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his thesis focuses on the use of

metamaterials in mobile phone devices

in order to improve antenna
performances, e.g. to investigate if they carj
reduce the peak of SAR in the human head.
The purpose is to present metamaterials in
general way as many researches do not provid
general background and knowledge, and focu
on very specific uses and topics.
As many researches focus on the use o
metamaterials with antennas, the second
objective is to analyze if they could possibly
improve the performances of antennas. Thanks
to FDTD simulations, several configurations
have been investigated.

The first comparison has been done on a
dipole antenna with and without metamaterialg
in terms of S11 parameter, gain, bandwidth
radiation efficiency, and SAR in a cube of
tissue standing for a human head.

The second case dealing with more
realistical configurations has been done with
PIFAs without changing the overall volume of
the antennas according to actual manufacturing
standards. To appreciate the effects of SRR$,
the fields have been investigated in the close¢
vicinity of the antenna corresponding to the
most exposed area of a human head.

The effective reduction of the fields
thanks to metamaterials is investigated because
improving user's safety compliance and
handset performances is a major interest of
mobile phone designers.
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Preface

This report is written by project group 09gr1113ta Department of Electronics at Aalborg
University during the 10semester at Mobile Communicationg @ebruary 20092 June 2009). The
project concerns the “Integration of metamatetiiala mobile phone for reduction of the peak SAR in
the head”.

The work is presented in three main parts, the firsuses on theoretical comprehension of
metamaterials and their use, the second one ddpietsimulations achieved and the last one is an
appendix contains basic knowledge about antenfi?BDFRand SAR.

The first part proposes a definition of metamaterias well as usual classifications and
applications. The second chapter explains the sitioul performed for this study and the important
parameters that have to be investigated, like FA&)d H fields.

In the appendix, basic definitions about antenmageminded and the particularities of small
antennas are pointed out, linking them to the glgicoblem of mobile design.

As a conclusion, relevance of metamaterials coupléith mobile handset is discussed
according to antennas performances and aimed feduwftSAR.
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Metamaterials

I n this chapter the main concepts that cover thectgp metamaterials are introduced. The first pgives a brief

definition of what is actually a metamaterial arxplins how they have been discovered. Then, imékesection, the
study of the different parameters and behaviorddea a classification of metamaterials. Finallg ttwo last parts deal
with the way to build these metamaterials and willomepthe latest releases.

1. Definition

Even if the definitions of metamaterials occasibndiffer from each other, they are most of thedim
referring to the metamaterials as media whose rel@etgnetic responses are different from those efr th
constituent components.

They are also often referred as materials with grigs that cannot be found in nature.

They are mainly built on multiplying in a perioditanner various types of artificially fabricated rnzed
in a background substrate. Such a structure igcdall lattice, and the elements are optically smesbnant
particles, usually much smaller than the operatiagelength. Most of the time, they are complex-ghayetal
inclusions operating in different frequency rangBse particle characteristic sideand the maximal period of
latticesa are assumed to be much smaller than the wavelémgiie lattice matrix in most of the metamaterials
at the frequency of particle resonance. This astomfeads to homogenize metamaterials on explgittieir
exotic properties in terms of conventional matepatameters (Quasi-static theory of lattifEy. Even though
they are small, the parametéranda are given for most of the practical cases by eqodtl.1)[2]

001< (a;]—é) <02 (1.1)

The very first goal of the metamaterials was taat¥eetter conductors, closer to ideal insulatons,
breaking the previously established basic rulgshgbics.

The discovery of the bianisotropic and chiral mater(2.2) brought a main question: do these nalteri
still belong to the category of classical matefidis chiral media, the symmetry or antisymmetryhaf internal
structure is responsible for macroscopic effecthek¥as the bi-anisotropy defines a material thailays both
anisotropy (the macroscopic response depends dypbef excitation) and electromagnetic behavidts

Then, the discovery of Victor Veselago (1966) hesated a revolution. Parameters that always have
been assumed to be positive could finally alsodigative. These materials possess backward waveagetpn
and negative refraction when both permittivity gremeability are negative or in certain frequereyions.

These successive discoveries have made this tapiofathe most interesting in the past few yeaosgs L
of researches focus on metamaterials nowadaysler to find applications concerning a wide rangdarhains.



2. Classification

It has been a long time now since scientists tryrtderstand metamaterials, and it is not an easky ta
The main problem remains the understanding of termal structure of a metamaterial because itaiosita
very high degree of freedom that prevent from sgrééverything. That is why the following classifica also
focuses on the macroscopic aspect as in the [péper

2.1. Sign of Parameters

A basic classification could be established regaydhe sign of the permittivity and the permeapitf
the materials. This common classification is didda four parts of positive and negative valued tlka us
distinguish the regions of forward and backwardopgation (see Figure 2.1)

Lt
ENG DPS
No propagation FWwW
E
DNG MNG
BW No propagation

Figure 2.1 : Basic classification of materials ie ¢hp plang31]

2.1.1. DPS

The common materials are ordinary Double Positb®g) which means that both permittivity and
permeability are positive, therefore the waves prepagating forward. The DPS materials could also b
classified in term of their dielectric parameteragmitude. Magnetic materials that have permeabilélues
different from 1 are called ‘ordinary’ electromagjnematerials. Nevertheless some values can be laegg or
very small compared to the unity, so they can lgeoped into electromagnetic classes, as in ther&ig.2.

Following this classification the Perfect Elect@lonductors (PEC) and Perfect Magnetic Conductors
(PMC) can be distinguished. Knowing that the PE@eiBned byc— 0, un—0, and the PMC by—0, u—x, the
PEC has extremely small impedance also called Eepmdance Medium (ZIM) and its conductivity is
infinite. The PMC has an extremely large impedanaéied Infinite-lmpedance Medium (lIM).

Another material has also been studied the past ylears, which is a Perfect ElectroMagnetic
Conductor (PEMC). It is the only fully isotropic aiem regardless to the movement of the observéiadtbeen
proved that PEMC medium causes many interestirgtstf which may find applications in antenna enginge

These materials obey to others relations betwesffiik and field§31]:
D=MIB (2_1)
D=-MILE



WhereM is the real scalar admittance-type quantity. Theciph case of PEC comes with the choices
1/M = 0, and the one of PMC with M = 0.

| PMC | IMM P 01 B

______________

“Ordinary”

materials [EM

——————————————

A1 (ZMM) | PEC |

______________

iogE
Figure 2.2 : Classification of extreme materialshies, p plang31]

ZIM: zero-index material; lIM: infinite-index matati
ZEM: zero-electric material; IEM: infinite-electrimaterial;
ZMM: zero-magnetic material; IMM: infinite-magnetitaterial.

Materials with these extreme parameter amplitudege heen recently recognized for their potential
applications, like increasing the directivity ofaphr antennas, cloaking objects, and squeezingaieagnetic
and optical energy.

2.1.2. DNG

New materials have been recently found. They hawpegsties that cannot usually be found in nature,
and even more they have different behaviors thanoties of their component elements. They are c#fied
Double Negative Materials (DNG) and belong to thimw kind, the metamaterials. Both permittivity and
permeability are negative so the waves are propagaackward, and the refractive index is negatfech a
media is capable of focusing electromagnetic raatiatwhen placed in a way to have a lens.

2.1.3. ENG & MNG - plasmonic media

Then, the two remaining possibilities are the EpsiNegative (ENG) and Mu Negative (MNG). With
these parameters, the waves are not allowed toagate into uniform medium. As the wave propagation
isotropic homogeneous media is in function #f ewhere the wave numberkis w\/ﬁ , theasgjuoot gives
an imaginary wave number.
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2.2. Bi-Anisotropic Materials

A bi-anisotropic material displays both anisotropgd electromagnetic behaviors. Considering a
magneto-electric coupling in the material, the wavepagation obeys to other relations between iffierent
fields demonstrated i31].
D=¢elE+(y-jlk)H
B=(x+]jlk)I[E+ulH

K, the chirality parameter,
1, the non-reciprocity parameter.

2.2)
2.3)
With

The plane waves in these mediums are propagatitigté wave number:

k+ =k, ‘N,L/Da—)(z + K) (2.4)

With k, , the free space wave number m

The two waves can now be either backward or forwsedause the wave number depends on the
magnitude of the four parameters. The relation betwthe fields is therefofa1]:

(Bl 7 M)

| 2 | 2
K = —sJHE=Y K x = Jue—7y
* F #
= Matenal matnx o
. nondefinite P
e {indelinite) P
- BW, FW ’
5 Y
1 4 ht ra |'—..|
Material matnx ~ ’ Mnterii | 2
negutive definite o3 Muterial /g —y
BW, bW HMRR: e T
’ PR b ¥ positive definite
4 “ FW, FW
& N
P F i,
s : .
- Material matrix. ™
’ nondeinite ;
L {indefinite) -~
# W, B %
/

Figure 2.3 : Classification of bi-isotropic materigi8]

2.2.1. Example of bianisotropic metamaterials: chiral
materials

In chiral media, the geometrical nature of the cttrre of the internal elements leads to macroscopic
effects thanks to its antisymmetry, like the ratatiof the polarization of the propagation field r@a(rotary
power). This rotary power comes from the magnetgéecoupling caused by the chiral elements.

11



3. Fabrication

Here are presented some of the most widespreadmaétdals that could be useful to understand this
study. Nevertheless more information about thewifft fabrication techniques could be found ingheer[5] .

3.1. 2D metamaterials

As the required feature sizes of fabrication ang/wmall, most of the 2D metamaterials are fabeidat
using electron-beam lithography (EBL). EBL is stile most spread technique even if it is quite damated to
build wide areas because of cost and time effigieRor rapid prototyping of metamaterials, focusaabeam
(FIB) techniques can be used. The principle of KBhat a focused beam of gallium ions is usedptatter
atoms from the surface or to implant gallium atom® the top few nanometers of the surface, making
amorphous[f]).When the large-scale fabrication is aimed, theninterference lithography is mainly used. This
fabrication technique is based on the superposifotwo or more coherent optical beams formingamding
wave pattern. Nevertheless a promising large-staieication technique is arising from the Nano-impr
lithography (NIL). Metal nanostructures are thusaiied by printing directly on metal substrateshaitt any
further processing step.

3.1.1. Split-Ring Resonators (SRRs)
The SRRs are used to generate magnetic resonati¢e provide negative permeability.
3.1.1.1. Basic SRR

a. Design

The SRR presented in the Figure 3.1 has an expeetshance at 10 GH2<30mm), and can be
created on printing a metalized copper layer onitétl Circuit Board (PCB).

= =030
= = 0.25 - = (.25

i
1
046 152 262
.
!

=152 —
i 262 -

Figure 3.1 : Dimensions in millimeter of a SRR patter mm[6]

When designing a SRR, the first parameter to fak® account is the frequency range where it is
effective. Let us have a look to the curve thatghmmetefl describes in the Figure 3.2:

12



Hefr

Figure 3.2. Discontinuity of the permittivif2]

The range of frequency betweeany [: oy, respectively the resonant and plasma frequenuiiisbe
the frequency range where the medium exhibits negaermittivity (in the case where they are takemnpes =
0). These parameters can be found thanks to thdiegsidelow32]. oy is the frequency whengy; diverges.

Where:
e cisthe ring width [m]
« dis the gap between the inner and the outer rings]
* |lis gap between the different layers [m]
* ris the radius of the first inner ring [m]
*  Gthe celerity in free space [rrf]s

(3.1)

(3.2)

The choice of the dimensions is therefore very irtgmd because it leads to different resonance
frequencies. All the parameters of the SRR inflgetine negativity properties, such as increasing#mewidth
or the values ofie for example. The model used to simulate thesegstigs is given by these two equations

[32]:
n*
2
— a
luef'f 1_ 2
+2|0 I [
2C
Wy mfIn<rs
d
2
w
Eeff :1_ aj;n
Where:

* o is the conductivity of the metallic part (=0 foenfect conductors)
» aisthe lattice constant, the gap between two S&Recs in the same layer

On tuning the different parameters, one can ol#&@RR resonating at a specified frequency.

(3.3)

(3.4)

S

[m]
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b. Incidence of the gap orientation

In [6], the incidence of the orientation of the gap af ®RR is studied depending on the E-field
direction, by studying the S parameters S11 and 324 Figure 3.3 shows the different orientaticoslied.

SRRparallel SRRrandom sRRp&rpendiﬁular

2 a (&
g 2 2
g /7 i
g g (2

Figure 3.3: SR%raIIeb SRl?andom SRR)erpendicular

SRRaraer—gaps in the split rings parallel to the incidenfiéld to realize a dielectric resonance;
SRRungor—randomly oriented gaps to realize simultaneoukedigc and magnetic resonances;
SRRemendicular—gap oriented perpendicular to the E-field to reala strong magnetic resonance.

The NRW (Nicolson-Ross-Weir) method is used to deduathematically the values of the parameters
by using the S parameters. The far field is sinedatith two horns equipped with divergent lensesl placed
on both sides of the structure. They deliver a@laave to the structure and the S parameters aasuresl.

The conclusions of this study show that the natfr¢he plasmonic resonance depends a lot on the
orientation of the SRR gaps (see Figure 3.3):

» For E-field parallel disposition to the SRR gap edectrical resonance is found

» For E-field perpendicular disposition to the SRR, gamagnetic resonance is found

» For random disposition, both electric and magnetsonances are found

» For particular frequencies, the resonances argergtdeep and the real part of pu anstill be positive
leading to negative index behavior

C. Influence of the substrate

In [7], it is demonstrated that the response of SRRaaalsb be tuned by changing its substrate layer
properties (most often the FR4 substrate). Theilgiss of this layer affects a lot the responsesoutd change
the electrical size by reducing the resonance &equ.

The main breakthrough of the thickness modulatibthe substrate is that it keeps the permittivity o
the metamaterial as it was and decreases the m@doequency of the metamaterials. Therefore tlop@rties of
the substrate or even its thickness are good todisne the metamaterial, and for example defigerédsonant
frequency of SRRs.

d. Polarization of a SRR

Basically, to understand how a SRR polarizatiorueg,can H field excitation in the axis of the SRR i
considered as depicted in Figure 3.4:

Figure 3.4 : Orientation of B-fields on a SRR struesu
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As it will be explained further in the following pga(84.2), this simple SRR structure will behaveaas
stop-band for the GSM frequencies. To be able ¢otlse best processing of this structure, a H fieldirected
towards the structures along its axis (-z). Obvigube SRR presents a simple negative matésjaand would
be able to observe that specific behavior.

