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ABSTRACT

Wireless communication systems often require that a single antenna work
at different frequencies. Thus the reconfigurable antennas are useful in frequency
agile environments to receive a signal over multiple bands. Research on antenna
reconfigurability using mechanical systems and radio frequency (RF) switches
have been implemented in the past years. One problem for these voltage-
controlled switches is that they require direct current (DC) bias control lines for
operation. The incorporation of DC biasing circuitry also limits designers to explore
the reconfigurable capacity of many antennas. The DC bias control lines can possibly
degrade the antenna performance. Moreover, because of the additional control signals,
many existing multiband systems cannot use reconfigurable antennas. In this research,
magnetostatic responsive particles are used in micro-sized cavities to manufacture
novel magnetic switches that are activated in a magnetic field. Furthermore, the
characterization, modeling in simulation software, and lumped element model
extraction of these micro electromechanical systems (MEMS) based on magnetic
switches is presented. A refined method of quantifying the micro sized magnetic
particles in a cavity and the response of the proposed micro level magnetic switches
in the RF field is also explained in detail. Then, a microstrip patch antenna loaded
with Electromagnetic Band Gaps (EBGs) that cannot be reconfigured using existing
RF switching devices was reconfigured using the proposed magnetic switches and is
presented in this research for the first time. A comparison between PIN diodes and the
proposed magnetic switches on a microstrip patch is also included in this research to
show the efficiency of the proposed structure. Overall, the proposed magnetic switches
showed good results when used in antenna systems to achieve reconfigurability and

do not effect the radiation characteristics of the reconfigured antenna.
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CHAPTER 1. AN INTRODUCTION TO
RECONFGURABLE ANTENNAS AND PROPOSED
RESEARCH

Multi-functionality in antenna systems has been a topic of great interest for
researchers from the past three decades [1]. Multi-functionality options to provide
liberty to the users to connect with different kinds of services for various applications-
oriented tasks at different times. To accomplish this it is desirable to design single
radiating elements having multifunction capabilities [2], such as reconfigurable an-
tenna systems. Software defined radios, MIMO systems, cognitive radio, and phased
arrays are the potential examples of reconfigurable antennas. In antenna systems,
reconfigurability is achieved by using phase shifters, tuneable elements in the feeding
network, mechanical means, Radio Frequency Micro-Electro-Mechanical Systems (RF
MEMS), Field Effect Transistors (FETSs), and PIN diodes. These existing technologies
that are used to reconfigure the antenna system require DC power and biasing
circuitry for their operation and because of the flow of the RF current, antenna
efficiency can be degraded due to losses. This required biasing circuitry also limits
some of the antennas to be reconfigured using existing technologies.

1.1. Statement of the Topic

The idea of a magnetic switch to obtain the reconfigurability is being proposed
for the first time in this work. An external magnetic field will be used to excite the
magnetic switch which will eliminate the requirement of the biasing circuitry on the
antenna system. This research will first focus on the initial manufacturing of the
magnetic switch, packaging of the magnetic switch, its behavior in the RF field, and

its applications in the RF switching and antenna reconfigurability.
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Figure 1. Isometric view of scratch drive actuated 17.5
GHz Vee Antenna [6].

1.2. Contributions

The contributions of this research are, manufacturing magnetic switches, char-
acterization of the magnetic switch, a compact antenna with reconfigurable char-
acteristics in frequency of operation that cannot be reconfigured using PIN diodes
and existing technologies. Furthermore, this research will provide a comparison
between the magnetic switch and the PIN diode by reconfiguring an antenna using
the proposed magnetic switch and the PIN diodes.
1.3. Previous Work on Reconfigurable Antennas

Reconfigurable antennas have been around since the 1930s. Initially, they were
based on mechanical movement of a feed or antenna part [3] - [4]. Antenna arrays
took reconfigurability to a new level with electronic control of the antenna’s pat-
tern. MEMS and semiconductor switches have been at the heart of most reconfigurable
antenna research since the late 1990s. MEMS switches are tiny mechanical switches
packaged on a substrate (silicon, quartz, and glass). Antenna reconfigurability using
a MEMS switch is reported in [5]- [9].

Figure 1 shows an illustration of the antenna in which each radiating arm has

independent movement that in return gives the possibility of beam shaping and far-
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Figure 2. (a) Original antenna layout. (b) Antenna
configuration with the MEMS switches [10].

field beam steering. The work in [10] demonstrates the use of the MEMS Switch
incorporated in a 3rd order Hilbert curve fractal antenna.

The use of a MEMS switch reconfigures the resonant frequency from 10 GHz to
12 GHz and the structural loading of the antenna is shown in Figure 2. The single
arm square antenna’s reconfigurability is achieved in [11]- [14] in terms of radiation
and frequency using RF MEMS switches. The outer edge of the arm is shorted to the
ground and two RF switches are used for reconfigurability by changing the electrical

length of the radiating element. The RF chokes are used to reduce the insertion loss

Via to Ground

Switch#2
"y S

Open /Short

Circuit

Switch#1

Figure 3. Single arm square antenna configuration [11].
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Figure 4. A reconfigurable antenna that changes polar-
ization using MEMS [15].

that results from biasing the path connected to the RF part in the PIN diode switches
as shown in Figure 3.

Reconfigurable antennas can also change the antenna’s polarization. As depicted
in Figure 4, placing the MEMS switches in the feeds of micro-strip antenna [15]
provides the ability to switch from linear polarization to the orthogonal linear
polarization, or to circular polarization.

Semiconductor RF switches such as PIN diodes and FETs have also been used
to re-configure antennas. The work in [16] presents a microstrip patch antenna
for polarization reconfigurability. The radiating elements are incorporated with two
orthogonal slots and the diodes are used for establishing the ‘ON’ or ‘OFF’ connection
between the slots that results in a reconfigured antenna capable of radiating with
either Right-Hand Circular Polarization (RHCP) or Left-Hand Circular polarization
(LHCP). The antenna geometry and parametric configuration are shown in Figure 5.

The work in [17] focuses on the concept of slot antennas, excited by a Co-
Planar Waveguide (CPW) line. Figure 6(a) shows the antenna configuration with four

switches for operation at the lower frequency, whereas Figure 6(b) shows the antenna
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Figure 5. Switchable slot reconfigurable patch antenna
dimensions [16].

design in the shortening of other 4 switches out of the total (8) switches. The slot
antenna is switched in or out using the PIN diodes for frequency reconfigurability.
The FET switches have also been considered as a strong candidate for achieving
the antenna reconfigurability. The first UWB reconfigurable antenna prototype was
presented in [18]. Gallium Arsenide (GaAs) FETs were used to connect various
types of stubs for feeding structures of a monopole. This connection results in
different electrical lengths thus re-routing the current paths in radiating elements
and making the antenna reconfigurable on multiple bands. The proposed geometry

of the reconfigurable antenna in [18] is shown in Figure 7. The Photo Voltaic (PV)

‘ »

Y | ] .
B Diodes i AV Diodes
Dicd OFF' | oo
D OI(F)FESD o 2 Q i
D el I e
} CPW Line } CPWLine

(@) (b)

Figure 6. (a) Configuration for a lower frequency and (b)
configuration for operation at a higher frequency. [17].
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Figure 7. UWB antenna geometry (a) top view and (b)
bottom view. [19].

FET characteristics, its operation for RF/uwave switching and intention of the PV
FET is also discussed in [19].
1.4. Conducted Research

The re-configurable antennas using existing technologies, such as the RF MEMS,
PIN diodes, and the FETs have been explained in the chapter 1. The information
presented summarizes the research in the field of reconfigurable antennas, but there
are some antennas in literature in which it is difficult to incorporate the biasing
network and RF chokes in order to achieve reconfigurability. Therefore, there is a
room for significant research to be conducted in the reconfigurable antenna field. The
next subsections will explain the research carried out and technical objective of this
research.
1.4.1. Properties of Interest and Research Questions

The RF and microwave switches have extensive use in antennas and electro-
magnetics for switching the frequency, radiation pattern, and the polarization. These

switches can be categorized in two main groups; Electromechanical and Solid State



Switches. Moreover, these groups fall into three main forms that are used in RF
applications: RF MEMS, PIN diodes, and the FET technology. These existing
switches have their own advantages and disadvantages.

The RF MEMS switches have a wide range of applications ranging from cell
mode switches in terms of frequency, radiation pattern, and polarization reconfigura-
bility to radar systems. The RF MEMS have low insertion loss and low control power
allowing the switch to optimize the power requirements of the system. On the other
hand, these switches have high losses at microwave and mm-wave frequencies. These
switches may need an inexpensive packaging to protect the moveable MEMS bridges
against the environment.

The PIN diodes are also used as an alternative for the applications in antennas
to achieve reconfigurability. The PIN diodes have fair microwave performance by
providing resistance ranging from a fraction of an ohm when forward biased, to
greater than 10 kW [20] when reversed biased. The PIN diodes are suitable for
high frequencies but have a limitation when operated down to DC and also require
more current to operate [20]. Moreover, FET biased resistance is higher than PIN
diodes, this offers high insertion loss [20].

The FET schematic diagram is shown in Figure 8(a). The gate voltage is directly
proportional to the conducting channel’s size beneath the gate. Thus, by increasing
the voltage at the gate increases the conducting channel’s size which allows current
to flow between the source and drain.

