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SUMMARY

A global trend in the mobile device industry is toward smaller, lighter, and thinner
devices. These popular demands have led to the miniaturization of components in a mobile
system. The size of the antenna occupies a large part in mobile devices. Mobile devices
these days are required to have multiple antennae in one device to cover multiple frequency
ranges such as GSM, LTE, WiMAX, WLAN or Wi-Fi. Thus, small antennae with good
performance are necessary to meet these demands.

However, decreasing antenna size is very challenging. Not only the antenna
dimension is mainly determined by the electrical wavelength, but also the antenna
performance is bounded by fundamental limits depending on the size. In this dissertation,
magneto-dielectric material, which has both permittivity and permeability greater than
unity, has been applied to address the miniaturization challenge. The magneto-dielectric
material has captured the interests of antenna designers since this material can reduce the
antenna size without deteriorating the antenna’s performance significantly. Despite its
ability, these materials are not readily available in nature and have to be synthesized by
mixing magnetic metal particles with dielectric materials. These synthesized magneto-
dielectric composite materials have frequency-dependent permittivity and permeability
which determine the antenna performance. Therefore, an accurate method for magneto-
dielectric material characterization is needed after material synthesis.

The objective of this dissertation is to develop a material characterization method
for magneto-dielectric composite material, and to investigate RF antenna designs using the

magneto-dielectric material for different applications. A novel characterization method has

XVi



been introduced in this dissertation, and it has been demonstrated through theories,
simulations and measurements that it can be used to extract both electric and magnetic
properties of the magneto-dielectric material using a single structure. Several antenna
designs and configurations on the magneto-dielectric material substrate are discussed, and
compared in terms of their performance with other antennae on high dielectric constant
material and conventional FR-4 material substrate. An antenna on magneto-dielectric
material shows better antenna performance than antenna on high dielectric constant
material assuming the two have same antenna size and total material loss. In addition, the
size of antenna on the magneto-dielectric material compared to the one on FR-4 material
was significantly reduced. In this dissertation, the effect of magnetic loss characteristics on
Specific Absorption Rate (SAR) reduction was also investigated. It has been shown that
the natural loss characteristics of the magneto-dielectric material can help reduce the SAR
of the antenna with no extra structures. Throughout this dissertation, the advantages of
utilizing magneto-dielectric material on antenna miniaturization provide a step 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, hand-held mobile devices have become indispensable goods in
the life of modern people. Living patterns have rapidly changed with the emergence of
smartphones. Consumers can access the Internet in mostly any place along with the
development of wireless communication technologies such as cellular communications
(3G or LTE) and Wireless Local Area Networks (WLANS). Increasing demands for smaller
and thinner mobile devices with a longer battery life and multi-functions have been pushing
engineers to achieve integration and miniaturization of multiple parts in systems.

Antenna size is a major obstacle for reducing the overall size of a mobile device
since the antenna size is governed by the electrical wavelength. Some mobile devices have
multiple antennae in 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 antennae
with good performance are necessary. Antenna miniaturization is very challenging because
the antenna performance such as radiation efficiency, bandwidth and gain are limited by
the antenna size [1]. These values are directly proportional to the size of antenna. Several
methods have been introduced in the literature to reduce the antenna size and these can be
separated into two categories. The first category includes the techniques that modify and

optimize the antenna geometry to design small antennae. The second category includes the



techniques that load the antenna with high refractive index (n=(erjt)*) material where &

and | are relative permittivity and permeability respectively.

Coaxial probe
Shortcut

(d)

Figure 1.1. Examples of antenna miniaturization technique based on the shaping geometry (a)
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 most extensively
used technique in antenna miniaturization and many shaping approaches have been
considered [2]. Shaping geometry of antenna includes bending, folding, meandering and
cutting. Meander line antennae, which reduce the area of antenna by meandering the
current path [3], are widely used in many RF applications as shown in Figure 1.1 (a).
Cutting slot in the metal patch also increases the current path and results in decreasing the
resonant frequency of antenna, as shown in Figure 1.1 (b) [4]. Lumped elements of

capacitor and/or inductor can also reduce the antenna size and help to increase the



bandwidth, as shown in Figure 1.1 (c) [5]. Placing a shorting pin next to the feed on planar
inverted-F antenna (PIFA) is another technique for reducing the antenna size, as shown in
Figure 1.1 (d). PIFA is usually a quarter wavelength resonant antenna, however, its size
can be reduced further by properly positioning the shorting pin or folding the patch into
multiple layers [2]. These techniques in the first category, however, require a lot of
iterations to design the antenna, and the result is a long 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,
A, is inversely proportional to the refractive index value as:

A= (1)

fen,

where c is the speed of light and f; is the resonant frequency of the antenna. The material
property can determine the size of the antenna for a given resonant frequency. High
dielectric constant material for antenna substrate or superstrate has been used for antenna
miniaturization in the literature [6]-[8]. Increasing the relative permittivity of the substrate
material, however, suffers from narrow bandwidth and low efficiency. These
disadvantages are derived from the fact that the electric field remains in the high
permittivity region and does not radiate. The low characteristic impedance in the high
permittivity medium results in a problem for impedance matching as well [9].

On the contrary, magneto-dielectric (MD) materials, which have & and  greater
than one, can reduce the antenna size with better antenna performance compared to the
antenna on a high dielectric constant material [10]. According to the work of Hansen and
Burke in [11], properly increasing the relative permeability leads to efficient size reduction

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



Niamien et al. in [12] proposed closed-form formulae for calculating the radiation
efficiency and bandwidth of the patch antenna over lossy MD material using the 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 materials have been introduced in [13]-[16] and it was
observed that the antenna size was reduced without losing the radiation efficiency and
bandwidth of the antenna. These MD materials have therefore raised hope for antenna
miniaturization without deteriorating antenna performance.

MD materials are not available readily in nature and they need to be realized
through material synthesis. An accurate material property characterization method is
necessary for the synthesized MD material since the antenna response is affected by the
frequency dependent permittivity and permeability of the material. Both permittivity and
permeability are complex numbers, which can be expressed as:

g =& —je",

M= p =i @
Separating the dielectric properties from the magnetic properties during measurements is
challenging, and these MD material properties can be extracted using some conventional
methods, as shown in Figure 1.2. Two different structures have been used to solve the
challenge in [17], [18]. One of the two structures is mostly sensitive to the change in
dielectric properties while the other is sensitive to changes in magnetic properties. The
method discussed in [17] uses a commercially available impedance analyzer connected to
a material fixture as shown in Figure 1.2 (a). A circular disk sample is used for the

permittivity measurement, and a toroid shape sample is used for the permeability

measurement. This method can give accurate MD material properties. It requires, however,
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Figure 1.2. Examples of conventional material characterization methods (a) Impedance analyzer
method, (b) Two structures method and (¢) NRW method.

two different shape samples, and it can only measure up to a frequency of 1GHz. Altunyurt
et al. in [18] also used the method with two different structures to extract the electric and
magnetic properties of MD material, as shown in Figure 1.2 (b). MD material was used as
the substrate of the parallel plate cavity resonator, which was used for the permittivity
measurement, and a strip inductor was used for the permeability measurement. Another
common method for material property measurement is called Nicolson-Ross-Weir (NRW)
method [19]. This method is based on the S-parameter measurements of a loaded
rectangular or circular waveguide as shown in Figure 1.2 (c). The normal reflection and
transmission coefficients are measured with a sample located inside of the waveguide. The
dielectric and magnetic properties of the sample is calculated using these coefficients.
These methods, however, require machinable solid materials or a large amount of MD
material sample to fabricate the substrate. As a result, accurate and simpler material
characterization methods are required.

For antenna miniaturization, the MD material needs to have high and stable

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



materials using ferrites/hexaferrites and their composites with polymer have been
characterized for RF antenna applications [20]-[23]. Shin et al. have designed a monopole
antenna using ferrite for 700 MHz LTE band [20]. The antenna showed a low radiation
efficiency of 27.9% due to the high magnetic loss of 0.189. Y-type hexagonal ferrites with
glass or polymer have been used to realize MD material in [21] and [22]. These MD
composites showed permeability of ~2 with low magnetic loss at 0.8 ~ 1GHz. With this
low loss, antennae in [21] and [22] showed improved radiation efficiencies of 43 and 65%
respectively. Park et al. in [24] used a MD composite by blending ferrite powder and epoxy
which showed permeability of 1.56 with loss of 0.035 at 800MHz. Around 47 - 82%
radiation efficiency was measured over the frequency band of 748 — 960MHz. The high
radiation efficiency can be due to small refractive index and low loss but it is not good for
reducing antenna size. The thickness of MD composite materials were 3mm which is too
thick for mobile devices. Therefore, antenna designs on thinner MD composite material
with reasonable antenna performance are required. The MD material properties and

antenna performance discussed in [20]-[23] are summarized in Table 1.



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

e - . Radiation
. Permittivity Permeability Gain o
Material (er/tande) (L/tansm) Frequency (dBi) Effl(((:)/loe)ncy Year
Ferrite 3.29/ 2.01/ 2010
compound  0.027 0189  /SWMHz 51 219 [20]
Y-type
hexagonal 12.7/ 2.1/ 2012
ferrite +  0.0065 0.0474  S00MHz ~-0.03 43 [21]
glass
Y-type
hexagonal 5.07/ 2.01/ 65 2014
ferrite +  0.004 0.03 IGHz  NIA  (qimulation)  [22]
polymer
Ferrite + 4.18/ 1.56/ 748 — 960 512 82 2014
epoxy 0.022 0.035 MHz ' [23]

1.2 Contributions

The major contributions of the dissertation are the following:

1) Characterization of magneto-dielectric composite materials using a cavity
perturbation technique with substrate integrated waveguide cavity resonators.

2) Development of a causal model for capturing the extracted magneto-dielectric
properties from the proposed material characterization method.

3) Design and fabrication of planar inverted-F antenna on magneto-dielectric material
substrate and analysis of antenna performance comparing antennae on different
substrate.

4) Analysis of the reduction of specific absorption rate using magneto-dielectric

materials for RF antenna applications.



1.3 Organization of the Dissertation

The rest of this dissertation is organized as follows: Chapter 2 describes magneto-dielectric
material synthesis, and composite mixing rules to predict the electric and magnetic
properties of synthesized composite materials. In Chapter 3, the cavity perturbation
technique with a substrate integrated waveguide cavity resonator to extract material
properties of the synthesized MD samples is presented. A fitting model for the measured
MD material properties is developed and Kramers-Kronig relations are used to demonstrate
the causality of the model in Chapter 4. Chapter 5 discusses antenna designs using
magneto-dielectric material, and also the analysis of specific absorption rate for magneto-
dielectric material based antenna is discussed. Finally, summary and conclusions of this

dissertation are presented in Chapter 6.



CHAPTER 2

MAGNETO-DIELECTRIC COMPOSITE MATERIAL
SYNTHESIS AND ANALYSIS

2.1 Introduction

This chapter presents a material synthesis procedure for realizing magneto-dielectric
materials for RF antenna applications. Mixing rules that can estimate permittivity and
permeability of the composite material from its components are described to find the right
mixture of components for effective antenna miniaturization. As described in Chapter 1,
materials with a relative permeability larger than one can offer better promise in antenna
miniaturization than materials with a high dielectric constant only. In recent years,
engineered metamaterials, which consist of periodic structures, have been used to obtain
relative permeability greater than one. The metamaterials, however, suffer from undesired
performance such as narrow bandwidth, and require extra substrate layers which make it
bulky and oppose the miniaturization goal.

Researchers have been studying magneto-dielectric material synthesis to achieve
the desired values of permittivity and permeability to achieve the goal of antenna size
reduction without deteriorating antenna performance. In this chapter, first principles
describing the methodology used for MD material synthesis are presented. A combination
of mixing theories and models are used to find the correct mixture of composite material
components in order to maximize the advantages of MD material usage for 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 dielectric materials. In this chapter, nickel and cobalt were
considered for the magnetic material and epoxy and fluoropolymer were considered for the
dielectric materials. This section discusses how the right mixture of candidate 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 permeability and reasonable permittivity.
In addition both electric and magnetic loss of the MD composite material should be low as
possible. The properties of composites from their individual components can be predicted
using “Effective Medium Theories” (EMTs) or mixing rules. These models can be used to
estimate permittivity and permeability of MD composite materials containing metal and

dielectric materials.

