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ABSTRACT
DESIGN, FABRICATION AND CHARACTERIZATION OF A
RF MEMS BASED RECONFIGURABLE ANTENNA
By
Rey Alberto Febo
In order to satisfy an increasing need to operate in network systems with different
standards and operating frequencies, new ideas for next generation communication systems are
needed. The sudden increase of this need has forced the creation of tunable and reconfigurable
devices all around the electronics and electromagnetic fields. RF MEMS arrived to the design
table since they have proven to be more functional, lighter, and more reliable than their solid
state counterparts for low and medium power handling applications. It’s a way to provide the
scientific community with a more efficient way of using the available bandwidth and to achieve
a higher data transmission rate for an increasing amount of users.

MEMS deal with the integration of mechanical elements, actuators, electronics and
sensors on a common substrate through a process of microfabrication. They are fabricated using
compatible micromachining processes, selectively etching away or adding new structural layers
to develop an electromechanical sytems. The implementation of these devices has improved
some applications in the antennas field and has created innovative ways of changing the current
RF systems.

In this thesis, the design, fabrication process, and characterization of an RF MEMS-based
reconfigurable antenna is presented. The fabrication process took place in the packaging
laboratory at the Air Force Research Laboratory at Wright Patterson Air Force Base, Ohio. The
antenna design was simulated in CST Microwave Studio. The biasing lines will be designed to
have the least effect on the antenna performance. A probe feeding technique will be employed.
The integration of the RF MEMS switches was done via wire bonding. The main goal is to
achieve antenna frequency tuning capability by changing the geometry of the antenna using RF
MEMS switches. The radiation pattern of the antenna will also be observed for characterization

purposes.
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RESUMEN

Para satisfacer la necesidad de operar en sistemas con diferentes estdndares y frecuencias
de operacion se necesitan nuevas ideas para la nueva generacion de sistemas de comunicacion.
El incremento repentino de dicha necesidad ha forzado la creacion de dispositivos
reconfigurables o de multiusos alrededor de los campos de electronica y electromagnética. Los
RF MEMS llegan a la mesa de diseio ya que han demostrado que proveen mayor
funcionabilidad, son mas livianos y mds confiables que sus contrapartes de estado sélido para
aplicaciones que requieren linealidad y bajo consumo de potencia. Es una forma de proveer a la
comunidad cientifica con una manera més eficiente de usar el ancho de banda disponible y para
adquirir una transmision de data mayor para un ndmero de usuarios que sigue incrementando.

MEMS se refiere a la integracion de elementos mecdnicos, actuadores, electrénica y
sensores en un sustrato comun por medio de un proceso de microfabricacion. Ellos son
fabricados usando procesos de microfabricaciéon compatibles, descartando selectivamente el
material de las ldminas de material depositado y afiadiendo nuevas capas de estructura para
formar un sistema electromecdnico. La implementacién de estos dispositivos ha mejorado
algunas aplicaciones en antenas y ha creado formas innovadoras de cambiar los sistemas de radio
frecuencia.

En esta tesis, se presentard el disefio, proceso de fabricacion y la caracterizacion de una
antena reconfigurable basada en tecnologia de RF MEMS. El proceso de fabricacién se llevard a
cabo en el laboratorio de empaque del Air Force Research Laboratory en Wright Patterson Air
Force Base, Ohio. La antena fue simulada en CST Microwave Studio. Las lineas de actuacion de
los conmutadores serdn fabricadas para que afecten lo menos posible el comportamiento de la
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antena. La antena se alimentard por medio de cable coaxial a través del plano de tierra y sustrato.
La integracion de los conmutadores se hard por medio de soldadura de ultrasonido. La meta final
es tener la capacidad de sintonizar la frecuencia de la antena usando RF MEMS. Los patrones de

irradiacion se estudiardn para propdsitos de caracterizacion.
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Chapter 1

Research Motivation and Goals

1.1 Introduction

The theory, design and technology development of radio frequency microelectro-
mechanical systems (RF MEMS) are the subject matter of much research in the past few
decades. They are still a work in progress, and as it comes along, the amount of applications and
fields that MEMS have influenced in has stirred the research interests of several organizations in
the United States government and other countries, and has driven many companies to change
their organization, resource assignments, and goals. Researchers are still looking for applications
for what already has been designed, searching for improvement in power handling and
reliability, and coming up with new ideas for next generation communication systems in order to
satisfy an increasing need to operate in network systems with different standards and operating
frequencies. This need for wireless communication has forced the creation of tunable and
reconfigurable devices all around the electronics and electromagnetic fields.

The implementation of these new devices has particularly improved some applications in
the antennas world and has created innovative ways of changing the current RF systems. The
capability of tuning an antenna in order to have multiple resonant frequencies is one of them.
With the application of RF MEMS switches and resonators, researchers have been able to change
the topology of an antenna, thus changing its resonance frequency, and to steer electrically where
the antenna beam is pointing at by changing and controlling the polarization of an antenna array

with the activation of different sections of such array. These are just some examples of what is in



the design table to provide more efficient ways of using the available bandwidth and to achieve a

higher data transmission rate for an increasing amount of users.