The PIN diodes are heavily doped p-type and n-type regions (used for ohmic
contacts), which are doped by a lightly-doped intrinsic region as shown in Figure
8(b). The PIN diodes in forward biasing create a very low resistance at low frequency,
while the reverse biasing results in an open circuit. PIN diodes are current controlled,

while the FETs require only a voltage signal for switching, instead of a DC current.
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Figure 8. (a) A diagram of a FET (b) A diagram of a
PIN diode. [21].

PIN diodes are also capable of controlling large RF' signal powers while using much
smaller levels of control power. The figure-of- merit of the PIN diodes is higher than
the FETs [21].

All of the electrostatic switches discussed earlier have advantages and disad-
vantages in terms of switching time, drawing current, power loss, and insertion
loss. Many reconfigurable antennas have been investigated in literature using these
electrostatic components. All of these switches either employ mechanical activation
for the movement of radiating elements or radiating elements are kept stationary. The
switches are then integrated to alter the electrical length of antenna for re-routing
the current path to make it reconfigurable. Antenna reconfigurability using these
techniques have been briefly discussed in literature review section of this chapter.

All of the RF switches require a biasing network for their operation and are
well characterized in terms of their properties [22]- [23]. In simulations some types
of antennas can be made reconfigurable as it may require only a conducting strip
for the current continuation path. But when these antennas are manufactured for
measurements it is required to activate PIN diodes/FETs/RF MEMS switches by
incorporating a biasing network on the antennas substrate. All of these RF switches

that are used for antenna reconfigurability require a DC power for their operation and



this addition of DC power may add some bulkiness and cause degradation in antenna
performance.

Thus the proposed research will be focusing on the following two points.

o [f a switch is designed such that it can be activated using magnetostatic fields,
then what will be its impact on the RF power and how will this magnetic switch
will be characterized in terms of its S-parameters (insertion loss and isolation

in the ‘OFF’ state)?

e How will these proposed magnetic switches be used in achieving reconfigurability
and will they be a good alternative for the antennas that are difficult to

reconfigure using conventional MEMS/PIN diodes/FETs?
1.4.2. Technical Objectives

1. Model and test the idea of MEMS based RF magnetic switches in 3-D
Electromagnetic simulator High Frequency Selection Simulator (HFSS) [24].
Manufacture micro level magnetic switches and investigate the characteristics
of the magnetic switch, such as S-parameters and insertion loss, on a known

microstrip transmission line.

2. Investigate the simulation model of the proposed magnetic switch and simula-
tion of different types of reconfigurable antennas using magnetic switch in 3-D
Electromagnetic simulator High Frequency Selection Simulator (HEFSS) [24],
and Advanced Design Software (ADS) [25].

3. Verify the results of the simulated reconfigurable antennas with the measure-
ment results by incorporating the manufactured magnetic switch prototypes.
Especially in the antenna where polarity issues arise and become difficult to use

a diode for achieving switchable multi-band operation.



1.5. Previous Work on Magnetic Switch Development and Feasibility
Study
1.5.1. Introduction

An initial investigation and feasibility study of the magnetic switch development
will be discussed in this subsection. The portion of this chapter will focus on the
manual manufacturing of magnetic switches (1st Generation (Gen.) switches). The
1st Gen. switches behavior in the Radio Frequency (RF) field will be further explored
along with effect of magnetic field strength analysis on the proposed switch. The RF
response of the initial magnetic switch prototypes will also be presented.
1.5.2. Feasibility Study of the Magnetic Switch

An initial investigation was conducted by the preliminary experimentation to
verify the idea of the magnetic switch. The switch consists of two parallel plates
with a dielectric layer between them. Figure 9 shows the schematic of the proposed
switch. The top electrode is a soft Copper (Cu) sheet, whereas the bottom electrode
is a standard Cu-clad FR4 board. The dielectric is a 125.0 micron thick kapton. The
cavity in the kapton is made using the standard office punch and has a diameter of

7.0 mm. Ni-coated particles [26] (Figure 10) having an average size of 40.0 microns,

are filled in the cavity of dielectric portion as shown in Figure 9. Dimensions of the

aV|ty
Particles

Figure 9. Magnetic switch first prototype, switch parts
schematic (left) and assembled switch (right).



Figure 10. Silver coated magnetic additive, CONDUCT-
O-FIL SM40P 20.

first prototype are shown in Figure 11. When this proposed structure is brought in
between the two static magnets (6.0 mm apart from proposed switch structure) the
resistance is 50 €). The switch behaves as a ‘short’ (low resistive path) by aligning
the magnetic particles whereas in the absence of magnetic field, the switch acts as

‘open’.

¢ Magnetic Force
(to close switch )

0.15mm ‘I_,,Cu Foil
i ------ Cavity with Ni Coated
T -+ Manetic Particles
: D,y =7mMmM)
h=0.125mm/ :
0.575mm/
1.025mm |
Copper Clad FR4
(0.1mm Cu Thickness)

>

Figure 11. Dimensions and structure of first prototype
switch.
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Figure 12. Magnetic particles in a transparent box placed
between two magnets.

In a separate observation experiment, a small amount of magnetic particles are
placed in a 7.0 mm thick plastic box and the magnetic field is applied to witness
the particles behavior. As the magnets are aligned together, the particles start to
concentrate and build a column in the center of the box, as shown in Figure 12.
The distance between the magnets is 36.0 mm, corresponding to the magnetic field
strength of 500 Gauss. This experimental verification shows that the MEMS based
magnetic switches can be a possible replacement for other DC biased RF switches and
do not require a direct connection. In the next step [29] additional structures with
more controlled amounts of particles were built and tested to observe their behavior
(resistance) with a constant magnetic field initially.

1.5.3. Magnetic Field Strength Analysis

The magnetic field strength was varied by changing the distance between the

two static magnets. The strength of the field was measured at the mid-point between

the two magnets using a gauss meter. The strength of the magnetic field with respect

12
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Figure 13. Magnetic field strength vs distance between
the magnets [29].

to the distance between the two magnets is shown in Figure 13; black diamonds are
measured values, whereas black line is a curved fit [29].
1.5.4. Quantification of Particles

In order to quantify the amount of particles in each individual switch, a value
R was introduced [29]. The R-value is equal to the ratio of the volume of the cavity
to the volume of the particles in the cavity. This R value is used to ensure that the
cavities with different depths (hence different volume) each receive the right amount
of particles, i.e. a cavity with a smaller depth (volume) will be filled with smaller
amount of particles than a cavity with a larger depth, but both will have the same
R value. The R-values that were used were 20.2, 28.9, 40.4, 50.5, 67.3, and 101.
So, for example, a switch with an R = 20.2 has a cavity volume 20.2 times larger
than the volume of the particles in it, and a switch with R value of 101 has less
particles than the switch with R = 20.2. The behavior of these switches was studied

in a magnetic field that varied from 300 to 3000 Gauss and the objective was to

13



observe how fast the resistance dropped as the magnetic field strength increased and
at what point did the overall resistance of the switch (measured between the top and
bottom electrode) fell in the low Ohm range, i.e. less than 10 Q. It was observed
that as the amount of particles in the cavity is increased, the switch resistances in
magnetic field approaches the lower values faster; this makes sense, as more particles
are available to form columns. The resistance behavior as the R-value decreases is also
discussed and observed that the amount of particles increases, for different magnetic
field strength [29].

The behavior of the resistance of these switches in the presence of magnetic
field is reported in [29]. It is reported that the switches with a higher volume, hence
higher height (diameter was fixed), approached the low resistance values faster and
showed more stable behavior than switches with lower volume/height with the same
R-value. Upon closer inspection of particle behavior, it was seen that as the magnets
are brought together, the particles first redistribute to cover the whole area of the
magnetic field, and as the field is increased they start to ‘climb’ on each other to form

columns. That means, although a switch with fewer particles may have the same

» “-..._Magnetic
| Particles

--Copper

Gap for

discontinuity (0.3 mm
v ) TMM4 Substrate ... port #2

(thickness=1.52 mm)

Figure 14. Dimensions (all in mm) magnetic switch build
on a 50-() transmission line. For first prototype A = 20,
B =20, h=0.125, and d = 7. For smaller switches A =
1.5, B = 1.5, h = 0.508/1.52/3.08, and d = L.5.
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R-value than a switch with more particles, the first will have fewer particles to start
forming columns in the same cavity diameter. Therefore, to reduce the field needed
to close the switch, it is necessary to decrease the area of the magnetic field (make it
more concentrated), or to reduce the area of the switch cavity.
1.5.5. 1st Gen. Magnetic Switch Behavior in the RF field

To study the behavior of a magnetic switch in an RF field, magnetic switch
prototypes were attached to a 50-) microstrip transmission line for the preliminary
evaluation. A detailed illustrative drawing of the magnetic switch with the dimensions
of the cavities and overall switch size with the interconnecting 50-2 microstrip TL
is shown in Figure 14. Initially, a bigger prototype with a 7.0 mm cavity diameter
was tested (Figure 16 (b)) and the RF field response measurements using a network
analyzer is shown in Figure 15.