Dielectric material

Magnetic metal
Porosity

Medium m = Dielectric Material

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

Figure 2.1. Geometry of (a) two-layer particle and (b) composite structure.
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For the effective permittivity prediction, Sihvola and Lindell’s mixing rule for an
N-layer spherical filler particle, in which the Rayleigh mixing formula is generalized to
deal with layered filler particles, can be used [24]. As shown in Figure 2.1 (a), the metal-
dielectric material system was considered as a two-layer particle. The nano-sized metal
particle is encapsulated with the metal-oxidation layer and it is mixed in a dielectric
material, as shown in Figure 2.1 (b). Sihvola and Lindell’s mixing rule for 2-layers can be

expressed as:

£y —E, _v, (e,—¢,)+(2¢6,+¢,)-9,(¢.,a) ie[L2] 3)
&4 +28, (51+25m)+(251—5m)‘92(5wai)

where Vi is the volume fraction of metal filler and

(5-4) &3
g“<ez+za>(a1j | @

This equation can be simplified for &eff as:

e, (1+2A)

Far = (1-A) )

where A is the right-hand term in Equation (5). To estimate the permittivity of the metal
particle (e2), a Drude model was used as:

g =1-j—, 6)
we,

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

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

combination that satisfies the material design specifications. Conductivity of Ni and Co
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were assumed as 50 and 79 S/m and permittivity of nickel-oxide and cobalt oxide were
assumed as 12 and 10, respectively. Permittivity of epoxy and fluoropolymer were
estimated as 4 and 2 respectively. Loss tangent of the epoxy and fluoropolymer are around
0.011 and 0.005 respectively and they were assumed to be constant with frequency. Figure
2.2 shows the predicted effective permittivities and electric loss tangents of the four metal-

dielectric material combinations.
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E S A A S S S S S S S S O S S e e O e . —
DBOBOBOBOBOBOBOBOBOBOBNBOBOBOBOBOBOBONOEK
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Frequency (GHz)

(b)

Figure 2.2. MD composite materials modeling (a) effective permittivity and (b) electric loss tangent.
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Composite materials using the fluoropolymer shows lower effective permittivity and loss
tangent than composite materials using epoxy, as shown in Figure 2.2. MD composite
materials used show a permeability of ~2 in the RF frequency range and MD composite
materials with permittivity close to permeability are preferable for antenna applications.
Therefore the fluoropolymer material was selected as the dielectric in this work. Between
Ni and Co, Co-fluoropolymer shows slightly lower effective permittivity and loss than Ni-
fluoropolymer, as shown in Figure 2.2. So cobalt was selected as the metal particle. The
cobalt metal particle is also preferable for achieving higher permeability than nickel metal
particle, as discussed later.

Other design factors such as metal volume fraction and radii of particles that
determine the effective permittivity of Co-fluoropolymer have also been studied. Figure
2.3 shows the effective permittivity of the composite material as a function of the volume
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 material decreases, as shown in Figure
2.4. 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 from (3) with different core radii, a2, when
the oxidized layer = 10nm.
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Figure 2.4. Effective permittivity of 2-layer composite from (3) with different oxidized layers, al,
when a2=20nm.
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Figure 2.5. Electric loss tangent of 2-layer composite from (3) with different cobalt-oxide layers, al,
when a2=20nm.

Figure 2.5 shows the electric loss tangent of the composite materials as a function of
frequency. It was observed that increasing the cobalt-oxide 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 controlling the metal 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

Bruggeman’s effective medium theory, was used [25], which is given by:

Ha = Hes +(1—Vf) 1_/ueff

\%
f ﬂa + 2/ueff 1+ 2/ueff

=0, (7)

where |k is the intrinsic permeability and Equation (7) can be simplified for e as:
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Uy = X+ /XZ +%,
(8)

Vs, =Ny —p, +2
2 .

X =

The effective permeability of a composite material for various 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.
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Figure 2.6. Effective permeability of composite from (8) with different intrinsic permeabilities.

A high saturation magnetization (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 particle is better metal candidate than nickel metal
particle for synthesizing the MD composite materials.

Reducing magnetic loss of MD composite materials is a huge challenge during MD

material synthesis. The magnetic losses are attributed to various sources. For large metal
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particles, eddy current losses significantly contribute to total losses. When the particle size
exceeds a critical dimension, domain walls are formed within the particle. The domain wall
resonance also contributes to losses. Losses are further increased as the frequency reaches
the ferromagnetic resonance (FMR) [27]. These losses from eddy current and domain wall
can be eliminated by reducing the particle size to nanoscale and for nanocomposites, the

FMR is related to the effective field anisotropy, represented as [27]:

FMR=-"2H,,, (9)
27

where vy is the gyromagnetic ratio and He is the effective field anisotropy. A magnetic
metal needs to have high effective field anisotropy to increase the resonance. The FMR is
estimated to reach 4GHz for cobalt nanocomposites while that for nickel it is 2GHz [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)

High permeability Higher filler volume fraction

Nanoparticle

Low magnetic loss tangent Higher effective field anisotropy

Low permittivity polymer matrix

Reasonable permittivity Moderate filler content

Low loss polymer matrix

Low dielectric loss tangent ) .
Finer particles

According to these guidelines, cobalt nanoparticle has been selected as the metal particle
since it has high saturation magnetization and high effective field anisotropy while

fluoropolymer is selected for dielectric polymer because it has low dielectric constant and
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low loss. A particle size of 20~30 nm with a reasonable volume fraction of 30% or higher

is desired.

2.3 Magneto-Dielectric Composite Material Synthesis and

Characterization

The magneto-dielectric material investigated in this thesis is based on the metal-polymer
composite that has been synthesized by the Packaging Research Center (PRC) at Georgia
Tech. The MD material is synthesized by combining nano-sized cobalt metal particles in a
fluoropolymer matrix. This MD composite material is a ferromagnetic material which is a
permanent magnetic material without the external H field. Fluoropolymer has been selected
since it has a low dielectric constant as well as low electric loss tangent which can help
antenna performance. Magnetic nanocomposites provide several advantages for RF
antenna applications such as: a) low eddy current and domain wall losses from nanoscale
particle size and b) high frequency-stability because of various contributions from
magnetic anisotropies that enhance 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 permeability and enhanced damping, leading to higher losses over a broad
frequency range [27].

The synthesis process followed in this thesis is based on a sol-gel process where
oxidized cobalt nanoparticles are milled with fluoropolymer to create a paste. Figure 2.7.
shows a flow chart of the material synthesis and sample preparation process. The partially-
oxide-passivated cobalt nanoparticles were obtained as an aggregated hard metal. The

aggregated cobalt particles are broken down to their primary particle sizes of about
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20~30nm using a ball-milling process. The received metal powders were suspended in

anhydrous toluene solvent and milled for 10-15 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.
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aggregates. The ALX fluoropolymer was then added to the suspension and milled again
for 4-6 hours to ensure complete homogenization of the polymer and the metal particles.
The final polymer-metal slurry was dried into a powder at 80 <C for 30 minutes in a nitrogen
atmosphere. The dried metal-polymer composite powder was compacted using a
mechanical hydraulic press. Several samples were fabricated with different mixtures of
contents to demonstrate their effect on material properties. The characterization method
used to extract the electric properties of the synthesized MD material is described in
Chapter 3.

After material synthesis, the morphology and crystal structure were characterized
through X-ray Diffraction (XRD) (Philips 1813 diffractometer) and Transmission Electron
Microscopy (TEM) (TEM 100CX) to confirm the nanostructure [27]. The XRD spectrum

of cobalt nanoparticles embedded in the polymer matrix is shown in Figure 2.8.
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Figure 2.8. XRD spectrum of cobalt-polymer nanocomposites [27].
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This spectrum indicates that the average crystallite size is 25~30 nm for cobalt particles.
The peak matched with the (111), (200) and (220) planes of face-centered-cubic (fcc)
metallic cobalt. A weak peak at 38<corresponds to cobalt oxide and it indicates a thin
oxidized layer on the metal core. The size of the cobalt nanoparticles are consistent with

the TEM images shown in Figure 2.9.

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

The fine spherical cobalt nanoparticles were dispersed well in a polymer matrix and
compacted to form a nanocomposite, as shown in Figure 2.9 (a). Certain levels of particle
agglomeration are also observed from Figure 2.9 (b).

The hysteresis curve was measured with a vibration sample magnetometer (VSM)
(Lakeshore 736 Series) to obtain the effective saturation magnetization (Ms) and coercivity,

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

The coercivity of 800 Oe and Ms of 70 emu/g were measured form the VSM measurements.
The theoretical Ms of a nanocomposite with 90 wt.% metal is 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 several benefits by
acting as an insulating passivation that prevents eddy current losses [27].

Pulugurtha et al. in [26] have shown permeability and magnetic loss measurements
of nanocomposite using various sizes of cobalt particles, as shown in Figure 2.11. When
the size of the cobalt is 25-40 nm, the nanocomposite showed a stable response while 100

nm Ni nanoparticle composite showed an unstable response as frequency increased.
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Therefore, Co nanoparticle is a good candidate for composite material especially at higher

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

2.4 Summary

This chapter presents design guidelines and a material synthesis procedure to realize MD
composite materials using metal-polymer composites. X-ray Diffraction (XRD) and

Transmission Electron Microscopy (TEM) have been used to characterize the
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microstructure of synthesized magneto-dielectric materials using cobalt-fluoropolymer.
The average size of the cobalt nanoparticle is 25~40 nm and results from XRD and TEM
showed good correlation. Hysteresis curves using Vibration Sample Magnetometer (VSM)
have been measured to obtain the saturation magnetization (Ms) of the MD composite
materials. The motivation for using cobalt nanoparticles in the nanocomposite arises from
their superior effective field anisotropy and high saturation magnetization which directly
relate to the frequency stability [26]. The Co nanoparticles can enhance the ferromagnetic
resonance (FMR) with their high Ms property. The combination of Bruggeman’s effective
medium model and the Sihvola and Lindell model were used to understand the role of metal
particle size, oxide passivation and volume fraction of metal filler for determining the
material properties. Through theoretical modeling, it is shown that material properties of a

cobalt-fluoropolymer composite can be predicted and controlled.
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CHAPTER 3

CHARACTERIZATION OF MAGNETO-DIELECTRIC
MATERIAL

3.1 Introduction

This chapter presents the characterization method of MD composite materials. MD
materials have to be realized through material synthesis where magnetic metal particles are
combined with dielectric materials, since they are not available readily in nature. As new
composites are synthesized and since antenna response is determined by the frequency
dependent properties (¢’, €”, W’ and p”) of the material, an accurate measurement method
is required to extract them. It is challenging to differentiate electric properties from
magnetic properties during extraction. Conventional methods to achieve this task typically
use two different structures [17], [18]. One of them is mostly sensitive to the change in
electric properties while the other structure is sensitive to the change in magnetic properties
of the material.

A novel material characterization method which is based on a cavity perturbation
technique (CPT) with a substrate integrated waveguide (SIW) cavity resonator is presented
for extracting the properties of MD materials. Throughout the simulations and
measurement, it has been demonstrated that this method can extract both electric and
magnetic properties with a single SIW structure. Effect of both metal loading and material
density are discussed in this chapter. In addition, an analysis of the anisotropic property of

composite materials along with details of sample size are described 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 medium loss materials, however, this method is less useful for extremely low-loss
samples [28]. This method is effective for MD material characterization since MD
composite materials usually show moderate loss in the RF frequency band of interest. To
apply the cavity perturbation technique for material characterization, a sample with

permittivity, €2, and permeability, 2, 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 resonator caused

by the sample. The fundamental expression of CPT is [28]:

£t :_J'VS(AEEZ‘Ef+AyH2on)dV 0
f, ch(glEz-ﬁ+MH2-Hf)dV '

with
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As=¢,—¢, (11)

A=, =, (12)
where f1 and f, are the resonant frequencies before and after the introduction of the sample,
as shown in Figure 3.1. In (11) and (12), &1 and & are the complex permittivities of the
original medium in the cavity and sample respectively, and ui and po are the complex
permeabilities of the original medium in the cavity and sample respectively. Likewise, E1
and E; are the electric fields in the cavity before and after perturbation, and H; and H; are
the magnetic fields in the cavity before and after perturbation, respectively. In (10), V¢ and
Vs are the volumes of the cavity and sample respectively.

