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ABSTRACT
Theory and Design of Tunable and Reconfigurable Microwave Passive
Components on Partially Magnetized Ferrite LTCC Substrate
Farhan Abdul Ghaffar

Typical microwave components such as antennas are large in size and occupy considerable
space. Since multiple standards are utilized in modern day systems and thus multiple antennas
are required, it is best if a single component can be reconfigured or tuned to various bands.
Similarly phase shifters to provide beam scanning and polarization reconfigurable antennas are
important for modern day congested wireless systems.

Tunability of antennas or phase shifting between antenna elements has been demonstrated
using various techniques which include magnetically tunable components on ferrite based
substrates. Although this method has shown promising results it also has several issues due to the
use of large external electromagnets and operation in the magnetically saturated state. These
issues include the device being bulky, inefficient, non-integrable and expensive. In this thesis,
we have tried to resolve the above mentioned issues of large size and large power requirement by
replacing the large electromagnets with embedded bias windings and also by operating the
ferrites in the partially magnetized state.

New theoretical models and simulation methodology have been used to evaluate the
performance of the microwave passive components in the partially magnetized state. A
multilayer ferrite Low Temperature Cofired Ceramic (LTCC) tape system has been used to
verify the performance experimentally. There exists a good agreement between the theoretical,
simulation and measurement results. Tunable antennas with tuning range of almost 10 % and

phase shifter with an FoM of 83.2°/dB have been demonstrated in this work, however the major



contribution is that this has been achieved with bias fields that are 90 % less than the typically
reported values in the literature. Finally, polarization reconfigurability has also been
demonstrated for a circular patch antenna using a low cost additive manufacturing technique.

The results are promising and indicate that highly integrated ferrite based tunable components
are feasible in small form factor, without the need of the large electromagnets and coils, and thus
can be operated at very low bias levels as compared to the ones which are operated in the

saturated state with external bias mechanisms.
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Chapter 1

Introduction

The increasing number of applications and the versatility of modern communication systems
require radio frequency (RF) and microwave components that are tunable and reconfigurable.
Applications such as satellite communications, automotive radars and microwave imaging
systems all require components that can be reconfigured for specific performance parameters [1],
[2]. One method of incorporating reconfigurability in microwave components is by using
magnetic materials such as ferrites. It is well known that the magnetostatic properties of a ferrite
material can be varied dynamically by the application of a bias field across it [3], [4]. Previously,
ferrites have been used for the realization of reconfigurable microwave designs using large
external electromagnets/magnets to bias the ferrite substrates, as shown in Fig. 1.1 [5-7]. Most of
this work was conducted in the era of the 1970s and 1980s where military applications were
targeted.

Although this concept showed promising results, there are several issues with regards to its
implementation. The first problem was that the designs that were implemented on the bulk ferrite
substrates were widely inefficient due the demagnetization effect at the air-to-ferrite boundary
[3-7]. In addition, these designs relied on the saturation of the substrate, thus requiring very high
bias fields, in the order of 1000 Oe (80 kA/m). Finally integration of such designs in modern
communication systems is not feasible due to their bulky and non-portable nature. As a result,
research in ferrite based tunable and reconfigurable components has gradually decreased,

particularly in the last three decades. However, with the advent of the multilayer magnetic
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substrates such as ferrite low temperature Cofired ceramic (LTCC), the downsides of the
conventional ferrite substrates can be alleviated by a system on package (SoP) approach which
can ensure their seamless integration with the present communication systems [8]. The aim of
this work is to demonstrate highly integrated microwave passive components on multilayer
ferrite technologies that can cope with the challenges of size, efficiency and cost while

maintaining the desired impedance and radiation performance.

Demagnetization Effect
Patch Antenna 12 Pole
L # Windings

=

Fig. 1.1 Providing magnetostatic biasing to antenna on ferrite substrate through external

electromagnet

The multilayer technology enables the vertical integration of the components as opposed to
the horizontal integration used in the traditional Printed Circuit Board (PCB) technology. Using
this 3D integration, magnetostatic bias windings can be embedded inside the substrate to provide
the required magnetization hence replacing the external electromagnets. The magnetic field
generated by these windings can be used to control the radio frequency (RF) performance of the
passive microwave elements. This approach will not only reduce the size of the system but will
also permit tunability using low intensity magnetostatic fields. Using this concept, J. Bray and L.

Roy presented a ferrite LTCC substrate integrated waveguide (SIW) based phase shifter
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employing embedded windings [9]. Although the concept was encouraging, there were several
drawbacks and unresolved issues such as, operation in the saturated state, unoptimized bias
windings, and the placement of the windings inside the waveguide which can affect the high
frequency performance of the device. Addressing the problems discussed above, designs of
tunable antennas and phase shifters using ferrite LTCC technology will be covered in this thesis.
The microwave components will be operated in the partially magnetized state thus requiring low
intensity magnetostatic bias. Mathematical models will be studied and electromagnetic
simulators will be used to model the microwave devices and their respective bias windings.
Finally, using the multilayer ferrite SoP approach the designs will be fabricated and
characterized for their impedance and radiation properties to validate the proposed mathematical

models.

1.1 Objectives

As discussed above, the traditional ferrite mediums are not suitable for modern
communication systems due to their large size, bulky nature, and use of an external
magnetostatic source. The aim of this thesis is to demonstrate highly integrated and efficient
tunable/reconfigurable microwave passive components. This can be accomplished by the use
embedded bias windings as opposed to external magnetic source and using vertical integration
techniques. The specific goals of this work are:

e To study the microwave characteristics of a ferrite LTCC tape system, ESL40012, and a

multilayer magnetic ink based substrate for their utilization in the design of the

reconfigurable microwave components.
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To use embedded bias windings as a magnetic source instead of the external
electromagnets, thus reducing the overall size of the system and making it efficient with
the use of low intensity bias magnetic fields.

The use of the low intensity magnetostatic fields means that the substrate will be operated
in the partially magnetized state as opposed to the traditional saturated case. Therefore,
one of the goals is to understand the operation of the microwave components in the
unsaturated state.

To develop simulation set ups to ensure the modeling of the bias windings using the
magnetostatic solver which will, in turn, be used to model the RF components designed
on the magnetized substrates in the high frequency simulator.

To achieve tunability and reconfigurability of the microwave components by exploiting

the magnetic nature of the material and the use of the embedded bias windings.

1.2 Challenges

The realization of the RF components using the multilayer ferrite technology is quite novel

and has many challenges associated with it. Some of the challenges that are expected in this area

of research are:

When saturated, a ferrite medium is modeled by the well-known Polder’s equations [10].
However, these equations are not applicable to a partially magnetized ferrite substrate. To
address this, a new set of equations have been presented by Schlomann, Rado, Green, and
Sandy [11] which defines the characteristics of the magnetic material in the partially
magnetized state. These equations have not been used for the modeling of RF

components such as antennas and phase shifters. Therefore, it is important that the



19

theoretical model presented in [11] is considered while studying the wave propagation in
a microwave component on a partially magnetized ferrite substrate.

For saturated state at higher frequencies, Polder’s equations are considered to be standard
[10]. In Polder’s equations initial relative permeability is considered to be 1. However,
Schlomann demonstrated in his work [11], that this assumption is not true for all cases.
According to Schloman, for frequencies close to f,, the initial relative permeability is less
than 1. Thus if Polders’ assumption of initial relative permeability being 1 is used in a
design operating in the partially magnetized state, the performance of the prototype will
vary considerably from the expected performance. Thus, the actual initial relative
permeability of the material should be taken into account when designing a microwave
component.

The presence of the magnetostatic bias windings in the same substrate as the antenna will
provide miniaturization and enhanced efficiency. At the same time, however, it can affect
the impedance and radiation performance of the microwave structures, which is
undesirable. To address this concern, the placement of these windings is optimized such
that they do not affect the RF performance.

A co-simulation environment, using magnetostatic simulation and microwave simulation,
is necessary to predict and understand the microwave behavior under magnetic bias. At
the same time, these simulation models should have some correlation with the theoretical
models studied in this work.

Bias windings are to be optimized so that they can produce required magnetostatic field
strength with minimum power consumption keeping in view the available space for their

design.
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¢ In the last chapter of this thesis an iron oxide based magnetic ink is used for realization of
the substrate. The use of a novel magnetic ink means that its fabrication process needs to
be optimized. The magnetic ink is printed using manual screen printing/squeegee
technique. Since the fabrication is completely new, there will be challenges involved in

the fabrication of devices using this ink.

1.3 Contributions

e A reliable simulation environment has been developed through CST EM Studio and CST
Microwave Studio to predict the performance of the antenna and other microwave
components. This has been verified both analytically as well as through prototyping.

e A linearly polarized patch antenna is designed on a partially magnetized substrate with
embedded bias windings. The design is analytically and practically studied on a partially
magnetized substrate for both extraordinary (E) and ordinary (O) modes of operation.
The antenna shows a maximum tuning range of 10 % for the E mode of operation.

e A dual-purpose tunable helical antenna is presented, that was developed using the ferrite
LTCC technology where a single element provides the bias and works as an antenna.
This design is a step further from the tunable patch antenna design.

e Using the same strategy as followed for the patch antenna design, a half mode substrate
integrated waveguide (SIW) based phase shifter is implemented using the ferrite LTCC
substrate. The phase shifter provides a phase shift if 83.2 © with an insertion loss of 1 dB.

e A patch antenna array is realized using the half mode SIW phase shifter to demonstrate
its utilization in beam steering applications. This is the first time that a monolithically

integrated ferrite LTCC based phased antenna array is demonstrated.
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e Asa final step, a polarization reconfigurable antenna is implemented using the printing
technology in conjunction with the in-house prepared magnetic ink. The antenna has been
studied for its theory and simulated using low and high frequency simulators. A prototype
has been developed which validates the phenomenon of frequency splitting as observed

in the proposed theory and simulations.

1.4 Thesis Organization

Chapter 2-Background and Literature Review: Chapter 2 of this thesis discusses the

fundamental theory of the ferrite and ferromagnetic materials. With ferrite-based designs, it
is important to understand the material behavior of magnetic mediums for high-frequency
components. Therefore, some basic concepts pertaining to ferrite are discussed in this
chapter. Furthermore, an extensive literature review of the ferrite based tunable and
reconfigurable components is also summarized to highlight the work that has been conducted

in this field.

Chapter 3-Ferrite LTCC Based Tunable Antennas: Theory, simulations and measurements of

a linear polarized patch antenna operating in the partially magnetized state are presented as
the first contribution of this work. Complete magnetostatic simulations and microwave
simulations using two different softwares are outlined here. The fabricated prototype is
characterized for its impedance and radiation performance in the biased and unbiased states
to show its viability in tunable applications. As the second contribution of this thesis, a dual-
purpose helical antenna design is demonstrated. The helical structure is used as bias solenoid
windings and as an antenna. Complete monolithic integration of the RF chokes and DC block

capacitor in one package is achieved by the virtue of using the vertical integration technique.
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Chapter 4-Ferrite LTCC Based Half Mode SIW Phase Shifter for Phased Array Applications:

The theory of the half mode SIW phase shifter is derived using the first principles of the
electromagnetic theory while using the anisotropic nature of the ferrite material, similar to
the patch antenna. The fundamental difference between the two cases is in the mode of the
operation and the boundary conditions. A closed-form equation is derived as the final
solution of the theoretical model, which can predict the phase shift of the waveguide for
uniform biasing. The theory is compared with the simulations and measurements in the
biased state of the phase shifter. Finally, the phase shifter design is integrated into a patch

antenna array to show its viability in beam-steering applications.

Chapter 5- Polarization Reconfigurable Patch Antenna Realized through Low Cost Additive

Manufacturing Process: The last contribution of this thesis introduces a new iron oxide nano-

particle based magnetic ink for realization of tunable microwave devices. At first, the
fabrication process of the ink is studied which is followed by its magnetostatic and
microwave characterization. Using these characterization steps a polarization diverse and
frequency tunable circular patch antenna is demonstrated. Like the last two chapters, a
theoretical model for this design has been studied in the partially magnetized state of
operation. Using the simulations and fabrication of a prototype the proposed theory has been
validated. This design shows that on a normally biased ferrite a circular patch antenna can
show circular polarization with opposite sense at two different frequencies. The center
frequencies of these polarizations can be controlled by changing the bias across the substrate.

Chapter 6-Conclusion and Future Work: This chapter concludes the work presented in this

thesis and highlights the area where this work can be implemented in future.
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Chapter 2

Background and Literature Review

The thesis covers the theory, design, and characterization of magnetically tunable and
reconfigurable microwave components. Therefore, before discussing the details of the work, it is
important to discuss propagation of RF waves in biased ferrite mediums. This chapter first
covers the propagation of waves in ferrites with different direction of bias, after which a
comprehensive literature review of the work that has been done on tunable and reconfigurable
ferrite based microwave components is presented. The merits of the work that has been done are
discussed along with the short comings to explain why further exploration of this area is

necessary.

2.1 Microwave Characteristics of Ferrite Medium

Ferrite materials are composed of magnetic dipoles due to the uncompensated spin of
electrons [12]. When a magnetostatic/magnetic field is applied across a ferrite, it causes the
electrons to precess around the field with a frequency known as Larmor’s frequency, f or ay,

given by Eq. 2.1 [10], [12], [13]:

Jo= poyH, 2.1)

where yis the gyromagnetic ratio, H; is the magnetostatic field inside the material. Gyromagnetic

ratio is the ratio between the spin magnetic moment and the angular momentum of the electron.
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For most of the ferrite/ferromagnetic materials this quantity is equal to 2.8 MHz/Oe. The motion

of the electron under the influence of the magnetic field is shown in Fig. 2.1.

Precession of

electron T Q D

Magnetic moment
due to precession

Spinming electron

/

Fig. 2.1. Precession of electron due to the presence of an external magnetic field [10]

Magnetic moment
due to spin

In a lossless medium, the electrons will continue to precess without any hindrance, but for
practical materials, these electrons will align themselves with the applied magnetic field and
achieve equilibrium. This phenomenon is known as the damping of electronic precession and is
quantified by the damping factor, a. In a saturated ferrite material, all of the electrons have
reached equilibrium. As a result, the dipole moments inside the medium are aligned with the

applied magnetic field.

Now let us consider that an alternating magnetic field such as an RF signal is applied to a
ferrite medium which has a DC magnetic bias around it. The magnitude of the RF signal will be

small compared to the DC magnetic field. However, the electrons will tend to precess under the
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influence of the applied RF magnetic field. Thus, the interaction of the RF field in a biased
ferrite medium is complex. It has been observed that the behavior of the ferrite medium in the
presence of both the RF and DC magnetic field is heavily dependent on the direction of these
applied magnetic fields. It has been explained in detail in [19] that a ferrite medium behaves like
an anisotropic medium when a bias is applied across it. For this purpose, the permeability tensor

given by Eq. 2.2 is used to explain the characteristics of a biased magnetic medium [10], [14].

e 0 0
1= o [ 0 wu —jK] (2.2)
0 jke pu

where 1 is the free space permeability, x,= 1 for saturated state, u and « are the elements of the

permeability tensor and are given by Polder’s Equation,

b= o (1+752) 2.3)
K=ty (fof;f:"} 2) (2.4)

where f,, is the magnetization frequency and depends on the saturation magnetization (4ntM;) of

the medium while fis the operating frequency which could take different values,

Jm= poyMs (2.5)
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It is important to clarify it here that the permeability tensor of Eq. 2.2 is for the X direction
of bias. Using Eq. 2.2, the permeability tensor for the other two bias conditions i.e. Y and Z can
be evaluated. The equations outlined above are only valid for the case when the material is
completely saturated. For this thesis, most of the work will be done using the partially
magnetized state of ferrite i.e. the region where the magnetization, M is increasing with the
applied, H and has not reached M;. For the partially magnetized state, Schlomann, Rado and

Green and Sandy proposed a different set of equations for the same permeability tensor [11],

[15], [16]:
w=uo+ (- ;)(Mﬂs)% 2.6)
@
o= u’o(l_(”%)%) @38)

where u 7 is the initial relative permeability of the substrate in the demagnetized state, the
relative u and x values replace the standard elements of the Polder permeability tensor, M and M,
are the partial and saturation magnetization, £, is the frequency of operation, and # is the
coefficient expressing the deviation of x from Rado’s model [17]. In saturated state u,, is always
taken to be 1; however in the partially magnetized state it has to be computed using Eq. 2.8. The

initial relative permeability of a magnetic substrate in the demagnetized state was given by

Schlomann [15]:

wo=2 [1 - (M)Z]Z 3 29)
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The theoretical models developed in this work will be based on Eq. 2.6 to Eq. 2.9. All of the
equations that are discussed in this section consider ferrite as a lossless medium. Considering the
medium as lossless greatly simplifies the theoretical models while providing the right prediction
of tunability or reconfigurability. It is still important to discuss the losses that are experienced by

RF waves in the ferrites. Therefore, they are discussed in the next section.

2.1.1 Loss in Ferrites

Like all dielectrics, ferrites also suffer from losses within the material. Conventional
dielectric mediums suffer from losses due to the electric dipoles and the conductive current. The
conductive current and loss due to the electric dipoles are common between ferrites and other
dielectric mediums. Here, we would like to ignore the loss due to the conductive current for
simplicity purposes. The electric dipoles do not show any losses at lower frequencies. However,
after a certain band of operation, it is observed that the losses from these dipoles increases
significantly and therefore the material is not usable above that band of frequency. As a result, it
is observed that dielectrics always have an upper limit to the band of operation where they can be
used. Above this frequency band RF components will suffer from the material losses due to the
electric dipoles. The dielectric losses are usually defined by the dielectric loss tangent which is
the ratio between the imaginary part (¢') and real part (¢") of the dielectric constant (&) [19].
Ferrites also suffer from dielectric losses and therefore they have a dielectric loss tangent.
However the loss tangent in the case of ferrites is not only due to the electric dipoles but also
because of the magnetic dipoles. Interestingly magnetic dipoles are lossy at lower frequencies
and loss due to them becomes less at higher frequencies. This limit of frequency is known as

magnetization frequency (f,,). After f,,, the frequency of the signal is high enough that the loss
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due to magnetic dipoles is insignificantly [12]. Therefore when the ferrite material is not
saturated, the magnetic dipoles are free to absorb energy causing loss in the transmission of the
signal. These losses are termed as low field losses. Once the medium is saturated the dipoles are
strongly held by the applied DC magnetic field in a particular direction and do not affect/absorb
the incoming RF waves. Therefore it can be said that the dipoles are transparent to the waves in
the saturated state. Due to the presence of the low field losses it is recommended to use the
ferrite material either in saturation or at a frequency which is above the magnetization frequency,
fm [10]. Because once the ferrite is saturated it will not suffer from any low field losses due to the
alignment of all the magnetic dipoles, however in the partially magnetized state or in the absence
of any bias, a ferrite material will always suffer from this type of loss if the operation is at a

frequency below f,,.

