equation around the

perimeter of the circuit in Figure 3.1 is:

1 1 1 1
Vs = (ERAZ—i— jéwLAZ) Is+ <§RA2+ JE(DLAZ> (Is+ Als) 4 (Vs + AVs) (3.1

and

AV, . 11
A—ZS = —(R+joL)ls— (§R+ JEwL) Alg (3.2)

As Az approaches zero, Als also approaches zero, and the second term on the right vanishes;

hence equation (3.2) becomes:

dV, :

d—zs =—(R+jol)ls (3.3)
From the voltage across the shunt branch:

dls .

e (G+ jwC)Vs (3.4)

By comparing equations (3.3) and (3.4) with equations (2.26) and (2.27), an analogy
between G and o, C and ¢, and L and u can be indentified. There is no analogy, however,
for the conductor resistance per unit length R. The value for Rin the circuit equation can be
obtained by replacing jou by (R+ joL). When ferrite materials enter the field problem,

a complex permeability 1 = u’ — ju” is used to include the effect of non-ohmic losses in
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that material. Under these conditions wu” is analogous to R and ' to L. These primary

parameters are frequency dependent.

The voltage that propagates in the +z direction is Vs = Vpe 7* and thus the propaga-

tion constant in equation (2.30) becomes

y=o+jB =+ (R+joL)(G+ jaC) (3.5)

The wavelength is defined as the distance that provides a phase shift of 27 radians (A = 213—”),

and the phase velocity isv = % The characteristic impedance Z; is analogous to 1:

_ |R+joL
Z0= \/ G+ joC (36)

and the reflection coefficient for aline terminated in aload Z, is:

ZL— 2y
= 3.7
Z + 2o 37
From equation (2.46), the input impedance can also be written as:
Z| + Zgtanhyd
Iin=2o0——— :
=0 Ztanhyd (38)
The primary parameters can be found by using (3.5) and (3.6) at a specific frequency:
R+ jol=Zoy=ny (39)
and
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In the transmission line modelling of the shield, the permeability is calculated from
equations (2.48) and (2.49). The relative permittivity & isassumed to be constant at 7Fm~1.
The propagation constant and intrinsic impedance are calculated from equations (2.30)
and (2.31) respectively. The series and shunt impedances are calculated from equations
(3.9) and (3.10) in order to find the primary parameters R, L, C, and G for a 25 mm thick
shield. The transmission line model with series and shunt components and with operating
parameters Z, , Zs set to 377Q, is then analysed from 800 MHz to 2.8 GHz according to the
ICASA frequency band allocations in Table 3.3 and the scattering parameters S;1 and Sy
determined with Matlab. Table 3.1 summarises the parameters used for the transmission line
model. The reflection coefficient and the transmission coefficient are calculated and plotted

on agraph including the SE as shown in Figure 3.2.

@ 0 IR .......... ........... .......... .......... ....... ———RLOSS -
- : 5 5 § : ==L 0ss
_'10_ ......... . .......... ........... .......... . .......... ....... _"__SE seas

-12

13 s

-1 i i i 1 1 i i 1 1
%.8 1 12 14 16 1.8 2 272 24 26 28
Frequency (Hz) % 109

Figure 3.2: Reflection loss, transmission loss and SE of the transmission line model
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Parameter Symbol Value
Relative permittivity & 7Fm1
Permittivity £ 8.854x10%¢;
Conductivity 0.5Sgma
Initial permeability K 10Hm™!
Matching frequency fm 30MHz
Frequency f 800MHzto 2.8GHz
Length z 25mm
Relative permeability (real) i %ﬁ;ﬁ—y
Relative permeability (imaginary) Ly %E};%
Relative permeability Lr u —
Permeability u Uolr
Intrinsic impedance n \/ GLLJ“COS
Attenuation constant o (%) (\/g)
Phase constant B j2nf /He|
Propagation constant Y o+ P
Series impedance R+ joL ny
Shunt impedance G+ joC %

Table 3.1: Summary of the parameters used for the transmission line model
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In Figure 3.2 it is evident that with the chosen parameters of typical magnetic material,
the transmission loss is higher than the reflection loss. The transmission loss indicated is
a combination of the attenuation and internal multiple reflections and attenuations of the
transmission line. The reflection loss is the total loss resulting from reflection at the input

port of the transmission line.