For a complex permittivity measurement, the sample is introduced at a location
where the electric field is maximum in the cavity. From [29], Equation (10) can be rewritten

as a modified CPT formulae as:

&l = AR R +er, (13)
VS fS
2 "2 _ ran
o= BV, [ & +¢& " | Q,—Q, L Ebr | (14)
VS glt QSQO gr”

where €’s and €”s correspond to the real and imaginary parts of the permittivity of the
sample, respectively; €’ and € are the real and imaginary parts of the relative permittivity
of cavity medium, respectively; Qo, and Qs are the quality factors of the empty cavity and
the cavity with the loaded sample respectively; and f, and fs are the resonant frequencies
before and after the sample perturbation, respectively. In (13) and (14), constants A and B

are obtained through calibration using a standard sample with known permittivity.
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Similarly, for complex permeability measurements, the sample is inserted where
the magnetic field is maximum in the cavity and (15) and (16) can be used for calculating

the complex permeability [28].

, CV [ f,—f,
:us - VS ( fs J—i_l’ (15)
" DV, Q _Q
— c 0 s ’ 16
H= (—QSQO j (16)

where u’s and p”’s are the real and imaginary parts of the permeability of the inserted sample
respectively. Constants C and D in equations (15) and (16) are also obtained from the

measurement of standard sample with known permeability.

3.3 Substrate Integrated Waveguide (SIW) Cavity Design and Simulation

SIW technology was used to fabricate the cavity for CPT measurements. The SIW has been
realized using a planar substrate and it has been used to measure the complex permittivity
of liquid and dielectric materials in [29] and [30] with the advantage of obtaining high
accuracy from high quality factor, low profile and minimum radiation effect. In this chapter,
this method has been extended for measuring both complex permittivity and permeability
of MD composite materials for the first time. A cavity resonator with 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) corner-to-corner
probing.

The resonant frequency of the TEmokx mode in a SIW cavity is given by [29]

_C m 2 K 2
IR

where c is the speed of light in free space, ¢’r and p’r are the relative permittivity and

permeability of the SIW substrate medium respectively, and m, k are operation mode
numbers. Wess and Lesr represent the effective width and the effective length of the cavity
respectively. Vias, with radius r, are used as the via fence with a spacing, d. The effective
width and length Wess and Lesr are given by [29]:

4r?
W, =W — , 18
eft 0.95d (18)
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4r?

L, =L— . 19
el 0.95d (19)

The resonators are excited at one of the maximum positions of the electric field in
the cavity. A corner-to-corner probing method is applied for the excitation. As shown in
Figure 3.2 (b) and (c), a square patch with length ‘a’ is patterned on the top plane with a
gap and the signal tip of a Ground-signal-ground (GSG) probe is placed on the corner of
the square patch with ground tips of the GSG probe on either side of the top plane. The
corner-to-corner probing enables the excitation of the TEmok mode in the cavity. The size
of the gap is determined by the pitch of the GSG probe and the length ‘a’ is optimized to
maximize matching at resonance for the individual resonators. The SIW cavities can be
designed with either the TE102 or TE103 resonant mode, where the TE102 mode can be used
to measure material properties in the low frequency range since it can reduce the dimension
of cavity resonator. Figure 3.3 and 3.4 show electric and magnetic field distributions of the
SIW cavity at 1.5GHz with the TE102 resonant mode and at 2GHz with the TE103 resonant
mode respectively. Light (red) and dark (blue) regions represent the highest and the lowest
amplitude of field respectively. For a complex permittivity measurement, the sample is
inserted at one of the maximum positions of the electric field, as shown in Figure 3.3 (a),
3.4 (a) ,while, for a complex permeability measurement, the sample is inserted at one of

the maximum positions of the magnetic field, as shown in Figure 3.3 (b) and 3.4 (b).
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Figure 3.3. Field distribution of 1.5 GHz TEi2 mode SIW cavity resonator and sample insertion
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Figure 3.4. Field distribution of 2 GHz TE103 mode SIW cavity resonator and sample insertion location
(a) E-field and (b) H field.
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In the CPT, introducing the sample at either the E or H-field maximum position changes
the resonant frequency and quality factor of the SIW cavity based on the sample’s complex
permittivity or permeability, respectively. During measurements, it is required that
dielectric properties of the sample do not affect the complex permeability measurement
while magnetic properties of the sample do not affect the complex permittivity
measurement. To see the effect of dielectric and magnetic properties on the complex
permittivity and/or permeability measurement, 3D EM simulation with CST microwave
studio [31] has been used. A SIW cavity resonator using Rogers 3003 material [32] with
¢’=3 and tan4=0.0013 is modeled at 2 GHz with the TE103 resonant mode to analyze the
CPT using SIW. Thickness of the substrate is 1.52mm. A cuboid sample with dimension
of 6mm x 6mm x 1.52mm is inserted with material properties &’=7, u.’=2 and electric loss
tangent (tande= &’/ &) and magnetic loss tangent (tandm= |4/ w’) of 0.01 and 0.01,
respectively. The €’y and p’r Of the sample is varied between 6-8 and 1-3 respectively to see
their effect on resonance. Similarly, tande and tandm have also been varied between 0.01 —
0.03 and 0.05 — 0.3 to see their effect on Q factor. Q factor is determined by 3dB bandwidth
of return loss, which can be expressed as:

0- ! , (20)

fupper,SdB - flower,3dB

where f is the resonant frequency and fupper.3ds and fiower,3d8 represent the upper and lower
limit of 3dB bandwidth, respectively.

Changes in resonance and Q factor based on the variations are listed in Table 3.
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Table 3. SIW cavity response as varying permittivity/permeability with different sample location.

Sample Permittivity Permeability
Location e fr(GHz) Tande Q i fr (GHz) Tandm Q
E-field 6 1.949 0.01 17473 | 1 1.945 0.05 184.16
Maximum 7 1.944 0.02 164.75 | 2 1.945 0.1 182.03
8 1.94 0.03 156.47 | 3 1.944 0.3 180.08
H-field 6 1.957 0.01 18358 | 1 1.961 0.05 172.23
Maximum 7 1.957 0.02 18358 | 2 1.957 0.1 162.2
8 1.957 0.03 183.58 | 3 1.953 0.3 138.08

When the sample is inserted at the electric field maximum position, variations of magnetic
properties do not affect the resonance and Q factor of the cavity. Similarly, when the
sample is located at the magnetic field maximum position, dielectric properties of the

sample are not sensitive in changing the resonance and Q factor of the cavity, as shown in
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Figure 3.5. Return loss simulation with parameter sweep when the sample is at the E-field maximum
position (a) €’r, (b) p’r, (c) electric loss tangent, and (d) magnetic loss tangent.
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Table 3. Therefore, it can be concluded that CPT using SIW cavities can be used to
characterize not only dielectric materials, but also MD materials with a single structure by
using different sample locations. Figure 3.5 and 3.6 show return loss simulation results,
(S11) by varying complex permittivity and complex permeability parameters of the

inserted sample to demonstrate that these parameters are indeed isolated from each other.
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Figure 3.6. Return loss simulation with parameter sweep when the sample is at the H-field
maximum position (a) €’r, (b) pu’r, (¢) electric loss tangent, and (d) magnetic loss tangent.

3.4 SIW Cavity Resonator Fabrication and Measurements

In order to measure the frequency dependent complex permittivity and permeability of the
MD material, seven SIW cavity resonators were designed and fabricated with Rogers 3003

material, which was used for simulation in the previous section, to characterize the sample
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in the frequency range 1-4 GHz. Figure 3.7 shows the fabricated SIW cavity resonators,

and Table 4 shows their operating mode, resonant frequency and dimension.

Figure 3.7. SIW cavity resonators.

Table 4. SIW Cavity Resonator Specification for Figure 3.2. (Units: mm)

fr (GHz) Mode w L r d a
1 TE102 242 126 1 4 9.5
15 TE102 162 86 1 4 6.5
2 TE103 190 66 1 4 6.6
2.5 TE102 117 45 0.5 2 45
3 TE103 123 41 0.5 2 45
3.5 TE103 109 35 0.5 2 3.4
4 TE103 93 31 0.5 2 3.2

A 6 mm x 6 mm square hole was drilled for sample insertion, as shown in Figure

3.8. The SIW cavity resonator in Figure 3.8 (a) has a hole at the E-field maximum position
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for measuring complex permittivity only and another resonator in Figure 3.8 (b) has a hole
at the H-field maximum position for measuring only the complex permeability. The
location of both E and H-field maximum position is determined from a simulation of the E

and H field distribution inside the cavities.

PSPPI PPIITIINOGIACENORRRNRsNSRRSRERROERROES
. WS

(b)

Figure 3.8. 3.5 GHz SIW cavity resonators with different hole locations for (a) permittivity and (b)
permeability measurements.

Rogers dielectric material RO4360G2 [33] was chosen as the standard sample to
obtain the constants A and B in (13) and (14) for each frequency while Cuming Microwave
FLX-16 [34] magnetic absorber material was used to obtain the constants C and D in (15)
and (16). All samples were prepared in a cuboid form with dimension of 6 mm x 6mm x
1.52 mm which is the same dimension that was used in the EM simulation, as shown in
Figure 3.9. The cavity resonators were tested with a Vector network analyzer (VNA),

Agilent Technologies E8363B, using Short, open, load and thru (SOLT) calibration. Figure
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3.10 shows the corner-to-corner probing method for excitation and measurement. Samples
were inserted in the hole and copper tape was used to cover the top and bottom of the

sample. A GSG 500 probe from Cascade Microtech was used for the measurement.

Figure 3.10. Corner-to-corner probe excitation.

The steps for the material property extraction process can be summarized as follows:
1. For permittivity measurement, insert a RO3003 sample (the same material as the
SIW substrate) into SIW which has a hole at the E-field maximum and cover it with
a copper tape.
2. Measure the return loss (S11) of the perturbed SIW cavity to obtain fo and Qo in
equations (13) and (14).
3. Replace the RO3003 sample with a standard dielectric sample (RO4360G2 for

this experiment) and measure the return loss to obtain fs and Qs in (13) and (14).
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4. Substitute measured fo, fs, Qo and Qs into the CPT equations, and find the A and

B constants in (13) and (14) by matching calculated &’r and tande with the properties

of the standard sample.

5. Repeat the return loss measurements for other samples whose properties are well-

known for validation.

6. Use the measured data to calculate the material properties and obtain a

percentage error of the measurement by comparing the result with theoretical values

provided by material suppliers.

7. Repeat steps 1 thru 6 with the SIW cavity which has the hole at the H-field

maximum for permeability measurement. Find the C and D constants in equations

(15) and (16) with a standard MD sample (FLX-16 for this experiment).

Figure 3.11 shows a return loss measurement of a SIW cavity (unloaded resonance
at 2.5GHz), with various samples of different permittivity and permeability properties
inserted in the hole. As shown in Figure 3.11 (a), the sample with higher permittivity shows
a lower resonant frequency. It also can be observed that the sample with higher loss shows
a wider 3dB bandwidth which corresponds to a lower Q factor. The resonant frequency and
Q factor of the SIW cavity were changed negligibly when dielectric material samples were
inserted at the H-field maximum position, as shown in Figure 3.11 (b). Magnetic absorber
material, FLX-16, which has a permeability greater than 1 produces significant changes in

the resonant frequency as well as the Q factor of the SIW cavity.
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Figure 3.11. SIW cavity resonator measurements with various samples (a) E-field maximum position
and (b) H-field maximum position.