First, the magnetic component of the EM waves eseat huge electric capacitance between the two
rings of the SRR. Therefore, a great E field isated along this gap and because of that, the @elgpling
determineg as a negative value. In Figure 3.5, this effedgigicted:

a0 60

4p =

Figure 3.5 : Excitation of the U-shaped SRR by eiedield [9]

This U-shaped SRR acts just like a C-shaped SRRIu& and red, the positive and negative electric
poles show the new capacitance created betweerinthegaps. Then, only is negative and p still positive

turning the exposed SRR into a stop-band filterifsrresonant frequency defined by its own physkiaé
parameters.

In the case of a perpendicular polarization (pedprrar to the SRR axis), a similar effect appears:

only u becomes negative. Except for the magnetld fireated, (as depicted on Figure 3.6) the respbehaves
the same but for magnetic waves.

Figure 3.6 : Excitation of the U-shaped SRR by m#griield [9]

Finally, it can be said that the difference of sbk@md localizations in the spectrum is due to the
difference between electric and magnetic respohdeeSRR.

3.1.2. Inclusions

Inclusions are used for melting different desigmsihg different properties, in order to obtain a
medium which would combine them. CLS (half Jerusateoss meaning Capacitive Loaded Strips) are dedig

for dielectric-like responses and SRR for magnkgie-responses. Therefore to get a DNG media, those
designs could melt as shown on Figure 3.7 :

Side view

Front view

———————— =
1 30wl |
[ ! 5 il !
CLS ¥ ! 1 SRR
160 mit . 160 mil | I Unit
Unit Z | 1~
Cell | , Cell
i :am wmf el
R, S 1
Dielectric

Substrate

Figure 3.7 : Design of CLS on the left, and SRR orrigtet (1 mil =2.54.1Gmm)[10]
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As it can be seen in the Figure 3.8, the structorgains both of the previous studied inclusionsai
planar media. In red, a CLS is repeated in a wayttho CLS contain in the same plane (yz) a SR&csire. As
both of the inclusions are in the structure, thehtidesign has electric and magnetic responses.

Side View ¥ Top View %
z . z
PEC symmetry plane PMC symmetry plane

PEC gymmetrv plane
Figure 3.8 : Planar MM designed with CLS and SRR

This kind of hybrid materials able to reproduce diiféerent electric and magnetic responses haaayre
been used in the past to create HFSS (High Fregugslective Surfaces) and dielectric applications.

A PMC (Perfect Magnetic Conductor) and a PEC (Rerf8ectric Conductor) send respectively a
magnetic and an electric impulse all around thecstire that have to be tested. If we superimposetitio
spectrum responses, it appears clearly that fopezific range of frequencies, CLS and SRR showtal to
reflectivity. Thus, they influence the effectiverpettivity and permeability of the whole structuf®,; = 1 and

$»1=0)

When both SRR and CLS structures are respondirgubgi-only reflections, the media is becoming DNGta
has been proved [i0].

3.1.3. Thin-wire structure

3.1.3.1. Definition

Rotman stated 60 years ago that this structureddmlused to simulate the plasma medium because its
effective permittivity is expressed the same wag)BL2].

—1- 23 (3.5)
geff le
Where g is the permittivity [F.rt]
o is the radial frequency [rad]s
With:
1
w, = ——— (3.6)
P a’llg,

Where ais the size of the wire\k=Ay=a) [m]

L’ is normalized self inductor/unit length  [H¥n

Then Pendry stated that a negative permittivitgefbccurs in the thin-wire & << o, leading to ENG
metamaterials. In order to shrink the size of thi cells of the structure a thin-wire based ENGansterials
loaded with uniformly distributed inductances lowéie plasma frequency.

The thin-wire structure of metamaterials is defimeda pattern of parallel wires small enough toehav
relevant electromagnetic responses as seen ind=&jr.
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Figure 3.9 : Arrangement of thin-wire structure foetamaterials

This structure is designed to have spacing betwerss very small compared to the wavelength. As a
consequence, the electromagnetic responses ardigdoginaterial turned into ENG metamaterial for mede)
due to the inner reactance and capacitance ofnig structure. According to the papgrl] the relative
permittivity of this structure is defined as (3af)d (3.8) if there is no component along the zesect

(1,’)

greﬁ = ‘glreﬁ _j"g"reff :1_ f 2 _ ]y f (3-7)
Where fp is the plasma frequency [Hz]
g is the permittivity [F.nt]
vy is the loss
With:
-1
d
f,=c|d. [2mIn +0.5275 (3.8)
2.711,
Where fp is the plasma frequency [Hz]
cis the speed of light [m'$
d is the lattice constant [m]
ro is the wire radius [m]

3.1.3.2.  Different types of thin-wire structures

There are two main kinds of thin-wires: continuansl discontinuous ones. According to the p&pe,
continuous thin wires structures behave like higbspfilter, which means that the effective pernititi takes
negative values below the plasma frequency (3.8)th@ other hand, discontinuous thin wire structuaet as
the same filters but with a lower edge turning theta stop-band filters around the resonant freqyen

The combination with other structures previouslgatied is not excluded. As it can be imagined, an
alternation of layers of SRR and thin-wires could made to obtain different relevant responses ef th
metamaterials thus created. Indeed, the SRRs &yerture leads to negative permeability and thiesvbased
structures to negative permittivity. Therefore, uperposition of both will give a DNG metamaterigie¢
example at Figure 3.13).

3.1.3.1. Polarization of a thin wire
A single thin wire represents also a SNG matenal acts as a stop-band too. The main difference is
that the thin wires structure would change theted@tagnetic parameters that are not changed byea ¢td SRR

alone (See Figure 3.13). As the thin wires strectsmot polarized the same way the SRR is, it @ctdifferent
parameters.
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3.2. 3D metamaterials

According to the papgf 3], several difficulties on fabricating 3D metamaaésihave to be faced. For
example, SRRs are difficult to be made electricafhall at optical frequencies. Some DNG materialsed on
resonant dielectric elements could be the solutioovercome these issues. In the pdpéf, an isotropic DNG
material with magneto-dielectric particles havinighh permittivity and high permeability is proposddl.is
shown that the material can have magnetic andriel@éesonances over a common range of frequencies.

For more information about the last fabricatiorcomplex 3D structures, refer to the pafigr

3.2.1. Isotropic 3D SRR

One of the most challenging tasks in the desigmefamaterials was to reach the isotropy. Several
attempts have been made in that way and some rg@bemé¢sign have been proved to present isotropyarties,
like the ones presented in the Figure 3.10:

Figure 3.10 : Two types of isotropic magnetic 3Dical resonators

3.2.2. Ceramic sphere

In the papef3], a DNG material built up with ceramic spheres antbnducting wire frame has been
proposed. The spheres are placed periodicallycmnaucting wire frame and drive a magnetic resoeawbich
simulates an artificial plasma medium with a negagiermittivity.

A
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Figure 3.11 : Scheme of 3D DNG metamaterial witHeditric particles and conducting wire frame

In this configuration, the sphere radiusri2.7mm ¢=A/20 at 6GHz) and its dielectric constant is
£=88.3 (the dielectric constant of the polymer foars=1.05). The radius of the wire is 0.5 mid10 at 6GHz)
and the lattice constant is 6.7 miig at 6GHz).

It is also proved that due to the negative perniiéalpirovided by the ceramic spheres, the transimiss
coefficient is quite low in the frequency rangedsédl (about -80dB). The metal wires tested withtbatceramic
spheres lead to a transmission lower than -100dBhensame examined frequency range. Nevertheless th
transmission of the waveguide loaded with the caiipdurns up to -10dB. This metamaterial is alsoved to
give a backward propagation in the frequency rafge64—6.34 GHz. The electric field distributiols@shows
unmatched impedance and thus verifies the doulgativity properties of this material.
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3.2.3. Lattices

In general the metamaterials lattices can be desttras particles that possess electric and magnetic
polarization. They can have two different geomepricperties as depicted in the Figure 3.12. Irfiisé one (a)
the particles both have electric and magnetic masném the second one (b) the electric and magsetttering
devices are different particles. Both of the cds®ge an electric field averaged over the unitakelhg the x-axis
direction, and an averaged magnetic field alongythais.

b

o

moai‘ @00
666 (%°
o606 P @9

(a) (b)

Figure 3.12 : Metamaterials with both electric amaignetic polarization presented as a set of crp&ialed15].

To simplify the calculations, when studying ther@avave reflection from such a lattice the particle
can be replaced by poipt andm-dipoles forming parallel grids away from each otbg a distance. This
structure is also called crystal plane and is meti@ls infinitely thin sheets with polarization andgnetization
surface currents defined asahd J.

3.2.3.1. |-m-lattices

The I-m-lattice is nothing more than a lattice coisipg thin wires and magnetic dipole scatteringickes
known as Split-Ring Resonators (SRRs).The fronw\oé this metamaterial is shown in the Figure 31b3his
example, one element is responsible for the regsanagnetic scattering, and thus the negative valuie
effective permeability within a narrow frequencyge above the resonant frequency, whereas the atiees
responsible for the negative permittivity.

Figure 3.13 : Front view of an I-m-lattice metanniati15]
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The index of refractionn] is given by the relation:

n= etu (3.9)
o ulo
Where g is the permittivity [F.nt]
U is the permeability [A.H
&, IS the free-space permittivity [Fi
Mo is the free-space permeability. [Afn

When the frequency is near the resonant frequerfcyh®@ SRR the magnetic field drives the
permeability below zero on the high frequency siflthe resonance and the resonant response ofitee i
the electric fields.

According to the pap€fl5], the electromagnetic response of a thin infiniteevio the local electric
field is the axial current I. If the wave propagatd an angle with respect to the wire axis, spdispersion is
observed in the lattice at all frequencies. Howgtfethe propagation holds in the orthogonal pldine low-
frequency spatial dispersion is absent and thiedattan introduce the local negative permittividn the other
hand, the SRRs give the resonant permeability. éfber the |-m-lattice behaves as a uni-axial varidrthe
double negative medium. In I-m-lattices the spatigpersion can arise in the backward wave regiem & the
period at these frequencies is optically small.

3.2.3.2. Polarization

In a typical case, the SRR provides a [ negatidetlaa thin wire layer turns into a negative value in
the whole structure. The combination of both shaxactly the cumulative effects of SRR and thin wire
Therefore, a DNG material is obtained (us80) and the implementation of a negative refractimdex pass-
band could be done. (See Figure 3.14).

Rods alone Wp
310 5
P | s,
g= | ex=0
SERs alone ily] tg
pass stop pass
]
>0 w<0 =0
Rods and SERs; ] tiig 0
M=0 stop pass stop | pass
a
=0 =0 p=0 =0
e=0 r=0 e20 e=0

Figure 3.14 : Sum up of the different combinatiofstructures and their effects

3.2.3.3. P-m-lattices

This lattice could be built as a pair of p-dipoledam-dipole formed by two perfectly conductifyy
particles placed in a way that cancels the bi-dropg as shown in the Figure 3.15. Th&s@articles can be
printed on two sides of a thin dielectric plate.the papef15], the inner radius of the loops @-particles is
equal to R = 2.2 mm, and the outer one tg R 2.4 mm. The distance between particles is eugl= 0.5mm
and the host medium is free space. This desigeleatric and magnetic dipole resonances at 4 GHz.
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Figure 3.15 : The lattice geometry of a p-m crystal

P—m-lattices as well as |-m-lattices can exhibdt plartial stop-band in the backward wave regioas, s
that these structures cannot be described in tefilegal material parameters.

3.3. Transmission lines

The transmission lines are used to model metamadédelly creating analogues circuits. When a
metamaterial consists in two parallel straight aantdrs, as in lattices for example, it can be meddly a
sequence of impedances and admittances. Instesudvirig the problems on the built metamaterialsytban be
solved easily by computing techniques thanks tdrdmesmission line modeling where the electromagriietids
are represented by electrical circuits.

3.3.1. Example of SRR

In the papefl6] an equivalent circuit standing for a SRR is giead the calculation of the parameters
of L and C in the presence of a dielectric substimtliscussed if1L7]. Therefore, the simplest equivalent circuit
model (neglecting losses) for the SRR unit cefjii®n in the Figure 3.16..6 the capacitance between the gaps.

.

Figure 3.16. A SRR and its Equivalent Circuit

The SRR structure under the excitation of the iecidvave treated as an equivalent L-C circuit has a
resonance frequency of:
f= (3.10)
Where C is equal to Cs/4.

3.3.2. Example of Thin Wires

Based on previous studigd §]) and simulations to confirm the analogy, the traission line theory
relies on the equivalent circuit of inclusions amam layer. As a matter of fact, the thin wires o$iagle
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structure could be assimilated to inductances oelextrical circuit. The main idea of this theosytd be able to
modify at will the structure to simulate and apjaéztheoretical results before manufacturing them.

This method is especially accurate for the fardfielases and allows determining the effective
permittivity of a medium. As it could be predictetljs theory is matching with the previous onesn(ig's
model) and according to if18]), an asymmetric arrangement of thin wires cousw &ad to relevant (negative)
electromagnetic responses.

Thus, the equivalent circuit for the thin wire stiure could be represented as a grid of inductaaoes
Figure 3.17 :

Figure 3.17 : Equivalent circuit of thin wire arrejth inductor array.[(8])

3.4. Summary

- As most of the researches have been done on SRsate the most explained designs. In fact, it has
been seen that layers of SRRs can provide nega¢irmeability at a specific resonant frequency ddjenof
the SRR dimensions. In this peculiar negative megibbe material turns into stop-band filter. Thisnihy SRRs
have been chosen among all kind metamaterialsderdo test their impact on the reduction of thakpg field
as their dimensions and their fabrication are cdibjgawith modern antenna design.

- Nowadays, GSM frequencies used are roughly betd&tiz and 5GHz, that is why choosing SRRs is
a smart choice as their size is reducing whiledasing the resonant frequency of the metamaterial.

- It has been shown that the dimensions of the metrabare the main parameters as they influersce it
resonant frequency. Reducing the size of the SRRmvkeeping the same resonant frequency is an tergor
issue as miniaturization is a hot topic in mobisrides. To see the dimensions of the SRR chosehifostudy
refer to 1.3.1.