3.1.1.2 Mathematical simulation

The propagation of the plane wave through the composite magnetic material can be simulated
by using equations (2.82) to (2.86). Figure 3.3 shows the mathematical simulation of the
SE, transmission loss and reflection loss for the frequency band allocations by ICASA, as
indicated in Table 3.3. The same material parameters are chosen as for the transmission line
model summarised in Table 3.2. The mathematical model show resultsin Figure 3.3 similar

to those of the transmission line model in Figure 3.2.

O T T T T T T T T T
Bl s e e e S
—+~—-5E
] I ORI SO SRR SRR PRI ORI SN e B
—=—AdB
% G| oo Toers s s st F it e s g e e s e e S _
e s s ot oL e ———— g
Aok .......... .......... : p—— R O ; ...... —

¥ L i i i i . i i i
%_8 1 12 14 16 18 i 272 24 26 28
Frequency (Hz) ©10°

Figure 3.3: Shielding effectiveness, reflection loss and transmission loss plot from mathem-

atical ssmulation
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Parameter Symbol Value
Relative permittivity & 7Fmt
Permittivity £ 8.854x10%%¢,
Conductivity 0.5Sgma
Initial permeability K 10Hm !
Matching frequency fm 30MHz
Frequency f 800MHzto 2.8GHz
Material thickness d 25mm
/ 2
Relative permeability (real) i %()fzi
Tm
KT
Relative permeability (imaginary) Ly %
m.
Relative permeability Ly W — ju;
Permeability u Uolr
intrinsic impedance n ij‘é) g
Attenuation constant o ($)L/5)
Phase constant B |j2rf/ie|
Propagation constant Y o+ P
Attenuation loss A —20Log(|e )
i _ 4non
Reflection loss R 20Log( ‘ W ‘ )
Multiple internal att. and refl. M 20Log()1— (%)e*zyd’)
Shielding effectiveness SE R+A+M

Table 3.2: Summary of the parameters used for the mathematical model
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3.2 PREPARATION OF SAMPLES

The composite cement-based samples as shown in Figure 3.4 were prepared in square tile
format with 300 mm side lengths and a thickness of 25 mm. The mixture for the plaster
cement comprised of one part cement and six parts sifted river sand. The research mixture
used consisted of one part cement, x parts river sand and y parts ferrimagnetic or magnetic

powder with x+y = 6. The ferrimagnetic powder is Mn-Zn-ferrite with an initial relative

complex permeability of 13000 H/m and the magnetic powder is MnO, [20].

Figure 3.4: Example of a 25 x 300 x 300 mm composite plaster cement test sample

The composite mixture was mixed well while still dry to ensure ahomogeneous result. Water
was replaced with Bond-it [72], aliquid cement adhesive, to strengthen the bonding of the
composite material. After the the bonding liquid was added the mixture was well mixed

again. The mixture was then poured into the wooden tile moulds and compressed to ensure
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al air pockets were removed. The prepared samples were cured naturally for at least 12
weeks to reduce the moisture content, as moisture increases the conductivity of the material,

hence increasing reflection loss and SE [73].
3.2.1 Cement and building sand

Portland cement [74] is a common cement type used internationaly. It is a fine powder
produced by 90% ground Portland cement clinker, alimited amount of cal cium sulphate and
up to 5% minor constituents. In terms of mass, Portland cement clinker consists of at least

67% calcium silicates (3Ca0S 05) or (2Ca0S02) and aluminium and iron phases.

Building sand is a naturally occurring granular material. It is composed of finely ground
rock and mineral particles. The most common constituent of sand is silica (silicon-dioxide)

or SO,. Sand grainsrange in diameter from 62.5 um to 2 mm.

3.2.2 Magnetic powder

Electrolytic manganese dioxide (EMD), MnO,, was used as magnetic powder. It is produced
for alkaline and lithium primary chemistry and cylindrical and flat cells. It has a density of
23 g/inch®.

3.2.3 Ferrimagnetic powder

The ferrimagnetic powder used to prepare the samples was manganese-zinc ferrite
MnZnFe,O4. Two variations were investigated: CHY5K ferrite with an initial permeabil-
ity of 5000 H/m and CHY 13K with an initial permeability of 13000 H/m. This powder hasa
density of 1.3g/cm?® to 1.5g/cm?.

3.2.4 Curing time

A measuring system was devel oped by [75] to determine the scattering parameters for evalu-

ating fresh cement samplesfor quality purposes. The study shows adecreasein the reflection
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coefficient and an increase in the transmission coefficient with increasing curing time. The
reflection coefficient of cement-based material was measured by [68] to determine the pres-
ence of chloride, which is the main contributor to corrosion in reinforced concrete. Meas-
urements showed that the reflection coefficient stabilised after 20 days of curing in a 200
mm thick sample. The moisture content of the sample has a direct influence on the dielectric
properties of the sample material. Similar results were found by [73] for a 150 mm thick
mortar (plaster cement) mixture. It was found that the real part of the permittivity remained

constant but the imaginary part decreased with curing time.

