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ABSTRACT 

Recently, compact and multi-functional wireless mobile devices have been highly 

demanded. Therefore, miniaturization of radio-frequency (RF) components, including antennas, is 

essential. Regarding wireless charging networks for mobile devices, performance degradation of 

near-field communication (NFC) and wireless power charging (WPC) systems is often observed. 

This is because various components are integrated into a compact space.  Moreover, active 

components, such as amplifiers and oscillators, cause wireless communication devices to 

experience unwanted or noise signals.  The unwanted signals are transmitted and received by an 

antenna, thereby degrading the quality of wireless communication. Thus, the frequency filtering 

device is required to suppress the radiation of unwanted signals.  However, this increases the 

volume of a wireless device, which is not desired. The aforementioned demands and issues can be 

addressed by employing magnetic materials and exploiting the unique characteristics of frequency 

dependent complex permeability. It is noted that magnetic loss is a concern because the loss 

degrades device performance.  

The objective of the dissertation is to develop low-loss ferrites and design magnetics based 

antennas to meet the aforementioned demands without sacrificing antenna performance. Low loss 

hexaferrites, including Ba3Co2Fe24O41, BaCo1.4Zn0.6Fe16O27, and Ba2Co2Fe28O46, have been 

developed with a conventional ceramic process and compared with other reported low-loss ferrites 

for the figure of merit. The figure of merit is defined as a ratio of the real part of complex 

permeability to the magnetic loss tangent. Design and fabrication of miniature antennas, such as 

the dual-polarized hexaferrite antenna for an unmanned aerial vehicle and low-profile multiband 
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antenna for telematics applications, are based on the low-loss ferrites, which was developed in this 

dissertation. Furthermore, effects of magnetic materials loading on antenna miniaturization and 

performance were investigated. Excellent antenna performance was demonstrated with ferrite 

loading.  

Spinel ferrite, Ni0.38Zn0.47Cu0.15Fe2O4, offers enough magnetic isolation for WPC design, 

resulting in a high power transfer efficiency for the WPC system. Accordingly, a simple wireless 

power charging system was designed with the spinel ferrite loading and simulated for its power 

charging performance. Then, the loaded ferrite was evaluated for its applicability to a WPC system. 

Lastly, loading an antenna with multiple ferrite cores significantly suppressed harmonic radiation 

from the antenna by dissipating unwanted signals. On the other hand, the conventional harmonic 

suppressed antennas suppress the harmonic radiation by reflecting or redirecting unwanted signals, 

which is not desired. The simulated and experimental data from ferrite loaded antennas suggest 

that the magnetic materials can play various roles in antenna design and performance.  
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CHAPTER 1 

1. INTRODUCTION 

1.1. Motivation 

Recently, small form factor and multi-functionality of wireless communication systems 

have been in high demand for mobile devices. Accordingly, a large number of radio-frequency 

(RF) antennas is required in the limited space of the device. Consequently, antenna miniaturization 

is essential to satisfy the demand. One approach to reduce the size of antennas is loading dielectric 

materials, which possess high permittivity, as antenna substrates. However, dielectric material 

loading causes degradation in antenna performance, such as impedance matching, antenna 

impedance bandwidth, radiation efficiency (RE), and antenna gain [1, 2].  

Due to the integration of various RF devices in a compact space, wireless communication 

performance, which includes transfer efficiency, can be degraded, especially in near-field 

communication (NFC) and wireless power charging (WPC) systems. In NFC and WPC systems, 

a magnetically coupled communication method is used to transfer data and power wirelessly. The 

alternating magnetic field generated by the transmitting coil-antenna induces the alternating 

current on the receiving coil-antenna resulting in wireless data and power transfer. However, the 

alternating magnetic field also induces eddy current on nearby metallic objects, such as batteries. 

This induced eddy current generates an oppositely directed magnetic field, which cancels out the 

magnetic field generated by the coil-antenna. Consequently, the transfer efficiency of the systems 

is degraded.  

Furthermore, the harmonic radiation generated by various active components in wireless 
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communication systems, such as amplifiers and oscillators, should be suppressed to achieve good 

and reliable wireless communication quality. Accordingly, frequency filtering devices or circuits, 

such as band-pass filters, are required. However, these filters will increase the form factor and cost 

of the wireless communication system, which is not desired [3]. Therefore, frequency selective or 

harmonic suppressed antennas are highly demanded.  

The aforementioned issues and demands can be solved by loading ferrites onto antennas. 

The roles of ferrite loading in antenna applications will be discussed in detail in the following 

section. 

 

1.2. Roles of ferrite loading in antenna applications 

1.2.1. Antenna miniaturization 

Ferrites have been widely used in antenna miniaturization [4-10]. This is because the 

wavelength (λ) of an electromagnetic wave can be shortened by the miniaturization factor (n = 

(μrεr)0.5, where μr and εr are the relative permeability and permittivity, respectively) of ferrite 

substrate, which can be expressed as  

    nnfceff /0 ,                                            (1.1) 

where λeff is the effective wavelength in the medium, c0 is the speed of light in the free space, and 

f is the frequency. Antenna miniaturization by ferrite loading is clearly demonstrated in Fig. 1.1. 

It is observed from Fig. 1.1 (b) that both antennas with and without ferrite loading resonate at 2.5 

GHz. To achieve the resonant frequency of 2.5 GHz, the required area for the antenna without 

ferrite loading is 8 mm × 65 mm (520 mm2), while the antenna with ferrite loading requires an 

area of 5.3 mm × 17.8 mm (94.3 mm2). That is, the occupied space by the antenna is reduced by 

82 %. Therefore, ferrite loading can effectively miniaturize the antenna. As stated in section 1.1, 
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the antenna miniaturization can also be realized by the dielectric loading due to possession of 

permittivity. However, this high permittivity results in a narrow bandwidth and poor characteristic 

impedance matching between the substrate and air. In the case of the patch antenna, impedance 

bandwidth can be expressed as [7] 

 
 rr

rr t
Bandwidth




1742
//96 0


 ,                  (1.2) 

(a) 

 
(b) 

FIG. 1.1. An example of antenna miniaturization by ferrite loading: (a) antenna dimensions 
and (b) simulated frequency dependent reflection coefficients of antenna with and without 
ferrite loading. 
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where t is the thickness of the ferrite substrate and λ0 is the wavelength in free space. From Eq. 

(1.2), the impedance bandwidth increases with the increase of μr and decrease of εr. Furthermore, 

the wave impedance in the substrate should be matched with the wave impedance in free space to 

maximize electromagnetic energy radiation. The input wave impedance (Zin) can be written as [5] 

 







 rr

r

r
in c

fljZZ 



0
0

2tanh ,                                    (1.3) 

where Z0 is the impedance of the free space (Z0 = 377 Ω) and l is the length of the medium. Eq. 

(1.3) implies that the ferrite loading will provide better impedance matching between the substrate 

and the free space as compared to dielectric loading due to the presence of permeability. Therefore, 

the antenna can be effectively miniaturized by ferrite loading with broadened bandwidth and 

improved characteristic impedance matching over the dielectric loading.  

However, ferrites exhibit energy loss in the alternating magnetic field, when the frequency 

reaches close to ferromagnetic resonant frequency (fFMR) of the ferrite [3]. This energy loss is called 

magnetic loss and results from the lagging of magnetic flux (B) in the ferrite medium to the applied 

magnetic field (H) by a phase angle (δ). The complex relative permeability of the ferrite in the 

alternating magnetic field can be written as [11], 

  jr ,                                                       (1.4) 

 sin,cos
H
B

H
B

 .                                      (1.5) 

This indicates that μ′ is in-phase and μ″ is out-of-phase with the alternating magnetic field. 

Accordingly, magnetic loss tangent (tan δμ) can be defined as 

 
  







 tan
cos/
sin/tan 





HB
HB

.                                     (1.6) 
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This magnetic loss degrades the antenna RE, which can be given by 

       lossrad

loss

lossrad

rad

lossrad

rad

in

rad

QQ
Q

QQ
Q
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P
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/1/1
/1

RE 2

2

,            (1.7) 

where Prad is the radiated power, Pin is the input power to the antenna, I is the current, Rrad is the 

radiation resistance, Rloss is the resistance due to material losses, Qrad is the quality factor due to 

radiation, and Qloss is the quality factor due to material losses. Qloss is then rewritten as  

 


 


tantan1
,tantan11111




C

C
loss

CCloss Q
QQ

QQQQQ
,    (1.8) 

where QC is the quality factor due to conduction (ohmic) loss and Qμ and Qε are quality factors due 

to magnetic and dielectric losses, respectively. After substituting Eq. (1.8) into Eq. (1.7), RE can 

be expressed as  

   tantan
RE




CradCrad

C

QQQQ
Q

.                         (1.9) 

Eq. (1.9) implies that the magnetic loss tangent of ferrites at a frequency of interest should be low 

in order to avoid degradation in RE while miniaturizing the antenna. Therefore, it is important to 

develop and select a low-loss ferrite with high permeability, i.e., high figure of merit (FOM = μ′ / 

tan δμ) at the operating frequency bands to miniaturize antennas. 

 

1.2.2. Transfer efficiency enhancement by magnetic isolation 

Another ferrite role in wireless communication applications, especially in NFC and WPC 

systems, is magnetic isolation between the coil-antenna and adjacent metallic objects in the 

compact device, enhancing the transfer efficiency of the system. The magnetic isolation will 

reduce generated eddy currents on the adjacent metallic components. This can be realized by 
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inserting a ferrite sheet between the coil-antenna and metallic components since ferrite possesses 

high permeability and electrical resistivity. Figure 1.2 (a) clearly shows that the magnetic field 

from the source is converged into a ferrite sheet. Therefore, less alternating magnetic field, which 

is the source of the eddy current, will reach the metallic object as shown in Fig. 1.2 (b). It is also 

noted that magnetic field convergence gets higher with an increase of permeability of the 

 
(a) 

 
(b) 

FIG. 1.2. Illustration of magnetic field convergence due to ferrite sheets: (a) vector magnetic 
field distribution in the ferrite sheet and (b) cross-section of magnitude magnetic field 
distribution. 
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ferrite sheet. Moreover, the low magnetic loss is essential at the operation frequency. Therefore, 

similar to specifications of desired ferrite properties for antenna miniaturization, high permeability 

and low magnetic loss at operating frequency are required to achieve a high transfer efficiency of 

the system. 

 

1.2.3. Harmonic radiation suppression 

Lastly, ferrite has been widely used in electromagnetic interference (EMI) filter 

applications due to the unique frequency behavior of complex permeability of the ferrite as shown 

in Fig. 1.3. The impedance of ferrite core (ZF) can be expressed as [12] 

 
FIG. 1.3. An example of frequency dependent complex permeability and impedance of a 
ferrite core. 
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  000 LjLjLjjXRZ FFF   ,                                  (1.9) 

1

92

0
104

C
NL




 ,                                                          (1.10) 

where RF is the resistance of the ferrite core, XF is the reactance of the ferrite core, L0 is the air-

core inductance, N is the number of turns, and C1 is the core factor. Figure 1.3 shows that the μ″ 

and RF are almost constant with extremely small values at a lower frequency range (up to 3 GHz). 

Then, when the frequency reaches fFMR, μ″ and RF increase dramatically. Due to this unique 

frequency behavior of the ferrite, intended and wanted signals (at low frequency) experience 

extremely low insertion loss, indicating no signal or power loss, while noise and unintended signals 

(near fFMR) can be significantly attenuated and dissipated as heat due to high RF. Therefore, the 

ferrite should have a low magnetic loss or μ″ at the fundamental frequency of the system (operating 

frequency) and high magnetic loss or μ″ at harmonic and spurious frequencies. In this dissertation, 

we have used these unique frequency dependent properties of ferrite to design a novel harmonic 

suppression antenna.  

 

1.3. Outline of dissertation 

In this dissertation, the roles of ferrite loading on RF antennas and required magnetic 

properties of ferrites have been studied. This dissertation covers theoretical analysis based on 

magnetism and electromagnetism, material synthesis and characterization, antenna performance 

simulation, and antenna fabrication and characterization. An article style format is used to write 

this dissertation, which is organized as follows: 

In Chapter 2, the fundamental principles of high frequency structure simulator (HFSS), 

which was used for antenna simulation, is discussed. From Chapter 3 to Chapter 5, methods to 
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reduce the magnetic loss of hexaferrites are introduced. Also, the developed dynamic magnetic 

properties of low-loss Ba3Co2Fe24O41 (Co2Z), BaCo1.4Zn0.6Fe16O27 (Co1.4Zn0.6W) and Ba2Co2Zn2-

xFe28O46 (CoxZn2-xX) hexaferrites were compared with previously reported magnetic materials. 

From the comparison, our developed hexaferrites show the highest FOMs at operating frequencies, 

which implies that our developed hexaferrites are good candidates for antenna miniaturization. In 

Chapter 6, a miniature, low-profile, and planar dual-polarized hexaferrite antenna for unmanned 

aerial vehicle (UAV) applications is designed and characterized for frequency dependent reflection 

coefficient, antenna radiation efficiency, and antenna radiation patterns. Furthermore, the effect of 

magnetic loss on antenna efficiency is clearly demonstrated through antenna performance 

simulation and characterization. Chapter 7 introduces a low-profile multiband antenna for vehicle 

wireless communications. The performances of developed antennas with and without ferrite 

loading are demonstrated. In addition, the effects of ferrite loading configurations on antenna 

performance are studied. In Chapter 8, the desired magnetic properties of a ferrite sheet are 

identified by simulation for an efficient wireless power charging (WPC) system. Ni-Zn-Cu ferrite 

is designed and synthesized to meet the optimal magnetic properties which were provided from 

the simulation. In Chapter 9, a ferrite loaded harmonic suppressed antenna is designed and 

characterized. The developed antenna is compared with the conventional harmonic suppressed 

antennas for frequency dependent reflection coefficients, radiation efficiencies, and realized gains. 

Moreover, roles of ferrite cores in developed antenna performance are investigated. Lastly, the 

conclusion of this dissertation and future work are presented in Chapter 10 and Chapter 11, 

respectively.   
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CHAPTER 2 

2. ANTENNA SIMULATION WITH HIGH FREQUENCY STRUCTURE SIMULATOR (HFSS) 

2.1. Finite Element Method 

In order to develop antennas, an antenna simulation, which uses computational 

electromagnetics (CEM) to solve electromagnetic (EM) problems, precedes the realization of the 

antenna to reduce cost and time. In order to perform efficient and accurate simulation, it is 

important to understand the fundamentals of the method that are used in the simulation tool.  

For antenna design and simulation, ANSYS High Frequency Structure Simulator (HFSS) 

has been used in this dissertation. ANSYS HFSS uses the finite element method (FEM), which is 

in the category of full-wave methods, as shown in Fig. 2.1. Full-wave methods discretize the 

 
FIG. 2.1. Methods in computational electromagnetics [1]. 
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objects into smaller subsections with certain shapes by different discretization methods [1]. 

Moreover, FEM uses a partial differential equation (PDE) to solve fields in the frequency domain. 

This method is good for solving complex structures and modeling inhomogeneous or complex 

materials [1, 2].  Figure 2.2 shows the simplified simulation process of HFSS. First, the 2D or 3D 

object is modelled and boundary conditions are assigned. Then, the modelled object is discretized 

into subsections. In HFSS, a non-orthogonal mesh is used to discretize the object into subsections, 

which have tetrahedral shapes. Then, the fields associated with the subsection are calculated with 

Maxwell’s equations and corresponding boundary conditions. Once the field is determined, 

various performances, such as the generalized S-matrix solution, can be calculated [3]. Detailed 

calculation in FEM and post-processing on antenna performance properties will be further 

discussed in Section 2.2.  

Within known boundary conditions and excitations, HFSS solves for the E


 using 

Maxwell’s equations with constitutive relation: 

t
BE







,                                                          (2.1) 

J
t
DH










 ,                                                       (2.2) 

ED


 ,                                                              (2.3) 

 
FIG. 2.2. Simplified simulation process of HFSS. 
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HB


 ,                                                              (2.4) 

where B


is the flux density, H


is the magnetic field intensity, J


is the electric current density, D


is the electric displacement field, and ε and μ are the permittivity and permeability of the medium, 

respectively. When Eq. (2.4) and Eq. (2.3) are substituted in Eq. (2.1) and Eq. (2.2), the equations 

become 

t
HE







      (2.5) 

and J
t
EH










  .                                                    (2.6) 

Since the radiation of an antenna is associated with harmonically oscillating functions with various 

frequencies, rewriting Eq. (2.5) and (2.6) in frequency domain is more convenient, resulting in 

HjE


 ,                                                       (2.7) 

and EjJH


 ,                                                (2.8) 

where ω is the angular frequency. Then, H


can be found by 

EjH





.                                                      (2.9) 

Substituting Eq. (2.9) in Eq. (2.8) yields 

JEjEj 









 


.                                             (2.10) 

Rewriting Eq. (2.10) in terms of the wave number in free space (k0) becomes 

sourcer
r

JJjEkE
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,                                     (2.11) 
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where c is the speed of light, μr and εr are the relative permeability and permittivity in the medium, 

respectively, and μ0 and ε0 are the permeability and permittivity in a vaccum. It is noted that sourceJ


 

is used to represent any source and is equal to zero when there is no external source. 

To solve E


 for each subsection, which is generally a tetrahedron for three-dimensional 

simulation, the first step is to divide the components inside the boundary conditions into 

tetrahedrons according to the initial mesh. This is also known as initial mesh generation. Once the 

problem domain is discretized into multiple tetrahedrons, a trial function is used to approximate 

the E


 within the elements. In default, HFSS uses a first-order polynomial function for trial 

functions. For three-dimensional field problems, a complete nth order polynomial is written as 




n

m

iii
m zyxa

0
,                                                       (2.13) 

where am is the constant coefficient to be determined from its geometry, n is the order of the 

 
FIG. 2.3. A typical tetrahedron element in XYZ plane. 
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polynomial, and m is the total number of coefficients in the expansion [4]. For a first-order 

tetrahedron element as shown in Fig. 2.3, the corresponding linear polynomial function can be 

expressed as 

zayaxaazyxE 3210),,( 


.    (2.14) 

The constant coefficients can be determined by enforcing Eq. (2.14) at the 4 nodes of the element 

as follow 

43424104
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.                                      (2.15) 

From which constant coefficients can be obtained 

 44332211

4321

4321

4321

4321

0 6
1

6
1 EkEkEkEk

zzzz
yyyy
xxxx
EEEE

a










 ,                       (2.16) 

 44332211

4321

4321

4321
1 6

1
1111

6
1 EjEjEjEj

zzzz
yyyy
EEEE

a










  ,                       (2.17) 

 44332211

4321

4321

4321
2 6

1
1111

6
1 ElElElEl

zzzz
EEEE
xxxx

a


 





 ,                           (2.18) 

 44332211

4321

4321

4321
3 6

1
1111

6
1 EmEmEmEm

EEEE
yyyy
xxxx

a










 ,                     (2.19) 



 

15 
 
 

elementtheofvolume
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where  
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,                           (2.24) 

Substituting Eq. (2.16-2.19) into Eq. (2.14) yields 

44332211),,( ENENENENzyxE


 ,                                   (2.25) 

where Ni is the shaping function: 

 zmylxjkN 11111 6
1




 ,                                               (2.26) 

 zmylxjkN 22222 6
1




 ,                                             (2.27) 
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 zmylxjkN 33333 6
1




 ,                                             (2.28) 

 zmylxjkN 44444 6
1




 .                                             (2.29) 

When approximated electric fields, as calculated in Eq. (2.25), are inserted into Eq. (2.11), 

the residual, an error of approximation, is unavoidable. There are several methods to minimize this 

residual, such as the principle of weighted residuals, orthogonal projection principle, and variation 

principle [5]. Among three principles, HFSS uses the principle of weighted residuals, which finds 

the unknown parameters in a desired equation such that the residual is below a predefined residual. 