1.2 Thesis Objective

The goal of a reconfigurable antenna is to reduce the complexity of an antenna system
operating over a wide frequency band, and to reduce the need of multiple antennas to perform a
specific task, providing a relatively large bandwidth and achieving a dynamical reconfiguration
within a few microseconds. They serve different applications at different frequency bands, such
as communications in the L-band (1-2 GHz) and synthetic aperture radar (SAR) at X-band (8-12
GHz). The focus of this thesis is to design an antenna that is able to reconfigure within the X-
band, which could support in the future several platforms, which may include satellite or UAV-
based communications and radar applications (SAR, terrain mapping, GMTI, AMT]I, etc.). The
design, simulation, fabrication and characterization of a multiband reconfigurable antenna are
presented in this thesis. The design of a proof of concept for previous work done with MEMS
based reconfigurable antenna designs with off-the-shelf components is presented as well. The
major accomplishments and contributions to the scientific community reported in this thesis
include:

1. The characterization and integration of off-the-shelf RF MEMS switches in the design of

a reconfigurable antenna that covers several frequency bands.

2. The implementation of biasing techniques with the lowest effect possible in the radiation
pattern of the antenna.
3. The exploration of future applications for the designed antenna array, to include civilian

and military applications.



1.3  Overview of the Thesis

This thesis presents the design, fabrication, and characterization of an RF MEMS-based
reconfigurable antenna to be used at different operating frequencies, thus reducing the
complexity of implementing several antennas and circuitry for different applications. Chapter 2
explains the theory of microstrip antenna technology and antenna arrays. Some feeding
techniques and matching networks are studied, along with the effects of specialized substrate
materials such as frequency selective surfaces. It also discusses the research being conducted by
different researchers in the topic of reconfigurable antennas based on RF MEMS technology,
along with recent trends in the technology. The third chapter describes the methodology used in
the fabrication of the RF-MEMS based reconfigurable antenna (successful and unsuccessful
attempts), the type of feed structure used, and the integration of the RF MEMS switches. Then,
in chapter four, the results are discussed. The details for the design and fabrication challenges of
the antenna structure are presented. In the last chapter the conclusions are drawn and some

recommendations are made for future designs.
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Figure 1.1 Thesis Overview



Chapter 2

Antenna Theory and Design

2.1  Microstrip Antenna Technology

Microstrip antennas are the most commonly used structure due to their highly desirable
physical characteristics such as light weight and low volume, low profile (can be easily made
conformal to host surface), low cost (can be manufactured in large quantities), ruggedness (when
mounted on rigid surfaces), linear and circular polarization capability, dual and triple frequency
operations capability, and ease to form large arrays with (spaced at half-wavelength or more). [1]
They can also be shaped to form curved surfaces (conformal structures are possible). They are
well suited to integration with integrated circuits and monolithic microwave integrated circuits
(MMICs). However, they have some disadvantages that the designer must consider. For
example, they have limited bandwidth (usually 1 to 5%), high feed network losses, low power
handling capacity, poor cross polarization, spurious feed radiation (side lobes and cross
polarization), surface wave excitation, and tolerance problems. [1-2] Much of the work done in
microstrip antenna designs has thus gone into trying to overcome these problems in order to
satisfy increasingly stringent system requirements. However, this comes at the cost of increased

system complexity.

The microstrip antenna was first proposed by G. A. Deschamps in 1953 [3], but didn't
become practical until the 1970’s when low loss soft substrate materials were just becoming
available. The size of a microstrip antenna is inversely proportional to its frequency. Microstrip

patch antennas don't make sense at frequencies lower than microwaves because of the required



sizes. A microstrip antenna capable of receiving FM radio at 100 MHz would be on the order of
1 meter long (which is a very large circuit for any type of substrate). For AM radio at 1000 KHz,
the microstrip patch would be the size of a football field. It is more practical to see these types of
antennas at the X-band (even though you see them deployed at L-band and S-band in GPS
receivers and cell phones), where its size is on the order of 1 centimeter long. One application
where microstrip patches are used is in satellite radio receivers (XM and Sirius). The antenna is
often mounted in a vehicle and generally the angle in the X-Y plane relative to the satellite is not
fixed. Thus circular polarization is employed for satellite radio so that the angle between the

patch and the satellite doesn't matter.

There are some commonly used shapes in order to simplify analysis and performance

prediction. These are square, rectangular, dipole, circular, triangular, circular ring, and elliptical

| O

among others (see Figure 2.1).

Square Rectangular Dipole  Circular
Triangular Circular Elliptical
ring

Figure 2.1 Common shapes of microstrip patch antennas.

Different designs with different configurations and feeding techniques could be
employed, but one has to consider the material where they are designed. The selection of the

material to be used is critical for antenna’s performance.



2.2  Microstrip Material

Microstrip material consists of a sandwiched thin substrate between two conducting
layers as shown in Figure 2.2. The upper conductor is the resonant structure associated with the
feed network. The lower conductor is the ground plane. A microstrip antenna consists of a
conducting patch etched on that upper conducting layer. The dimensions of the patch depend on
the operational frequency and the substrate parameters. The substrate on which an antenna is
built on has an enormous effect on the antenna behavior. It affects the resonance frequency,
along with the bandwidth, and the input impedance. The amount of fringing around the patch is
directly proportional to the height of the substrate. The appropriate selection of substrate

thickness and the dielectric constant will lead to a low loss designs [4].