Table 5 shows the measured material properties using the proposed CPT using SIW
cavity (unloaded resonance at 2GHz). Both permittivity and permeability have been
extracted and the results show that the measurements are very close to the theoretical values
provided by material suppliers. The permittivity values of standard samples from material
providers are very limited. Therefore, it is assumed that the permittivity of the standard
sample is constant as provided by the supplier over the frequency range up to 4GHz for
this paper. The error percentage of this method is obtained from these measurements by

comparing the results with the values provided by the supplier for each frequency.
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Table 5. Extracted permittivity and permeability of sample materials using measurements of 2GHz
cavity.

Sample ___ & __Tand
Theoretical Measured Theoretical Measured
RO4350 [35] 3.53 3.63 0.004 0.003
R0O4360 [33] 6.4 6.39 0.0038 0.0038
TMM 6 [36] 6.3 6.33 0.0023 0.0029
TMM 10i [36] 9.9 10.3 0.002 0.0019
FLX-16 [34] 8 8.4 0.005 0.0057
Wr Tan5m
Sample Theoretical Measured Theoretical Measured
RO4350 [35] 1 1.06 0.00 2e-4
R0O4360 [33] 1 1 0.00 4.9e-9
TMM 6 [36] 1 1.01 0.00 2.24e-4
TMM 10i [36] 1 1.012 0.00 1.2e-4
FLX-16 [34] 2.5 2.49 0.2265 0.2285

3.5 Magneto-Dielectric Composite Synthesis and Properties Extraction

Metal-polymer (Cobalt-Fluoropolymer) nano-composite materials were synthesized to
realize the MD material as shown in Figure 3.12 (a). Synthesizing an MD material having
high permeability and low loss at high frequency is challenging and it can be achieved by
reducing the particle size and separation between adjacent metal particles down to the
nano-scale [27]. The material synthesis process that is introduced in Chapter 2 was
performed to synthesize the MD material sample. The metal particles were milled with a
dispersant in propylene glycol methyl ether acetate as the solvent medium and it was
followed by another milling process with the polymer solution. After this milling process,
the metal particle size was reduced to 20 — 30 nm and a metal-monomer slurry was
produced. A TEM image of cobalt nanoparticles in the final nanocomposite is shown in
Fig. 3.12 (b) [27]. The metal-monomer slurry was dried in a nitrogen oven to make a

powder and excess solvent was evaporated. Dried powder was inserted in a die with size 6
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mm x 6 mm and pressed with a uniaxial pressure to make the cuboid sample. The height

of the magneto-dielectric sample was also controlled to have a height of 1.52mm.

(a) (b)

Figure 3.12. (a) Picture of synthesized MD composite samples and (b) TEM image of cobalt in
fluoropolymer matrix [27].

In this chapter, three MD material samples with different metal loading percentages
30%, 50% and 70% were synthesized in order to study the relationship between metal
loading percentage in the composite material and the resulting material properties. Samples
A, B and C represent 30%, 50% and 70% metal loading, respectively. Figures 3.13, 3.14,
3.15 and 3.16 show the extracted material properties of three MD composites using the
seven SIW cavity resonators. Extracted values for seven frequencies are included in the
plots as single data marks along with the curves corresponding to the 2" order polynomial
models fitted using these extracted data points. Figure 3.13 shows the results obtained for
relative permittivity. All three samples show fairly constant €’r in the frequency range of
1-4 GHz but p’r decreases as the frequency increases, as shown in Figure 3.14. Sample C
shows the highest €’r and u’r among the three samples. Sample A shows the lowest €’ and
w’r among the three samples. Sample A showed €’y = 9.5+0.5 and p’r decreased from 2.18

to 1.7 in the frequency range 1-4 GHz. Sample B has €’ of 11.8+0.6 and p’r of 2.18 @
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1GHz and 1.8 @ 4GHz. Sample C showed €’y of 13.2+1 and p’r 0f 2.7 @ 1GHz and 2.1 @
4GHz. Figures 3.15 and 3.16 show the results obtained for electric and magnetic loss
tangent, respectively. As shown in these figures, a higher metal loading composite material
shows higher loss for both tande and tanom than a lower metal loading composite material.
Changes in tande Were small but tandm increased significantly as the frequency increased.
For tande, samples A, B and C have values of 0.00440.0005, 0.004%0.001 and
0.005+0.0005 respectively. For tandm, samples A, B and C have 0.018, 0.061 and 0.084 at
1GHz respectively. According to Snoek’s law [37], higher initial permeability lowers
ferromagnetic resonance (FMR), which is related to higher magnetic loss. This explains

why the higher p’r sample shows higher tandm.
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Figure 3.13. Extracted & using the CPT with SIW cavity resonators.
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Figure 3.15. Extracted tand. the CPT with SIW cavity resonators.
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Figure 3.16. Extracted taném the CPT with SIW cavity resonators.

Another sample, B’, which has 50% metal loading, but a lower density than sample
B, was also synthesized to study the relationship between the density of composite material
and the resulting material properties. The density of samples B and B’ were 3.65g/cm? and
2.75g/cm? respectively. Figures 3.17, 3.18, 3.19 and 3.20 show the comparison between
the extracted material properties of samples B and B’. Sample B’ showed &’r = 6.530.2 and
w’r decreased from 1.8 to 1.4 in the frequency range 1-4 GHz. Comparing sample B and
B’, the lower density sample B’ has a lower &’r and p’r than sample B. Lower density nano-
composite can have higher porosity in the composite than higher density composite and
this can cause increased distance between metal particles thereby decreasing both
permittivity and permeability. From this, it can be concluded that MD, using metal-polymer
system with desired permittivity and permeability values can be synthesized by optimizing

metal loading percentage and density of nano composite material.
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Figure 3.18. Extracted |’ for different density samples B and B’.
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Figure 3.19. Extracted tand. for different density samples B and B’.
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Figure 3.20. Extracted taném for different density samples B and B’.
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To validate these extracted properties, SIW cavity measurements were compared
to CST simulations. Extracted properties of complex permittivity and permeability were
used in CST for simulating the return loss of the SIW cavity. These simulations were
compared to measurements as shown in Figures 3.21 and 3.22 for the seven cavities. The

results indicate a high level of accuracy in the extracted properties of the sample.
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Figure 3.21. Correlation of return loss simulation and measurements of Sample B from
permittivity measurements.
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Figure 3.22. Correlation of return loss simulation and measurements of Sample B from
permeability measurements.

3.6 Analysis of Anisotropic Property

The magnetic and dielectric properties of the MD material may exhibit anisotropy since
the ferromagnetic material can have magnetocrystalline anisotropy (takes more energy to
magnetize in certain directions than in others [38]). Therefore, the fields in the SIW cavity
resonator are analyzed to illustrate the components of the dielectric and magnetic properties
which have been measured. Electric and magnetic field distribution inside of the cavity

resonator in vector form is shown in Figure 3.23. As shown in Figure 3.23 (a), only the E-
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field along the z-direction is present where the electric field is maximum inside the cavity.

Likewise, only the H-field along the y-direction is present where the magnetic field is

I

0.000161

0.000112
6.33e-0S
0
-6.33e-0S
-0.000112
-0.000161

maximum inside the cavity, as shown in Figure 3.23 (b).

(b)

Figure 3.23. Field vector distribution in SIW cavity (a) E-field and (b) H-field.

To understand the effect of material properties on field distribution, the &xy,, of the
sample is varied from 6 to 8 and the k. of the sample is varied from 1 to 3 to see their
effect on the response of the cavity. Figure 3.24 shows that only &; and |, of the sample

material changes the resonance, but the rest of the parameters have no effect. Since the
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sample has an equal size along x and y direction, |k can also be measured by rotating the
sample 90 degrees around the z-axis. Therefore, the CPT with SIW using the present setup

can measure the €; and ky of the material as well.
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Figure 3.24. Return loss simulation with parameter sweep (a) exy,: Sweep when the sample is at E-field
maximum, (b) pxyz Sweep when the sample is at H-field maximum.

Sample C from the previous section was tested to measure |k and . The response of the
SIW cavity was measured with the sample in one direction first and re-measured after
rotating the sample 90 degrees along the z-axis. A 2 and 2.5 GHz SIW cavity resonator

was used to measure & and |y, of sample C, as shown in Figure 3.25. In both cases, there
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was no significant change in resonance and therefore, | and |y are the same. It is therefore
our conclusion that the material properties of the metal-polymer composite reported in this
chapter pertain to &, and px, py. However, it is important to also note that all three
components of the complex permeability and permittivity can be extracted using the SIW

cavity designed in this chapter by fabricating the sample as a cube and rotating the sample.
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Figure 3.25. Return loss measurements of sample C in two directions with (a) 2GHz SIW cavity and
(b) 2.5GHz SIW cavity.
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3.7 Air Gap Analysis

The measurement result of CPT shown in sections 3.4 and 3.5 assumed that there were no
air gaps around the inserted sample. When the sample is inserted into the hole in the SIW
cavity, any air gap around the sample can alter its extracted properties. Hence special care
was taken to ensure that the sample was suitably sized to fit exactly into the cavity. In this
section we analyzed the error introduced due to the presence of any air gap, using
simulation with CST. A Sample with &=7, =2, tande=0.001 and tanom=0.001 was used
for analysis at 2GHz. The return loss of the SIW cavity with the inserted sample was
simulated as the volume of the sample was decreased. From Figure 3.26, it can be seen that
a reduction in sample volume of 5% resulted in a 4.2% error in the extracted relative
permittivity. However, a similar reduction in volume resulted in only a 2.5% error for the

extracted relative permeability.
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Figure 3.26. Effect of air gap (a) permittivity measurement and (b) permeability measurement.
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3.8 Summary

This chapter presented a Cavity Perturbation Technique using SIW cavity resonators that
can extract material properties of MD materials. The frequency dependent complex
permittivity and permeability of MD materials were measured. A single SIW cavity
resonator can be used to extract both properties by changing sample insertion location
inside of the cavity. For a complex permittivity measurement, the sample was inserted at
the E-field maximum and for a complex permeability measurement, the sample was
inserted at the H-field maximum. The isolation between electric and magnetic
measurement was shown through simulation and experiments. Cobalt-Fluoropolymer was
used to synthesize magneto-dielectric materials and was measured in the frequency range
1-4GHz in this study. Three different metal loading composites were measured in order to
analyze their effects on material properties. As the metal loading in the composite material
increased, both real permittivity and permeability values increased as well along with the
loss. For instance, the extracted permittivity and permeability of a 30% metal loading MD
sample are 9.5-j0.038 and 2.18-j0.039 at 1GHz, respectively. A Magnetic loss tangent of
0.018 at 1Ghz is the best property reported in this frequency for metal nano-composite
material.

Another magneto-dielectric sample with different density was also synthesized and
characterized. By reducing the density of the sample, the permittivity and permeability
decreased even though the sample had the same metal loading percentage. An anisotropic
material measurement has also been considered and the CPT with SIW cavity resonator
characterization method described in this chapter was able to measure &, and pxy Of

magneto-dielectric samples. The synthesized MD composite materials are, however,
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expected to be isotropic since the shape anisotropy is non-existent and effect of crystal
anisotropy is small due to randomness. Effect of air gap around inserted sample is also
analyzed using an EM solver and it was observed that controlling the sample dimension as
close to the dimension of hole in the SIW cavity is very important. Based on simulations,
less than 5% error in the estimation of material properties occurs with a 5% air gap (based

on volume).
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CHAPTER 4

CAUSAL MODEL DEVELOPMENT FOR EXTRACTED
MD MATERIAL PROPERTIES

4.1 Introduction

This chapter introduces a fitting model for extracted magneto-dielectric material properties
using the method introduced in Chapter 3. In general, a material cannot polarize
instantaneously in response to an applied field and this fact leads to frequency dependence
of the permittivity and permeability. The response, which should be causal, must always
arise after the applied field and it can be validated using Kramers-Kronig relations.
According to their relations, the real part of electric/magnetic susceptibility, which is a
measure of how easily material polarizes in response to an applied field, can be calculated
from the imaginary part of the electric/magnetic susceptibility and vice versa. The extracted
complex permittivity and permeability have to satisfy the Kramers-Kronig relations;
otherwise, the extracted data would be non-causal and can provide inaccurate results when
used in an antenna simulation [39].