The fundamental residual equation for the weighted residual principle is 

dVrWR
V

e
i   ,                                                      (2.30) 

where W is the weighting function, r is the residual error associated with Eq. (2.11), and V is the 

volume of the whole domain. The goal is to minimize this residual as close to zero. Based on r and 

W, domain discretization varies. In HFSS, Galerkin’s method is used because this method utilizes 

the Ni that was found in equations above (Eq. (2.26) – Eq. (2.29)) for W [4]. As a result, Eq. (2.30) 

can be rewritten in terms of E


 and W as 
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,                (2.31) 

where Wn is the shaping function of individual finite elements and ranges from 1 to N. N is the 

total number of tetrahedral subsections in the whole domain. By using the vector cross product 

property (Eq. (2.32)), Eq. (2.31) can be rewritten as 

      BAABBA


 ,    (2.32) 
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Since the dot product is commutative, Eq. (2.33) becomes 
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By exploiting the divergence theorem (Eq. (2.35)), Eq. (2.34) is rewritten as 
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dSnvdVv ˆ ,                                                (2.35) 
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Eq. (2.36) is simplified by exploiting Eq. (2.7) and the scalar triple product property as follows 
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Since the first equation of the right side in Eq. (2.37) denotes the surface closed loop, it can be 

treated as a boundary term. Furthermore, if we assume that the computing finite element does not 

include current excitation, the second equation of the right side becomes 0. As a result, Eq. (2.37) 

can be rewritten as 
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If E


 is written in terms of the sum of x and Wn as shown in Eq. (2.39), Eq. (2.38) becomes 
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It is noted that Eq. (2.40) has the form of 
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MnbAxN

m nmnm ,...,2,1,,   or bAx  ,    (2.41) 

where A is the N × N matrix that includes the boundary condition and b is the 1 × N matrix for port 

excitation. Therefore, E


 can be calculated when x is solved. The convergence criterion used by 

HFSS depends on the difference in the scattering parameter (S-parameters) value between two 

consecutive iterations, which is called a maximum ΔS, which can be defined as 

  1 passpass N
ij

N
ijij SSmagMax ,                                            (2.42) 

where Npass is the number of passes or iterations and i and j are the all matrix entries. If this 

maximum ΔS is less than the user-specified ΔS, the iteration ends. If ΔS is greater than the specified 

ΔS, HFSS refines the mesh that shows high residual. This repetitive process is known as adaptive 

 
FIG. 2.4. Simplified flow chart of adaptive mesh refinement process [3]. 
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mesh refinement process [3]. Fig. 2.4 shows the simplified flow chart of adaptive mesh refinement 

process. 

 

2.2. Post-processing 

Based on assigned excitations and calculated fields by FEM, important antenna properties, 

such as S-parameters and radiation properties (radiated fields, radiated power, antenna efficiency, 

and gain), can be calculated. 

 

2.2.1. S-parameters 

S-parameters describes the transmission and reflection of the power at a port or between 

ports in an antenna system. In a single-port antenna system, as shown in Fig. 2.5, S-parameters 

(S11) shows the amount of power transferred from the source to the antenna, which is known as the 

reflection coefficient (Γ), and can be expressed as  

11

1
11 1

a
P

a
b

S acc ,                                                    (2.43) 

 
 

FIG. 2.5. Transmitted and reflected powers for a single-port antenna system. 
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where a1 is the incident power, which is assigned by a user, b1 is the reflected power, and Pacc (= 

a1 – b1) is the accepted power, which enters into a radiating element. Pacc is calculated as  

  
Aacc dSHEP *Re


,                                                   (2.44) 

where A is the union of all port boundaries in the antenna structure. These E


 and *H


at the port 

boundaries are calculated by Eq. (2.25) and Eq. (2.9), respectively.   

In the case of a two-ports antenna system, S-matrix is given by [6] 
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,                                            (2.45) 

where ai is the incident power at port i and bi is the transmitted or reflected power at port i. Eq. 

(2.43) can be rewritten into the equation forms, 

2121111 aSaSb  ,                                                 (2.46) 

2221212 aSaSb  ,                                                (2.47) 

where S11 and S22 are the reflection coefficients of port 1 and 2, respectively and S12 and S21 are the 

isolation (transmission coefficients) between two ports, respectively. When port 2 is terminated by 

a load having the same characteristic impedance (Z0) of the electrical system according to the 

definition of S-parameters, indicating a2 equals zero, then Eq. (2.46) and Eq. (2.47) can be 

simplified to 

  1111 / abS  ,                                                      (2.48) 

1221 / abS  .                                                     (2.49) 

Similarly, Eq. (2.46) and Eq. (2.47) can be rewritten as 

  2112 / abS  ,                                                      (2.50) 

2222 / abS  ,                                                     (2.51) 
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when port 1 is terminated by the load with Z0. With the values of Pacc at port 1 and 2 calculated 

using Eq. (2.44), S11, S21, S12, and S22 can be computed using Eq. (2.43).  

Using a frequency sweep in the frequency range of interest, the resonant frequency, 

impedance matching, impedance bandwidth, and isolation between ports of the designed antenna 

can be determined by the calculated S-parameters. 

 

2.2.2. Radiation properties 

In order to calculate radiation properties by FEM, a radiation boundary (absorbing 

boundary condition) must be predefined around the designed antenna. To calculate radiated fields 

external to the radiation boundary, values of the fields on the radiation surfaces are used, which is 

provided by Huygen’s principle. By exploiting Huygen’s principle,  the radiated E


 in the external 

to the region bounded by a radiation boundary can be expressed as [4] 
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where S is the radiation boundary surfaces, G is the free space Green’s function, r  is the field 

point, r is the source point, and nˆ  is the unit vector normal to S at r . The 2D and 3D radiated 

field patterns can be plotted by calculating  rE 
 and  rH 

.  

With the calculated radiated fields,  rE 
 and  rH 

, the radiated power density (or 

Poynting vector:  rS 
) and total radiated power (Prad) can be calculated by 

   *)( rHrErS 
 ,                                                 (2.55) 
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SSrad dSrHrEdSrSP *ReRe  .                                (2.56) 

Then, radiation intensity (U) can be calculated, which will be used to compute the antenna 

directivity (D). The definition of U is the radiated power from an antenna per unit solid angle (sr) 

[7]. Accordingly, it can be expressed as  

   rSrU 2,  .                                                      (2.57) 

In the case of an isotropic antenna, the same amount of radiated power will be delivered to the 

surface of a sphere having radius r. Therefore, the radiation intensity of an isotropic antenna (U0) 

can be written as  

40
radP

U  .                                                          (2.58) 

Moreover, D, which is the ratio of radiation intensity in a given direction to the radiation intensity 

of the isotropic antenna [7], can be rewritten as 

     
radP

U
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UD 


,4,,
0

 .                                          (2.59) 

Lastly, the antenna gain can be calculated by 

    ,, DREgain  ,                                                 (2.60) 

where RE is the antenna radiation efficiency. RE can be obtained by the equation, 

acc

rad

P
P

RE ,                                                            (2.61) 

and Pacc and Prad are calculated by Eq. (2.44) and Eq. (2.56). In addition, the realized gain (RG), 

which takes into account the impedance mismatching loss of an antenna, can be expressed as  

          ,1,1, 22 DREgainRG  ,                        (2.62) 

and Γ can be obtained from Eq. (2.43). 
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This chapter summarizes the fundamental background of FEM, which is the mathematical 

method used by HFSS, and antenna performance properties, which include S-parameters, radiated 

fields, antenna directivity, antenna radiation efficiency, and antenna gain. Understanding of the 

fundamentals of ANSYS HFSS helps to conduct effective and accurate antenna simulation. 
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CHAPTER 3 

3. MICROWAVE PROPERTIES OF LOW-LOSS Z-TYPE HEXAFERRITE1 

3.1. Introduction 

Multi-functional mobile devices require a large number of radio frequency (RF) 

components, including antennas in the limited space. Accordingly, the size of the antenna needs 

to be reduced without any performance degradation. In response to this, ferrites have been widely 

studied and used as substrates of gigahertz (GHz) antennas. This is because ferrites possess both 

permeability and permittivity, and are good electrical insulators [1]. However, ferrite is 

magnetically lossy at GHz frequencies, which is undesired for antenna applications. We have 

reported that the experimental radiation efficiency (RE) of a dual polarized hexaferrite antenna 

increases more or less linearly to 77% from 66% at 2.4 GHz as the magnetic loss tangent (tan δμ = 

μ′′/μ′) decreases to 0.05 from 0.11 at 2.4 GHz [2]. 

In order to further reduce the magnetic loss tangent at GHz, ferrites with a high magneto-

crystalline anisotropy field (Hk) and permeability have been investigated. This is because the larger 

Hk, the higher the ferromagnetic resonant frequency (fFMR) according to Eq. (3.1), thereby, a higher 

operation frequency leading to a low magnetic loss.  

   kFMR HHf   2/ ,                                            (3.1) 

                                                 
 
1 This work was published as “Low-loss Z-type hexaferrite (Ba3Co2Fe24O41) for GHz Antenna Applications,” in 
Journal of Magnetism and Magnetic Materials, vol. 414, pp. 194-197, Apr. 2016, by Woncheol Lee, Yang-Ki Hong, 
et al. 
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where γ is the gyromagnetic ratio and H is the applied dc magnetic field. Also, the device 

miniaturization factor (n) increases with the relative permeability (μr) by Eq. (3.2) [3], 

rrn  ,                                                             (3.2) 

where εr is the relative permittivity and μr is the relative permeability. Thus, high Hk hexaferrites 

have received great attention [4-9]. It has been reported that Y-type (Ba1.5Sr0.5Co2Fe12O22) 

hexaferrite shows 2.3 of real part (μ′) of complex permeability and 0.095 of magnetic loss tangent 

(tan δμ) at 2 GHz [9]. Moreover, Zn5Ni75F20/polymer (ER 182) composite has μ′ of 3.24 and tan δμ 

of 0.063 at 1 GHz [10]. However, these losses are too high for GHz antenna applications. Z-type 

(Ba3Co1.4Cu0.6Fe24O41) hexaferrite/polymer composite shows low tan δμ of 0.025 at 1 GHz, but the 

composite suffers from a relatively low μ′ of 1.36 [11]. Antenna performance is in part determined 

by the permeability and quality factor (Q-factor = μ′/μ′′ = 1/tan δμ) of a magnetic material, i.e. the 

figure of merit (FOM = μ′ × Q-factor). Therefore, high μ′ and low magnetic loss of a substrate are 

desired to achieve high radiation efficiency and miniaturization of GHz antenna. 

In this chapter, we report a low magnetic loss Ba3Co2Fe24O41 (Co2Z) hexaferrite with an 

142 of FOM for use in the ultra high frequency (UHF) band antennas.  Low magnetic loss tangent 

and high ferromagnetic resonant frequency of the Co2Z hexaferrite are explained by ferrite phases. 

 

3.2. Experimental 

The conventional solid state reaction method was used to synthesize Co2Z haxaferrite 

powders. A mixture of α-Fe2O3, BaCO3, and Co3O4 was wet-milled with a high-energy ball milling 

(Spex Sample Prep 8000D) for 4 h. The wet-ball milled powder was calcined at 1080 oC to form 

intermediate phases, including M and Y-phases [12,13]. Then, the calcined powder was wet ball-

milled for 6 h, followed by re-calcination at 1300 oC to obtain Co2Z haxaferrite phase. One of the 
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re-calcined powders was etched in diluted hydrochloric acid at 60 oC for 30 min to remove 

unwanted ferrite phases. Then, both the as-recalcined and acid-etched (AE) Co2Z powders were 

subjected to wet-ball milling for 2 h to decrease the particle size, which lead to increase in fFMR  

[14]. A mixture of as-recalcined (or AE Co2Z) powder and 2 wt% polyvinyl alcohol (PVA) was 

pressed into toroidal rings (inner diameter: 3.2 mm; outer diameter: 7.0 mm; thickness: 2 mm) and 

sintered at 950 oC for 2 h in air to characterize dynamic magnetic properties.  

We have used an X-ray diffractometer (XRD) and vibrating sample magnetometer (VSM) 

to characterize the as-recalcined and AE Co2Z powders and sintered samples for crystalline phases 

and static magnetic properties, respectively. Dynamic magnetic properties of both non-acid-etched 

(NAE) and AE Co2Z sintered toroidal rings were characterized by an impedance/material analyzer 

(IA: Agilent E4991A) in the range of 100 MHz – 2 GHz. In addition, a vector network analyzer 

 
FIG. 3.1. XRD patterns on as-recalcined and acid-etched Ba3Co2Fe24O41 (Co2Z) hexaferrite 
powders. 
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(VNA: Agilent N5230A) was used in the range of 2 to 10 GHz. The microstructure of as-recalcined 

and AE Co2Z powders were observed by a field emission scanning electron microscope (FE-SEM: 

JEOL 7000 FE).   

 

3.3. Results and discussion 

Figure 3.1 shows XRD patterns of as-recalcined and AE Co2Z powders. The diffraction 

peaks are indexed to the Z-type, Y-type (Ba2Co2Fe12O22), and W-type (BaCo2Fe16O27) hexaferrites. 

Both as-recalcined and AE Co2Z powders show a major phase of Co2Z hexaferrite. Reportedly, Z-

type hexaferrite contains both Y- and W-type hexaferrite phases [15-17]. However, the Y-type 

phase disappears after acid-etching, while the W-phase still exists as shown in Fig. 3.1. This 

indicates that the Z- and W-phase were not decomposed. The AE Co2Z particles show hexagonal 

pores after removal of Y-phases as shown in Fig. 3.2, but no pore was observed in as-recalcined 

Co2Z particles. This is possibly attributed to the lower activation energy of the Y-phase than the 

Z- and W-phases [18].  

 
FIG. 3.2. SEM images of acid-etched Ba3Co2Fe24O41 (Co2Z) hexaferrite particles. 
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FIG. 3.3. Magnetic hysteresis loops of the as-recalcined and acid-etched Ba3Co2Fe24O41 
(Co2Z) hexaferrite powders. 
  

 
FIG. 3.4. Magnetic hysteresis loops of the non-acid-etched (NAE) and acid-etched (AE) 
Ba3Co2Fe24O41 (Co2Z) sintered samples.  
  



 

30 
 
 

 

Magnetic hysteresis loops of as-recalcined and AE Co2Z hexaferrite powders are shown in 

Fig. 3.3. Both as-recalcined and AE Co2Z powders are magnetically soft. The AE Co2Z powder 

has a higher saturation magnetization (σs) of 55 emu/g than 51 emu/g of the as-recalcined powder. 

This is because Y-type hexaferrite has a lower σs of 34 emu/g (Co2Y) as compared to Z-type (50 

emu/g) [1] and W-type (~78 emu/g) hexaferrites [19]. Figure 3.4 shows the magnetic hysteresis 

loops of NAE and AE sintered Co2Z samples. By comparing Fig. 3.3 and 3.4, it is noticed that the 

σs remains unchanged after sintering both as-recalcined and AE powder, but the intrinsic coercivity 

(Hci) of the NAE and AE sintered hexaferrite increased to 398.5 from 18.9 Oe and to 613.8 from 

8.4 Oe, respectively. An increase in the Hci is attributed to the smaller grain size and the increase 

in stress and surface anisotropy during the milling process [14]. In order to obtain the Hk and high 

field differential susceptibility (χp), the M-H curves in Fig. 3.4 were fitted in the range of 5 – 10 

kOe with Eq. (3.3), which is the law of approach to saturation (LAS) [19,20]. In the case of 

hexagonal symmetry, the LAS can be expressed as 

  HHHHAMM pks  22 15//1 ,                                    (3.3) 

where A is the inhomogeneity parameter and H is the magnetic field. At a large magnetic field, 

contributions from A/H vanish in theory [19,20]. The static magnetic properties and fitted 

parameters are given in Table 3.1. The fitted Hk of NAE and AE sintered Co2Z hexaferrites are 

Table 3.1. Summary of magnetic properties for non-acid-etched (NAE) and acid-etched (AE) 
Ba3Co2Fe24O41 (Co2Z) sintered samples. 
 

Sample σs (emu/g) Hc (Oe) Hk (kOe) χp (×10-4 emu/g) 

NAE Co2Z 49 398.5 6.16 1.36 

AE Co2Z 55 613.8 8.01 2.13 
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(a) 

 
(b) 

FIG. 3.5. Frequency dependence of the measured complex permeability of the non-acid-
etched (NAE) and acid-etched (AE) Ba3Co2Fe24O41 (Co2Z) sintered samples: measured with 
the (a) impedance/material analyzer and (b) vector network analyzer. 
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6.16 and 8.01 kOe, respectively. Therefore, the anisotropy constant (K) of the AE Co2Z sintered 

hexaferrite is higher than that of the NAE Co2Z hexaferrite. This can be explained by the larger K 

of W-type (-3.5×106 ~ -5×106 erg/cm3) hexaferrite than that of Y-type (-2.6×106 erg/cm3) 

hexaferrite [16].  

 
FIG. 3.6. Frequency dependence of the measured magnetic loss tangent of the non-acid-
etched (NAE) and acid-etched (AE) Ba3Co2Fe24O41 (Co2Z) sintered samples. 

Table 3.2. Real part of complex permeability and magnetic loss tangent of the non-acid-etched 
(NAE) and acid-etched (AE) Ba3Co2Fe24O41 (Co2Z) sintered samples. 
 

Sample 
μ′ tan δμ 

0.1 1 2 3 GHz 0.1 1 2 3 GHZ 

NAE Co2Z 1.9 1.9 2.1 2.0 0.022 0.033 0.065 0.149 

AE Co2Z 1.7 1.7 1.8 1.7 0.006 0.012 0.037 0.083 
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With regard to dynamic properties, Fig. 3.5 shows the measured frequency dependence of 

the complex permeability in a frequency range from 100 MHz to 10 GHz (100 MHz –  2 GHz: IA; 

2 – 10 GHz: VNA). The μ′ of NAE and AE Co2Z sintered samples are 1.9 and 1.7 at 100 MHz, 

respectively. The fFMR of AE Co2Z sample appears at 9.6 GHz, which is higher than 6.2 GHz of 

NAE Co2Z hexaferrite as indicated in Fig. 3.5(b). This is because the fFMR is proportional to Hk 

according to Eq. (3.1). The μ′ of AE Co2Z hexaferrite is lower than that of NAE Co2Z hexaferrite. 

This is because the increase in Hk of AE Co2Z hexaferrite is higher than the increase in Ms, thereby, 

μ′ is decreased by acid-etching according to μ′ = 1 + (2Ms /3Hk) [21,22]. 

Figure 3.6 shows the measured magnetic loss tangent (tan δμ = μ′′/μ′) of NAE and AE Co2Z 

hexaferrites. The tan δμ significantly decreased after acid-etching. This can be attributed to an 

increase in the fFMR. The μ′ and tan δμ at different frequencies are given in Table 3.2. It is noted 

Table 3.3. Permeability (μ′), magnetic loss tangent (tan δμ), quality factor (Q-factor), and 
figure of merit (FOM) for previously reported low loss magnetic material at GHz. 
 

Ref. Material μ' tan δμ Q-factor FOM f (GHz) 

[9] Ba1.5Sr0.5Co2Fe12O22 2.3 0.095 10.53 23 2 

[10] Zn5Ni75Fe20 + polymer 
(composite) 3.24 0.063 15.87 51.8 1 

[11] Ba3Co1.4Cu0.6Fe24O41 + polymer 
ER182 (composite) 1.36 0.025 40 54.4 1 

This work 
(Ba3Co2Fe24O41) 

1.7 0.012 83.33 141.7 1 

1.8 0.037 27.02 48.7 2 
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that the AE Co2Z hexaferrite shows the lowest tan δμ above 1 GHz as compared to the reported 

low-loss GHz magnetic materials [9-11]. 

In evaluating a magnetic material as to its suitability for antenna applications, the figure of 

merit (FOM) is an important criterion. Therefore, the FOM should be taken into consideration. 

