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SUMMARY

A global trend in the mobile device instry is toward smaller,dhter, and thinner
devices These popular demarglhavded to the miniaturization of components in a mobile
system. The size of the antenna occupiks@e part inmobile devicesMobile devices
these dayare r@uired to have mitiple antenna@é one device to cover multiple frequency
ranges such as GSM, LTE, WiIMAX, WLAN or V¥i. Thus, snall antenaewith good
performancerenecessary tmeetthesedemands

However, @creasing antenna size is very challengiNgt only the anenna
dimension is mainly determined by the electrig@velength, but alsdhe antenna
performance is bounded fiyndamental limits depending on the sikethis dissertation,
magnetedielectric materiglwhich has bottpermittivity and permeabilitygreder than
unity, has been applied tddresghe miniaturizatiorchallenge The mageto-dielectric
material hagaptured the interesbf antenna designers since this material can reduce the
antenma size without deteriorating the n t e rperfar@dancesignificantly. Despiteits
ability, these materialare not readily available in nature and have teyrghesized by
mixing magnetic metal particles with dielectric materidlbese synthesized magneto
dielectric compositematerials havdrequencydependenpemittivity and permeability
which determine the antenna performance. €fge, an accurate methddr magnete
dielectricmaterial characterization is needed after material synthesis.

The objective of this dsertation is to developraaterial characteraion method
for magnetedielectric composite materijand to investigate RF antenna designs using the

magnetedielectric materiafor different applicationsi novel characterization method has

XVi



been introduced in this dissertatjoand it has beendemongrated through theories,
simulations and measuremetitst it can be used to extract both electric and magnetic
properties of the magnetbelectric materialusing a single structureSeveralantenna
designs and configurations on the magréd&dectric magrial substrate are discussadd
comparedn terms oftheir performance wittotherantennaeon high dielectric constant
material and conventional FR material substrateAn antenna on mgnetodielectric
material showsbetter antenna performance thaneama on high dielectric constant
materialassuming the two hawsame antenna size and total material Ibsaddition the
size of antennan the magnetdielectric materiatompare to the one on FR material
was significantly reducedn this dissertabn, theeffect of magnetic loss characteristics on
Specific Absorption Rate (SAR) reduction was also investigated. It hassheamthat
the natural loss characteristics of the maggttectric material can help reduttee SAR

of the antenna with no dra structuresThroughout this dissertatiothe advantages of
utilizing magnetedielectric material on antenna miniaturizatfgnovide astep forward to

achieve the global trend in the mobile device industry.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

In a short period of time, harteld mobile devices have becoinéeispensablgoods in

the life of moderrpeople Living patternshaverapidly changedwith the emergence of

smartphones. Consumers can asdég Internetin mostly any placealong with the

development of wireless communication technologies such as celd@munications

(3G or LTE) and Wireless Local AreaeNvorks (WLANSs) Increasing demarsdor smaller

and thinner mobile devices with a longer battée and multifunctionshavebeenpushing

engineers to achieve integration and miniaturization of multiple parts in systems.
Antenna size is a major obstaéte reducirg the overall size ofa mobile device

since the antenna size is governed by the electrical wavel&ugtte mobi devics have

multiple antennaén one device in order to translate signals in different frequency range

such as GSM 850/900MHz or LTE 1700/2100MHz at once and, therefore, small antenna

with good performancarenecessaryAntenna miniaturization is very challging because

the antenna performance such as radiation efficiency, bandwidth andrgamited by

the antenna size [1]. €ke values are directly proportional to the size of antenna. Several

methods have beentroducedn the literature to reduce thatanna size and these can be

separated into two categories. The first category includes the techniquesttiigt and

optimize the antenna geometry to design small aneefiime second category includes the



techniques that load the antenwith high refrative index( n 703 mat er iral whe

and p are relativepermittivity and permeability respectively.

Coaxial probe
Shortcut
Patch

(d)

Figure 1.1. Examples of antenna miniaturization technique based on the shaping geometry
Meander antenna, (b) Slot antenna, (c) Lumped element loading antenna and (d) PIFA.