The RF field response measurement of the magnetic switch is shown in the
Figure 15. It was shown that the results are promising due to the fact that the

switch is changing between two states when the magnetic field is applied. The larger

kS magnet ‘OFF’
- : : -X- S5y magnet’QFF’

30 — S,, magnet ON

: T . S,; magnet ‘ON’
-40[ : : : :
0 1 2 3 4
f (GHz)
Figure 15. RF field response measurement (S-

parameters) of initial prototype on a 50-{2 TL.
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Figure 16. (a) Magnetic switch prototype (bottom)
and big switch prototype (top) on a 50-2 TL, (b)
magnetic switch prototypes (i) h=0.125 mm, d =7 mm,
(i). h=3.05mm, d = L5 mm, (i) h=0.508 mm, d=1.5
mm, (iv) h=1.52mm, d=1.5mm, and (v) h=0.125mm,
d=1.5mm, and (c) smaller magnetic switch prototypes
on a 50-Q TL with d=1.5mm, h=0.125mm (top) and
d=1.5mm, h=1.52mm.

manufactured magnetic switch was able to switch the transmission on a TL up to 500
MHz (isolation of less than —10dB) while maintaining a good impedance match in
the ‘ON’ state (i.e. in the presence of magnetic field). It was observed that there is
capacitive effect due to the larger cavity diameter (h) and larger area of the magnetic
switch. Minimizing the capacitive effect can increase the isolation cut-off frequency
of the magnetic switch. The capacitive effect can be minimized by decreasing the
area of the switch, using low epsilon substrate, or by decreasing the cavity depth
(h) of the switch. In order to observe this change, smaller magnetic switches were
manufactured.

Figure 16 (a) shows the smaller magnetic switches whereas, switches on a 50 -
TL are shown in Figure 16 (c). Figure 16 shows the 1st Gen. larger and smaller

manufactured magnetic switches on a 50-2 TL. The |S9;| of these smaller prototypes
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Figure 17. RF field response measurement (|Sg1|) of
switches having different cavity depths (h) and substrates
on a 50-(2 transmission line.

with different cavity depths (h), and different substrates in the ‘OFF’ state are shown
in Figure 17. Only ‘OFF”’ state |Sy;| are shown, as the capacitive coupling was present
only in ‘OFF’ state. In the ‘ON’ state the RF behavior of these switches were same as
shown in the Figure 15. It can be observed that there is switching capability increase
up to 1.5 GHz (isolation less than —10 dB) for smaller switches with different cavity
depths and substrates.
1.6. Conclusions

In this chapter a literature review on the reconfigurable antennas was presented.
A descriptive overview on the working principles of the FETs and PIN diodes was
also explored. It is concluded that PIN diodes, RF MEMS, and FETs require a DC
biasing circuitry for their operation on a RF platform. Based on the limitations of
these RF switches for achieving reconfigurability in some antennas, research questions
and technical objectives of this research work were proposed. Moreover, an initial
prototyping of the magnetic switch with a larger cavity, its RF response on a 50-2 TL

and magnetic strength analysis was discussed in this chapter. Based on the results,
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switches with smaller diameter were built and their behavior was studied. Their
behavior in RF field showed that smaller switches have better switching capabilities
and weaker magnetic field is need to close the switches. If that trend extends to
the micron sized switches, switching capabilities can be increased above 1.5 GHz and
even less amperage will be needed in biasing the magnetic switch. It is concluded
that magnetic switch can be used as RF switching and there is a need of proposing a

refined quantification method of magnetic particles for micro level switches.
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CHAPTER 2. DEVELOPMENT AND
CHARACTERIZATION OF MICRO SIZED MAGNETIC
SWITCHES

2.1. Introduction

An accurate manufacturing of the micro switches and cavities in which particles
will be placed is presented in this chapter along with the modeling of the switch ge-
ometry in HFSS v. 15.0 [24]. Moreover, a more accurate way of quantifying magnetic
particles will be described followed by the RF field behavior and characterization of
the micro level magnetic switches (2nd Generation (Gen.)).

2.2. Fabrication and Manufacturing of The 2nd Gen. Magnetic Switches

A ProtoMat S63 masters 2.5-dimensional [30] PCB milling machine was used
to manufacture the micro level switches and accurate manufacturing of the cavities.
In particular, the milling practices were used to make cavities in a substrate and for
the accurate cutting of 2nd Gen. switches. Initially, a 0.9 mm cavity diameter (d)
switches having an overall size of 3.0 mm x 3.0 mm x 0.508 mm (i.e. a 3.0 x 3.0
mm? on a 20 mil or 0.508 mm (h) substrate) were accurately manufactured. The
substrate material used was TMM4 and had 1 oz copper on both the top and bottom
layer. These switches are shown in the Figure 18 (a).

A photograph of manufactured switches in Figure 18 (a) shows that milling
practice for switch fabrication is feasible and even smaller switches can be manufac-
tured. Figure 18 (b) shows the manufactured prototype cavities with a diameter of
0.4 mm, thickness of 20 mils, and a square copper (1 oz) and substrate size of 1.0 mm
x 1.0 mm whereas cavities having a diameter of 0.9 mm and area of 1.5 mm x 1.5
mm are shown in the Figure 18 (c¢). Switch A in the thesis will refer to the magnetic
switch dimensions shown the Fig. 18 (a), whereas Switch B will refer to the magnetic

switch shown the Fig. 18 (c).
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Figure 18. Manufactured magnetic switch cavities us-
ing milling machine, (a) d=0.9mm, h=0.508 mm, and
area=3.0 x 3.0mm?, (b) d=0.4mm, h=0.508 mm, and
area=1.0 x 1.0mm?, and (c) d=0.9mm, h=0.508 mm,

and area=1.5 x 1.5 mm?.

2.3. Quantification of Silver Coated Particles

After the manufacturing of the cavities for the silver coated particles (micro-
scopic image is shown in Figure 19), the cavity shown in Figure 18 (a) was filled
with calculated amount of particles. The number of individual particles placed in
the cavity were counted with a microscope. The cavity filling results for 11 and 43
particles are shown in Figure 20 (a) and (b), respectively. However, when the switch
was placed between the permanent magnets the magnetic particles were not able

connect the bottom copper with the top copper tape.
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Figure 19. Microscopic view of the particles.

Then the cavity was filled with even more particles for the purpose of checking
of the test set-up. Figure 20 (c) shows the microscopic view of amount of particles,
and it can be seen that it is becoming hard to count the exact number of particles.
With this amount of particles in the switch, the switch was not able to provide a

connection in the presence of a static magnetic field. Additional particles (Figure 20

Figure 20. (a). Cavity with 11 particles, (b) cavity
with 43 particles, (c) magnetic switch with more then
43 particles- 1° iteration, and (d) magnetic switch with
more then 43 particles- 2" iteration.
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(d)) were then added to the cavity with the pipette. At this point, there were enough
particles in the cavity to connect the two conducting planes.

The above experimentation of counting the magnetic particles in the cavity
showed that the particles were closely packed in the cavity, and it became harder to
estimate the exact amount of particles. However, the particles when they are not
closely packed can be counted in a cavity or on a plane sheet. So, particles counting
is possible, if the surface is large so that particles can spread out on that surface for
counting.

2.3.1. Counting of Silver-coated Particles

A measuring cup having a cavity diameter of 0.4 mm and thickness of 0.015
inches (0.254 mm or 15.0 mils)is manufactured (as shown in Fig. 21). The amount
of particles than can fill the manufactured cylindrical cavity was first estimated

mathematically, as

V = mr?h. (2.1)

Here, V is the volume, r is the radius, and h is the height of the cylindrical cavity. For
the measuring cup the volume V of the cavity was 2.92 x 1079 inches®. Similarly, the
volume K of the a spherical magnetic particle having an average radius of 7.87 x 1074
inches (20.0 micron) was calculated using,

4

K= 5”337 (2.2)

where R is the radius of the magnetic particle. The calculated volume of a magnetic
particle was 2.0449 x 107 inches®. In spherical packing, the densest possible
arrangement of spherical particles in a three-dimensional cylindrical enclosure has

been well addressed by Kepler and is commonly known as Kepler’s problem [27]. So
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(c)

Figure 21. (a). Measuring cup, (b) copper sheet on
bottom side, (c¢) copper tape on bottom side , and (d)
measuring cup filled with magnetic particles.

the density of spherical particles having a volume K in volume V was calculated by

using Kepler’s formula [27], i.e.:

= 3% = 0.74048. (2.3)

This implies that 74 % of available space will be occupied by the spherical particles
and 26 % by the air in the measuring cup. Then the total number of particles in the
cavity was estimated using

1%
N = 0.74— = 1056. 2.4
0.74- = 1056 (2.4)

So, a measuring cup having a diameter of 0.45 mm and a cavity height or thickness

of 0.254 mm (15.0 mil) can hold 1056 particles.
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The estimated number of particles calculated analytically was then verified by
filling a measuring cup with the magnetic particles and then experimentally counting
the magnetic particles. In order to count the magnetic particles, the measuring cup
was filled with the magnetic particles. A microscopic view of the measuring cup is
shown in the Figure 21 (a). A small piece of copper sheet was placed on the bottom
side of the cup as shown in Figure 21 (b), and a copper tape having same size of the
measuring cup was used on the top of copper sheet to hold the particles (Figure 21
(c). The purpose of the small copper sheet was to avoid the sticking of particles to the
copper tape and minimize the counting error. These filled magnetic particles are then
transferred from this cavity on a flat piece of sheet by pacing a small magnets under
the flat piece of sheet. The flat sheet was placed under a microscope and magnetic
particles were counted. This procedure was performed five times and number of
particles were counted for each experiment. The counted particles were found to be
approximately 1010, 950, 1080, 1125, and 1050 for five experiments, respectively. So,
a measuring cup (shown in Figure 21 (a)) can hold up to 1050 particles having an
error of +50.