Patch —_ | W [

Ground plane
Dielectric

Figure 2.2 Microstrip material structure.

There are some losses associated with this type of material, which determine the antenna
efficiency. The dielectric loss is specified by its loss tangent and the conducting loss by the patch

conductivity (or equivalently by its skin-depth at a given frequency). [5]



2.2.1 Fringing Field and Effective Dielectric Constant

The dielectric constant (or relative permittivity = €;) of a material can be used to quantify
how much a material slows an electromagnetic signal. The velocity of the signal (v) within any

transmission line can be computed by:
V= c/\/é‘_,_, where ¢ =2.998 x 10® m/s (speed of light in free space).  (2-1)

It is also mistakenly referred to as the phase velocity, which is the rate at which the phase of the
wave propagates in space [6]. Since the wavelength is proportional to the velocity of the
electromagnetic signal, the electrical length of the antenna is larger in low permittivity
substrates. Here is the reason why high permittivity substrates (such as GaAs with £=12.9) are
employed in microwave components, to reduce their size [7], but in antennas, unless space is at a
premium, you do not want to use high permittivity substrates. The way in which the
electromagnetic wave propagates in the media affects the design of the microstrip structure. In
order to calculate the half wavelength for the antenna design, the calculation of the effective
dielectric constant (g <) 1S needed. This parameter controls the resonance of the antenna. In
microstrip media, most of the electric field is constrained within the substrate, but a fraction of
the total energy exists within the air above the board. This means that the electromagnetic field
lines are not entirely contained within the substrate (see Figure 2.3). This effect is known as
fringing. The effective dielectric constant accounts for the fringing and the wave propagation in
the line. Therefore, the propagating mode in the microstrip line is not a pure transverse

electromagnetic (TEM) mode but a quasi-TEM.



Figure 2.3 EM field lines not contained within the substrate in transmission lines.

The phase velocity in the microstrip line is given by [8]:

v, = (2-2)

Since the phase velocity changes, the wavelength also changes:

Vp C

L _ A
' f f\/grieff \/gr,eff

The fields at the edges of the patch undergo fringing since the patch dimensions are finite

(2-3)

along the width and length (Figure 2.4). The E-plane fringing is a function of the ratio of the
length of the patch to the height of the substrate (IL/h) and the dielectric constant of the substrate.
Since this ratio in microstrip antennas (L/h) is much greater than 1, the fringing is reduced. The

same applies for the width.

Figure 2.4 E-field in microstrip material.



The reason why the fringing affects the structure dimensions is because it makes the
microstrip antenna look larger electrically by a AL compared to its physical dimensions [9]-[12],

reducing its resonant frequency (Figure 2.5). This AL can be computed using equation (2-4).

L~A2 AL

- L

O AT A

Figure 2.5 Effect of fringing in electrical dimension of a patch antenna.

(e, + 0.3{W + 0.264)
h

e, - o.zssﬂll + 0.8}

AL=0.412h (2-4)

To perfectly match most systems, the antennas are designed to have a 50 Q input impedance
(Zin). The input impedance of the antenna can be adapted by varying the position for the feeding
point [2], [10]-[13]. Its maximum value is at the patch border and decreases as we move inside

according to:

Zy=Z cos{y—j (2-5)

Several feeding techniques will be addressed in section 2.4.

The effective dielectric constant is in the range of 1< & ¢ < €. This parameter is also a
function of frequency. As the operating frequency increases, the electric field concentrates in the

substrate, and the effective dielectric constant approaches the value of the dielectric constant of
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the substrate. For applications where ¢, is much greater than unity, the value of & ¢ will be
closer to the actual value of the substrate (g;). For low frequencies the effective dielectric
constant practically does not change [10]. The change in this parameter can be observed at
medium frequencies, where its value increases and eventually approaches the value of the
dielectric constant of the substrate. Since the transmission lines in microstrip are not entirely in
the TEM mode they tend to be dispersive. That is, the effective dielectric constant and the
impedance vary with the frequency of the transmitted signal. The effect is especially pronounced

when the frequency is near the TEM cutoff frequency [14].

At low frequencies, the effective dielectric constant for W/h>1 is given by:

&+l €. -1 1

E 4= 5 + > =
‘/1+12—
w

(2-6)

and by:

2
1 £ -1
£ :6,2+ +e,.2 1 ; +o.04(1—(VXD : 2-7)
J1+12=
w

for W/h<1.

This analysis and equations are based on the transmission line model. Equation (2-7) is
not considered for the analysis of the patch antenna, but could be used in the study of the RF

behavior of biasing lines for the RF MEMS switches. These equations assume a negligible strip
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thickness (t). In reality, the thickness of the strip has some bearing on the electrical performance,
and the strip thickness affects the microstrip characteristics. However, for a thickness to height
ratio (t/h) less than or equal to 0.005, the agreement between experimental and theoretical results

obtained by assuming t/h = 0 is considered acceptable by field experts [13].

Once the effective dielectric constant is obtained, there are formulas that allow
calculating the impedance of a transmission line or patch and their effective length.

