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SUMMA RY 

 

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 antennaôs 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 



xvii  

 

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 
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techniques that load the antenna with high refractive index (n=(Ůrµr)
½) material where Ůr 

and µr are relative permittivity and permeability respectively. 

 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 

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. 
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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, 

ɚ, is inversely proportional to the refractive index value as: 

 ,
r r r

c

f
l

e m
=   (1) 

where c is the speed of light and fr 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 Ůr and µr 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. 
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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: 

 
,

.

r

r

j

j

e e e

m m m

¡ ¡¡= -

¡ ¡¡= -
  (2) 

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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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 

Figure 1.2. Examples of conventional material characterization methods (a) Impedance analyzer 

method, (b) Two structures method and (c) NRW method.  
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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 ï 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. 
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Table 1. Summary of the literature review for the MD material properties and antenna performance 

Material 
Permittivity 

(Ůr/tanŭe) 

Permeability 

(µr/tanɻ m) 
Frequency 

Gain 

(dBi) 

Radiation 

Efficiency 

(%) 

Year 

Ferrite 

compound 

3.29/ 

0.027 

2.01/ 

0.189 
780MHz -5.1 27.9 

2010 

[20] 

Y-type 

hexagonal 

ferrite + 

glass 

12.7/ 

0.0065 

2.1/ 

0.0474 
800MHz -0.03 43 

2012 

[21] 

Y-type 

hexagonal 

ferrite + 

polymer 

5.07/ 

0.004 

2.01/ 

0.03 
1GHz N/A 

65 

(Simulation) 

2014 

[22] 

Ferrite + 

epoxy 

4.18/ 

0.022 

1.56/ 

0.035 

748 ï 960 

MHz 
2.12 82 

2014 

[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. 
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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. 
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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. 
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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 ñEffective Medium Theoriesò (EMTs) or mixing rules. These models can be used to 

estimate permittivity and permeability of MD composite materials containing metal and 

dielectric materials. 

 

  

Figure 2.1. Geometry of (a) two-layer particle and (b) composite structure. 
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 For the effective permittivity prediction, Sihvola and Lindellôs 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 Lindellôs mixing rule for 2-layers can be 

expressed as: 
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where Vf is the volume fraction of metal filler and 
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This equation can be simplified for ʁeff as: 
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where A is the right-hand term in Equation (5). To estimate the permittivity of the metal 

particle (ʁ 2), a Drude model was used as: 

 2

0

1 ,j
s

e
we

= -   (6) 

where ̀  is the conductivity, and ̟ and ʁ 0 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. 

 

Figure 2.2. MD composite materials modeling (a) effective permittivity and (b) electric loss tangent. 



13 

 

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, a1, 

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. 

Figure 2.4. Effective permittivity of 2 -layer composite from (3) with different oxidized layers, a1, 

when a2=20nm. 
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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 

Bruggemanôs effective medium theory, was used [25], which is given by: 

 ( )
1

1 0,
2 1 2

a eff eff
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where µa is the intrinsic permeability and Equation (7) can be simplified for µeff as: 

Figure 2.5. Electric loss tangent of 2-layer composite from (3) with different cobalt-oxide layers, a1, 

when a2=20nm. 
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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.  

 

 

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 

Figure 2.6. Effective permeability of composite from (8) with different intrinsic permeabilities. 
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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]: 

 ,
2

effFMR H
g

p
=   (9) 

where ɔ is the gyromagnetic ratio and Heff 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 

High permeability 
Higher saturation magnetization (Ms) 

Higher filler volume fraction 

Low magnetic loss tangent 
Nanoparticle 

Higher effective field anisotropy 

Reasonable permittivity 
Low permittivity polymer matrix 

Moderate filler content 

Low dielectric loss tangent 
Low loss polymer matrix 

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  

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.  

 

 

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.  

 

 

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]. 

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

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

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 

Figure 2.11. Effect of metal nanoparticle size on nanocomposite (a) permeability, (b) magnetic loss. 
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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 Bruggemanôs 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 (Ůô, Ůò, ɛô and ɛò) 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, Ů2, and permeability, ɛ2, is inserted into the cavity as shown in Figure 3.1. 

 

 

 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]:  
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with 

Figure 3.1. Small material perturbation (a) Original cavity and (b) perturbed cavity. 
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 2 1,e e eD = -  (11) 

 2 1ɛ ,m mD = -   (12) 

where f1 and f2 are the resonant frequencies before and after the introduction of the sample, 

as shown in Figure 3.1. In (11) and (12), Ů1 and Ů2 are the complex permittivities of the 

original medium in the cavity and sample respectively, and ɛ1 and ɛ2 are the complex 

permeabilities of the original medium in the cavity and sample respectively. Likewise, E1 

and E2 are the electric fields in the cavity before and after perturbation, and H1 and H2 are 

the magnetic fields in the cavity before and after perturbation, respectively. In (10), Vc 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: 
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where Ůôs and Ůòs correspond to the real and imaginary parts of the permittivity of the 

sample, respectively; Ůôr and Ůòr 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 fo 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]. 
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where ɛôs and ɛòs 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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The resonant frequency of the TEm0k mode in a SIW cavity is given by [29] 
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where c is the speed of light in free space, Ůôr and ɛôr are the relative permittivity and 

permeability of the SIW substrate medium respectively, and m, k are operation mode 

numbers. Weff and Leff 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 Weff and Leff are given by [29]: 
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Figure 3.2. Details of SIW cavity resonator (a) perspective view, (b) top view and (c) corner-to-corner 

probing. 