The extracted material properties from resonators are obtained at discrete frequency
points. Seven discrete frequency points were measured in the frequency range 1-4 GHz in
this study. Extrapolation of the data is necessary to estimate the material properties outside
the frequency range of the resonances of the cavities to analyze the performance of the
antenna. In this chapter, a causal fitting model for extracted complex permittivity and
permeability of MD composite materials is presented and the Kramers-Kronig relations are

used to verify the causality.
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4.2 Kramers-Kronig Relations

In electromagnetism, the electric susceptibility, Xe, indicates the degree of polarization of

a dielectric material in response to an applied electric field and is given by [40]:
P=¢gX.E, (21)

where P is the polarization density, o is the electric permittivity of free space and E is the

electric field. The electric susceptibility is also related to the polarizability of individual

particles in the medium and it is related to its relative permittivity, e by

X =¢ -1

e r 1

(22)
Similarly, the magnetic susceptibility, Xm is a proportionality that indicates the degree of

magnetization of a material in response to an applied magnetic field and is given by the

following relationship [41]:

M =X H, (23)
where M is the magnetization of the material, |b is the permeability of vacuum and H is
the magnetic field. The magnetic susceptibility is related to its relative permeability, |4 as

X =t =1, (24)

In general, a material cannot polarize and magnetize instantaneously in response to an

applied electric and magnetic field. The polarization is a function of time:
t
P(t)=¢, [ X t-t)E(t)dt". (25)

The polarization is a convolution of the electric field at previous times with time-dependent

susceptibility given by Xe (At) and so it is more convenient to take the Fourier transform
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and rewrite it as a function of frequency. The integral (25) becomes a simple product as
follows:
P(w)=¢X.(0)E(®). (26)
This frequency dependent electric susceptibility leads to a frequency dependent
permittivity and the shape of this susceptibility determines the dispersion properties of the
material. The fact that the polarization can only depend on the applied electric field at
previous times is a consequence of causality, which imposes Kramers-Kronig constraints
on the real and imaginary parts of the susceptibility. Since the magnetization correlates to
polarization, magnetic susceptibility is also dependent on frequency and should satisfy the
causality condition.
The Kramers-Kronig relations describe how the real part of the susceptibility is
related to the imaginary part of susceptibility and vice versa. The susceptibility can be

expressed in complex form as [42]:
X (@)= X"(0)- X" (), (27)
and since the polarization and magnetization is a measurable quantity, we have:
X(w)=X"(-w). (28)
Substituting equation (28) into Equation (27) gives two subsequent relations:
X'(w)- jX"(0)=X'(-0)+ X" (o), (29)
and these relations result in:

X'(0)=X'(-o).
X' (@) =-X"(-0),

where, the real part of the susceptibility is an even function of ® and the imaginary part of

(30)

the susceptibility is an odd function of ®.
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The X’ (®) can be derived from X” (w) using the Kramers-Kronig relations by

considering the integral:

— (31)

The contour of the integration is shown in Figure 4.1.

Y

Figure 4.1. Contour of integration for Equation (31).
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This integral simplifies to the following:

I_PTQKJ@EQ ”ﬂx (@) + X (~ay)]=0,

-

F a)X (o da) J

2 o(X'(0)-jX" d
:PJCO( o’ Ja)o( )) w:”jxl(a’t))-

where P is the Cauchy principle value. According to equation (30), ®X’ (®) is an odd
function of  because X’ () is an even function of o, however, ®X” (o) becomes an even
function of w since X () is an odd function of w. Therefore the integral part in (32) can

be separated into two parts and their relation can be described as:

T oX'(w)d

-[]a)a)z(_a)z)g w _0,
T—ja)X a) ]’i ?
0 0

(33)

" -}

Combining above result with Equation (32), the real part of susceptibility can be expressed

by a function of the imaginary part of susceptibility as follows:

, 2 _ToX"(o)do
X (wo):_;PI a)z(_a))z . (34)
0 0

There is an inverse relation for X” (o). This relation can be derived by considering

the following integral:

| :Cﬁ X(a))da). (35)

c o* — o}
After applying the same integration contour in Figure 4.1, equation (35) can be simplified

to the following:
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(36)

Since X’ (o) is an even function of ® and X (w) is an odd function of ®, the integral in

Equation (36) can be separated into two parts and their relations can be rewritten as:

T X' (w)do _FX'(0)do
_[ 2 :zj 2 2
0 23

2

Y 0 -, @ 37)
t X"(w)do
[=——F=0.
Yo" —awy
Finally, X (») can be described as a function of X’ (o) as:
20, .t X'(0)dw
X"(w,)=—"2P : 38
()= P (39

Equation (34) and (38) are referred to as the Kramers-Kronig relations. Extracted material

properties should satisfy these relations in order to be causal.

4.3 Modeling of Magneto-Dielectric Material Property

The Lorentzian dispersion law for permittivity modeling is a well-known method for a

single-domain material which is given as [43]:

e(f)=¢,+ As
1+j7frel_(%oj

where & is optic region permittivity; Ae=es-€. and &s IS static dielectric constant; fo and frej

jo
- <, 39
2rfe, (39)

2

are resonance and relaxation frequency respectively; fr is also used as Debye resonance
frequency. These parameters determines the loss peak and the shape of the dispersion

curve. The third term in equation (39) is related to the conductivity loss, where ce is the
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direct current electric conductivity of the material, and &g is the permittivity of free space
[43]. Usually, the third term is removed to simplify the equation, because it is only
important at frequencies below ~100Hz. The dispersion law for permeability modeling is
also similar to equation (39) with no conductivity term. An example in Figure 4.2 shows
the permittivity dispersion curve obtained by equation (39) without the third term. The
dispersion curve is calculated with fo=5 GHz and fre =2, 4, 6 and 8 to see the effect of the
relaxation frequency on the shape of dispersion. &« is 1 and Ag is 1 for this example. AS frel
increases, the imaginary part of the permittivity shows a peak at the resonance frequency
and the loss tangent also increases as shown in Figure 4.2. The distribution of loss is also

getting sharper as the relaxation frequency is increased.
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Figure 4.2. Frequency dependence of permittivity calculated with Lorentzian dispersion law with fre
= (a) 2GHz, (b) 4GHz, (c) 6GHz and (d) 8GHz.
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The Debye dispersion law is also a popular method for permittivity modeling and
it is a particular case of the more general form of equation (39), when fo—. The Debye
model describe the comparatively low-frequency behavior of a medium associated with
dipolar polarization of molecules in dielectrics, or with domain wall movement in some
magnetic materials [44]. The resonance frequency of composite material depends on the
particle’s shape and orientation and therefore a distribution of resonance frequencies is
dependent on the composition and technology of the material. In most actual magnets, the
resultant magnetic dispersion curve is still of the Lorentzian shape but the width of the
spectrum increases greatly, being a function of inhomogeneity of the sample rather than
being a function of the Gilbert damping parameter, which determines the relaxation
frequency in equation (39) [44]. If the distribution of resonance frequencies is wide, then

frei<fo and the dispersion law is close to the Debye dispersion law as shown Figure 4.3.

4 F
35| J _________ L _______ ! ! ! ! ! b |
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G 1 S --;---------% --------- ;. ------- EEEEEEEEE Debye ______ —
2.5 oo  —  — —
> i 1 1 1 1 1 1 1 1
=
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E
[
o

Frequency (GHz)

Figure 4.3. Comparison of Lorentzian and Debye dispersion law when frei<fo.
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Both the Lorentzian and Debye dispersion model describe well the dipolar
relaxation behavior of individual molecules, however, most synthesized composite
materials do not follow those models. The actual behavior of the synthesized composite
materials may contains several loss peaks rather than a single peak due to inhomogeneity
of particles inside of composition and several different physical mechanisms contributing
to the dispersion in a magneto-dielectric material [44]. The dispersion relation for several

resonances based on the Lorentzian dispersion model can be expressed as:

a ! §n A i’
- . 40
A izol—(f/flyi)2+j(f/f2’i) (40)

where A represents either € or p; AA’; represents amplitude change of the response at the
ith peak; f1,i and f,; are resonance and relaxation frequency at the ith peak, respectively.
With a properly chosen sum of several resonances, any actual dispersion dependence can
be fitted.

To fit the extracted material properties from Chapter 3, the three resonance model

is chosen. The three pole Lorentzian dispersion model is given by:
A !’ ’ ’
e SN BN s ST
(Vi) () () ()
f, f, f f, fs f

Before finding the unknown variables in equation (41) that fits the extracted results in

A=A +

Figures 3.13 — 3.16, the three pole Lorentzian dispersion model needs to be checked to
ensure causality using the Kramer-Kronig relations. To use the Kramers-Kronig relations
in equation (34) and (38), equation (41) needs to be separated into real and imaginary parts.

The real part of the three pole Lorentzian dispersion model can be expressed as:
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Re(A)=A, + — — — -
(TG T
f1 f2 f3
) (42)
M{H; }
* 2\2 : 2’
SUIRH
f5 f6
and the imaginary part as:
() ()
Im(A) = — . 2 !
() f
fl
(43)

The causality of this model can be verified by substituting equations (42) and (43) into the
integral in equations (34) and (38) and comparing the result from the integration with
analytic solution from equations (34) and (38). Figures 4.4 and 4.5 show the real and
imaginary parts of A as calculated using equations (34) and (38). The results from the
Kramers-Kronig relation and analytic solution show good correlation, and therefore, the

three pole Lorentzian dispersion model is causal.
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Figure 4.4. Real part of A as calculated using Equation (34).
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Figure 4.5. Imaginary part of A as calculated using Equation (38).
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The extracted permittivity and permeability of MD materials from Chapter 3 are
fitted using the three pole Lorentzian dispersion model. The unknown parameters in
equation (41) are found empirically and they are summarized in Table 6 for permittivity
and in Table 7 for permeability. As shown in Figures 4.6 thru 4.11, all extracted material
properties for 30%, 50% and 70% metal loading samples show good correlation with the
three pole Lorentzian dispersion model. The extracted material properties, therefore, from

the CPT with SIW cavity resonators are causal.

Table 6. Parameters of Equation (41) for complex permittivity model.

Sample Ay AA1 AA> AAs3 f1 fa fa fa fs fe

A 9.7 0.027 002 0022 123 133 251 351 482 10
B 12 003 0.021 002 146 16 27 361 41 91
C 138 0.043 0.028 0.037 137 168 28 3.7 46 6.5

Table 7. Parameters of Equation (41) for complex permeability model.

Sample A’ AA1 AA2 AA3 f1 f f3 fa fs fo

A 1.2 -4 0.01 058 023 03 2 26 53 7
B 1 -8 0.07 0.8 02 011 2 36 55 738
C 1.7 -3 0.22 0.4 04 15 22 3 4 75
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Figure 4.6. Complex permittivity modeling for 30% metal loading sample.
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Figure 4.7. Complex permittivity modeling for 50% metal loading sample.
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Figure 4.8. Complex permittivity modeling for 70% metal loading sample.
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Figure 4.9. Complex permeability modeling for 30% metal loading sample.
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Figure 4.10. Complex permeability modeling for 50% metal loading sample.
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Figure 4.11. Complex permeability modeling for 70% metal loading sample.
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4.4 Summary

The three pole Lorentzian dispersion model for fitting extracted material properties of MD
materials has been presented. Characterized material properties should be causal and their
casualty can be verified using the Kramers-Kronig relations. If the fitting curve model
satisfies the Kramers-Kronig relations, it is a causal function, and therefore, the extracted
material properties are also causal. In this chapter, the three pole Lorentzian dispersion
model has been introduced to fit the extracted MD material properties and the error between
the fitted model and extracted data is very small. The error for real permittivity and
permeability is less than 2%. Less than 4% and 10% of error have been achieved for fitting
the imaginary part of extracted permittivity and permeability, respectively. The fitted
model has been shown to satisfy Kramers-Kronig relations, which demonstrates that the

extracted MD material properties from the CPT with SIW cavity resonator are causal.
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CHAPTER 5

ANTENNA MINIATURIZATION AND SAR REDUCTION

5.1 Introduction

In this chapter, magneto-dielectric material is used as RF antenna substrate to study its
merit in the miniaturization of planar antennae. Planar antennae are highly preferred in
mobile devices because of their characteristics such as ease of fabrication and integration,
compactness and low profile. Microstrip patch antenna and planar inverted-F antenna
(PIFA) on magneto-dielectric materials are considered in the following sections.