For W/h>1, the characteristic impedance can be calculated using: [15]

1207
JE
r_eff
Z,= (2-8)
w +1.393+ gln(K +1.44)
h 3 h
and for W/h<1,
60 8h W
z,=—20 LW (2-9)
E, 4 W 4h

2.2.2 Material Losses

The attenuation constant is the attenuation of an electromagnetic wave propagating
through a medium per unit distance from the source. It is the real part of the propagation
constant. The losses incurred in transmitting an RF signal are associated with this attenuation
constant, denoted by a, and measured in Nepers/meter. One Neper is approximately 8.7dB. The
total attenuation of the signal is due to four major components: the metal loss (conduction losses

in the imperfect metal), the dielectric loss tangent (dielectric losses in the substrate), the
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conductivity of the dielectric, and the loss due to stray radiation (surface waves excited in the
substrate). [16]-[17]
a=0,+0a,+0;+a, (2-10)
oc = loss due to metal conductivity
op = loss due to dielectric loss tangent
oG = loss due to conductivity of the dielectric

or = loss due to radiation

R L

!

Figure 2.6 Transmission line model. [18]

2.2.3 Substrate Effect — Solid State Explanation

The electron movement at the center of the material is reduced due to a high flux density.
There’s an increase in the opposition to current flow in the center of the wire as frequency is
increased. As the current in the center of the wire becomes smaller, most of the electrons flow is
on the wire surface. When the frequency applied is 100 megahertz or higher, the electron
movement in the center gets inappreciable. Therefore, the effective cross-sectional area
decreases as the frequency increases. Since resistance is inversely proportional to the cross-
sectional area, the resistance will increase as the frequency is increased. Similarly, since power
loss increases with increase in resistance, power losses increase with an increase in frequency

because of skin effect [19]-[20].
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2.2.4 Skin Depth

Skin depth is a measure of the distance an alternating current can penetrate beneath the
surface of a conductor. The charges within a conductive material oscillate at the same frequency
as the impinging fields. The magnitude of this current, which is due to the movement of the
electrons, is maximum at the conductor’s surface. The current density declines proportional to
the depth, which is known as skin effect. The skin depth is defined as the distance 6 through

which the amplitude of a traveling plane wave decreases by a factor e ' and is therefore

o= 1 in meters (2-11)
a

It can also be written as:

S= |2~ (2-12)
o

where p = resistivity of the conductor
o = angular frequency of the current
u = absolute magnetic permeability of the conductor

The change in phase associated with this depth can make the current to flow in opposite direction

to that on the surface. [21]

The skin depth is a property of the material that varies with the frequency of the applied
wave. It can be calculated from the relative permittivity and conductivity of the material and

frequency of the wave. The propagation constant, v, is a complex number comprised of the sum
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of the attenuation and phase constants, and it’s related to the complex permittivity, &, by the

following equation: [21]

y=ue, =a+jB, (2-13)
. O .
where €, = 6‘(1 — ]—j =¢&'—je" (2-14)
wE

€ = permittivity of the material of propagation
o = angular frequency of the wave

o = electrical conductivity of the material of propagation
J = the imaginary unit = v/—1

The constants can also be expressed as: [22]

2
a=w % 1+(ij +1 (2-15)
wE
2
B=w |HE 1+(£j 1 (2-16)
2 wE

where p = permeability of the material
B = phase constant of the propagating wave.

The following are some examples of commonly used metals’ skin depth:

Skin depth(um) Skin depth(um)
Conductor 1 GHz 10 GHz
Al 2.529822128 0.8
Cu 2.055480479 0.65
Au 2.498199352 0.79
Ag 2.023857703 0.64

Table 2.1 Skin depth of commonly used metals
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2.3 Rectangular Patch

This is the most popular type of microstrip antenna. Figure 2.7 shows the geometry of the
rectangular microstrip antenna, not including the dielectric and ground plane which would be
underneath. The dimension L is universally taken to mean the long dimension, which causes
resonance at its half wavelength frequency. The radiating edges are at the ends of the L
dimension of the rectangle, which sets up the single polarization. The radiation that occurs at the
ends of the W dimension is far less and is referred to as the cross-polarization [2]. For a
rectangular patch, the length L of the patch is usually 0.3333X, < L < 0.5X, where A, is the free
space wavelength. The patch is fabricated to have a very thin t such that t << Ay (where t is the
patch thickness). The height h of the dielectric substrate is usually 0.003%, < h < 0.05),. The

dielectric constant of the substrate is typically in the range 2.2 <, < 12 [2], [10], [19], [23].

Non- Radiating
radiating edges
edges
T'\‘x““"-h,,q__ ////\
\ i~ <
/l
H-plane /

Figure 2.7 Rectangular microstrip antenna [2].

The E-field under the patch can be explained by taking a side view of the microstrip
material. (See Figures 2.4 and 2.5) The fields under the L edges are of opposite polarity due to

the half wave nature of the patch. When the field lines curve out and finally propagate out into
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the direction normal to the substrate they are now in the same direction (both facing left). In the
far field, perpendicular to the substrate, the radiation from the two sides adds up because the
fields are in phase. As you look out in directions off of boresight (optical axis of a directional
antenna), the intensity drops off as the fields of the two edges become farther and farther out of
phase. At two angles the fields exactly cancel. Thus the microstrip patch radiation intensity

depends on what direction you are facing it from (it has gain and directivity).