The FOM of NAE and AE Co2Z are 60.6 and 141.7 at 1 GHz, and 32.3 and 48.7 at 2 GHz, 

respectively. These results show that the FOM is increased by 134 and 51 % at 1 and 2 GHz, 

respectively, by the acid-etching, although μ′ was decreased by 0.2 and 0.3. Table 3.3 summarizes 

the dynamic magnetic properties of the previously reported low-loss materials and the AE Co2Z. 

The FOM of the AE Co2Z hexaferrite is 174 % and 160 % higher than that of the Zn5Ni75Fe20 

composite and Ba3Co1.4Cu0.6Fe24O41 composite, respectively, at 1 GHz [10,11]. Moreover, the 

FOM of the Ba1.5Sr0.5Co2Fe12O22 is 23 at 2 GHz, which is 53 % lower than the FOM of the AE 

Co2Z hexaferrite [9]. Therefore, the low loss AE Co2Z hexaferrite is suitable for GHz antenna 

applications in the UHF band.    

 

3.4. Conclusions 

The synthesized Co2Z hexaferrite powder was acid etched at 60 oC and wet-ball milled to 

obtain a low magnetic loss at GHz range. It was found that acid-etching is very effective in removal 

of Y-type hexaferrite phase from the Co2Z hexaferrite sample, resulting in an increase in Hk and 

σs. Accordingly, a low tan δμ of 0.037 with relatively high μ′ of 1.8 was achieved at 2 GHz by 

pushing the ferromagnetic resonant frequency to a frequency higher than 2 GHz.  Therefore, AE 

Co2Z hexaferrite can be a good candidate for GHz antenna applications.  
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CHAPTER 4 

4. FIGURE OF MERIT OF W-TYPE BaCo1.4Zn0.6Fe16O27 HEXAFERRITE FOR GIGAHERTZ 
DEVICE APPLICATIONS2 

4.1. Introduction 

Modern electronics demands multi-functionality in a limited space, requiring miniature 

radio-frequency (RF) devices. In response to this, magnetic materials have become of interest due 

to their possessions of permeability and permittivity [1]. However, a low permeability and high 

magnetic loss of ferrites prevent their full application to RF devices in the gigahertz (GHz) range. 

Hexaferrites have received considerable attention for RF applications in the ultra-high 

frequency (UHF: 300MHz - 3 GHz) band because of their high magnetic crystalline anisotropy 

field (Hk) [2-8]. Recently, it has been reported that Y-type hexaferrite (Ba2Co2-xZnxFe12O22) has 

the real part of complex permeability (μ′) of 2.31 and a magnetic tangent loss (tan δμ) of 0.07 at 

2.1 GHz [2]. However, the magnetic loss still needs to be further lowered to minimize the 

deterioration of RF performance. In previous work by Lee et al. [9], it was experimentally 

confirmed that the antenna efficiency is greatly decreased by the magnetic loss. Therefore, high 

figure of merit (FOM) ferrites have been intensively investigated, where the figure of merit is 

defined as μ′/tanδμ.  

In this chapter, we report a high FOM hexaferrite for GHz applications. W-type 

BaCo1.4Zn0.6Fe16O27 hexaferrite was synthesized by a conventional solid-state reaction method. 

                                                 
 
2 This work was published as “Figure of Merit of W-type BaCo1.4Zn0.6Fe16O27 Hexaferrite for Gigahertz Device 
Applications,” in IEEE Magnetics Letters, vol. 8, p. 5109204, Sep. 2017, by Woncheol Lee, Yang-Ki Hong, et al. 
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The hexaferrite was characterized for static and dynamic magnetic properties. Lastly, the figure of 

merit was obtained and compared with previously reported ferrites. 

 

4.2. Experimental 

We used the conventional solid state reaction method to prepare BaCo1.4Zn0.6Fe16O27 

hexaferrite powders. A stoichiometric mixture was prepared from goethite (α-FeOOH), BaCO3, 

ZnO, and Co3O4 particles. Then, the mixture was milled with a high-energy ball milling machine 

(Spex Sample Prep 8000D). Precursory α-FeOOH particles were prepared by following the 

previously reported process [10]. The ball-milled mixture was then annealed at 950 oC for 5 h, 

followed by firing at 1300 oC for 3 h to convert to BaCo1.4Zn0.6Fe16O27. The BaCo1.4Zn0.6Fe16O27 

was wet-milled for 2 h before preparation of sintered ring.   

In order to measure the dynamic magnetic properties, the milled powders were pressed into 

a toroidal ring, and then the toroidal ring was subjected to sintering at 930 oC for 1 min and 850 

oC for 4 h. A two-step sintering process was employed to suppress grain growth, while maintaining 

a reasonably high sintered density [11, 12]. Thereby, a low magnetic loss and relatively high 

permeability can be obtained.  

The annealed BaCo1.4Zn0.6Fe16O27 hexaferrite powder was characterized for crystalline 

phases by an X-ray diffractometer (XRD: Cu Kα – 1.54 Å). Vibrating sample magnetometer (VSM: 

MicroSense EV9) was used to measure static magnetic properties of the annealed powder and 

sintered BaCo1.4Zn0.6Fe16O27 hexaferrite. Microstructures of α-FeOOH precursor and annealed 

BaCo1.4Zn0.6Fe16O27 particles were imaged with a field emission scanning electron microscope 

(FE-SEM: JEOL 7000FE). With regard to measurement of dynamic magnetic properties, we used 

two different systems to ensure high accuracy: (i) Impedance/material analyzer (IA: Agilent 



 

39 
 
 

E4991A) with a magnetic material test fixture (Agilent 16454A) over the range of 100 MHz to 2 

GHz and (ii) Vector network analyzer (VNA: Agilent N5230A) with a coaxial airline fixture 

(Agilent 85051-60007) and Agilent software module 85071E (Nicholson-Ross-Weir method) over  

 
   (a)                                                                           (b)        

FIG. 4.1. SEM image of (a) α-FeOOH particles and (b) annealed BaCo1.4Zn0.6Fe16O27. 

 
FIG. 4.2. XRD patterns of BaCo1.4Zn0.6Fe16O27 powder.  
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the range of 2 to 10 GHz. It is noted that permeability, that is measured with the Agilent 16454A, 

is reliable up to 1 GHz. Therefore, in order to ensure the accuracy of the measured data, we used 

data points at 1 GHz and 2.2 GHz to calculate a figure of merit (FOM). 

4.3. Results and discussion 

SEM image of precursory α-FeOOH particles is shown in Fig. 4.1(a). The synthesized 

α-FeOOH precursor has an acicular (needle-like) shape with an average particle length of 210 nm. 

Fig. 4.1(b) shows SEM image of annealed BaCo1.4Zn0.6Fe16O27 hexaferrite. The particles are well 

crystallized.  

Fig. 4.2 shows XRD pattern of the annealed BaCo1.4Zn0.6Fe16O27 powders. The XRD 

pattern is closely matched with the Joint Committee on Powder Diffraction Standards (JCPDS)- 

International Centre for Diffraction Data (ICDD) card of BaCo2Fe16O27 (78-0135), confirming a 

W-type hexaferrite. The density (ρ) of the sintered BaCo1.4Zn0.6Fe16O27 hexaferrite was measured 

to be 3.73 g/cm3.  

Fig. 4.3 shows the virgin curve and magnetic hysteresis loop of the sintered 

BaCo1.4Zn0.6Fe16O27 hexaferrite, which were measured at room temperature. In order to estimate 

the anisotropy field (Ha) of the hexaferrite sample, the virgin curve was curve-fitted to the law of 

approach to saturation (LAS), which can be expressed as 

  HHHMM pas  22 15/1 ,                                           (4.1) 

where H is the magnetic field and χp is the high field differential susceptibility in the case of 

hexagonal symmetry at a large magnetic field [13]. It has been reported that c-axis magnetic 

anisotropy of BaCoxZn2-xFe16O27 at x = 0 changes to the c-plane anisotropy at x = 0.6 [14]. 

Therefore, from the above curve fitting, the c-plane anisotropy is 10.2 kOe with χp of 6.09 × 10-5 
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(a) 

 
(b) 

FIG. 4.3. (a) Measured and curve-fitted virgin curve and (b) magnetic hysteresis loop of 
sintered BaCo1.4Zn0.6Fe16O27 sample. 



 

42 
 
 

for the synthesized hexaferrite. Fig. 4.3(b) shows 71 emu/g of saturation magnetization (σs), that 

is close to the theoretical value. 

 
(a) 

 
(b) 

FIG. 4.4. Measured and curve-fitted frequency dependent complex permeability of 
BaCo1.4Zn0.6Fe16O27 sample.  
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Fig. 4.4 (a) and (b) show measured complex permeability (μ = μ′ - jμ′′) spectra of the 

sintered BaCo1.4Zn0.6Fe16O27 hexaferrite over the range of 100 MHz to 2 GHz and the range of 2 

to 10 GHz, respectively. The discontinuity in the μ curves at 2 GHz was observed because two 

different measurement systems were used. In addition, a fluctuation of μ′ from 2.0 to 2.1 appeared 

between 2 and 3.3 GHz. The difference in the μ′ is about 5 % of the maximum μ′. These can be 

attributed to the minor fixture error. The real part of complex permeability (μ′) retains 2.1 up to 

around 6 GHz, and then it starts to decrease. The ferromagnetic resonance frequency (fFMR) is 

determined from the peak of the imaginary part (μ′′) of complex permeability [15]. However, in 

this study, there is no clear maximum peak in the μ″ spectrum, but in the frequency range of 8.5 to 

9.5 GHz. Therefore, we used both 8.5 and 9.5 GHz of fFMR to calculate the corresponding 

anisotropy. The fFMR can be expressed by Eq. (4.2) for a c-plane anisotropy hexaferrite, that is the 

Kittel equation [16].  

)4)()(4)((
2 sxysyzFMR MNNHHMNNHHf 



  ,           (4.2) 

where γ is the gyromagnetic ratio (γ / 2π = 2.8 MHz/Oe), H is the applied field (0 Oe), Hθ and Hϕ 

are the out-of-plane and in-plane anisotropy, respectively, Ms is the volume saturation 

magnetization (Ms = ρ·σs), and Nx, Ny, and Nz, are the demagnetizing factors. The demagnetization 

factors, for a ring magnetic sample, are given by Eq. (4.3) and (4.4) [17], 
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where d = t / Rout, r = Rin / Rout, t is the thickness, Rin and Rout are the inner and outer diameter, 

respectively, of the ring sample, and F(k) and E(k) are the complete elliptic functions of the first 
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and second kind. The studied ring sample has t of 0.9 mm, Rin of 1.55 mm, and Rout of 3.48 mm. 

Accordingly, Nx, Ny, and Nz are calculated to be 0.164, 0.164, and 0.672, respectively. Therefore, 

we used the above demagnetization factors, the measured 4πMs of 3328 G, and Hϕ = 0.07Hθ [14] 

to calculate Hθ from Eq. (4.2).  As a result, the Hθ of 10.6 and 12 kOe were obtained for 8.5 and 

9.5 GHz of fFMR, respectively. These anisotropies are in close agreement with the anisotropy of 

10.2 kOe estimated from Eq. (4.1).   

In order to determine KSP (static spin rotation susceptibility), ωSP (=2πfSP: spin resonant 

frequency), KDW (static domain wall susceptibility), ωDW (=2πfDW: domain wall resonant 

frequency), and α (damping factor), we fitted experimental complex permeability of Fig. 4.4 to Eq. 

(4.5) and (4.6) [18]. 
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The curve-fitted parameters are summarized in Table 4.1. It is noted that the fSP is larger than the 

fDW, implying a lower resonant frequency of the domain wall. 

Fig. 4.5 shows the magnetic loss tangent (tan δμ) of the BaCo1.4Zn0.6Fe16O27 hexaferrite in 

the range from 100 MHz to 10 GHz. The tan δμ is 0.025 and 0.05 at 1 GHz and 2.2 GHz, 

Table 4.1. Curve-fitted parameters for measured complex permeability of 
BaCo1.4Zn0.6Fe16O27 sintered sample. 
 

KDW fDW (GHz) KSP fSP (GHz) β (×1010) 

0.75 9.1 0.38 19.5 4.1 
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respectively. 

Lastly, the figure of merit (FOM = μ′/tan δμ) of the BaCo1.4Zn0.6Fe16O27 hexaferrite was 

compared with previously reported low-loss magnetic materials in Fig. 4.6. The FOM is decreased 

with an increase in frequency since the μ′ decreases as the frequency increases according to 

Snoek’s law. The synthesized BaCo1.4Zn0.6Fe16O27 hexaferrite has an FOM of 84 at 1 GHz and 42 

at 2.2 GHz, which are greater than the previously reported magnetic materials. It should be noted 

that the FOM at 2.2 GHz with the marginal error of 5 % is 39.9, which still shows higher FOM 

than other reported materials. Therefore, the W-type hexaferrite in this study can further 

miniaturize RF devices for ultra-high frequency (UHF) applications without device performance 

degradation, such as a low antenna efficiency and inductor Q-factor. 

 

 
FIG. 4.5. Measured frequency dependent magnetic loss tangent (tan δμ) of 
BaCo1.4Zn0.6Fe16O27. 
  



 

46 
 
 

 

4.4. Conclusions 

W-type hexaferrite, BaCo1.4Zn0.6Fe16O27, in this study shows a figure of merit (FOM = μ′ / 

tan δμ) of 84 with 2.1 of μ′ and 0.05 of tan δμ at 1 GHz and 42 with 2.1 of μ′ and 0.05 of tan δμ at 

2.2 GHz. This FOM is the highest one in the studied frequency range above 1 GHz, which has not 

been reported before. Domain wall and spin rotation susceptibilities were estimated to be 0.75 and 

 

FIG. 4.6.Comparison on figure of merit (FOM: μ′/tan δμ) of developed BaCo1.4Zn0.6Fe16O27 

with FOM of previously reported low-loss magnetic materials. 
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0.38, respectively, and their corresponding resonant frequencies are 9.1 for domain wall motion 

and 19.5 GHz for spin rotation. The studied BaCo1.4Zn0.6Fe16O27 hexaferrite can have a great 

impact on the miniaturization of RF devices, which have an operating frequency between 1 and 2 

GHz. 
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CHAPTER 5 

5. FIGURE OF MERIT OF X-TYPE HEXAFERRITE (Ba2CoxZn2-xFe28O46) FOR MOBILE 
ANTENNA APPLICATIONS3 

5.1. Introduction 

Modern mobile devices require multiple antennas to achieve multi-functional wireless 

communication, such as GSM, PCS, GPS, Bluetooth, and Wi-Fi. These devices operate over the 

frequency range from 800 MHz to 2.5 GHz, i.e. the ultra-high frequency band (UHF: 300 MHz - 

3 GHz). Consequently, antenna miniaturization is necessary in the mobile frequency bands, 

especially the lower frequency range (800 MHz - 1 GHz). The miniaturization of an antenna can 

be realized by magneto-dielectric loading to an antenna, according to λeff = λ0/(μrεr)0.5 relation [1]. 

λeff is the effective wavelength, λ0 is the free space wavelength, μr is the relative permeability, and 

εr is the permittivity.  

Hexaferrite possesses not only μr and εr, but also reasonably high magneto-crystalline 

anisotropy and electrical resistivity. Therefore, hexaferrites are of interest for RF device 

applications. Recently, Su et al. developed an iridium (Ir) substituted Z-type hexaferrite 

(Ba3Co2+xIrxFe24-2xO41), and it shows 4.64 of the real part of complex permeability (μ′) and 0.1 of 

the magnetic loss tangent (tan δμ) at 850 MHz [2]. Furthermore, Y-type hexaferrite 

(Ba2Co2Fe12O22)-glass composite has μ′ of 2.1 and tan δμ of 0.047 at 800 MHz [3]. However, these 

tan δμ are still too high to keep a reasonably high antenna radiation efficiency (η). Below is the 

                                                 
 
3  This work is submitted as “X-type Hexaferrite (Ba2CoxZn2-xFe28O46) for Mobile Antenna Applications,” in 
Microwave and Optical Technology Letters by Woncheol Lee, Yang-Ki Hong, et al. 



 

51 
 
 

explanation of the degradation of antenna radiation efficiency (η) with the magnetic tangent loss 

(tan δμ).  The η can be expressed as 
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where Rrad is the radiation resistance of the antenna, Rloss is the loss resistance of the antenna, QT 

is the total quality factor, Qrad is the radiated quality factor, and Qμ and Qε are the quality factor 

due to tan δμ and dielectric loss tangent (tan δε = ε″ / ε′), respectively. Furthermore, it has been 

experimentally demonstrated that the η increases to 77 % from 66 % as the tan δμ of an antenna 

substrate decreases from 0.11 to 0.05 [4]. Therefore, low loss magnetic materials have been 

intensively investigated. Cu-substituted Z-type hexaferrite (Ba3Co1.4Cu0.6Fe24O41)/polymer 

composite shows 0.025 of tan δμ at 1 GHz [5]. However, the corresponding μ′ is 1.36, which is too 

low for an efficient antenna miniaturization. Noticeably, the materials for antenna applications 

should have a low tan δμ and high μ′, i.e. high figure of merit (FOM = μ′ / tan δμ), at the operation 

frequency band [6]. 

In this chapter, we report a high FOM of X-type hexaferrite (Ba2Co2Fe28O46: Co2X) for 

mobile antenna applications. The FOM of the developed low-loss Co2X hexaferrite is compared 

with the previously reported microwave magnetic materials at 800 MHz up to 1 GHz. 

 

5.2. Experimental 

Co2X hexaferrite powders were prepared by the conventional solid-state reaction. The 

precursors, BaCO3, Fe2O3, and Co3O4, were mixed in an appropriate stoichiometric ratio by wet 

high energy ball milling (Spex Sample Prep 8000D) for 2 hrs. The well-mixed powder was 
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calcined at 1300 oC for 3 hrs. Then, the calcined powder was wet-milled for 2 hrs and dried. The 

wet-milled and dried powder was pressed into a toroidal ring (inner diameter: 3.2 mm, outer 

diameter: 7.0 mm, thickness: 2 mm). The pressed toroidal ring was sintered at 1100 oC for 1 min 

and 950 oC for 4 hrs to characterize dynamic magnetic properties. 

An X-ray diffractometer (XRD: Cu Kα – 1.54 Å) was used to identify the crystalline phases 

of the calcined Co2X hexaferrite powder. Static magnetic properties of the calcined Co2X 

hexaferrite powder was characterized with a vibrating sample magnetometer (VSM: MicroSense 

EV9). On the other hand, dynamic magnetic properties of the sintered Co2X hexaferrite was 

characterized by an impedance analyzer (IA: Agilent E4991A) in the range of 10 MHz to 2 GHz.   

 

5.3. Results and discussion 

Figure 5.1 shows X-ray diffraction spectra of calcined Co2X hexaferrite. The measured 

XRD patterns were indexed to X-type and W-type hexaferrite phases according to the Joint 

 
FIG. 5.1. X-ray diffraction spectra of the calcined Ba2Co2Fe28O46 hexaferrite.  
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Committee on Powder Diffraction Standards (JCPDS)-International Centre for Diffraction Data 

(ICDD) card of Ba2Fe30O46 and BaCo2Fe16O27 and reported reference pattern [7, 8]. The calcined 

Co2X hexaferrite shows a major phase of X-type hexaferrite with small amount of secondary phase, 

 
(a) 

 
(b) 

FIG. 5.2. (a) Hysteresis loops and (b) virgin curves of the calcined and sintered 
Ba2Co2Fe28O46.  
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such as minor phase of W-type hexaferrite. Furthermore, large grains were observed in the calcined 

hexaferrite, which leads to a high magnetic loss [9, 10]. Therefore, the calcined samples were 

subjected to the aforementioned milling and sintering. The sintered hexaferrite was used for FOM 

measurement at 1 GHz.  