Through simulations, the performance of the antennae on the magneto-dielectric
substrate have been compared with two antennae, one on high dielectric constant material
substrate and the other on FR4 material substrate, to demonstrate the advantages of MD
material for antenna miniaturization. To investigate effect of material loss on the
performance of antennae, the high dielectric constant material is considered for two cases:
one with high electric loss tangent and the other with low electric loss tangent. A 900 MHz
PIFA on a substrate containing the MD material (using metal polymer system) has been
fabricated and its performance measured. The material properties of the synthesized MD
material has been extracted using the method discussed in Chapter 3, which were used for
antenna simulation. The simulation result was compared to measurements to demonstrate
the accuracy of the characterization method.

In addition, the effect of loss characteristics of magneto-dielectric materials on

Specific Absorption Rate (SAR) reduction has been studied. Although, the synthesized MD
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material using metal-polymer system has reasonable losses by following the design
guidelines described in Chapter 2, these losses are in general larger than other low loss
dielectric materials. However, the higher losses of MD composite material can help reduce
SAR. SAR is a measure of the rate at which energy is absorbed by the human body when
exposed to a radio frequency (RF) electromagnetic field [45]. Since the absorbed energy
from the RF electromagnetic fields may cause heating of human tissue with potentially
dangerous effects, various techniques that can help reduce SAR have been introduced in
the literature and they have been reviewed in this chapter. Most of these techniques require
extra parts or extra structures between the mobile device and human body, however, an
antenna on MD material can achieve the goal without them. In this chapter, SARs of PIFA
on different material substrates are compared. The PIFA on MD composite material
produced the lowest SAR with antenna performance that meets the requirements of

practical handheld devices.

5.2 Magneto-Dielectric Composite Properties

For an antenna substrate, magneto-dielectric composite is synthesized by combining
nanosized cobalt metal particles with a fluoropolymer matrix as described in Section 3.5.
The synthesized MD material has a metal to polymer volume ratio of around 50:50 and the
average crystallite size is 30nm. The frequency dependent dielectric and magnetic
properties of the MD material were measured to extract its complex relative permittivity

and permeability, with the results shown in Figures 5.1 and 5.2.
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Figure 5.1. Extracted (a) real and (b) imaginary part of relative permittivity of MD material.
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Figure 5.2.Extracted (a) real and (b) imaginary part of relative permeability of MD material.
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For material property measurements, an Agilent 4291B impedance analyzer [46] was used
up to 1GHz and CPT, which is described in Chapter 3, was used in the frequency range of
1-4GHz. The real part of the relative permittivity is approximately 8, which is fairly
constant over the frequency range up to 4GHz. The electric loss tangent shows a maximum
value of 0.0054 at 3GHz with a value around 0.0024 at ~1GHz. The real part of the relative
permeability is around 2 at ~1 GHz and gradually decreases as the frequency increases as
shown in Figure 5.2. As the frequency increases, the magnetic loss tangent value increases.
From Figure 5.2, the magnetic loss tangent is below 0.1 up to 1.2 GHz, suggesting a
possible use of this material around 1 GHz [47]. These material properties are used for the

substrate of the antenna around 1GHz.

5.3 Microstrip Patch Antenna Design

A Microstrip patch antenna is a popular antenna structure when the application requires a
broadside radiation pattern with high front-to-back ratio. A 1 GHz microstrip patch antenna
on MD material substrate (PATCHwmp) was designed using CST, as shown in Figure 5.3.
The relative permittivity and permeability of the MD material used is 8 and 2 respectively.
The electric and magnetic loss tangents of the MD material are 0.0024 and 0.068 at 1GHz
respectively. The height of the substrate is 1.52mm. The length of the patch is 36.2 mm
and the width of the patch, set as 1.5 times the length of the patch for good radiation, is
54.3 mm. The ground plane was extended 20 mm beyond each side of the patch. The
microstrip patch antenna was designed such that only the TM1o mode is dominant, and a
50Q coaxial feed was used for excitation. Another microstrip patch antenna on FR4

substrate (PATCHEer4), which has the same resonant frequency of 1GHz, was also designed
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Coaxial Feed
Figure 5.3. Microstrip patch antenna on MD material substrate.
to demonstrate how much the size of the patch antenna is reduced by using the MD material.
The relative permittivity of FR4 is 4.3 with a loss tangent of 0.02. As shown in Figure 5.4,
the area of the patch antenna on MD substrate is 73.2% smaller than the patch antenna on
FR4 substrate. The length and width of the microstrip patch antenna on FR4 substrate is

70 and 105 mm respectively.

(a) (b)

Figure 5.4. Microstrip patch antenna on (a) MD and (b) FR4 substrate.
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The performance of PATCHwmp was compared to similar patch antennae designed
on high dielectric material substrates (PATCHpn and PATCHpL) and PATCHerrs toO
investigate the effect of MD material on the microstrip patch antenna. The relative
permittivity of both PATCHpn and PATCHpL was chosen as 15.5 to make sure that the
antennae have the same resonant frequency of 1GHz, without changing the dimensions of
the patch. The loss tangent of PATCHpn was chosen as 0.0704 which is the sum of the
electric and magnetic loss tangent of the MD material, and the loss tangent of PATCHpL
was selected as 0.002 (virtual material). DH and DL represents high dielectric constant
materials with high and low loss respectively. Two different losses of patch antennae on
the same dielectric constant material were used to see the effect of loss on antenna
performance. The position of the coaxial feed was optimized to ensure that all antennas
work with the best matching condition.

Bandwidth, efficiency and gain of the four antennas were compared. Figure 5.5

shows the simulated return loss for all antennae.
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Figure 5.5. Simulated return loss of (a) PATCHwb, (b) PATCHobw, (¢) PATCHobL and (d) PATCHEra.

For the bandwidth comparison, VSWR=3:1 (~6dB) was considered since the PATCHpn
could not satisfy the VSWR=2:1 condition. As shown in Figure 5.5, PATCHwmp shows the
widest bandwidth of 7.9% among all four antennae. As discussed earlier, increasing the
permittivity of substrate material reduces the bandwidth which has been demonstrated
through these simulation results. The patch antenna on MD substrate shows wider
bandwidth than the patch antenna on FR4 substrate. The microstrip patch antenna
inherently shows narrow bandwidth but this bottleneck can be resolved by using MD

material. The bandwidth of VSWR=3:1 of the four antennae are shown in Figure 5.6.
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Figure 5.6. Histogram bandwidth for four microstrip patch antennae.

The simulation results of the radiation efficiency and peak gain are presented in
Figures 5.7 and 5.8 respectively. The patch antenna on MD substrate shows radiation
efficiency and gain of 8.2% and -6.746 dBi. PATCHwmb shows higher radiation efficiency
and gain than PATCHpn. A high dielectric constant in the substrate results in higher stored
energy inside of the substrate between top patch and bottom ground, and therefore, the
PATCHpH radiation efficiency and gain are much lower compared to the patch antenna on
MD material. PATCHpL shows 37.53% radiation efficiency which is about 4 times higher
than that of PATCHuwp. As the loss tangent of the high dielectric constant material substrate
reduces to 0.002 from 0.0704, the performance of the patch antenna improved significantly.

Based on the comparison, it is necessary to reduce the loss of MD material to increase its
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Radiation Efficiency (%)
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Figure 5.7. Histogram radiation efficiency for four microstrip patch antennae.

benefit for antenna miniaturization. If the total loss of the MD material is improved using
enhanced material synthesis, antennae on MD material substrates can show better radiation
efficiency and gain than antennae on high dielectric constant materials with low loss.
PATCHEr4 shows the best gain amongst the four antennae and this can be attributed to low

permittivity with moderate loss, but with the largest antenna area.

Gain (dBi)

0.946

Figure 5.8. Histogram gain for four microstrip patch antennae.
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5.4 Planar Inverted-F Antenna (PIFA) Design

Although microstrip patch antennae have merits for mobile application, it usually shows
low radiation efficiency due to a conductor backed ground plane. In this section, MD
material is applied to another popular kind of antenna known as the planar inverted-F
antenna (PIFA). PIFA is very similar to the microstrip patch antenna except for shorting
the patch to ground. By introducing this shorting pin, a quarter-wavelength size patch in
PIFA can resonate at the same frequency as a half-wavelength size microstrip patch
antenna.

A meander PIFA working at 900 MHz was designed on MD material substrate as
shown in Figure. 5.9. The relative permittivity and permeability of the MD material used
for design were 8 and 2 at 900MHz respectively, based on the measured values from Figure
5.1 and 5.2. Tande and Tandm of the MD material used were 0.0024 and 0.068 at 900MHz
respectively. Figure 5.9 shows the geometry of the proposed antenna on the MD material
substrate above an FR4 PCB with a relative permittivity of 4.3 and tande of 0.02. The
overall size of the FR4 PCB substrate is 60 mm x 120 mm x 1mm. The size of the MD
material substrate is 20 mm x 20 mm x 1 mm where the meander copper trace was patterned
on top of the substrate. The meander top plane was shorted to ground with 2mm width
copper tape at the top left corner of the antenna. A 50Q coaxial feed was connected to the
top metal plane for excitation and the distance between the shorting pin and feed was
optimized to have good impedance matching using CST simulation. No extra matching

network was used in order to minimize components.
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Figure 5.9. Geometry of the proposed PIFA on MD material substrate (a) top view and (b) side view.

The PIFA on the MD material substrate (PIFAwmp) was compared to similar
antennae designed on high dielectric material substrates (PIFApn and PIFApL) and FR4
substrate (PIFArr4), to compare the effect of MD on antenna performance. The relative
permittivity of both PIFApH and PIFApL was chosen as 15.1 to ensure that the antennas
resonated at the same frequency as PIFAmp without having to change the dimensions of
the antenna. Tande of PIFApH was chosen as 0.0704 which is the sum of the electric and
magnetic loss tangent of MD material at 900MHz. Tande of 0.002 was used for PIFAp. to
determine the effect of high dielectric constant with low loss on antenna performance. DH
and DL represent high dielectric materials with high and low loss respectively. The relative

permittivity of PIFArrs was 4.3 with a loss tangent of 0.02 and the antenna size was
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optimized to make the antenna resonate at 900 MHz as well. As shown in Figure 5.10, the
area of the PIFAwmp is 20 x 18 = 360mm? and the area of the PIFAgra is 20 X 28 = 560mm?,
The size of antenna on MD material substrate is 39% smaller than FR4 substrate. It was
observed that antenna size reduction ratio is smaller for the PIFA type than the patch
antenna type. This is because the effective permittivity and permeability of the MD
material substrate in PIFA case would be smaller than the MD material substrate for patch
antenna since there is no conductor ground backing for PIFA. Removing the conductor

ground backing, however, can help increase the radiation efficiency and gain of the

antenna.
20mm
F W
20mm

GND

\

28mm

(b)

Figure 5.10. Antenna size comparison (a) PIFAvp and (b) PIFAFRa.
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Bandwidth, efficiency and gain of the four antennae were compared. Figure 5.11 shows

the simulated return loss for all antennae.
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Figure 5.11. Simulated return loss of (a) PIFAwmb, (b) PIFAbH, (¢) PIFADbL and (d) PIFAFRrs.

A VSWR=2:1 condition was applied to compare the bandwidth and it was observed that
antennae on high dielectric material substrates, PIFApn and PIFApL, showed narrow
bandwidth as compared to PIFAwmp. PIFAwmDp shows 7.24% bandwidth while PIFApn and
PIFApL showed 5.5% and 5.14% bandwidth, respectively, as shown in Figure 5.12. The
bandwidth is proportional to the material loss, however, PIFAmp shows wider bandwidth
than PIFApH even though they have the same total loss. It was observed that PIFAmp shows
better bandwidth than PATCHwmp (4.41% when VSWR=2:1) due to the removal of the

conductor ground backing.
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Figure 5.12. Histogram bandwidth for four PIFAs.