A few basic steps need to be followed when designing a patch antenna. First, the
structure needs to be a half wavelength resonator. This parameter is controlled by the effective
dielectric permittivity, which will be discussed later. In order to excite the desired TM10 mode, it
is imperative to make the patch length slightly less than half wavelength in the substrate
(Equation 2-3), causing the parallel radiating edges to behave as two element broadside array.
Second, use a low dielectric constant under the patch. This allows for a low Q factor of the
magnetic wall cavity under the patch, which could also be obtained by using a thicker substrate,
provides a better efficiency and larger bandwidth, but at the expense of a larger element size.
Third, use a thicker dielectric than you normally would to extend the efficiency and the
bandwidth, but keep in mind the height must still be just a fraction of a wavelength and that the
fringing field effect will increase. It also introduces surface waves, which are not desirable since
they extract power from the available power for direct radiation. Surface waves degrade the
antenna pattern and polarization characteristics. There are methods that eliminate these surface

waves, by introducing cavities in the design [10], [15], [19], [23].
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2.3.1 Radiation Pattern of Rectangular Patch

The radiation pattern is a graphical representation of the relative electromagnetic field
strength transmitted from or received by the antenna. These antenna radiation patterns are taken
at one frequency, one polarization, and one plane cut (azimuth or elevation). The patterns are
usually presented in polar or rectilinear form with a logarithmic strength scale. Conventionally,
the patterns are normalized to the maximum graph value, 0 dB, and the directivity above an
isotropic antenna is given for the antenna. In more elaborated words, an antenna radiation pattern
is defined as “a mathematical function or a graphical representation of the radiation properties of
the antenna as a function of space coordinates. In most cases, a radiation pattern is determined in
the far-field region and is represented as a function of the directional coordinates. Radiation
properties include power flux density, radiation intensity, field strength, directivity phase or

polarization.” [24]

Considering a basic rectangular microstrip patch antenna with probe feeding (see Figure
2.8 (a)), let us explain the basic operation and electrical characteristics of a microstrip patch
antenna. The antenna transmit mode occurs when the antenna is driven by a voltage between the
probe feed and the ground plane. The electrical field components parallel to the ground plane
must be very small throughout the substrate, given that the substrate is usually thin (h ~ 0.05 A).
This excitation will produce a current on the patch, and a vertical electrical field between the

patch and the ground.

As mentioned before, the antenna will resonate around its half wave length, leading to
relatively large electric field and current amplitudes. The radiation can be viewed as being

generated by the induced surface current density (J = fi x H) on the patch in the presence of the
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grounded dielectric substrate. The equivalent source produces a broadside radiation pattern [23]

as shown in Figure 2.8 (b).

Figure 2.8 (a) Cross section of a probe fed patch antenna.

(b) Principal plane radiation patterns of a microstrip antenna. [23]

Microstrip patch antennas have shown a tendency to have radiation patterns with
unwanted sidelobes and local nulls in certain directions caused by surface waves. This effect is
increased in high permittivity substrate. Some researchers have removed the substrate from
underneath the antenna to improve the radiation pattern, as well as to increase the efficiency and
directivity [25]. This technique in combination with others is used to improve the radiation

pattern and to remove the ripples presented in it.

2.4 Feeding Techniques and Input Impedance

For the antenna to be in the transmit mode, it needs to be driven by a voltage source
between the probe feed and the ground plane. The reason for an appropriate feeding technique is
the efficient transfer of power between the feed structure and the radiating element (impedance
matching is critical) [26]. Power can be coupled into or out of the antenna by contacting and non

contacting methods. The contacting feeds involved a direct contact with a transmission line,
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feeding the RF power to the radiating patch using connecting elements, such as coaxial lines,
microstrip lines, and coplanar waveguide (CPW). The most common techniques for non
contacting methods are aperture coupling, and proximity coupling [10], [19], and [26]. Some of
these methods have been used to increase the bandwidth and efficiency of the microstrip patch
antennas [27]. These feeding techniques have more degrees of freedom than the contacting feeds,
but this makes them harder to design. Special attention will be given to the contacting feeding

techniques for “simplicity” purposes.

2.4.1 Probe Feed

A coaxial probe feeds is the termination (or connector) of a self-shielded cable used for
transmission of RF signals. Probe feeds are widely used in microstrip patch antennas. The feed is
the inner conductor, which extends through the dielectric and is soldered to the radiating patch,
while the outer conductor is connected to the ground plane. The approximate location of the
contact between the inner conductor and the patch is at a third of the way between the patch
center and the radiating edge, to obtain an input impedance of 50Q (Zi,=50€2). The main
advantage of this type of feeding technique is that the feed can be placed at any desired location
inside the patch. This technique is easy to fabricate and has low spurious radiation [28]. The
contact location is at the center of the patch relative to the W side, and along the center axis of
the L side of the patch. The antenna equivalent circuit is shown in Figure 2.9 and the geometry of

the patch with a probe feed is shown in Figure 2.10.
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Figure 2.9 Equivalent circuit for probe-fed microstrip antenna. [28]

The input impedance of a microstrip patch antenna controls the radiated power and
impedance bandwidth. The total input impedance of a probe fed patch antenna consists of the
probe reactance in series with the patch impedance. The models for the probe feed appear to
consider only the inductive reactance. There are two components considered by the total feed
reactance, the inductive reactance of the probe plus the capacitive reactance between the patch

and the ground plane [28].