Figure 5.2 (a) and (b) show the hysteresis loops and virgin curves of the calcined and 

sintered Co2X hexaferrites, respectively. The saturation magnetization (σs) of the calcined Co2X 

hexaferrite powder is 69.9 emu/g, which is close to the other reported data [8, 11]. The calcined 

Co2X hexaferrite powder shows magnetically soft with intrinsic coercivity (Hci) of 57.7 Oe. After 

sintering the calcined Co2X hexaferrites, it was found that σs decreased to 67.3 emu/g, while Hci 

increased to 430 Oe, implying higher anisotropy field (Ha) than that of the calcined Co2X. 

Therefore, the Ha was estimated by curve fitting magnetic virgin curves shown in Fig. 5.2 (b) to 

Eq. (5.3).   

  HHHMM pas  22 15/1  ,                                         (5.3) 

where H is the magnetic field and χp is the high field differential susceptibility in the case of 

hexagonal symmetry at a large magnetic field [12]. The calculated Ha of the calcined and sintered 

Co2X hexaferrite are 8.64 kOe with χp of 0.044 emu/g/kOe and 10.5 kOe with 0.063 emu/g/kOe, 

respectively. It is noted that the Ha of the sintered Co2X is greater than that of the calcined one. 

This well explains higher Hci for the sintered Co2X than that of the calcined one because Hci is 

proportional to Ha. The corresponding ferromagnetic resonant frequency (fFMR) can be calculated 

by fFMR = (γ/2π) × Ha, where fFMR is the ferromagnetic resonant frequency, γ is the gyromagnetic 

ratio (γ/2π = 2.8 MHz/Oe). The calculated fFMR is 29.4 GHz for the sintered Co2X hexaferrite, 

which frequency is much higher than 1 GHz. Therefore, the peak magnetic loss is expected to be 

appeared at much higher frequency than 1 GHz.  
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Figure 5.3 shows measured frequency dependent complex permeability (μ′ - jμ″) and 

magnetic loss tangent (tan δμ) of the sintered Co2X hexaferrite in the frequency range from 10 

MHz to 2 GHz. From these permeability spectra, 2.07 of the real (μ′) and 0.06 of imaginary part   

(μ″) were obtained at 1 GHz, resulting in low tan δμ of 0.03. This leads to 69 of figure of merit 

(FOM). 

Lastly, the FOM for the previously reported ferrite and the sintered Co2X hexaferrite are 

presented in Fig. 5.4. It is demonstrated that the present unique calcination and sintering method 

leads to the highest FOM of 69 in the frequency range from 800 MHz to 1 GHz. That is, the 

sintered Co2X hexaferrite has a low tan δμ and relatively high permeability at the studied frequency 

range. It is noted that Z-type hexaferrite in Ref. [2] shows the highest μ′ of 4.64, but high tan δμ of 

0.1 at 0.84 GHz. On the other hand, Z-type hexaferrite from Ref. [5] has the lowest tan δμ of 0.025, 

but low μ′ of 1.36 at 1 GHz. As a result, both Z-type hexaferrites in Ref. [2] and Ref. [5] have 

 
FIG. 5.3. Frequency dependent complex permeability and magnetic loss tangent of the 
sintered Ba2Co2Fe28O46.  
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lower FOM of 46.4 at 850 MHz and 54.4 at 1 GHz, respectively, than the sintered Co2X hexaferrite. 

Therefore, the studied Co2X hexaferrite is suitable for antenna applications at the lower frequency 

bands of mobile wireless communications (800 MHz – 1 GHz) 

 

5.4. Conclusions 

The sintered Ba2Co2Fe28O46 hexaferrite shows the figure of merit (FOM) of 69 at 1 GHz 

with the real part of complex permeability (μ′) of 2.07 and magnetic loss tangent (tan δμ) of 0.03. 

From the figure of merit comparison with the previously reported microwave magnetic materials, 

 
FIG. 5.4. Comparison of the figure of merit of the developed Ba2Co2Fe28O46 hexaferrite with 
previously reported microwave magnetic materials. 
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the sintered Co2X shows the highest FOM, which has not been reported before, in the frequency 

range from 800 MHz to 1 GHz.  Therefore, the sintered Co2X hexaferrite can effectively 

miniaturize antennas with minimum losses in antenna performance, such as radiation efficiency 

and gain in UHF band.  
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CHAPTER 6 

6. DUAL-POLARIZED HEXAFERRITE ANTENNA FOR UNMANNED AERIAL VEHICLE 
(UAV) APPLICATIONS4 

6.1. Introduction 

Unmanned aerial vehicles (UAVs) have been of great interest for military and scientific 

applications [1]. The missions of UAVs are to gather and provide accurate information to base 

stations in real time. Therefore, reliable wireless communication is extremely important. Also, 

UAV antennas require small form factor and light weight due for camouflage and efficient power 

management. Furthermore, dipole-like radiation patterns are required to avoid discontinuous 

communication between UAV and base station [2].  

In an effort to meet the aforementioned characteristics, antenna diversity and material 

loading techniques have been studied [3-9]. The diversity techniques are known to minimize 

fading loss, multipath reflection and co-channel interference of wireless communication [10]. 

Thus, signal-to-noise ratio and channel capacity can increase. In particular, antenna polarization 

diversity can effectively reduce a polarization mismatch by acquiring a signal from two orthogonal 

polarizations, thereby improving communication reliability.  

Material loading technique has been widely used to miniaturize antennas. This is because 

the wavelength of incident waves decreases with increasing relative permeability (μr) and 

permittivity (εr) of the loaded material. However, dielectric material loading leads to narrow 

                                                 
 
4 This work was published as “Dual-polarized hexaferrite antenna for unmanned aerial vehicle (UAV) applicataions,” 
in IEEE Antennas and Wireless Propagation Letters, vol. 12, pp. 765-768, Jul. 2013, by Woncheol Lee, Yang-Ki 
Hong, et al. 
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bandwidth and low radiation efficiency (RE) due to high capacitive coupling within the near-field 

region [7, 8]. In addition, impedance matching of dielectric antennas is rather difficult. On the 

other hand, magneto-dielectric materials can allow antenna miniaturization with broad bandwidth 

and good impedance matching due to possession of both μr and εr. The miniaturization factor (n = 

(μrεr)0.5) and bandwidth of the antenna increase with μr of the loaded magneto-dielectric material 

[7-9].  

In this chapter, we demonstrate a miniature, low-profile, and planar dual-polarized 

hexaferrite (magneto-dielectric) antenna for UAV applications based on the above techniques. The 

effects of μr, εr, and magnetic loss tangent (tan δμ = μ″/μ′) on antenna performance were studied. 

 

6.2. Antenna design and fabrication 

A low-profile dual-polarized antenna was designed based on Co2Z (Ba3Co2Fe24O41) 

hexaferrite. The antenna consists of two ± 45 degree slanted radiating antenna elements and two ± 

45 degree slanted and straight feed lines as shown in Fig. 6.1. The radiating antenna elements were 

formed with a 0.8 mm wide conductive strip helically wound on the hexaferrite substrate (8 × 4 × 

1 mm3). L-shaped copper pads with a dimension of 3 × 4 mm2 were also patterned on the 55 × 40 

× 1.1 mm3 copper clad laminate (CCL) FR4 (εr = 4.4; tan δε = 0.02) board at the ends of the helical 

radiators. This copper pad improved mechanical stability, impedance matching, and also increases 

the electrical length of the antenna.  

Three-dimensional (3D) finite element method simulator (ANSYS HFSS v.11) was used 

to evaluate antenna performance.  The experimental εr of 6.5, μr of 1.7, tan δε of 0.01 and tan δμ of 

0.05 for the Co2Z hexaferrite substrate were used in the antenna simulation. Parametric simulation 

was performed for the ground clearance area width (CAW) and slanted feed line length (SFLL) to 
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realize good isolation between the two ± 45 degree slanted antenna elements. Fig. 6.2 and 6.3 show 

the simulated scattering parameters (S-parameters) and surface current distribution with various 

CAW and SFLL values, respectively. Isolation at 2.45 GHz increased from 19.4 to 25.2 dB as the 

CAW decreased from 26 to 20 mm. Also, isolation was improved from 19.2 to 23.5 dB with 

increasing the SFLL from 4 to 25 mm. A decrease in the CAW contributed to the cancellation of 

 
                                         (a)                                                            (b) 
FIG. 6.1. Geometry of the dual-polarized hexaferrite antenna: (a) top view and (b) bottom 
view. 

 
                                        (a)                                                                       (b) 
FIG. 6.2. Simulated isolation of (a) CAW from 20 to 26 mm with SFLL = 25 mm and (b) 
SFLL from 4 to 25.5 mm with CAW = 22 mm.  
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the near-field coupling by the ground surface current. In addition, the increase in SFLL resulted in 

suppression of induced surface current near the feed line of port 2 when port 1 was excited. As a 

result, the mutual coupling between the two antenna elements was reduced, thereby increasing the 

isolation. However, fr increased higher than 2.45 GHz and radiation efficiency tends to decrease 

when the CAW was less than 22 mm. Furthermore, the isolation was 16.9 dB at the SFLL of 25.5 

mm. Therefore, the CAW and SFLL were chosen to be 22 mm and 25 mm, respectively.  

Fig. 6.4 (a) shows the fabricated dual-polarized hexaferrite antenna. The two ± 45 degree 

slanted and straight feed lines were formed on a CCL FR4 board with a precision milling machine  

 
                                    (a)                                      (b)                                         (c) 
FIG. 6.3. Simulated surface current distributions: (a) designed parameters: CAW = 22 mm, 
SFLL = 25 mm, (b) CAW = 26 mm, and (c) SFLL = 4 mm. 

       
                                           (a)                                                          (b) 
FIG. 6.4. Fabricated (a) Co2Z hexaferrite and (b) FR4 dielectric dual-polarized antennas.  
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(LPKF ProtoMat S62). Two antenna elements were fabricated by helically wrapping conductive 

copper tape (3M copper foil tape 1181) on the Co2Z hexaferrite substrate. The 50 ohm SMA 

connectors were used to excite the antenna. A dual-polarized FR4 dielectric (εr = 4.4 and tan δε = 

0.02) antenna was also fabricated with the same antenna structure and is shown in Fig. 6.4 (b). The 

fabricated antennas were characterized with a vector network analyzer (VNA: Agilent N5230) in 

an anechoic chamber (Raymond EMC QuietBox AVS 700) for S-parameters and antenna radiation 

performance. 

 

6.3. Results and discussion 

6.3.1. Effect of substrate material properties on antenna performance 

We have simulated antenna performance based on Co2Z hexaferrite, FR4 epoxy, artificial 

dielectric (E6.5: εr = 6.5; tan δε = 0.01 and E32: εr = 32; tan δε = 0.01) and magnetic (M2.2: μr = 

2.2; tan δμ = 0.05; εr = 6.5; tan δε = 0.01) substrates.  Fig. 6.5 (a) shows simulated S-parameters of 

 
                                        (a)                                                                      (b) 
FIG. 6.5. (a) Simulated and (b) measured S-parameters of the Co2Z hexaferrite (μr = 1.7; tan 
δμ = 0.05; εr = 6.5; tan δε = 0.01), FR4 (εr = 4.4; tan δε = 0.02), E6.5 (εr = 6.5; tan δε = 0.01), 
E32 (εr = 32; tan δε = 0.01) and M2.2 (μr = 2.2; tan δμ = 0.05; εr = 6.5; tan δε = 0.01) antennas. 
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the dual-polarized antennas with different substrate materials. The simulated results are 

summarized in Table 6.1.  It was found that both Co2Z hexaferrite and E32 dielectric antennas 

resonate at 2.45 GHz with n of 3.32 and 5.66, respectively, indicating that μr is more effective than 

εr in antenna miniaturization for the designed antenna. This is because the inductance (L) of a 

helical antenna increases with μr according to L = μ0μrN2A/l, where N is the number of turns, A is 

the cross-sectional area, and l is the length of an antenna. Consequently, fr shifted to a lower 

frequency due to the relation fr = 1/{2π(LC)0.5}.  

In addition, the isolation at fr and fractional bandwidth (FBW) were increased from 20.9 to 

26.4 dB and 13.9 to 14.4 %, respectively, as the μr increased from 1 (E6.5) to 2.2 (M2.2) at constant 

εr of 6.5. On the other hand, the dielectric antennas showed a slight increase in isolation and 

decrease in FBW as εr increased from 4.4 (FR4) to 32 (E32). Fig. 6.5 (b) shows measured 

S-parameters of the Co2Z hexaferrite and FR4 dielectric antennas. The experimental results are in 

good agreement with the simulated results, as summarized in Table 6.1. The fabricated hexaferrite 

Table 6.1. Simulated and measured antenna performance of the hexaferrite and dielectric 
dual-polarized antennas. 
 

 (μrεr)0.5 
fr (GHz) Isolation at fr (dB) FBW (%) 

Sim. Mea. Sim. Mea. Sim. Mea. 

Co2Z 3.32 2.44 2.41 22.8 21.9 13.9 11.6 

FR4 2.09 2.78 2.78 20.7 17.8 12.6 10.4 

E6.5 2.55 2.73 - 20.9 - 12.1 - 

E32 5.66 2.45 - 23.7 - 10.5 - 

M2.2 3.78 2.28 - 26.4 - 14.4 - 
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antenna showed fr of 2.41 GHz, isolation of 21.9 dB, and FBW of 11.6 %, which were lower, 

higher, and wider than the FR4 dielectric antenna, respectively. Fig. 6.6 shows the measured and 

simulated radiation efficiencies of the Co2Z hexaferrite and FR4 antennas. Measured RE of the 

hexaferrite and FR4 antennas was 78 % at 2.41 GHz and 88 % at 2.78 GHz, respectively. The low 

RE of the hexaferrite antenna is attributed to relatively high magnetic loss. Therefore, the effect of 

the tan δμ on dual-polarized antenna performance was further investigated. The Co2Z hexaferrite 

substrates having three different tan δμ values were prepared by a conventional ceramic process, 

and complex permeability and permittivity were measured with a VNA (Agilent 85051-60007) 

and an RF impedance/material analyzer (Agilent E4991A). Measured μr and εr for all the samples 

were approximately 1.7 and 6.5, respectively, and tan δμ were 0.11, 0.08, and 0.05. As shown in 

Fig. 6.6, the RE was measured to increase from 66 to 78 % as tan δμ decreased from 0.11 to 0.05. 

 
FIG. 6.6. Simulated and measured radiation efficiency of the hexaferrite antenna in terms of 
various magnetic losses. 
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The measured RE was slightly lower than the simulated results, which can be attributed to 

additional losses from the fabrication process and other minor losses for the anechoic chamber. 

However, the tendency of experimental RE is in good agreement with the simulated RE. 

Accordingly, the RE of the hexaferrite antenna was extrapolated to about 86 % at tan δμ of 0.01. 

Magnetic loss of the hexaferrite substrate can be further reduced by control of grain size 

distribution and sintered density [9].  

Simulated and measured fr, isolation, and FBW of the Co2Z hexaferrite antennas are 

summarized in Table 6.2. The fr and isolation were insignificantly changed with tan δμ, while the 

FBW increased with increasing tan δμ. The increasing FBW with tan δμ is because the quality (Q) 

factor of antenna decreases with tan δμ in Eq. (6.1), thereby increasing bandwidth.  




 tantan11111


radradT QQQQQ
 ,                     (6.1) 

where QT is the total quality factor, Qrad is the radiated quality factor, Qμ is the quality factor due 

to tan δμ, and Qε is the quality factor due to dielectric loss tangent (tan δε = ε″/ε′). 

Table 6.2. Simulated and measured antenna performance of the Co2Z hexaferrite in terms of 
various magnetic losses. 
 

tan δμ 
fr (GHz) Isolation (dB) FBW (%) RE at fr (%) 

Sim. Mea. Sim. Mea. Sim. Mea. Sim. Mea. 

0.05 2.44 2.41 22.8 22.4 13.9 11.6 83 78 

0.08 2.43 2.41 23.2 23.3 14.8 11.7 77 71 

0.11 2.43 2.4 23.5 23.0 15.7 14.4 72 66 
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6.3.2. Dual-polarization characteristics of hexaferrite antenna 

Fig. 6.7 shows simulated and measured normalized radiation patterns of the fabricated 

hexaferrite antenna at 2.41 GHz. The fabricated antenna showed dipole-like radiation patterns, and 

the co-polarized radiation for port 1 (Eθ) was orthogonal to the co-polarized radiation for port 2 

(Eϕ) in the same plane [3, 5]. Accordingly, dual-polarization characteristic was confirmed. 

However, the antenna orientation needs to be considered to maximize the polarization diversity 

due to the null in the single port radiation pattern. For UAV applications, the maximum gain of 

 
                                    (a)                                                                    (b) 

 
                                    (c)                                                                    (d) 
FIG. 6.7. Simulated and measured normalized radiation patterns at 2.41 GHz of the Co2Z 
hexaferrite (tan δμ = 0.05) dual-polarized antenna. (a) Port 1: E-plane (φ = 45°), (b) Port 1: H-
plane (φ = 315°), (c) Port 2: H-plane (φ = 45°), and (d) Port 2: E-plane (φ = 315°). 
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two ports should be directed towards the ground. The cross-polarization levels of the antenna were 

obtained to be less than -10 dB in E and H-planes. This cross-polarization level is acceptable for 

polarization diversity applications [6]. Further suppression in the cross-polarization level is under 

investigation. The developed planar dual-polarized hexaferrite antenna is currently under UAV 

antenna testing. 

 

6.4. Conclusions 

Miniature and low-profile dual-polarized antenna was fabricated on Co2Z hexameric 

substrates. The fabricated antenna showed fr of 2.41 GHz, isolation of 21.9 dB and FBW of 11.6 

%.  Radiation efficiency was 78 % at tan δμ of 0.05, and can further increase to 86 % with tan δμ 

of 0.01. Normalized 2D radiation patterns confirmed that the co-polarized radiation for port 1 (Eθ) 

was orthogonal to the co-polarized radiation for port 2 (Eϕ) in the same plane. The developed dual-

polarized hexaferrite antenna is, therefore, applicable to UAV wireless communication due to its 

small form factor, light weight and wide coverage. 



 

70 
 
 

6.5. References 

1. M. S. Sharawi, O. A. Rawashdeh, and D. N. Aloi, “Evaluation and Field Testing of an 
Embedded Antenna in a Small UAV Wing Structure,” IEEE Radio Wireless Symp., Jan. 10-
14, 2010, pp. 589-592. 

2. Z.-Q. Liu, Y.-S. Zhang, Z. Qian, Z. P. Han, and W. Ni, “A Novel Broad Beamwidth 
Conformal Antenna on Unmanned Aerial Vehicle,” IEEE Antennas Wirel. Propag. Lett., vol. 
11, pp. 196-199, May 2012.  

3. Y.-L. Kuo and K.-L. Wong, “Dual-polarized Monopole Antenna for WLAN Application,” in 
Proc.  IEEE Antennas Propag. Soc. Int. Symp., 2002, vol. 4, pp. 80-83. 

4. X. M. Ling and R.L. Li, “A Novel Dual-band MIMO Antenna Array with Low Mutual 
Coupling for Portable Wireless Devices,” IEEE Antennas Wirel. Propag. Lett., vol. 10, pp. 
1039-1042, Sep. 2011. 

5. Y. Li, Z. Zhang, W. Chen, Z. Feng, and M. F. Iskander, “A Dual-Polarization Slot Antenna 
Using a Compact CPW Feeding Structure,” IEEE Antennas Wirel. Propag. Lett., vol. 9, pp. 
191-194, Apr. 2010. 

6. Y. Li, Z. Zhang, J. Zheng, and Z. Feng, “Compact Azimuthal Omnidirectional Dual-
Polarized Antenna Using Highly Isolated Colocated Slots,” IEEE Trans. Antennas Propag., 
vol. 60, pp. 4037-4045, Sep. 2012. 