Examples of the first group are shown in Figure 1.1. Shaping is the xessigely
used technique irantenna miniaturization and many shaping approatiass been
considered [2]. Shaping geometry of antenna includes bending, folding, meandering and
cutting. Meander line anten@awhich reducehe area of antennlay meandering the
current path [3]are widely used in many RF applicatioas shown in Figure 1.(a).
Cutting slot in the metal patch also increases the current path and results in detineasing
resonant frequency adntennaas shown in Figure 1.1 (b) [4]. Lumped elements of

capacitor and/or inductor can also reduce thterara size andhelp to inceasethe



bandwidth as shown in Figure 1.1 (c) [5]. Placing a shorting pin next to the feed on planar
invertedF antenna (PIFA) is another technique for reducing the antennasizeown in
Figure 1.1 (d). PIFA isisually a quarter wavelength resonanteana, however, its size
can be reduced further by properly positioning the shorting pin or folding the patch into
multiple layers [2]. Thse techniques in theirkt category, however, require a lot of
iteratiors to designthe antenngandthe result is dong design period

Antenna miniaturization techniques in the second category are based on the effect
of electromagnetic parameters of material on the antenna size. The electrical wavelength,
&, 1 s inversely proportizonal to the refrac

c

f. e m .

where c is the speed of light afids the resonant frequency of the antenithe material

/ =

property can determine the size tbie antenna for agiven resonant frequency. High
dielectric constant material for antenna dtdie or superstrate has been used for antenna
miniaturization intheliterature [6}[8]. Increasingherelative permittivity of the substrate
materia] however, suffers from narrow bandwidth and low efficiency. These
disadvantages are derivedbrh the fa&t that the electridield remains in the high
permittivity regionand does not radiat& he low characteristic impedance in the high
permittivity medium resulté a problenfor impedance matching as well [9].

On the contrary, magnetiielectric (MD) maerials, which havé) and p greater
thanone can reduce the antenna swih betterantenna performance compared to the
antenna ora high dielectric constant materidlO]. According to the work of Hansen and
Burke in [11], properly increasing the relative permeabilidketo efficient size reduction

of microstrip antenr& The impedance bandwidth can be retained after the miniaturization.



Niamien et al in [12] proposed closefbrm formulae for calculating the radiation
efficiency and bandwidth of the patch antenna dessy MD materiausingthe cavity
model. Based on the formulae, relative permittivity has a negative impact on the radiation
efficiency and bandwidth, while relative permeability has a positive impact on both of them.
Various antenna designs on MD matésihave been introduced in [13)6] and it was
observed thathe antenna size was reduced without losing the radiation efficiency and
bandwidth of the antennd@heseMD materialshavethereforeraised hope for antenna
miniaturization without deterioratgnantenna performance.

MD materials arenot available readily in nature and they need to be realized
through material synthesis. An accurate material propemracterizatiormethod is
necessary for the synthesized MD material since the antenna respaffeeted by the
frequency dependent permittivity and permeability of the material. Both permittivity and

permeability are complemumbers, which can be expressed

e=e-] &

/7r?= /W-Jj 1 )
Separating the dielectric properties from the magmetperties during measurements is
challenging and these MD material properties can be extracted using comrentional
methods as shown in Figure 1.2. Two different structures have been used to solve the
challengein [17], [18]. One ofthe two structuesis mostly sensitive to the change in
dielectic properties while the other is sensitive to changesagnetic propertiesThe
method discussed in [17] use€ommercially available impedance analyzer conneoted
a material fixture as shown in Figure21(a). A circular disk sample is used for the

permittivity measurementand a toroid shape sample is used for the permeability

measurement. This method can give accurate MD material proptntezpiires however,



(©

Figure 1.2. Examples of conventional material characterization methods (a) Impedance analy:
method, (b) Two structures method and (c) NRW method.

two different shape samplesnd it caronly measurep to a frequency dfGHz. Altunyurt
et al in [18] alsousedthe method withiwo differentstructuredo extract the electric and
magnetic properties of MD materjals shown in Figure 1.2 (D material was used as
the substrate athe parallel plate cavityresonator, whictwas usedfor the permittivity
measurement, and strip inductomwas usedfor the permeability measurement. Another
common method for material property measurement is called NicBlessWeir (NRW)
method [19]. This rathod is based on the-garameter measurements of a loaded
rectangular or circular waveguide as shown in Figure 1.2Tt@normal reflection and
transmission coefficients are measungth a sample located inside of the waveguide. The
dielectric and maggtic properties of the sample is calculated usiregehcoefficients.
These methods, however, require machinable solid materigidaoge amount of MD
material samplgo fabricate thesubstrate As a result, accurate argimpler material
characterizatio method arerequired.