3.3 MEASUREMENT SETUP

3.3.1 Measurement techniques

Although the shielding of the EMW mechanism is a fixed system, the determination of
SE can be conducted in various ways. All the methodologies followed in the literature to
determine SE measure the scattering parameters S;; and S, and then use the reflection loss
and transmission loss calculated from the scattering parameters to find SE. The variation is

found in the method of measuring the scattering parameters.

The standard method for measuring the effectiveness of the electromagnetic shielding
of enclosures is given by [65]. The applicable frequencies for which SE can be determined
are divided into three distinct ranges, low range (9 kHz-16 MHz), resonant range (20-300
MHz), and high range (300 MHz-18 GHz). Signals used for measurements in the high
frequency range are planer and of the continuous wave (CW) type. Dipoles, biconical
antennae, horns, yagis, log periodic, or other linear antenna types have to be used. The
reference measurement is done with antennae at least 2 m apart but the maximum available
separation has to be used. The largest receiver response has to be recorded to determine
the minimum SE. The separation distance between the two antennae should be recorded
and the height of both antennae should be approximately the same. The positioning of the
transmitting antenna should be outside the shield (anechoic chamber) and the receiving

antennainside the shield. The transmitting antenna should be positioned at least 1.7 m from
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the test surface. A minimum spacing of 0.3 m from the shielding surface to the closest point

of the receiving antenna should be maintai ned.

It is also stated by [65] that when testing in non-anechoic enclosed locations, it is
good practice to establish a baseline reference response curve for that location without
the DUT present. If this cannot be done, comparable DUT data acquired in an ideal test
location may be used. A field penetrating a shielding material arises from both the electric
and magnetic components of the electromagnetic energy incident upon the shield. Separate
measurements of the electric and magnetic fields demonstrates that they are functions of
the incident wave. SE can be expressed in electric field terms and is given by the following

eguation:

SE = 20| ogloﬂ (3.11)

where E; is the electric field measured at the receiving antenna without the DUT between
the antennae and E; is the electric field measured at the receiving antenna with the DUT

between the antennae. One can express SE in power terms and it can be written as:

SE = 10l oglo% (3.12)

where Py is the power detected in the absence of the DUT, and P is the power detected

when the DUT is present.

A 20D shorted coaxial waveguide with diameters of 8.66 and 19.94 mm for the inner
and outer conductors respectively was used by [76] to determine the reflection coefficient

between 1 and 4 GHz, by mounting the cylindrical shield in the waveguide.

Reflection measurements have been performed by [40] in an anechoic chamber with

the setup based on a monostatic configuration. This consisted of four similar horn antennae
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which were positioned in front of the material sample for normal incidence 3 m away from
the sample. The antenna array allowed for measurements of different states of polarisation,
using aHP8510B VNA.

The location of the antennae is instrumental in the accuracy of measurements. A problem
could arise when it becomes nessary to determine the SE of a material if the anechoic
chamber is constructed of the same material asit is too expensive and time consuming to re
construct the whole chamber for accurate measurements. A similar problem can arise in the
measurement of the SE of construction. A test system was produced using a coaxia flange
for afrequency range of 9 kHz to 1 GHz by [22] and [34]. Accordingly, the shape and di-
mensions were calculated for a 50Q system. The central conductor was manufactured from
brass and the rest of the flange was made from aluminium aloy. The $1 and S, scattering
parameters were measured and found to be under -15 dB in the whole frequency range,
whilethe $1 and S;» parameters were less than 1 dB in the frequency range. The composite
concrete samples were manufactured in the shape of athin (8 mm) ring which was inserted
into the flange, and the $;1 and Sy scattering parameters were measured to determine the
SE. This method is also known as the coaxial line technique with an inserted coaxial cell to

hold the sample. It isgenerally used to measure the permeability and permittivity of material.

A coaxial TEM cell similar to the flange was also used by [3] to measure the scatter-
ing parameters. As shown in Figure 3.5, an RF generator output was amplified (power and
voltage) and transmitted through an attenuator to a dual directiona coupler which fed the
TEM cell in which the sample material was. The coupler allowed for the separation of
the incident and the reflected waves. An oscilloscope showed the oscillations that were
transmitted through the cell and a selective micro voltmeter measured the modules of the

incident, reflected and transmitted waves.