Once the counting of particles using the measuring cup was done, then these
particles are migrated onto a manufactured magnetic switch by drilling a small hole
on the flat sheet containing the calculate and counted of particles. An illustrative
drawing of showing particle migration to the cavity is shown in Figure 22. The hole
of the sheet was placed on the top of magnetic switch cavity and a small permanent
magnet was used to move the particles and place them in the magnetic switch. It
can argued that a magnetic switch will have approximately 1050 number of magnetic

particles if one scoop of the measuring cup was used to fill the magnetic switch.
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magnetic (on the top of cavity)

particles

magnet

Figure 22. Method used to migrate the magnetic parti-
cles in the cavity.

2.4. Characterization of the Magnetic Switch

After the quantification of magnetic particles in a magnetic switch, the S-
parameters of the magnetic switch were extracted to identify the operational and
frequency characteristics of the micro level magnetic switches in the RF applications.
2.4.1. Procedure for Extracting S-parameters

In order to extract the insertion loss (Sa;) of the magnetic switch in the ‘ON’
state and isolation (Sy1) in the ‘OFF’ state, a discontinuous 50-Q TL with a gap of
0.3 mm, having a dimension of 5 mm x 5 mm on a TMM4 substrate (1.52 mm) was
manufactured, and the magnetic switch was placed in the gap. A prototype of the
TL with the magnetic switches having approximately 1050 magnetic particles in the
cavity is shown in the Figure 24. Detailed dimensions of the prototypes used for the
S-parameters extractions is shown in Figure 23.

The S-parameters, Soperan (magnitude and phase), of the prototypes shown in
Figure 24 were measured using a calibrated network analyzer E5071C (100 KHz-
4.5 GHz) in the switch ‘ON’ and ‘OFF”’ states. These measured S-parameters were
then converted in to ABCD parameters using standard conversion formulas [28].

Mathematically,
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and

Figure 23. Dimensions of a 50-Q2 TL with magnetic
switch prototype used for the S-parameters extraction.
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Figure 24. (a) Switch A on a 50 © discontinuous TL, (b)
switch B on a 50 €2 discontinuous TL.
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The S-parameters, Sreft narf and Sgight nars of the half TLs were then measured and
converted in to ABCDyest hary and ABCDgignt naiy, respectively. After the ABCD
conversion and using the ABCD property that ABCD parameters of the systems
multiply in the cascaded systems, the ABCD parameters of the switch were extracted

in the switch ‘ON” and ‘OFF’ state. Mathematically,

ABCDoyerat = ABCDrepinary X ABCDgyiten X ABC D Righthaiy (2.7)

and

ABCDZeIfthalf X ABCDOWMH X ABCD}_%@'lghthalf = ABCDSwitch' (28)

After the computation of ABCDgyisen, the insertion loss of the magnetic switch in the
‘ON’ state and isolation of the magnetic switch in the ‘OFF’ state were computed.
2.4.2. Results and Discussion

The insertion loss of the magnetic switches (Switch A and Switch B) in the ‘ON’

state is shown in Figure 25. It can be seen from the Figure 25 that in the ‘ON’ state

O T T T T
)
T-0.5
(]
©
2
% 1} |—dBs ,,), Switch A“ON' state
= - =dB(S b1 ), Switch B ‘ON' state
-1.5 : . : .
0 1 2 3 4
f (GHz)

Figure 25. Insertion loss magnetic switches (Switch A
and Switch B in the ‘ON’ state.
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Figure 26. Isolation of the magnetic switches (Switch A
and Switch B in the ‘OFF” state.

both switches have an insertion loss less then 1.5 dB. However, Switch B has lower
insertion loss, but the general behavior of the insertion loss is the same for both the
switches. At lower frequencies, the insertion loss is less then 0.5 dB, and, then, at
higher frequencies, there is an increase in the loss up to 1.5 dB. Overall, both the
switches have good insertion loss and the switches are capable of propagating EM
waves over the range of frequencies from 100 KHz-4.5 GHz.

Figure 26 shows the isolation of the magnetic switches in the ‘OFF* state. It
is shown in Figure 26 that Switch A is capable of providing an isolation of 10 dB
up to several 100 MHz, whereas isolation performance of the Switch B is better as
compared to the Switch A. Switch B has 10 dB isolation up to 2.6 GHz.

The S-parameter results of the micro level magnetic switches showed that the
switches have better operation and frequency characteristics, thus these micro-level
switches can be used in the RF switching.

2.5. Magnetic Switch Simulation Model and Behavior in the RF Field
A simulation model of the magnetic switch (Switch A) with a 50-Q TL was

then modeled in HFSS v.15.0 [24]. Figure 27 shows the geometry of the magnetic
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switch and TL modeled in the simulation software. In simulation, the magnetic
switch ‘OFF’ state was modeled by placing the spheres on the bottom of the switch
cavity. The ‘ON’ state of the switch was modeled by modeling columns of magnetic
particles having an average diameter of 40.0 micron to provide a connection between
the bottom and top copper tape of the switch.

In order to analyze the S-parameters variation of the magnetic switch ‘ON’ state
a simulation on numbers of columns of the magnetic particles was done. Sq; results
for the 1, 2, 4 and 25 number of columns are shown in the Figure 28. It can be
observed that as the number of columns are increased, the S;; values are less then
-10 dB (the same Syy values were obtained). These number of columns do not effect
the S1; and Sgy (dB) values over the range of frequencies from 100 KHz to 4.5 GHz.
These results showed that in simulation model, one number of column can be used
to simulate the magnetic switch ‘ON’ state.

In order to check the validation of the modeled TL with the magnetic switch,
TLs having the same dimensions as given in Figure 27 were fabricated, and manufac-

tured magnetic switches were then attached to the prototypes, as shown in Figure 29.

(b)

Figure 27. (a) Dimension of a 50-2 TL with magnetic
switch modeled in HFSS v. 15.0 and (b) Magnetic parti-
cles model in HFSS.
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Figure 28. Simulated S;; values of magnetic switch for
various columns of particles.

These magnetic switches were filled with the magnetic particles using the measuring
cup (1050 particles), following the procedure explained earlier. Figure 30 and Figure
31 show the comparison of S-parameters of the manufactured magnetic switch A on
a 50-2 TL with the simulation model. As S-parameters of the simulation model were

independent to the various columns of particles in the ‘ON’ state of the switch, so

(@) (b)

Figure 29. (a). Photograph of the cavity attached to the
50-Q TL (b). Photograph of the cavity on the host TL
with magnetic particles and connected with copper tape.
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Figure 30. S-parameters comparison of measurements
and simulation model (‘ON’ State).

for simplicity one column of particles was used to compute the results in the switch
‘ON’ state, whereas in the ‘OFF’ state only the magnetic cavity (no particles) was
modeled in the simulations.

It can be observed from the Figure 30 that in the presence of the magnetic
field and a ‘ON’ (activated) switch, the EM wave is propagating on the TL and
S11/Sa2 (dB) values on the ports of TL are less then -10 dB. Overall, simulation and
measurement results showed good agreement.

Figure 31 shows a comparison of the simulations and measurements of the switch
in the ‘OFF’ state. It was shown that for both the simulations and measurements
Switch A has switching capabilities up to 500 MHz on a 50-2 TL. There is
transmission above 500 MHz through the switch in the ‘OFF’ state because of the
capacitive coupling at higher frequencies. The results showed that the capacitive effect
in the presence of magnetic particles (manufactured) was similar to that of absence
of particles in simulations. The capacitive coupling effect on the measured results
of the magnetic switch in the ‘OFF’ state is in good agreement with the simulation

results of magnetic switch cavity (no particles).

31



T T T T T T T T

UG VROV T WO W

o 40 -~~~ 5449, Measured 0 Sqq Simulated| |
-c B .
; ; - = = Syq, Measured | [ S,1, Simulated
T 0l | S12,Measured —e—5 1y Simulated| |
o S99 Measured S5 Simulated
-80 ¢ i

0 0.5 1 1.5 2 25 3 35 4 4.5
f (GHz)

Figure 31. S-parameters comparison of measurements
and simulation model (‘OFF’ State).

Next, smaller switch prototypes having a cavity diameter of 0.9 mm with a
square copper size of 1.5 mm x 1.5 mm on a 0.508 mm (20 mil) TMM4 substrate
were manufactured. Figure 32 (a) shows the photograph of the smaller cavity (Switch
B) attached on a 50-Q TL, whereas Switch B with magnetic particles attached on a
host 50-Q TL is shown in the Figure 32 (b).