- There is actually no relevant study concerning ithpact of the number of SRRs layers and the
coupling effects between the different elementstiom metamaterial macroscopic effectiveness, likddfi
reduction or gain.
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4. What has been done so far

4.1. Antennas
4.1.1. DNG Shell

The structure of a DNG shell has been investigatatie papef19], a small electric dipole antenna is
surrounded by a DNG shell in such a way that th&sBiKell acts as a distributed matching network betwthe
dipole antenna and free space. The radiated posvénus increased. When matched, this structurebean
summed up as a resonant CL circuit formed by theldiantenna and the DNG shell, respectively capaand
inductor. As defined in the Figure 4.1, the DNG exital shell is defined by its inner radiusand its outer
radius 5.

DNG Shell

Free Space

Source

Figure 4.1 : Dipole antenna surrounded by a DN she

Recent works have oriented researchers to invéstifee possibility of reciprocity between the
radiation and scattering resonances for a variétgested metamaterial shells. It could also be spaghat
matching an electrically small antenna with an EN@terial alone could be done in order to enhanee th
radiated power gain when the dipole and the shellresonating. Indeed, an electrically small EN@lIshiso
acts like a capacitive element but as the perriittils negative, it finally acts an inductor andughits
combination with the dipole forms an LC resonat8nd this perspective is quite interesting as EN&emals
can be made easier than DNGs.

4.1.2. Thin wires

Small enough thin wires layer (arranged the wayiptesly described in 3.1.3) could lead to interggti
structures, but the question to ask is about th@eémentation of such structures at GSM band intaohile
phone. According to previous studi¢®Q]), the sizes of thin wires operating at this baggion are too large for
practical applications in mobile and small antedeaigns. Therefore, to be able to implement suclctsires
into mobile phones, a new theoretical approachade thin wires has to be investigated.

4.1.3. Increase of the directivity

In [21] the study of the radiation pattern of an antesndoine with a S-shaped metamaterial. The gain
of the antenna is thus increased by approximatelgiebut the beam width is reduced by 37.5%. Hissovery
could be used in point to point transmission aseixample between two buildings, where the diretgtiis a
relevant parameter. Moreover other studies haveegrthat the directivity of an antenna could beeased with
for example the use of directive antennas.
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4.1.4. Reduction of the SAR with SRR

In previous studiegZ0]), some important contents have been described fmtter understanding on
how metamaterials such as SRRs work. They weresfigaged with a simplified model of the head, syti#sal
by a cube of tissue, and a dipole antenna. Thartistbetween the head and the antenna in this [zapgual to
25mm and does not match a realistic handling afex in common life. The configuration used in théper is
depicted in the Figure 4.2.

PML

SRRs

s Musche Cube

Figure 4.2 : Configuration for the SAR calculation

The different layers of SRRs provide a reductiothef SAR, maximum by almost 38% at a frequency
of 1800MHz. Distances and modeling of the metaneteused in this study do not allow concludingtba
benefit of those kinds of structures compared napt dielectric bricks or metal plates. A more jweanodel
for metamaterial and realistic distances has tsif@lated.

4.2. Filters
4.2.1. Basic approach of different kind of filters

Electronic filters are commonly used in electrigcaits to perform signal processing functions
especially to remove (or attenuate) specific unearfrequencies or enhance wanted ones. Filtersd dosil
active or passive, analogical or digital, and appeaer 4 different categories: High-pass, Low-p&ssp-band,
and Pass-band. The different effects of these aresummed up in Figure 4.3:

\ v

Low-pass High-pass

Stop-band Pass-band

\/

Figure 4.3 : The different types of filters

£

4.2.2. Relations with electronic filters

As metamaterials could behave like the differemtdkof filters depending on their electromagnetic
parameters, an analogy can be done between metaisaded electronic filters. The aim of this stugyo stop
the electromagnetic waves incoming at 1800MHz. fbleeis is thus set especially on stop-band and Ipaisd-
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filters. It is already known that a SNG materiah@ees as a stop-band and a DNG as a negativetiefrandex
pass-band filtef8].

As a result, when implementing a stop-band metamadgefor specific frequencies, the EM waves are
attenuated through the structure and protect teeftmsm dangerous EM waves.

4.2.3. Advantages of a DNG metamaterial

To go further, a negative refraction index passdbi@ter could be considered for DNG metamaterials.
Indeed, implementing this kind of metamaterialslddead to the redirection of the EM waves incomiRist,
if this filter is perfectly done, all the EM wavase back scattered and not absorbed by the usdr eaondly,
the EM waves are redirected way back and couldsee tor base stations to communicate. This lastquhare
results in an enhancement of the QoS of the conatian.

With the SNG metamaterials, the result is only tbes of the EM waves oriented towards the
metamaterial structure: it appears to be a soldtidrsurely not the best one. That is why the DNI@rivileged.

It is also important to highlight the fact that ghnegative refraction index appears there and the
electromagnetic waves are back scattered whiclbtishe case in simple transmission (normal passHifidter
when double positive parameters). Therefore, DP&meterial cannot behave as the wanted pass-baitd as
does not stop any EM waves through the structure.

4.3. Tuning and Theory

4.3.1. Reduce the electrical size of a SRR

The papef22] focuses on the reduction of the electrical siza single split finger ring (Table 4.1) on
modifying the width of its structure. The electragnatic response and the resonant frequency argyetiamhe
Lo is then increased which leads to a lower eledtsize as given by the formula below:

Electrical _size= Ring_diameter (4.1)

Wavelength

In this papef22], it is admitted that the C-shaped SRR is one efrttost common SRR because it is
really easy to build. Indeed, for such a structumly one ring is needed but on the other hand letrecal size
is about 1/10. That is why only a few parametersehan impact on the electrical size.

When creating a BC-SRR, more parameters can befigmdn order to increask as it can be noticed
in the equation of the electrical size, like the atween the two rings (see Table 4.2).

Electrical _sizg. gz = @ (4.2)
0

The main goal is reached since the electricalisizeduced. The BC-SRR has almost the same sime tha
the C-shaped SRR but has a lower electrical siaecaind\/300 for the BC-SRR against10 for the C-shaped.

According to this papgR2], actually the smallest electrical size is foundhe Enkrich structure where
the fabrication limits are reached. The subjedhi part is mainly about the BC-SRR but suggdssthe same
procedure could be fallowed for others SRR typeBE@sSRR (Edge-Coupled SRR) or VS-SRR (Vertical-&pir
SRR).

Nevertheless, recent studies based on the samapbei have proposed another similar design. In the
paper[16], the Double sided SRR (DSRR) design is discusBeglie 4.4).

25



Figure 4.4. Design of a DSRR

The DSRR is basically a combination of two invdrt8BRRs on both sides of the substrate. This
particular design leads to an even higher cougietyveen the two SRRs. A maximum reduction of alni288b6
of the resonant frequency is reached by using D8Rfad of SRR. In other words, the DSRR structane
provide much better miniaturization in RF desigplagations.

This discovery could lead to several applicationslomains such as the design of Radio Frequency
technologies and wireless technologies in genkkelthe enhancement of small antennas on mobileds, but
could also be used for metamaterial structuren fittérs.

4.4. Define the resonant frequency of a SRR
from the substrate

The thickness of the substrate where the metaratgernie placed has a role in their resonant frezyuen
In the papef7], two antennas facing each other have been usedi@n to deduce the properties of the material,
and the S parameters are calculated (see FiguyeThis technique is known as the NRW method (Niook
Ross-Weir) and is useful to create a plane waveostipn of the metamaterial (Far-field). Therefothe
complex permittivity and permeability could be exited and studied.

Transmitting antenna Receiving antenna

SRR sample

Port | |M| Port 2

Vector Network Analyzer

Figure 4.5 : Measurement of S parameter for a laySRRs

Different techniques could be used to reduce tloktless of the substrate:

e Heating (increase temperature to make the struttimaer)
« External magnetic fields that create the effect tha substrate is less thick
e Mechanical stress (using force to compress thetstne)

Different tunable materials could also be usedasstibstrate layer:
» Ferroelectric thin films
» Liquid crystals layer

* Verylow loss layer used as filters and phase estsift
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Thanks to the experiments, it has been found tr@atésonance frequency is changed by the thickness
of the substrate layer. The reason of this decrefsesonance frequency could be explained by aloe that
when the substrate thickness increases, the capeeitdefined by the coupling between the inner @utdr
ring) increases also, bringing a reduced resondirempiency. It saturates because the field causedhéy
capacitor is confined in a smaller region while ¢hectrical size of the substrate increases.

As a conclusion, it is known that there are multiplays to reduce the resonance frequency with SRR
metamaterial, for example by defining proper siaeameters of the different gaps, splits, etc... Botrig these
microscopic scaled gaps is a bit more difficultnthehanging the substrate thickness or propertiesthé&
geometrical size of the metal structure is usufigd and hard to change, and as the gaps arental ® be
tuned precisely, these substrate techniques akawhing much more precision about lowering or diedjirihe
resonance frequency.

4.5. Q factor analysis of different types of
SRRs

The papef23] investigates the influence of the different counf@ions of the rings on the Q factor. For
more information about the Q factor, see 2.3. Hsellts found are summed up in the Table 4.1 anteZaB.

Single Split Single Split ; Single Split
T)lrpe Finger Rin Double Finger .Shlddt.:d Finger SRR Finger Rin
(thick) g g & Finger Rings & g &
(big) Rings (small)
Geo. O ‘ ’ ' '
; o 1.86 2.03 2.96 1.53 2.78
foim 1.955 2.071 2.926 1.562 2.829
Y 16.9 19.6 89.2 394 15.4
Qsim 17.3 21.3 272.1 44.5 14.9

Table 4.1 : Five configurations of finger rings]

(Outer ring:0=22 mm, inner ringtd1=15 mm, split gap width: 2 mm, ring width: 1 mmgithickness: 5 mm)

. BC-SRR Spiral-SRR VS-SRR

Type | SER(thin) (thin) (thin) (thin)
Geo. O e | e
fim 1.921 1.263 1.041 0.6348
Qsim 34.4 133.6 183.7 348.9
Tvoe Quadrangle Hexagon Quadrangle Hexagon
P SRR (thin) SRR (thin) SRR (thick) | SRR (thick)
- L3O

fim 1.512 1.841 1.232 1.260
Qsim 52.4 80.7 71.7 151.6

Table 4.2 : Planar and vertical configurations @aizes than in the previous taljl&}]




It can be noticed that similar element sizes le@asimilar material loss, and the different radiaican
be verified by the calculated and measured Q facteérst of all, only one structure in the Tablé dgainst 4 in
the Table 4.2 is displaying Q values above 100yTHae/e similar material loss but much smaller ragimaloss,
which can be identified as the main reason for &igh values.

It is shown in the papd@3] that in the case of a classical SRR configuratibe,E field amplitude is
higher at the ends of the split ring, while thetritisited capacitance is in comparison smaller @istributed
capacitance is located in the radial direction lagtiveen the inner and outer rings).

For the case of the spiral SRR and VS-SRR, theld fiithin the split gap is weakened due to the zer
potential difference at the conjunction. The potters circulates within the element, and less pdsveadiated.
In the BC-SRR case, no wave propagation is estagisnd no power is radiated. The E field is commaésd
vertically due to the broadside coupling. In thele®ted Finger Ring (SFR) the shielding prevents gow
radiation, which could be useful in the case whatditional reduction of radiation is needed. Ineayah the
SRRs which are not in circle shapes are interestingssembling into planar arrays because thegaser to
arrange between each others.

Finally, the conclusion of this study is that tteclkelements have higher Q factors than thinner.ones
This is partially because of their smaller mateldagls and radiation loss, the relative magnitudenaferial and
radiation losses therefore determine the value.dft@ investigation of the metamaterial elemendsndit verify
the uniformity of surface current, but rather engibad its influence on the radiation efficiency f&gtor and
resonant frequency. A combination of the BC-SRR tiedspiral structure seems to be the best possidide-
off, but it has to be pointed out that the transiois efficiency is greatly influenced by the efigetcoupling
between neighboring elements.

4.6. Summary

- Various studies about the improvement of antenmarpeters have been done, but only a few focuses
on small antennas. Based on those studies, thésthens more realistic situations as it considersal antenna
volume and practical distances. Those distances itath account the operating position of a mobi®me
where the antenna is less than 5mm away from tbehead. In opposition to most of the studies,SRRs are
implemented inside a PIFA in order to investigdteirt influence on the antenna, and not only onrtthated
fields far from the antenna. The objective is tddan antenna coupled with metamaterials not ealyeduce
de SAR, but also to keep a good trade-off withateer parameters.

- It has been seen that the substrate could be ton@tdprove some parameters but none is used in this
study, in order to be able to isolate the effeftthe metamaterial structure itself.
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Simulations

This part exposes all the results from the FDTD ations. First, the objective of this project issdebed, then the

way the different structures have been designed,imvestigated. The next sections will first deal vilib results
linked to a dipole antenna, and then with the PIBAth cases are studied with an array of SRR andbe odi tissue
modeling a simplified human head.

1. Modeling

1.1. Introduction

The simulation part has been divided into two n@ants. The first one is the study of a dipole idesr
to get some basic knowledge about the influencthefdistance between the antenna and the headhand
resonance of the SRR designed. The second partreali the PIFA case, which is much more likelyaagtual
devices simulations with realistic distances inaywhat it could be possible to create a real pheitie those
dimensions. Unlike most recent antennas, a PIFAB®en chosen because it is still a reference mimdel
internal antennas, which could resonate at a uriigaggiency of 1800MHz which is the center frequeatyhe
GSM 1800 standards.

The goal of this study is to reduce the peak of S&fl more generally the fields that are absorlyed b
the tissues in the head. In order to reach thid, goeays of SRR resonating at the same frequehay the
antenna (1800 MHz) have been designed. Aroundebenance frequency, the permeability becomes wegati
and in this bandwidth where those values are negahlie SRR provides high magnetic impedance and is
supposed to act as a stop band.