The field strength with and without a shield was measured at different operating frequencies
to determined the SE of a circular loop-shaped shield [77]. A hollow iron cylinder with

a thickness of 1.2 mm and an inner diameter of 7.25 mm was placed coaxially around an
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Figure 3.5: Measurement system with TEM cell by [3] to measure scattering parameters .

1.98 mm inner conductor and then bent to form a circular loop with an inner radius of 0.41
m. The shield was electrically closed at each end to complete the return path in order to
ensure that the induced current could flow in the opposite direction to the primary current
circulating in the inner conductor. The return path was the shield itself and it was assumed
that two current sheets were flowing in opposite directions along the external and internal
surfaces. The two currents were coaxial and the corresponding magnetic fields cancelled
each other out, thus not altering the magnetic field distribution that was associated with the
primary current. The measurement with and without the shield was achieved by connecting
and disconnecting the inner and outer conductors of the shield loop ends. This methodology

was only applied to audio frequencies.

A similar setup as in Figure 3.6 is the most widely used in research. This setup was
used by [78] to measure the power received at the receiving antenna with and without the
shield in the propagation path to determine the SE, but the receiving antenna was mounted

in an auminium box with a window that was the same size as the opening of the horn
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antenna. This was to ensure that no microwave power leaked into the box by a path other
than through the window. This was tested by covering the window with an aluminium plate
while measuring the received power. The limitations of this setup were investigated by [79].

The required size of the samples and the distance between the antennae were investigated.

A shield box made from 3 mm thick copper was developed with two compartments
by [80]. The two antennae were placed in the two compartments facing each other with the
sample under test placed between the two compartments. In principle, this was similar to
the widely used setup in Figure 3.6 and used to shield any noise coming from outside. It

has, however, only been used for frequencies below 1 MHz.

The use of reverberation chambers in the measurement setup is arelatively new method for
determining SE. The setup used by [81], [82] and [83] comprised a screened room or cham-
ber with the addition of a metallic paddle or tuner situated anywhere in the chamber. The
function of the paddle was to stir the modes inside the chamber to produce a superposition
of multiple reflected waves which changed every time the paddle was rotated. This ensured
a dtatistically uniform field inside the chamber. A smaller chamber with a window was
placed inside the first chamber. The size of this nested chamber depended on the frequency
range. The material to be tested was placed in the window and the receiving antenna was
situated inside the nested chamber. This method is referred to as the nested reverberation
chamber setup.

Measuring the S;1 parameter to determine the reflection loss by a setup known as the
NRL Arch technique (Naval Research Laboratory) is also a common method of specifying
SE and has been used by [33]. In this study the antennae were localised in a reference arch
manufactured from EMW transparent material used for aligning the two antennae at the
same angle for both emission (incident angle) and reception (reflected angle). The reference
plane was a conductive metal plate which was covered by the absorbing material. It was,
however, shown by [84] that the reflection loss varies with variation in the incident and
reflected angles. These vary from -13 dB at 10° to -6 dB at 60°. This makes the results
achieved with the NRL Arch technique doubtful.
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The SE measurement of a pulsed electric field system was made up of a electromag-
netic pulse (EMP) source and a receiving device by [59]. The EMP source was a high
voltage pulsed source which generated a puls of up to 30 kV and an electric field radiator
(horn antenna). The receiving device consisted of a current probe, afibre optic transmission
system, a digital oscilloscope and a computer. The current probe was a monopole antenna.
The fibre optic transmission system was composed of a light transmitter, a fibre optic cable
and alight receiver. Thereceived signals at the current probe were converted to light signals
by the light transmitter, while the optic signals were transmitted to the light receiver through
the fibre optic cable. The receiver transformed the optic signals into electrical signals in

order for the digital oscilloscope to make the measurements.

3.3.2 Implemented measurement system

The measurement system implemented by the author is shown in Figure 3.6 and was also
used by [4]. The arrangement was carried out using an Agilent Technologies E5071C vector
network analyser (VNA), and two ultra broadband open horn antennae. The transmitting
(TX) antenna used was a 500 MHz to 4 GHz double-ridged horn antenna, part number
470523 from Saab-Grintek Technologies. The receiving (RX) antenna used was a model
3115 double-ridged waveguide horn antenna manufactured by ETS-Lindgren with a fre-
guency range of 750 MHz to 18 GHz. Measurements were done in an anechoic chamber
lined with Eccosorb AN absorption material operational for the frequency range 600 MHz to
40 GHz and designed to reflect lessthan -20 dB of normal incident energy. Thetest setup was
calibrated to ensure minimum V SWR and path |oss between the TX and RX antennae.