Figure 33 shows the S-parameters of the magnetic switch B on a TL in the

magnetically ‘biased’ and ‘unbiased’ state of the magnetic switch. It can be observed

Figure 32. (a). Photograph of the switch B cavity
attached to the 50 Q TL, (b). Switch B with particles on
a 50 2 TL attached connected with copper tape.
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Figure 33. Measured RF response of Switch B on a 50 2
TL.

from Figure 33 that when the switch is activated (presence of the magnetic field), the
EM wave is propagating on the TL and return loss is less then -10 dB. In the ‘OFF’
state, there is mismatch on the ports of the TL and the -10 dB isolation is up to 1.6

GHz. This shows that the switch is capable of switching for up to 1.6 GHz on a 50 -

transmission line.
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Figure 34. RF field response comparison of Switch A and
Switch B on a TL line ("OFF’ State).
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Figure 35. RF field response comparison of Switch A and
Switch B on a TL line ("ON’ State).

The comparison of the measured RF behavior of Switch A and Switch B in the
‘ON” and ‘OFF’ states on a 50-2 TL is shown in Figures 34 and Figure 35. It can be
observed from Figure 34 that in the ‘OFF’ state, the return loss is at 0 dB, whereas
for the transmission, switch A is capable of isolating up to 500 MHz and switch B
is capable of providing isolation up to 1.6 GHz on a 50-{2 transmission line. Thus
switching capabilities are increased as compared to switch A on a 50-€) TL.

The measured RF field response of switch A and switch B in ‘ON’ state on a
TL was also compared and is shown in Figure 35. It was shown that in the ‘ON’
state, the EM wave is propagating on a TL over a range of frequencies from 100 KHz
to 4.5 GHz and the return loss is less than -10 dB.
2.6. Equivalent Circuit Model of the Magnetic Switch

An equivalent circuit of the magnetic switch was extracted using transmission
line theory and microstrip discontinuities theory for the better understanding of
the RF switching mechanism of the proposed magnetic switch. The bottom of the
magnetic switch was connected to the one end of the discontinuous TL, whereas

the top surface of the magnetic switch was connected using a copper tape to the

34



magnetic
;. switch
copper tape

tape ™ tape, a?

r2

host E 1 cavity

r Coedgia ==
substrate ‘Cf tape. diel 22 C,

Figure 36. Side View of magnetic switch with proposed
equivalent lumped model.

other half of the discontinuous 50-Q TL. Figure 36 (a) shows the side view of the
TL, switch, copper tape, along with the proposed equivalent model of the complete
magnetic switch. The capacitance C'y is due to the fringing effect of the opens ends
TLs, whereas C,), is the coupling capacitance of the cap. Gap discontinuities are
well addressed in microstrip literature and the values of coupling capacitance (Cq,)
and fringing capacitance C'y were calculated using the formulas given in [31].

The copper tape was considered as a suspended microstrip line of finite length
over the air and the host TL substrate (TMM4). This copper tape will have series
inductance (Lyqp.) along with the capacitances, Ciape air and Clape gier because of the
suspension in the air and on the TL substrate, respectively. The value of L;qp. was
calculated using the formulas given in [31]. Cgyiren is the a shunt capacitance resulting
from the top and bottom copper. Cquity is the shunt capacitance resulting from the
top copper tape and bottom conductor, whereas '), accounts for the effect of open
end fringing capacitance of the open end line. The values of Cipe, Crape,airs Ctrape.dieis
Cswiteh, and Cqpiry were calculated using the formula for parallel plate capacitance,

whereas the C), value was extracted using formula for microstrip discontinuities [31].
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Figure 37. Behavior of magnetic particles in the presence
of magnetic field.

Rparticie was added to model the effect of the magnetic switch in the ‘ON’
and ‘OFF’ state in the equivalent circuit. In the switch ‘OFF’ state the value of
Rparticie Will be very high as there will be air in between the top copper tape and
bottom conductor, whereas Ry, ticies Will be a smaller value when the switch will
be magnetically activated. The value of Lysice Was extracted using the theory of
microstrip vias, as in the ‘ON’ state, magnetic particles will build up columns between
the top copper tape and the bottom conductor: thus providing a dc current path to
the bottom conductor [32], [33]. The formula used for estimating the inductance of

the magnetic particles is [33]

N/ r2 2
Lparticie = 5—; [hln (hln (2h+ Tr th ) + ; (7"— \/r2+h2)>] ) (2.9)

where r is the radius of the magnetic particles [26] and h is the height of the substrate.
The behavior of the magnetic particles in the presence of magnetic field was observed
under a microscope and is shown the Fig. 37. It can be seen from Figure 37 that

when a magnet is placed under the sheet containing the particles, particles align in
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a column. So, the approach described below can be used to calculate the inductance
of the magnetic particles.

As the magnetic switch had 1056 particles in the cavity (one scoop of the
measuring cup), the minimum number of magnetic particles per column (N) can

be estimated using the formula:

h
N, = —, 2.10
d ( )

where h is the substrate height of the magnetic switch and d is the diameter of the
magnetic particles. For substrate height of 0.508 mm (20 mils) and magnetic particle
diameter of 0.040 mm (40 micron), the minimum number of magnetic particles per

column will be 25. The total number of columns N can be well estimated by

N, = (2.11)

where (N7) is the total number of magnetic particles in the cavity and N is the
minimum number of magnetic particles per column. For N, = 26 and N = 1056,
the total number columns in 0.508 mm will be approximately 41. In the ‘ON’ state
of the magnetic switch, there will be 41 columns, so there will be 41 paths between
the top copper tape and bottom conductor. Therefore, a via will be formed with the
41 columns and will have radius of approx. 0.124 mm. Then, L4 4. of the magnetic
particles in the ‘ON’ state was calculated using the equation (2.9).

In the absence of the magnetic field (‘OFF’ state), the magnetic particles will
not build up columns in between the top copper tape and bottom conductor. So, in
the ‘OFF’ state these magnetic particles will still form a conducting path between the
top layer of magnetic particles and bottom conductor. Therefore, the total particle

inductance Lpgtice Was calculated using the values 0.254 mm for the height (h) and
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Figure 38. Lumped elements values of the magnetic
switch in the ‘OFF’ state.

0.2 mm for radius (r) in formula (2.9). It was noticed that, because of the high
resistance value in the ‘OFF’ state, the changed value Ly4tice in the ‘OFF” state did
not contribute significantly in the equivalent model. So, for comparison of the lumped
element results with that of results extracted from the ABCD parameters method,
the 0.0169 nH value of Lygtice was used. Figure 38 shows the extracted values of
lumped element for the magnetic switch in the ‘OFF’ state, whereas for the ‘ON’
state all the extracted values were remain unchanged except for the R qrticie = 0.2 €2

A comparison between the insertion loss extracted from the circuit model and
ABCD conversion (S-parameters) method is shown in the Figure 39. It can be seen
from the results that the insertion loss of the proposed magnetic switch is less then
3 dB. Moreover, both the results showed fair agreement, as the lumped model is the
approximate equivalent of the magnetic switch and its components. Figure 40 shows

the isolation results comparison of the switch in the ‘OFF’ state. It was shown that
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Figure 39. Insertion loss comparison between the circuit
model results and ABCD extraction results

the isolation results from the equivalent circuit model are in good agreement with the
results extracted from the S-parameter method.

2.7. Conclusions
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Figure 40. Isolation comparison of the magnetic switch
in the ‘OFF’ state.
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In this chapter, a realization, design, and characterization of micro level
magnetic switches has been presented. Two micro-level switches: Switch A and Switch
B were manufactured and their operational frequency characteristics were further
studied along with their behavior in the RF field. Moreover, an approximate lumped
element model using the theory of microstrip lines has also been proposed. It can be
concluded that both the micro-level switches have good RF switching response. The
smaller switch (switch B) has better switching capabilities up to 3 GHz (for a 10 dB

isolation threshold), whereas Switch A can only perform switching up to 700 MHz.
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CHAPTER 3. RECONFIGURABILITY OF A
MICROSTRIP PATCH ANTENNA WITH PARTIALLY
FILLED ELECTROMAGNETIC STRUCTURE USING

MAGNETIC SWITCHES

3.1. Introduction

A new approach of implementing magnetic switches into printed antennas, that
cannot be re-configured using the existing technologies (PIN diodes, RF MEMS,
and FETSs) is discussed in this chapter. In particular, the design in Figure 41 is
proposed here. To understand the reconfigurable mechanism, an equivalent circuit
model based on the transmission line theory of the antenna along with the magnetic

switch is presented. Furthermore, measurements of the fabricated antenna prototypes

1."."“ 3[nm T mm

15 i . , Via to Ground
=My ;o e e (diameter=1.2mm)
:E A
- N | c
2 | |
mm )./\ €
1 1O
1.5 i b~ e \

Mushroom Like
EBG Structures

Figure 41. Configuration of the antenna loaded with
EBG structure and magnetic switches
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are carried out for validation of the return loss. Overall, the simulation and the
measurement results of the proposed antenna showed good agreement.