The magnetic dipoles can absorb power at all frequencies till the magnetization frequency.
However for a particular strength of the magnetic field inside the ferrite medium, Hj, there is one
frequency where the loss is maximum. This frequency is termed as Larmor’s frequency (fy) as
introduced previously. We know that the magnetic loss in the medium is due to the resonance of
the magnetic dipoles by the incoming RF energy. The frequency at which the resonance is
maximum is known as Larmor’s frequency and this phenomenon of resonance is known as
gyromagnetic resonance. To characterize the loss of ferrites due to the resonance of magnetic
dipoles a term known as Linewidth (4H) of the ferrite medium is used. To define linewidth let us
consider that the loss in ferrite medium is given by quantity, X and a signal of fixed frequency
() is excited through the biased ferrite medium. The loss incurred by the signal is measured for
different strengths of bias fields, H. This will generate a response as shown in Fig. 2.2. The

maximum loss (X..) occurs at a particular bias strength which in the figure is referred to as
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H,.c. Moving away from H,,,, in either direction shows a reduction in the loss value. There will

be two strengths of magnetic field, H, where the value of the loss will be half of the maximum
value (%) These two magnetic field values are referred to as H; and H,. The difference

between H; and H, is known as the linewidth of the material represented by AH. The linewidth is
the characteristic value of a material and it will not change if the applied RF frequency is varied.
The maximum loss value will be changing with the change in the frequency, for example, at
Larmor’s frequency the loss value will be maximum as compared to at any other frequency.
However the value of linewidth will remain constant independent of the frequency band.
Therefore the loss of a ferrite is usually characterized by its linewidth. Lower the linewidth of a

ferrite medium, better it is in terms of loss.

AH = HQ'HI

Magnetic Field Strength (H)

Fig. 2.2. Definition of linewidth (4H) [10]
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Similar to the dielectric loss tangent, there is a magnetic loss tangent which is the ratio of
the imaginary part of the permeability (x") to its real part (u"). From the explanation above, it can
be concluded that the loss of the magnetic medium is mainly due to the magnetic dipoles at low
frequencies. If these dipoles are saturated they will not incur any loss to the propagating waves.
Therefore, most of the ferrite work done until now has been in saturated state. However, this
work concentrates on the partially magnetized state of the ferrite medium. Therefore, to avoid all
the losses due to ferrite, one can operate above the magnetization frequency. This property of

ferrites will be exploited in this work.

2.1.2 Wave Propagation in Ferrites

At this point, the microwave behavior of a ferrite is well defined by the equations given
above and the loss mechanism discussed in the last section. Using these equations, the wave
propagation in a biased ferrite medium can be studied. Given that ferrites are anisotropic in

nature, three different cases for wave propagation are discussed here:

1. When the direction of the magnetic bias inside the substrate is parallel or anti-parallel to the

direction of the propagation of the wave. This case is known as Faraday rotation.

ii. When the direction of the magnetic bias inside the substrate is perpendicular to the direction
of the propagation of the wave and to the RF magnetic fields. This case is known as

extraordinary (E) mode.

iii. When the direction of the magnetic bias inside the substrate is perpendicular to the direction
of the propagation of the wave and is parallel to the RF magnetic fields. This case is known as

ordinary (O) mode.
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i. Faraday Rotation: Consider an infinite ferrite-filled medium that is biased by a DC source in

the Z direction. If a linearly polarized wave propagating in the Z direction enters this medium
then the right hand circularly polarized (RHCP) and left hand circularly polarized (LHCP)
components propagate with different propagation constants (i.e. £ ; assuming the medium to be
lossless, a = 0). This is because the effective permeability experienced by the two waves is
different. RHCP waves will experience u+x while LHCP waves experience u-k; indicating that
the two components propagate in the same direction but with different phase constants (in
lossless ferrite). Therefore, when looking in the direction of the propagation, the wave is
observed as rotating when it is travelling through the medium. However, it is important to clarify

that the wave is still linearly polarized because the rotation of the wave is not in time but in space

[10].

It is well known that for a circularly polarized wave the electric and magnetic field vector
keep rotating with time even if we consider a single point in space, whereas here the wave is
rotating in space (i.e. the field vectors are rotating when the wave moves from one point to the
next in space but the position of the vector at a point in space will always be same irrespective of
the time coordinate). This type of wave rotation is known as Faraday rotation, after the name of

the discoverer Michael Faraday. This is one case of wave propagation in biased ferrite medium.

ii. Propagation Transverse to Bias (E and O mode): Assuming again that the ferrite region is

infinite in space and is biased in the Z-direction and considering that the wave is propagating
transverse to the Z direction (i.e. in XY plane), such a scenario can have two possibilities: the RF
magnetic field is in the direction of the bias or they are perpendicular to each other. The former

case is referred to as the ordinary (O) mode of propagation because the RF electric and magnetic
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fields for this mode are similar to the fields that an isotropic medium with a scalar permeability
will support. If the saturated case of ferrite is considered, then this scalar permeability is given by
o (free space permeability), while for the partially magnetized state the permeability u, value is
given by Eq. 2.8 [10]. For the O-mode, any tuning or reconfigurability achieved here will be in
the partially magnetized state because as soon as the saturation is achieved, the permeability
value will reach the free space permeability value of 1, after which there will be negligible

tuning regardless of what strength of field is applied. This is explained by Pozar in [10].

The second case is called the extraordinary mode (E-mode). The permeability experienced by a

wave propagating in this mode is given by:

(2.10)

where 4 and x are the elements of the permeability tensor. Here, the propagating electric and
magnetic fields are different to the RF fields which are observed in an isotropic medium hence
this mode is regarded as extraordinary mode. For this mode of propagation tuning and
reconfigurability will be achieved in the partially magnetized state as well as the saturated state.
In the partially magnetized state, the tuning will be achieved by increasing the value of
magnetization till saturation is achieved. Once M, is achieved the tuning can still be observed by
applying strong magnetic fields across the ferrite material. This type of tuning is achieved by
moving the band of the gyromagnetic resonance with the applied magnetostatic field using
Polder’s equation which generally requires very high intensity of applied fields [10]. Therefore,
it can be said that this mode of propagation is more flexible as compared to the O-mode as far as

tunability is concerned.
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2.2 Ferrite Based Designs in Literature

Ferrites have been effectively used by RF designers for tunable and reconfigurable
microwave components. By controlling the magnetostatic properties of a ferrite with the help of
a bias, one can control the behavior of the RF wave propagating through it. Using this property,
different types of antenna, phase shifter and phased array designs have been reported in
literature. In this thesis, the literature review on ferrite based designs is divided into following

four parts:

i. Frequency Tunable Antennas

ii. Phase Shifters

iii. Polarization Reconfigurable Antennas

iv. Ferrite Low Temperature Co-fired Ceramic (LTCC) based designs using embedded bias

windings

2.2.1 Frequency Tunable Antennas

An antenna implemented on a magnetic substrate can be tuned for its frequency of operation
by applying magnetostatic fields across it. The frequency of operation of an antenna is dependent
on the material properties such as permittivity and permeability. The bias magnetic fields vary
the permeability experienced by the RF waves travelling through it, thus tuning the resonant
frequency of the antenna. This technique has been employed by the designers to demonstrate
efficient tuning of different types of antennas. One of the first demonstrations of a tunable

antenna on a ferrite substrate was presented by Pozar [3]. The antenna was a rectangular patch
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antenna designed to operate at 4.6 GHz. Different directions of magnetostatic bias were
employed to understand the working of the antenna in the biased state. As such, a maximum
tuning range of 39 % of the center frequency was obtained. However, the authors did not
mention the bias strength that was required to achieve this result. In addition, no theoretical
explanation was provided to support the measured tuning that was achieved from the design.
This work was continued in [18], where a theoretical model was proposed to predict the
performance of a circular patch antenna when it is designed on a normally biased ferrite
substrate. The antenna demonstrated good tuning performance using external magnets that
provide bias magnetic fields in the order of 2000 Oe. This was the first time that a theoretical
model was presented to explain the tuning of a circular patch antenna on a saturated ferrite
substrate. It is important to mention that although the two papers [3] and [18] are correlated; they
presented antennas with different polarizations; one was linear while the later one was circular.
Another problem with [18] was that the theory presented in that work was for a circular patch
antenna while the measured results of a rectangular patch antenna were shown.

In 1992, following the work that Pozar presented, a yttrium-iron-garnet (YIG) based patch
antenna was presented to operate at 5.84 GHz under unbiased conditions [19]. The substrate was
biased using external magnets providing a maximum strength of 600 G. The tuning range thus
obtained was 200 MHz which is 3.4 % of the center frequency. The important observation made
in this work was that the reported antenna does not have a purely linear or circular polarization.
The phase difference between the co-polarization and cross-polarization patterns was around 20°
while their magnitudes were within a 3dB range of each other. The magnitudes of the two
components do suggest that the antenna is circularly polarized rather than linear. However, the

phase difference clearly shows that the antenna does not have pure circular polarization. The
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authors did not explain this effect in detail, neither did they provide a theoretical or numerical
analysis to explain these results. Nonetheless, frequency tuning was still reported in this work
similar to the previous two papers.

G. M. Yang et. al., used a different substrate configuration to achieve tunability using ferrite
materials. They used ferrite layers as superstrate on top of the patch antenna instead of using
bulk ferrite as the substrate, as shown in Fig. 2.3 [20]. NiCo films were used as the ferrite layers
on the antenna that was realized on an alumina substrate. When the antenna is loaded with
different number of ferrite layers, change in the frequency of the antenna is observed. In addition
to the tunability of the center frequency, an improvement in the gain of the antenna is also
demonstrated. This is due to the superstrate effect which is achieved by loading the antenna with
a high dielectric substrate. The authors claim the antenna to be frequency tunable with a range of
2% of the center frequency. However, the method used in this work is extremely inefficient. For
a practical application, tuning the frequency of the antenna by varying the number of layers on
top of the antenna is not feasible. The same group of authors published another work where
tunability is achieved by biasing the ferrite layers instead of changing the number of layers [21].
They demonstrated a tuning range of 0.4 % by biasing the antenna with a magnetic field strength
of 20 Oe. At a glance, the tunability results achieved from biasing the substrate look
discouraging as compared to the ones achieved by changing the number of ferrite superstrate
layers. However, a much better tunability range can be achieved, if stronger magnetic field
strength is applied across the antenna. Field strength of 20 Oe is quite weak when external
magnetic source is used. This is because of the strong demagnetization effect at the air to ferrite
boundary as has been discussed in this chapter. Using a stronger magnetic field can result in

much better tuning range, but the authors did not consider it in their experiments.
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3 layers of ferrite film

Fig. 2.3. Using ferrite layers on a patch antenna for frequency tunability [20]

Most of the work on ferrite based tunable antennas is on patch antennas. The reason is that
the patch antenna design is simple, has a low profile and is easy to fabricate. Furthermore, it is
heavily dependent on the substrate properties which makes it a viable option for the ferrite based
tunable applications. The other antenna design which can be effectively used for such an
implementation is Substrate Integrated Waveguide (SIW) based slot antenna. To prove this
several different design configurations were published by L. R. Tan et. al. as shown in Fig. 2.4
[22-24] . The first two designs demonstrate a linearly polarized antenna which is tuned for its
frequency response by the application of magnetic fields. The third design is a circularly
polarized antenna which uses two slots that are perpendicular to each other and thus generate
orthogonal electric field components. The circular polarization is maintained when the antenna is
biased. This means that the axial ratio tunes with the center frequency of the antenna due to the
change in the bias. The tuning range achieve through these three designs are 10.9%, 14.9% and 8

% around center frequency of 10 GHz, 9.2 GHz and 10 GHz respectively.
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Fig. 2.4. Tunable ferrite SIW based slot antenna designs [22-24]

Two more antenna designs i.e. ferrite loaded cavity-backed slot antenna (CBS) and a half

mode substrate integrated waveguide (HMSIW) antenna have also been reported in [25], [26] for

the frequency tuning applications using ferrites as the substrate. The concept in both these

designs is similar to the ones reported above. In a nut shell, it can be stated that ferrite is a viable

medium for tunable antenna design applications. Applying the magnetostatic fields across the

substrate changes its properties dynamically which allows the designers to control the center

frequency of the antenna. A summary of ferrite based tunable antenna designs is given in table 2-

1.
Table 2-1. Summary of ferrite based tunable antenna designs
Frequenc ic Fi Tuning Range
Reference Type of Antenna [gHz] ’ Ma%?re;rllcgfhl el [ii)] ¢
[3] 4.6 - 39
[18] 2000 Oe 40
Patch
[19] 600 Oe 3.4
[21] 2.1 20 Oe 0.4
[22] 10 0.335mT 10.9
[23] SIW based Slot 9.2 0.31 mT 14.9
[24] 9,10 0.323 mT 8
[25] CBS 1.4 855 10.7
[26] HMSIW 5.5 0.32 mT 21
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All the papers on the tunable antennas that have been discussed in this section have certain
major issues associated with them. First of all, these designs rely on external magnets or
electromagnets to provide the magnetic bias for the frequency tuning. Although the size of an
electromagnet can vary depending on the strength of the magnetic field it can generate, but
considering the values reported in table 2-1, it can be said that such designs will require
electromagnets which are in the order of few m® in volume. The use of such large electromagnets
will make the complete system bulky and non-integrable. Moreover, the fact that the magnetic
source is external to the ferrite substrate means that there will be large demagnetization effect at
the air-to-ferrite boundary resulting in inefficiency of the system. Finally, all these designs are
operated in the saturated regime requiring strong magnetic fields. The focus of this thesis will be
to resolve these issues by using multilayer magnetic substrates with integrated bias windings and

operation in partially magnetized state as opposed to saturation.

2.2.2 Phase Shifters

In addition to antennas the other most popular component for ferrite designers has been phase
shifter. There are different types of phase shifters that have been designed on ferrite substrates.
Before starting the discussion on the designs themselves it is important that certain terminologies
associated with the phase shifters and more specifically with the ferrite phase shifters are
elaborated. These include:

1. Insertion Loss and Figure of Merit (FoM)

ii. Reciprocal and non-reciprocal phase shift
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1. Insertion Loss and Figure of Merit (FoM):

When a signal is applied to any microwave device it goes through certain degree of
attenuation. This attenuation is due to the losses present inside the device. These losses can be
due to the material or the device itself. The attenuation level experienced by a signal through a
microwave device is known as insertion loss (IL) usually measured in decibels (dB). For ferrites
the loss is mainly due to the magnetic losses of the medium. For an ideal phase shifter the
insertion loss is 0 dB but for the actual designs this value is almost impossible to achieve. As a
result, the focus of a phase shifter design is to keep the losses as low as possible, while providing
the required phase shift. Therefore, the performance of a phase shifter is characterized by two
parameters i.e., insertion loss and phase shift. These two properties are assessed through figure of
merit (FoM). FoM is defined as the phase shift achieved divided by the insertion loss.

FoM = (Phase Shift)/(Insertion Loss) (2.11)
The unit of FoM is °/dB. From the equation it is obvious that greater the value of FoM better the

performance of the phase shifter.

1i. Reciprocal and Non-reciprocal Phase Shift:

Ferromagnetic/ferrite materials have anisotropic behavior when biased by a magnetostatic
field. This means that the ferrite properties experienced by a wave in one direction must be
different from that of the opposite direction. However, this depends on the direction of the bias
magnetic field. If the direction of the bias in a ferrite material is altered it may result in a similar
response in the two opposite directions of propagation. This can be explained by considering
extraordinary (E) and ordinary mode (O) of propagation. For these two modes of wave

propagation, the direction of bias is different. It is seen that for E mode the phase shift is non-
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reciprocal while for O-mode it will be reciprocal. Due to this nature, ferrites can be used for
reciprocal as well as non-reciprocal phase response. The reciprocal phase response is the case
where the phase shift in the forward direction of propagation is equal to the phase shift in the
reverse direction of propagation. To simplify this concept it can be said that the phase of S;; and
the phase of the S;, will be the same for the reciprocal design (considering a two port phase
shifter). For a non-reciprocal design the aforementioned values will be different giving rise to a
differential phase shift. The differential phase shift can be defined as the difference of the phase
between the two directions of propagation under biased condition i.e. £S;; - £S;,. These two
terminologies are commonly used for ferrite based designs. For this thesis, the more important
parameter is the difference between the phase of a wave in one particular direction in the biased
and the unbiased conditions. This means at one time, the focus will be either on S,; or S1,. We
define this phase shift as the uni-directional phase shift which is the difference between the phase
before and after bias (LS (biased) - £S21@unbiased))- The response of a phase shifter is always
measured in degrees per unit length and will also be used for this work.

For magnetically biased phase shifting components different types of implementations have
been studied. These variations are in the design as well as in the way they are biased by the
magnetostatic sources. These design configurations can be divided in to the following four types:

a) Dual-mode ferrite phase shifters
b) Ferrite slab based phase shifters
c¢) Planar ferrite phase shifters

d) Ferrite SIW phase shifters



43

The most relevant among these types of phase shifter for this thesis is the SIW based designs
and will be discussed in detail. The remaining three types are not directly related to the work that

will be pursued in this thesis. However, a quick overview of these designs can be covered here.

The first among these designs is the dual-mode ferrite phase shifters [27]. These designs work
on the principle of Faraday rotation where a magnetic field is applied parallel to the direction of
propagation of the wave. As the field across the medium is varied it causes a change in the
permeability of the medium hence providing variable phase shifts. As first of the phase shifter
components using ferrite technology, dual-mode designs gained a lot of importance due to their
superior performance in the era of 1970s. It has been observed that phase shifts of more than
400° can be achieved with an insertion loss of 2 dB resulting in FoM of >200°/dB [28]. A
number of designs were reported using this design topology for ferrite phase shifters [29]-[34].
These designs demonstrated that phase shifts in the order of >100°/cm and FoMs of >200°/dB
can be achieved from them. However due to their bulky nature, these designs were not sought

after 1980s.

At the same time when dual-mode phase shifters were investigated, designs based on ferrite
loading in the waveguides were also investigated for their response. These designs relied on the
waveguides which were loaded with ferrite slabs along with a dielectric slab. Different design

configurations were employed for realization of these phase shifters as shown in Fig. 2.5.
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Ferrite Slabs Waveguide Dielectric Ferrite Twin Toroids
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Fig. 2.5. Ferrite loaded waveguide phase shifters (a) rectangular ferrite slabs (b) ferrite slabs with

dielectric loading (c) twin toroids with dielectric loading

The performance of these phase shifters were dependent on the thickness of the ferrite slab used
inside the waveguide. The first implementation of this type of design was published in 1978 [35].
Using three different frequencies i.e. 35 GHz, 65 GHz and 94 GHz the authors reported phase
shifts of 422°, 87° and 38° and FoMs of 603°/dB, 97°/dB and 25.33 °/dB respectively. There
were some other designs using the same topology reported in the era of 1990s where decent
phase shift and FoMs were achieved [36]-[38]. However not many designs have been reported
using the ferrite loading technique after this. The reason is their fabrication is extremely
challenging and costly. Especially at high frequencies their precise realization can be

troublesome and therefore their implementation has died out in the research arena.