For antenna miniaturization, th®ID material neds to havehigh and stable

permeability with low loss in the frequency band of interest. Recently, MD composite



materials using ferrisgdhexaferrites and their composites with polyntewve been
characterized for RF antenna applications{23]. Shinet al have designed a monopole
antenna using ferrite for 700 MHz LTE band [20]. The antenna shawed radiation
efficiency of 27.9% due to the high magnetic loss of 0.188/p¢é hexgonal ferrites with
glass or polymehave beerused to realize MD material in [21] and [22]. These MD
composites showed permeability of ~2 with low magnetic loss at 0.8 ~ @itz this
low loss, antennae in [21] and [22] showed improved radiation eftige of 43 and 65%
respectively. Parktal. in [24] used a MD compositey blending ferrite powder and epoxy
which showed permeability of 1.56 with loss of 0.086800MHz.Around 47 - 82%
radiation efficiency was measured over the frequency band of B&88MHz. The high
radiation efficiency can be due small refractive index and low loss but it is not good for
reducing antenna size. The thickness of MD composite mategaes3mmwhich istoo
thick for mobile devicesTherefore, antenna designs omtter MD mmposite material
with reasonable antenna performance wrquired The MD material properties and

antenna performanaiscussedn [20]-[23] are summarized in Table 1



Table 1. Summary of the literature review for the MD material properties and antenna performance

L o , Radiation
. Permittivity Permeability Gain -
Material (Ot 3n  (utan m) Frequency (dBi) Effl(%l/(oa)ncy Year
Ferrite 3.29/ 2.01/ 2010
compound  0.027 0189  [80MHz 5.1 21.9 [20]
Y -type
hexagonal 12.7/ 2.1/ 2012
ferrite +  0.0065  0.0474  S0OMHz -0.03 43 [21]
glass
Y -type
hexagonal 5.07/ 2.01/ 65 2014
ferite +  0.004 0.03 1GHz  NIA  Gimulation)  [22]
polymer
Ferrite + 4.18/ 1.56/ 74871 960 212 82 2014
epoxy 0.022 0.035 MHz ' [23]

1.2 Contributions

The major contbutions of the dissertation attee following:

1) Characterization of magnetbelectric composite materials using a cavity
perturbation technigue with substrate integrated waveguaidiéy resonatcs.

2) Development of a causal model foapturingthe extractedmagnetedielectric
propertiefrom the proposed material characterization method

3) Design and fabrication of planar invertEdantenna on magnetbelectric material
substrate and analysis of antenna perfowaa@omparingantenna on different
substrate.

4) Analysis of the reduction of specific absorption rate using maghekectric

materias for RF antenna applications.



1.3 Organization of the Dissertation

The rest of this dissertation is organizeda@lows: Chapter 2 describeggnetedielectric
material sythesis and composite mixing rules to predict the electric and magnetic
properties of synthesized compositeaterials In Chapter 3, the cavity perturbation
technique witha substrate integrated waveguidavity resonator to extract material
properties othe synthesized MD samples is presengeditting model forthe meagred