The narrow bandwidth property of the microstrip patch antennas has limited
their use in wireless communication systems [34]. For this reason, great efforts have
been made in the last decade to achieve low-profile, multiband antennas that can be
easily integrated in wireless systems. Some techniques used in the past are multiple
layers stacking in the design to achieve multi- frequency responses [35], this approach
however increases the physical size of the antenna. Other techniques used in the
past are shorting walls [36], stacked patches [37], pairs of slits on the patches [38],
and circular arc slots on the printed antennas [39]. A reconfigurable antenna is an
alternative to achieve the multiband resonance in the patch antennas. Switching
components like PIN diodes, varactor diodes, and RF MEMS switches have normally
been used to achieve reconfigurability [40]- [43].

Electromagnetic band gap (EBG) structures have drawn great interest because
of their distinctive properties of surface wave suppression, zero phase reflections,
altering the electromagnetic interaction between an antenna and the platform, im-
proved antenna performances and antenna size reductions. Furthermore, to achieve
the broadband/ multiband characteristics of circularly polarized patch antennas, EBG
structures have been used on the bottom of the design, which then increases the overall
size of the antenna. Similarly reconfigurability in patch antennas has been achieved by
incorporating the switching components between the EBG structures. As EBGs are
on the second layer of the design, this provides robustness in the design by increasing
the overall size of the antenna. In [44], varactor diodes were used to load the active
EBG structure while the CP antenna was on the top of the EBGs thus providing
frequency and polarization reconfigurability. This proposed arrangement resulted in

an overall size of 171 mm x 171 mm [11]. Steerable antenna arrays with re-configurable
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EBG structures is also presented in [45], while a MEMS switch was placed at the root
of each fork shaped EBG structure whereas the fork shaped EBG structures were
incorporated on the bottom layer of the patch antenna. A reconfigurable beam width
antenna using cylindrical EBGs has also been reported in [46], with a radius of 50
mm and having a height of 565 mm. Microstrip patch antennas partially filled with
the Metamaterial loaded (EBG) structures on the same layer of the design have been
used for the antenna miniaturization in [47]- [48]. However, reconfigurability using
these partially filled structures on patch antennas have never been reported in past.

On the other hand, a patch antenna partially filled EBG structure can not
be reconfigured in the proposed configuration as shown in the Figure 41. In order
to reconfigure the antenna using the PIN diode, there is requirement of the DC
biasing circuitry for the PIN diodes which cannot be incorporated in the proposed
configuration because of the polarity issues and ground plane connection of the vias in
the EBG structure. However, the proposed antenna can be reconfigured in simulation
by using a small copper conductor strip between the Patch to EBG, EBG to EBG,
and EBG to patch slots. The antenna in the proposed configuration is loaded with
the magnetic switches for switching between the slots. As, the magnetic switches do
not need any directly connected biasing circuity for their operation, rather they are
activated using a small permanent magnet.
3.2. Antenna Configuration and Design Procedure
3.2.1. Reconfigurable Antenna Geometry and Prototyping

The schematic diagram of the proposed reconfigurable antenna is shown in the
Figure 41. The proposed design is probe fed having a 2 x 2 mushroom like EBG
structure to partially fill the rectangular microstrip patch antenna. The substrate is
a Rogers 5880 of permittivity e, = 2.2, thickness H = 2.54 mm, and loss tangent tand

= 0.0009. The proposed antenna with the dimensions shown in the Figure 41 and
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Figure 42. (a). Dimensions of the proposed antenna
loaded with EBG structure (top view), (b). Side view of
EBG loaded microstrip antenna in switch ‘ON’ state.

Figure 42 was designed in HFSS (v. 15.0) [24]. The proposed antenna was able to
reconfigure to a lower frequency, if a current path is provided between the patch to
EBG, EBG to EBG, and then EBG to patch. A small copper conductor was initially
used in the simulations to reconfigure the antenna. However, incorporation of the
PIN diode or any existing circuitry would require biasing circuity for their operation.

Therefore, this proposed design configuration and layout was not possible to

reconfigure using the existing RF switching devices. Three magnetic switches (Switch
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B) having a cavity diameter (d) of 0.9 mm, height h = 0.508 mm, and square size of 1.5
mm X 1.5 mm on a TMM4 substrate were used to achieve reconfigurability. As these
magnetic switches do not need any biasing circuitry for their operation. The three
magnetic switches were modeled with the proposed design in HFSS. A conducting via
was used to model the magnetic switch ‘ON’ state, whereas in the ‘OFF’ state the
via was not included in the simulation. To prove the design concept and working of
the magnetic switches to achieve reconfigurability, the proposed design and magnetic
switches were fabricated. The cavities are filled with then magnetic particles [26]
using the measuring cups (discussed in chapter 2). One scoop of the measuring cup
was used to fill each cavity with the magnetic particles. The fabricated antenna
with the magnetic switch with copper tape attached to the switches is shown in the
Figure 43. The magnetic switches are set ‘ON’ using a small permanent magnetic on
the bottom of the antenna, whereas the ‘OFF’ state of the magnetic switches were

obtained by moving away the permanent magnet.

magnetic
switches

Figure 43. Photograph of the fabricated antenna with
the magnetic switches (with particles and copper tape).
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Figure 44. Equivalent circuit model the EBG inspired
patch antenna with the magnetic switch model.

3.2.2. Equivalent Circuit Model

The one dimensional circuit representation of the proposed antenna in the biased
state of the magnetic switches is described in the Figure 44. The equivalent model is
used for the achieving the reconfigurability of the EBG inspired patch antenna. The
patch antenna is modeled as a RLC circuit and the EBG structure is modeled using
two CRLH unit cells in one dimension [48], which can be observed from Figure 42 (b).
As shown in Figure 42 (b), there is a patch antenna on both sides and the two EBG
unit cells are present between the patch with a gap of 3.0mm. The patch antenna
is modeled as R4, L,, and Cy. Magnetic switches are placed between the EBG to
Patch antenna EBG to EBG and EBG to patch antenna. Cyq, and Cy represent the
gap capacitance and fringing capacitance, respectively. The L. and Cj,p. models the
inductance and capacitance effect of the copper tape. The capacitance between the
top copper and magnetic switch cavity is represented by the Cgyiten, Whereas Ceqpity

takes into account of the capacitance because of the cavity. R,urtices represents the
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losses in the switch ‘ON” and ‘OFF’ states. Moreover, Lygsicies accounts for the via
inductance because of the magnetic particle columns.

Then, the two EBG structures are modeled as two CRLH unit cells. L, C},
represent the left hand inductance and capacitance respectively, while right hand
capacitance of the EBG unit cell is represented by Cr and inductance by L. When
the magnetic switches are in the un-biased states, the equivalent circuit model shown
in Figure 44 will remain the same, only the Ryutice Will become very high (because
of the air in the cavity). In the un-biased state of the magnetic switch the mushroom
like EBG structures will be capacitively coupled to the patch and a high resistance
value of Rpqrtictes Will limit the wave to fully pass through the EBG structures; thus
providing a lower resonance frequency of 2.21 GHz.

In the presence of the magnetic field, the magnetic switches will be in the ‘ON’
state and a wave will pass through the EBG to the patch and will be radiated from
the radiation resistance R4 of the patch by canceling the inductive and capacitive
reactance of the patch antenna. This will increase the overall electrical length of the
antenna and cause the resonance of the lower band i.e. 930 MHz.

3.2.3. Current Distribution

The current distribution of the EBG inspired patch antenna was inspected and
plotted in Figure 45. It is shown in Figure 45 (a) that in the ‘OFF’ state the current
distribution detours around the slots between the EBG structure and patch antenna,
thus the current path becomes shorter. So, current is mainly distributed on the patch
only; this makes the electrical length of the antenna shorter. That is why the antenna
resonates at a higher frequency in the switch 'OFF’ state, whereas in the ‘ON’ state
it passes through the switches and concentrates in the EBG structures and the patch,
as shown in Figure 45 (b). This increases the overall electrical length of the proposed

structure and makes it resonate at the lower 930 MHz frequency band.
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Figure 45. Surface current distribution (a) magnetic
switches 'OFF’ state and (b) magnetic switches 'ON’
state.

3.3. Results and Discussion
The useful switching states, ‘OFF-OFF‘ and ‘ON-ON‘ were provided by the

three magnetic switches and used for reconfigurability of the proposed design. HFSS
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Figure 46. Simulated and measured S-parameters of the
reconfigurable EBG inspired patch antenna.
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(v 15. 0) [24] was used for the simulation of the proposed design with the magnetic
switches and verification, whereas a calibrated Agilent E5071C Vector Network
Analyzer (VNA) was used for the measurements of the S-parameters. Figure 46 shows
the simulated and measured reflection coefficient magnitudes for the two reconfigured
bands. In the absence of the magnetic field (switches ‘OFF’), a higher frequency of
2.21 GHz was achieved, whereas the frequency band switched to the lower band in
the presence of the magnetic field (switches ‘ON’).

A novel approach of achieving reconfigurability of the probe fed EBG inspired
resonator is presented in this chapter. It was shown that the proposed antenna
reconfiguration using existing technologies was not possible. However, the proposed
magnetic switches were used in the given layout of the design to achieve frequency
switching. The approach showed that any antenna that is hard to reconfigure using
existing technologies can be reconfigured using the magnetic switch. The designers

can have more freedom to explore the reconfigurable capacity of any antenna.