The TX antenna was positioned on the outside of the chamber on an adjustable antenna
mount. This allowed the antenna position to be calibrated to ensure minimum volatge stand-
ing wave ratio (VSWR). The antenna was extended with the aid of an aluminium cone, lined
on the inside with absorber material to guide the EMW into the chamber through a window

in the chamber wall, as shown in Figure 3.7.

The RX antenna was installed inside the chamber. To ensure that the antennae were hori-
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Figure 3.6: Measurement setup in anechoic chamber

zontally and vertically aligned, alazer beam was used. The antennae were futher adjusted to

ensure maximum power reception at the RX antenna during setup callibration.

3.3.2.1 ETS-Lindgren antenna

The ETS-Lindgren receiving antenna comprised adoubl e-ridged waveguide horn antenna see
Figure 3.8. TheModel 3115 usesa Type N precision connector and accepts up to 500 Watt of
continuous input power. The antenna high gain and low VSWR over its operating frequency
trandates into efficient amplifier use and higher field strengths. Model 3115 sweeps from
750 MHz to 18 GHz without stopping for band breaks, making it ideal for automated testing.
TheVSWRratingis5: 1 maximum and lessthan 2: 1 above 800 MHz and it has amaximum
continuous power output ability of 500 Watt. Figure 3.9 shows the antenna gain of the ETS-

Lindgren antenna.
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Figure 3.7: Transmit antenna setup for measurements

3.3.2.2 Saab-Grintek Technologies antenna

The transmitting antenna is shown in Figure 3.10 and is a Model 470523-00000 double-
ridged horn antenna by Saab-Grintek Technologies and is suitable asagain reference antenna
for wide band measurements. It can a so be used as awide band source in anechoic chambers
and compact ranges. It has a frequency range of 500 MHz to 4 GHz. The nominal gain is
10 dBi and it can handle 50 Watt power. The VSWR rating islessthan 2.5: 1. Figure 3.11

shows the antenna gain of the Saab-Grintek Technologies antenna.

3.3.3 Transmission loss measurement

The S, scattering parameter was measured with the setup shown in Figure 3.6 to determine
the transmission coefficient of the test samples. The transmission coefficient was cal culated

from equation (2.61).

3.3.4 Reflection loss measurement

In the measurement setup for the S;; scattering parameter, only the TX antennaand the VNA
were used. The S;1 parameter of a conductive plate with the same dimensions as the absorber

material DUT was measured and used as a reference. The absorption and reflection loss of
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Figure 3.8: ETS-Lindgren antenna used as receive antenna

the material were then determined without a conductive back plate by measuring the S
of the absorbing material. Traditional time domain reflectometry (TDR) measurement was
made by launching an impulse or step into the test device and observing the response in time
with awide band receiver. The transformation made by the VNA resembles TDR. However,
the VNA makes swept frequency response measurements, and mathematically transformsthe
data into a TDR-like display. Thisis useful for determining impedance mismatches, which
are the main cause of reflection loss. This measurement yields the actual impedances and is
available immediately from the VNA display. The gating function on the VNA allows the
selectiveremoval of reflection or transmission responses. The gate was set in thetime domain
the data was then converted to the frequency domain by means of a Fourier transformation.
The gate centre position and time span or start and stop times were then set and the reflection

coefficient determined from $;1 using equations (2.59) and (2.60).

3.3.5 Applicable frequency bands and applications

The Republic of South Africafalls under the International Telecommunications Union (1TU)
Region 1 and thus aligns its frequency allocations with those specified in the ITU Radio
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Figure 3.9: ETS-Lindgren antenna antenna-gain

Regulations as required by the Electronic Communications Act (ECA). The aim of the ECA
is to promote convergence in the telecommunications, broadcasting and broadcasting signal
distribution sectors and to provide the legal framework for the convergence of these sectors.
The Independant Communications Authority of South Africa (ICASA) alocates frequency
bands for primary and secondary services. Mobile communications and wireless network
systems function in the UHF (300 MHz-3 GHz) and SHF (3 GHz-30 GHz) frequency bands.
The ICASA alocations relevant to thisresearch are listed in Table 3.3 [1]

The maximum theoretical radiated power allowed for GSM handsets is 1 W [85], and
100 mW [85] for wideband wireless systems such as WLAN and wideband data transmis-
sion applications. The maximum radiated power for broadband wireless access (WAS) is
200 mW [85]. With asignal to noise ratio (SNR) of less that 3 dB at the receiving device,
the signal will become unintelligible. For effective SE, the SNR has to be decreased using
an applied shield to less than 3 dB.
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Frequency band