MD material properties is developaddKramersKronig relations are used to demonstrate
the causality of the modein Chapter 4.Chapter 5 discussesntenna designs using
magnetedielectric material, andlsothe analysis of specific absorption r&te magnete
dielectric materiabasedantennas discussedFinally, summary and conclusions of this

dissetationarepresented in Chapter 6



CHAPTER 2

MAGNETO-DIELECTRIC COMPOSITE MATERIAL
SYNTHESIS AND ANALYSIS

2.1 Introduction

This chapter presents a material synthgsscedurefor realizing magnetalielectric
materiab for RF antenna applicatisnMixing rules that can estimate permittivity and
permeability of the composite material frore tomponents adescribed to find the right
mixture of components for effective antenna miniaturization. As described in Chapter 1,
materialswith arelative permeabilitylarger than onean offer better promise in antenna
miniaturization than materials ith a high dielectric constant only. In recent years,
engineered metamaterialghich consist of periodic structuresave been used to obtain
relativepermeability greater thasne The metamaterials, howeveyfferfrom undesired
performance such as maw bandwidth andrequire extra substrate layers which make it
bulky andopposehe miniaturization goal

Researchers have bestudyingmagnetedielectric materiasynthesigo achieve
the desiredvalues ofpermittivity and permeabilityo achieve thegoal of antenna size
reduction without deteriorating antenna performande this chapter first principles
describinghe methodology usddr MD material synthesiare presented. A combination
of mixing theories and modekreused tdfind the correctmixture of composite material
componentsn orderto maximize the advantagef MD materialusagefor RF antenna

applications



2.2 MD Materials Modeling and Design Guidelines

The MD composite material which is not readily available in nature is realized through
mixing magnetic materials with dielectmaterials. In this chapterickel and cobalt were
consdered for the magnetic materald epoxy and fluoropolymer wetensideredor the
dielectric materials. This section discusses how the right mixture didzda components

in the composite were chosen to achieve the desired MD composite material properties. To
reduce antenna size with reasonable effect on antenna performance, the synthesized MD
composite materials should be designed for high permeadnitityeasonable permittivity.

In additionboth electric and magnetic loss of the MD composite material should be low as
possible. The properties of composites from thividual components can be predicted
using AEffective Medi umled Fhesenodelsmmbe (sedMolr s ) o
estimatepermittivity and permeability of MD composite materiatsntainingmetal and

dielectric material.

Dielectric material

Magnetic metal
Porosity

Medium m = Dielectric Material

Medium 1 = Oxidized metal Oxidized layer
Medium 2 = Magnetic metal

Figure 2.1. Geametry of (a) two-layer particle and (b) canposite structure.
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For the effective permittivity predicti
N-layer spherical fiker particle, in which the Rayleigh mixing formula is generalized to
deal with layered filler particles, can be used][2s shown in Figure 2.1 (a), the metal
dielectric material system was considered as al&yer particle. The nansized metal
particle is encapsulated with the metatidation layer and it is mixed in a dielectric
material, as shown in Figure 2.-layersdapbe Si hv

expressed as:

G~ & _ (el' rﬁ) -(2 18+m) oni’ai)e- f 3
crze (e )ele, §odda) o ©

where Vf is the volume fraction of ntal filler and

(e,- §da ©
—\®" o 4
g, (6’24‘21@@%&[ 9 ()

This equation can be simplified fés as:

_ e, (1+2A)
eeff - (l- A) ' (5)

where A is the righhand term in Equation (5). To estimate the permittivity of the metal

particle ¢2), a Drude model was used as:

e =1 1%@ (6)

where’ is the conductivity, and and&o are theangular frequency and permittivity of free
space, respectively.

All four possible combinations of metdielectric material using Ni, Co, epoxy and
fluoropolymer were modeled using the Sihvola and Lindell mixing model to find a right

combination that sadfies the material design specifications. Conductivity of Ni and Co
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were assumed as 50 and 79 S/m and permittivity of nickidle and cobalt oxide were
assumed as 12 and 10, respectively. Permittivity of epoxy and fluoropolymer were
estimated as 4 andr@spectively. Loss tangent of the epoxy and fluoropolymer are around
0.011 and 0.005 respectively and thesre assumed to lm®nstant with frequency. Figure

2.2 shows the predicted effective permittivities and electric loss tangehtsfodir metal

dielectric material combinations.