7. J. Lee, Y.-K. Hong, S. Bae, G. S. Abo, W.-M. Seong, and G.-H. Kim, “Miniature Long-Term 
Evolution (LTE) MIMO Ferrite Antenna,” IEEE Antennas Wirel. Propag. Lett., vol. 10, pp. 
603-606, Jun. 2011. 

8. K. Sarabandi, R. Azadegan, H. Mosallaei, and J. Harvey, “Antenna Miniaturization 
Techniques for Applications in Compact Wireless Transceivers,” in Proc. URSI, 2002, pp. 
2037-2040. 

9. J. Lee, Y.-K. Hong, S. Bae, J. Jalli, G. S. Abo, J. Park, W.-M. Seong, S.-H. Park, and W.-K 
Ahn, “Low Loss Co2Z (Ba3Co2Fe24O41)-glass Composite for Gigahertz Antenna 
Application,” J. Appl. Phys., vol. 109, p. 07E530, Apr. 2011. 

10. R. G. Vaughan and J.B. Andersen, “Antenna Diversity in Mobile Communications,” IEEE 
Trans. on Veh. Techn., vol. 36, pp. 149-172, Nov. 1987.  

11. S. R. Best, “A Discussion on the Properties of Electrically Small Self-resonant Wire 
Antennas,” IEEE Antennas Propag. Mag., vol. 46, pp.9-22, Dec. 2004. 

  



 

71 
 
 

 

 

 
CHAPTER 7 

7. LOW-PROFILE MULTIBAND ANTENNAS FOR TELEMATICS WITH AND WITHOUT 
FERRITE LOADING 

7.1. Low-profile multiband antennas without ferrite loading5 

7.1.1. Introduction 

In vehicular telecommunication, low-profile multiband antennas are required due to ease 

of installation, aerodynamics, and multiple operations, such as navigation, integrated mobile 

applications, automatic driving, and mayday services [1]. Moreover, vertical polarization and 

omnidirectional radiation characteristics are desired. This is because vertically polarized waves 

experience less propagation path loss compared to horizontally polarized waves, in the case of 

near-ground wireless communication [2], and the omnidirectional radiation in the azimuth plane 

covers the wide range of communication space. 

Various antenna design approaches have been exploited to meet the aforementioned 

characteristics, i.e., low-profile, multiband operation, vertical polarization, and omnidirectional 

radiation [3-10]. For one effort, a lossy ferrite was inserted between a patch radiator and ground 

plane to reduce the antenna height to 0.005 λL, where λL is the wavelength at the lowest operating 

frequency of 30 MHz [3].  However, gain of the antenna was unreasonably low due to high 

magnetic loss of the ferrite. Another approach is to use fractal-based techniques to reduce antenna 

height, while maintaining a high antenna gain. The height of the fractal monopole antenna was 

                                                 
 
5 This work was published as “Omnidirectional low-profile multiband antenna for vehicular telecommunication,” in 
Progress in Electromagnetics Research Letter, vol. 51, pp. 53-59, Jan. 2015, by Woncheol Lee, Yang-Ki Hong, et al. 
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0.153 λL [4] or 0.34 λL [5]. This height is still too high to apply to mobile vehicular applications. 

Lastly, a wire-patch antenna, comprised of a top patch and shorting pins, was introduced [6-10]. 

The wire-patch broadband antenna shows a high antenna gain with the height of 0.079 λL [7], 0.078 

λL [8], or 0.07 λL [9]. However, the antenna height is still not suitable for vehicle 

telecommunication systems. A 0.062 λL high wire-patch antenna shows an omnidirectional 

radiation pattern with vertical polarization, but operates at a single frequency [10].   

In this chapter, we report design and performance of an omnidirectional low-profile 

multiband antenna for vehicular wireless communication applications. The designed antenna 

shows a height of 0.022 λL with patch size of 0.26 λL × 0.3 λL and omnidirectional radiation with 

vertical polarization at three operating frequency bands. 

 

7.1.2. Antenna design and fabrication 

Figure 7.1.1 shows the designed antenna structure and geometry, and the antenna has a 

rectangular patch (70 mm × 80 mm) and six shorting pins (diameter of 0.4 mm and height of 6 

mm). The rectangular patch is divided into three sub-patches (sub-patch 1, 2, and 3) by slot 1 and 

2 having 1.8 mm wide gap (g). These sub-patches are connected to one another by four connecting 

lines as shown in Fig. 7.1.1. The length and width of the connecting lines are 1.8 mm and 1 mm, 

respectively. The six shorting pins are used to connect the sub-patches to a ground plane (200 mm 

× 200 mm).  As shown in Fig. 7.1.1 (b), the two outermost shorting pins, named as the pin 1 in 

Fig. 7.1.1 (a), are symmetrically located from the center of the antenna and connect the sub-patch 

1 to the ground plane. Likewise, the pin 2 (or pin 3) is used to connect the sub-patch 2 (sub-patch 

3) to the ground. The antenna was then excited by a coaxial probe to characterize antenna 

performance. The coaxial probe is located at a 15.25 mm offset (in x-axis) from the center of the 
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antenna and connected to the sub-patch 3. This feeding location was chosen because the gain 

increased from 1.3, 3.0, and 2.6 dBi to 1.7, 3.2, and 3.4 dBi at the first (f1), second (f2), and third 

resonant frequency (f3), respectively, as the probe position moved from the center to an offset of 

15.25 mm (in x-axis). 

Antenna performance characteristics were simulated by three dimensional (3D) 

electromagnetic simulation tool (ANSYS HFSS v. 11) for scattering parameters (S-parameters), 

surface current distribution, and radiation patterns. Based on the design geometry in Fig. 7.1.1, an 

antenna was fabricated (not shown here). Copper plates and wires were used in the fabrication of 

the antenna radiator, ground plane, and shorting pins. The antenna has a total area of 5,600 mm2 

 
(a) 

 
(b) 

FIG. 7.1.1. Design and geometry of an omnidirectional low-profile multiband antenna. (a) top 
view and (b) side view. 
  



 

74 
 
 

(70 mm × 80 mm) and height of 6 mm. The ground plane (200 mm × 200 mm) was used to take 

into account a vehicle roof. A semi-rigid 50 Ohm coaxial cable was used to excite the antenna. A 

vector network analyzer (Agilent N5230) and an anechoic chamber (Raymond EMC QuietBox 

AVS 700) were used to measure antenna S-parameters and radiation patterns. 

 

7.1.3. Antenna simulation and operating principles 

In order to study the operation principles of the proposed antenna, the effect of the slots on 

S-parameters is presented in Fig. 7.1.2 (a). No slot, slot 1, and slot 1 and 2 were independently 

loaded onto the rectangular patch, while all six shorting pins (pin 1, 2, and 3) exist. The 70 mm × 

80 mm rectangular patch (without slots) with six shorting pins generates two resonant frequencies 

and different radiation characteristics. At the first resonant frequency (f1_s0), the antenna showed 

an omnidirectional radiation pattern with vertical polarization in the azimuth plane (XY-plane). 

On the other hand, non-omnidirectional radiation pattern with horizontal polarization was 

observed at the second frequency (f2_s0). The first resonance is a parallel resonance mode, 

originating from the inductance of the shorting pins set in parallel with the capacitance of the 

antenna [11]. The second is a top-loaded (quarter-wavelength) monopole resonance mode resulting 

from the capacitance from the top-loaded patch [7]. It was found that the antenna produces a strong 

vertically polarized electric field from the shorting pins at the parallel resonance mode, but a 

horizontally polarized electric field from the patch at the top-loaded resonance mode. By 

implementing the slot 1, the parallel resonance mode is generated at two frequencies, f1_S1 and 

f3_S1, while the top-loaded monopole resonance mode occurs at f2_S1 and f4_S1. By adding the slot 1 

and 2 to the rectangular patch, three resonant frequencies with the parallel resonance mode were 

obtained. As a result, the omnidirectional radiation patterns in the azimuth plane with vertical 
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polarization were observed at f1, f2, and f3. The first-resonant reflection coefficients at f1_S0 (1.26 

GHz: no slot), f1_S1 (1.18 GHz: slot 1), and f1 (1.09 GHz: slot 1 and 2) were -16.6 dB, -16.5 dB, 

and -6.2 dB, respectively. The inserting slots caused a decrease in the input impedance at the first 

resonant mode, resulting in an impedance mismatch. In addition, the slot 1 and 2 lead to frequency 

shift towards lower frequency due to the additional series inductance. 

Figure 7.1.2 (b) shows the effect of the shorting pins on S-parameters of the antenna while 

maintaining the slot 1 and 2. The result of the shorting pin 1, 2, and 3 in Fig. 7.1.2 (b) corresponds 

to the data of the slot 1 and 2 in Fig. 7.1.2 (a). When only pin 1 was added, the parallel resonance 

mode was observed at frequencies f1_P1 and f2_P1.  By inserting all three pins (1, 2, and 3), the 

antenna showed the parallel resonance mode at three frequency bands and improved impedance 

matching at f2 and f3 as shown in Fig. 7.1.2 (b). However, the first-resonant reflection coefficient 

increased from -17.3 dB (f1_P2 = 1.07 GHz: pin 1 and 2) to -6.2 dB (f1 = 1.09 GHz: pin 1, 2, and 

3). This is because an addition of pin 3 introduces a parallel inductance and results in a decrease 

in the first-resonant input impedance. It is noted that the double resonance was observed near the 

  
(a)                                                                    (b) 

FIG. 7.1.2. Simulated reflection coefficient of the proposed omnidirectional low-profile 
multiband antenna. (a) effect of slots and (b) effect of shorting pins. 
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third resonant mode (i.e. f3 and f3-2) as shown in Fig. 7.1.2. The resonant frequency, f3-2, is due to 

the self-resonance of the slots regardless of the shorting pins. The proposed antenna exhibits three 

resonant frequencies, f1, f2, and f3, of 1.09, 1.86, and 2.39 GHz. 

Figure 7.1.3 shows simulated vector surface current distributions at the three resonant 

frequencies that help to understand multiband operation with the parallel resonance mode. Current 

flows from the feeding line to the patches, then shorts to the ground via shorting pins at the resonant 

frequencies. This indicates that the parallel resonance mode occurs at each resonant frequency [7]. 

 
                                          (a)                                                                    (b) 

 
(c) 

FIG. 7.1.3. Simulated vector surface current distribution: at (a) f1 of 1.09 GHz, (b) f2 of 1.86 
GHz, and (c) f3 of 2.39 GHz. 
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Moreover, the antenna has different current paths from the feeding line through the sub-patches 

and shorting pins at each resonant frequency. At the f1, high current density appears in a current 

path from the feeding line through all three sub-patches (i.e., sub-patch 3, 2, and 1) and the 

outermost pin 1 as shown in Fig. 7.1.3 (a). At the f2, the antenna has a current path from the feeding 

line through two sub-patches (i.e., sub-patch 3 and 2) and pin 2. The shortest current path from the 

feeding line through the sub-patch 3 and pin 3 occurs at the f3. It is noted that strong surface current 

is concentrated at the vertically mounted shorting pins, while relatively weak current density 

   
                                   (a)                                                                       (b) 

 
(c) 

FIG. 7.1.4. Simulated and measured radiation patterns in azimuth plane at (a) f1 (sim.: 1.09 
GHz and mea.: 1.14 GHz), (b) f2 (sim.: 1.86 GHz and mea.: 1.91 GHz), and (c) f3 (sim.: 2.39 
GHz and mea.: 2.45 GHz), respectively. 
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appears at the horizontal sub-patches at the three resonant frequencies. The strong vertical current 

in the shorting pins, therefore, leads to omnidirectional radiation and vertical polarization in the 

azimuth plane. 

Figure 7.1.4 shows the simulated radiation patterns in the azimuth plane. The antenna 

shows the omnidirectional radiation characteristics with vertical polarization at the three resonant 

frequencies. The simulated maximum ripple levels (Δ = Eθ_max - Eθ_min) are 1.8 dB at f1 (1.09 GHz), 

2.1 dB at f2 (1.86 GHz), and 2.1 dB at f3 (2.39 GHz), thereby confirming omnidirectional radiation 

patterns. Furthermore, the vertical component Eθ of electric field is greater than the horizontal 

component Eϕ of electric field as shown in Fig. 7.1.4. 

 

7.1.4. Measured results and discussion 

Figure 7.1.5 shows both measured S-parameter and simulated S-parameter. Antenna 

resonates at 1.14, 1.91, and 2.45 GHz, which are in close agreement with the simulated results. 

 
FIG. 7.1.5. Simulated and measured S-parameters of the fabricated omnidirectional low-
profile multiband antenna. 
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Small discrepancy between the simulated and measured S-parameters is attributed to fabrication 

inaccuracy. The fabricated antenna has a low-profile of 0.022 λL (where λL is the wavelength at f1). 

The measured and simulated radiation patterns in the azimuth and elevation (XZ-plane) planes are 

shown in Fig. 7.1.4 and 7.1.6. In Fig. 7.1.4, the measured maximum ripple levels in the azimuth 

plane are 1.9 dB at the f1 (1.14 GHz), 3.6 dB at the f2 (1.91 GHz), and 2.5 dB at the f3 (2.45 GHz). 

These results confirm omnidirectional radiation characteristics. In addition, the measured patterns 

are in good agreement with the simulated results. It is noted that the vertical component of Eθ is 

greater than the horizontal component Eϕ, indicating the vertically polarized waves. The antenna 

also shows monopole-like radiation patterns in the elevation plane as shown in Fig. 7.1.6. The 

maximum measured gain was found near θ = ± 40o. The measured 3D peak gain is 1.7 dBi (at θ = 

50o) at the f1, 4 dBi (at θ = 40o) at the f2, and 3.5 dBi (at θ = 40o) at the f3, which are in good 

agreement with the simulated gains (1.7 dBi at the f1, 3.2 dBi at the f2, and 3.4 dBi at the f3). The 

measured and simulated characteristics are summarized in Table 7.1.1. It is demonstrated that the 

proposed antenna has a low-profile, omnidirectional radiation, and vertical polarization at the three 

  
                    (a)                                                                     (b)    
FIG. 7.1.6. Radiation patterns of Eθ in elevation plane at each resonant frequency: (a) measured 
and (b) simulated radiation pattern. 
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frequency bands. For comparison, the antenna characteristics of the proposed and previously 

reported omnidirectional low-profile antennas are given in Table 7.1.2. The proposed antenna 

shows a considerably small height with multiband operation, while retaining good antenna gains 

and low ripple levels. Although the proposed antenna shows good far-field radiation 

characteristics, impedance matching and bandwidth at the f1 needs to be improved. Enhancements 

in impedance matching and bandwidth are under investigation by magneto-dielectric material 

loading [12] and capacitive loading techniques [13].  

 

Table 7.1.1. Simulated and measured characteristics of the proposed antenna. 
 

 f1 f2 f3 
Sim. Mea. Sim. Mea. Sim. Mea. 

Resonant freq. (GHz) 1.09 1.14 1.86 1.91 2.39 2.45 

Electrical height (6 mm) 0.021 λ 0.022 λ 0.037 λ 0.038 λ 0.047 λ 0.049 λ 

Max. ripple (dB) 1.8 1.9 2.1 3.6 2.1 2.5 

Polarization Vertical Vertical Vertical Vertical Vertical Vertical 

3D peak gain (dBi) 1.7 1.7 3.2 4 3.4 3.5 
  

Table 7.1.2. Comparison of antenna characteristics for omnidirectional low-profile antennas. 
 

 Antenna height  
at fL 

Antenna patch  
size at fL 

Gain 
(dBi) 

Ripple level  
(dB) Band 

Ref. [7] 0.079 λL D (diameter): 0.5 λL > 3 < 1.7 Wideband 

Ref. [8] 0.078 λL D: 0.31 λL > 2.3 < 1.8 Wideband 

Ref. [9] 0.07 λL D: 0.4 λL - < 7.9 Wideband 

Ref. [10] 0.062 λL 0.27 λL × 0.33 λL 4.5 - Single-band 

This work 0.022 λL 0.26 λL × 0.3 λL > 1.7 < 3.6 Multi-band 
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7.1.5. Conclusion 

A low-profile vertically-polarized omnidirectional multiband antenna is proposed. The 

measured antenna performance is in good agreement with the simulated results. The antenna is 

only 0.022 λL in the height and has the patch size of 0.26 λL × 0.3 λL with multiple resonant 

frequencies of 1.14, 1.91, and 2.45 GHz. Furthermore, the antenna shows good omnidirectional 

radiation characteristics with vertical polarization and high antenna gain. Therefore, the low-

profile multiband antenna is applicable to vehicular telecommunications.   
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7.2. Low-profile multiband antenna with ferrite loading6 

7.2.1. Introduction 

Antennas for vehicular wireless communication are desired to have multiple operations 

and a low-profile due to aerodynamics. Additionally, omnidirectional radiation in the azimuth 

plane and vertical polarization are required to have a wide coverage and reliable vehicular wireless 

communication, respectively [1-2]. In response to this, an omnidirectional low-profile multiband 

antenna has been recently reported [3], and this antenna can only operate in the GHz range. To 

cover the MHz range, the antenna should be miniaturized. 

The antenna dimensions can be reduced by loading ferrite substrates, because ferrite 

possesses high permeability (μr) and permittivity (εr) which lead to a reduction in effective 

wavelength (λeff) according to λeff = λ0 / (μr·εr)0.5, where λ0 is the wavelength in free-space. 

Furthermore, ferrite can improve impedance matching and broaden bandwidth [4, 5]. Therefore, 

ferrite loading was employed to realize both a low-profile antenna with wide bandwidth and a 

multiband antenna [6, 7]. However, the realized gain of the low-profile wideband ferrite loaded 

antenna was around -5 dBi, which is lower than that of the air-core antenna (2 dBi) at high 

frequency range [6]. In addition, gains at high frequency bands of the multiband ferrite loaded 

antenna were not compared with the low loss dielectric loaded antenna [7]. This is because the 

magnetic loss of ferrites at high frequency degrade antenna radiation efficiencies, which results in 

low antenna gains [8]. 

In this chapter, we report a miniature low-profile multiband antenna by loading a 

BaCo1.4Zn0.6Fe16O27 hexaferrite substrate. Also, configuration of the ferrite substrates to maximize 

                                                 
 
6  This work was published as “Low-Profile Multiband Ferrite Antenna for Telematics Applications,” in IEEE 
Transactions on Magnetics, vol. 52, p.8001504, Jul. 2016, by Woncheol Lee, Yang-Ki Hong, et al. 
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antenna performance are discussed. The measured and simulated ferrite loaded antenna 

performance characteristics are compared to those of the air-core antenna.  

 

7.2.2. Simulation of low-profile multiband ferrite antenna 

Figure 7.2.1 shows the geometry and dimensions of the low-profile multiband ferrite 

antenna for telematics applications. The designed antenna consists of a rectangular patch with four 

 
(a) 

 
(b) 

FIG. 7.2.1. Geometry and dimensions of low-profile multiband ferrite antenna for telematics 
application (a) 3D view and (b) top view.  
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slots and connecting lines, six shorting pins, ground plane, and ferrite substrates. The rectangular 

patch is placed 6 mm above the ground plane and connected with the six shorting pins. The detailed 

dimensions are shown in Fig. 7.2.1 and [3]. 

The permeability (μ′) of 2.0, permittivity (ε′) of 7.3, magnetic loss tangent (tan δμ) of 0.035, 

and dielectric loss tangent (tan δε) of 0.005 at 1 GHz, were used in the BaCo1.4Zn0.6Fe16O27 ferrite 

antenna performance simulations. In order to study effects of the ferrite substrate loading on 

antenna performance, different loading configurations, such as a hollow rectangular (Type 1), Y- 

 
(a)                                               (b) 

 
(c)                                              (d) 

FIG. 7.2.2. Different ferrite loading configuration for the low-profile multiband antenna: (a) 
hollow rectangular, (b) Y-axis bar, (c) X-axis bar, and (d) grid ferrite loading configurations.  
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axis bar (Type 2), X-axis bar (Type 3), and grid ferrite loading (Type 4), were designed as shown 

in Fig. 7.2.2 and simulated. The width of ferrite substrate is 2 mm. 