Application

790-890 MHz

fixed wireless links, UHF TV broadcast, wireless audio,

security alarms, mobile wireless access, E-GSM cellular

890 MHz-1.215G Hz

fixed links, GSM cellular, distance measuring,

surveillance radar, aeronautical radio navigation

1.215-1.429 GHz

radio navigation (GPS), space research,

air traffic control radar, low capacity fixed links

1.300-1.525 GHz

fixed links, terrestrial digital audio broadcast,
satellite digital audio broadcast

1.525-1.610 GHz

space operation, fixed links, mobile satellite,

aeronautical navigation, GPS

1.610-1.660 GHz

mobile satellite, radio astronomy, space research,

meteorological aids

1.660-1.710 GHz

mobile satellite, radio astronomy, space research,

meteorological aids

1.710-2.170 GHz

fixed links, GSM 1800, GSM 1900, cordless phones,

2.170-2.520 GHz

fixed links, mobile satellite, WLAN,
industrial scientific and medical (1SM), aeronautical video surveillance,

broadband wireless access (WAYS)

2.520-2.700 GHz

broadband WAS, space research, radio location,

radio navigation

Table 3.3: ICASA frequency band allocations [1]
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Figure 3.10: Saab-Grintek Technologies antenna used as transmitting antenna

3.4 DATA COLLECTION

The scattering parameters S;1 and S; were measured for the various samples using the
setup in Figure 3.6. The performance of the samples in the mobile communication and WiFi
frequency bands was investigated as indicated in Table (3.5). The prepared samples were la
belled for identification purposes asindicated in Table (3.4). Wideband measurements of 800
MHz to 3 GHz were also done to cover the frequency bands assigned by ICASA in Table 3.3.

The result of each measurement was saved in a text file by the VNA and then pro-
cessed with Microsoft Excel. The processed data was imported into Matlab and then
presented graphically.
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Table 3.4: Composite ratio of test samples

Band Frequency (MHz)
GSM850 824 - 894
GSM900 890 - 960

GSM 1800 1710 - 1880
GSM 1900 1860 - 1990
WiFi 2400 - 2484

Table 3.5: Mobile communication and WiFi frequency bands
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Figure 3.11: Antenna gain of the Saab-Grintek Technologies antenna used as transmitting

antenna

3.5 CONCLUSION

In Chapter 3 various measuring techniques used in literature is discussed. The mathematical
representation and transmission line model of shielding material is presented and simula-
tions are done of the EMW SE of material with predetermined characteristics. The results

of the ssimulations are compered with the measured results in Chapter 4.

The method followed to prepare the samples used for the research is explained. The
magnetic and ferrimagnetic powder used is discussed. The required curing time of the
samplesisinvestigated and determined.
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The implemented measuring system and equipment used are discussed and explained.

An overview of the applicable frequency bands and applications are also given.
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CHAPTER 4

RESULTS

The captured data of the various samples is displayed graphically and then discussed to
highlight the findings of this reseach.

4.1 SHIELDING EFFECTIVENESS

The measured SE of the various samplesis shown in Figures 4.1 to 4.9. The OEMD sample
Is plaster cement as normally used in the building industry. The results in Figure 4.1 show
losses below 3 dB in the GSM and WiFi frequency bands, which explains the good mobile
communication reception in buildings. There is, however, an increase of SE above 5 dB
between 1.2 and 1.5 GHz with a 7.4 dB peak at 1.36 GHz. This peak is also present in the

other samples.
4.1.1 Shielding effectiveness of electrolyte manganese dioxide samples

Figures 4.2 to 4.5 show the measured results of the EMD samples. With an inclusion of
29%vol of manganese powder (EMD) as magnetic additive to the composite mixture, the
2EMD sample has an SE increase of 1 dB over the 800 MHz to 3 GHz measured frequency
band, asindicated in Figure 4.2. The addition of the manganese powder also created a 8 dB
peak at 1.2 GHz which was present in all the samples loaded with EMD. The 3EMD sample

with 43%vol EMD powder shows a further SE increase in Figure 4.3.
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Figure 4.1: Measured SE of OEMD sample (plaster cement)
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Figure 4.2: Measured SE of 2EMD sample

A dgignificant improvement of SE resulting from the addition of 57%vol EMD (4EMD

sample) isvisible in Figure 4.4. The 5EMD sample with 71%vol EMD has an SE of more

than 8dB in the GSM850 and GSM 900 frequency bands, as shown in Figure 4.5. The mag-

netic powder also resultsin an SE peak of 2.9 GHz for all the tested samples and more than