The third type of ferrite based phase shifters, found in the literature, are planar phase shifter
designs. Due to the non-integrability of the first two topologies these types of phase shifters were
pursued in the ferrite technology. Transmission lines such as slot line, coplanar waveguide
(CPW), meander line and microstrip line were used for these planar design implementations
[39]-[42]. Substrates such as yttrium-iron-granite (YIG) were used as the base ferrite materials.
The resultant designs reported FoMs of >150°/dB but their main advantage was the use of
relatively low magnetic field strength. These designs relied on bias fields in the order of few

hundred of Oe which is still quite high but quite reasonable when compared with the other two
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topologies discussed above. The main concern with these designs was their high insertion loss
which was in the order of 3dBs. This was the reason that these designs fall out of research and

not pursued any further.

2.2.2 (A) Ferrite SIW Phase Shifters

The advent of SIW technology encouraged the designers to pursue phase shifter designs using
this technology. The performance of the waveguide ferrite phase shifters has shown results that
are superior to the other technologies [27]. Thus, it was natural to investigate this design
technique for ferrite mediums. The first implementation of a ferrite SIW based phase shifter was
in 2010 [42], shown in Fig. 2.6. Duroid 6010 was used as the main substrate for the SIW design
while two ferrite slabs were inserted inside the substrates to realize the dual-mode operation, as
shown in Fig. 2.5. A coil system was attached on the top and bottom of the SIW structure and the
structure is biased by using DC current. The coil generates magnetic flux inside the ferrite slabs
in the opposite direction. When the current is passed through the coil it provides a differential
phase shift of 300° at 24 GHz. The maximum magnetization generated inside the material is
3000 G which has been estimated by simulations. The authors did not report the magnetic field
strength required to generate this magnetization inside the substrate but from the design aspects

this value is deemed to be more than 1000 Oe.
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Fig. 2.6. Ferrite loaded SIW based phase shifter with external bias coil set up [43]

Using similar concept another design was done in 2013 where a single slab of ferrite was used
in one of the halves of the waveguide, as shown in Fig. 2.7 [44]. It is not mentioned how the
magnetic field is generated inside the substrate but from the design it appears that external
magnets were used for this purpose. Field strength of 0.24 T was applied which resulted in a
phase shift of around 400° with an insertion loss of around 2dB. The length of the phase shifter is
around 2 cm. The results shown from these designs are quite encouraging for the use of ferrite
based SIW technology, however they still do not solve the problems of previous demonstrations
such as lack of integration, large sizes, use of external magnetic sources and required high

magnetostatic field strengths.

Machined Slot for Ferrite slab placement
‘ -

Fig. 2.7. Ferrite loaded SIW based phase shifter using external magnets [44]



2.2.2 (B) Summary of Ferrite Phase Shifters

Different types of phase shifter designs have been realized using ferrite or ferromagnetic

materials. The results obtained from such designs are encouraging as far as their FoM and phase

shift values are concerned. To summarize the work discussed in the last section, table 2-2 is

compiled below.

Table 2-2. Summary of ferrite based phase shifter designs

Ref Type of Frequency Inii)r‘;lson Phase Shift FoM
clerence Design [GHz] [°/cm] [°/dB]
[dB]
[28] 35 2.2 118 205
Dual Mode
[29] 70 1.4 150 257.1
[35] . 35, 65, 0.7,0.9, 123.03, 110.12, 603, 97,
Ferrite Slab 94 1.5 59.4 25.33
Loaded SIW
[36] 35 0.6 - 750
[41] Planar 6.55 4.25 153.5 72
Transmission
Line Based 6.25 3.2 360 56.25
[42] )
Designs
[43] 24 3.15 300 95
SIW
[44] 12.5-14 <2 222.22 >200

It can be seen that ferrite based designs can generate phase shifts of more than 100° with

reasonable values of insertion loss. The two characteristics missing in this table are the method

by which magnetic field is applied to bias the substrate and the switching time of these designs.

Like the antenna designs, phase shifters realized using ferrite materials also rely on external

source of magnetic field. Therefore in general it can be said that they will require magnetic field

strengths in the range of 1000s of Oe. This is one of the reasons why they are not seen as a very

good option for present day applications. As far as switching time is concerned, ferrites have
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switching speed in the range of 1us to few us [27]. Such switching speeds are generally
acceptable for various applications however better speeds can be achieved with semiconductor
based designs. However, we will focus ourselves on the ferrite based designs keeping in view the

topic of this thesis.

2.2.3 Polarization Reconfigurable Antennas

In the last two sections, it was discussed how ferrite is used for the frequency tuning and
phase shifting applications. This was accomplished by controlling the magnetostatic properties of
the substrate using external biasing schemes such as magnets and electromagnets. Exploiting this
characteristic, designers have also used magnetic mediums for radiation pattern reconfigurability.
This includes steering the main beam of the antenna array and varying the polarization of single
element antennas. For the beam steering realization, antenna designers use an array of patches on
ferrite substrates as shown in Fig. 2.8 [45-47].

When the array substrate is biased, it changes the phase difference between the two elements
due to the change in the permeability. This change in the phase between the antenna elements
modifies the direction where the array has the maximum radiation, resulting in beam scanning.
Though beam scanning has been shown through biasing of ferrite, the authors in [46, 47]
observed that the application of magnetostatic bias also tunes the frequency of the array. This is
expected as the resonant frequency is a function of the permeability of the substrate. This
behavior is not useful for phased array applications as the antenna needs to be matched to the

desired frequency only.
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Fig. 2.8. Planar array of patch antennas on ferrite substrate [45]

Another interesting aspect has been observed related to the polarization of an antenna on
biased ferrite substrates. This phenomenon was first discussed by D. M. Pozar and J. S. Roy in
1992 [18], [48], where a patch antenna performance on an axially biased ferrite was studied.
Pozar presented a complete theoretical model of the circular patch antenna on a normally biased
ferrite substrate. The theory revealed that in the biased condition a patch antenna demonstrates
circular polarization of both sense i.e. left hand circular polarization (LHCP) and right hand
circular polarization (RHCP) at different two frequencies. However, this theory was not verified
by any experimental results.

Petosa et. al., presented two papers on dielectric resonator antennas, in which a ferrite
cylinder was used as the dielectric medium [49], [50]. The author termed this antenna as ferrite
resonator antenna (FRA). In the unbiased condition, the antenna works as a linear polarized

antenna at its center frequency. When biased by a magnetic field which has both normal and
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tangential components to the substrate, the antenna exhibited resonances at two different
frequencies with two different sense of polarization. This effect is illustrated in Fig. 2.9
(referenced from [50]). It can be seen that in the conventional mode of operation the antenna
works at a single frequency i.e. 7.35 GHz with linear polarization. However when biased, the
reflection coefficient (return loss) of the antenna splits into two different matching points i.e. 6.8
GHz and 7.6 GHz. The authors mentioned these two frequency points as having circular
polarization with opposite sense. It was claimed that the designed antenna operates at a
frequency which is in between the resonance frequencies of the two nearly degenerate, mutually
orthogonal modes and thus circular polarization is obtained. However, no evidence of this
explanation was provided. Therefore, it can be said that the work which was presented up to this

point was not able to explain the reasons as to why this frequency splitting is observed.
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Fig. 2.9. Frequency splitting of an FRA antenna [50]
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In 1997-98 R. J. Langley et. al. published three papers on annular ring patch antenna design
realized on YIG substrate [51]-[53]. In the first two papers, measured results of the antenna were
presented which showed the splitting of the resonant frequency when the substrate is biased. In
the third paper, a complete theoretical model of the ring patch antenna on a saturated magnetic
substrate was presented. This was the first time that a successful explanation of such polarization
reconfigurability was proposed. Prototypes were fabricated to verify the cavity model that was
proposed by the authors. A good match can be seen between the two results for different modes

as shown in Fig. 2.10 below [53].
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Fig. 2.10. Frequency response of annular ring antenna on ferrite substrate [53]
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After Langley’s work two more papers were published on the same polarization
reconfigurable design [54], [55]. But the most comprehensive work in this regard is still the one
reported by Langley [53]. The works reported in this section show the feasibility of polarization
diversity that can be achieved using ferrite based antenna designs. Although the results reported
in this section are encouraging, the designs still suffer from the same problems as reported before
for the ferrite phase shifter designs and the tunable antenna designs. No work has been reported
for the polarization reconfigurable patch antennas with their theory and operation in the partially
magnetized state. This will be the focus of our work for polarization reconfigurable antennas i.e.

operation in the partially magnetized state.

2.2.4 Summary of Literature on Bulk Ferrite Designs

It can be concluded from the discussion of this chapter that ferrite is a viable medium for
frequency tunability and radiation pattern reconfigurability of microwave designs. However,
there are many challenges/issues with the design approach that has been conventionally used

with classical ferrites. These are:

1. Most of the ferrite based microwave passive designs are operated in saturated regime. This
requires strong magnetic fields to bias the substrate which is usually accomplished by using
external magnets or electromagnets. As a result all the designs reported in the literature are

inefficient requiring high intensity of bias fields.

ii. The high intensity of the bias fields used in these designs is also because of the
demagnetization effect. The tunable designs covered in this section either use external magnets

or solenoid coils to provide the necessary magnetostatic bias. Since these magnetic sources are
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external to the ferrite substrate they will suffer from demagnetization, which further reduces the

efficiency of bulk ferrite based components.

iii. The use of the magnets/electromagnets makes the designs bulky and non-integrable. Compact
size, light-weight and portability are some of the main needs of the modern communication
systems. The large size of the electromagnets makes the ferrite designs unfit for these

applications.

An elegant solution to the combined problem of bulky electromagnets and strong
magnetostatic field requirements is to embed the bias windings in the ferrite substrate itself,
below the microwave device. This can be done conveniently using an SoP (System on Package)
based multilayer ferrite LTCC (Low Temperature Cofired Ceramic) substrate. Such a design will
not only reduce the overall size of the system but will also reduce the required field strengths by
avoiding the demagnetization effect and also by operating in the partially magnetized state rather

than saturation hence improving the efficiency of the system.

2.2.5 Ferrite Low Temperature Cofired Ceramic (LTCC) Based Designs Using

Embedded Bias Windings

System on package (SoP) concept provides a unique way of integrating the system
components vertically instead of horizontally. This enables the designers to reduce the overall
size of the system immensely. SoP integrates multiple functions into a single, compact, low cost
and high performance packaged module [56], [57]. It reduces the system size and cost

considerably by transforming millimeter-scale discrete components into micrometer or
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nanometer-scaled embedded thin-film components [58], [59]. The vertical integration of actives

and passives using SoP is shown in Fig. 2.11.

Antenna

MEMS
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I'hin-film Thin-film battery
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IO module

Fig. 2.11. System on Package (SoP) Concept

The most commonly used technology for SoP is Low Temperature Co-fired Ceramic
(LTCC). LTCC is a mature technology that is being commercially used. Being ceramic based, it
is hermetic and, therefore, is a very good packaging material; it is also very suitable for RF
applications and supports multi-layer integration up to over 50 layers. Moreover the low loss
nature of LTCC at microwave and millimeter-wave frequencies makes it extremely suitable for
efficient antenna design.

In the last decade two ferrite LTCC tape systems have been introduced by Ferro Corporation
(Ferro A6-S) and ESL Electro Science (ESL40012) [60], [61]. These mediums allow the
realization of multilayer ferrite based microwave designs which can reduce the size of the
module by 3D integration and cut down the cost by fabrication in large scale. The vertical

integration method of the LTCC technology enables the use of embedded bias windings inside
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the magnetic medium as opposed to the use of external magnets. As a result the problems of the
traditional ferrites which include bulkiness, large size, inefficiency, non-integrability and non-
portability cab be resolved by the new ferrite LTCC medium. Using the concept shown in Fig.
2.11, tunable, miniaturized and efficient antennas can be implemented.

As with any new material in the microwave engineering, these two tape systems also needed
to be characterized for their high frequency properties. The fact that these materials are magnetic
in nature means that they should also be studied for their magnetic behavior which includes
properties such as saturation magnetization, remanence, and coercivety. For this purpose, the
magnetostatic and microwave characterization of these substrates are reported in [60], [62].

Table 2-3 summarizes the magnetostatic properties of the two ferrite LTCC material systems.

Table 2-3. Characteristics of Ferro A6-S and ESL 40012 [60], [62]

Saturation
Material Magnetization | Remanence Coercivety Squareness
AnM, G Oe q
G
Ferro A6-S 2300 1380 28 0.6
ESL40012 4000 2500 54 0.625

The authors of both the manuscripts also studied the high frequency characteristics of the
materials. For this purpose ring and cavity resonators were used in [60] and [62] respectively.
The dielectric constant of Ferro A6-S and ESL40012 was found to be 11.0 £ 0.5 (@ 20 to 40
GHz) and 13.9 £ 0.5 (@ 9.6 GHz) respectively. This high value of dielectric constant is expected

from a ferrite material. The loss tangent values were quite close for the two material systems i.e.
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0.004. This value of loss tangent is quite acceptable for ferromagnetic materials which are

generally deemed lossy.

2.2.5 (A) Full Mode Asymmetrically Biased LTCC Based SIW Phase Shifter

Using the characterization of Ferro A6-S, a full mode SIW ferrite phase shifter employing the
new LTCC technology was demonstrated in [9]. This was the first and only realization of a
ferrite SIW phase shifter using this medium. For the first time, the electromagnets were replaced
by embedded bias windings. The design concept and implementation of embedded windings
inside the phase shifter are shown in Fig. 2.12 [9]. The authors studied the theoretical model of
this design and presented a closed form transcendental equation that can predict the differential
phase shift of any ferrite phase shifter design. The proposed theoretical model showed that a full

mode asymmetrically biased phase shifter can generate differential phase shifts in the order of

500°/cm with FoM of 600 °/cm.
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Fig. 2.12. (a) Ferrite filled asymmetrically biased SIW phase shifter concept (b) Implementation
of bias windings inside the phase shifter design [9]

The bias fields applied to achieve such values were in the range of few thousands A/m or tens

of Oe. This shows a reduction of almost 90 % in the bias field strengths as compared to the
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design reported in Table 2-2 of this thesis. Although the proposed design showed promising
results in theory there were a number of problems associated with the actual fabricated design.
The fabricated phase shifter could only show a maximum phase shift of 52.8° (14.67 °/cm) as
opposed to the proposed theory which means that there is a huge discrepancy between the
predicted and measured results. The insertion loss of the phase shifter was around 3.6 dB which
is extremely high as compared to some of the bulk ferrite phase shifters. Finally, the bias
windings used in that work was neither optimized to reduce the current requirements nor was it
placed in the best possible way. Even with all these issues, the design reported in [9] is quite
intriguing as it was the first ever demonstration of a microwave component in ferrite LTCC
technology. This work opened a new door of research in the domain of ferrite based tunable and

reconfigurable microwave components.

2.2.5 (B) Ferrite LTCC Based Tunable Patch Antenna

Similar to [9], the authors in [63] used the new ferrite LTCC tape system (ESL40012) for
implementation of a tunable microwave component on it. Here, the authors designed a simple
linearly polarized patch antenna with embedded bias windings using the 3D integration concept
in SoP approach. The fabricated image of the embedded bias windings is shown in Fig. 2.13.
Both the solenoid and toroid windings were used for the substrate characterization while the
solenoid windings were also used for tuning the frequency of the antenna. The antenna was
designed to operate at 12 GHz so as to avoid low field losses of the medium since the f;,, of
ESL40012 is 11.2 GHz. The design showed a tuning range of 4 % using the bias fields of similar
strength as [63] which again proves the viability of this new integration approach. However

similar to the phase shifter design, the tunable antenna realization also had several issues
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associated with it. There were no theoretical or simulation models presented in this work, as a
result it can be stated that the authors did not investigate the reasons for achieving the frequency
tunability. In addition to this, the embedded bias windings used in this paper were integrated in
between the antenna and its ground plane which means that the RF fields of the antenna were
adversely affected by the presence of metallic lines in their path. Therefore, poor gain values
were obtained from the designed antenna. A downside which is common between this work and
[9] is that the authors in both the manuscripts never considered the operation of the microwave
components (i.e. phase shifter and antenna) in the partially magnetized state. The use of the
embedded windings remarkably reduces the required field strength to bias the ferrite medium but
at the same it means that the substrate is being operated in the partially magnetized state rather
than saturation. The authors did not consider the magnetization state of the medium properly
which resulted in discrepancy between theory and measurements for the phase shifter design [9]
while no theory or simulations were presented for the tuning of the patch antenna [68]. The

above-mentioned short comings and issues will be dealt with in this thesis.

(b)
Fig. 2.13. Embedded bias windings (a) solenoid (b) toroid [62], [63]
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2.3 Conclusion

Ferrites are magnetic dielectrics which have been used for design of tunable and
reconfigurable RF and microwave elements. The tunability/reconfigurability was achieved by
using external magnets or electromagnets to bias the substrate on which the component was
realized. This approach provided interesting results for military and space applications. However,
the bulky nature of the designs (due to the use of large electromagnets) rendered them unfit for
the modern applications where system size is one of the main challenges. The external source to
bias the material also resulted in demagnetization affects which in turn increased the required
magnetic field strength outrageously. Therefore these designs were not only large they were also
highly inefficient and non-integrable.

The advent of the ferrite LTCC technology showed that ferrite can still be a good solution to
the tunable and reconfigurable requirements of the modern communication systems. The
prototypes fabricated using the multilayer fabrication technique allows the use of embedded bias
windings instead of external electromagnets. This new approach of vertical integration using
multilayer fabrication processes can significantly resolve the drawbacks due to which ferrites
have not been pursued as a research area in the recent years. The concerns of size, high magnetic
field strength, portability and integrability can all be addressed using the new approach and will

be the topic of research for this thesis.
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Chapter 3

Ferrite LTCC Based Tunable Antennas

In this chapter, tunable antenna designs realized with ferrite LTCC technology using
embedded windings are discussed. The designs include a linear polarized rectangular patch
antenna and a helical antenna. A theoretical model is presented for the patch antenna on a biased
ferrite substrate which is backed up by simulations and measurements. The helical antenna is an
extension of the work shown in the patch antenna design. These two designs show how
multilayer LTCC technology can provide miniaturized, efficient, and portable ferrite

components.

3.1 Linear Polarized Patch Antenna

The design concept for the patch antenna implementation using ferrite LTCC is shown in Fig.
3.1. The antenna 1s designed using the top layers of the substrate while the bias windings are
realized in the bottom layers. A ground plane is used in between the antenna and the bias
windings. This ground plane will shield the antenna from the bias windings and will improve the
radiation performance of the antenna, as opposed to [63], where the solenoid windings were
embedded between the antenna and the ground plane. In this section, the theory, simulation, and

design of the antenna with the embedded bias windings are discussed.
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Fig. 3.1. Design concept for ferrite LTCC based patch antenna

3.1.1 Mathematical Model

As discussed in the last chapter, a ferrite medium is modeled by the Polder’s equations when
saturated [10]. However, these equations are not applicable to a partially magnetized ferrite
substrate. When using the saturated case for a microwave design, the initial relative permeability
of the material is typically assumed to be 1 (free space permeability); however, this is not true for
frequencies close to f,,. This assumption can create a considerable mismatch between the actual
performance of a prototype realized on such a substrate compared to the expected response. To
overcome this discrepancy, a closed-form equation was proposed by Schlomann to predict the
permeability of the material in its completely demagnetized state [15]. In addition to the
demagnetized state, the elements of the permeability tensor u and x do not agree with the
Polder’s equations in the partially magnetized state. To address this, a new set of equations have
been presented in [11] and [16], which have been experimentally verified in [17]. This work
employs the theoretical analysis presented in [17] to derive equations that predict the frequency

tuning of a patch antenna on a partially magnetized ferrite substrate.
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3.1.1(A) Partially Magnetized Ferrite

The equations that explain the behavior of a magnetic material in its partially magnetized state

Eq. 2.6 to Eq. 2.8 [17]:

GO

3

p=uh+ (1-/1’0)(%)2

A

res.