Since the study is based on the enhancement oalhantenna, it is difficult to predict its behawias it
is interacting with the near field, which is compl®&evertheless E and H fields will mainly be dissed, as the
SAR is time consuming due to its high requirementémputing power. Other features allowing to apjate
the effectiveness of the antennas design like #raWwidth, the radiation efficiency, the radiaticatterns and
the Smith charts are depicted in this study.
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1.2. Antennas

1.2.1. Dipole anenna

=

Source ——

Y

w
Figurel.l : Detailed dipole model used in the simulations

The first simulations are used as a basic exangptiescribe the behavior of a dipole when s are
added. The theoretical length fodiole to resonate at 1.8GHz is half the wavelength catedl here

A=—=——"""_-=16,7cm (1.1)

The dipole designed has a total sizeh=8cm. The results of the simulations with a dip@¢SRRs
layerand a cube will be shown later in the re. In order to be matched, theal part of the anten impedance
has to be the closest possible t@50n other words, Wwen the antenna is resonating at the required dren,
Re[Z]=50Q. The length of anonopol«is usually estimated to 3 to fill this condition.

1.2.2. Planar Inverted -Antenna (PIFA)

Here are the dimensions of the PIFA used in thailsitions and the positions of the source and tloet slircuit
in order to match the antenna tab0

gmm

28mm
/ " Feeding line Short circuit
I 1em

Figurel.2 : Detailed PIFA models used in the simulations
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T Radiating element b

Ground Plane
Source Short eircuit

Figure 1.3 : PIFA used for simulations

This antenna resonates at 1.8GHz. The Figure bwssthe S11 parameter corresponding to this antenna

511 Parameter

|s11] [dB]

1 1 1 1 1 1
14 15 1.6 1.7 18 19 2 21 22 23
f[Hz] x10°

Figure 1.4 : S11 parameter showing the resonanted?IFA

It can also be noticed that the bandwidth is etdl63MHz at -6dB. The domain is free space and no
loss is the antenna is considered so its radigfiiciency is 1.

1.3. Metamaterials
1.3.1. Design

For this report, only basic Split-Ring Resonat@&Rs) have been simulated, as they are the simplest
structure used to make metamaterials. It has bemnooisly explained that many different structudesived
from SRR exist, but this one is simple to desigmifrDTD simulator since a model directly descriliss

dimensions.
Here are the dimensions for a square SRR resoratih@GHz:

C=110"3m Ring width

d=0210"3m Gap between inner and outer ring
1=02.10"3m Gap between the different layers
r=4.10"3m Radius of the first inner ring

Total size= 2.(r + (2€) + d) = 1,24.107%m Total size of one SRR

a = Total size + 6.1073m Lattice constant, distance between two ringersnt

(The distance between two consecutive SRR is &xaal0® m)

Those dimensions are depicted in Figure 1.5 :
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Figure 1.5 : Shape and dimensions of the square SBR u

To verify the dimensions of the SRR, it is posstolealculate th@s(1.2) as shown befor@.3):

7r2

—1_ a?
e =175 3c,? (1.2)

1+
e 7114)2In(%jr3

Whereo is the resistance per length (0 in this case p&riect conductor is assumed to design the SBRis
the speed of light. Therefore the formula can bepfied as:

designed above.

A SRR designed with the previous dimensions resogadt 1.8GHz. It is also possible to get the

ﬂZ
=
Moy =1 B .
ff 1+ SICOZ (1 3)
nwzln(§jr3
d The following plot showsle for the ring

Mueﬁfor a SRR

Mu_ff
=]

Frequency [Hz] e

Figure 1.6 p plot showing the resonance

plasma frequency from the graph, by checking tHaevaorresponding tps = O. It is very close to 2GHz in
this example. This means that negative permittiwiiy be achieved between 1.8GHz and the plasngugacy.
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Mueﬁfor a SRR

Mu_ff
=]

14 16 18 2 22 24 26

Frequency [Hz] e

Figurel.7 : closer look at the resonancguii

1.3.2. Implementatio

For the simulations which have been done for thislys metamateal sheets have been added f

dipole antenna and a PIFA:

- In the case of the dipole, a single layer of 3 oola and 6 rows of SRRs has been added -
away from the antenna as it covers the tissuestet.

- In the case of the PIFA, a layer of 3 columnd 2 rows of SRRs has been included in var
positions between the grot plane and the radiating element and underground plane. The
purpose is ére to investigate a realis implementation of metamaterials inside an ante

- In addition to theseonfigurations, more layers have been includetiénRIFA

As the SRRs are implemented in the near field regioeir orientation cannot kdefined according to
the directions of the fieldhat are unpredictab

2. Dipole investigation:

2.1. Dipole and metamaterials in free space

2.1.1. Electric ancmagnetidields investigation

The first case investigated is the direct influeata layerof SRRson a dipole antenna. The next figt
shows this configuration. The distance betweerSRRs layer and the amna is set tx = 4mm because this
distance will allow studying their impact in theandield regior

X
>

Ly
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Figure 2.1 : Detailed dipole with SRR configuratised in simulation

Different planes have been studied at differentadises in order to investigate the impact of the
distance on the reduction of the fields. This agunfation shown by the figure below will be useattanpare the
dipole alone and the dipole with a layer of SRRs.

Bmm

¥

Figure 2.2 : Different planes where the fields sttalied (dipole case) (cell size = 0.2mm)

The two next plots show the comparison betweenetbetric and magnetic fields for the SRR and
dipole alone configurations.

a. Electric field
Peak of Electric Field
0 T T T
i i i i i 1| = Dipole
1| — Dipole - SRR

65

=]
=

i
=

Electric Field [dBV.m™]
(4,1
(4]

45

40 N N T S R T S
5 10 15 20 25 30 35 40 45 50
Distance of the plane investigated [mm]

Figure 2.3 : E field peak plot on different planes

This graph shows that from 20mm away from the armgethe SRRs reduce the peak of electric field by
approximately 1dB V.f, and 2dB V.rit between 7 and 20mm. For distances lower than fimempeak E field
is increased. In term of ratios, the decrease gbdeat 10mm distance represents 3.3% whereas threade
observed at 50mm represents 2.3% of the total. fiethé impact is getting lower while increasing thistance
after the 7mm plane.
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b. Magnetic field
Peak of Magnetic Field
2 T T T 1
H H H 1 H | — Dipole
1| — Dipole - SRR

Magnetic Field [dB A.m™]

10 15 20 25 30 35 40 45 50
Distance of the plane investigated [mm]

Figure 2.4 : H field peak plot on different planes

The peak of magnetic field is increased in the lipath metamaterials configuration by less tha® 1d
A.m?* for distances between 10 and 30mm, and is almmpsivaent to the case without metamaterials for
distances between 30 and 50mm. In the first pldfenmn, the difference is 3.5dB A’n

2.1.2. Conclusion

The effect of the metamaterial layer varies acegydo the distance where the fields are extradted.
distances lower than 7mm, the peaks of electricraagnetic fields are higher in the case with metaras are
reduced for higher distances only in the case @&thctric field.

2.2. Dipole with a Cube of tissue and
metamaterials

In this part, a cube of tissue is included in thedels to study the effect of metamaterials on titerana
parameters when an absorbing element such as anhlieaal is interfering. The first paragraph deserithe
configuration studied, then the SAR, the S11 pataméhe total absorption, the bandwidth, the gaid the
fields are investigated.

2.2.1. Configuration

Before trying to analyze the impact of the metamaliethe behavior of a dipole with a cube of tissu
has to be studied. The influence of a cube of éissua dipole antenna depending on the distaneabatthem
will be explained.

« The distance x between the dipole and the layenethmaterials has been set to 4mm as it is
the maximum acceptable value to be realistic ares dmt change the resonant frequency of
the antenna too much.

e The distance d is varying from 5mm to 29mm.

e The cube stands for a cube of tissue. Its relgiamnittivity is equal to 49.4 which has been
demonstrated to be the value of human brain us&Dinthe relative permeability is set to 1,
and its conductivity to 1.53. The cube is 60x60x&Qm
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Figure2.5 : Dipole with SRR and cube configuration

Then the influence of a layer of Ssbhetween the cube and the antenna is investigataddsame distanc

Different parameters will be investigated, suctihespeak of SAR and average for SAR 1g and 10
the dipole and cube configuration, then the ragdimgfficiency, the bandwidth, the gain, the misrhdtss for
both configurations. Finallythe electic and magnetic fields are extracted from the fiest of the cube in ord:
to be compared.

The following figure shows the part of the cube wehthe fields are studied (in blue). This studiedt
has a size of 60*30*60mm and has been chosen beth¢ highest values of the electric and magnetic fir
peaks are in it, and that most waves are absotiere.tThe section of the cube that has been sdl¢atbe
studied is the most relevant one as the impachemear field in the purpose of our stund the peaks will be
in the first half.

Figure2.6 : Investigation of E and H fields in the purpleay
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2.2.2. S11 parameter

The following plot represents the S11 parametersdftferent distances between the cube and the
dipole. The Figure 2.7 only shows the results fer dipole and the cube and the dipole alone asezeree
(depicted as a dashed curve).

511 Parameter

111 [dB]

Smm

Bmm

11mm

14mm

17mm

20mm

23mm

26mm

29mm

----- Dipole Alone

40 !
14 15 16 17 18 19 2 2.1 22

f[Hz] x10°

Figure 2.7 : S11 parameters for dipole and cubéganation at different distances

It can be observed that the presence of an abgpdabdément close to the antenna has an impact on the
resonant frequency. In fact, the resonant frequénahifted to lower values, with a minimum shift20MHz
between the lowest distance investigated (5mm) theddipole alone. The maximum shift is about 90MHz
between the highest distance investigated (29muh}tadipole alone. For this worst case that isdibance of
29mm, the return loss is equal to 5dB at 1.88GHuckis equal to a mismatch loss of 1.65dB. Acaagdbd the
distances studied, the further away the absordament is from the antenna, the higher the shift is

Nevertheless, for all the distances between 11nmunsamm, the return loss is always lower than -6dB,
which is the threshold to calculate the bandwidihthe other distances from 14mm to 29mm havetarneloss
between, -5dB and -6dB. In other words, the retoss has unacceptable values in terms of bandwilierage
for GSM 1800 standards when the resonant frequenskifted too much. As a comparison, the retuss lof
the dipole alone is around -10dB, which is 0.46dBhsmatch loss.

In the following Figure 2.8, the dipole with SRRdaoube configuration is depicted in terms of S11
parameter for different distances between the aatand the cube.
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Figure 2.8 : S11 parameters for dipole with SRR fatry and cube configuration at different distances

The dipole with SRRs layer has a shift in freques@round 65MHz compared to the dipole alone, and
its return loss is around -5dB which corresponda tismatch loss of 1.65dB. The covered bandwidgsdot
fit the GSM 1800 standards anymore. In the cas¢hefcube included at 5mm with SRRs, the resonant
frequency is shifted by +50MHz in comparison witle ttase without SRRs. When the cube is includdught
distances (29mm) from the antenna, there is no ishifequencies between with and without SRRs.

The shift between the distance 29mm and the cab®uticube is -20MHz. In the case of dipole with a
SRRs layer, the closer the absorbing element ia fiee antenna, the higher the shift is.

2.2.3. Total absorption

Here is the plot comparing the absorption loss @ting to the distance between the dipole and the cu
in the cases of a dipole alone or with metamaterial

Absarption loss for different distances between the antenna and a cube of tissue
10 T T T T

: : — Dipole - Cube
— Dipole - SRR - Cube [|

Absorption loss (dB)

5 10 15 20 25 30
Distance Cube - Dipole (mm})

Figure 2.9 : Absorption loss depending on the distg(dipole-cube)

At 5mm distance, the dipole with SRR and cube gpmfition has an absorption loss 1dB higher than
the case without SRR. This difference tends to ceduhile increasing the distance until the distab2enm
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where the curves cross. The difference is theneaging the other way around, and the case with BRR
providing a gain up to 0.5dB less at 29mm distafidee same kind of results as in free space is eatie,

meaning that the case with SRR starts to providedaction of the fields located at a certain distafrom the
antenna.

2.2.4. Bandwidth

This plot shows the variation of bandwidth for ttipole when the cube is shifted, with and without
SRRs. To compare the bandwidth of the dipole akmm dipole with a layer of SRRs in free-space amnvg.
The bandwidth has been calculated with the thresbbl6dB.

Bandwidth for different distances between the antenna and a cube of tissue

300 T T I T
Bandwidth for Dipele plus cube configuration
280 k-t Bandwidth for Dipale, SRR and cube configuration ||
Bandwidth for Dipole in free space
260 Lt — — Bandwidth for Dipole and SRR in free space
240 A e e e
T
=
= 220
£
-
5
m 200
180
160
0 i i i i
5 10 15 20 25 30

Distance cube - dipole {mm}

Figure 2.10 : Variation of effective bandwidth degimg on the distance {dipole-cube}

What can be observed in this graph is that addinglse of tissue near the dipole is increasing the
bandwidth of the antenna, which is higher thanhe free-space case. Adding a layer of SRRs clogheto
antenna decreases this bandwidth to reach a valer than the free-space case. The only excefitimei case
where the cube is really close to the antenna {kess 8mm), where the bandwidth is higher thanothe of the
dipole in free space. At 5mm, it is increased fro®MHz to 238MHz. The bandwidth of the case witHRS&hd

cube configuration still reaches the bandwidth negoent of the GSM 1800 (can be found in the Tdbleof
the Appendix) for distances below than 10mm.

2.2.5. Gain

Radiation patterns are not such relevant paramé&iemall antennas because the orientation between
the handset and the base station is unpredict@hbg. is why a gain in directivity is for exampletraimed in
such studies. Anyways, the Figure 2.11 shows tfierdit patterns of a dipole alone, and a dipold \&icube a
different distances. It can be observed that nommmprovement is appreciable.
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XY Plots - Dipale + Cube XZ Plots - Dipole + Cube
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— 29mm

Dipale Alone

180

Figure 2.11 : Radiation patterns of dipole and dab¢hree distances (dB)

XY Plots - Dipole (+SRR) + Cube at Distance 29mm XZ Plots - Dipole (+SRR) + Cube at 25mm
90 90

_____ With SRR --=== With SRR
—— Without SRR 7 ; —— Without SRR

180

270 270

Figure 2.12 : Radiation patterns for high distanitd and without SRR (dB)

In the Figure 2.12 the difference of the patternthvand without SRR at 29mm distance can be
observed. First of all, the other curves plotteddther distance have not been presented here dethey do
not add any specific information. Secondly, theheigt difference appears in the plane 29mm andlligcss
small to be taken into consideration.