12 e T R
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(a)
9 %103
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B = = = Ni+Epoxy
7]
K
w St
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Frequency (GHz)
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Figure 2.2. MD composite materials modeling (a) effective permittivity and (b) electric loss tanger
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Composite materials using the fluoropolymer shows logfferctive permittivity and loss
tangent than composite materials using ep@syshown in Figure 2.2. MD composite
materials used show a permeability of ~2he RF frequency range and MD composite
materials withpermittivity close to permeabilitgre preferable for antennapplications.
Therefore the fluoropolymenaterial wa selectecsthe dielectric in thisvork. Between
Ni and Co, Cefluoropolymer showslightly lower effective permittivity and loss than-Ni
fluoropolymer as shown in Figure 2.50 cobaltwas selected as the metal particle. The
cobalt metal particle is also preferable for achieving higher permeability than nickel metal
particle asdiscussedater.

Other design factors such asetal volume fraction and radii of particles that
determine the effective permittivity of Gtuoropolymerhavealsobeenstudied.Figure
2.3 shows the effective permittivity of the composite material as a function obtbhme
fraction of filler. It is observed that the radius of the cobalt particle, a2 is directly
proportional to the effective permittivity. On the other hand, when the oxidized layer, al,
increases, the effective permittivity of the composite materiabdses, as shown in Figure
24. According to these figures, the effective permittivity of the composite is also directly

proportional to the volume fraction of metal filler.
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Figure 2.3. Effective permittivity of 2-layer composite framn (3) with different core radii, a2, whel
the oxidized layer = 10nm.
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Figure 2.4. Effective permittivity of 2 -layer composite from @) with different oxidized layers, al
when a2=20nm.
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Figure 2.5. Electric loss tangent of 2layer composite from @) with different cobalt-oxide layers, al,
when a2=20nm.

Figure 25 shows the electric loss tangent tbb composite materialss afunction of
frequency. It was observebat increasing the cobatiide layer thickness decreases the
electric loss tangent. According to these results, the effective permittivity of MD composite
materials can be managed to desired values by contrdtengnetal volume fraction, size
of the metal core particles, oxidization layer thickness and dielectric constant and loss
tangent of the polymer matrix.

For effective permeability modeling, the most common mixing rules, namely

Bruggemanos e thdosy,avasiusee B, migc is given by:

v, A (g )t

f @:! (7)
m+2 g 142 4p

where L is the intrirsic permeability and Equation)(@an be simplified for ¢ as:
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my = C(] "
(®

The effective permeability of a composite material foious intrinsic permeabilities are
shown in Figure 2.6. The effective permeability shows a direct relationship with the volume
fraction of filler and higher intrinsic permeability results in higher effective permeability

as well.

10 =
-y -
E 8 — =2 ".’
- ’
£ 6 O
Q P
o Kol
o 4 o~ =
= »~ -
6 '." - -
g 2'- v""'.-""—.-
w .--: -
0 1 H 1 1
0 0.2 04 0.6 0.8 1

Volume Fraction of Filler

Figure 2.6. Effective permeability of conposite from (8) with different intrinsic permeabilities.

A high saturation magnieation (Ms) is required to increase the permeability of MD
composite materials. The ideal Ms for cobalt is 162 emu/gm while that for nickel is 58
emu/gm[26], therefore cobalt metal particie better metal candidate than nickel metal
particle for synthaging the MD composite materials.

Reducingmagnetic loss of MD composite materialatsuge challengduringMD

material synthesisThe magnetic losses are attributed to various sources. For large metal
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particles, eddy current losses significantly citmitreto total losses. When the particle size
exceels a critical dimension, domain wadlse formed within the particle. The domain wall
resonance also contributes to los¢esses are further increased as the frequency reaches
the ferromagnetic resonan&VIR) [27]. These losselsom eddy current and domain wall
can be eliminated by reducing the particle size to nanoacaléornanocomposites, the

FMR is related to the &dctive field anisotropyrepresented as [27]:
-9
FMR= Z He 9)

where 0 | gyromageetiaatio and Hr is the effective field anisotropyd magnetic

metal needs to have high effective field anisotropy to increase the resofla@¢eMR is
estimated to reach 4GHz for cobalt nanocomposites while that for mick&@GHz [27].

Based on these modeling results, MD composite material design guidelines can be
provided as summarized in Table 2.