All of the parameters in the above equations have been discussed except for n. The coefficient n
shows the deviation of x from Rado’s model in the partially magnetized state. In general, Rado’s
model is accurate when f,.;. > 2f,, ; thus, n can be neglected for this frequency band. However,
when fi.s < 2f,,, considerable deviation is observed between Rado’s model and the actual medium
response [17]. This deviation is quantified in terms of the coefficient n. The coefficient » is
dependent both on the frequency and strength of magnetization. Since n is only weakly
dependent on the magnetization, it is neglected in this work for simplicity. The dependence of n
on frequency, however, must be considered.

Another important factor is the gyromagnetic resonance, which occurs near the Larmor
frequency where the ferrite medium is lossy. To avoid these losses and the low-field losses, it is
necessary to operate at a frequency that is higher than the Larmor frequency (fy) and the
magnetization frequency (f,). Ten layers of ferrite LTCC (ESL40012) are used in this work that
has a saturation magnetization (M) of 4000 G, resulting in a magnetization frequency of 11.2

GHz [63]. To avoid low-field losses, a value of 13 GHz has been selected as the resonant
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frequency of the antennas. The strength of the magnetic fields used in this work is low.
Therefore, the Larmor frequency will be easily avoided at 13 GHz. It was observed in [22] that at
13 GHz n can vary between 0.6 and 0.7, but the authors in that work did not verify this deviation
experimentally. Their work was based on numerical computation. Therefore, in this work, this
value was varied from 0.5 to 0.7 to obtain the best match between the theory and the
measurements. It was observed that n = 0.5 provides a good agreement between the theory,
simulations, and measurements, as discussed in Section 3.3. As a result, this value is kept
constant in this thesis for all of the designs.

After understanding the basic magnetostatic properties of the ferrite, now it is easy to evaluate
the microwave electric and magnetic fields of the antenna under biased conditions. For the patch
antenna TM”* mode of operation is solved [64]. The application of Ampere’s Law for this mode

of operation yields

Ohy .
"o = jweey (31)
x = wse
0z J y
oh oh
Y X —_ i
ax oy jowse,

Eq. 3.1 is independent of the permeability of the material and is unaffected by the bias. In order
to apply Faraday’s Law, the permeability tensor for each bias direction must be defined. Two

different direction of bias will be studied for the patch antenna.

3.1.1 (B) Extraordinary Mode using Z-Bias

The permeability tensor takes the following form when the direction of the bias is in the Z
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direction:
po —jk 0
1= o [jfc u 0 ] (3.2)
0 0 pu

where u is the free space permeability. For a saturated ferrite u. is equal to 1; however, for the

partially magnetized state it can be computed from Eq. 3.3 [17]:

5
-2y
U= ll’o( (3.3)
Faraday’s Law then yields,
de, dey .
P a_zy = —jauh, —wKh, (3.4)
dey Oey; .
= o = wkhy — jouh,
dey _ dex _
oy 0

In this work, the length L of the patch is the largest dimension, which means that TM'® is the

resonant dominant as illustrated in Fig. 3.2. Using this mode will imply that aa_y = % = 0 and e,

= e, = 0. Taking this into account, Eq. 3.1 and Eq. 3.4 can be reduced to the following three

equations:
ohy, .
—. = Joee, (3.5a)
jouh, = —wxh, (3.5b)

% = —wkhy + jouh, (3.5¢)
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Fig. 3.2. Solenoid winding for the E-mode (Z bias, reduced number of layers and turns are

shown for clarity)

From the above equations, the following wave equation is obtained:

2
% + kylhy = 0 (3.6)
where,
k., = oy, ¢ 3.7)
B §? — K2
e =" (3.8)

Solving Eq. 3.6 and applying the boundary condition h,, = 0 at x = 0 results in the following
solution:
hy, = Asin(k.x) (3.92)

Now £, can be used to determine the other components, i.e. e; and 4,.

h, = jAf sink, x (3.9b)
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e, = —j%cos k,.x (3.9¢)

Applying the boundary condition h,, = 0 at x = L to compute the wave number k, and
comparing it to Eq. 3.7 for the dominant modeTM'® results in the following expression for the

E-mode resonant frequency:

fe = A (3.10)

where fgis the resonant frequency of the patch antenna for the E-mode. If Eq. 3.10 is compared

to the resonant frequency f,.; of a demagnetized patch antenna, the following ratio is obtained:

fE _ B,
fres . Jhe G.11)

Eq. 3.11 shows the dependence of the resonant frequency of the patch antenna on the
permeability of the substrate in the extraordinary mode. If u. (effective extraordinary
permeability or E-mode permeability) is greater than u ;, then the frequency of the antenna will

decrease and vice versa.

3.1.1 (C) Ordinary Mode using Y-Bias

A similar analysis to the E-mode is done on the patch antenna for the O-mode. For this mode,

the design concept with the bias windings is shown in Fig. 3.3:
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Fig. 3.3. Bias windings for the O-mode

The permeability tensor takes the following form for a magnetic field in the Y direction or along

the width of the patch which corresponds to the O-mode:

u 0 —jk
n=uo(0 ny O
jk 0 pu

Applying Faraday’s Law for this case results in,

aez aey _ .
ay 9z - Ja)#hx
dey de; ,

9z ) ]a)luyhy

de de

y X
- = Kl
ox ady @ hx

Again, considering the TM'®

mode and simplifying Eq. 3.1 and Eq. 3.13 yields,

(3.12)

(3.13)
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oh ,

a_xy = jwee, (3.14a)
wkh, = jouh, = 0 (3.14b)

de; .

= = Jjouyh, (3.14¢)

For this mode the same wave equation is obtained as in Eq. 3.6 but with a different wave

number:;

ky = oy, & (3.15)

where 4, 1s given by Eq. 2.8 but with magnetization in the Y-direction instead of Z. A very
interesting point to note here is that for this mode only /4, and e are the non-zero field
components, which is similar to a patch antenna on an isotropic medium. Therefore, the mode is
known as ordinary but with a variable permeability that is controlled by magnetic bias. Applying
the same boundary conditions yields the O-mode resonant frequency, f, which, when compared

to the resonant frequency of the demagnetized patch, yields:

fo _ o
fres B \/W (3'16)

Similar to the E-mode, the resonant frequency of the O-mode decreases with an increase in u,
and vice versa.
Using this theory, tuning is primarily achieved via the large change in the magnetization (M)

that occurs in the partially magnetized state and not by the bias field Hy. Once saturation is
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reached (M=M;), Eq. 2.6 to Eq. 2.8 assume their usual Polder forms and further tuning can only
be accomplished by large changes in the bias field Hy, which was the traditional way of tuning
the ferrite antennas. Using the partially magnetized tuning mechanism, high magnetization field

strengths are avoided, making this a much more efficient means of tuning the antenna.

3.1.2 Magnetostatic Simulations

CST EM Studio was used to design and optimize the bias windings whereas CST Microwave
Studio was used to design the antenna for this work. These two solvers can be used in
conjunction to simulate the antenna in the presence of the magnetostatic fields. Unfortunately,
this joint simulation environment option is only valid for the saturated ferrite case. Therefore, a
different simulation strategy is adopted here to simulate the antenna in the partially magnetized
state. Initially, the bias windings are simulated in the magnetostatic solver to observe the
magnetization generated by them. The magnetization value obtained is used to determine the
elements of the permeability tensor through Eq. 2.6 to Eq. 2.8, and the permeability tensor
obtained from the above equations is used in the high frequency simulator for antenna
simulations in the partially magnetized state. Using a single value of magnetization for the
complete antenna substrate assumes uniform bias fields under the antenna, which is not true for
the actual measurements and can result in a deviation between the theory and the measurements.
Therefore, a strategy was devised to model the non-uniform fields in the simulator, though the
theoretical model will still depend on the uniform case.

The magnetostatic characterization of ESL40012 is presented in [62], [63]. The initial B(H)
curve obtained from those measurements are shown in Fig. 3.4 (a) and has been used in this

work to optimize the bias windings for both the E and O modes. For the E-mode patch, a
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solenoid winding is designed using the bottom five layers of the substrate to produce a Z-
directed magnetostatic bias field. For the O-mode, six parallel conductors of equal width are
realized on the top of the fifth layer to produce Y-directed fields. The placement of these
windings under the patch is shown in Fig. 3.2 and Fig. 3.3. The ground plane is realized in the
sixth layer whereas the patch antenna is implemented on the top layer (i.e. the tenth layer), which
means that the patch antenna uses four layers of the substrate. The ground plane is used in
between the antenna and the windings such that the RF fields of the patch remain unaffected by
the presence of DC bias conductors.

Magnetostatic simulations are performed on the bias windings to determine the strength of the
magnetic fields for different current excitations. The bias windings generally produce non-
uniform magnetostatic fields. Therefore, to model these fields under the patch antenna, magnetic
fields in each layer produced by different current excitations are recorded. For this purpose, three
lines, one along each axis (i.e. X, Y, and Z) are modeled in each layer under the patch antenna.
The values of the magnetic fields obtained from these three lines, for a given current excitation,
are averaged to obtain a single value for each layer. In this way, each layer can be modeled with
a different magnetization. However, these simulations reveal that the fields are maximum and are
close to each other in strength in the two layers above the ground plane. Therefore, these two
layers are modeled with a single magnetization value. The third and the fourth layers above the
ground plane have values that are 50 % and 20 % of the maximum value and are modeled
accordingly. The horizontal and vertical lines in each layer, where the fields are recorded, are

shown in Fig. 3.4 (b).
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Fig. 3.4. (a) Measured B(H) curve of ESL40012 [62], [63] (b) Four layers of the substrate shown

with the horizontal and vertical lines along three axes (X, Y and Z, the line along X axis is going
into the page and has same length as the Y line) where the magnetostatic fields are observed and

averaged to model the non-uniform fields under the patch antenna

The horizontal lines used for these simulations are equal to the bias windings dimensions while
the vertical lines are equal to the layer thickness. These simulations also reveal that for the E-
mode, the top layer of the patch antenna substrate has a stronger tangential field component than
the normal field component with respect to the antenna and the substrate. Therefore, in the
microwave simulations for the E-mode, two different cases have been modeled for the non-
uniform bias. One with all the layers biased in the Z direction and the other with the bottom three
layers biased in the Z direction and the fourth layer biased in the Y direction. For the O-mode
bias windings, the magnetostatic fields above the ground plane are strongest in Y-direction
(desired direction) in all layers of the substrate. Therefore, for this mode, all of the layers are
modeled with the Y-directed fields but with different bias strengths.

The solenoid windings used for the E-mode, are composed of nine turns per layer, resulting in
a total of 54 turns. The conductor width used for this design is 100 pm with a pitch of 50 pm.
The total size of the solenoid is 3 mm x 3 mm, as shown in Fig. 3.5 (a). The magnetic field

strength (H) measured in Oersteds (Oe) and the magnetization (4 zM) in Gauss (G) that are
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simulated for the bottom two layers of each current excitation are shown in Fig. 3.5 (b). The
values of H for the third and the fourth layer are 50 % and 20 % of this maximum value. Overall,
these simulations demonstrate that a current of 180 mA is sufficient to saturate the ferrite
substrate through this optimized solenoid winding, compared to the 500mA used previously [67].
For the O-mode patch, six parallel conductors (450 pm wide with 100 um spacing) are used on
the fifth layer to produce a Y-directed field. These conductors produce a maximum H value of 14
Oe for a current excitation of 1600 mA. Similar to the E-mode, the magnetostatic solver is used

to determine the field strength produced by a particular bias current value in each layer.
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Fig. 3.5. (a) Magnetostatic simulation of bias windings for the E-mode, Magnetic field strength
and magnetization produced by the bias windings (b) in the bottom two layers (c) at the center of

the substrate
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Although the modeling of the non-uniform fields under the patch antenna is closer to the actual
scenario, it cannot be used for the theoretical model. The theoretical model requires a single
value of the magnetic field or magnetization for a single current excitation in the complete
antenna substrate. This means that for the theory, each layer cannot be treated individually.
Therefore, to predict the tuning of the antenna, using the theory, the magnetostatic fields are
observed at the center of the patch antenna substrate, which is shown in Fig. 3.5 (c). The
magnetization value obtained at the center of the substrate for a current excitation is then used in
Eq. 2.6 to Eq. 2.9 to evaluate the resonant frequency of the patch antenna using Eq. 3.11 and Eq.

3.16.

3.1.3 Microwave Characterization

The microwave properties of ESL40012, such as dielectric constant (&) and loss tangent
(tans), have been presented in [62]; where the demagnetized permeability of the substrate was
assumed to be 1. Because of this assumption, there could be an error in the dielectric constant
reported there. Section 3.2.1 explained that the demagnetized permeability of a magnetic
material is less than 1, especially for frequencies close to fn,. If the frequency of operation is
greater than 2f;, then the demagnetized permeability can be taken as 1. However, in this case, the
frequency of interest is 13 GHz which is close to f,. Therefore, it is necessary to characterize the
substrate again at 13 GHz. For this purpose, a ring resonator and a T resonator have been
designed on ESL40012. The ring resonator is an edge-coupled design with a diameter of 2.35
mm while the length of the T resonator is 1.87 mm. The fabricated photographs of the two
resonator designs are shown in Fig. 3.6 (a) and (b) respectively with their measured response

shown in Fig. 3.7.
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(a) (®)

Fig. 3.6. Fabricated (a) ring resonator (b) T resonator

The fundamental frequency of the ring is approximately 12.7 GHz while that of the T
resonator is 12.9 GHz. To extract the dielectric constant, it is important to evaluate the
demagnetized permeabilities at these frequencies using Eq. 2.9 such that this value can be
utilized in Eq. 3.17. The demagnetized permeability of ESL40012 at 12.9 GHz is 0.664. At 12.7
GHz, which is the resonant frequency of the ring, the value of demagnetized permeability will be
close to 0.664. Therefore, this value is kept constant for both of these frequencies. The equation

for the resonance of the ring resonator and the T resonator are given by following equations [65],

[66]:
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where m is the resonance mode which will be 1, 2, 3....for the ring resonator and 1, 3, 5... for
the T resonator; c is the speed of light; 7 is the radius of the ring; &.¢ 1s the effective permittivity;
L is the length of the T resonator; and u'y is the demagnetized permeability. The measured
dielectric constants of ESL40012 at different frequencies obtained from Eq. 3.17(a) are
summarized in Table 3-1. These values demonstrate a tolerance of approximately 8 %.

In addition to dielectric constant, it is important to characterize the substrate for its loss
tangent. To do this, the quality factor is extracted from the measured results of the T resonator,
which is necessary to compute the value of the loss tangent. Both the loaded and unloaded

quality factors are required. The loaded quality factor is the Q without removing the load, which
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is due to the connected measurement equipment, while the unloaded quality factor is dependent
on the loaded Q and the insertion loss of the resonator [67]. The two quality factors are given by

the following equations:

QLZBWdeB (3.182)
0, = —2— (3.18b)
1-2x1010

where QO and Qy are the loaded and unloaded quality factors, /L is the insertion loss, and BW3q4p
is the 3dB bandwidth of the resonator. Once the unloaded quality factor is known, it can be
converted into loss (&) using Eq. 3.19 [68]. The total loss (&) is composed of the loss due to
the dielectric (ay), radiation (), and conductor (¢.) losses. The conductor loss is calculated
using Agilent’s ADS line calculator while the radiation loss, being small, has been neglected.
The remaining dielectric loss can be used to evaluate the loss tangent given by Eq. 3.20 [68]. The
loss tangent obtained from these calculations is summarized in Table 3-1 with the dielectric

constant at different frequencies.

8.6867f |eerrit!

Ciot = G+ O+ o= (3.19)
u

aglo |1 géepr(er—1)
tanod = (3.20)

8.6867sr ' ( (gefr—1)
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Table 3-1: Microwave characteristics of ESL40012

Frequency Dielectric Constant | Demagnetized Permeability | Loss Tangent
(GHz) (€eff) w, tans (1 x 107)
12.9 14.5 0.664 4
232 13.7 0.9 8.5
33.8 13.2 0.96 4

From table 3-1 it can be observed that the demagnetized permeability is considerably less than
1 for the frequencies close to f,, while it is almost equal to 1 for frequencies greater than 2f,,. The
microwave characteristics summarized in the above table can now be used for the antenna design

in the demagnetized state.

3.1.4 Antenna Design

The microwave simulation strategy is shown in Fig. 3.2 and Fig. 3.3. Initially, a relative
demagnetized permeability of 0.68 obtained from Eq. 2.9 at 13 GHz is used to simulate the
antenna without any bias. The total thickness of the module is 580 um (58 um for each layer). A
13 GHz inset fed microstrip patch antenna with dimensions of 3.6 mm x 3.4 mm is realized on
the top (10™) layer. An impedance bandwidth of 1.5 % with a gain of 3.6 dBi is obtained in
simulations. The simulated impedance performance and 3D radiation pattern of the antenna are
shown in Fig. 3.8 (a) and 3.8 (b) respectively. This gain and the stable radiation pattern highlight
the importance of placing the ground plane in between the antenna and the bias windings. The

high dielectric constant (g,=14.5) and the relatively small thickness (232 pm) of the substrate are
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the suspected causes of the slightly lower gain of the patch antenna compared to the conventional

values.

15}

Reflection Coefficient [dB]

233 12.5

13 13.5 14
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(a) (b)

Fig. 3.8. Simulated results of patch antenna (a) Reflection Coefficient (b) 3D radiation pattern

The antenna frequency tuning simulations in the biased case are done using the non-uniform
fields shown in Fig. 3.5 (b). The magnetization values obtained from the magnetostatic
simulations are used to evaluate the elements of the permeability tensor. The tensor thus obtained
is used in the full-wave microwave simulator to perform the antenna simulations in the biased
condition. These simulations reveal that for the bias strength of 19 Oe (180 mA) the antenna
demonstrates a tuning range of 1240 MHz for the E-mode. Moreover the bias windings
employed in this work are able to reduce the field strength by more than 90 % compared to what
is typically needed when an external electromagnet is used [62]. Simulations are also carried out
with three layers under the patch antenna assigned a Z directed bias with the fourth layer
assigned a Y directed bias for the E-mode. However, the results obtained from these simulations
are quite similar to the initial simulations where Z-directed bias fields are used in all four layers.