Feed .
7 | L { o]  Pom Top view
Patch
————
L -
\Gfound
L, Plane
Substrate
Side view

Coaxial

: Ground Plane
Connector

Figure 2.10 Probe fed rectangular microstrip patch antenna. [29]
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The effect of the feed type and location has been widely studied and used for its ease of
fabrication, but for array configurations it is preferred to use microstrip lines [30]. Even though
theoretical models indicate that the resonant frequency should not be affected by the feeding
technique employed when dealing with the microstrip patch, some researchers have found that
there are variations up to 2%, which could be due to the tolerance errors in the patch dimensions

and/or inhomogeneities in the substrate permittivity [31].

2.4.2 Microstrip Feed

In the microstrip line feed, a conducting strip smaller in width than the patch connects
directly to the edge of the patch (edge feeding, see Figure 2.11 (a)). The transmission line can be
etched or milled on the same substrate for better integration and to provide a planar structure.
Another type of microstrip line feed is the inset feeding (Figure 2.11 (b)), which is used to match
the impedance of the feed line to that of the patch without the need of an external matching
network [32]. However, as the substrate thickness increases, the surface waves and spurious
radiation increase as well, setting a limit on the bandwidth (typically 2-5%). The inherent
asymmetry of the microstrip feed line generates higher order modes, producing cross-

polarization.

Microstrip Feed

Patch

ground conductor

Substrate

Ground Plane e ) dielectric substrate

Figure 2.11 (a) Microstrip line feed. [32] (b) Inset feeding. [30] (c) CPW fed antenna [33]

22



2.4.3 CPW Feed

CPW fed patch antennas are normally used at microwave frequencies [33]. This structure
consists of a patch surrounded by a spaced ground conductor and a CPW feed line as shown in
Figure 2.11 (c). It is similar to the folded slot antenna. Other structures have been fabricated with

a CPW feed line and a transition to a simple printed transmission line.
2.5 Frequency Response and Impedance Bandwidth

The frequency response of an antenna is defined as its variation (or stability) of the input
impedance over frequency. The complex input impedance (Zin(w) = R(®) + jX(®) form, with ©=
2nf - angular frequency) provides the ability to consider the antenna as a circuit element. The
input impedance of the antenna element can be used to determine the reflection coefficient (I")
and then to calculate other related parameters, such as voltage standing wave ratio (VSWR) and
return loss (RL), as a function of frequency [34].

= Zin _Zo

T Z +2Z, @17

VSWR Y 14 (2-18)
Vi 1|00

RL=-20log[| (dB) (2-19)

The impedance bandwidth of a patch antenna is strongly influenced by the spacing
between the patch and the ground plane. As the patch is moved closer to the ground plane, more
energy is stored in the patch capacitance and inductance and less energy is radiated (the Q of the
antenna increases) [35]. The Q factor is a dimensionless parameter that compares the time

constant for decay of an oscillating physical system's amplitude to its oscillation period. A higher
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Q indicates a lower rate of energy dissipation relative to the oscillation frequency, so the
oscillations die out more slowly. A good antenna design should strive for a low Q factor. A very
rough estimate of the bandwidth is:

1.5
r rad

where /1 is the height of the patch above the ground plane, W is the width (near a half-

wavelength), Z, is the impedance of free space, and R;,q is the radiation resistance of the antenna.
2.6  Spiral Antenna

Spiral antennas are a class of antenna that are rotational symmetric. They are attractive
because of the broad bandwidth, circular polarization and wide radiation beam width [36]. The
arm length determines the resonance frequency of the antenna. The radiation is perpendicular to
the plane of the antenna. Making the spiral into a square will degrade this performance since
there will be discontinuities in the rotation symmetry. This is due to the corners and the parallel

nature of the turns. I

<—>
A
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(a) (b)

Figure 2.12 Single-arm square spiral antenna (a) top view and (b) side view.
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A single-arm square spiral microstrip antenna can be design to start as a small monopole,
then reconfiguring to the spiral configuration. Figure 2.12 shows a top and side view of this
antenna. The reconfigurable spiral antenna is expected to demonstrate the frequency tuning and

radiation pattern changing capabilities.

2.7 Coupled Microstrip Patch

Microstrip patches can couple with radiating surfaces in close proximity, acting as
parasitic elements. This technique relies on the mutual coupling between closely spaced driven
and parasitic elements, resulting in effective array behavior from a single feed point. This
method provides isolation of the driven element from the tuned element or elements until
actuating the switching device or devices. Wide-frequency bandwidth and a range of available
topologies and functionalities can be achieved [34]. Therefore, changes in radiation patterns are
achieved through changes in the coupling between the elements, which, in turn, change the

effective source currents on both the driven and parasitic elements.

2.8 Chapter Conclusions

This chapter presents a literature review of the most commonly used microstrip antenna
structures, their most suitable feeding technique, as well as a rough explanation of the substrate
effects over the antenna performance. The results of previous investigative works were

introduced, as well as the literature of the antenna structure to be designed.
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Chapter 3

Reconfigurable Antennas

3.1Reconfigurable Antennas

Reconfigurable antennas have become more attractive with the increased demand for
multiband antennas. They provide more levels of functionality to a system by eliminating the
need for complicated wideband antenna solutions. Common antenna designs not involving
reconfigurability impose restrictions on the system performance because of their fixed structure.
Reconfiguring antennas can enhance their performance by providing the ability to adapt to new

operating scenarios.