2.2.6. Electric and magnetic fields investigation

The Figure 2.13 represents the decrease of thepdiald in function of the distance from the antan
for both cases, with and without metamaterials. déerease is observed inside the cube of tissuetddpn the
Figure 2.6. The total decrease for both caseisnar 15 dB V.rit between the planes 5 and 29mm.
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- Electric Fieldpeak or different distances betueen the Dipole nd & ube of tissue
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Figure 2.13 : E field peak plot on the differerams

In the Figure 2.13, both cases are quite the saithethe two extreme distances taken, i.e. 5 anth@®
In the plane of 8mm the difference is 2 dB V,rand this difference remains constant until tregl20mm. It is
finally reduced to 1.7dB for 26mm and 0.5dB for 28nThis constant decrease represents 2.7% reduction
the 8mm plane, and 3% for the 20mm plane. The ilnpac¢he peak E field is thus increasing from tigtashce
5 to 20mm, and then decreasing from 20 to 29mm.FHigere 2.14 is basically the same plot but forkhéeld
peak.

Magnetic Field peak or different distances between the antenna and a cube of tissue

20 \ T \
: : — Dipole - SRR - Cube
— Dipole - Cube

Magnetic Field [dB A.m )
]

=

] ]
5 10 15 20 25 30
Distance Dipole - Cube [mm)]

; ; i

Figure 2.14 : H field peak plot on the differenapés
The decrease is this time around 13 dB Afrom 5 to 29mm, but not real advantage or disathgen

could be appreciated. The highest difference ar@uadiB A.m' and could only be observed further away than
10 mm distance.
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2.2.7. SAR

The following graph shows the peak of SAR calculater a dipole with the cube configuration. It

shows the influence of the distance on the SAR.

Maximum SAR for different distances between the Dipole and the Cube

140 ! ! ! I
' ' ' Max SAR 1g
I L A Max SAR 10g ||
Max of SAR
) SO S SRR - S -
R e . -
S 60
]
40
20
0 | i |

|
5 10 15 20
Distance cube - dipole {mm)

25 30

Figure 2.15 : SAR peak plot for dipole and cube icpmation

This plot clearly shows the influence of the distiof a tissue on the SAR. The SAR is basically hig
for distances lower than 15mm and decreases fdstitureaches a lower and more stable value a2@m.
This decrease could easily because the fieldsemheced for higher distances in free space. A smalR is

thus expected for high distances compared to lo¥s d@cause the more the fields are penetratinisthess, the

more they are absorbed.

Two calculations have been done to compare the a&kin the case with and without metamaterials

for a cube 5mm far from the antenna. Here is thietaith the results:

Configuration Peak SAR Maximum 1g
With SRRs layer 117 W.KY 61 W.kg"
Without SRRs layer 131 W.Kg 74 W kg

Table 2.1 : SAR values with and without SRRs layer

These results show that for a distance of 5mm laiviiee dipole and the cube, the SAR is reduced in

the case with metamaterials. It has been showrigar& 2.13 that the electric field can be loweithe SRRs

configuration.
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2.2.8. Conclusion

- Without the cube of tissue, adding SRRs to a dipoléee space shifts the frequency resonance by
50MHz lower, and reduces the return loss from -16uEbdB.

- Without the SRRs, adding an absorbing element ctoséhe dipole antenna shifts the resonance
frequency to lower values.

- In the case of a dipole with SRRs, adding an aliisgrblement close to the dipole antenna shifts the
resonance frequency to higher values.

- The absorption observed in the cube is increasethénmetamaterial configuration for distances
between the cube and the antenna lower than 10mnpa@d to the case without metamaterials, andes th
reduced for higher distances.

- In free space, the bandwidth is reduced from al268tHz in the case with SRR compared to single
dipole. When the distance between the dipole aaccthbe is from 8mm to 20mm, the difference betwiben
bandwidth of the dipole and cube, and dipole wiRRS and cube is constantly equal to 50MHz, andidHz
anywhere else. The highest reduction is equal & 28 the highest distance (29mm), and to 20% faallsm
distances (5mm). Anyways, for distances below 10meitween the cube and the dipole, the SRR with stilbe
has a higher bandwidth than the dipole in free epac

- The SRRs layer gives a reduction of the peak éteap to 3%. The magnetic field is not affected as
much as the electric field and remains more ortlessame with or without SRR.
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3. PIFA Investigations
3.1. PIFA and SRRs in free space

The objective of this part is to investigate th#iuience of a layer of SRR on the basic PIFA desd
in the last chapter. Knowintiat actual manufaurers are willing to reduce more and more the sizenolpile
devices, the challenge was to implement a lay&RiRs on a phone without changing the overall vol

Therefore, several positions of the layer of SRRgehbeen tested order to check their influence «
the antenna. The resonant frequency and the batidwill be study and the peak of the electric aragnetic
fields extracted for a portion of the space coroesting to the position of the head. Three sets adets hav
been investigated in the next paragra

3.1.1. PIFA ‘Bottom’

This part shows the results obtained for a PIFAnetmth radiating element and layer of SRRs ar
the opposite side of the region investigated. Tdiwing picture shows this configuratioln blue, red and
green are drawn the three planes where the eleatric magnetic fields are extracted. They respdgt
correspond to the planes 5mm, 10mm and 15mm bdlewaritenr, and are sized 60*50mtiin other words this
configuration is standing fa mobile device where the radiating element wdnaan the botto of the antenna.

5mm
10mm

Figure 3.1 Areas of E and H fieldé extraction for the Pl‘bottom’

Then, ten cases of SRR placement have beentigated by varying the distance C shown in the |
picture from -1mm to 8mm.

Figure 32 : Variation of the position of the SRR into the RIF

In the next plots, the abscissa represents therdiff case:
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e Case 1 corresponds to C=-1mm, when the layer ofsSRRlaced below the ground plane. In this
specific case, the radiating element has been Itwyekmm in order to keep the same overall volume
for the antenna.

e Case 2 corresponds to C=0mm, basically when thera@SRR (PIFA alone case).

e Case 3 corresponds to C=1mm,

» Case 4to 10 correspond to the value of C from 2ZmB8mm.

It has to be precised in the case 1, the planesiigaged is 1mm further from the ground plane dadftelds are
thus lower.

3.1.1.1. Resonant frequency

Resonant frequency for the different configurations of the SRR layers

1840

1820
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1780

1760

1740

1720

Resonant Frequency (MHz)

1700

1680 Lo L o P Mormal PIFA size L
; ; ; — — Redesigned PIFA size | |

1 2 3 4 5 6 7 il 9 10
SRR layer cases

Figure 3.3 : Resonant frequencies for different PiR@dels

The different positions of SRRs have an influenoale resonant frequency. The closer the SRRs are
from the resonating element the bigger is the shifthe cases 7 to 10, the antenna does not resanaund
1.8GHz anymore and the mismatch loss is dramatigakeasing.

For these configurations, the antenna has beesiggwel by changing the size of the radiating elédmen
in order to obtain the good resonant frequencyragite following plot shows the corrected PIFAshnihe
same configurations of metamaterials.
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Figure 3.4 : S11 parameters for the different ty@eRIFA configurations investigated
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Figure 3.5 : Initial S11 parameter plots beforeiméig

This plot shows the shift of the resonant frequeotthe antenna that occurs when adding a layer of
SRR between the ground plane and the radiatingegient can be observed that the closer the lag/éo the
radiating element, the more the resonant frequénshifted (by a maximum of 125MHz for the 8mm QJase
this case, the return loss is equal to -3dB forOMME@z, which corresponds to a mismatch loss of 382the
bandwidth corresponding to the GSM 1800 specificeti(1710-1880MHz) is not covered anymore.
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Figure 3.6 : S11 parameter plot after the retuning

These S11 parameters are obtained after retunimgatitennas for the four worst cases (distance
between the ground plane and the SRRs layer from fmor8mm). Now, all the antennas are covering tBMG
1800 bandwidth and the maximum mismatch loss isletgu2.55dB at 1880MHz, which is an acceptablei®al
for a mobile phone to operate.

The Smith chart can also be plotted to study tHaence of the SRRs layer on the antenna (see &B):

50 —— PIFA

PIFA SRR 4mm
j25 j100

Figure 3.7 : Smith chart of the PIFA alone and wit8RRs layer at 4mm

The Figure 3.7 is a Smith chart showing both cunfethe PIFA without SRR and the PIFA with the
SRRs layer at 4mm. As it can be seen on the Figuiehe case of 4mm is the worst matching and thstm
shifted case of the set because it is the casaegbes$t distance between the ground plane and thiatirsg

47



element that has not been retuned. The red matdedss for the frequency 1.8GHz and allows compaitiireg
two matching. The real part of the impedance a fitdquency is 47(1 for the PIFA alone, and 4@X2for the
other case. Knowing that it is the worst matchiage; this value is still considered as acceptable.

3.1.1.2. Bandwidth

The variation of the bandwidth is too small to hat.pThe table below shows this low variation witle
different configurations:

Cases Distance between the SRRs and the grourel plaf Bandwidth
1 -Imm 162MHz
2 No SRRs layer 163MHz
3 1lmm 163MHz
4 2mm 163MHz
5 3mm 161MHz
6 4mm 159MHz
7 5mm 158MHz
8 6mm 158MHz
9 7mm 157MHz
10 8mm 157MHz

Table 3.1 : Variation of the bandwidth for the diffnt types of PIFA investigated

What can be pointed out is that the effective badthwof the PIFA is not really affected by the pimsi
of the layer of SRRs, since the maximum reductsoagual to 5MHz in the 8mm case.

3.1.1.3.  Electric field investigation

The peak E field has been investigated for all diffeerent SRRs layer configurations at 3 different
distances in free space (see Figure 3.1), andedldtr both initial and retuned antennas. The $digares
below show the values of the ‘bottom’ PIFA.

Peak of Electric field for different distances between the SRR layer and the groundplane at Smm
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Figure 3.8 : E field peak plot depending on SRRsrldi&ance to the ground plane calculated at 5mm

An important decrease on the peak E field can Isemed with the SRRs cases with the initial antenna
but cannot leads to a straightforward conclusiothaegesonant frequencies are shifted. Considehi@dact that
antennas resonating at 1.8GHz are compared, cniyae antennas can be trusted.

There is a decrease of 0.3 dB VAivetween the case without SRRs and the case 1(BRiRs at 8mm, whereas
when the layer of SRRs is placed under the grodadep the peak E field value is thus reduced by. IiBs
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configuration is the one showing the highest redactf the peak E field without changing the bardtWiand
the resonant frequency.

Peak of Electric field for different distances between the SRR layer and the groundplane at 10mm
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Figure 3.9 : E field peak plot depending on SRRsrldigance to the ground plane calculated at 10mm
The 10mm plane curve shows the same kind of sfeyes though the retuned and initial PIFAs give
almost the same reduction. The maximum decreatieegbeak E field still occurs with the case 1 véthalue

around 0.5 dB V.M. Nevertheless, the decrease between the caseuwBiRRs and the case 10 is still 0.3 dB
V.m™,

Peak of Electric field for different distances between the SRR layer and the groundplane at 15mm
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Figure 3.10 : E field peak plot depending on SRRerlaystance to the ground plane calculated at 15mm

The 15mm plane curve has also the same kind ofslzequl the retuned antennas have only a slighgrdifte in
comparison to the initial ones. The peak E fieldeiduced almost the same with a SRRs layer undegribund
plane or at 8mm, with a value around 0.4dB V.m
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Electric Field Peak for different distances between the SRR layer and the groundplane
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Figure 3.11 : E field peak plot depending on SRRerlaystance to the ground plane calculated in Bgda

On the Figure 3.11, only the retuned PIFAs havenlmemsidered as the initial ones cannot all be used
for a GSM standard. However, the peak of electnid magnetic fields in both cases (initial and retjnare
very similar as the variation is never more th&B.

As expected the peak E fields is reduced whilegasing the distance, and the benefit obtained from
the metamaterial is noticeable in terms of peakekl$ even if not so big. But on the other handah be
concluded that the further away the plane is studliem the antenna, the less the position of th&SRwyer
matters just as in the 15mm case the peak E fieddinost not reduced anymore.

3.1.1.4. Magnetic field investigation

Peak of Magnetic field for different distances between the SRR layer and the groundplane at S5mm
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Figure 3.12 : H field peak plot depending on SRReialjstance to the ground plane calculated at 5mm
The biggest impact on the peak magnetic fieldilsfsund with the case 1, and with a value of 1dB

A.m*, whereas the reduction given by the case 10 isnar®.3dB A.rit. These decreases are the exact same
ones than the ones of the peak E fields.
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Peak of Magnetic field for different distances between the SRR layer and the groundplane at 10mm
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Figure 3.13 : H field peak plot depending on SRRerajstance to the ground plane calculated at 10mm

The field is still reduced to 1dB less with the &ds and to 0.25dB less with the case 10. The bkighe
difference between the initial and retuned PIFAar@aund 0.1dB and thus could be neglected.

Peak of Magnetic field for different distances between the SRR layer and the groundplane at 15mm
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Figure 3.14 : H field peak plot depending on SRReraljstance to the ground plane calculated at 15mm

In the 15mm plane, the peak magnetic field is redua lot and has a value in free space of almost

1.1dB A.ml.lThe highest reduction of the field is not anymtive case 1, but this time the case 10 with almost
0.35dB A.nT.
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Peak of Magnetic field for different distances between the SRR layer and the groundplane
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Figure 3.15 E field peak plot depending (SRRs layer distance to the ground plaakeulated in 3 plan

The effects of the SRRs layers are the same orpeh& electric or magnetic field codering the
shapes of the curves, ancetfurther away the peak magnetic field is extradtech the antenna, the less 1
impact of the SRRs is.

3.1.2. PIFA ‘Top’

In this PIFA configuration both radiating elementidayer of SRRs are on the same, just above the
planes that are investigatethis PIFA is called ‘Tof because it stands for a mobile device where thiatiad
element would be on the top part of the hancThis configuration corresponds to the case whezeutfer brair
is on the same axis as the radiating element oattienn. Of course this model does not take into accot
fully realistic configuration, but the differenceetiveen both PIF/top’ and ‘bottom’ allows to compare the
absorption of a tissue right under the radiatirgrednt and farthe

5mm

10mm

Figure 316 : Areas of E and H fields extraction for the PIfép’

The different SRR configurations are the same ath®PIFA'bottom’ and thus will not be explained ag:
3.1.2.1. Resonant frequency and bandw

As this PIFA is on} an inverted version compared to the PI'bottom’, the resonant frequencies ¢
bandwidths for the different SRR cases are equitdle free space. The same PIFAs have been rettm
resonate at the right frequency (cases 7 tc
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3.1.2.2.  Electric field investigation

Peak of Electric field for different distances between the SRR layer and the groundplane at Smm (PIFA top)
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Figure 3.17 : E field peak plot depending on SRRerldystance to the ground plane calculated at 5mm

In the 5mm plane, the peak E field in free space @aalue of almost 62.2dB Vinwhereas in the
‘bottom’ case this value is around 58.2dB A.riThis first comparison is quite understandabléhasplane is to
a closer distance from the radiating element thathé ‘bottom’ case (see the Figure 3.1 and Figuté). This
highest reduction observed appears in the cas¢hlawialue of 0.9dB, whereas the difference betvikercase
2 and 10 is around 0.1dB.