The simulation results of the radiation efficiency and peak gain are presented in
Figures 5.13 and 5.14 respectively. A similar trend as that shown in section 5.3 is also
observed. PIFAmvp shows higher radiation efficiency and gain than PIFApn. Increased
stored energy inside of the high dielectric material of PIFApn results in lower radiation
efficiency and gain than PIFAwmp. Therefore, an antenna on an MD material substrate
provides better antenna performance than an antenna on a high dielectric material substrate
when they have the same total loss. On the other hand, PIFApL shows 15% higher radiation
efficiency and 0.5 dBi better gain than PIFAmp. The low loss in the substrate of PIFApL
increases the antenna performance and this performance gap between PIFApL and PIFAwvD
can be decreased by reducing the loss of the MD material. However, such low loss is
difficult to achieve for MD materials due to the presence of the metal particles. PIFAFrra4
showed the widest bandwidth as well as the highest radiation efficiency and gain among

all four antennae. The best antenna performance of PIFArrs can be due to the lowest
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permittivity with low loss and larger antenna area. It has been shown that antenna
performance deterioration is inevitable when the antenna size is reduced. MD material,

however, can be used to minimize this problem during antenna miniaturization.
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Figure 5.13. Histogram radiation efficiency for four PIFAs.
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Figure 5.14. Histogram gain for four PIFAs.
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5.5 Specific Absorption Rate (SAR) reduction techniques

The Specific Absorption Rate (SAR) is a parameter for calculating the amount of power
from EM field that is absorbed in human tissue. SAR has units of watts per kilogram (W/Kg)
and it is usually averaged either over the whole body, or over a small sample volume
(typically 1g or 10g of tissue) [45]. It can be expressed as:

SAR= [ ol
sample p(r)

dr, (44)
where o is the sample electrical conductivity, E is the RMS electric field, and p is the
sample density. SAR measures exposure to fields between 100 kHz and 10 GHz. The value
depends heavily on the geometry of the part of the body that is exposed to the RF energy,
and on the exact location and geometry of the RF source. Thus testing is required for each
specific source at the intended position of use [45].

In order to reduce SAR in the human tissue, structures such as electromagnetic
bandgap (EBG) structures [48], [49] have been integrated between the antenna and ground
plane or metamaterials can be used by arranging periodic resonators [50], [51] which have

been placed between the human head and the antenna. Figure 5.15 shows SAR reduction

techniques that use EBG structures.
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Figure 5.15. Examples of SAR reduction using EBG structure (a) PIFA [48] and (b) Dual-band
coplanar antenna [49].

In Kwak et al. [48], an optimized multilayer PIFA with an EBG for SAR reduction has
been introduced for personal communication services band, as shown in Figure 5.15 (a).
The EBG structure was used to prevent EM fields being emitted in the direction of the
human head. To reduce SAR, the EBG structure was inserted between the printed circuit
board and antenna layer and the EBG cell numbers, height, and location of the PIFA with
the EBG structure has been optimized. About 36.67% reduction of SAR, averaged on 1g
of tissue, has been achieved with this proposed structure based on simulation. In Zhu et al.
[49], a dual-band coplanar patch antenna on common clothing fabrics was designed for
body-worn communications systems. An EBG substrate had been integrated between the
antenna substrate and ground plane to decrease SAR in the human head, as shown in Figure

5.15. (b). The antenna with EBG patches reduced SAR by 96.5% for 1g of tissue.
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Figure 5.16 shows another technique using the metamaterial structures for SAR
reduction. In Hwang et al [50], split ring resonators (SRRs) were arranged periodically to
obtain the metamaterial properties, as shown in Figure 5.16 (a). Placing the metamaterial
between the antenna and muscle cube resulted in an SAR reduction of 27.57% and 37.62%
at 900 and 1800MHz respectively. Similarly in Farugue et al [51], the metamaterial using
triangular split ring resonators (TSSRs) was placed between the antenna and human head.

The SAR reduction was 45.44%.

-
- 2r >
> =
>0 -
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Figure 5.16. Examples of SAR reduction using metamaterials obtained by (a) split ring
resonators (SRRs) [50] and (b) triangular split ring resonators (TSSRs) [51].

Ferrite materials for EM shielding have also been used to reduce SAR [52]. Even though
these techniques help reduce SAR, they require extra substrates or extra materials between
the antenna and the human body. The antenna size will increase using these kind of
techniques and, therefore, a different approach for SAR reduction to minimize antenna size

is necessary. In the following sections, the SAR of an antenna on MD material and the
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effect of loss characteristics of MD material on SAR reduction are discussed as an alternate

solution.

5.6 PIFA on MD composite material and SAR reduction

The PIFA on MD composite material substrate in Figure 5.9 was used to analyze the effect
of MD composite material on SAR reduction. The PIFA was covered using a plastic case

and LCD film to model a realistic cellphone structure, as shown in Figure 5.17.

LCD Film Proposed PIFA

6.4mm

Plastic case

Figure 5.17. Cellphone structure for SAR analysis.

The dielectric constants of the plastic case and LCD film were 2.5 and 4.78 respectively.
The heights of plastic and LCD film were 500 and 200um respectively. In this section, the
effect of loss characteristics of the MD material on SAR is studied by comparing PIFAwmD,
PIFApL and PIFArrs cases. The antenna specification for each PIFA is the same as

described in Section 5.4.
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Three antennas’ xz-plane radiation patterns have been simulated using CST to

evaluate front-to-back ratio as shown in Figure 5.18.

Farfield Realized Gain Abs (Phi=180)
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Figure 5.18. xz-plane radiation patterns of (a) PIFAwmp, (b) PIFAbL and (c) PIFAFRra.
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Antenna gain patterns for each PIFA were calculated at their own resonant frequency.
Lower radiation energy to the back side of the antenna is required to reduce the energy
propagating into the human body. The lower back radiation, however, can represent that
the antenna does not radiate at all, therefore, the peak gain obtained from the back side of
the PIFA was divided by the peak gain obtained from the front side of the PIFA to calculate
the back-to-front ratio. If this ratio is small, less energy radiates to back side and it will
reduce the SAR of the antenna. A gain of 1.031 and 1.3dB were obtained for the back and
front radiation pattern, respectively for PIFAmp, resulting in 79.3% of the front side
radiation energy radiating to the back side of PIFAmp. Using the same calculation, 88.67
and 93.3% of front side radiation energy radiated as back radiation for PIFApL and PIFAFr4
respectively. PIFAvp shows the best front-to-back ratio and the smallest back radiation
amongst the three antennas and these results demonstrate that PIFA on MD material can
result in a smaller SAR with good radiation characteristics. The front-to-back ratio of three

antennae are summarized in Table 8.

Table 8. Front-to-back ratio of three PIFAs.

Ant. Type fr (MHz) Front gain (dB) Back gain (dB)  BF ratio (%)
PIFAMD 920 1.3 1.031 79.3
PIFADL 910 2.1 1.862 88.67
PIFAFRr4 918 2.3 2.146 93.3

To study the effect of the MD composite material on SAR reduction, two human
body models, head and leg, were used as shown in Figure 5.19. An EN 50361 Specific
Anthropomorphic Mannequin (SAM) phantom head, which is provided in CST microwave
studio, was used for the human head model (Figure 5.19. (b)), and a cylinder shape model

with four layers, bone, muscle, fat and skin was used for the human leg model (Figure 5.19.
(©)).
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Figure 5.19. Picture of human body model of (a) outline drawing [53], (b) SAM head and (c) leg.

The phantom head consists of a shell filled with a liquid which represents the average
material properties of the human head. The relative permittivity and loss tangent of shell
and liquid were 5/0.05 and 42/0.53 respectively. The density of liquid was 1000kg/m? and
the specification of the phantom head model is summarized in Table 9.

Table 9. Specification of Human head model.

Layer Er Loss tangent Density (kg/m?)
Shell 5 0.05 N/A
Liquid 42 0.53 1000
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The leg model consists of four layers of human tissue and the relative permittivity and
conductivity (s/m) of bone, muscle, fat and skin were 12.45/0.143, 56.87/0.995, 5.46/0.051,
41.4/0.867 respectively. The material density and radius of each human tissue are

summarized in Table 10.

Table 10. Specification of human organ tissues [54]

Tissue Er Kappa (s/m) Rho (kg/m?®) Radius (mm)
Bone 12.45 0.143 1850 15
Muscle 56.87 0.955 1040 70
Fat 5.46 0.051 1100 73
Skin 41.40 0.867 1100 75

The cellphone structure in Figure 5.17 was placed around 10mm away from the left

hand side of the head to study SAR on human head, as shown in Figure. 5.20.

Figure 5.20. Antenna orientation with SAM phantom mannequin.
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The resonant frequency, bandwidth, peak efficiency, peak gain and maximum SAR of each
antenna were calculated and are summarized in Table 11. The resonant frequencies of the
PIFAs were shifted as they were placed close to the head. The resonance shift of the
PIFAmD due to the head was 72.77 MHz, which is 17MHz and 19 MHz less than that of
the PIFApL and PIFArr4 respectively. The reason for PIFAmp showing the smallest
resonance shift is due to the refractive index (n=/¢,u,.) of MD, which is closest to the
refractive index of the head amongst the three materials. The bandwidth with 2:1 VSWR
are 7.1, 3.19 and 5.08% for PIFAwmb, PIFADL and PIFAFrr4 respectively. PIFAmp showed
the largest bandwidth among all three antennas. The radiation efficiency of standalone
PIFAwmp was about 15~20% lower than the PIFA on other substrates, but when the antennae
were placed close to the head, the difference between them was only 1~2%. Although the
peak radiation efficiency and peak gain of PIFAvp were the lowest among all three
antennae, the deterioration of these values by the head phantom was the smallest among
them. Therefore, human head effects on antenna performance can be decreased by using
MD material compared to using high dielectric constant material or FR4. Figure 5.21 shows

the simulated maximum SAR inside of the head for each PIFA.

Table 11. PIFAs performance with head phantom

Specification PIFAmD PIFADL PIFAFR4
Afr (MHz) 72.77 90 92.33
Bandwidth (%) 7.1 3.19 5.08
Efficiency (%) 18.17 19.54 20.49
Gain (dB) -2.61 -2.33 -2.05
Max SAR (W/kg) 0.722 0.853 0.854
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Figure 5.21. Maximum SAR comparison.

PIFAmp showed the lowest maximum SAR amongst the three antennae. The region of
energy propagating into the head can be seen in the SAR distribution plot in Figure 5.21.
The antenna using the MD material also showed the smallest area. The calculated SAR of
PIFAmDp was 0.722W/kg averaged over 1g of tissue with a 100mW input power. The other
two antennas showed a maximum SAR of 0.853 and 0.854W/kg for PIFApL and PIFAFr4
respectively. About 15.3% reduction in SAR is achieved using the MD material and this
significant reduction in SAR can be attributed to the magnetic loss tangent of the MD
material.

The cellphone structure in Figure 5.17 was also placed close to the leg model for
further SAR study, as shown in Figure 5.22. The antenna was placed 5mm away from the

human body model.
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Figure 5.22. Modeling of human leg and PIFA.

As described earlier, placing PIFA close to the human body causes an antenna resonant
frequency shift. The resonant frequencies shifted to 866, 858 and 814MHz for PIFAwmD,
PIFAbL and PIFAFr4 due to the proximity of the human body. As shown in the human head
case, PIFAmp showed the smallest resonance shift among three antennae. The calculated
maximum SAR of PIFAwmp was 697mW(/kg averaged over 1g of tissue with a 1700mW input
power. The other two antennae have SARs of 834mW/kg and 721mW/kg for PIFAxp and
PIFAFrs respectively. The antenna with the MD material substrate showed a significant
reduction of SAR as it showed in the human head case. A 16.4% SAR reduction was
achieved using the MD material compared to the one using high dielectric constant material
with low loss. The resonant frequencies and the maximum SAR of each PIFA are
summarized in Table 12. The maximum SAR distributions inside of the human tissues of
each PIFA are shown in Figure 5.23. The red region that represents the highest SAR value
are much wider for PIFArr4 than other two PIFAs and this could be attributed to the largest

antenna size amongst three antennae.
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Table 12. Antenna performance with human leg model

Specification PIFAmD PIFADL PIFAFR4
fr (MHz) 866 858 814
SAR (mW/kg) 697 834 721

W/Kg
0.698
0.556

0.036

0.229

W/Kg
0.834
0.665

0.43

0.196

(b)

W/Kg
0.721
0.642

0.372

0.169

©

Figure 5.23. Maximum SAR distribution of (a) PIFAwmp, (b) PIFAbL and (c) PIFAFrs.
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5.7 PIFA Fabrication and Measurements

In previous sections 5.3 and 5.4, two types of antenna on MD material were discussed with
their comparison summarized in Table 13.