Similar to the E-mode, the O-mode simulations have been done using non-uniform fields under
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the patch antenna. These simulations exhibit a tuning range of 680 MHz. The detailed
comparison between these simulated results with the theory and measured results will be

presented in the next section.

3.1.5 Fabrication and Measurements

The ferrite LTCC patch antenna modules are fabricated at VT T Electronics in Finland. An X-
ray image of the fabricated embedded solenoid winding and a picture of the fabricated antenna
are shown in Fig. 3.9 (a) and (b) respectively. A microstrip line is used for the RF excitation and

the magnetic bias is provided through DC pads on the top layer.

DC Bias
Pad
Embedded

Bias Windings

(2) (b)

Fig. 3.9. (a) X-ray image of fabricated bias windings for Z bias (b) Fabricated antenna

3.1.5 (A) Frequency Tuning for E-Mode Prototype Antenna

The measured tuning response of the patch antenna with an applied Z bias is shown in Fig.
3.10. The fundamental mode of the unbiased patch is at 13.1 GHz, which compares well with the
theory and simulations. Furthermore, as the current in the windings is increased, the frequency of

the patch decreases, which is in agreement with Eq. 3.11. A maximum bias current of 180 mA is
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used for this mode which tunes the antenna down to 11.85 GHz as shown in Fig. 3.10. Increasing
the current beyond 180 mA can damage the narrow bias conductors (100 um wide). The
measured tuning range of 1.25 GHz is more than twice what was achieved in [62], with a 64 %

reduction in the bias current.
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Fig. 3.10. Measured frequency response for the E-mode (the curves from right to left are for 0 mA, 45

mA, 75 mA, 120 mA, 165 mA, and 180 mA)

A comparison between the theoretical, simulated, and measured results is shown in Fig. 3.11.
A strong agreement can be observed among these results. The measured results exhibit a tuning
range of 1250 MHz, compared to the values of 1240 MHz and 1050 MHz that were predicted by
the simulations and the theory, respectively. A slight deviation between the theory and the
measurements is observed, which can be attributed to the inability to use the non-uniform fields
in the theoretical model and the heating of the substrate due to the bias current. Moreover, the
ideal TM mode assumed in the theory is not completely accurate for the actual measurements.

Nonetheless, the general agreement between the two results indicates that the proposed theory is
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a good starting point for predicting the tuning range of an antenna in a few minutes in the
partially magnetized state which would otherwise require rigorous simulations and may also

require many hours.
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Fig. 3.11. Theory vs. simulations and measurements for the E-mode

3.1.5 (B) Frequency Tuning for O-Mode Prototype Antenna

The O-mode prototype with a bias in the Y direction is measured in the same fashion. The
measured results exhibit a tuning range of 650 MHz which is in agreement with the simulations
(680 MHz) and theory (770 MHz) as shown in Fig. 3.12. The lower tuning range for this mode
compared to the E-mode is due to the weaker magnetic fields produced by the wide bias
conductors (400 um wide) for a large value of current (1600 mA). Increasing the current beyond

this value can provide a better tuning range, but it may damage the bias conductors.
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Fig. 3.12. Theory vs. simulations and measurements for the O-mode

3.1.6 Gain and Radiation Pattern Measurements

For the radiation pattern measurements in the biased state, DC connections to the substrate are
made via wires that are soldered to bias pads on the top layer. In the absence of these wires, DC
probes must be used to provide the required bias. A photograph of the biased substrate connected
to an SMA cable for radiation pattern measurements is shown in Fig. 3.13. Co-polarized
radiation pattern measurements were performed over a range of —180° to +180° along the E and
H planes of the antenna for different bias conditions. The simulated and measured radiation
patterns with no bias and with bias for the E-mode are shown in Fig. 3.14 and Fig. 3.15. For
clarity, the normalized pattern for the two extreme states are shown (i.e. unbiased, 0 mA, and
maximum bias,180 mA). A maximum gain of 3.0 and 3.2 dBi was measured for the unbiased and
biased states, respectively. A tilt can be observed in the E plane which is due to the presence of

the SMA connector. Since the size of the antenna is small, its radiation pattern is affected by the
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presence of a metallic connector in its E plane. This tilt in the measurements has been verified by
modeling the SMA connector in the simulations. The maximum cross polarization level is lower
than 15 dB without any bias, which decreases to 20 dB in the presence of the bias. This value is

typical for ferrite-based substrates [10], [63].
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Fig. 3.14. Simulated and measured radiation Fig. 3.15. Simulated and measured radiation

pattern with no bias pattern in biased state (180mA)
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The radiation pattern and gain measurements of the O-mode are performed in a manner similar
to the E-mode. These results confirm that the antenna radiation characteristics of the patch are
almost identical with and without the bias. The tuning range achieved from the patch antenna in
this work is superior to the only other ferrite LTCC based tunable antenna design [68]. In
addition, the bias current used in this work is lower than the one that was used previously. To
highlight the advantages of the patch antenna design presented here, a comparison between this

work and the literature is summarized in Table 3-2.

Table 3-2: Comparison between results shown in [63] and this work

Literature [63] This work
Center Frequency (GHz) 12 13
Tuning Range 4 % 10 %
Current (mA) 500 180
Mode Only O-mode Both E and O mode
Theory Not discussed A model has been proposed

3.2 Helical Antenna

The tunable patch antenna design of the last section provides a perfect platform to investigate
other types of microwave antennas and passive components in the new multilayer ferrite
technology. The use of the embedded windings reduces the size considerably compared to when
external electromagnets were used for the tuning. However, the windings occupy a major chunk
of the layers that were used in the patch antenna implementation. Out of ten layers, six layers in
the patch antenna design were occupied by the windings, which is 60 % of the total space. In

addition to occupying space, the conductors of the bias windings should be carefully embedded
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in the antenna package such that they do not affect the radiation or impedance performance of
the antenna. The ground plane of the patch antenna was used as an isolator between the antenna
and the bias windings. Both the problems of size and placement can be resolved if the antenna
structure itself can work as a bias winding. A dual-purpose design is needed for such an
implantation.

For such a realization, a magnetically tunable helical antenna which does not require separate
bias windings is proposed. A helical antenna design is an ideal candidate that can work as a bias
winding while radiating RF waves. But to achieve this, the antenna must be optimized to work as
a solenoid winding. A challenge that will be encountered in such an approach is that the same
helical structure will be excited by both RF and DC signals, which means that a mechanism is
required to isolate the two frequencies. Usually, RF and DC signals are isolated using RF chokes
and DC blocks with high frequency components. The same technique is used with the ferrite
LTCC based helical antenna by monolithically integrating open circuit stubs (RF chokes) and a
blocking capacitor (DC block) in the same package. This is one of the key merits of the LTCC

technology that will be exploited for this particular design.

3.2.1 Design Concept and Optimization

A helical antenna is a travelling wave antenna that radiates in bore-sight in the axial mode. The
size of a helical antenna dictates its center frequency. Generally, the circumference of the
antenna should be equal to one-wavelength of the center frequency. Here, the antenna was
designed for the center frequency of 13 GHz as was the case for the patch antenna. As a proof-
of-concept, ten layers of the substrate are used. Among these ten layers, six layers are used for

the antenna design, the bottom three layers are used for the feed network, and the top layer is
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utilized for DC bias pads. The antenna design with the integrated RF choke and DC block
capacitor is shown in Fig 3.16.

The circumference of the helical antenna for a center frequency of 13 GHz on ESL 40012
substrate is approximately 7 mm,; this circumference value results in a radius of 1.15 mm (» =
C/2 7). Using this radius, the conductor width of the antenna is optimized at 0.75 mm for the best
impedance match through microwave simulations. A width of 0.75 mm results in an inner radius
of 0.75 mm and an outer radius of 1.5 mm. These dimensions are used for all six turns of the
antenna. The interlayer conductors are connected using vias with a diameter of 200 um.

Initially, the antenna is simulated without any magnetic bias. The simulated impedance
performance of the antenna is shown in Fig. 3.17 (a). The reflection coefficient results show that
the antenna has two poles at 12.95 GHz and 13.3 GHz, respectively. The pole at 13.3 GHz

represents the original dimensional resonance of the antenna (C~A,), whereas the pole at 12.95

GHz is due to the mutual reactance between the turns of the antenna, as observed in simulations.
The simulated radiation pattern shown in Fig. 3.17 (b) demonstrates a bore-sight maximum
radiation pattern, as expected from an axial mode helical antenna. A simulated gain of 2.1 dBi 1s

achieved at 13.1 GHz, which is low due to the high dielectric constant of the ferrite material.
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Fig. 3.17 (a) Simulated reflection coefficient (b) Simulated 3D radiation pattern of the helical

antenna

3.2.2 Magnetostatic Simulations

As discussed previously, the helical antenna needs to act as the bias winding as well. For this

purpose, the optimized antenna structure is simulated in CST EM Studio to assess its
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magnetostatic behavior. A helical antenna is a solenoid structure for a magnetostatic bias.
Conventionally, a ferrite-core solenoid has the strongest magnetic field at its center along the
axis of the solenoid, due to the presence of a magnetic core. However, in this work, the solenoid
winding is completely surrounded by the ferrite material. Thus, the magnetostatic fields will not
be concentrated at the center of the solenoid. Rather, the strongest fields are observed around the
conductors themselves. This effect is illustrated in Fig. 3.18 (a), where the red region shows the
area of the strongest magnetostatic fields and the yellow area in the middle of the solenoid has a
field strength that is 10% of the red region. CST EM simulations demonstrate that the area with
10% of the maximum fields (i.e. the yellow region) starts at a distance of 100 um from the inner
conductor edge and at 250 um from the outer edge of the solenoid. This information is utilized in
the microwave simulator by defining the red region with a magnetic field value of A and the
yellow region by a magnetic field value of 0.15H.

The consequent values of magnetization M in the two regions can be evaluated using the B(H)
curve of ESL40012. A graph showing the relationship between the DC current excitation, the
magnetic field strength (), and the magnetization (47M in G) generated in the red region is
plotted in Fig. 2(b). As expected, the strength of the magnetic field (/) increases with the applied
bias current in the windings. The maximum current in this plot has been restricted to 1100 mA,
which is expected to be the largest current that can be safely applied to these windings without
damaging them (as was observed in the measurements). This current value provided a maximum
magnetization of 3300 G, which is sufficient for operation in the partially magnetized state but

not to saturate the ferrite material.
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Fig. 3.18 (a) Magnetostatic field strength regions in helical antenna (shown from the top view),
dashed lines outline the boundary of field regions and solid blue lines outline the boundary of
conductors, units are in mm) (b) Current versus magnetic field strength and magnetization (for

red region of Fig. 3.18 (a))

3.2.3 Feeding Arrangement

Before simulating the antenna in the biased state, a mechanism is needed to isolate the DC bias
and the high frequency excitations at their respective inputs. This is a challenge and the novelty
of this design. To accomplish this, the DC blocking capacitor and RF choke are used with the
helical antenna structure in the same manner as are used for a microwave amplifier (Fig. 3.16).
Since the design is in a multilayer substrate, the best approach is to monolithically integrate them
with the antenna. This will allow the design to operate without any external surface-mount
components thus maintaining its compactness. The DC block capacitor consists of two parallel
metallic plates with an area of 0.81 mm x 0.81 mm, which results in a capacitance of 0.77 pF.

To take advantage of the DC block capacitor, it is also used for impedance matching by

canceling the small input inductance of the antenna. The two plates of the capacitor are
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implemented on the bottom two layers of the antenna substrate whereas the antenna’s ground
plane has been realized on the third layer. One of the plates of the capacitor is connected to the
microstrip feed line while the other plate is attached to the first turn of the antenna using an inter-
layer via. In this way, no part of the DC current of the antenna can flow to the RF feed line. For
the RF chokes, two quarter-wave open circuited stubs are connected to the first and last turns of
the antenna, as shown in Fig. 3.16. The DC bias is applied to a bias line which connects the stubs
to the antenna terminals. At first, the antenna is simulated with the DC block and RF choke to
verify its performance at its center frequency without any bias. Once the antenna has been

integrated with the DC block and RF chokes it can be simulated in the partially magnetized state.

3.2.4 Frequency Tuning Simulations

For the antenna simulations in the partially magnetized state, the information obtained from the
magnetostatic simulation is used. ‘Full Permeability Tensor’ option of CST Microwave Studio is
used for these simulations as was the case for the patch antenna. The elements of the tensor are
defined using Eq. 2.6 to Eq. 2.8. Two regions of the substrate, as shown in Fig. 3.18 (a), are
simulated with different magnetization strengths. The value of the corresponding magnetization
for different current excitations is obtained from Fig. 3.18 (b). Both the regions are strongly
biased in the Z direction, therefore the permeability tensor is defined accordingly. As the
magnetization of the substrate is increased, it is observed that the center frequency of the antenna
decreases which in agreement with the patch antenna design. This tuning response is due to the
increase in the effective permeability of the material with the increase in the bias strength. For a
maximum magnetic field strength (H) of around 12 Oe (3300 G), the center frequency of the

antenna reduces to 12.05 GHz. This results in a tuning range of almost 1 GHz. The gain and the
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radiation performance of the antenna do not vary much with the applied bias which is desired for

a tunable antenna. The frequency tuning simulations of the antenna will be further discussed

along with the measurements in the next section.

3.2.5 Impedance and Radiation Pattern Measurements

A photograph of the fabricated antenna is shown in Fig. 3.19 (a). The antenna is completely
embedded inside the substrate but its top turn can still be seen. Two DC wires are soldered on the
contact pads to provide the magnetostatic biasing. The RF ground plane is embedded inside the
substrate and is not externally visible. To make it accessible for the RF excitation, two ground
pads are provided near the microstrip feed line and are connected to the ground plane using vias

(illustrated in Fig. 3.16). In this way the antenna can be tested using an SMA connector or a

ground signal ground (GSG) probe.
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Fig. 3.19. (a) Fabricated antenna with DC wires (b) Measured reflection coefficient (S;;) of the

antenna
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The impedance measurement of the helical antenna is performed using an SMA connector. In
the absence of the DC current, the antenna operates at 13.1 GHz which is similar to the simulated
center frequency. As the DC current is passed through the antenna, its resonant frequency
decreases, which is expected given the frequency tuning simulations. The measured impedance
performance of the antenna is shown in Fig. 3.19 (b). A maximum DC current value of 1100
mA is passed through the antenna which tunes it down to 11.8 GHz. A measured tuning range of
1300 MHz was obtained from the fabricated antenna design which is slightly more than the
simulated value of 1050 MHz. Further tuning can be obtained if more current can be passed
(until the saturation magnetization is achieved). However, for this design, the current is limited
to 1100 mA (as stated in Section 3.2.2).

The pole that is closer to f;, = 11.2 GHz experiences more variation in the effective
permeability than the pole that is away from f,,. This is true for any microwave component on a
biased ferrite. The frequency that is closer to f,, is affected more by the applied bias than the one
away from it, as demonstrated by the combination of Eq. 3.8 and Eq. 3.11. Due to the different
tuning percentage of the two poles, a slight decrement in the bandwidth of the antenna is
observed. The bandwidth, for now, is not a serious concern; therefore, it is not optimized any
further. However, future designs can be optimized so that the bandwidth of the antenna remains
unchanged. A good match was observed between the simulated and measured tuning range as
shown in Fig. 3.20. The small difference between the simulated and measured frequency range
may be due to the heating of the substrate, which may change its magnetization. Other than this

small deviation, there is a strong correlation between the tuning ranges of the two results.
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Fig. 3.20. Comparison between the simulated and measured tuning range

For the radiation pattern and gain characterization, the antenna is initially measured without
applying any DC bias. A measured gain of -0.3 dBi is obtained at the center frequency of the
antenna. This value is 2.4 dB lower than the simulated gain of 2.1 dBi. The investigation of this
discrepancy revealed that the additional loss in the measurements is due to the surface roughness
of the conductor. The two tunable antennas, the patch and the helical, were fabricated in two
separate runs. As a result, the surface roughness issue was not observed in the patch antenna, but
its value in the second run has severely altered the measured gain from the simulated value. The
measured surface roughness of the conductor in the helical design is 1.5 um for a total conductor
thickness of 3.5 um. To study its effect on the antenna performance, microwave simulation of
the helical design is repeated with the measured conductor surface roughness. The new
simulations reveal that the measured surface roughness reduces the antenna gain to -0.7 dBi as
opposed to 2.1 dBi. This translates to a change of 26 % in the efficiency of the antenna (from
47% to 21 %). Therefore, improving the surface roughness of the conductor will improve the

gain performance of the antenna.
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As mentioned previously, ferrite ESL 40012 is a relatively new tape system and its fabrication
process is not completely mature. Thus, a number of issues, such as weak adhesion between the
conductor and the substrate, warpage, and cambering of the substrate have been experienced
during the fabrication of the prototype. However, it is expected that with the maturity of the
fabrication processes, these issues can be resolved and the performance that is achieved in the
simulations can be reproduced in the measurements. The simulated and measured normalized
radiation pattern of the antenna in two principle planes for the no bias case is shown in Fig. 3.21.
Some ripples can be seen in the measured pattern for Phi = 0 plane at Theta =-90°. These ripples
are due to the connector which is mounted at this position and has a considerable size compared
to the antenna. The axial ratio was measured at approximately 20 dB which indicates the linear
polarization of the antenna. A graph showing the gain versus frequency response for the
unbiased case is plotted in Fig. 3.22. The three cases, simulated with and without conductors,

surface roughness, and measured results, generally follow the same trend.
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Fig. 3.21. Simulated and measured radiation pattern for no bias
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Fig. 3.22. Gain vs. frequency of the antenna for the unbiased state

Once the antenna had been measured for the unbiased condition, it was measured for its
radiation performance in the biased state. The radiation pattern of the antenna does not change
substantially from the unbiased state. The maximum gain value is tilted at 30°, in the Phi =0
plane due to the connector. For the biased state of 1100 mA, the maximum gain of the antenna at
11.8 GHz changes by 0.4 dB of its gain value in the unbiased state. The simulated and measured
radiation patterns of the antenna in the biased state of 1100 mA are shown in Fig. 3.23, which
shows a good match between the two results. Ripples are also seen in the radiation pattern of the

antenna in the biased state due to heat generation which have been smoothen out.
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Fig. 3.23. Simulated and measured radiation pattern for 1100mA

3.3 Conclusion

This chapter covers the design and implementation of two different tunable antennas using
multilayer ferrite LTCC substrate. As opposed to the conventional use of electromagnets with
ferrites, embedded bias windings are used to magnetize the substrate. This concept enables the
operation of the antenna in the partially magnetized state. Such a design realization reduces the
required magnetostatic field strength by more than 90%. The absence of the electromagnets
means that the major drawback of classical ferrite designs (i.e. bulkiness) has been overcome.
These new designs are efficient, portable, light-weight and integrable in modern communication
systems. Using the proposed concept, a frequency tuning of 10 % was achieved from the antenna

designs with acceptable gain and radiation performance.
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Chapter 4

Ferrite LTCC Based Half Mode SIW Phase Shifter for Phased Array Applications

After studying the theory and design of the tunable antennas in the multilayer ferrite LTCC
technology, a half mode SIW phase shifter operated in the partially magnetized state is
investigated in this chapter. As discussed in Chapter 2, SIW technology has recently been
examined for the design of ferrite phase shifters. Due to their superior integrability compared to
some traditional ferrite designs, SIW technology is selected for this work. The chapter also
addresses the integration of the phase shifter design in a patch antenna array for beam steering

applications.