Peak of Electric field for different distances between the SRR layer and the groundplane at 10mm (PIFA top)
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Figure 3.18 : E field peak plot depending on SRRerlaystance to the ground plane calculated at 10mm

In the 10mm plane, the difference between the lighesluction (case 1) and the case 2 is aroundd0.6d
and is around 0.15dB between the case 2 and 10.
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Peak of Electric field for different distances between the SRR layer and the groundplane at 18mm (PIFA top}
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Figure 3.19 : E field peak plot depending on SRRerlayjstance to the ground plane calculated at 15mm

The highest decrease of the peak E field is 0.45eld/een the case 1 and 2 in the 15mm plane. Tleralite
between the case 2 and 10 is rather increase@d®&0.

Peak of Electric field for different distances between the SRR layer and the groundplane (PIFA top)

Plane 5mm away from the antenna
Plane 10mm away from the antenna |-
Plane 15mm away from the antenna
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Figure 3.20 : E field peak plot depending on SRRerlaystance to the ground plane calculated in Bgda
The Figure 3.2 exhibits the behaviors of the pediel in all the cases for the 3 planes. It carséen
that increasing the distance has the same effefre@ space on both ‘bottom’ and ‘top’ cases, Highdy

different for the cases from 3 to 10. In these sasiee peak E field reduction gets bigger and biggeile
increasing the distance, whereas the ‘bottom’ wagbéing curves more and more flat.
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3.1.2.3. Magnetic field investigation

Peak of Magnetic field for different distances between the SRR layer and the groundplane at Smm (PIFA Top)
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Figure 3.21 : H field peak plot depending on SRRedaljstance to the ground plane calculated at 5mm

The highest difference in term of peak magnetildfie given by the case 1 with a reduction of 0B5d
while it is only about 0.16dB with the case 10.

Peak of Magnetic field for different distances between the SRR layer and the groundplane at 10mm (PIFA Top)
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Figure 3.22 : H field peak plot depending on SRRenajstance to the ground plane calculated at 10mm

The highest difference value is about 0.85dB betvibe cases 2 and 1, whereas it is only about 0.1dB
between the case 2 and 10.
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Peak of Magnetic field for different distances between the SRR layer and the groundplane at 15mm (PIFA Top}
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Figure 3.23 : H field peak plot depending on SRReraljstance to the ground plane calculated at 15mm

The same kind of behavior is still observed, aralhtyhest difference value is still found betwelea t
cases 2 and 1 with approximately 0.7dB and 0.1df®&dmn the cases 2 and 10.

Peak of Magnetic field for different distances between the SRR layer and the groundplane (PIFA Top)
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Figure 3.24 : H field peak plot depending on SRRedalystance to the ground plane calculated in Bgda

In the ‘bottom’ case, the peak magnetic field Sueed by 9dB A.f from the plane 5mm to 15mm,
whereas in the ‘top’ case this value is around 1AdB™. The second noticeable difference is that case b6t
reducing more the field on increasing the distance.

3.1.3. PIFA ‘Crossed’

This paragraph investigates the case where SRR®amn the same side as the radiating element. The
studied area is now only below this layer of SRRse distance C and the cases are still the sanie the
previous PIFA configurations. As the results okgdirshow an equivalent reduction compared to th&cdho
PIFA but worse results for cases 8 to 10, theynatelescribed in details.

56



Feeding line Short circuit

/

5mm

10mm

Figure 3.25 Areas of E and H fields extraction for the Pl‘crossed’
3.1.3.1. Resonant frequency and bandw

In this model, thanetamateries only have a lownfluence on the resonant frequency of the ante
The bandwidth is thus 162MHz, and the resonanuiaqy is equal to 1799MHz in all cas

3.1.3.2.  Electric field investigatio

Peak of Electric field for different distances between the SRR layer and the groundplane (PIFA Crossed)
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Figure 3.26 E field peak plot depending (SRRs layer distance to the ground plaakeulated in 3 plan

According to this figure, it appears that the chemgrought by moving ttSRRs laye within the PIFA
modifies slightly the fields (case 2 to 10) whiteis more remarkable with th8RRs laye under the ground
plane.

As expected, the calculations at different distanitem the antenna give lower electric fields as distance
increases.
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3.1.3.3. Magnetic field investigation

Peak of Magnetic field for different distances between the SRR layer and the groundplane (PIFA Crossed)
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Figure 3.27 : H field peak plot depending on SRReraljstance to the ground plane calculated in B8gda

At small distances from the ground plane, the magrfeeld seems to be enhanced for some of the
configurations of the SRR cases. For higher digtanthis field decreases slightly but this dropldmwot be
considered as a relevant effect due to the SRRs.lay

As expected, the calculations at different distarfcem the antenna give lower magnetic fields a&s th
distance increases.

3.1.4. Comparison between PIFAs

The Figure 3.28 regroups the peaks of the eledigids for the three different configurations of
antennas with on the 3 different planes. The Pltef’‘is the one showing the highest peak, as thétiag
element is right above the investigated area. Wuedther PIFAs show close results, but in the c&sasd 10
the field is reduced in the case of the PIFA ‘buitby 0.5dB compared to the PIFA ‘crossed’.
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Comparison of Electric field Peak for the different PIFA configurations
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Figure 3.28 E fields of the 3 configurations andistances

------- PIFA crossed S5mm away from the antenna

------- PIFA crossed 10mm away fram the antenna
PIFA crossed 15mm away from the antenna

— PIFA bottom Smm away from the antenna

— PIFA bottom 10mm away from the antenna
PIFA bottom 15mm away from the antenna

— — PIFA top 5mm away from the antenna

— — PIFA top 10mm away from the antenna
PIFA top 15mm away from the antenna

The case 1 cannot really be compared to the otigetbe field is calculated farther from the ground
plane in this case. However, as the radiating eférhas been moved in this case to keep the sanmalbve
volume for the device, it can be considered abins case to reduce the peak of the electric fidd. reduction
is around 1dB for the closest plane (5mm from thte@na) and 0.7dB for the plane 15mm from the araen

The third PIFA case shows that the influence ofSRRs layer on the reduction of the peak E field is
reduced for the cases 6 to 8, contrarily to theABIFop’ and ‘bottom’ where those cases were thetedficient.
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3.1.5. Additional layers of SRRs

$11 Parameter
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Figure 3.29 : S11 parameter for 2 and 3 layersRRS

The Figure 3.29 has been extracted from two diffeoonfigurations. In the first one, both 9 and 10

21
x10°

cases have been added at the same time, it iy tavsdayers of SRR at 7 and 8mm away from the gdoplane.
The second case that is in blue is the same theafirgh one with another layer added at 6 mm.

It can be observed that unlike the case of 1 layeare the S11 exhibits only one resonant peakethes

two are way more complicated to use for differezdsons. First of all there is not only one cleaonant

frequency of the antenna but several ones.

For the case of two layers, the peak is shifted.#@7GHz and very narrowband. This result could be
interpreted as a multiband antenna but the diftgueaks are also too close from each other to plited.
For the case of three layers, the main resonark eatill at 1.8GHz and one more peak can be

observed. The same conclusions can be extractadrima the other case since the peaks are toowamnad too

close to be considered as a usable multiband aatenn

The next plot shows the peak E field calculatiorihia different planes 5mm, 10mm and 15mm away

from the antenna for the 2 and 3 layers configarati

Peak of electric field for a PIFA with 2 and 3 layers of SRRs
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Figure 3.30 : Peak of electric field for a PIFAwR and 3 layers
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The 2 layers case is obviously reducing the peéikl& by approximately 1.3dB in all planes, whereas
the 3 layers configuration does not show any impnoent compared to the normal PIFA. Beyond thesdtses
it can be observed that the narrowest bandwidtibserved for the 2 layers case, and it seemstthaighavior
of the antenna cannot be predicted when adding tagegs. In fact, the highest reduction occurs \tliiga worst
Sllcase.

3.1.6. Conclusion

- The position of the layer in the PIFA has an effatthe resonant frequency of the antenna. Therclos
the layer is from the radiating element, the lotter resonant frequency is.

- In the 3 PIFA configurations and all positions loé tSRRs layers, the bandwidth is still very clasthe
original PIFA bandwidth which is a positive point.

- The closer the SRRs layer is from the radiatingnelat, the bigger is the influence on the peak gtect
field. The influence is more important for the ‘tmh’ antenna configuration than for the ‘top’ amtan
configuration. Like in the dipole case, the peadctic field reduction provided by the SRRs layebigger for
high distances between this layer and the cubé&ssifid. That is why the SRRs show a higher redudfahe
peak electric field in a ‘bottom’ antenna. Howewube cube studied is too small to stand for a seedil case, as
a human head would cover the whole surface of éimel$et, and the difference between the PIFA cordigns
would be reduced.

- The case 1 offers interesting results as it shdshest peak E field reduction for all configuraicof
PIFA, without reducing the operating bandwidth.

- All these results show nevertheless relatively smealuction compared to the field values. It can be
considered that reducing the field by 1dB is natllyeeffective over nearly 70dB (which is a redoatiof
approximately 2%). As this reduction is obtainedhaut reducing the bandwidth, it is still an intgiag
improvement as it could probably be increased wdigering other parameters, and keeping a good -wéde
between these modifications. Concerning multipieeita simulations, it is difficult to foresee whabwid come
out of such structures in terms of frequency. Wiibre than one layer placed between the ground @ladehe
resonating element, the SRRs are excited by thasfend the different couplings occurring betwess layers
and the antenna influence the resonance, and émfgaration needs further investigations for exéambpy
modifying the distances between the layers. The gath 2 layers of SRRs shows a reduction of 1.8d®@&re
the case with 3 layers does not show any improvenitemas been shown that these two cases hightifinthe
antenna S11 parameter and it seems that this roatiifn is not predictable. However, the 2 layersecshows
the best peak E field reduction, and the distaretevden these SRRs layers could for example be tigagsd
deeper.
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3.2. PIFA with SRR and Cube
3.2.1. Configuration

This section investigates the peak of electridfiala cube of tissue placed at 1mm and 5mm of&API
antenna. Only the PIFAs ‘top’ and ‘bottom’ are taketo account as they show better reductions effigids.
The cube used is 30*30*30mm and has the same piepears in the dipole case. Two different distances
between the cube and the antenna are investigatiént @ube is placed 1mm or 5mm under the anténiiese
configurations, the peak of electric field will bevestigated on three planes, which are locatgueis/ely 5mm,
10mm and 15mm under the antenna.

Figure 3.31 : positions of the cube of tissue fop* and ‘bottom’ simulations with SRRs layer

3.2.2. Electric field investigations

cube 1mm plane 5mm
cube 1mm plane 10mm

cube 1mm plane 15mm
----- cube 5mm plane Smm

""" cube 5mm plane 10mm
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Figure 3.32 : Peaks E field at different planes ihie cube place at 1mm and 5mm for a PIFA ‘bottom’

The Figure 3.32 depicts clearly the decrease op#ak E field in the cube depending on its distance
the antenna. Indeed, the reduction is more impbftarcloser planes. For planes farther from theeama, this
difference tends to cancel out by nearly 2dB fanpl at 5mm and around 0.5dB for the 15mm plane. The
highest decrease of the peak E field is obtaingtiércase 1 (SRR under the ground plane). In tmfiguration,
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the field is reduced by 1dB. In a general wayait be observed that the case 1 and 10 show siredaction of
the peak E field.

cube Tmm plane Smm
70 cube Tmm plane 10mm

cube 1mm plane 15mm
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Figure 3.33 : Peaks E field at different planes ihie cube place at 1mm and 5mm for a PIFA ‘top’

In the case of the Figure 3.33, the same behabittgeen ‘top’ and ‘bottom’ PIFAs could be expressed
but this difference is clearer on the ‘bottom’ cH#saugh.

After seeing those figures depicting the fieldsdabrs inside the cube of tissue, the relevant tlaat
the case that is the most influenced by the SRébigously when the cube is placed at 5mm from ttoeigd
plane. The case of the SRR under the ground pktheces the peak E field inside the cube of tisedetarns it
into the best case of all, as the maximum redudsi@tose to 1dB when the cube is 5mm under thersat

It can also be observed that the cases 3 to 6 tishwav a clear reduction of the peak E field in any
plane. However, the cases 7 to 10 offer a redudtmmm 0.2dB to 0.7dB in the configuration where thiée is
5mm under the antenna.

In the case of the PIFA ‘bottom’, the best confagion (case 1) shows higher reduction than for the
case 10, in opposition to the PIFA ‘top’ case.

When both PIFA types are compared, it can be desritie PIFA ‘bottom’ shows a lower peak E field
in all cases. In addition to that, the effect ofR&Ron the peak E field of this configuration is mersible. This
observation confirms the fact that SRRs are mofectde in the peak E field reduction for highestdinces
observed, as the best reduction offered is in tRé& Fbottom’ cube 5mm configuration.

3.2.3. Conclusion

- For a cube placed at 1mm from the antenna, theekigleduction of the peak E field provided by the
SRR is lower than 0.5dB in the case of PIFA ‘topdaPIFA ‘bottom’. At this stage, the peak electfield
cannot be significantly reduced in the near fielthwhe structures implemented.