There are several methods that rely on geometry reconfiguration for the tuning of the
operating frequency of a particular antenna design, including varactor and PIN diodes, and the
use of optically activated switches by fiber optic cables [37]-[39]. Many antennas have been
designed to maintain their radiation characteristics by using self-similar structures, while
changing the aperture dimensions for a different operating frequency [40]-[42]. Others designs
consist of using a linear dipole antenna that is shortened to a specific length to operate at a higher
frequency [43]. In the reconfigurable dipole case the radiation pattern stays the same because the
antenna current distribution will be the same relative to the wavelength of the resonant
frequency. Some reconfigurable antenna applications change the radiation pattern but maintain
the same resonant frequency [44]. This concept can enhance a system’s ability to null jamming,

or undesirable noise sources by directing the energy to the intended user.
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The challenge faced by antenna designers is that the reconfiguration of one property, for
example, frequency response, will have an impact on radiation characteristics. Likewise,
reconfigurations that result in radiation pattern changes will also alter the antenna’s frequency
response. This linkage is not desirable among antenna developers, which usually prefer the

characteristics to be separable.

3.2 Reconfigurability Concept

The concept of reconfigurable antennas refers to a change in the frequency
characteristics, radiation pattern, impedance bandwidth, and/or polarization of an antenna by
changing its aperture dimensions or geometry through electrical or mechanical means. By tuning
the operating frequency, the antenna could be used to filter signals interfering with the

communication or simply to change operating frequency band [34].

3.2.1 Frequency Reconfigurability

Antennas with reconfigurable frequency response (also known as tunable antennas) can
either switch abruptly from one frequency band to another or continuously perform this task. The
frequency response reconfigurability is achieved by actively controlling the effective electrical
length of the antenna thus enabling the antenna to operate in different frequency bands. This is
usually done by adding or removing a part or parts of the antenna through electrical, mechanical,
optical, or other means [37]-[42]. The antenna resonant frequency can also be altered by

maintaining the antenna footprint but changing the radiating current path [45].
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3.2.2 Radiation Pattern Reconfigurability

The radiation pattern reconfigurability is needed to steer the radiation pattern away from
noise sources or to reduce interference. To reconfigure the radiation pattern, some researchers
have used shorting pins and in-line open tuning elements [44]. Possible applications for this type

of antennas are in phased antenna arrays in wide-angle scanning.

There are methods to change radiation patterns independently from frequency behavior.
One of these methods is the use of electrically tuned or switched parasitic elements. This method
provides isolation of the driven element from the tuned element or elements, potentially wide-
frequency bandwidth, and a range of available topologies and functionalities [34]. This technique
relies on the mutual coupling between closely spaced driven and parasitic elements, resulting in
effective array behavior from a single feed point. Therefore, changes in radiation patterns are
achieved through changes in the coupling between the elements, which, in turn, changes the

effective source currents on both the driven and parasitic elements.

3.3 RF-MEMS Based Reconfigurable Antennas — Previous Designs

The concept of reconfigurable RF MEMS based antenna systems was first introduced in
1998 by E. R. Brown [46] and many researchers have enthusiastically studied this area since
then. In the past, the resonant frequency of the microstrip patch antenna was tuned by adjusting
the effective length of the patch using varactor diodes [47]. RF MEMS switches have replaced
FETs and diodes in certain applications. They have been fabricated, tested and measured against

these solid state devices and were found to have few advantages for low and medium power
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handling applications [46], [48]. Nevertheless, the integration of RF MEMS switches hasn’t been

demonstrated and/or explained in depth.

Research groups have described different issues during the integration of the MEMS
switches and the complete system. Anagnostou et al. demonstrated the concept of reconfigurable
antenna design and fabrication with self-similar fractal antennas [49]. In their design, shown in
Figure 3.1, they started by characterizing a single antenna element and then improving their
design and fabrication process for achieving a multiple-frequency antenna. These antennas have
the advantage of radiating similar patterns in a variety of frequency bands. Their design, feed,
and performance as well as the structure and the biasing network of the used RF-MEMS
switches were the primary objective of the research. They also presented the functionality of a
new type of RF-MEMS based reconfigurable multiband antenna consisting on a self-similar
design, and introduced an analytical procedure to be used in their antenna design. Even though
their antenna design had good characteristics, its performance showed relatively shallow

resonances, with respect to a return loss S11 =-10 dB, which they improved later.

Figure 3.1 Design characteristics of the Sierpinski gasket antenna. [49]

The Sierpinski multiband fractal antenna was introduced in 1998 [41]. This antenna is

described by an infinite number of iterations with an infinite number of frequency bands,
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resulting in a very complex antenna structure. Their approach was to apply low pass filters
between the triangle interconnections to suppress any side-lobes that may exist after the first
resonance. Most of the research regarding Sierpinski antennas has been done for a low relative
permittivity structure etched on thin dielectric materials, thus approximating the free space
environment. Anagnostou, et al. also followed the principles of the Sierpinski antenna to design
their own RF MEMS-based reconfigurable Sierpinski [42]. They implemented three sets of RF
MEMS switches with different actuation voltages to sequentially activate and deactivate parts of
a multiband Sierpinski fractal antenna. The direct actuation of the electrostatic MEMS switches
was done through the RF feeding line. The antenna was fabricated over a liquid crystal polymer
substrate and operates at several different frequencies between 2.4 and 18 GHz. It was the first
RF MEMS reconfigurable antenna on a flexible organic polymer substrate for multiband antenna

applications.