4.1 Half Mode SIW Phase Shifter

Phase shifters are integral microwave components that are typically used in phased antenna
arrays for beam scanning purposes. The purpose of a phase shifter is to provide the required
phase change between the antenna elements of a phased array. This phase difference between the
antenna elements results in the steering of the main beam of the array design. One way to control
the phase of the microwave signal is by subjecting it to a magnetic bias on a ferrite substrate.
Using this methodology various types of phase shifter designs have been implemented with the
magnetic mediums [27]-[42]. These designs had the problems of large size and integrability and
as a result, they did not gain popularity. To bring the ferrite phase shifters back to the main

stream communication systems, ferrite LTCC technology is a viable solution. To prove this, an
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attempt was made in [9] to demonstrate an antisymmetrically biased, waveguide-based phase
shifter. Although the design had several drawbacks, such as the use of the saturated region to
predict the phase shifter performance, unoptimized bias windings, poor placement of bias
windings inside the waveguide, and the use of full mode operation which required two different
bias windings, it did provide a new direction of research in the area of ferrite-based phase shifter
designs. The problems observed in that work are addressed in the design presented here to show

the advantages of the multilayer ferrite technology.

4.1.1 Mathematical Model and Design

The design concepts of full mode and half mode SIW phase shifters are shown in Fig. 4.1.
Although only the half mode design is studied in this thesis, the full mode concept is also shown
to provide a clear distinction between the two designs. The use of a perfect magnetic boundary at
‘x = a’ in the half mode waveguide renders it similar to a full mode waveguide in terms of the RF
performance, which can be understood from the image theory [14]. This approach is expected to
reduce the power consumption, as it requires a single bias winding for DC excitation as opposed
to the full mode design that requires two different sets of bias windings for each half of the
waveguide.

First, the theory of the phase shifter must be studied in order to understand its operation in the
partially magnetized state. The material definition is similar to the definition that is used in for
the theory of the patch antenna. The difference is the mode of operation and the wave
propagation. The waveguide mode used for the phase shifter is transverse electric (TE) as
opposed to the transverse magnetic (TM) mode used for the patch antenna. Using the dominant

TE mode with propagation in the Y-direction and applying Ampere’s law yields:
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Fig. 4.1 (a) Full mode asymmetrically biased SIW phase shifter (b) Half mode SIW phase shifter
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which are independent of the permeability of the material and are unaffected by the bias
direction. The magnetostatic bias for the phase shifter is applied in the Z direction, which results
in the permeability tensor of Eq. 3.2. The Z direction of bias was considered as it gives the best
phase shifter performance for the waveguide phase shifters [9], [36], [43]. Using the permeability

tensor of Eq. 3.2 and applying Faraday’s law results in:

—jpe, = —jouhy —wxh, 4.2)
de,  dey, .
a_ez - % = wkhy, — jouh,

jpPex = —jauh,
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The width of the phase shifter is the dominant dimension, which means that TE| s is the
dominant mode of propagation, i.e., % = 0 and ex = h, = 0. It is important to clarify that TE s is

used as the dominant mode instead of 7E/( due to the half mode design. Taking this into account,

Eq. 4.1 and Eq. 4.2 can be reduced to the following three equations:

52 bjphy = jose, (4.32)
—jpe, = —jouhy —wxh, (4.3b)

de; .

e —wkhy + jouh, (4.3¢)

From the above equations, the following wave equation is obtained:

0%e,

2 + ky%e, = 0 (4.4)
0x

where £, 1s the wave number and y, is the extraordinary permeability as expressed through the

following equations:

ky = /a)zueg — B (4.5)

(4.6)

Applying the boundary condition e, = 0 at x = 0, will result in the following solution to Eq.

(4.4):

e, = Asink,x ¢’? 4.7)
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Eq. 4.7 shows that the electric field inside the waveguide is sinusoidal as long as @?u.& > f°;
otherwise the field propagating inside the waveguide will be hyperbolic. Now e, can be used to

determine the other field components, i.e. 4, and A,

Ak, . KKy
hy =- w#eg[ﬂsmkxx + Tcoskxx] (4.8)
Aky [. KB .
hy, = w#eg[]kxcoskxx +j Iﬁsznkxx] (4.9)

Applying the boundary condition hy, = 0 at x = a results in:

KB+ u /a)z,ueg — [ cot(a. /a)z,ueg - A =0 (4.10)

Eq. 4.10 shows that if the bias inside the waveguide is changed, it will change x4 and «;
eventually changing u.. This will cause a change in £, which will be reflected in the overall
phase at the output. The closed form equation obtained from the above derivation is a
transcendental equation and therefore needs to be solved graphically to obtain a solution. For this
purpose, zeros of LHS of the equation are plotted for different bias strengths versus . This
generates the roots of the equation for different states of magnetization. These roots of S are
subtracted from the phase constant in the unbiased state, which is obtained by traditional
waveguide theory of the TE mode of propagation. A plot showing the difference between the
phase shifts in the unbiased (Suipiasea) and biased (SBriuseq) States is plotted against the applied
magnetic field, shown in Fig. 4.2. This plot is generated considering the forward propagation

only. From this plot, the phase shift at any given magnetization, 47M, can be predicted. Thus, the
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proposed theory can be used to predict the achievable phase shift due to an applied bias with
simple equations. To validate this theory, the design and measurements of the phase shifter are

discussed in the following sections.

200

—
L
[

100+

Difference of phase between
biased and unbiased states [Deg/cm]|
wn
o

2 4 6 g 10 12
Magnetic Field Strength H [Oe]

=+

Fig. 4.2. Phase shift versus magnetic field H strength at 13 GHz

4.1.2 Phase Shifter and Bias Windings Simulations

The magnetostatic fields inside the waveguide are generated by the embedded bias windings.
To design and optimize the bias windings CST EM Studio was used while the phase shifter was
simulated in CST Microwave Studio. First, the bias windings will be simulated to record their
performance which in turn will be used for the high frequency simulations of the phase shifter. In
total, ten layers of ESL40012 are used for the realization of the phase shifter, as shown in Fig.
4.3. The top four layers were used for the phase shifter design, while the ground plane was
implemented on the sixth layer. The remaining bottom five layers were used for the bias winding

design. The phase shifter is fed using a microstrip to the rectangular waveguide flare (RWQG), as
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shown in Fig. 4.3. The width of the half mode SIW is 2.39 mm, which enables its operation at 13
GHz. The frequency of operation is kept the same as the patch antenna given the properties of
the substrate. The length of the feed line with the RWG flare is 5 mm, which results in a total

phase shifter length of 15 mm.
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Fig. 4.3. The phase shifter design showing the magnetostatic fields in the biased substrate and

the bias windings

4.1.2 (A) Magnetostatic Simulations

The magnetostatic bias required by the phase shifter is provided by two solenoid bias
windings, realized in the bottom five layers of the substrate. The windings are used in series
under the phase shifter to bias a region of 5 mm. Each solenoid winding is composed of six turns
per layer resulting in a total of 36 turns. As with the two antenna designs, the bias windings for
the phase shifter will also generate non-uniform H fields and need to be modeled accordingly
using the magnetostatic simulator. The exercise conducted for these simulations is similar to the

one that was used for the patch antenna design and therefore, it will not be repeated here.
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In summary, each phase shifter layer is recorded for the magnetic field strength generated by

the DC current in the windings. The bottom two layers of the waveguide are modeled as one

while the top two layers are simulated individually. The magnetostatic fields produced in the

bottom two layers of the phase shifter for different current excitations are shown in Fig. 4.4. The

third and fourth layers above the ground plane have H values that are 50 % and 20 % of the value

of the bottom two layers. In addition, the fields in the fourth layer are directed along the Y axis

as shown in Fig. 4.3. As a result, in the microwave simulator, two sets of simulations are

performed for the case of non-uniform simulations: first with all the layers biased in the Z

direction and second where three layers are biased in the Z direction and the fourth layer is

biased in the Y direction.
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Fig. 4.4. Magnetic field strength, H, and magnetization, 47zM, produced by the bias windings for

DC current excitation showing both uniform (for theory) and non-uniform case (for simulations)

Although the modeling of the non-uniform fields above the ground plane is closer to the

actual scenario, it cannot be used for the theoretical model. The theoretical model requires a
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single value of H (47M) for a single current excitation in the complete substrate. Therefore, to
predict the phase shift using the theory, the magnetostatic fields are observed at the center of the
phase shifter substrate and are shown versus current in Fig. 4.4 (labelled as Uniform H and

4 M). The field values obtained from these simulations were also used to model uniform fields

in the high frequency simulator and to compare the results with the theory.

4.1.2 (B) Microwave Simulations

The magnetostatic simulations discussed in the last section can be used to simulate the phase
shifter in the high frequency simulator. Using the ‘full permeability tensor’ option of CST
Microwave Studio, a ferrite substrate can be modeled in the partially magnetized state. Here, Eq.
2.6 to Eq. 2.8 are used to define the permeability tensor of the substrate which ensures the
operation of the phase shifter in the partially magnetized state. The design is thus simulated in
the biased state for both non-uniform and uniform bias shown in Fig. 4.4. These simulations
show that for a bias current of 240 mA, phase shifts of 149 deg/cm and 155 deg/cm are achieved
for the uniform and non-uniform bias respectively. Comparing these results with the theory (Fig.
4.2), a closer match is observed between the theoretical model and the uniform simulation case,
which was expected. The theoretical model predicts a phase shift of 141.4 deg/cm. However
there is not a significant difference between the non-uniform case and theory but to obtain a
closer match between the theory and simulations two different cases were studied in the
magnetostatic solver. The non-uniform modeling is more accurate and closer to the actual

scenario, as explained in the next section where the measured results are discussed.
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4.1.3 Measurements of the Half Mode SIW Phase Shifter

The fabricated phase shifter and an X-ray image of the fabricated embedded solenoid winding
are shown in Fig. 4.5 (a) and 4.5 (b), respectively. The total volume of the phase shifter is 4 mm
x 15 mm x 0.58 mm. The measured results of the fabricated phase shifter exhibit an impedance
bandwidth of 600 MHz with an insertion loss of 1.5 dB, as shown in Fig. 4.6. The fundamental
mode of the unbiased design is at 13.1 GHz, which compares well with the theory and
simulations. The measurements show that the phase shift experienced by the forward
propagating wave (S;;) decreases with the increasing current in the bias windings. A maximum
bias current of 240 mA results in a phase shift of 83.2°. This value corresponds to a total
measured phase shift of 166.4°/cm. A plot between the measured phase shift and the DC current
excitation is shown in Fig. 4.7. The phase shift shown in Fig. 4.7 is the difference between the
phase of the biased and unbiased transmission coefficients (£S;2.umpiased = £S12-biasea)- InCreasing
the current beyond 240 mA can provide better phase shifts but at the same time can damage the
bias windings. Excluding the transition loss of 1 dB from the insertion loss, the fabricated phase

shifter demonstrates an FoM of almost 83.2°/dB.
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Fig. 4.5. (a) The fabricated phase shifter; (b) an X ray image of embedded bias windings
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A strong agreement can be observed between the analytical model and the simulations with

the uniform bias, as shown in Fig. 4.8 (a). The strategy devised for the microwave simulations
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with the non-uniform bias results in a good match with the measured results, as demonstrated in
Fig. 4.8 (b). The theory, simulations, and measured results generally follow the same trend over
the frequency band of 13 GHz to 14 GHz. An average error of 10 % is observed between the
theory and measurements. These results indicate that the error between theory and measurements
is quite acceptable which provides a validation for the proposed theoretical model. The
importance of the theoretical model can be understood from the fact that it can predict the phase
shift of a ferrite-based design in a matter of minutes, which otherwise requires rigorous
simulations (magnetostatic and microwave) for several hours on a high-end machine. Thus, the

proposed theoretical model is useful for the quick evaluation of such a phase shifter design.
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Fig. 4.8. (a) Theory versus simulations with uniform bias for 4zM = 2600 G (b) Simulations with

non-uniform bias versus measurements for maximum bias of 47M = 3450 G

A comparison between this work and the only previously reported ferrite LTCC phase shifter

is presented in Table 4-1. Although [9] reports the differential phase shift as opposed to the uni-
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directional phase shift reported in this work, the comparison provides an idea of the performance

of the two designs.

Table 4-1: Comparison of the proposed design with the only other ferrite LTCC based design

Phase .
Reference C[lllll;r:?t Shift [ dl(: ;/IZIB] ;1;63
[deg]
[9] 500 52.8 14.66 29.4
This work | 240 83.2 83.2 8.3

4.2 Phased Array Antenna

The half mode SIW phase shifter implemented in the ferrite LTCC technology is used in a
patch antenna array to demonstrate beam steering. For this purpose, a two-element array with a
phase shifter integrated between them is designed as shown in Fig. 4.9. The size of the phased
array is 12 mm x 24 mm x 0.58 mm. Two 3.5 mm long patch antennas separated by a distance of
10 mm (0.44%,) are simulated on four layers of ESL 40012 substrate. The feed line of 50 Q has a
width of 150 pm, which is divided into two segments that each have a width of 80 um. The
ground plane of the phase shifter, used to isolate it from the windings, also acts as the ground
plane of the antenna array. Initially, the antenna array is simulated in the unbiased state to
optimize its response at 13 GHz, which is the operating frequency of the phase shifter. A gain of

4.5 dBi with an impedance bandwidth of 1.5% is achieved from the optimized design.
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Fig. 4.9. Fabricated phased array antenna

4.2.1 Beam Steering Simulations

For the biased simulations, the phase shifter is magnetized using the magnetostatic
simulations explained in Section 4.1.2 (A). Since the non-uniform bias in the phase shifter is
close to the actual scenario, the phased array antenna is simulated with the non-uniformly biased
phase shifter. These simulations show that for a maximum bias of 3450 G (240 mA), the phased
array antenna demonstrates a beam steering of 40° at its center frequency. The maximum gain of
the antenna is reduced by 0.8 dB, which is expected from a phased array design. The phase
shifter is integrated into the H plane of the antenna array; hence, the steering is also observed in
the H plane (XZ plane). The impedance performance of the antenna is not affected by the biasing
of the phase shifter as illustrated in Fig. 4.10 where the reflection coefficient of the array in the
unbiased and biased states is shown. The radiation pattern of the antenna in the H plane for the
bias states of 0 mA, 120 mA (1700 G), and 240 mA (3450 G) are shown in Fig. 4.11. For the two

biased states, beam steering values of 24° and 40 ° has been achieved respectively.
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4.2.2 Measured Results

An SMA connector is mounted on the fabricated antenna array for impedance and radiation

pattern measurements as shown in Fig. 4.9. Measurements performed in the unbiased state show
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that the array is operating at a center frequency of 13.4 GHz instead of the designed frequency.
The investigation revealed that the fabricated patch antennas have a length of 3.2 mm instead of
3.5 mm. This new length of the antenna along with the tolerance (~10%) of the dielectric
constant is used in the microwave simulator to match the measured impedance performance. Fig.
4.12 shows that a good match has been achieved between the measured and post-measurement

simulation results for the impedance of the antenna.

Reflection Cocfficient [dB]

18 —Measured
===Post Measurement Simulation
s 13 13.5 14 14.5

Frequency [GHz]

Fig. 4.12. Measured and post measurement simulated S11 of the phased array

The measured maximum gain of the antenna is 1 dBi instead of the simulated value of 4.5 dBi.
This change in the measured gain is due to the surface roughness of the conductor that was used
for the antenna fabrication. This problem of surface roughness is similar to the one observed in
the case of the helical antenna. As explained in Chapter 3, ESL 40012 is a new experimental tape
system that has a number of issues with its fabrication process. These issues can cause a

deviation between the measured results of an actual prototype and the simulated results.
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However, it is expected that with precaution in future fabrication runs, these issues can be
resolved and the same performance as indicated by the simulations can be achieved. To verify
this, the antenna array was simulated with the measured conductor roughness to determine its
effect on the gain and radiation performance. These simulations showed that simulating the array
with a surface roughness of 1.5 pm in a conductor thickness of 3.5 pm can reduce the gain to
0.94 dBi. The post measurement simulation value is close to the measurements and proves that
the degradation in the gain is due to the surface roughness.

The array was then measured for its radiation performance in the biased state. The measured
beam of the antenna array in the H plane for three different conditions (one unbiased and two
biased states) is shown in Fig. 4.13. Beam steering of 16° and 30° was obtained for the current
values of 120 mA and 200 mA, respectively. During the antenna array measurements in the
biased states, heating of the windings is observed. Therefore, a maximum current of 200 mA was
used, which reduces the beam scanning from 40° to 30°. Some ripples are observed in the
radiation pattern of the antenna which have been smoothen out for clarity. In order to verify
these results, post-measurement simulations were also conducted on the modified patch antenna
array. The new simulations show that for the bias strengths of 120 mA (1700 G) and 200 mA
(3100 G), the maximum gain of the antenna steers to 18° and 28°, respectively. The simulated
and measured results of the antenna array are summarized in Table 4-2. A good match can be
observed between the simulated and measured angles at which the antenna gain is maximal in

the H plane.
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Fig. 4.13. Measured radiation pattern of the phased array for different bias conditions (0 mA, 120
mA and 200 mA)

Table 4-2: Post-measurement simulation and measured beam steering of the phased array at

13.4 GHz
. Post

Current Magnetization Measurement Measured

4 M . . :

[mA] Simulation Beam Steering
[G] :
Beam Steering

No bias 0 0° 0°
120 mA 1700 18° 16°
200 mA 3100 28° 30°

The use of a single phase shifter in a two element antenna array means that it can only scan the
beam in one direction of the antenna plane. Using two phase shifters (i.e., one for each antenna

element) can result in a beam steering of almost £30°, providing twice the coverage angle.
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4.3 Conclusion

A half-mode SIW ferrite LTCC based phase shifter, suitable for monolithic integration with
the beam scanning antenna array elements, is presented in this chapter. The use of multilayer
substrate allows the placement of embedded bias windings, which negate the use of external
magnets, reducing the demagnetization effect. A simple theoretical model is presented in this
work, which can predict the performance of the phase shifter. A good match has been obtained
between the theoretical model, simulations, and measurements for the phase shifter design. As a
proof of concept, the phase shifter design is integrated into an antenna array to demonstrate beam
steering. A measured beam steering of 30° has been achieved in the H plane of the fabricated
antenna array. The design has a small form factor of 12 mm x 24 mm x 0.58 mm, and a weight of
1g, making this concept highly suitable for applications requiring miniaturized, light-weight,

reconfigurable components.
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Chapter 5

Polarization Reconfigurable Patch Antenna Realized Through Low Cost Additive

Manufacturing

In the last two chapters, we have covered the design of tunable and reconfigurable antennas
and phase shifter using ferrite LTCC technology. This chapter covers the theory and design of a
polarization reconfigurable circular patch antenna. Although the ferrite LTCC based modules
worked well, the cost of fabrication is quite high and increases exponentially as the number of
layers increase. In addition to the primary goal of investigating the polarization re-configurability
of ferrite based antennas, we intend to explore low cost fabrication methods, such as additive
manufacturing (printing) in this chapter. For this, a custom in-house printing process has been
developed which involves a novel magnetic ink that has been used to print the magnetic
substrate. The conductor layers have been realized using inkjet printing. Similar to the previous
chapters, this chapter also presents a theoretical model which is compared with simulations and

measurements.