70% signal reduction by the SEMD sample. Table 4.1 shows a summary of the average and
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Figure 4.3: Measured SE of 3EMD sample

maximum SE measured for the EMD samples from 800 MHz to 3 GHz. The SE of the
EMD samples hasincreased with 4 dB with the addition and increase of 71%vol EMD in the

plaster cement.
0
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Figure 4.4: Measured SE of 4EMD sample
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Figure 4.5: Measured SE of 5SEMD sample

4.1.2 Shielding effectiveness of MnZn ferrite samples

The MnZn ferrite powder resulted in two peaks at 1.36 and 2.9 GHz but no significant SE

improvement in the GSM and WiFi frequency bands. These results are shown in Figures

4.6 to 4.8. Table 4.2 shows a summary of the average and maximum SE measured for the
CHY 13 (MnZn ferrite) samples from 800 MHz to 3 GHz.

The SE improvement of plaster cement by increasing the %vol of EMD to the mixture is

Sample | Avg. SE | Max. SE
OEMD -2dB -7.4dB
2EMD -3dB -8.2dB
3EMD | -36dB | -8.3dB
4EMD -4 dB -8.2dB
5EMD | -6.2dB | -9.3dB

Table 4.1: Summary of the average and maximum SE measured from 800 MHz to 3 GHz

for the EMD samples
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Sample Avg. SE | Max. SE
3CHY 13 -2.9dB -8.9dB
4CHY 13 -2.5dB -9dB
5CHY 13 -3dB -9.6dB
2EMD3CHY 13 | -3.9dB -8.8dB

Table 4.2: Summary of the average and maximum SE measured from 800 MHz to 3 GHz

for the CHY 13 samples
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Figure 4.6: Measured SE of 3CHY 13 sample

clearly visible in Figure 4.10, which shows a comparison of normal plaster cement and

plaster cement with a 71%vol of EMD.
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Figure 4.7: Measured SE of 4CHY 13 sample
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Figure 4.8: Measured SE of 5CHY 13 sample

4.2 EFFECT OF MOISTURE CONTENT

The moisture content of the sample mixture has a large impact on the SE. Samples showed

a stabilisation in SE only after 90 days of curing. The effect of the presence of moisture is

shown in Figures 4.11 and 4.12 for normal plaster cement, and in Figures 4.13, 4.14, and
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Figure 4.9: Measured SE of 2EMD3CHY 13 sample

4.15 for the 5EMD sample.

Theresultsindicated in Figures 4.13, 4.14, and 4.15, confirms the findings of [68], [73] and

[75]. The results accepted as reliable were recorded after 120 days of curing and isshownin

4.14. The SE in the samples prior to the 120 days curing time, was mainly due to reflection

loss because of the higher moisture content.

SE (dB)

OEMD
5EMD
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Figure 4.10: Increased SE with increased %vol of magnetic material
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Figure 4.11: Measured SE of OEMD sample after 60 days of curing
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Figure 4.12: Measured SE of OEMD sample after 150 days of curing

43 MEASURED REFLECTION AND ATTENUATION LOSS

Very low reflection lossis measured in the GSM 850 and GSM 900 frequency bands, confirm-

ing that the 5SEMD sample has a high absorption capability for EMW. More than 80% of the

incident EMW is absorbed by the sample. It should be noted that the measured attenuation
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Figure 4.13: Measured SE of 5SEMD sample after 60 days of curing

SE (dB)

—— 5EMD after 120 days curing

-15

800MHz to 3GHz

Figure 4.14: Measured SE of 5SEMD sample after 120 days of curing

loss is the sum of attenuation and multiple internal reflection and attenuation losses. Figure
4.16 shows that the SE is mainly due to attenuation. In Figure 4.17 avery similar reflection
loss in the GSM 1800 and GSM 1900 frequency bands but much lower SE indicates that the
sample has high absorption but lower attenuation therefore resulting in the lower SE. Table

4.3 shows the average reflection, attenuation and transmission losses in the GSM frequency
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Figure 4.15: Measured SE of SEMD sample after 150 days of curing

GSM band Reflection loss | Attenuation loss | Transmission loss
GSM850 and GSM900 1.9dB 6.5dB 8.4dB
GSM 1800 and GSM 1900 2dB 2.4dB 4.4 dB

Table 4.3: Summary of the average reflection, attenuation and transmission losses in the

GSM bands for the 5SEMD sample

bands for the 5SEMD sample.