Figure 7.2.3 shows the simulated reflection coefficient spectra of the low-profile multiband 

ferrite antenna with different ferrite substrate loading configurations. The air-core antenna 

resonates at a maximum frequency of 1.09 GHz for the first resonant frequency (f1), while the f1 

of Type 1, 2, 3, and 4 ferrite antennas resonate at 0.9, 0.88, 0.85, and 0.73 GHz, respectively. This 

indicates miniaturization of the antenna, since the antenna size is inversely proportional to the 

corresponding operation frequency. Due to the ferrite loading configuration, Type 1 ferrite antenna 

experiences a smaller shift in the second (f2) and third (f3) resonant frequencies than the other 

loading configurations of the ferrite antennas, remaining similar to that of the air-core antenna. 

The result indicates that the ferrite substrates should be loaded under the contributed sub-patches 

for the corresponding resonant frequency to have the largest frequency shifts. The f1, f2, and f3 

 
FIG. 7.2.3. Reflection coefficient of a low-profile multiband antenna with air-core and ferrite 
substrate and geometry of the antenna. 
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originate from the all sub-patches with shorting pin 1, sub-patches 2 and 3 with shorting pin 2, and 

sub-patch 3 with shorting pin 3, respectively. It also suggests that f2 and f3 can be individually 

controlled by the ferrite loading configuration. 

In order to achieve wide wireless communication coverage, an omnidirectional radiation 

pattern in the azimuth plane is necessary. Figure 7.2.4 shows the simulated radiation patterns at f1 

and f2 for the air-core and ferrite antennas in the azimuth plane. It is observed that the Type 1 ferrite 

antenna has lower ripple levels (Δ = Eθ_max – Eθ_min) at f1, f2, and f3 than that of the other ferrite 

antennas which confirms that the Type 1 ferrite antenna has good omnidirectional characteristic in 

the azimuth plane. This is because the symmetric ferrite loading configuration in X- and Y-axis 

for Type 1 ferrite antenna is able to maintain the omnidirectional radiation patterns in the azimuth 

plane. As simulated antenna characteristics are summarized in Table 7.2.1, the Type 1 shows the 

best performance. Therefore, we fabricated and characterized the Type 1 ferrite antenna. 

                                       (a)                                                                (b) 
FIG. 7.2.4. Radiation patterns in the azimuth plane of low-profile multiband air-core and ferrite 
loaded antennas: at (a) f1 and (b) f2 
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7.2.3. Fabrication and measured results 

The low-profile multiband air-core antenna and ferrite-loaded antenna with Type 1 

configuration are fabricated as shown in Fig. 7.2.5. The antenna substrates were prepared by 

pressing BaCo1.4Zn0.6Fe16O27 powder into the ferrite shapes specified in Fig. 7.2.2, followed by 

sintering 1000 oC for 1 min and 850 oC for 4 h. A copper plate and 0.82 mm diameter copper wires 

were used to fabricate the patch with slots and shorting pins. The antennas were excited by a semi-

rigid 50 Ω coaxial cable. 

TABLE 7.2.1. Simulated antenna characteristics of the low-profile air-core and ferrite antenna 
with different ferrite loading configuration. 
 

Antenna 
Frequency / Reflection Coefficient  

(GHz / dB) Δ = Eθ_max – Eθ_min (dB) 
      

f1 f2 f3 f1 f2 f3 

Air-core 1.09 / -4.5 1.94 / -12.6 2.39 / -22.7 2.1 3.5 3.7 

Type 1 0.9 / -11.2 1.85 / -8.6 2.36 / -17.6 2.2 3.0 1.9 

Type 2 0.88 / -9.4 1.58 / -5.4 2.07 / -10.7 3.2 3.3 8.5 

Type 3 0.85 / -7.1 1.54 / -11.8 2.35 / -28.0 3.0 5.7 1.9 

Type 4 0.73 / -8.3 1.37 / -17.1 2.05 / -11.3 4.5 1.7 11.3 

  

 
(a)                                                                       (b) 

FIG. 7.2.5. Photo-images of the fabricated low-profile multiband (a) air-core antenna and (b) 
ferrite loaded antenna with Type 1 loading configuration. 
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In order to measure the frequency dependent return loss of the low-profile multiband air-

core and ferrite loaded antennas, a vector network analyzer (Agilent N5230A) was used for 

characterization. Figure 7.2.6 shows the simulated and measured reflection coefficient of the 

fabricated air-core [3] and ferrite loaded (Type 1) antennas. The fabricated low-profile multiband 

ferrite loaded (Type 1) antenna resonates at 0.88, 1.85, and 2.49 GHz for f1, f2, and f3, respectively. 

On the other hand, the air-core antenna shows the corresponding resonant frequencies at 1.16, 

1.93, and 2.43 GHz. Moreover, the ferrite loaded antenna shows higher return loss than that of the 

air-core antenna. The results imply antenna miniaturization and improved impedance matching by 

loading the ferrite substrate. The measured reflection coefficients of the air-core and ferrite loaded 

antennas are in a good agreement with the simulated results in Fig. 7.2.6. 

 
FIG. 7.2.6. Simulated and measured reflection coefficients of a low-profile multiband antenna 
with air-core and ferrite antennas. 
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(a) 

 
(b) 

 
(c) 

FIG. 7.2.7. Radiation patterns of the low-profile multiband air-core and ferrite loaded (Type 1) 
antennas in the azimuth (left) and elevation plane (right) at (a) f1, (b) f2, and (c) f3. 
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Regarding antenna radiation performance of the low-profile multiband air-core and ferrite 

loaded antennas, an anechoic chamber (Raymond EMC QuietBox AVS 700) with the vector 

network analyzer were used for radiation pattern and frequency dependent realized gain (RG) 

measurements. The measured and simulated normalized radiation patterns of the air-core and 

ferrite loaded (Type 1) antennas at three operating frequencies are shown in Fig. 7.2.7. The 

measured maximum ripple levels for the air-core and ferrite loaded antennas at f1, f2, and f3 are 2.7 

and 3.2 dB, 4.5 and 2.6 dB, and 3.0 and 1.4 dB, respectively. Accordingly, the fabricated ferrite 

loaded antenna has better communication coverage than the air-core antenna, since lower ripple 

levels were obtained from the ferrite loaded antenna. The peak gains of both the air-core and ferrite 

loaded antennas are observed near ± 45° in the elevation plane (XOZ) at the three operation 

frequencies. Moreover, the vertical component Eθ is greater than the horizontal component Eϕ in 

all observation planes, which confirms vertically polarized transmission and reception of the 

 
FIG. 7.2.8. Simulated and measured realized gain of the low-profile multiband air-core and 
ferrite loaded antennas at ϕ = 0° and θ = 45°. 
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fabricated antennas. All measured radiation patterns well agree with the simulated radiation 

patterns.  

Since the maximum realized gains (RGs) were observed near ± 45° of θ in the XOZ plane 

(ϕ = 0°), the RGs of the fabricated antennas were simulated and measured at θ = 45° and ϕ = 0° as 

presented in Fig. 7.2.8. The measured RGs of the ferrite loaded (Type 1) antenna at f1, f2, and f3, 

are found to be -0.7, 2.4, and 3.5 dBi, respectively. On the other hand, the air-core antenna has 

measured RGs of -0.2, -0.5, and 3.2 dBi. The RG of the ferrite loaded antenna shows better RG at 

f2 and f3 and nearly the same RG at f1 as compared to that of the air-core antenna. According to the 

following expression, 

 lossradrad PPPRE  /  ,                                              (7.2.1) 

 2
111 SDRERG   ,                                               (7.2.2) 

Table 7.2.2. Measured antenna properties of the fabricated low-profile multiband air-core and 
ferrite loaded (Type 1) antennas. 
 

Antenna Performance Air-core Ferrite loaded (Type 1) 

Resonant frequency / 
Reflection coefficient 

(GHz / dB) 

f1 1.16 / -4 0.88 / -18 

f2 1.93 / -7 1.85 / -17 

f3 2.43 / -11 2.49 / -26 

Bandwidth 
(MHz) at  

VSWR = 3:1 

f1 - 25 

f2 18 40 

f3 120 250 

Realized gain / Δ (= 
Eθ_max – Eθ_min )  

(dBi / dB) 

f1 -0.2 / 2.7 -0.7 / 3.2 

f2 -0.5 / 4.5 2.4 / 2.6 

f3 3.2 / 3.0 3.5 / 1.4 
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where D is the antenna directivity, S11 is the return loss, Prad is radiated power and Ploss is power 

loss mainly associated with loss in the antenna substrate material. Accordingly, the better RG at 

higher frequency of the ferrite loaded antenna is attributed to the negligible effect of the high 

magnetic loss (tan δμ = 0.06 and 0.09 at f2 and f3, respectively) due to the ferrite loading 

configuration, higher directivity, and better return loss than the air-core antenna. Furthermore, the 

similar gain at f1 between the air-core and ferrite loaded (Type 1) antennas results from the low 

tan δμ of 0.03 at 1 GHz of the ferrite substrate. The measured antenna performance of the air-core 

and ferrite loaded (Type 1) antennas are summarized in Table 7.2.2. 

The simulation and experimental results confirm that the BaCo1.4Zn0.6Fe16O27 ferrite 

substrate loading to the low-profile multiband antenna has a large contribution to enhanced antenna 

performance, including miniaturization, impedance matching, bandwidth, and RG. Additionally, 

the antenna performance is strongly affected by the configuration of the ferrite loading. However, 

further improvement to the bandwidth at lower frequency bands is needed and under investigation. 

 

7.2.4. Conclusion 

A low-profile multiband air-core and ferrite loaded antennas with different loading 

configurations were designed and simulated. The dynamic properties of the BaCo1.4Zn0.6Fe16O27 

hexaferrite (μ′ = 2, ε′ = 7.3, tan δμ = 0.035, and tan δε = 0.005 at 1 GHz) were used for the antenna 

simulation. A hollow rectangular ferrite loading (Type 1) shows reasonable miniaturization while 

maintaining good omnidirectional radiation patterns in the azimuth plane. Based on their 

simulation, the air-core and ferrite loaded (Type 1) antennas were fabricated and characterized. 

The first resonant frequency shifts from 1.16 to 0.88 GHz by adding the ferrite substrate. 

Additionally, better impedance matching, broader bandwidth, and higher realized gain are 
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obtained by inserting the ferrite substrate. It is noted that the low-loss ferrite substrate plays a key 

role in improving antenna performance of the low-profile multiband antenna.  
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CHAPTER 8 

8. WIRELESS POWER CHARGING (WPC) ANTENNA SYSTEM WITH FERRITE SHEET7 

8.1. Introduction 

Recently, wireless power charging (WPC) systems using inductive coupling have been of 

great interest due to increased safety and convenience [1]. A WPC system transfers power 

wirelessly via the magnetic field generated by a coil. In such a WPC system, magnetic sheets are 

employed to the backside of the transmitting and receiving coil-antennas to enhance the transfer 

efficiency and suppress electromagnetic field (EMF) noise [2]. With the presence of any metallic 

object underneath a WPC antenna, the power transfer efficiency significantly degrades due to the 

magnetic field from the coil generating eddy currents on the metallic component. To alleviate the 

eddy current effect, magnetic isolation is required, which can be realized by magnetic field 

convergence with a high permeability (μ′) and electrical resistivity magnetic sheet. Moreover, the 

low magnetic loss is essential at the operation frequency (13.56 MHz) of WPC systems. In an 

effort to investigate low magnetic loss, high permeability and high resistivity materials, Ni-Zn-Cu 

spinel ferrites have been widely studied [3]-[7]. For instance, Co-doped Ni-Zn-Cu ferrite shows a 

permeability of 154 and magnetic loss tangent (tan δμ) of 0.03 at 13.56 MHz [3] but is composed 

of four components, including expensive Co.  

Although WPC has been known for more than a century, to the best of our knowledge, 

                                                 
 
7 This work is published as “A simple wireless power charging antenna system: Evaluation of ferrite sheet,” in IEEE 
Transactions on Magnetics, vol. 53, p. 2800605, Jul. 2017, by Woncheol Lee, Yang-Ki Hong, et al. 
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there is no report on the evaluation of shielding ferrite by a simple WPC system for optimal 

dynamic properties and ferrite thickness.  

 
(a) 

 
(b) 

FIG. 8.1. Geometry and dimensions of (a) a single antenna and (b) a pair of antennas with 
metals for wireless power charging (WPC) applications. 
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In this chapter, we have designed a simple WPC antenna system to identify the most desired 

parameters of a ferrite sheet, i.e., magnetic properties and thickness, for efficient wireless power 

transfer at 13.56 MHz. In addition, this WPC system can be useful in the evaluation of any 

magnetic sheet. Based on the thickness and magnetic parameters confirmed by power transfer 

efficiency simulations, we have also designed and synthesized Ni-Zn-Cu spinel ferrites. The 

synthesized Ni-Zn-Cu ferrites meet the optimal magnetic parameters. 

 

8.2. Simulation of wireless power transfer efficiency 

Fig. 8.1 shows our designed WPC system for simulation of the wireless power transfer 

efficiency (η) of the antenna. ANSYS HFSS (ver. 16) was employed for the simulation. The WPC 

consists of two coil-antennas, A1 (considered as a charger) and A2
 (considered as a charging 

 
FIG. 8.2. Simulated normalized transfer efficiency between two antennas with different 
ferrite sheet thickness. 
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device). Each antenna consists of a coil, polyethylene (PE) and ferrite sheet, and matching circuit 

as shown in Fig. 8.1 (a). Each coil has three turns with a 0.3 mm gap between traces (W = 0.6 mm) 

and is attached to a PE sheet (50 mm × 40 mm × 0.1 mm), which has a smaller area than a typical 

commercial smartphone battery. The ferrite sheet is located underneath the PE sheet with an 

equivalent area. Ferrite sheet thickness (t) is varied from 0.1 to 0.9 mm, and the matching circuit 

is designed to meet 50 Ω at 13.56 MHz, which is the frequency of interest for WPC applications. 

The antennas in Fig. 8.1 (b) are separated by 30 mm. Furthermore, metals, which are 

assumed to be batteries or other electronics, with a dimension of 70 mm × 50 mm × 3 mm, are 

placed on the backside of the antennas. Only antenna A1 is externally excited with 1 W in the 

simulation of power transfer efficiency. We first simulated the efficiency (ηmax) of the WPC system 

without ferrite and the metallic object and used this efficiency to normalize the efficiency of the 

WPC antenna with ferrite and metallic object.  

Figure 8.2 shows the simulated and normalized power-transfer efficiency, ηt_normalized = 

ηt/ηmax, as a function of ferrite thicknesses. ηt is the simulated power-transfer efficiency at different 

ferrite t with the metallic object, and ηmax (63%) is the simulated efficiency of the coil antennas. 

Surprisingly, ηt_normalized drops to 0.064 when the metallic object is placed on the backsides of the 

antennas without ferrite sheets. Therefore, loading of the ferrite sheet is indispensable to the 

increase of η by magnetically isolating the metallic object from the antenna. ηt_normalized is increased 

from 0.42 to 0.88 as t increases from 0.1 to 0.9 mm when the ferrite sheet has a permeability (μ′) 

of 150 and magnetic loss tangent (tan δμ) of 0.02. The simulated efficiencies in Fig. 8.2 can be 

fitted to the following empirical equation: ηt_normalized = a + b × ln(t–c), where a = 91.2, b = 22.2, 

and c = 0.02. ηt_normalized gradually increases with the t value but starts to saturate when t reaches 

0.5 mm. Accordingly, a t value of 0.5 mm was used for subsequent simulations, since the thinner 
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sheet is favorable in real applications.  

Figure 8.3 (a) shows the simulated and normalized power-transfer efficiency (ηtan 

δμ_normalized = ηtan δμ / ηmax, where ηtan δμ is the simulated η at different tan δμ), and ημ’_normalized (= ημ’ 

 
(a) 

 
(b) 

FIG. 8.3. Simulated insertion loss between two antennas with different (a) magnetic loss 
tangent and (b) real part of complex permeability. 
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/ ηmax, where ημ′ is the simulated η at different μ′) is shown in Fig. 8.3 (b). ηtan δμ_normalized remarkably 

decreases as the tan δμ increases in Fig. 8.3 (a). Noticeably, ηtan δμ_normalized decreases 14.6 % with 

the small increase in the tan δμ from 0.01 to 0.05. On the other hand, the ημ′_normalized at t = 0.5 mm 

and tan δμ = 0.02 gradually increases with μ′, and then begins to saturate when μ′ is greater than 

125 as seen in Fig. 8.3 (b). The increase in the transfer efficiency with t and μ′ in Fig. 8.2 and 8.3 

is due to the cancellation of the magnetic flux through the coil, thereby, reducing eddy currents on 

the metal objects [2]. In Fig. 8.3, the red and blue solid lines are fit curves given by ηtan δμ_normalized 

= d×exp(–tan δμ/e )+f and ημ′_normalized = g×ln(μ′–h), respectively, where d = 68.8, e = 0.2, f = 14.9, 

g = 16, and h = 7.6. The simulation results suggest that ferrite with tan δμ < 0.05 and μ′ > 125 is 

desired to achieve 75 % of the ηmax of the coil-antennas. Therefore, we have designed and 

synthesized spinel ferrites to meet a μ′ of 132 and 0.03 of tan δμ at 13.56 MHz.    

 

8.3. Experimental 

Spinel NixZn0.85-xCu0.15Fe2O4 (x = 0.32 – 0.38) ferrites were prepared using the sol-gel and 

sintering processes. The precursors [Ni(NO3)2·6H2O, Zn(NO3)2·6H2O, Cu(NO3)2· 2.5H2O, 

Fe(NO3)3·9H2O, and citric acid] of Ni-Zn-Cu ferrites were dissolved in 50 mL of deionized (DI) 

water with the appropriate stoichiometric ratio, named Solution I. Citric acid was dissolved in 300 

mL of DI water, named Solution II. Then, Solution I was dropped into Solution II while stirring 

under an O2 atmosphere. The mixed solution was then dried in an oven, and the dried powder was 

collected and annealed at 750 oC. The annealed powder was ground and pressed into a toroidal 

ring (inner diameter: 3.2 mm, outer diameter: 7.0 mm, and thickness: 2 mm) to characterize the 

dynamic magnetic properties. One-step sintering was carried out at 850 oC or 900 oC for 4h, and 

two-step sintering at 900 oC for 1 min, followed by sintering at 830 oC for 4h.  
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We have used an X-ray diffractometer (XRD: Cu Kα – 1.54 Å) and vibrating sample 

magnetometer (VSM: MicroSense EV9) to characterize the annealed NixZn0.85-xCu0.15Fe2O4 

powders for crystalline phases and static magnetic properties. To measure dynamic magnetic 

properties of the sintered toroidal rings, an impedance/material analyzer (IA: Agilent E4991A) 

with a material test fixture (Agilent 16454A) was used in the range of 1 MHz – 1 GHz. We have 

characterized the sintered ferrites by a field emission scanning electron microscope (FE-SEM: 

JEOL 7000 FE) for their microstructures. 

 

8.4. Results and discussion 

Fig. 8.4 shows the XRD patterns of NixZn0.85-xCu0.15Fe2O4 (x = 0.32 - 0.38) powders with 

the standard diffraction patterns of Ni-Zn spinel ferrite. All powders show a cubic spinel phase 

 
FIG. 8.4. X-ray diffraction patterns of the NixZn0.85-xCu0.15Fe2O4 powders with different 
compositions. 
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with no secondary phases. To estimate the average crystallite size (D) of the ferrite powder, we 

have used the Scherrer’s equation with the (3 1 1) diffraction peak 

 θcos/89.0 D  ,                                             (8.1) 

where λ is the wavelength of the X-ray, β is the full width at half maximum (FWHM) angle, and 

θ is the diffraction angle [8]. The measured average crystallite size increases from 33 to 50 nm as 

x (Ni content) increases from 0.32 to 0.38. This can be understood by an enthalpy of the compound. 