Table 2. MD composite materials design guidelines

Specification Design Guidelines
Higher saturation magnetization (Ms)
Higher filler volume fraction
Nanoparticle
Higher effective field anisotropy
Low permittivity polymer matrix
Moderate filler content
Low loss plymer matrix
Finer particles

High permeability

Low magnetic loss tangent

Reasonable permittivity

Low dielectric loss tangent

According to these guidelines, cobalt nanopartiae beerselectedasthe metalparticle
since it has high saturation magnetization and high effective field anisowvbpg

fluoropolymer is selected for dielectric polymercause it has low dielectric constant

17



low loss. A particle sizef 20~30 nm with a reasonable volume fraction of 3f%igher

is desired

2.3 Magneto-Dielectric Composite  Material Synthesis and

Characterization

The magnetalielectric material investigatl in this thesiss basedon the metapolymer
compositeghathasbeen synthesized by the Packaging Research Center (PRC) at Georgia
Tech. The MDmaterial is synthesized by combining nasiped cobalt metal particlés a
fluoropolymer matrixThis MD conposite material is a ferromagnetic material which is a
permanent magnetic material without the external H fidldbropolymer has been selected
since it has a low dielectric constant as well as low electrictéoggent which can help
antenna performanceMagnetic nanocomposites provide several advantages for RF
antenna applicatiasuch asa) low eddy current and domain wall les§rom nanoscale
particle size andb) high frequencystability because of various contributions from
magnetic anisotropies thanhance the ferromagnetic resonance frequency (FMR). They
also show enhanced permittivity with low loss for further antenna miniaturization and
performance enhancement. They suffer, however, from several limitations which result in
suppression of permeitity and enhanced damping, leading to teglosses over a broad
frequency rangg27].

The synthesis process followed in this thesis is based ongelspiocess where
oxidized cobalt nanoparticlesemilled with fluoropolymer to create a paskgure 2.7
shows a flow chart of the material synthesis and sample preparation pideepartially
oxide-passivated cobalt nanoparticles were obtainedrasggregated hard metal. The

aggregated cobalt particlese broken down to their primary particle s& of about
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20~30nm using a baithilling process.The received metal powders were suspended in

anhydrous toluene solvent and milled forZI®hours with zirconia balls to break the

Oxide Passivation layer

Hard aggregates of oxidized
Cobalt nanoparticles

Metal core (Co) Mixing nanoparticles + Solvent + Dispersant + polymer
Ball Milling

Nanocomposite Suspension
Dispersed nanoparticles in polymer and solvent

Ball Milling
Drying in Nitrogen oven

!

@ @ Dried polymer coated
@ Metal nanoparticles

l Mechanical Pressing

Dried
powder

Porosity

Pressed
Nanocomposite

Figure 2.7. Process steps to synthesize MD material.

19



aggregates. The ALX fluoropolymer was then added to the suspensionillttagain
for 4-6 hours to ensure complete homogenization of the polymer and the metal particles.
The final polymeimetal slurry was dried into a powder at38for 30 minutes in a nitrogen
atmosphere. The dried mefalymer composite powder was comigt using a
mechanical hydraulic presSeveral samplewere fabricated with different mixtuseof
contents to demonstrate their effect on material properties. The characterization method
used to extract thelectric propertiesof the synthesized MD mateai is described in
Chapter 3.

After material synthesis, the morphology and crystal struetere characterized
through Xray Diffraction (XRD) (Philips 1813 diffractometer) and Transmission Electron
Microscopy (TEM) (TEM 100CX) to confirm the nanostruety27]. The XRD spectrum

of cobalt nanoparticles embedded in the polymer matrix is showigumne 2.8

86000

(111)

85000

54000

93000

(200)

Intensity

92000

91000

90000

30 35 40 45 50 55 60

26
Figure 2.8. XRD spectrum of cobaltpolymer nanocomposites [27].
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This spectrum indicates thtkte average crystallite size is 25~30 nm for cobalt particles.
The peak matched witthe (111), (200) and (220) plaseof facecentereecubic (fcc)
metallic cobalt. A weak peak at 38°corresponds to cobalt oxideitmdlicates a thin
oxidized layeron the metal core. The size of the cobalt nanoparticlescasstent with

the TEM imageshown in Figure 2.9

Figure 2.9. (a) and (b) TEM images of cobalt nanoparticles in cobalpolymer nanocomposites [26].