5.1 Mathematical Model

For the mathematical model, a circular patch antenna with its geometry shown in Fig. 5.1 has
been studied on a partially magnetized substrate. The radius of the antenna is labelled as ‘a’. Due

to the structure of the antenna, cylindrical coordinate system has been used contrary to the
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previous two chapters where rectangular coordinate system was used. The theoretical analysis is

based on the cavity model of the patch antenna.

Z
[—-X =x,0=0
(p $=0) Patch
Antenna
. Magnetic
Silver Ground Plane Substrate

Fig. 5.1. Stack up and the geometry of a circular patch antenna on a magnetic substrate

The substrate is considered to be biased in the Z direction which results in the permeability
tensor of Eq. 3.2 (previously described in chapter 3), where the elements of the tensor are
defined by Eq. 2.6 to Eq. 2.8 (previously described in chapter 2). Using the permeability tensor
of Eq. 3.2, Ampere’s and Faraday’s laws are applied on the partially magnetized patch antenna
for TM” mode.

Application of Ampere’s Law for dominant TM;; results in:

19(phy) 1 9(hy)
p 0z p 0z

= jwee, (5.1)

where % = 0 which causes the two electric field components i.e. e, and e, to be 0. Applying

Faraday’s Law using the permeability tensor for the Z direction of bias provides the following:
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19(ey) _

PRryale jouh, — wxhy (5.2)
10(e;) _ .
;a_p = ]a),uh¢ + a)th

Simplifying Eq. 5.1 and Eq. 5.2 together gives rise to the following wave equation:

e, + ke, = 0 (5.3)
where,
k= oJju.¢ 5.4)
_ “2 _K.Z
Ue " (5.5)

In all of the above equations u and x are elements of the permeability tensor in the partially
magnetized state while & is the wave number and . is the permeability for the extraordinary (E)

mode. The solution of the above wave equation is given below.

e, = (Al (kp) + B Y, (kp)}(Ce/? + DeI%) (5.6)

where J; and Y; are Bessel and Hankel functions of the first kind and the first order. A, B, C and
D are the coefficients for the functions used in the above solution. Since Y; (Hankel function) is
infinity for p= 0 i.e. the origin (antenna is centered at origin), therefore Eq. 5.6 is reduced
further by using B = 0. Now the electric field component e, can be used to compute the magnetic

field component. Here it is important to concentrate on 4, since the boundary condition at p=a,
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enforces Ay to go to zero. This is because the walls of the patch antenna substrate are assumed to

be perfect magnetic conductors, similar to the patch antenna in chapter 3. Therefore 4, will be,

= ﬁ{ }JjAh(kp)(Cef”’ —De /%) — (—j ﬁ) Al (kp)(Ce’? + De %)) (5.7)

Enforcing the boundary condition on /4 = 0 at p = a, results in the following solution:
Sy (ka) + = )1 (ka) = 0 (5.8)

Eq. 5.8 is the closed form solution to find out the resonant frequency of the antenna using its
roots and is consistent with the findings of Pozar in [18]. However, the contribution of this work
is to incorporate the partial magnetization regime into the theoretical analysis. In order to
compute the resonant frequency, the LHS of Eq. 5.8 is plotted for different magnetization
strengths. The zeros of the plot are used to evaluate the resonant frequency of the antenna.
However, it is exceedingly important to clarify that Eq 5.8 is a combination of two equations
with different roots. The roots of these equations correspond to circular polarization. The root of
one equation corresponds to one sense of polarization, while the other equation gives the
frequency for the opposite sense of polarization. This means that when a ferrite or a magnetic
medium is biased normally, it causes a circular patch antenna to resonate at two different
resonant frequencies with two different senses of circular polarization. If the direction of bias is
reversed, the two resonant frequencies exchange the sense of polarizations. This phenomenon
happens because the coefficient m in TM,, mode of propagation is an integer that can have both

positive and negative values [18]. For this work, TM;; mode is considered which implies that the
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values of m are £1. The two opposite signed values correspond to two different sense of rotation
or polarization i.e. left hand and right hand. In the unbiased state these two polarizations have the
same frequency of operation and thus the antenna works as a linearly polarized antenna.
However, a biased ferrite causes these modes to split and resonate at different frequencies due to
different permeabilities experienced by the two modes (refer to Eq. 5.8). As a result, a linear
polarized antenna starts behaving as a circular polarized antenna working at differently tuned

frequencies.

5.2 Printed Magnetic Substrate Characterization

As mentioned at the beginning of this chapter, low cost additive manufacturing is
explored for the realization of the polarization reconfigurable antenna. The additive
manufacturing technique is gaining a large amount of interest due to its low cost, as well as its
easy and fast prototyping capabilities [69]. The ability to deposit material only where it is
required in a digital fashion, as compared to the subtractive technologies which depend on
etching or removing the undesired material, results in no, or low, material waste. Moreover, it is
a completely digital process, which means that no expensive masks are required for printing.

A custom magnetic ink based on Fe;Os nanoparticles has been developed for this work. The
magnetic substrate used for the antenna design is realized by printing with this magnetic ink (see
the details in the fabrication section, i.e. section 5.4). It is important for the antenna design that
the newly printed magnetic substrate be characterized for its material properties, both i.e.

magnetostatic and microwave properties.
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5.2.1 Magnetostatic Characterization

Vibrating Sample Magnetometer (VSM) is used for the hysteresis loop, B(H) curve,
measurement of the magnetic ink. The substrate without any metallic layers on it is placed within
the VSM. The VSM generates an alternating magnetic field for the measurement of the B(H)
curve. For the printed substrate the measured results are displayed in Fig. 5.2. The ink reveals a
saturation magnetization (47Mj), coercive field (H.) and remanent magnetization (B,,) of 1,560
G, 46 Oe and 350 G respectively. Among these, the key property is the saturation magnetization,
which dictates the magnetization frequency of the material (f,, = 4 7M,= 4.37 GHz). For
microwave designs, it is recommended that the center frequency should be higher than the
magnetization frequency of the medium to avoid any low field losses [63]. The curve shown
below will also be used to simulate the bias windings of the magnetostatic simulator. Another
important characterization is related to the high frequency properties of the material. Therefore,
once the material has been characterized for its magnetostatic properties, and its low loss region
is known, a suitable resonant frequency can be selected for the resonator for the purpose of
microwave characterization. The magnetic nature of the ink, as is shown in these measurements,

appears suitable for tunable microwave components.

5.2.2 Microwave Characterization

A coplanar waveguide (CPW) based ring resonator is designed and fabricated on the top of
the printed magnetic substrate, as shown in Fig. 5.3 (a). The resonator has been inkjet printed on
the magnetic substrate using a custom silver ink. The details of the fabrication can be found in

Section 5.4. The ring is designed with a radius of 6.75 mm, having a conductor width and gap of
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2.5 mm and 200 pm respectively. Keeping in mind the typical dielectric constant of the ferrite
materials (g.¢ ~ 14), the dimensions of the ring are appropriate for a resonant frequency of 2

GHz.
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Fig. 5.2 Measured B(H) curve of printed Fe,Os; (magnetic) ink
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The resonator has been characterized for its S parameters from 1 GHz to 10 GHz. The
fundamental resonance of the design is measured at 2.4 GHz. These results are used to extract
the dielectric constant of the material. Since this is a magnetic material, the result obtained from
the equation will give a product of the initial permeability and permittivity. This product is
displayed in Fig. 5.3 (b). As can be seen, the value of this product varies with respect to the
frequency, which is expected due to the varying initial permeability of the ferrite material [60].
The demagnetized permeability of a magnetic material is given by Eq. 2.8 [15] and can be used
here to isolate the two quantities. Using this equation, the permittivity and permeability of the
medium at different frequencies are listed in Table 5-1. Frequencies above f,, are considered in
the table since these are the frequencies that can be used for the antenna design. For the initial
design of any microwave device this product can directly be used in the equation of the resonant
frequency. In addition to the dielectric constant, the loss tangent (tano) of the material is also
calculated from the measured results. The conductor losses are calculated using the transmission
line calculator of Agilent ADS. The measured conductivity of the metal is 5 x 10° S/m, which is
used to evaluate the conductor loss for different frequencies. Once the conductor loss is known,
the dielectric loss of the material can be evaluated. The loss tangent of the substrate at
frequencies below f,, is relatively higher. For example, at 2.4 GHz and 4 GHz, the loss tangent
values are 0.13 and 0.015 respectively. This is due to the low field losses of the magnetic
material in the absence of the magnetic bias [63]. However, the loss tangent value at frequencies
above f,, is in the acceptable range. For example at 6 GHz, its value is 0.007. Therefore, 6 GHz is

used as the design frequency for the patch antenna design.
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Table 5-1: Permittivity and permeability of the magnetic ink at different frequencies

Demagnetized e
Frfgllf;]cy Permeability Per(r;nttl;llty
') eff
6.04 0.796 15.5
7.9 0.86 15.29
99 0.9 14.2

5.3 Design and Simulations

The substrate properties obtained in the characterization section above can now be used for
the design and simulations of the antenna as well as the bias windings. Similar to previous
chapters, the simulations will be comprised of two parts, magnetostatic and microwave
simulations. The magnetostatic simulations are carried out in CST EM Studio, while the CST
Microwave studio is used for the high frequency simulations. The magnetostatic simulations for
the circular patch antenna design are carried out in two steps. In the first step, the substrate is
modeled using the embedded bias winding (consistent with the methods in chapter 3 and 4),
while in the next step, an external electromagnet is used to bias the substrate. Since the
magnetostatic simulations with the embedded windings have the exact same steps as in the
previous chapters and have been discussed in detail before, it is unnecessary to repeat them here.
The external electromagnet is used due to a number of complications with the inkjet printed
windings (the details of which will be discussed in the fabrication section, i.e. section 5.4).

Simulations using an external magnet will be covered in the following sub-section.
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5.3.1 Magnetostatic Simulations Using Electromagnet

The strategy implemented for the simulation of an electromagnet in the magnetostatic
simulator is displayed in Fig. 5.4. The set up shows that an electromagnet with a variable applied
magnetic flux density (B) is defined inside the simulator. For any actual electromagnet, the
applied B is known and defined by the user. Therefore, in the simulator, the B from the
electromagnet can be defined and consequently, the magnetization (47zM) generated inside the
substrate can be recorded. To accomplish this, the strength of the field is observed at the center
of the substrate. Three lines, one along each axis (i.e. X, Y and Z), are used on which the fields
are observed. The dimensions of the three lines are equal to the size of the substrate, which is 24
mm x 24 mm x 1.5 mm respectively. The field strengths obtained from the three lines are
averaged in order to generate a single value for the internal magnetization (47M) inside the
substrate versus the applied magnetic flux density (B). The results obtained from this simulation
are shown in Fig. 5.5. As the applied magnetic field is increased, the magnetization inside the
substrate increases as expected. For a magnetic flux density of 2,800 G, the internal
magnetization is recorded at roughly 1,400 G, which means that the material is almost saturated.
To maintain the operation in the partially magnetized state, this is the highest value of the

applied field used in the simulations.
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Fig. 5.4. Biasing the antenna substrate using electromagnet in CST EM Studio
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Fig. 5.5. Magnetization inside the substrate vs applied magnetized field from the electromagnet

The magnetostatic modeling of the electromagnet and the windings can now be used to

perform the microwave simulations of the antenna in the biased conditions.

5.3.2 Microwave Simulations

Initially, the circular patch antenna is designed on the magnetic substrate without any bias.
The antenna is optimized to operate at 6 GHz using the dielectric and magnetic properties of the
material. These properties include the dielectric constant, the demagnetized permeability and the
loss tangent obtained from section 5.2. The optimized antenna has a radius of 4.1 mm on a
substrate thickness of 1.5 mm. The antenna is fed at the edge with a microstrip feed therefore it
needs to be matched using an open circuit stub. The open circuit stub has a length of 3.5 mm and
is 1.6 mm away from the edge of the antenna. The inset feeding technique cannot be used here

because the circular polarization of the antenna will be disturbed due to the discontinuity in the
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patch structure. Therefore, instead of using inset feed, a conventional microstrip stub matching is
employed in this design. The simulated impedance and radiation performance of the antenna are
presented in Fig. 5.6. A maximum gain of 3.34 dBi is obtained from the antenna at 6 GHz. Once
the antenna has been optimized for its performance in the unbiased state, it can be simulated for
the partially magnetized state.

Initially the antenna is simulated with a uniform bias changing the magnetization of the
antenna from O to its saturation magnetization of 1,540 G. The simulation results reveal the
frequency splitting of the antenna. As expected in the biased state, the antenna resonates at two
different frequencies with opposite senses of polarization. This means that a linearly polarized
antenna will start behaving as a circularly polarized antenna. These results are consistent with the
proposed theory. In simulations, one polarization tunes from 6 GHz to 6.4 GHz, while the other
polarization tunes from 6 GHz to 5 GHz. If the direction of the applied bias is reversed, then the
senses of polarization change for the two tuning frequencies, which means that if the 6 GHz to
6.4 GHz band was showing LHCP for one direction of bias, then it will show RHCP for the
opposite bias direction and vice versa. This is also consistent with the proposed theoretical
model. Similar trends of frequency tuning and polarization reconfigurability are observed when
the antenna is simulated using the magnetostatic simulations of the bias windings, which models
the non-uniform bias inside the magnetic medium. The actual comparison between the theory
and the simulation will be discussed in detail with the measurements to avoid any repetition of

the current discussion.
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5.4 Antenna Fabrication and Measurements

In this work, a fully printed process, utilizing a custom ferrite (Fe,O3) based magnetic ink for
functional substrate printing and a custom silver-organo-complex (SOC) ink for metal traces
printing, is presented which was reported in [70]. The magnetic ink is prepared by mixing iron
oxide (Fe»Oj3) nanoparticles in SU-8 epoxy resin. Fe,O3; nanoparticles with an average particle
size of 20 nm were synthesized using a simple solution process. The as-synthesized iron oxide
nanoparticles are chemically functionalized with oleic acid so as to be compatible with UV-
curable epoxy resist. The next step is to mix the functionalized iron oxide nanoparticles with the
SUS8 2000 (Microchem) epoxy resist in 50:50 weight % ratio for formulating ink paste. Once the
ink paste is ready, it can be printed using a manual screen printing technique, such as squeegee.
The steps for the fabrication process are displayed in Fig. 5.7. Initially, a slot is created in the
base material using LPKF Protomat S103 (Fig. 5.7 (a)) to facilitate the printing of the magnetic

ink for a precise substrate thickness of 1.5 mm. FR-4 is used as a frame with a sacrificial paper in
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the back to provide support for the magnetic ink. This is done because initially the ink is in liquid
form and needs a support substrate until it is sintered. Once the ink solidifies, due to the sintering
process, it can be separated from the holder, which in this case is an FR-4. Any other substrate
material may also be used as the support substrate for this fabrication process. Once the ink is
printed, it is pre-baked and cured using an ultraviolet (UV) source for 30 min, as shown in Fig.
5.7 (b). Once cured, the magnetic substrate is cut through and separated from FR4 as shown in
Fig. 5.7 (¢). The paper in the back of the magnetic substrate is removed by immersing it in warm
water for 10 min. A 10 um smoothening layer of ‘3D vero black plus’ material is then inkjet
printed and photo-cured on top of the magnetic substrate. In the next step, the SOC ink is
deposited on top and bottom of the substrate using inkjet printing. A total of 8 layers of SOC ink
are printed and cured using infrared (IR) heating for 5 min. Both sides of the magnetic substrate
are printed with the smoothening layer and the SOC ink as shown in Fig. 5.7 (d). After the
printing of the conductor layer for ground plane, an isolation layer is realized through printing of
Vero ink on this ground plane, shown in Fig. 5.7 (e) (in the figure it is shown upside down). The
purpose of this layer is to provide insulation between the ground plane and the bias windings.

The final step of fabrication is the printing of the windings as illustrated in Fig. 5.7 (f).
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Fig. 5.7. Fabrication process for the magnetic ink substrate (a) FR4 screen with supported paper
at the back (b) Screen printing (squeegee) of iron oxide ink (c) After curing cutting the solid
magnetic substrate from the FR4 screen (d) Printing of smoothening layer and SOC (metallic)
layer on both sides of the substrate (e) Printing of Vero ink which serves as isolation layer (f)

Printing of SOC ink on the isolation layer for bias windings implementation
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The printing of the antenna and the ground plane did not pose any significant challenges,
however major issues were observed in the printing of the isolation layer and the bias windings.
After printing of the isolation layer and curing it, big trenches and holes were observed on the
surface of the isolation layer, as shown in Fig. 5.8 (a). Initial investigation suggests that these
trenches and holes were formed due to the evaporation of the trapped solvent from the Vero ink
during the curing process. Due to these holes the conductor layer (for bias windings shown in
Fig. 5.8 b) printed on top of the isolation layer, got short circuited with the ground plane which is
right underneath the rough isolation layer. A possibility to resolve this issue is to try different
inks for the isolation layer instead of the Vero ink, such as polymer based ink SU-8. Another
serious issue which came across during the printing process was large surface roughness of the
magnetic substrate. The Profilometer measurement showed that the magnetic substrate has an
RMS surface roughness of 4.5 um. This high value of roughness not only complicated the
remaining steps of fabrication but also affected the antenna performance. Nonetheless, this is a
completely new process with a new magnetic ink and this is the first demonstration of a fully
printed magnetically controlled antenna and it is bound to have some imperfections. With
repeated experiments, it is expected that the process will improve and at maturity will be as good
a platform for tunable and reconfigurable microwave components as some of the other processes,
such as Ferrite LTCC. Since optimization of the printing process is not the major focus of this
work, no more time was invested on this aspect of the work. With the initial experiments, we
prepared a working prototype which could be tested but without the embedded bias windings.
And since the major goal of demonstrating polarization diversity with magnetic control can be
shown with this prototype, we moved on to characterization of this prototype with external

electromagnets. Having said that, the final goal of this work will still be to integrate the
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embedded windings within this fully printed process, however in respect of timeline of this

thesis, it will be considered as future work to be taken in the group.