- For a cube placed at 5mm from the antenna, thectietuis the highest (1dB for both antenna
configurations depending on the SRRs position). ddses 1 and 7 to 10 show the highest reductidieopeak
E field in all planes. The case 1 is the most ggéng because it exhibits the best reduction efasak E field.
This is why additional configuration with more lageand a reduced distance between the radiatimgeateand
the ground plane should be investigated.
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4. Conclusions and improvements

4.1. Conclusions

Metamaterials could have many uses in upcomingiaolgies especially for lenses and filters. A Ibt o
promising theories praising the advantages of timese kinds of engineered materials have been writbeit
only a few shows convincing practical applicatiombey still should be investigated for antennasniobile
communications as their properties could provide features for user safety. This study thereforesaat the
absorption reduction of the tissues in terms of Spéak E and H fields while keeping a good tradenith the
main antenna parameters. All the results for theldiand PIFAs point out that a SRRs layer has rimfiueence
on the peak E field reduction when it is investighfar from the antenna. As the studies presemtedei first
part of this thesis (part 1) do not investigatean®terials in the near field of the antenna, thesalts cannot be
compared and show the difference of behavior of SRRhe two cases.

4.1.1. Dipole investigations

First of all, the simple dipole case had been stidd understand the influence of a metamateryalrla
(SRRs layer) on the resonance of the antenna. Thewupe standing for human tissue had been incltoled
consider the impact of the user’s head near thenaat

Adding a layer of SRRs close to the antenna (4nadjces the bandwidth covered by the antenna by
20MHz. When a cube of tissue is inserted at diffeistances from the antenna (from 5mm to 29mh®, t
SRRs layer reduces the bandwidth covered by avelatconstant value around 55MHz.

It has been shown that the layer of SRRs providesdaction of the peak E field and the total
absorption when the cube of tissue is placed aftrtain threshold (respectively around 8mm andrij) the
highest reduction achievable being around 3% ferghak electric field. Underneath these valuesgeffest is
inverted and the SRRs show an increase of thesengders. To investigate the reason of such vaniatibthe
components of the fields should be investigatethénclose vicinity of the SRRs layer, or additionatl larger
layers could be added.

After those studies, a PIFA antenna had been iedudstead of the dipole for a more realistic case.
Therefore, the same investigations have been ledtlam simulation results are explained in the foihg
paragraphs.

4.1.2. PIFA investigations

A SRRs layer has been included at different distaritom the radiating element of a PIFA designed to
cover the GSM 1800 requirements, by step of 1mmm dases have thus been designed and are explained i
chapter 3.1.1.

Adding a layer of SRRs in the PIFA does not redilnge bandwidth covered by the antenna by more
than 5MHz (see Table 3.1) and the real part ofrtfpeedance by more tha2qsee Figure 3.7). In a general way,
the closest the layer is from the radiating elemtna highest reduction on the antenna resonagudmcy is. As
the objective of this study is to build an antenpapled with metamaterials usable for the GSM 1&@@dards,
some cases had to be retuned in order to fit ttpainexd bandwidth.

The best configuration investigated is the caseh&re the layer of SRRs is placed under the ground
plane of the antenna. When more layers are add#tiantenna, the covered bandwidth is highly érilted.

For 2 and 3 layers, additional simulations are edeid study the variations of the S11 parametdrappear.
However, the case where 2 layers are included shimsvbest reduction of the peak E field in freecep@..3dB
V.m™ at most), at the expense of the bandwidth coverethé antenna. In the case that this bandwidtheissu
could be avoided, the cases of multiple layers tidgimng remarkable peak E field reduction.

In the opposite of the multiple layers cases, @mes 1 and 8 offer the highest reduction for b&fAP
configurations (‘top’ and ‘bottom’) without degrandj the bandwidth of the antenna.
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Nevertheless, the case 1 seems to be more pronaisitite distance between the radiating element and
the ground plane is reduced without decreasingothlwidth. It is to say that some more configuraiovith
more layers and reduced distances between theingd@ement and the ground plane could maybe pregshe
bandwidth and decrease the peak E field. In the emisere those results are generalized, they coeld b
considered as a good achievement in favor of tthecteon of the peak SAR in the human head.

4.2. Improvements

For this study, only the Splint-Ring resonators éndeen implemented. As explained, many other
structures derived from the SRR exist even if threynly deal with this basic structure. For examptame types
of metamaterials like DSRR are said to reduce ésemant frequency by 30% for the same physical[side
All the different metamaterial structures behavéfedéntly, and theory is not enough to estimatesého
differences. That is why implementing additionalistures in the antenna could be interesting.

It could also be useful to study the effect of a®’haterial on the antenna, by adding thin wires to
layers of SRRs in order to reuse the backward waves

As the 2 layers configuration shows the best impnoent of the peak E field, additional cases inclgdi
more layers with the different distances betweemtlecould be investigated.

For this study only the case without substrate Ib@sn investigated to be able to understand the
behavior of the metamaterial itself. However, agdinsubstrate would modify the resonant frequerfcthe
antenna depending on the thickness and permittofitthe substrate. This could allow investigatirifjedent
SRR sizes while matching a more realistical case.

As the simulator used in this study has a uniforesim the cell size of the domain has been reduced t
0.2mm in order to design the smallest dimensioroentered in the SRR (see 1.3.1). Therefore thelation
time has been dramatically increased. Models inofuca high number of different tissues with varying
permittivity exist. This kind of models could bersilated faster with a simulator with non-uniformsheThis is
why the only remaining option, even though not salistic, was to include a cube with a permittivity
corresponding to human tissue.

Only a few SAR simulations could be launched irs thiudy for the reason explained in the previous
paragraph. As SAR calculations are very long, i¢ l@en chosen to use the electric and magnetid fiel
investigations, the SAR being proportional to theceic field. Ideally, it would be easier to ditgcinvestigate
the SAR but calculating the peak of the electriddfiis a good compromise to estimate the peak d® 8¥this
case.
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Appendix




Antennas

T his chapter deals with antennas for portable devites first part, the fundamental parameters ofartenna are

reminded, focusing on the elements that are liteelyary when modifying the simulation environment ghysical

propagation properties. The second part introdusesll antennas by giving elements on what can bsidered as
small and explaining the specific issues relateth&sse systems. Finally, some examples of integrati mobile devices are
shown.

1. Antenna parameters

This section describes the main parameters tha tmabe investigated for the present study. The goa
of this study is not to reduce the SAR at the espeasf other parameters like directivity, bandwidttefficiency.
Improving an antenna is thus a compromise betwégragmeters that can be investigated and modifidwt
is why the following properties of the antenna hawebe observed when changing the system by adding
metamaterial elements.

1.1. Radiation pattern

The radiation pattern refers to the directionaledefence of radiation from the antenad] (See Figure 1.1).

Gain [dB]
90

270

Figure 1.1 : Radiation pattern of a dipole antenfiaglane)

It is usually measured during the development ef dimtenna and is rarely referenced to in mobile
communications, because a handset designer hasdimbility to influence it and because the usedifies it
greatly when using his device. On the other hamelyadiated power in space can be investigateusrstudy to
analyze the impact of modifying the antenna sydtgradding a metamaterial structure.

The directivity is linked to the radiation patteand could be expressed by (1.1):

Radiated Power_densityd, ¢)
Total Radiated "Power
407

(1.1)




1.2. Input Impedance

When an antenna terminates a transmission linaniedance&, should be matched to the transmission line
impedancé&, in order to maximize the power delivered to theeana. The resonance occurs wHgis real.

d

Z

Z

o a

Figure 1.2. Antenna with transmission line

The input impedance is defined as the impedancgepted by an antenna at its terminals, the ratio of
the voltage to current at a pair of terminals @r ithtio of the appropriate components of the atetdrmagnetic
fields at a poinf25].

Z=R+j.X (1.2)
The formula (1.2) can also be understood as:
Input impedance = Self impedance + Mutual impedance

When the self impedance is calculated in free spgheemutual impedance takes into account anything
in the antenna environment that could affect itpeédance (also called coupling). When the antenisnlated
enough, then this value is near zero. R is thestasie and the real part of the impedance thabififiad when
the size of the antenna varies, thus changingethenant frequency. X is the reactance.

The antenna will typically be coupled to a transigis line that could just be coaxial cables, andhso
objective for the impedance is to provide a matghualue (5@) to ensure that the maximum power is
transferred.

1.3. 511

The S11 parameter refers to the signal reflectétbatl1 for the signal incident at Port 1. In fads the
difference in dB between forward and reflected pomeasured. Generally this important antenna paeane
referred as the input reflexion coefficient of thetwork.

1.3.1. VSWR

The voltage standing wave ratio (VSWR) is similarthe return loss but is a scalar linear quantity.
stands for the ratio of the standing wave maximuafttage to the standing wave minimum voltage. latesd to
the magnitude of the voltage reflection coefficiant so to the magnitude of S[PB]

So at the input port, the VSWR is given by the d¢ignabelow.

1+|s

VSWR = s )

(1.3)

When the VSWR value is 1.5:1, it means that the imam standing wave amplitude is 1.2 times
greater than the minimum standing wave value.

1.3.2. Reflexion coefficient



The reflexion coefficient is a measure of the gyadif the matching between the input impedance and
the characteristic impedance of the transmissioa. ISo the better the match is, the smaller thieat&n
coefficient will be.

Generally, I stands for the reflection coefficient and is definn (1.4).

- VSWR1
VSWI+1

1.3.3. Mismatch Loss

(1.4

The mismatch loss is referred as the amount of pexgressed in dB that will not be available on the
output due to impedance mismatches and reflectionfact it is the amount of power wasted in an énfpct
system. The mismatch loss can be defined by théaorlbelow.

ML =10.log,,(1-T2) (L.5)

1.3.4. Return Loss

The Input Return LosRl.ih is another way of expressing a mismatch. It isgatithmic ratio measured

in dB that compares the power reflected by the rargteto the power that is fed into the antenna fitbm
transmission line.(1.6)

RL, =-20. Ioglo(r)dB (1.6)

1.4. Radiation efficiency

The Radiation efficiency is generally more releviduain the Gain to describe a handset antennatheis
ratio between the radiated power over the inputgrowhich represents how much power is reflectechfthe
antenna.

1.7)

It is basically the input power that will not beadlable at the output and is also called radiation
efficiency. The loss can be created by severabred86]:

» Reflection caused by the mismatch between the natand its feed line
e Absorption by circuits and other components

» User effects, like presence of hand or head

» Dissipation within the antenna

In the simulation part, two situations happen:
» The case where an antenna has been simulatecisdfaeze where the radiation efficiency is thus 1
* The case where an absorbing element is added. ddiation efficiency (or absorption loss) is
interesting to study in this case.



1.5. Total Radiated Power (TRP) and Total
|sotropic Sensitivity (TIS)

Those two parameters are often used to expresffdativeness of an antenna. The total radiated
power which represents the power per unit solideaisgexpressed by (1.8):

@=20Ir

Total_Radiated Power= LFO U::: Radiated_Power_ Density©, ¢) [3in(6) me) L)
(1.8)

The TIS refers to receiver sensitivity integrate@erathe sphere and measures ‘the minimum poweirestju
achieving a specific bit error rat@9].

1.6. Bandwidth

The bandwidth of an antenna is the frequency range which some specified set of parameters is
maintained21]. This bandwidth has to be large enough to cowepferating frequency. For example, a device
operating at 900MHz should cover a frequency raingen 890MHz to 960MHz and a device used for GSM
1800 from 1710MHz to 1880MHz.
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Figure 1.3 : Return loss$(;) and bandwidth

The Figure 1.3 shows tifg; parameter for a GSM 1800MHz antenna. The bandvalb#erved at -6dB
is approximately 163MHz, while the center frequencyesonant frequency f5 = 1800MHz

Nowadays, mobile devices have to resonate at matemmre frequencies as the number of services are
always increasing. We can consider today that nmmdandsets have to operate on different bandwifitm
450MHz up to 5GHz. It can be important to invediigthe effect of metamaterials on different frequies to
observe if their influence differs according to thendwidth. It is particularly relevant to analythés influence
on the DVB-H domain, which is the lowest frequengith the highest bandwidth and represents the most
difficult scenario.

Here is shown a table containing the main frequesnased in modern communications:

Frequency band Short reference Service
550-1600 kHz MF radio Radio broadcast
2-30MHz HF radio Radio broadcast
88-108MHz Band Il Radio broadcast
174-240MHz Band III T-DMB TV
450-470MHz 450MHz Phone + data



470-750MHz Band IV/V DVB-HTV

824-890MHz 850MHz Phone + data
870 (880)-960MHz 900MHz Phone + data
824-960MHz (850 and 900 MHz) Low bands Phone + data
1575MHz GPS Geolocation
1710-1880MHz 1800MHz Phone + data
1850-1990MHz 1900MHz Phone + data
1900-2170MHz 2100MHz Phone + data
1710-2170MHz

(1800, 1900 and 2100 MHz) High bands Phone + data
2.4-2.485MHz 2.4 GHz WLAN
2.5-2.69 GHz 2.5 GHz WiMAX™
3.4-3.6 GHz 3.6 GHz WiMAX™
4.9-5.9 GHz 5 GHz WLAN, WiMAX

Table 1.1 : Frequency bands, nomenclatures and26gs

2. Small antennas

2.1. Definition of ‘small’

The term ‘small’ is only a comparative term andissially used for a comparison with an element that
has a ‘normal’ size. In the antenna domain thisspia} definition of small is not so practical agrh is no
normal size, and is often used compared to Humaa #in antenna of 20m will thus be large whereas an
antenna in someone’s hand will be small. Howe\rgs, definition of physically small is only importalooking
at the mechanical design but not pertinent ataiterning the electrical design procgxs)]

The term ‘electrically small’ is therefore introded; and the scale of interest will be the sizehef t
operating wavelength. Let us consider the fundaateatation:

-C (2.1)
f
Where 1 is the wavelength, [m]
¢ the speed of light Mm%
f the frequency. [HZ]

An antenna is generally considered small wheniits is smaller than/10. Let us consider the GSM
300

system operating at 1800MHz:= T500 = 17cm
As no mobile device is longer than 15cm, the ardénoluded can be taken as physically small.

2.2. Problems encountered

Without size constraints, most antennas would tsigded to size multiples o% because the terminal
impedance would be real in this case and easilyen@mpatible with the radio or transmission lindsit
connected with[27]) and would thus be called “resonant size”. Thebjgnm with electrically small antennas is
that their impedance is more and more reactive,imgakhe power transfer more difficult. This implies
reduction in the radiation resistance, due to do#& bf coupling between the antenna and the cir€hi¢ overall
quality of the system is thus degraded becaudeeofdiative loss.