The fne spherical cobalt nanoparticles were dispersed well in a polymer matrix and
compacted to form a nanmmposite, as shown in Figure 2&). Certain leva of particle
agglomeratiorarealso observed from Figure 28).

The hysteresis curve was measuseith a vibration sample magnetometer (VSM)
(Lakeshore 736 Series) to obtain the effective saturation magnetization (Ms) andtyoerci

as shown in Figure 2.10 [R7
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Figure 2.10. VSM measurements of hysteresisurve for cobalt-polymer nanocomposites [27].

The coerciviy of 800 Oe and Ms of 70 emuAgere measured form the VSM measurements.
The theoretical Ms of a nanocomposite with 90 wt.®&ahis approximately 144 emu/g
and this indicates that approximately 50 wt.% of the powder weight is converted to cobalt
oxide that does not contribute to the Ms. The cobalt oxide shell provide demeedits by
acting as an insulating passivation thegvents eddy current losses |27

Pulugurtheet al. in [26] have showipermeabilityand magnetic loss measurements
of nanocomposite using various |sz¥ cobalt particls, as shown in Figure 2.1WWhen
the size of the cobalt is 28) nm, the nanocomposite shenha stable response while 100

nm Ni nanoparticle composite shedvan unstable responsas frequency increased
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Therefore, Co nanapticle is a good candidate foomposite materigspeciallyat higher

frequencies where stability of the material properties is desired
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Figure 2.11. Effect of metal nanoparticle size on hanocomposite (a) permeability, (b) magnetic lo

2.4 Summary

This chapter presentiesign guidelines anal material synthesisrocedurdo realize MD
composite material using metatpolymer compositesX-ray Diffraction (XRD) and

Transmission Electron MicroscopyTEM) have been used to characterize the
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microstructure of synthesized magnetielectric materiad using cobakfluoropolymer.

The average size of the cobalt nanoparticle is 25~40 nmeantts from XRD and TEM
showed goodorrelation. Hysteresis cursasing Vibration Sample Magnetometer (VSM)
have been measured to obtain the saturation magnetization (Ms) of the MD composite
materiak. The motivation for using cobalt nanoparticles in the nanocomposite arises from
their sugerior effective field anisotropy and high saturation magnetization which directly
relake to the frequency stability [26The Conanoparticlegan enhance the ferromagnetic
resonance (FMR) wittheir high Ms propertyThec o mbi nat i on of vBr uggen
medium model antheSihvola and Lindell model were used to understand the role of metal
particle size, oxide passivation and volumactiron of metal fillerfor determining the
material propertiesThrough theoretical modeling,is shown that materigroperties ok

cobaltfluoropolymercompositecan be predicted and controlled.
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CHAPTER 3

CHARACTERIZATION OF MAGNETO -DIELECTRIC
MATERIAL

3.1 Introduction

This chapter presents the achcterization method of MRomposite material MD
materials have to be realizédough material synthesis where magnetic metal particles are
combined with dielectric materials, since they are not available readily in nature. As new
composites are synthesized aidce antenna response is determined by the frequency
dependent propérte s (U6, U0, €6 and €0) of the mate
is required to exact them. It is challengingp differentiate electric properties from
magnetic properties during extraction. Conventional mettwméechieve this taslypically
usetwo different structuregl?7], [18]. One of them is mostly sensitive to the e in
electric properties while the other structure is sensitive to the change ietiogyoperties
of the material

A novel material characterization method whiclb@sed a a cavity peturbation
technique (CPT) witlasubstrate integrated waveguide (SIW) cavity resonafmrdsented
for extracting theproperties of MD material Throughout the simulations and
measurement, ihas beerdemonstrated thahis method can exica both electric and
magnetic propeigs with a single SIW structurg&ffect of both metal loading and material
densityarediscussed in this chapter. In additiamanalysis of the anisotropic property of

composite materialalong with details of sampkzearedescribed in this chapter.
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3.2 Cavity Perturbation Technique (CPT)

The CPT material characterization method has been widely used for extracting
electromagnetic properties of various materials. It works well for the measurement of low
loss and mediurioss materials, however, this method is less useful for extremellpksv
samples 28]. This method is effective for MD material characterization since MD
composite materialusually showmoderate loss in the RF frequency band of intefiest
apply the caity perturbation technique for material characterization, a sample with

permittivity, , and permeability », is inserted into the cavity as shown in Figure 3.1.