In the WiFi frequency band from 2.4 GHz and higher, the reflection loss is much greater

with a peak of 8 dB reflection loss at 2.9 GHz, as can been seen in Figure 4.18, resulting

in only 40% of the incident EMW being absorbed; consequently the SE is mainly due to

reflection.
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Figure 4.16: Measured reflection | oss, attenuation and transmission lossin the GSM 850 and

GSM900 frequency bands for the 5SEMD sample
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Figure 4.17: Measured reflection loss, attenuation and transmission loss in the GSM 1800
and GSM 1900 frequency bands for the 5SEMD sample

44 COMPARISON OF MEASURED AND CALCULATED SE

Figure 4.19 compares the measured and calculated SE results. The polynomial fit of the

measured SE shows a close comparison with the calculated SE. The measured reflection loss
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Figure 4.18: Measured reflection lossin 2.4 GHz to 3.0 GHz frequency band for the SEMD

sample

and attenuation in Figures 4.19 and 4.17 are a so close in comparison with to the calculated
results in Figure 4.19. The difference between the measured and simulated results is be-
cause of the uncertainty of the exact permeability, permittivity and conductivity values of the

sample material.

45 CONCLUSION

Tables 4.1 and 4.2 shows that the increase of EMD content in the samples resulted in an
average SE increase of 4.2 dB. The MnZn ferrite did not have the same effect as the EMD
and only increased the SE by 2 dB for the same amount added to the composite mixture.
The effect of moisture content on the SE is monitored over 150 days of curing and it was
found that the SE only stabilised after 120 days. This finding confirms that determination of

the SE in cement-based mixtures can only be done with proper curing.

The cement-based composite material with EMD as additive magnetic filler showed
the best SE in the GSM850 and GSM900 frequency bands. Figure 4.19 shows that

the sample has low reflection loss and high absorption with high attenuation inside the
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Figure 4.19: Comparison of measured and calculated SE for the SEMD sample in the 800
MHz to 2.8 GHz frequency band

composite material. Thereis also agood comparison between the measured and cal culated

simulation values.
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CHAPTER 5

CONCLUSION

51 SUMMARY
From the work described in this study, the following can be concluded:
5.1.1 Findings by this study

SE is a combined system of absorption, reflection and attenuation, and is a measure of
the capability of the shielding material to reflect and attenuate an incident EMW. The
complex permeability, permittivity and conductance of a material determine the magnitude
of the SE. The uneven anti-parallel alignment of adjacent atomic spin magnetic momentsin

ferrimagnetic material increases its complex permeability.

To predict SE, the shielding material can be represented by a transmission line model.
Plaster cement with no magnetic additive has high absorption, low reflection loss and low
attenuation, resulting in a low SE. The mathematical simulation shows that the magnetic
strength of an EMW propagated through the shielding material will be attenuated more by
material with increased complex permeability. Increasing the %vol of magnetic material
in the composite plaster cement improves the SE of the material. According to equation
(2.85), if the thickness of the test sample is increased, the attenuation will increase, thus
resulting in a higher SE. However, the thickness should be limited to ensure the practical

implementation of the composite plaster cement.
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The composite material needs to be well cured to ensure that the moisture content
does not influence the measured results. Measured results only stabilised after 90 days of

curing.
5.1.2 Contributions by this study

A measurement setup with the test sample inserted between the TX and RX antennae in an
anechoic chamber provides accurate results. The scattering parameters were measured with
aVNA and it was found that the reflection | oss, absorption and attenuation can be accurately
determined. The study shows that magnetic material can be mixed with plaster cement to
produce a composite material that has increased complex permeability with improved SE.

MnO, and MnZn ferrite were investigated as magnetic fillers and it was found that it
can be used as magnetic material. MnO» resulted in a higher SE than MnZn ferrite for the

same %vol added to the plaster cement mixture.
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5.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Some recommendations for the extension of this work could be the following:

The SE of the shielding material may be improved by the addition of metal particles or
carbon powder to increase reflection loss. This would however, decrease the absorption and
attenuation of the shielding material. The SE may a so be improved by the addition of 1 mm

spherical EPS to increase the multiple internal reflections and attenuations [6].

Co-channel interference in indoor wireless communication systems can be success
fully reduced by electromagnetic shielding to increase radio isolation between adjacent
systems [86]. The composite plaster cement could be applied to the wall surface of the
structure to achieve this goal. The strategy would be to identify the existing walls through
which the interference propagates and subsequently shield them.
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