49



CHAPTER 4. COMPARISON ANALYSIS OF A
FREQUENCY RECONFIGURABLE MICROSTRIP
PATCH ANTENNA USING PIN DIODES AND
MAGNETIC SWITCHES

4.1. Introduction

In order to increase flexibility of the wireless devices, reconfigurable antennas
have been used in wireless devices. The reconfigurability in the antennas have been
achieved using PIN Diodes, and other voltage controlled devices such as RF MEMS
and varactor diodes. The problem associated with these existing devices is that

these devices require DC bias lines for their operation. However, the additional
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plane

Figure 47. (a). Layout of the prototype reconfigurable
patch antenna (top view), (b) side View.
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circuitry in the reconfigurable antenna may have an adverse effect on the antenna
performance. Moreover, the DC biasing circuitry adds some weight to the existing
design. A frequency reconfigurable rectangular microstrip patch antenna using
magnetic switches is proposed in this chapter and then the performance analysis
of a reconfigured antenna is done by using the PIN diodes in place of the magnetic
switches.
4.2. The Reconfigurable Microstrip Patch Antenna using PIN Diodes

For the comparison analysis of the PIN diodes and magnetic switch, a rectan-
gular microstrip antenna in Figure 47 was designed on a TMM4 substrate (relative
permittivity 4.5 and loss tangent 0.002) having a thickness of 1.524 mm in HFSS
v. 15.0 [24]. The diodes were modeled using the resistance-inductance-capacitance

(RLC) boundary sheet in the HFSS. To obtain a good gain and match for the

Figure 48. (a). The manufactured reconfigurable patch
antenna with PIN Diodes and biasing circuit and (b)
fabricated patch antenna with the magnetic switches.
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Figure 49. Simulated and measured S-parameters of the
reconfigurable patch antenna using PIN diodes.

comparison of the diodes with the magnetic switches, 10 diodes were used for
switching between the higher and lower bands. The resistance value of 0.8 2 and
inductance value of 0.5 nH was used in the biased state while in the un-biased state
a resistance value of 1.0 k2, inductance of 0.5 nH, and capacitance of 0.01 pF were
used. The proposed layout of the design has a smaller conducting rectangular strip
at a distance of 1.7 mm from the larger rectangular conducting patch. The smaller
conducting patch was connected to the main conducting patch using the surface
mount controlled PIN diodes. The control voltage was placed on the conducting
patch with RF chokes. The PIN diodes were manufactured by Skyworks [49] (SMP
1322), whereas the RF chokes were manufactured by Mini-circuits [50] (ADCH-80A).
The manufactured prototype is shown the Figure 48.

The simulation and measurement results of the reflection coefficient (|S11| (dB))
are shown in the Figure 49. When the diodes are not biased, the patch is smaller and
resonates at the higher frequency of 2.45 GHz. When the diodes are biased, the patch

is much larger and current passes through the diodes to the small conducting strip.
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Figure 50. Simulated and measured radiation patterns in
the E-plane (xz-plane) for the (a) ‘un-biased’ state and
(b)‘biased’ state.

So, the antenna resonates at 2.15 GHz. Overall, simulated and measured results of
the return loss showed good agreement.

The effect of the PIN diodes on the radiation characteristics of the proposed
reconfigurable antenna was investigated by measuring the gain of the patch and
radiation pattern. The gain and radiation patterns were measured in an anechoic
chamber. The measured gain of the patch antenna was 4.25 dBi when the PIN diodes
were unbiased, where as in the diodes biased state the gain dropped down to 2.2 dBi.

To demonstrate the radiation characteristics of the reconfigurable patch antenna using

T10 48 0 Measured ON 0°10dB
---- Simulated ON

Figure 51. Simulated and measured radiation patterns in
the H-plane (yz-plane) for the (a) ‘un-biased’ state and
(b)’biased’ state.
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PIN diodes, the radiation pattern in the E-plane (xz) and H-plane (yz) are presented
in the Figure 50 and Figure 51, respectively. A fairly broadside radiation pattern at
both the switching frequencies was obtained except for a null and degraded radiation
performance in Figure 50, which is mainly due to the the effect of the incorporated
biasing circuitry for the operation of the diodes. Moreover, the gain of the antenna
at the lower frequency also decreased from 4.25 dBi to 2.15 dBi.
4.3. Reconfigurability using Magnetic Switches

For the comparison between the PIN diodes and magnetic switches, the recon-
figurable antenna shown in the Figure 47 was modeled in the HFSS. The magnetic
switch having a cavity diameter 0.45 mm and height 0.508 mm (20 mils) with a square
size of 1.5 mm x 1.5 mm were also modeled in HFSS. To represent the magnetic
switches in the ‘ON‘ state in HFSS, a conducting via connecting the bottom of the
switch with the top conducting tape was used. Then, when the magnetic switch was
in ‘OFF’ state, the via was removed from the cavity in HFSS, to disconnect the top
tape from the bottom plane. The modeled cavities for the magnetic switch were are
also fabricated and filled with the magnetic particles. These cavities were attached on
the large conducting patch of the antenna using the solder paste. These cavities were
then filled with the controlled amount (one scoop of the measuring cup i.e. approx.
1056 particles) of the magnetic particles [26]. The top of the magnetic switch was then
connected with the small conducting strip of the rectangular patch antenna using a
copper tape. The manufactured prototype with the magnetic switches attached to
the antenna is shown in the Figure 48 (b). For a fair comparison of the magnetic
switch with the PIN diodes, 10 magnetic switches were attached to the fabricated
rectangular patch antenna.

The S-parameters simulation and measurement results are shown in Figure 52.

When the magnetic switches were in the ‘OFF’ state, the patch was smallest and
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Figure 52. Simulated and measured S-parameters of the
reconfigurable antenna using magnetic switches.

resonated at higher frequency band of 2.42 GHz. When the magnetic switches were

in the 'ON’ state (in the presence of the magnetic field), the electrical length of the

patch increased and the antenna operates at a lower frequency band of 2.12 GHz.
To investigate the effect of the magnetic switches on the radiation performance

of the reconfigurable antenna, the gain and radiation pattern of the patch antenna

O Measured
——Simulated

Figure 53. Simulated and measured radiation pattern of
the reconfigurable antenna using magnetic switches in the
E-plane (x-y) plane (a) ‘OFF’ state and (b)’ON’ state.
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Figure 54. Simulated and measured radiation pattern of
the reconfigurable antenna H-plane (yz-plane) (a) ‘OFF’
state (no magnetic field) and (b)’ON’ state (magnetic
field).

with magnetic switches in the ‘OFF’ and ‘ON‘ states was measured in the anechoic
chamber. The radiation pattern of the antenna with the magnetic switches in the
E-plane (xz-plane) and the H-plane (yz-plane) is shown in Figure 53 and Figure 54,
respectively. It can be seen from Figure 53 (a) and Figure 53 (b) that the radiation
pattern of the reconfigurable patch antenna is broadside in the switch ‘OFF’” and
‘ON’ state. A slight degradation in the the gain of the reconfigurable antenna was
observed in the ‘ON’ state of the switch. The measured gain in the ‘OFF’ state was
4.3 dBi, whereas in the ‘ON’ state the gain was 4 dBi. Overall, a good agreement
was obtained in the measurements and simulation results.
4.4. Conclusions

The proposed antenna with the 10 PIN diodes and 10 magnetic switches was
frequency reconfigured for the comparison and performance analysis of both the RF
switches. It was noticed that the PIN diodes incorporation in the design to achieve
reconfigurability required a bias line for their operation. These additional circuit
components not only added weight to the proposed antenna but also degraded the
performance of the antenna in terms of gain and radiation pattern. On the other hand,

the magnetic switches were used to reconfigure the same antenna. It is concluded
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from the analysis and comparison of the results that magnetic switches do not need
any bias lines for their operation, while a permanent magnet that is not the part
of the antenna system was used to turn ‘OFF’ and ‘ON’ the magnetic switch. So,
using magnetic switches, reconfigurable antennas can get rid of the limitations of the

housing of additional circuitry on the design.
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CHAPTER 5. FURTHER APPLICATIONS OF
MAGNETIC SWITCHES

5.1. Introduction

Again, a significant spectrum congestion exists in the wireless field because of
the existence of many wireless applications. Thus the design of band reconfigurable
antennas help in utilizing the wireless spectrum resources more efficiently. RF switches
like PIN diodes, RF MEMS, FETSs, and varactor diodes have been used to achieve
band reconfigurability. As mentioned before, these exiting RF switches require DC
power to switch between a single or multiple bands. A magnetic switch that is
proposed in this research can also be a suitable candidate for achieving the frequency
switching. To prove the working of the magnetic switch in RF applications, a dipole
antenna and a bandpass filter was frequency reconfigured using the magnetic switches
and is discussed in this chapter.
5.2. A Reconfigurable Dipole Antenna using Magnetic Switches

Previously, printed dipole antennas have been length-reconfigured with vertical

baluns [51]. A printed dipole antenna with integrated via hole balun is designed here

90.5mm

>A
\ 4

26.24 mm
1 (7 23 mm
gap
gap ) for switch
10 mm forswitch .
29.71 ’ ... 2.82 mm 0.3 mml 1 mm