The enthalpy of NiFe2O4 (ΔH970K = –1.22±0.22 kcal/mole) is higher than that of ZnFe2O4 (ΔH970K 

= –2.67±0.23 kcal/mole), suggesting less liberation of heat with an increase of x; consequently, 

nickel (Ni) enhances the crystallite growth [9], [10].  

  
FIG. 8.5. Magnetic hysteresis loops of NixZn0.85-xCu0.15Fe2O4 powders with different 
compositions. 
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(a) 

 
(b) 

FIG. 8.6. Composition dependence of (a) complex permeability and (b) magnetic loss 
tangent for NixZn0.85-xCu0.15Fe2O4 ferrite sintered at 900 oC. 
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(a) 

 
(b) 

FIG. 8.7. Effects of sintering condition on (a) complex permeability and (b) magnetic loss 
tangent for Ni0.38Zn0.47Cu0.15Fe2O4 ferrite. 
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Figure 8.5 shows the magnetic hysteresis loops of NixZn0.85-xCu0.15Fe2O4 (x = 0.32 - 0.38) 

powders, all of which appear magnetically soft. As the Ni concentration increases from 0.32 to 

0.38, the saturation magnetization (σs) decreases from 60 to 56 emu/g. This is because the magnetic 

Ni2+ cations preferably occupy octahedral sites, which leads to a reduction in the total net 

magnetization [6], [11].  

Figure 8.6 (a) and (b) show Ni concentration dependence of the measured complex 

permeability spectra and tan δμ, respectively, of NixZn0.85-xCu0.15Fe2O4 (x = 0.32 – 0.38) ferrites. 

These ferrites were sintered at 900 oC, i.e., one-step sintering. It is found that μ′ decreases to 169 

from 274 at 13.56 MHz, and tan δμ decreases to 0.1 from 0.47 as the Ni content increases from 

0.32 to 0.38. This is because the ferromagnetic resonant frequency shifts to a higher frequency 

according to the Snoek’s effect. The decrease of μ′ is attributed to a decrease of Ms (= ρ × σs, where 

ρ is the density) [6]. A tan δμ of 0.1 for NixZn0.85-xCu0.15Fe2O4 (x = 0.38) is still too high to achieve 

75% of the ηmax value.  

Therefore, we have redesigned the microstructure of the ferrite (x = 0.38) by modifying the 

single-step sintering profile, i.e., a two-step sintering route. This is because the dynamic complex 

   
                     (a)                                                 (b)                                             (c) 
FIG. 8.8. Microstructures of sintered Ni0.38Zn0.47Cu0.15Fe2O4 ferrites: (a) Ts = 850 oC for 4 h, 
(b) Ts = 900 oC for 4 h, and (c) Ts1 = 900 oC for 1 min and Ts2 = 830 oC for 4 h. 
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permeability of ferrite is highly affected by its microstructure [12], [13]. Figure 8.7 (a) compares 

the measured complex permeability of Ni0.38Zn0.47Cu0.15Fe2O4 ferrite sintered by the two-step 

sintering process (900 oC and 830 oC) to that of one-step sintered ferrites. The two-step sintered 

ferrite shows a μ′ of 132 and a tan δμ of 0.03 at 13.56 MHz. This μ′ is lower than that of the one-

step sintered ferrite at 900 oC and marginally higher than that of the one-step sintered ferrite at 850 

oC. This is because the average grain size of two-step sintered sample is 660 nm, which is smaller 

than that (980 nm) of the one-step sintered sample at 900 oC and slightly larger than that (590 nm) 

of the one-step sintered sample at 850 oC, as shown in Fig. 8.8. However, the tan δμ (0.03 at 13.56 

MHz) of the two-step sintered ferrite is much lower than the one-step sintered ferrites (0.05, 0.10 

at 13.56 MHz), which is shown in Fig. 8.7 (b). This low tan δμ can be attributed to the higher 

density of the two-step sintered ferrite (ρ = 4.37 g/cm3) than that of the one-step sintered sample 

(850 oC, ρ = 4.28 g/cm3). We compared the magnetic loss tangent of the developed ferrite with 

commercial ferrites [14, 15] in Fig. 8.7. It is observed that the developed ferrite shows a low 

magnetic loss with relatively high permeability compared to the commercial ferrite sheets. 

The two-step sintered ferrite meets magnetic parameters identified by WPC simulation to 

achieve higher than 75% of the ηmax value. We have found that our designed simple WPC system 

can be useful for the evaluation of any magnetic sheets and used to get necessary information for 

the design of shielding ferrite. 

 

8.5. Conclusion 

Power transfer efficiency simulations of a wireless power charging (WPC) system 

identified the magnetic parameters of a ferrite sheet suitable for achieving higher than 75% of the 

transfer efficiency (ηmax) of the WPC coil antenna system without ferrite and a metallic object. The 
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ferrite sheet needs to have a permeability (μ′) of at least 125 and a magnetic loss tangent (tan δμ) 

less than 0.05 at 13.56 MHz to achieve 75 % of the ηmax. NixZn0.85-xCu0.15Fe2O4 (x = 0.38) ferrite, 

prepared by a one-step sintering, shows a relatively high μ′ of 169 and a low tan δμ of 0.1. However, 

the loss is still too high to achieve 75% of the ηmax. However, a two-step sintering processed 

Ni0.38Zn0.47Cu0.15Fe2O4 ferrite (x = 0.38) has a μ′ of 132 and tan δμ of 0.03 at 13.56 MHz, which 

achieves more than 75% of the ηmax. Therefore, this ferrite is a good candidate for WPC antenna 

applications. 
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CHAPTER 9 

9. HARMONIC SUPPRESSION ANTENNA WITH FERRITE CORES8 

9.1. Introduction 

Harmonic radiation is a growing issue in radio-frequency (RF) front-ends wireless 

communication systems, due to the degradation of wireless communication quality. An RF front-

ends system is composed of active and passive components. Active components, such as amplifiers 

and oscillators, generate unwanted harmonic and spurious signals, which contribute to 

electromagnetic interference (EMI). In order to suppress this harmonic radiation, a frequency 

filtering device or circuit, such as a band-pass filter, is incorporated within the system. However, 

this approach leads to an increase in the size and cost of the communication system and may cause 

integration issues [1].  

To address the aforementioned issues, harmonic suppressed antennas (HSAs), which 

integrate both an antenna and a filter, have been widely studied [1-11]. It was reported that 

inserting multiple shorting pins in a patch antenna [2] and adding slots and a shorting pin to an 

antenna [1] suppressed harmonic radiation. These methods can eliminate unwanted radiation at a 

specific harmonic frequency. However, they suffer from very narrow suppressing bandwidth and 

an inability to suppress spurious frequencies. Accordingly, alternative approaches have been 

introduced: photonic bandgap structures (PBG) on the ground plane [3-6], defected ground 

                                                 
 
8 This work is submitted as “Ferrite-cored patch antenna with suppressed harmonic radiation,” in IEEE Transactions 
on Antennas and Propagation by Woncheol Lee, Yang-Ki Hong, et al. 
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structures (DGS) [6-10], and a stepped-impedance resonator (SIR) structure [11]. The harmonic 

and spurious radiations were effectively suppressed up to 4f0 and 4.8f0, respectively, where f0 is 

the fundamental frequency of the antenna [7-11]. However, these conventional HSAs weaken the 

radiation by reflecting unwanted signals, i.e. impedance mismatch, at harmonic and spurious 

 
                                            (a)                                                                (b) 

 
                                             (c)                                                               (d) 

 
(e) 

FIG. 9.1. Geometry and dimensions of (a) patch antenna (PA), (b) photonic bandgap patch 
antenna (PBG-PA), (c) defected ground structure patch antenna (DGS-PA), (d) single ferrite-
cored patch antenna (SFC-PA), and (e) ferrite core. 
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frequencies. These reflected or redirected signals may cause another spurious emission and shift 

noise signals from one frequency to another [12]. 

Another possible approach to reduce the harmonic and spurious emissions is a ferrite 

loading. Ferrite loading has been widely used in EMI filter applications. This is because the 

impedance of ferrite becomes highly resistive when the frequency reaches the ferromagnetic 

resonant frequency. As a result, unwanted signals at high-order harmonic and spurious frequencies 

are dissipated as heat [12-13]. Therefore, there is no reflection or redirection of the unwanted 

signals to the system.  

In this chapter, a method to suppress harmonic radiation with ferrite loaded HSA is 

proposed. We have designed and fabricated multiple ferrite-cored patch antennas (MFC-PA). 

Hollow-shaped rectangular ferrite cores encompass the feed line of MFC-PA.  The ferrites have 

different permeability and magnetic tangent loss (tan δμ). The harmonic suppression performance 

of MFC-PA was compared with a conventional patch antenna (PA), PBG patch antenna (PBG-

PA), and DGS patch antenna (DGS-PA). The proposed antenna effectively suppresses harmonic 

radiation in a wide frequency range from 2f0 to 11f0, where f0 is the fundamental frequency of a 

patch antenna. 

 

9.2. Antenna simulation and discussion 

Figure 9.1 shows the geometry and dimensions of PA, PBG-PA, DGS-PA, a single ferrite-

cored patch antenna (SFC-PA), and ferrite core. The geometry and dimensions of the PA, PBG-

PA, and DGS-PA are adapted from [3, 6] for ease of comparison on harmonic suppression 

performance, except the dimensions of the ground plane (length (L) × width (W): 168 mm × 136 

mm).  This dimension is smaller than the ground plane (200 mm × 250 mm) in [3, 6]. All antennas 
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have a square copper patch radiator (76 mm × 76 mm) and a ground plane, which is placed on the 

top and bottom of FR4 epoxy (relative permittivity of 4.4 and dielectric loss tangent of 0.02) 

substrate (L × W × height (H): 168 mm × 136 mm × 1.6 mm). The antennas are excited through 

the 50-Ω microstrip feed line (L ×W: 62 mm × 2.8 mm). In Fig. 9.1(b), PBG-PA has a 3 × 4 array 

of circular slots (slot diameter = 18 mm) with a distance of 38 mm between the center of slots on 

the ground plane. In the case of DGS-PA, two square head dumbbell-shaped unit cells with a 

square size of 15 × 15 mm2 and 10 × 10 mm2 are etched on the ground plane. Each dumbbell-

shaped unit cell has a connection slot with a length of 2.8 mm and width of 0.1 mm. The first unit 

cell is departed from the patch radiator by 25 mm, and the distance between the first and second 

unit cells is 20 mm. A single ferrite core, which has a hollow rectangular shape as shown in Fig. 

9.1 (e), encompasses the feed line of SFC-PA in Fig. 9.1 (d). The hollow rectangular ferrite core 

has an outer dimension of Lferrite × 10 mm × 2 mm with an inner hollowed region of Lferrite × 4.4 

 
                                        (a)                                                                    (b) 
FIG. 9.2. Measured frequency-dependent complex permeability of ferrite cores used in SFC-
PA and multiple ferrite-cored patch antenna (MFC-PA) with (a) an impedance analyzer (0.3 – 
3 GHz) and (b) a vector network analyzer (3 – 10 GHz). 
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mm × 1 mm. The distance between the ferrite core and the square patch radiator is 7 mm. For 

simulation of SFC-PA performance with ANSYS High Frequency Structure Simulator (HFSS 

v.16), we have measured frequency-dependent complex permeability of the ferrites, which is used 

for harmonic suppression, over the range of 300 MHz to 10 GHz with an impedance analyzer (IA) 

and a vector network analyzer (VNA: Agilent N5230). Fig. 9.2 shows frequency-dependent 

complex permeability spectra (μ′ – jμ′′, where μ′ and μ″ are the real and imaginary part of the 

complex permeability, respectively) of three kinds of ferrites. Ferrite I is Ba3Co2Fe24O41 (Co2Z 

 
(a) 

 
(b) 

FIG. 9.3. (a) Simulated reflection coefficient (Γ) of PA, PBG-PA, DGS-PA, and SFC-PA 
and (b) operation principle illustration of PBG-PA, DGS-PA, and SFC-PA. 
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hexaferrite), which was used in SFC-PA antenna performance simulation. The measured real (μ′) 

and imaginary (μ″) permeabilities are 10.4 and 1.75 for the ferrite I, respectively, at 900 MHz, 

which is the fundamental frequency f0 of the patch antenna. Above 900 MHz, the μ′ decreases, and 

the μ″ initially increases up to 1.87 GHz and then decreases. All antennas, such as PA, PBG-PA, 

DGS-PA, and SFC-PA, have Lferrite of 5 mm for performance simulation.  Simulated results of 

antenna performance are described below.  

Figure 9.3 (a) shows the simulated reflection coefficient (Γ) of PA, PBG-PA, DGS-PA, 

and SFC-PA in the frequency range from 0.5 to 10 GHz. The f0 of PA, PBG-PA, DGS-PA, and 

SFC-PA appear at 0.93, 0.89, 0.92, and 0.9 GHz, respectively. The Γs of PBG-PA and DGS-PA 

are greater than -1 dB in the range of 1 to 3.28 GHz and 1.56 to 3.39 GHz, respectively. This 

implies that most input signals are reflected or redirected back to the source due to the impedance 

mismatch at the above frequency, as illustrated in Fig. 9.3 (b). This impedance mismatch leads to 

suppression of harmonic radiation, which can be understood by the equation expressed as, 

   22 11  DGRG  ,                                         (9.1) 

where RG is the realized gain, G is the gain, η is the antenna radiation efficiency, and D is the 

directivity of the antenna. Therefore, the radiation at harmonic frequencies can be suppressed by 

increasing Γ. SFC-PA shows a good impedance matching at high-order harmonic frequencies, 

implying low Γ. Despite the low Γ, the peak realized gain (RGpeak) of SFC-PA is lower than that 

of PA beyond f0 as shown in Fig. 9.4 (a), meaning harmonic suppression. This is attributed to a 

low η of SFC-PA (ηSFC-PA) at frequencies higher than f0 as presented in Fig. 9.4 (b). In order to 

understand a low ηSFC-PA in this particulate case, we describe the ηSFC-PA as a function of resistance 

(R).  The ηSFC-PA can be expressed as  



 

117 
 
 

 

 
(a) 

 
(b) 

FIG. 9.4. Simulated (a) peak realized gain (RGpeak) and (b) antenna radiation efficiency (η) 
of PA, PBG-PA, DGS-PA, and SFC-PA. 
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FLr
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PASFC RRR

R


 ,                                               (9.2) 

where Rr is the radiation resistance of the patch antenna, RL is the loss resistance of the patch 

antenna, and RF is the series resistance of the ferrite core. The RF is obtained from the series 

impedance of a ferrite core (ZF), which can be expressed as,  

  000 LjLjLjjXRZ FFF   ,                  (9.3) 

where XF is the series reactance, and L0 is the air-core inductance (= μ0·N2·Ae/le, where μ0 is the 

vacuum permeability, N is the number of turns, Ae is the effective cross-sectional area, and le is the 

effective magnetic path length) [14]. Accordingly, the ηSFC-PA can be rewritten as 

0LRR
R

Lr

r
PASFC 




 .                                         (9.4) 

Figure 9.2 shows that the μ″ of Ferrite I significantly increases beyond f0, which leads to an increase 

in RF. Therefore, both η and RG of SFC-PA are decreased at higher-order harmonic frequencies. 

As seen in Fig. 9.4 (a), a significant harmonic suppression is observed up to 10 GHz for SFC-PA, 

but conventional PBG-PA and DGS-PA suppress harmonic radiation only up to 3 GHz. 

Furthermore, the RGpeak of SFC-PA at f0 is -0.8 dBi, which is the same as the RGpeak of PA, in the 

inset of Fig. 9.4 (a). From the antenna performance simulation and comparison, it is confirmed 

that SFC-PA can suppress the harmonic radiation in a wide frequency range by removing 

unwanted signals rather than reflecting or redirecting these signals. However, harmonic 

suppression levels of SFC-PA smaller than those of PBG-PA and DGS-PA are observed at 2f0 and 

3f0. 

In order to increase the harmonic suppression level, we performed a parametric study on 

SFC-PA by varying Lferrite. Fig. 9.5 shows the frequency-dependent η of SFC-PA with different 
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Lferrite. Notably, the η above f0 decreases with increasing Lferrite. Increasing Lferrite enlarges Ae. Thus, 

RF is increased due to an increase of L0, according to Eq. (9.3). However, the η at f0 also decreased   

from -7.1 to -7.6 dB as Lferrite increased from 5 to 25 mm. This is undesired. 

 
FIG. 9.5. Simulated frequency-dependent η with different ferrite core length (Lferrite). 

 
FIG. 9.6. Geometry and dimensions of the MFC-PA. 
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Therefore, we designed multiple ferrite-cored patch antennas (MFC-PA) to minimize the   

reduction of η and RGpeak at f0, while maximizing the harmonic suppression level as shown in Fig. 

9.6. The MFC-PA consists of five ferrite cores with the same dimensions (outer / inner dimensions: 

5 mm × 10 mm × 2 mm / 5 mm × 4.4 mm × 1 mm). Three kinds of hexaferrites, that are Ferrite I, 

Ferrite II, and Ferrite III, were prepared using a ceramic process and characterized for their 

permeability. The Ferrite I and II have the same composition as Ba3Co2Fe24O41 (Co2Z), while the 

composition of Ferrite III is BaCo1.4Zn0.6Fe16O27 (Co1.4Zn0.6W). The Ferrite I, II, and III were 

sintered at 1150, 1100, and 1000 oC, respectively. Fig. 9.2 shows complex permeability spectra of 

these ferrites. It is noted that permeability is dependent on composition and sintering temperature. 

Experimental permeability of ferrite in Fig. 9.2 was used in antenna performance simulation.  

Fig. 9.7 and 9.8 show the simulated Γ and RGpeak of MFC-PA, PA, and PBG-PA. The 

MFC-PA shows a good impedance matching beyond 2f0, which is similar to the frequency-

 
FIG. 9.7. Simulated Γ of the PA, PBG-PA, and MFC-PA. 
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dependent Γ of SFC-PA. In Fig. 9.8, it is clearly demonstrated that the RGpeak is significantly 

reduced at harmonic frequency between 2f0 and 11f0 by introducing the MFC structure. 

Furthermore, the harmonic suppression levels of the MFC-PA at 2f0 and 3f0 are 6.5 and 12.2 dB, 

respectively, which are much higher than the suppression level of PBG-PA (2f0: 3 dB / 3f0: 6.5 

dB). It is also noticed that the RGpeak of MFC-PA at f0 is -1 dBi, which is almost the same as the 

RGpeak of PA. Based on the simulated results, it is proven that MFC-PA can effectively remove 

unwanted signals at harmonic and spurious frequencies, while maintaining the radiation 

characteristics at f0. 

 

9.3. Antenna fabrication and measured results 

Prototype antennas were fabricated based on antenna performance simulation results and 

characterized for their performance. Fig. 9.9 shows the photo-images of the fabricated PA, PBG-

 
FIG. 9.8. Simulated RGpeak of the PA, PBG-PA, and MFC-PA. 
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PA, MFC-PA, and multiple ferrite-cored feed lines.  The fabricated PA, PBG-PA, and MFC-PA 

were characterized with a VNA in a broad frequency range from 0.5 to 10 GHz for Γ. Fig. 9.10 

shows the measured Γs, and the results are in reasonably good agreement with the simulated Γs in 

Fig. 9.7. The small discrepancy between the simulated and measured data can be attributed to a 

minor fabrication error and characterization accuracy. 

In order to characterize radiation performance over a frequency range from 0.7 to 5 GHz, 

we used an anechoic chamber (Raymond EMC QuietBox AVS 700) with a VNA. The measured 

RG at (θ, ϕ) = (0, 0) (RG00) is in good agreement with the simulated RG00 up to 5 GHz as seen in 

Fig. 9.11.  Beyond 5 GHz, there are no measured data due to the calibration limitation of the 

anechoic chamber. However, it is clearly demonstrated that the harmonic radiation is more 

  
                                    (a)                                                                   (b) 

                   
                                      (c)                                                                 (d) 
FIG. 9.9. Photo-images of the fabricated (a) PA, (b) PBG-PA, (c) MFC-PA, and (d) ferrite-
cored feedline for MFC-PA. 
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FIG. 9.10. Measured Γ of the PA, PBG-PA, and MFC-PA. 