2.3. Q-factor
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The quality factor Q is an important measure foalkmntennas. It relates stored energy and dissipat
energy, and is defined by (2.[28]:

aW
Q==3~
= (2.2)
Where w is the angular frequency [rad]s
W the energy stored in the reactive fields [W]
P the loss power [W.s-1]

There is a relationship between the bandwidth bhadjtiality factor, and relation (2.3) is commondiyrétted:

_1
B _6 (2.3)

Practically, the higher the quality factor is, there rapidly the antenna impedance varies as difunc
of frequency. As said before, a small antenna heay weactive impedance with an associated veryomarr
bandwidth. It is possible to compensate this impeday adding an opposite reactance, but this wieald Q to
increase and B to decrease. The objective is tigeelthe highest possible efficiency and still egltobandwidth
to cover the mobile band26].

3. Antenna design in portable devices

This section shows the different classes of ant®nsed in mobile handsets. Although this study
focuses on PIFA antennas, it is interesting to ammphe influence of metamaterials on the diffetgpes of
antennas. However, the implementation of antermé#sel handset will not be discussed, as the siiukafocus
on the interaction between the antenna and metaalafsot between the mobile case and the antenna.

3.1. Classes|[26])

3.1.1. Whip antennas

These are the first external antennas that have ing@emented, and are still a standard to judgerot
antennas efficiency. Usually one-quarter wavelemsgthd, their main inconvenient is that they oftewe to be
pulled in or out when the mobile is in use or nidtis implies that the costly mechanical parts bexdragile
and are often broken.

v
|

Figure 3.1 : Whip antenna

3.1.2. Meanders and coils

These are variants of the whip antennas, designeé more convenient for the user. The antenna that
is contained in a short housing is flexible andsdoet need to be pulled out.

VI



Figure 3.2 : Coil antenna

3.1.3. Dual-band whips and coils

The rapid appearance of the second generation esol8d to requirement of dual-band handsets,
operating at both GSM frequencies (900MHz and 188@M The designed antennas were quite similar to
classical coils but with two concentric helix stwes. Nowadays, their use is decreasing due to the
generalization of internal antennas.

3.1.4. Early internal antennas

One of the first internal antennas designed wamnductor fixed on the main circuit board (Figur8)3.

Figure 3.3 : PCB antenna

Then the addition of shunt-feeding to the usualigdiPCB L-inverted antenna created the inverted F
antenna, which is now a standard form for inteaménnas (Figure 3.4)

Radiating Element

Source
-tz Short-circuit

Groundplane

Figure 3.4 : Inverted F antenna

The PIFA (Planar Inverted F Antenna) relies on thedel, the upper loading wire becoming a flatelat

3.1.5. Dual-band internal antennas
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PIFA are useful to obtain dual-band antennas, asradiating elements are used and fed in parallel a
the common point. One short element used for haydbprovides capacitance in parallel with the lower
impedance of the resonant (low-band) element.

Figure 3.5 : Dual-band PIFA

3.1.6. Triple-, quad-, penta-band antennas

The growth of services provided is increasing tlegdiencies a mobile phone has to support, and early
dual-band antennas cannot cover them.

Figure 3.6 : Quad-band PCB antelip@
3.1.7. Multiple antennas

The new challenge of mobile designers is to implenseveral antennas in the handset. For example,
the use of Dual-Antenna Interference CancellatibAIC) needs the second antenna to be free from user
interference. One of the next objectives is althotg implement MIMO (Multiple Input Multiple Outpyt

structures and schemes in mobiles using multipadnsimission or Space-Time Coding to improve
communications.

3.1.8. Additional services

The major difficulty is now to design antennas ddpaf supporting all mobile services shown in Eabl
1.1 and even more in the future.



FDTD method

Domain) allows to sample the space considered fisthdy and extract the expressions of the electgoetic fields.
In three dimensions, the Yee algorithm is usedoteesboth E and H fields at the same time in sgadecing a
reinforcement of the Curl’s equations.

B ased upon the mathematical derivation of the wanaton by Maxwell, the FDTD method (Finite-DiffecenTime-

1. FDTD

1.1. Method choice

In order to be able to demonstrate the effectivermdanetamaterials in specific conditions relative
the human head, the simulations must give someaeleesults. Thus, the choice of the method olkition
has to be carefully done and the FDTD seems fpefitectly with the needs so far. Each method wiih be
found makes assumptions or approximations thatalditnexactly to the reality. Therefore, the maihahich
will be privileged here is the one that fit the teith the reality.

1.2. Why using FDTD method?

1.2.1. Advantages

1.2.1.1. Spatial modelisation

FDTD is based on the discretization of the physséce, it could be performed on any kind of
modelable object around the antenna like the plitsedf (Chassis, display, etc...), the human head famt,
and of course metamaterials. As soon as an olgjessampled in space, FDTD could be applied on ittaed
extract the expressions of the E and H fields.

1.2.1.2. Accuracy

The approximations in this method at a mathemat&ad| are not roughly done and provide enough
relevance of the results. Moreover, a specific igumétion of the simulation according to the CLFmher
(Courant, Levy, and Friedrich) also known as thegdddime Step allows to reduce the loss of accudhe
approximations.

1.2.1.3. Model acceptance

Also, FDTD method allows to make evaluations upoy aodeled objects defined with a specific
permittivity () and permeability (1). FDTD is an easy way to eat# electromagnetic waves with all types of
materials which could affect them as conductivpaciive, dissipative, dispersive and non-lineatanals.



1.2.1.4. Radiation fields tolerance

No special physics need to be built in the metlasdhe evolution through the near-field to thefiaid
is allowed gently. Therefore, the radiation patteimpedances and fields can be determined by FDTD.

1.2.2. Drawbacks

Despite all the advantages FDTD provides, the mdjawbacks are about the computational issues.
The simulations done with this method could taketaf time because of the calculation done forualit cells
defined. Depending on the size of those units Ardspatial area of the study, simulations can éalang time
to compute. The simulations that are done in thésis have been performed by a super computerasahié
computation time can be increased a lot.

The other main drawback is about the ability toateedifficult shaped models as spheres, diagonal
planes, etc... As the space is sampled in cellsgtbasticular shapes lead to staircase represamatotrade-

off can be found saying that it can be considesedamtinuous shapes as soon as the unit cellseéired small
enough.

1.3. Principles

Maxwell's equations can be expressed in Differémralntegral form and FDTD method is based on
the differential one. It induces the assumptiorss the medium, in whick andH fields have to be calculated, is
linear (field independent), isotropic (directiomé@pendent) and non-dispersive (frequency indepénden

It starts from the Wave equation (1.1) and Maxwe@url Equations (1.2) (1.3):U is E or H field)

Wave equation:

o°u(xt) _ 2. °u(x.t) (1.1)
ot? x>
Maxwell’'s Curl equations:
9 _xH -3 OD=p (1.2)
ot
‘Z_B:_DXE_M 0B=0 L3)
t

Derivating again the wave equations with Tayloesiess and summing them, a second order derivative
is obtained (1.4):

2 n o _ n n+1l
7y ot ool 4

%t

Then, the fields that have been already calculktad to the expression of the same field a timp ste
further (1.5):

umt = (CA—?(tjz.[u{Ll —2.u" + ui’”l] +2.u" —ut + O[(At)z] + O[(Ax)z] (1.5)
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This calculus strategy allows defining a specifapsto avoid any theoretical losses with the mégie
step. This method permits to find out the equatimfielectric and magnetic waves individually.

1.4. Yee algorithm

The Yee algorithm is designed especially for thecagBe by solving E and H fields at the same time. |
solves both E and H fields in time and space rglyin the fully explicit time stepping. As this atgbm is not
dissipative (¥ order accuracy), it brings enough reliability teetoutcome explaining why this algorithm is
really useful in this thesis. Moreover, Yee's algon reinforces the initial Maxwell’'s equations dte the
coupled resolution of the derivatives between E ldrilds (E depending on H and vice-versa).

E E [ [
! I I !
J 1 t t=2At
A A
. * — t=1.5At
£ E [ E
i T A A
“ ——+ b t=at
A i H
> - -o- 1=0.54t
> = > -
E E E E
1 )
e ! t=0
x=0 X=AX X=2Ax Xx=3Ax

Figure 1.1 : Representation of the Yee algorithmtsmh

It is also possible to model specific features esping the continuity of the tangential E and Hdfe
across the boundaries (81.5). It allows simulatirginfinite space that could not be simulatingabgomputer as
infinite.

1.5. Absorbing Boundaries Conditions

When simulating features on computers, it is ofteeded to define open regions where the space
domain is unbounded in one or more directions. Thusick is needed to be able to simulate thicsms an
unbounded one. The extension to the infinity coldd simulated by a special boundary called ‘Absarbin
Boundary'.

1.5.1. Definition

As any computer has to deal with its own memonyacip, the simulation space is needed to be clearly
defined. This space cannot be infinite even if dekiTherefore, the ABC trick is a solution to dmdations in
a space which can be assimilated as unbounded.

The absorbing boundaries allow to all out comingreg willing to go off the defined space, to be
considered as evacuating this space inducing fleetadf disappearance. The purpose of those boigsde: to
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forbid any waves reflections at best. All unit salif the simulation space are not affected by taeeweflection
that depends only on the limitation of the fixedrdon.

In practice, layers of electromagnetic wave abssrbee laid all around the simulation space exaadly
the walls of an anechoic chamber but for EM waves.

1.5.2. Solution

The PML (Perfect Matching Layer) is a solution itoplerfectly with the expectations of the ABC. The
principle of a PML is that plane incidence, polatian and frequency are matched at the boundaryosihg a
lossless medium in those conditions allows havingedectly matched layer as the simulation domaid e
surfaces.

1.6. Models

As the simulations described before this sectiomesapproximations are done on the parametersof th
domain considered. The models in which we will Ikeliested in are the models used for approximatfahe
medium parameters and p. Metamaterials are defined with nearly exclusivilgse two parameters and the
approximation with a proper model lead to accunatestigations. Here follow the two models gengraled to
simulate metamaterials. In the thesis, a speciidehfor SRR (described in §1.3).

1.6.1. Drude Model

The simple Drude model provides very good explamatifor the conductivity in metals and allows
approximating the expressions of the two fundanmigrdeameterg andpu. The conductivity of the material is
implied into the definition formula of the SAR (Syfic Absorption Rate depicted in §1). Permeabiliy) and
permittivity (¢) take an important place in the simulations wiiahnot be denied. Therefore, the Drude model
allows taking all these parameters and making teeoived as a group during the simulations.

As a computer relies on fixed data that cannotxent to the infinite, a Lossy Drude Model (LDM) is
introduced in order to simplify the simulation coutgtions. Thus, the permittivity and the permeé&pitre
modeled as follow:

2
& = 50{1— %—EJ (1.6)
w(w+i.r;)
— Wy ?
U = | L —F——— 1.7)
oo ( w(w+il,)
Where: Uo is the permeability in free space [Hm
&y is the permittivity in free space [Fin
I is the damping frequency [rad]s
wp Is the plasmatic frequency [radls

(1.6) and (1.7) are approximations, and researtthéiad even better approximations for the accuracy
or the computational time has to be investigated.
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1.6.2. Lorentz Model

The Lorentz’ model (or Minkowski's model) is basepon geometrical approach where the points are
points on one sheet of a hyperboloid of two she&tglied to the Drude model previously depictedgtaly
different expressions than (1.6) and (1.7) candsedbed for the two main parameters:

2
E =& 1- : e (1.8)
W +ilc.w—wy?
= Cpy ?
He = Mo 1- . 1.9
- 0( WP +i.T,, .- Gy, 2 (1-9)
Where: Uo is the permeability in free space [Hm
&, is the permittivity in free space [Ath
I is the damping frequency [rad]s
wp Is the plasmatic frequency [radls

By doing this ((1.8) and (1.9)), the metamatercaald be considered as homogeneous materials with
frequency dispersive material parameter.
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SAR - Specific
Absorption Rate

I n 2000, the publication of the Stewart Report corgdia lot of recommendations about the use of mqthibnes and

more generally about RF (Radio Frequencies) forladand children. To be able to put limitationstleauld be applied
everywhere, a specific ratio had been determinedvaduate the effect on the human body (and espedal human
heads).

1. Introduction

In the recent years, the use and the impact of IREhe human body has been discussed. In order to
prevent some inconvenient diseases from the usmaifile phones, standards had been applied in many
countries. The SAR (Specific Absorption Rate) s $handard evaluation of the ability of human &ssuabsorb
electromagnetic wave per volume of tissue. Eacintgumade its own assumptions about the maximuro rat
that could be reached, depending on the use opfltbee, the volume of tissue taken for calculati@rs] of
course the frequency range used for handset.

Here is the classification of the different SAR nmaxm ratios around the world:

Australia Europe USA Japan Taiwan China

Measurement ASA (ICNIRP) ANSI TTC/MPTC
Method ARPANSA | EN50360 | C95.1h:2004 ARIB

Whole body | 0.08 Wikg|  0.08 W/kg]|  0.08 W/kd __ 0.04 W/kfy 0.08 Wikg

Spatial Peak 2 Wikg 2 Wikg 1.6 W/kg 2 Wikg 1.6 W/kg 1 W/kg
Averaged over| 10 g cube 10 g cube 1 g cube 10gcub 1 gcube 10g
Averaged for 6 min 6 min 30 min 6 min 30 min

Table 1.1 : Classification of the different SAR Egtions

The study of reducing the electromagnetic impachoman body by placing metamaterials is mainly
based upon the evolution of the SAR peaks resuttfrije mobile phone’s radiations.

2. Definition

The SAR is mathematically defined as follow:

SAR= o L (2.1)
Yo,
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Where: E is the value of electric strength in the tissue Vind]
o is the conductivity of the tissue [S/m]
p is the density of the tissue [kgfim

Previous studies have shown that the conductigkgd an important part in the ability to absorbrgye
from electromagnetic sources. However, the sanie catld be expressed with the difference of terapees in
the medium, as the heating capacity of it. So, $A&#d be also expressed as:

AT
SAR=_C. (2.2)
At |
Where: C is the specific heat capacity [J/kg.°C]
AT is the change of temperature [°C]
At is the duration of the exposure [s]

3. Simulations

For this thesis, the SAR has been calculated anlyhe configuration {dipole-cube} because of time
issues due to the reduction of the cell size indbmnain. In fact, each SAR calculation takes mbentone or
two days because the supercomputer cannot be mghis icase. The result of these measurement axensim
§2.2.7.
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