Table 13. Specifications and performance (simulated) of PATCHwmp and PIFAmD

PATCHwmp PIFAwMD
Total size (mm?) 7185.66 7200
Metal patch size (mm?) 1965.66 360
Size reduction w/ respect to FR4 (%) 73.2 39
Bandwidth (%), VSWR 2:1 4.41 7.24
Radiation Efficiency (%) 8.2 74.19
Gain (dB) -6.746 1.26
MD volume (mm?3) 10922 400

The PATCHwmp shows better size reduction of 73.2% with respect to FR4 material than
PIFAwmD, due to the conductor ground backing. The PIFAmp shows, however, superior
antenna performance such as bandwidth, radiation efficiency and gain compared to
PATCHwmp. The PIFAmp also requires less MD material than PATCHwmp since the volume
of MD material used for the PATCHwmp is about 27 times larger than PIFAwmp. The PIFA
antenna is therefore the preferable antenna design for antenna miniaturization. The
proposed PIFA in Figure 5.9 was fabricated as shown in Figure 5.24. The size of the MD
material for the PIFA substrate is 20 x 20 x 1 mm?. Since the same process and conditions
were used to fabricate the substrate as the sample used in chapter 3, the material properties
were expected to be the same. This was verified using the return loss measurements of the

antenna.
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Figure 5.24. Pictures of the planar inverted-F antenna on MD material substrate shown in Figure 5.9.

Meander copper tape was attached on top of the synthesized MD composite and a coaxial
cable was used to excite the antenna. The fabricated antenna was measured using a vector
network analyzer (VNA) with short, open, load and thru (SOLT) calibration in an anechoic

chamber as shown in Figure 5.25.

99



Fabricated PIFA
Under Test

Figure 5.25. Picture of antenna under test in anechoic chamber for measurement.

Simulation and measurement of return loss for the fabricated PIFA are shown in
Figure 5.26. These results show measured and simulated resonance frequencies of 944MHz
and 910MHz, respectively. The difference in the resonance frequencies is only 34MHz or
3.73%, which demonstrates that the MD material properties are very close to the extracted
values. The small frequency offset can be introduced during simulation due to the size
difference during fabrication. The bandwidth of 2:1 VSWR is from 911 to 981MHz, which
corresponds to a 7.4% bandwidth. A 7.24% bandwidth was obtained from simulation and

therefore, measurement and simulation show good agreement for bandwidth as well.
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Figure 5.26. Simulation and measurement of return loss of the PIFA in Figure. 5.24.

Simulated and measured radiation efficiency and gain of PIFA are shown in Figures
5.27 and 5.28 respectively. The measured radiation efficiency was 51-61.7 % over the
frequency band while the simulated radiation efficiency was 60-76 % over the same band.
The measured antenna gain was about -0.3-0.2 dBi over the band which compares to the
simulated gain of 0.61-1.29 dBi over the same frequency band. Simulation and
measurement showed some difference and it can be attributed to a size difference during
fabrication and the effect of the coaxial cable used for measurements. Nevertheless, the
measured radiation efficiency of the PIFA still meets the requirements of minimum 30%
radiation efficiency for a practical handheld device for most applications in this operating

frequency band [23].
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Figure 5.27. Simulated and measured radiation efficiency of the PIFA in Figure. 5.24.
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Figure 5.28. Simulated and measured gain of the PIFA in Figure 5.24.
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For comparison purposes, simulated and measured radiation patterns are shown in
Figure 5.29. The measured radiation patterns are similar to that of the dipole antenna with
a null along the negative z axis side and shows good correlation with the simulated

radiation pattern.
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Figure 5.29. Simulated and measured radiation pattern of PIFA (a) perspective view, (b) xz-plane
and (c) yz-plane.
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Figure 5.30 shows the simulated and measured xy-plane radiation pattern in polar
coordinates. Good agreement is obtained with a main lobe at 293<in the simulation and
285° in the measurement. Comparison between simulated and measured antenna
performance of PIFA on MD material substrate is summarized in Table 14 and good

agreement between simulation and measurement was obtained.

G

180 1

(\

K

180 y z

Figure 5.30. Simulated and measured xy-plane radiation patterns in a polar coordinate.

Table 14. Simulated and measured antenna performance for PIFAwmb.

Result fr (MHz) Bandwidth (%) Radiation Eff. (%) Gain (dBi)
Simulation 910 7.24 74.19 1.26
Measurement 944 7.4 61.7 0.2
5.8 Summary

A microstrip patch antenna and a planar inverted-F antenna on magneto-dielectric material
substrate were designed and analyzed. Electric and magnetic material properties of MD

material were extracted using the method introduced in Chapter 3. Comparing the size of
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antennas on a typical FR4 PCB and MD material substrates, antennae on the MD material
substrate showed 73.2% and 38.4% size reduction for microstrip patch antenna and PIFA
respectively. Antennae on the MD material substrate were compared with other antennae
on different substrates, such as FR4 and high dielectric constant material. It was
demonstrated that antennas on MD substrate show better antenna performance than the
antennas on high dielectric constant material substrate with the same loss as the MD
material. Based on simulation, PIFA on the MD material showed 74.2% radiation
efficiency while patch antenna on the same MD material showed 8.2%. Therefore, a PIFA
type of antenna on MD material is preferable for mobile devices.

In this chapter, the effect of MD material characteristics on the SAR of an antenna
was also discussed. It was observed that MD material not only helped minimize the human
body effect on antenna performance but also decreased the SAR of the antenna. The
resonance shift of the MD antenna due to the proximity of the human body was the smallest
amongst other antennae on different material substrates. The SAR of PIFAuwp was
compared with PIFApL and PIFArr4 In this chapter. The antennas were placed close to
head and leg models to calculate SAR and PIFAmp showed the lowest SAR amongst three
antennae in both cases.

PIFA on MD material substrate was fabricated and measured. Simulated and
measured antenna performance showed good correlation, which verifies that the extracted
values using the method discussed in Section 3 are very close to the actual MD material
properties. Measured antenna performance was acceptable for handheld mobile
applications in a small size and therefore the magneto-dielectric material can be used for

antenna miniaturization.
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CHAPTER 6

CONCLUSIONS

With the remarkable development of communication technology, tremendous growth in
mobile devices have been achieved. Consumers’ demand on high portability and
multifunction capability of mobile devices have increased over the years. One of the factors
determining the portability of the mobile products is the size, and the size of the antenna
has a significant effect in determining the size of the mobile products. Reducing the size of
the antenna is very challenging since the performance of the antenna is bounded by the
physical size of the antenna. Various methods have been introduced in the literature to
reduce the antenna size and their pros and cons were described in this dissertation.

This dissertation primarily focused on miniaturizing antennae using magneto-
dielectric composite materials along with material characterization. In Chapter 2, the
material characterization method for extracting permittivity and permeability of a
synthesized magneto-dielectric composite was presented. A three-pole Lorentzian
dispersion equation has been derived to model the extracted material properties and its
causality was verified through calculations using Kramers-Kronig relations in Chapter 4.
Using the extracted material properties, a 900MHz planar inverted-F antenna was designed,
fabricated and measured. The accuracy of the measurement from the characterization
method has been verified through good correlation between the simulation and
measurement of the antenna performance. The benefits of using magneto-dielectric
material on antenna miniaturization was also demonstrated by comparing the performance

of an antenna on magneto-dielectric material to other antennas on high dielectric constant
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materials and FR4 material in Chapter 5. In Chapter 5, the effect of natural loss
characteristics of magneto-dielectric material on Specific Absorption Rate (SAR)
reduction also has been presented. Through simulations, it has been observed that using
magneto-dielectric material as an antenna substrate can help reduce the SAR of antennae
as well as the human body effect on antenna performance without adding any extra
structures or extra materials between the antenna and human body.

In conclusion, the magneto-dielectric material is a promising solution for next
generation smartphone or wearable type applications. Section 6.1 presents the

contributions in this dissertation. The final section shows published papers and inventions.

6.1 Contributions

The contributions of this research are summarized as follows:
Major Contributions:

e An effective and accurate magneto-dielectric material characterization method for
frequency-dependent material property extraction has been developed. Its accuracy
has been verified through correlation between simulation and measurement.

e Magneto-dielectric composite materials using cobalt-fluoropolymer was
synthesized and its properties were measured using the proposed technique from 1
to 4 GHz. Extracted properties of these MD composite materials are the best
properties reported in this frequency range for metal nano-composites in the open
literature.

e A meander planar inverted-F antenna on MD composite material for 900 GSM band

applications has been designed and fabricated. Extracted properties of the
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synthesized MD composite material have been used for antenna design and
measurements. Antenna performance showed good correlation with simulation
results. Though a magnetic loss tangent of 0.068 is considered high for RF antenna
application, however, it has been shown that the antenna fabricated using the MD
composite material has performance that meets the requirements for handheld
devices such as smart phones. As a side benefit, it has been shown that the MD
material helps reduce SAR, which is well known, but often overlooked during the
antenna design process. It was also observed that the effect of human body on
antenna performance can also be reduced using MD material since the refractive

index of these materials is close to that of the human body.

Other contributions:

Mixing rules for MD composite material to predict its properties have been
provided as a guideline for material synthesis. Bruggeman’s effective medium
theory [25] has been applied to predict the effective permeability and Sihvola and
Lindell model [24] has been used to estimate the effective permittivity for metal-
polymer composite materials.

Three pole Lorentzian dispersion model for fitting extracted material properties of
MD composite materials was developed. Errors between the extracted data and
fitting curve were very small. The Kramers-Kronig relations were used to
demonstrate that the three pole Lorentzian dispersion model is causal.
Performance of antennae on MD materials has been compared with other antennae

on different materials (High dielectric constant materials and FR4) for two types of
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antenna: patch antenna and planar inverted-F antenna. Based on simulation, the
narrow bandwidth problem using high dielectric constant materials can be solved
using MD materials. For antenna design preference, PIFA antenna on MD material
is preferable for mobile devices since it provides better antenna performance than
a patch type antenna on the same MD material. The PIFA on MD material is also

cost effective because it uses less material than the patch antenna.

6.2 Future Work

The 4 GHz upper frequency limit of cavity perturbation technique using substrate
integrated waveguide cavity resonator presented in Chapter 3 is due to the size of the
sample. The current sample dimension of 6 x 6mm? is too large for increasing resonant
frequency beyond 4GHz. Increasing resonant frequency of SIW cavity resonator by
decreasing the size of SIW will decrease the isolation level between permittivity and
permeability measurement since the inserted sample inside of the SIW cavity will affect
both the electric and magnetic field. The 4 GHz upper frequency limit of the method was
not sufficient to capture the FMR of the synthesized MD composite materials. MD
composite materials measurement beyond 4GHz using smaller size of sample will be
necessary for estimating FMR.

In physics and materials science, the Curie temperature (Tc), or Curie point, is the
temperature where a material’s permanent magnetism changes to induced magnetism [55].
Since the Curie temperature of bulk cobalt is 1400 K, its magnetism would not be sensitive
to temperature changes in a regular room environment. The Curie temperature of cobalt
nanoparticle is, however, not known and therefore can be an issue. To understand the effect

of temperature on material properties, an experiment can be done by placing the SIW cavity
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with MD composite material on a hot plate and measuring the change in resonance as a
function of temperature. This data can be used to estimate the Curie temperature of the

composite material.

6.3 Publications

In the course of the dissertation research, the following journal articles, conference papers,
and invention disclosures have been submitted, accepted and published.
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