Cavity

/

(a) (b)

Figure 3.1. Small material perturbation (a) Original cavity and (b) perturbed cavity.

As the sample is introduced into a resonator, the properties of the sample can be
extracted from changes in the resonant frequency and quality factor of the resonatbr cause
by the sample. The fundamental expression of CP28js [

ot ﬁs(DeEz('fEI + Di, ré})dv
L RleEE M, )av

(10

with
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De =g -, (11)

De =m -m (12)

wheref; andf, are theresonant frequencies before and after the introduction of thglesa
as shown in Figre 3.1 In (11) and (R), U an d, até the complex permittivities of the
original medium in the cavity and sample respectivalyh d a B & are the complex
permeabilities of the original medium in the cavity and sample respectively. Likewise, E
and E are the electric fields ithe cavity before and after perturbatiand H and H are
the magnetic fields in the cavity before and after perturbatspectively. In10), Vc and
Vs are the volumes of the cavity and sample respectively.

For a complex permittivity measurement,etfsample is introducedt a location
where the electric field is maximum in the cavity. Fr@®|][ Equation(10) can be rewrien

asamodified CPT formulae as

AeNv. af-f @
ot oA (13)
(; =

S S

e =

BV é .2 . R _ 6 . .
ez Db £132°Q ga el
Vs ¢ €l ¢ QsQo + Fl

(14)
whereUsa n ds cdiréspond tdhe real and imaginaryars of the permittivity of the
sample, respectivel{j;& n d; arétiereal and imaginary parof therelative permittivity
of cavity mediumrespectively Qo and Q are the quality factors of the emputgvity and
the cavity with theloaded sample respectivelgndf, and £ are the resonant frequencies
before and after the sample perturbation, respectivel\t3)afid (4), constants A and B

are obtained through calibration using a standard samplé&mothin permittivity.
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Similarly, for complex permeability measuremgrnthe sample is inserted where
the magnetic field is maximum in the cavity add)(and (6) can be used for calcuiag

the complex permeability2f].

cv.af-f 0

M=t b, (15)
s C s -
DV,aQ - Q ¢

A D % (16)
Vs C QsQo x

wheree éa n dsaretliereal and imaginary parof the permeability of thénsertedsample
respectively Constants C and D in equationkb) and (6) are also obtained from the

measurement of standard samplth knownpermeability

3.3 Substrate Integrated Waveguide (SIW) Cavity Design and Simulation

SIWtechnology was used to fabricate the cavity for CPT measurerménSIW has been
realized using a planar substrate and it has been used to nteasmm@plex permittiviy
of liquid and dielectric materials in $ and [30] with the advantage of obtaining high
accuracy from high quality factor, low profile and minimum radiation effect. Irctiapter
this method has been extended for measuyatg complex permittivityand permeability
of MD compositemaerialsfor the first time A cavity resonatowith SIW technology is

designed as shown in Figure 3.2.
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Figure 3.2. Details of SIW cavity resonator (a) perspective view, (b) top view and (c) corn¢o-corner
probing.

The resonant frequency thfe TEmoxk mode in a SIW cavity is given by 3P

(0]
f, = + , (a7
2\/ eri C eff g T‘%

wherec is he speed of light in free spadéiéa n d. are the relative permittivity and
permeability ofthe SIW substrate medium respectively, and m, k are operation mode
numbers. Wk and Lest represent the effective width atfie effective length of the cavity
respectively. Vias, with radius aye used as the via fence with a spacing, d. The effective

width and length Wk and Lets are given by [9]:

4r?
W =W 095’ (18)
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