<> Y« L MM, 1mm i 4

- X

via =045 mm_>E <_1 mm

Figure 55. Dimensions of the proposed reconfigurable
dipole antenna.
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Figure 56. Photograph of the fabricated reconfigurable
dipole antenna with magnetic switches.

in HFSS and the printed dipole has two radiating structures having a small strip at
a gap of 0.3 mm on both the radiating corners. The design layout and configurations
of the printed dipole with the via hole balun is shown in Figure 55. The two arms
of the dipole are printed on the top of the TMM4 substrate (thickness 1.524 m,)
having a dielectric constant of 4.5. A via hole balun was designed and printed on the
bottom of the printed dipole antenna [52]. The balun was designed using the concept
of microstrip to strip transition [51] from a 50-2 to a 70-( balanced strip line. The
dimensions of the dipole antenna with via hole balun are shown in Figure 55. The thin
dipole antenna is reconfigured using magnetic switches between the small gaps. When
the magnetic switch is in the ‘OFF’ state (no magnetic field) the dipole is shorter
and the antenna resonates at higher frequency band. When the magnetic switches
are in the ‘ON’ state the antenna length becomes larger and antenna switches to a
lower operating band. The manufactured prototype of the reconfigurable antenna
with magnetic switches attached to is shown in Figure 56. The magnetic switches
had a cavity diameter of 0.45 mm, thickness 0.508 mm, and square size of 1.5 mm X

1.5 mm.
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Figure 57. Simulated and measured S-parameters of the
reconfigurable dipole antenna.

Figure 57 shows the simulated and measured |S1;| (dB) of the reconfigurable
dipole antenna with magnetic switches. The simulated lower and upper operating
bands are 1.42 GHz to 1.58 GHz and 1.86 GHz to 2 GHz, respectively. Overall, a
good agreement results was obtained in the simulations and measurements.

5.3. A Two State Switchable Bandpass Filter using Magnetic Switches

The goal of presenting a bandpass-switchable filter using the proposed magnetic
switches in this work is presented next. Designing reconfigurable filters in microwave
transducers allow wireless systems to switch between multiple bands using a single
filter. PIN diodes and other active devices have been frequently used to achieve
discrete state reconfigurability in filters [53]. However, a control signal is always
needed for the operation of the active devices to achieve switching between the
frequency bands. A reconfigurable bandpass filter using PIN diodes that is able
to switch between WIFI and UMTS transmit bands was presented in [54]. Using the

design topology and technique discussed in [53], a reconfigurable bandpass filter that
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Figure 58. Dimensions of the reconfigurable bandpass
filter.

is able to switch between the two bands 2.7 GHz and 1.98 GHz was designed. The
design along with the magnetic switches were again modeled in HFSS (v. 15.0) [24].
The dimensions of the proposed reconfigurable filter topology is given in the Figure 58.

The microstrip reconfigurable filter was designed on a TMM4 substrate having
a thickness of 1.524 mm (e, = 4.5 and tand = 0.0009). The center frequency was
controlled by adjusting the lengths of the high frequency resonator, where as the

bandwidth was controlled by adjusting the capacitive coupling between the high

magnetic
switches

filter A !E:

Figure 59. A photograph of the reconfigurable bandpass
filter with magnetic switches.

61



_ o switches [l o ‘\th “““““ '
[oa) AN A switches
ON L \
= o i “OFF’
v i
—20} :.-: i
Measured || 4
----- Simulated || -
1.5 2 2.5 3

f (Ghz)

Figure 60. Simulated and measured |Si;| (dB) of the
reconfigurable bandpass filter in the magnetic switch
‘OFF’ and ‘ON’ states.

frequency resonator and folded resonator [54]. A photograph of the fabricated
reconfigurable filter with the magnetic switches is shown in the Figure 59. In order
to switch between the two frequency bands, magnetic switches were used between the
high frequency resonator and folded resonator.

A comparison between the simulated and measured responses of the reconfig-
urable filter are shown in Figures 60 and 61. The simulated and measured return loss
result of the reconfigurable bandpass filter with the magnetic switches in the ‘OFF’
state (no magnetic field) and the ‘ON’ state is shown in the Figure 60. It is shown
that when the switches are ‘OFF’ the microstrip strip filter, the return loss at 2.7
GHz pass band is less then 10 dB, whereas in the ‘ON’ state a good match is observed
at 1.98 GHz.

Next, insertion loss ((|S21| (dB)) results of the reconfigurable filter with the

switch in the ‘OFF’ state and the ‘ON’ state are depicted in Figure 61. It can be
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reconfigurable bandpass in the magnetic switch ‘OFF’
and ‘ON’ states.

seen from Figure 61 that the insertion loss of the filter at 2.69 GHz is around 2.9 dB,
while a insertion loss of 2.98 dB was observed in the magnetic switch ‘ON’ state. A
bandwidth of 60 MHz and 50 MHz was obtained in the switches ‘OFF” and ‘ON’ states
respectively. Overall, simulated results showed good agreement with the measured
results.
5.4. Conclusions

A reconfigurable dipole antenna using magnetic switches and a reconfigurable
bandpass filter using the proposed magnetic switches was explained in this chapter.
Two states in the length-reconfigurable dipole was achieved using the switches in the
‘ON’ and ‘OFF’ states. Similarly, a pass band of 2.7 GHz and 1.98 GHz was achieved
using the proposed magnetic switches. It was shown that in order to activate the
magnetic switches and activate reconfigurability, no DC bias lines or any other control

signaling was added on the printed dipole antenna and bandpass filter prototype.
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However, a magnet was used to switch ‘ON’ the magnetic switch, whereas the ‘OFF’
state was achieved by moving the magnet away from the fabricated prototypes. Since
the magnetic switches that are capable of performing switching up to 3 GHz were
modeled, characterized, and explored in this work. It can concluded that below 3
GHz, the magnetic switches can be used for the RF switching in the microwave or
antenna system. Thus, the flexibility of using the magnetic switch without adding
a control circuitry on the fabricated prototypes revealed that a magnetic switch can

also be used as the RF switches.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

An initial study of the MEMS based magnetic switch, its implementation, man-
ual manufacturing, and preliminary study of the magnetic switch on discontinuous
transmission lines was first discussed. Because of the feasible switching behavior of
the magnetic switches in the RF field, micro level magnetic (2nd Gen.) switches
using in-house milling capabilities were manufactured. A complete characterization
of the micro-level magnetic switches in terms of the S-parameters of the magnetic
switch along with the behavior of the magnetic switch was described in this research
work. Moreover, an equivalent circuit model and quantification of the magnetic
particle was proposed. Good agreement between the S-parameters results and lumped
element model was obtained. It is concluded that a micro level magnetic switch
(Switch B) having square dimensions of 1.5 mm x 1.5 mm, cavity diameter 0.45 mm,
and height 0.508 mm is capable of switching up to 3 GHz.

Furthermore, to prove the working of the micro level magnetic switches in
the antenna systems, a microstrip patch antenna loaded with EBGs that cannot
be reconfigured using existing switching technologies was successfully reconfigured
using the proposed magnetic switches. It was shown that using proposed magnetic
switches in the reconfigurable antenna eliminated the limitation of the DC biasing
circuitry. Since the magnetic switches are comprised of particles, which are very light,
this made these magnetic switches very useful for the light weight antenna systems.
A comparison between the magnetic switches and PIN diodes was also made, and
it was shown that PIN diodes degrade the antenna performance as compared to the
magnetic switches.

It is concluded that the magnetic switches have the ability to be embedded

on the substrate and hence do not need any additional circuit to be installed on
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the board to achieve RF switching. Also unlike RF MEMS switches, the proposed
magnetic switches do not any expensive packaging to protect movable bridges against
the environment. The prototype detail of the magnetic switch from the development
and analysis to the application in RF also laid the ground work for future efforts
that can include complete industrial packaging of the magnetic switches. Moreover,
comparison of the proposed switch with existing technologies and its implementation
in antennas prepared a ground work for their implementation in complex antenna
systems to achieve reconfigurability. Further micro level switches manufacturing
than the proposed switches and achieving switching capability beyond 3 GHz will
revolutionize the existing switching techniques and their applications in the antenna
systems.
6.2. Recommendations for the Future Work

The work in this research has been concerned with the development, charac-
terization, demonstration, and applications of the proposed magnetic switch in the
antenna and microwave systems. A number of open problems must be solved to allow
the further development of magnetic switches with switching capabilities beyond 3
GHz. These problems suggest a variety of research directions that can be pursued
to allow these magnetic switches to revolutionize existing RF technology. Since
these switches require mechanical movement of magnets, one such direction would
be to investigate a smarter way to activate magnetic switches without mechanical
movement. A direct extension of this work is to explore the switching noise and
signal integrity aspects of the magnetic switches. A more professional way to fill the
cavity with the magnetic particles can also be explored. A further optimization of the
magnetic switches and complete packaging of the proposed switches is also required

for their complete working in the industry.
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Finally, in terms of applications of the magnetic switches, there is a plethora
of possible areas in RF and wireless communication in which these switches can be
used, from planar antennas to the complex array systems. Designing phase shifters
using magnetic switches and then implementing the phase shifters in self-adapting

planar and conformal array systems could be possible future work.
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