 
FIG. 9.11. Simulated and measured realized gain of the PA, PBG-PA, and MFC-PA at (θ, ϕ) 
= (0, 0). 
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effectively suppressed in the wider frequency range with MFC-PA than PBG-PA. The inset in Fig. 

9.11 shows that the measured RG00 of PA, PBG-PA, and MFC-PA are -1.2, -1.2, and -1.9 dBi at 

f0, respectively. This clearly demonstrates that MFC-PA outperforms every other PAs in 

suppressing harmonic radiation.  

Figure 9.12 shows the measured normalized radiation patterns at f0, 3f0, and 5f0 in the H- 

plane (YOZ-plane). All radiation patterns are normalized to the RGpeak at f0 of PA. It is noted that 

the radiation pattern of MFC-PA is almost identical with that of PA at f0. At 3f0, the antenna gain 

is reduced by 6.6 and 13 dB with PBG and MFC structure, respectively, at the boresight. Moreover, 

 
                                     (a)                                                                      (b) 

 
                                                                           (c) 
FIG. 9.12. Measured normalized radiation patterns at (a) f0, (b) 3f0, and (c) 5f0.  
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the maximum normalized gain of PBG-PA is observed at θ of 180o with the magnitude of 0.1 dB 

at 5f0, while MFC-PA has the maximum normalized gain of -9.3 dB at θ of 0o. The unwanted back 

radiation lobe is huge for the PBG-PA.  This is attributed to slot structure, which is resonated at 

higher frequency.  

Harmonic radiation suppression performance of MFC-PA is summarized and compared 

with the reported HSAs in Table 9.1. The proposed MFC-PA shows the widest harmonic 

suppression frequency range up to 11f0 with a good harmonic suppression level as compared to 

the reported HSAs. It is also noted that Γ of the reported HSAs is mostly less than -1 dB, while 

that of the MFC-PA is greater than -8 dB at harmonic frequencies. Therefore, harmonic radiation 

can be effectively and significantly suppressed by employing high-loss ferrite cores. It is clearly 

demonstrated that MFC-PA suppresses harmonic radiation in the wide frequency range through 

the elimination of possible spurious emission and noise as discussed through this chapter. 

 

9.4. Conclusions 

A multiple ferrite-cored patch antenna (MFC-PA) is proposed and shows a wide 

suppressing bandwidth from 2f0 to 11f0 without degradation of its radiation characteristics at f0 

Table 9.1. Comparison on harmonic suppression performance with reported antennas. 
 

 Suppression  
frequency range 

Suppression level 
(dB): ΔRGmax 

Γ at harmonic 
frequencies (dB) 

Ref. [7] 2f0 20 < -1 

Ref. [8] 4f0 12.5 < -3 

Ref. [11] 4.8f0 - < -1 

This work 11f0 
13.5 Sim. 

(ΔRG00_max: 11 Exp.) > -8 
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(900 MHz). Unlike conventional harmonic suppressed antennas (HSAs), the MFC-PA suppresses 

harmonic radiation by removing unwanted harmonic signals instead of reflecting or redirecting the 

signals.  

It was found that any harmonic radiation from a patch antenna can be suppressed by loading 

ferrites, which  possess appropriate complex permeability and magnetic loss. 
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CHAPTER 10 

10. CONCLUSIONS 

In this dissertation, the roles of ferrites in RF antennas are investigated and discussed. First, 

the ferrite loading can miniaturize antennas due to possession of both permeability (μ′) and 

permittivity (ε′) greater than unity. This is because the wavelength of incident electromagnetic 

waves is shortened in the ferrite medium. Second, the occurrence of eddy current on an adjacent 

metallic object due to the magnetic field generated by the coil-antenna can be alleviated by loading 

a ferrite sheet between the coil-antenna and the metallic object, leading to high transfer efficiency 

in wireless power charging (WPC) or near-field communication (NFC) systems. Since the ferrite 

sheet possesses high permeability, the magnetic field is converged into the ferrite sheet, which 

results in magnetic isolation between the coil-antenna and the adjacent metallic objects. To achieve 

effective antenna miniaturization and magnetic isolation, the ferrite should have high μ′ and low 

magnetic loss at operation frequency bands, i.e., high figure of merit (FOM). Lastly, harmonic 

suppression of antenna can be realized by loading ferrite cores. As frequency reaches the 

ferromagnetic resonant frequency of the ferrite, the impedance of the ferrite becomes highly 

resistive. Consequently, the unwanted signals at harmonic frequencies can be dissipated as heat by 

passing through the ferrite core. Correspondingly, ferrites should have a high imaginary part of the 

complex permeability (μ″) at harmonic frequencies to suppress the harmonic radiations. The 

detailed research accomplishments are described below. 

In order to obtain a low magnetic loss at GHz range, Co2Z, Co1.4Zn0.6W, and Co2X 

hexaferrites have been developed. The synthesized Co2Z hexaferrite achieved a low tan δμ of 0.037 
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with relatively high μ′ of 1.8 at 2 GHz due to an increase of Hk and σs by acid-etching. The acid-

etching was found to be very effective in the removal of Y-type hexaferrite phase from the Co2Z 

hexaferrite sample.  

The effects of iron precursors on dynamic properties of W-type hexaferrite are also 

investigated to reduce tan δμ. A higher degree of crystallinity and σs were obtained from the 

developed α-FeOOH based Co1.4Zn0.6W as compared to other samples which were prepared with 

different iron sources (α-Fe2O3 and Fe3O4). This leads to a decrease in tan δμ. The figure of merit 

(μ′ = 2.1 and tan δμ = 0.05) of 42 was achieved at 2.2 GHz.  

In addition, Co2X hexaferrite was developed for 1 GHz application. The developed Co2X 

hexaferrite showed FOM of 69 (μ′ of 2.07 and tan δμ of 0.03) at 1 GHz. Therefore, these developed 

hexaferrites are suitable for RF applications due to high FOM at the frequency of interest as 

compared to previously reported materials.  

With the developed low-loss Co2Z hexaferrite, we have designed a dual-polarized 

hexaferrite antenna for unmanned aerial vehicle (UAV) applications. It was found that loading the 

developed Co2Z hexaferrite substrates miniaturizes the antenna. The fabricated antenna resonated 

at 2.41 GHz with a fractional bandwidth of 11.6 % and isolation of 21.9 dB. It was also found that 

the radiation efficiency increased from 66 % to 78 % as tan δμ of Co2Z hexaferrite substrate 

decreased from 0.11 to 0.05. Dual-polarization characteristic of the fabricated antenna was 

confirmed by 2-D radiation patterns. Therefore, the developed antenna is applicable to UAV 

wireless communication due to its small form factor, light weight, and wide coverage. 

An omnidirectional low-profile multiband antenna was designed and fabricated for 

vehicular telecommunication systems. The fabricated antenna with a radiator patch size of 0.26 λL 

× 0.3 λL has a low-profile of 0.022 λL (height of 6mm). The antenna shows multiple resonant 
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frequencies at 1.14, 1.91, and 2.45 GHz. Regarding radiation characteristics of the fabricated 

antenna, omnidirectional radiation patterns in the azimuth plane with vertical polarization and high 

antenna realized gain (> 1.7 dBi) were obtained in all operating frequency bands. Further 

miniaturization of the fabricated antenna was realized by loading the developed Co1.4Zn0.6W 

hexaferrite substrate (measured dynamic properties: μ′ = 2.0, ε′ = 7.3, tan δμ = 0.035, and tan δε = 

0.005 at 1 GHz). It is observed that the hollow structured hexaferrite substrate loading allows a 

shift of the first resonant frequency from 1.16 to 0.88 GHz, indicating antenna miniaturization. It 

is also found that the hexaferrite substrate loading improves the impedance matching, broadens 

bandwidth, and enhances antenna realized gain. Therefore, the fabricated low-profile multiband 

hexaferrite antenna is suitable for vehicle telematics. 

Ferrite loading not only miniaturizes an antenna but also can enhance the transfer efficiency 

of WPC and NFC systems by magnetic isolation, which alleviates the eddy current effect. From 

the power transfer efficiency simulations, it is suggested that the ferrite sheet is required to have 

μ′ of 125 and tan δμ less than 0.05 at 13.56 MHz to achieve 75% of the maximum transfer efficiency 

with a distance of 3 cm between two coil antennas for charging the device and the charger. To 

achieve the required dynamic magnetic properties, Ni0.38Zn0.47Cu0.15Fe2O4 ferrite was prepared. 

The prepared ferrite shows μ′ of 132 and tan δμ of 0.03 at 13.56 MHz by a two-step sintering 

process. Therefore, the prepared ferrite is a good candidate for WPC and NFC systems. 

Moreover, harmonic radiation can be suppressed by the ferrite loading. Multiple 

rectangular hollow ferrite cores encompass the feedline of the patch antenna to reduce harmonic 

radiation. The harmonic radiation of the multiple ferrite-cored patch antenna was effectively 

suppressed up to 11f0 without degradation in radiation characteristics at f0. It is also noted that the 

fabricated antenna suppresses harmonic radiation by removing unwanted signals, while the 



 

132 
 
 

conventional harmonic suppressed antennas redirect or reflect the unwanted signals to suppress 

harmonic radiations, which can cause other spurious emissions. 
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CHAPTER 11 

11. FUTURE WORK 

11.1. Dual-frequency (5G and DSRC) patch antenna for telematics applications 

According to World Health Organization (WHO), roughly 1.25 million people died in 2015 

due to traffic accidents [13]. To prevent traffic accidents, U.S Department of Transportation plans 

to enforce future automobiles to incorporate dedicated short-range communication (DSRC: 5.85 – 

5.925 GHz) devices, which accommodate vehicle-to-vehicle (V2V) and vehicle-to-infrastructure 

(V2I) communications. V2V and V2I offer features, such as blind spot warning, forward collision 

warning, rollover warning, electronic parking and toll payments, and traffic and travel condition 

data for finding the shortest and safest path to the destination. [14]. However, although DSRC 

provides various safety features in the vehicle, it is not suitable to accommodate the mobile 

entertainment system and autonomous driving system. These can be realized by 5G network. The 

frequency spectrum for the 5G network was allocated at 28 GHz bands (27.5 – 28.5 GHz) by the 

U.S. Federal Communication Commission (FCC) on July 14, 2016 [15]. Thus, having both DSRC 

and 5G in vehicles will not only allow the vehicle to be safer but also to be more entertaining.  

To enable DSRC and 5G networks simultaneously, the antenna needs to be operational at 

dual-frequency bands. This is essential for autonomous driving systems. Therefore, dual-

frequency antennas have been widely studied [16-18]. In references [16] and [17], a dual-feed 

dual-band L-probe patch antenna covers 0.9 and 3 GHz bands, and a folded-parallel-plate antenna 

covers 2.4 and 24 GHz. However, both antennas show a high profile of 0.47 λH (47 mm) and 1.73 

λH (21.57 mm), where λH is the air wavelength of the high frequency band. In order to realize a 



 

134 
 
 

 
(a) 

 
(b) 

FIG. 11.1. (a) Dimensions and geometry and (b) expanded view of a low-profile dual-
frequency antenna. 
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low-profile, a dielectric resonator antenna (DRA) was integrated into a patch antenna [18]. This 

antenna shows the low peak gains of 5.8 and 7.1 dBi at low and high frequency bands. Up to now, 

no antenna design covers DSRC and 5G networks simultaneously. Therefore, we have designed a 

low-profile stacked patch dual-frequency antenna, which operates at 5.9 GHz (DSRC) and 28 GHz 

(5G).  

Figure 11.1 shows the stacked patch and patch array antenna with defected ground structure 

(DGS). The detailed dimensions are summarized in Table 11.1. The antenna consists of a 2 by 2 

inset-fed patch array antenna element with a power divider (Layer I) on top of Rogers RT/duroid 

5880 (Layer II: εr = 2.2 and tan δε = 0.0009), a patch antenna element containing a quarter-wave 

transmission line (Layer III) placed on top of Rogers RT/duroid 5880 substrate  (Layer IV), and a 

ground plane with two dumbbell-shaped DGS (Layer V) placed on the bottom of Layer IV. The 

inset-fed patch array is fed by the probe (Port I), and the power divider and the patch antenna are 

fed by the coaxial connector and the quarter-wave transmission line (Port II) to match the 

impedance. 

Figure 11.2 shows the designed low-profile dual-frequency antenna with and without two 

dumbbell-shaped DGS. Performance of the designed antennas was simulated by the ANSYS high 

Table. 11.1. Dimensions of a low-profile dual-frequency antenna structure. 
 

SL1 SW1 SH1 SL2 SW2 SH2 PL1 PW1 PL2 PW2 

28.87 27.32 0.787 14.15 15.6 0.787 16.15 22.6 3.15 4.23 

Linset Winset TL1 TW1 TL2 TW2 TL3 TW3 FL1 FW1 

0.35 0.2 3.35 0.67 2.29 0.91 7.935 0.228 1.36 2.4 

FL2 FW2 SlotL SlotW CL CW g1 g2 
Unit in mm 

9 0.95 1.2 1.2 0.95 0.4 2.2 6.06 
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frequency structure simulator (HFSS v.18.1).     

Figure 11.3 shows the simulated frequency dependent S-parameters of the low-profile 

dual-frequency antenna with and without DGS. The |S21| at 28 GHz is remarkably increased from 

25 dB to 41 dB by adding two dumbbell-shaped DGS. In addition, an insertion of DGS structure 

 
                                     (a)                                                                      (b) 
FIG. 11.2. Design of a low-profile dual-frequency antenna (a) with defected ground structure 
(DGS) and (b) without DGS. 

 
FIG. 11.3. Simulated frequency dependent S-parameters of a low-profile dual-frequency 
antenna with and without DGS. 
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in the ground plane significantly increases the reflection coefficient for the Port II (S22).  Therefore, 

efficiency and channel capacity of the MIMO system can be improved [19]. Moreover, the low-

profile dual-frequency antenna with DGS resonates at 28 GHz with Port I and 5.9 GHz with Port 

II. The 10-dB impedance bandwidths are 1.86 % (5.835 – 5.945 GHz) for the low frequency band 

and 4.1 % (27.45 – 28.6 GHz) for the high frequency band. This can serve DSRC (5.85 –5.925 

GHz) and 5G (27.5 – 28.5 GHz) communications. 

Figure 11.4 shows the simulated frequency dependent realized gain at boresight and 

radiation efficiency of the low-profile dual-frequency antenna. The antenna achieves high 

radiation efficiency above 90 % at both low and high frequency bands. The realized boresight 

gains at DSRC band (5.85 – 5.925 GHZ) and 5G band (27.5 – 28.5 GHz) are 7 – 7.3 dBi and 11 – 

13.6 dBi, respectively. It is noted that the realized gain at boresight remains higher than 

 
FIG. 11.4. Simulated frequency dependent realized gain at boresight and radiation efficiency 
of a low-profile dual-frequency antenna. 
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12.5 dBi up to 30 GHz. Therefore, the antenna is applicable up to 30 GHz or even higher.  

Figure 11.5 and 11.6 show the simulated normalized E-plane and H-plane radiation 

patterns of the designed low-profile dual-frequency antenna with DGS at 5.9 GHz and 28 GHz, 

respectively. At both frequencies, broadside radiation patterns with small back-lobes (> -20 dB) 

are achieved. This means the designed antenna has directional radiation characteristics. The co-

polarized radiations are substantially higher than cross-polarized radiations by -40 dB and -30 dB 

 
                                        (a)                                                                    (b) 
FIG. 11.5. Simulated normalized radiation patterns at 5.9 GHz: (a) E-plane and (b) H-plane. 

 
                                        (a)                                                                    (b) 
FIG. 11.6. Simulated normalized radiation patterns at 28 GHz: (a) E-plane and (b) H-plane. 
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in the boresight at 5.9 GHz and 28 GHz, respectively. Furthermore, the half-power beam widths 

in E-plane and H-plane are 74o and 80o at 5.9 GHz and 30o and 41o at 28 GHz. 

Comparison of the antenna with reported dual-frequency antennas is given in Table 11.2. 

The designed antenna has smaller form factor, higher isolation (> 35 dB) and peak gains of 7.3 

and 13.6 dBi at low and high frequency bands,  respectively, than other dual-frequency antennas. 

The designed low-profile dual-frequency antenna is the first antenna that can cover 5G and DSRC 

communications, thereby realizing advanced V2V and V2I communications. 

Further improvement will be required to achieve wide communication coverage at 5G 

wireless communication bands. To broaden the communication coverage, the antenna radiation 

can be reconfigured, which is called radiation beamforming, by controlling the phase delay (β) 

between adjacent inset patch elements. The β can be expressed as, 

 0cos  kd ,                                                    (11.1) 

where k is the wavenumber, d is the spacing between elements, and θ0 is the desired beam steering 

angle for the main lobe [20]. In order to change the phase of RF signal, a phase shifter is required. 

Among the different types of phase shifters, a low insertion loss can be achieved from the magnetic 

Table. 11.2. Comparison on antenna performance among dual-frequency antennas. 
 

 Frequency Ratio 
(fH / fL) Isolation Peak Gain  

(fL / fH) Volume 

[4] 3.3 
(3 / 0.9 GHz) 

Not 
given 8.5 / 8 dBi 2.43 λH × 2.43 λH × 0.47 

λH 

[5] 10  
(24 / 2.4 GHz) > 25 dB 7.4 / 12.2 dBi 8 λH × 8 λH × 1.73 λH 

[6] 4.6 
(24 / 5.2 GHz) > 35 dB 5.8 / 7.1 dBi 3.2 λH × 2 λH × 0.12 λH 

This work 4.7 
(28 / 5.9 GHz) > 35 dB 7.3 / 13.6 dBi 2.7 λH × 2.6 λH × 0.15 λH 
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based phase shifters [21]. Therefore, a compact phase shifter with magnetic materials will be 

considered to shift the phase of each inset patch element at 5G wireless communication bands.  

 

11.2. High figure of merit (FOM) magnetic materials 

As we discussed in Section 3 to 5, it is important to develop a magnetic material with high 

figure of merit (FOM = μ′ / tan δμ). This implies that the magnetic material needs to have high real 

part of complex permeability (μ′) and low magnetic loss tangent (tan δμ). In order to achieve high 

μ′ and low tan δμ magnetic materials, magnetic exchange coupled hard-soft composites are 

proposed. Low magnetic loss (high ferromagnetic resonant frequency) with relatively high 

permeability can be obtained when the material possesses a high saturation magnetization (Ms) 

and anisotropy field (Hk) according to [22] 

 kFMR HHf  0                                                 (11.2) 

and    k

s
i HH

M



03

2
1 ,                                          (11.3) 

where fFMR is the ferromagnetic resonant frequency, γ is the gyromagnetic ratio, H0 is the external 

magnetic field, and μi is the initial permeability. Therefore, it is critical to control Ms and Hk of the 

material, which can be controlled by the proposed exchange coupled hard-soft magneto-dielectric 

material. The Ms and Hk of the magnetic exchange coupled hard-soft materials are theoretically 

expressed as [23, 24] 

ss
s

hh
ss fMfMM                                                 (11.4) 

and ss
s

hh
s

sss
s

hhh
s

k fMfM
fHMfHMH




 ,                                          (11.5) 
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where f is the volume fraction of hard phase and h and s in the superscript denote hard and soft 

phase, respectively. This theoretical model implies that both Ms and Hk can be controlled by 

designing the appropriate exchange coupled structure. Therefore, the exchange coupling effect will 

be employed to control Ms and Hk to achieve low magnetic loss with high permeability that results 

in high FOM.  
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