- 1000 pm

(a) (b)
Fig. 5.8. (a) Holes on the surface of the isolation layer (b) Printed windings

5.4.1 Impedance Measurements

The photograph of the fabricated antenna is included in the inset of Fig. 5.9. An SMA
connector is mounted on the antenna through a conductive silver epoxy (CW-2460 of
Chemtronics) for its impedance and radiation pattern characterization. As expected, the antenna
works at 6 GHz in the unbiased state, as shown in Fig. 5.9. Some loss can be seen in the
impedance plot of the antenna as the curve does not go close to 0 dB of return loss. It is also
expected because of the large surface roughness of the magnetic substrate. The conductor layer
printed on the fabricated substrate is only 2 pm which means that the conductor layer will also be

rough due to the surface roughness of the underneath substrate.
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Fig. 5.9. Measured reflection coefficient of the antenna with an image of fabricated module

For characterization under biased condition, the antenna is placed between the poles of the
electromagnet whose magnetic field is varied to test the antenna under varying bias conditions.
The antenna is placed in a way that the applied direction of bias is normal to the surface of the
antenna. As has been seen in theory and simulations, biasing the antenna causes a split in the
resonance frequency of the antenna. As the strength of the magnetic bias is increased the two
frequencies tune away from each other. A plot showing the comparison between the three results
i.e. theory, simulations and measurements is shown in Fig. 5.10. A good agreement can be
observed between these results which validates the theoretical analysis. From the simulations, it
is known that the two frequencies will have circular polarization with opposite sense of rotation.
One of the polarizations is referred to as P1 while the other one is named as P2. Each

polarization (P1 or P2) can either be LHCP or RHCP depending on the direction of the bias. For
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+Z direction of bias P1 is observed to be LHCP while P2 is found to be RHCP. If the direction of

bias is reversed to —Z direction then the two polarizations will interchange.
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Fig. 5.10. Frequency splitting of the circular patch antenna due to the applied magnetostatic bias

Although the phenomenon of frequency splitting has been observed in the impedance
measurements, the polarization is yet to be determined for the fabricated antenna. This means
that the antenna needs to be characterized for its gain and radiation performance in the biased
conditions. Unless the axial ratio of the antenna has been measured, it cannot be said with surety

whether the antenna is actually circularly polarized.

5.4.2 Radiation Pattern Measurements

The radiation pattern of the antenna is initially measured in the unbiased state at 6 GHz. A

good agreement can be seen between the simulated and measured radiation performance from
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Fig. 5.11. A slight tilt is observed in the measured radiation pattern of the antenna in Phi = 0°
plane. This is the plane where the connector of the antenna is mounted due to which the
maximum gain of the antenna is at 6 = 15°, instead of 6 = 0°. This is consistent with the
measurements of the patch antenna and the helical antenna reported in chapter 3. Also, some
ripples can be seen in the Phi = 0° plane, which can be a combine affect due to the large surface
roughness (4.5 um for a conductor thickness of 2 um) and the presence of the connector in this
plane. Having said that, most of the large ripples are concentrated in the region beyond +70°

where the radiation of patch is almost 10 dB less as compared to the maximum gain.
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Figure 5.11. Simulated and measured radiation patterns in the unbiased state with the antenna

coordinate system

Ideally the radiation characteristics of the antenna should be measured in an anechoic

chamber with the required magnetic source. However, it is not possible to accomplish this task
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due to the use of electromagnet as the source for generating the required magnetic field strength.
Therefore, people have been using electromagnets to bias the substrate and observe the
consequent radiation characteristics of the antenna. Using electromagnet inside a chamber is not
practically feasible. The size of an electromagnet which can provide the required field strength is
usually in the order of 60 cm x 50 cm x 40 cm as shown in Fig. 5.12 (a). This kind of structure
cannot be used in an anechoic chamber. Instead of an electromagnet, a permanent bar magnet
can be used in the chamber, as shown in Fig. 5.12 (b). The size of this magnet (50 mm x 1 mm x
1 mm) is suitable for radiation pattern measurements inside the chamber but such a magnet
cannot generate stronger magnetic fields to overcome the demagnetization effect. Therefore, to
further verify the proposed theory and simulations a measurement set up was devised. A non-
magnetic receiving antenna was used on one port of the vector network analyzer (VNA) while
the transmitting port was connected to the magnetic antenna under test. The transmission
coefficient S;; was then measured for horizontal and vertical polarizations of the receive antenna
by rotating it 90° for each measurement, as shown in Fig. 5.13. This was done for different
values of the applied magnetic field. The ratio of the two perpendicular amplitude components
gives the axial ratio at a particular frequency. Using the frequencies from Fig. 5.10, the axial
ratio was measured and is shown in Fig. 5.14. The general trend of this graph is that the axial
ratio becomes lower with the applied magnetic field. This trend is also consistent with the
simulations. The reason for the trend is the magnetization state of the medium. As the ferrite
medium approaches saturation, more dipole moments align with the applied bias fields. At
saturation, all the dipoles are aligned with the magnetic field providing a fixed axis for the RF
magnetic field to rotate hence providing better circular polarization. Mathematically this happens

because near saturation the two orthogonal components of the fields have almost equal
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magnitude due to which better circular polarization is obtained near saturation as is explained in
[18], [53]. Furthermore, slight variation in the AR value can be due to the environment in which
the antenna is measured. Since the antenna is placed in between the poles of the electromagnets
it is bound to have some reflections. Nonetheless, the measured results still validate the circular

polarization of the antenna in the biased state for two different frequencies.

(2) (b)

Fig. 5.12 (a) Electromagnet and (b) Permanent magnet used for biasing of antenna [71], [72]

Poles of the Poles of the

electromagnet clectromagnet
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AUT ntenna nlurma
(AUT) (AUT)

Fig. 5.13 Test set up for AR measurement of the CP antenna (a) RX antenna with horizontal

RX
Antenna

polarization (b) RX antenna with vertical polarization
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Fig. 5.14. Measured axial ratio vs. the applied magnetic field strength

Although the axial ratio measurements do verify the antenna to be circularly polarized, it does
not verify the sense of polarization. To determine this, an RHCP and LHCP non-magnetic
antennas were fabricated at 5.2 GHz and 6.3 GHz. These antennas are to be used as the receive
antennas just as the linearly polarized antenna was used in the last measurements. Using the two
antennas with opposite sense of polarization can help in deciding the sense of polarization of the
antenna under test. At 5.2 GHz, it was observed that the value of S,; is 19 dB greater for the case
when RHCP antenna is used as the receive antenna as compared to the scenario when LHCP
antenna was used. This means that at 5.2 GHz the magnetic antenna shows an LHCP
polarization. Similar measurements were performed at 6.3 GHz, where it was observed that the
LHCP receive antenna shows a 14 dB greater S;; as compared to the RHCP receive antenna.
These measurements prove that the magnetic antenna is RHCP at the measured frequency.

Finally, it can be concluded that for a particular direction of bias the magnetic antenna shows
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sense of polarizations which are opposite to each other at the two tuned frequency points which
is consistent with the theory and simulations.

For the biased state radiation pattern measurement, a permanent magnet is used with the
antenna inside the anechoic chamber. The radiation patterns are measured at 5.6 GHz and 6.1
GHz for the two frequency points. The measured radiation pattern results at the two frequencies
are plotted in Fig. 5.15 (a) and Fig. 5.15 (b) respectively. These measurements again proved that

the antenna is circularly polarized.

===Simulated Phi =0
=== Simulated Phi = 90
==Measured Phi = 0

== Measured Phi = 90

=== Simulated Phi = 0
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(a) (b)

Fig. 5.15. Measured radiation patterns in the presence of a magnet at (a) 5.6 GHz (b) 6.1 GHz

The final measurement for this design is for the gain of the antenna. The maximum measured
gain of the antenna is found to be -1 dBi. This value is quite low as compared to the simulated
value of 3.34 dBi. However, this low gain performance from the antenna is due to the surface
roughness value measured in this device. It has already been discussed in the Ferrite LTCC based

helical antenna and the patch antenna array that surface roughness can be a significant factor in
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deteriorating the gain of the antenna. Therefore, due to roughness value of 4.5 pm and the Sy,
performance shown in Fig. 5.11, a poor gain from the antenna is obtained. In order to verify this
effect, the measured surface roughness value is used in the simulator for post-measurement
simulations. The post-measurement simulations show that the gain of the antenna drops from
3.34 dBi to -1.03 dBi due to this effect. This means that optimizing the fabrication process for

better surface roughness value will improve the radiation performance considerably.

5.5 Conclusion

This chapter covers the theory, simulations and design of a circular patch antenna on an iron-
oxide nano-particles based magnetic substrate. The substrate is realized using manual screen
printing process (squeegee) while the conductor layers of SOC ink are printed using inkjet
printing technique. The antenna is initially designed to operate as a linearly polarized antenna
which on application of magnetic bias provides circular polarization at two different resonant
frequencies. These frequencies can be tuned using the applied magnetic field strength. Although
for this work, the substrate is magnetized using an external electromagnet, with better
optimization of fabrication process, embedded bias windings can be realized in the same
substrate as the antenna. For the proof-of-concept the antenna design is measured using external
magnetic sources. The correlation between the theory, simulations and measurements is decent
and therefore it can be said that the proposed theoretical model has been verified by simulations
as well as measurements. The antenna shows a tuning range of 5 % and 16.7% for the two
polarizations. Since the polarizations can be reversed with the direction of applied bias therefore
it can be stated that both the polarizations can achieve the upper limit of the tuning. The concept

thus shows that a polarization reconfigurable antenna can be designed on a partially magnetized
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substrate which can be frequency tuned by changing the bias strength. A comparison between the
tunability of the patch antenna on the magnetic ink with the ferrite LTCC design is shown in

table below:

Table 5-2: Comparison of LTCC Patch Antenna with the Magnetic Ink Antenna

Saturation Center Tuning Applied
Substrate Magnetization Frequency Range Magnetic Field
[G] [GHz] [“o] [Oe]
LTCC 4000 13.1 10 19
Magnetic Ink 1560 6 16.7 2750

From Table 5-2, it can be seen that the LTCC tape system has a higher saturation
magnetization as compared to the Magnetic ink which is due to the different composition of
ferromagnetic particles in the two substrates. Keeping in view, the saturation magnetization of
the two mediums, the antennas are designed at different center frequencies to stay away from the
low field losses by operating at frequencies above the magnetization frequency, (fn = 4 7Ms).
Greater tuning range is achieved from the magnetic ink antenna due to the use of external
electromagnets which do not have any limitations and can generate strong magnetostatic fields
(in kOe) as compared to the bias windings which can be easily damaged by using higher values

of current.
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Chapter 6

Conclusion and Future Work

The ever increasing demand of the modern communication systems require added
functionality in the RF and microwave components which includes, antennas, filters and phase
shifters etc. One such requirement is the tunability of the antennas and filters while the other can
be beam scanning capabilities from an antenna array. Magnetic mediums provide a suitable
platform for the realization of such tunable and reconfigurable microwave components. In this
thesis, tunable antennas, phase shifter, phased array and a polarization reconfigurable antenna
has been presented. The issues of large size and inefficient performance of the previously
reported ferrite based designs have been addressed by operating the designs in the partially
magnetized state and using embedded bias windings. The multilayer ferrite LTCC technology is
used for the realization of tunable antennas and phase shifter to provide proof-of-concept.
Moreover, a custom in-house printing process using a novel magnetic ink is also studied. Using
the new magnetic ink a polarization reconfigurable patch antenna has been demonstrated which

shows the viability of this process for the implementation of tunable microwave components.

6.1 Ferrite LTCC based Tunable Antennas

Chapter 3 covers the theory and design of tunable antennas using multilayer ferrite LTCC
technology. Two different antenna designs i.e. patch antenna and helical antenna are used as a

proof-of-concept. Using the vertical integration technique of LTCC medium, embedded bias



143

windings are used for tuning the antennas instead of external electromagnets. Furthermore, the
antennas are operated in the partially magnetized state as opposed to the conventional ferrite
based designs that rely on saturated regime. The use of embedded windings in conjunction with
the operation in the partially magnetized state provides a field reduction of almost 90 %. For the
patch antenna, new theoretical models have also been proposed for different direction of bias.
Both the antennas and the bias windings are modeled in the high frequency and magnetostatic
simulators. Finally, prototypes of the antennas are realized using the multilayer LTCC
fabrication technique. A good agreement is observed between the theory, simulations and
measurements of the tunable antenna designs. A tuning range of almost 10 % is achieved from
the two antenna designs. The absence of the electromagnets not only reduces the required
magnetostatic fields but also helps in miniaturizing the antenna design. Finally, the proposed SoP
concept for ferrites can allow its integration in the modern communication world where the

demands for small size, low cost and high efficiency is consistently on the rise.

6.2 Ferrite LTCC based Half Mode SIW Phase Shifter for Phased Array

Applications

In chapter 4, theory and design of a half mode SIW phase shifter is presented using the same
multilayer technology that was used for the tunable antenna designs. This is the first time that
half mode waveguide or SIW based phase shifter has been implemented in the ferrite technology.
The added advantages of the embedded bias windings and operation in the partially magnetized
state help in reducing the overall size of the system and the power requirements. The phase

shifter provides a phase shift of 83.2° with an insertion loss of 1 dB. The general application of a
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phase shifter is usually in the antenna arrays to provide beam steering capabilities. Therefore, to
show the effectiveness of the proposed phase shifter design, it is integrated in a two element
patch antenna array. The array is measured for its radiation performance whereby a measured
steering of 30° is achieved from the designed array. The use of single phase shifter allows the
steering in only in one direction of the H plane. However, if using the design concept shown in
this work, the array can be integrated with two phase shifting elements that can cover both halves
of the antenna plane. Nonetheless, the phase shifter and phased array design presented in this
chapter prove that the ferrite LTCC technology is a viable option for realization of highly

miniaturized and low weight reconfigurable microwave designs.

6.3 Polarization Reconfigurable Patch Antenna Realized Through Low Cost

Additive Manufacturing

In chapter 5, a new fabrication technique has been studied for the realization of magnetically
tunable antenna designs. For this purpose, a new iron oxide nano-particle based ink is presented
that be screen printed using squeegee. In this way the substrate for the antenna itself is printed
unlike the LTCC technology. Such an implementation can reduce the overall cost of the RF
components manifolds. In addition to the substrate, the metallic layers for the antenna is also
printed using inkjet technology. The novel magnetic ink based substrate is characterized for its
microwave and magnetostatic properties. Eventually a circular patch antenna is implemented
using the in-house prepared magnetic ink. On biasing the antenna perpendicular to its plane,
frequency splitting is observed. In addition, the linear polarization of the antenna is reconfigured

to circular polarization due to the application of magnetic bias. Both sense of rotation i.e. LHCP
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and RHCP are obtained from the antenna at the same time but at different frequencies. Increasing
the strength of the applied bias causes the frequencies to further tune away from each other. If
the direction of the bias is reversed the two sense of polarizations interchange their operating
frequencies. Like, the linear polarized patch antenna a theoretical model backed up by
simulations and measurements has also been presented. The antenna provides a tuning range of
almost 16 % of its center frequency. At this point, the antenna is biased using external
electromagnets due to the immaturity of the fabrication process. However with the advancement
in the fabrication techniques it can be expected that the same results can be obtained with an
embedded bias winding and hence encompassing all the advantages of ferrite LTCC technology

with an added advantage of cost-effectiveness.

6.4 Future Work

Although the magnetically tunable designs presented in this work provide promising results,
there are number of directions which can be followed to further pursue this area of research. We
will discuss these directions of research keeping in view the two different mediums used in this

thesis.

Firstly, for ferrite LTCC there are two major issues which need to be investigated to improve
the performance of the designed RF components. Among these issues one is related to the
conductor surface roughness which is observed in two of the antenna designs reported in this
thesis. The problem of the conductor surface roughness significantly affects the loss of the
microwave design. A very crude technique to improve this roughness is to polish the metal layers
after their deposition. However, this can be done only for the layers which are exposed

externally. Ferrite LTCC is a multilayer fabrication process which uses vertical integration for
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system realization. Therefore, some of the layers in the LTCC medium are embedded inside the
module. These embedded layers are not exposed to the outside world and therefore they cannot
be polished once the layers are fired together as a single module. Thus, it is important that new
fabrication techniques and steps are examined which can help improve the conductor surface
roughness. The other problem with the ferrite LTCC is the heating of the substrate due to the
presence of the current in the bias windings. This heating of the substrate cannot only damage
the windings themselves but can also alter the performance of the microwave design. This is
because the saturation magnetization of a material is a temperature dependent property.
Consequently, heating of the substrate can create serious issues in tunable microwave designs
and needs to be investigated. One of the solutions to the problem of the substrate heating is the
optimization of the bias windings. The heat generated due to the bias windings is because of the
power dissipation through the bias windings conductors. This dissipated power is directly related
to the resistance of the conductor and current flowing through it. The resistance of the conductor
is inversely proportional to its cross-sectional area. Therefore, by using wider and thicker
conductor lines, one can lower the resistance of the bias conductors hence reducing the power
consumption. Similarly by using more number of turns in the windings the value of the current
required to bias the substrate can be optimized for lower values. The combine effect of smaller
current and lower resistance can significantly decrease the dissipated heat. The other solution for
this problem can be the use of different cooling mechanisms with the ferrite substrates. This can
be achieved by the utilization of heat sinks or fluidic channels inside the substrate. The presence
of heat sinks or fluidic channels will allow the designers to control the temperature of the ferrite

medium by dissipating heat through them. In this way the heat generated inside the ferrite
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medium can be readily removed hence reducing its effect on the performance of the microwave

component.

One more method to cater the problem of heating in ferrites is to exploit the remanent nature
of the ferrite material. This technique of using remanent state of ferrites is more useful than the
two techniques discussed above. It is well known that magnetic mediums usually show
remanence which means that they can retain some portion of the applied magnetic field. Using
this effect, the bias current can be applied in the windings in the form of square pulses whose
time period can be controlled externally. The current can be applied for very short intervals of
time, such that it does not increase the temperature of the material. After the removal of the
applied current, the material will still hold some part of its magnetization due to its remanent
nature. As a result, tuned response of the microwave component can be maintained to a certain
degree. This use of remanence is a good solution to the problem of heating in ferrites. However,
at present, the remanence performance of the ferrite LTCC designs is not up to the mark. The
designs presented in this work show squareness of only 0.2 which means that only 20 % of the
applied fields are retained in the medium. This value is quite low and is inefficient in its current
state. This requires research in the materials domain. Ferrite LTCC is a mixture of ceramic and
magnetic particles. Therefore, one direction of research can be towards the composition of this
mixture. If squareness of the ferrite LTCC medium can be improved by investigating its

magnetic composition, then this problem of heating can be significantly reduced.

For the magnetic ink proposed in this thesis the major problem is the printing of multiple
conductor layers. As reported in chapter 5, that currently we were not able to print the isolation
layer underneath the ground plane of the antenna due to which bias windings were not

implemented in this design. This is the main concern in this new fabrication technique and it
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needs to be resolved for the multilayer implementation of magnetically tunable components. For
now, we have only tried one of the materials (i.e. Vero) to be used as the isolation layer. In
future, different types of materials should be explored to evaluate their feasibility in such an
application. If the realization of the bias windings can be achieved using the proposed multilayer
printing process, then it will open doors for the design of various antennas, filters, phase shifters,

phased arrays and other tunable microwave devices.
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