Gabriel M. Rebeiz studied the use of RF MEMS switches in microstrip patch antennas
and feed structures for developing reconfigurable multiband antennas [48]. He named the design
reconfigurable patch module (RPM). The RPM consists of a 3x3 array of patches connected
together using MEMS switches. However, the real MEMS switches were not implemented since
they were not available. Instead, they simulated the MEMS switches using ideal open and closed
circuits as shown in Figure 3.2. Their contribution is that they were able to achieve 12%
impedance bandwidth for the L-band configuration and greater than 7% bandwidth at X-band,
demonstrating that with the RPM the frequency was reconfigured from one band to another.
Rebeiz also talks about the integration of RF MEMS switches as ideal elements for
reconfigurable antennas in his book [43]. He does a slight comparison of them against their solid

state devices counterparts, FET switches and P-I-N diodes. Chapter 13 is dedicated to the
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description of reconfigurable dipole and slot antennas, reflect arrays, and some of the problems

that are encountered when designing reconfigurable antenna arrays.

{a) OPEN Configuration (b} CLOSED Configuration

Figure 3.2 Picture of 3x3 array prototype fabricated on 0.125” thick substrate [48].

Jennifer T. Bernhard from University of Illinois at Urbana Champaign also performed
much research on this field, implementing the concept of integrating packaged RF MEMS
switches into a square spiral antenna by surface mounting techniques, shown in Figure 3.3 [50].
This concept will be used in this thesis, where the feasibility of implementing off-the-shelf RF
MEMS switches for reconfigurable antennas will be addressed. In their research, they modified
the switch to reduce the impedance mismatch, as well as the antenna to physically and
electrically accommodate the switch. An electrically active single stub matching network is
included in their design, but only in one of the antenna configurations. Concurrent with this
previous work, a research group from University of California at Irvine, supported by DARPA
and NSF, presented a reconfigurable rectangular spiral antenna with a set of MEMS switches,
which were monolithically integrated and packaged onto the same substrate [51]. This system,
shown in Figure 3.4, was based on a single-arm rectangular spiral antenna, capable of changing
its radiation pattern. Chang won Jung, et al.,, considered their design ‘“the first truly

reconfigurable printed antenna design using MEMS devices as active elements integrated in the
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same low loss substrate”. The effort of the proposed system was to emphasize the feasibility of

MEMS switches integration into the same substrate for antenna applications.

Figure 3.3 Fabricated antenna with Radant MEMS switches [50].
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Figure 3.4 Reconfigurable Scan Beam Single-Arm Spiral Antenna [51].

Another interesting writing from a research group at Auburn University in Alabama deals
with a MEMS-based electrostatically tunable circular microstrip patch antenna [52]. They

designed a tunable circular microstrip patch antenna, fabricated by using printed circuit
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processing techniques. The microstrip patch antenna was patterned on the top side of a Kapton
polyimide film, suspended above the ground plane. The patch was inductively coupled to a
coplanar waveguide (CPW) feed line via a slot in the ground plane. The only drawback to this
work was that for a tuning range of 270 MHz, they needed an actuation voltage of 165 V.
Previously, they were able to achieve a higher frequency range using 268 V [53]. This is
considered a high voltage since there are many products in the market with actuation voltages
below 100 V and with similar characteristics [54]. Because the substrate used was not
compatible for fabricating MEMS switches they needed to treat them as packaged lumped

components, and use surface mounting techniques.

On 2004, a novel design for a reconfigurable slot aperture antenna over a broadband
substrate/feed structure was published [55]. The proposed reconfigurable aperture (RECAP)
consists of interleaved crossed-slot elements for dual-polarized and broadband array operation
without grating lobes. The dimensions of the array elements can be reconfigured by using radio-
frequency switches, such as RF-MEMS switches or P-I-N diodes. The array elements along with
the switches are integrated into the top layer of a multilayered composite structure consisting of
passive, resistively loaded frequency selective surface (FSS) elements that form a broadband
ground plane system. The analysis of the FSS slot array configuration and measurements that

could serve as a reference in future developments of the FSS layered arrays was emphasized.

The private industry has also seen the need for the design of reconfigurable antennas in
order to reduce the complexity of an antenna system for performance over a wide frequency
band [56]. A work presented in 2001 describes a reflective antenna array approach that can
perform time delay beam steering by using cascaded RF-MEMS switches/coplanar strip

transmission line sections. They measured the RF-MEMS switches characteristics in coplanar
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strip transmission line and modeled a reflected phase of five cascaded switch transmission line
sections. The true-time delay switched beams were created by placing the RF-MEMS switches
along the transmission lines behind the flared notch elements, where RF-MEMS switches were
proposed to be the reflective elements [57]. The switches were characterized as coplanar strip
elements by designing test substrates fabricated with switches placed in both shunt and series
configurations, as they used coplanar strip transmission lines to eliminate the need for a balun to

microstrip line.

The MEMS switches are being researched for better radiation performance for specific
applications in antenna designs. A research group in University of California at Irvine designed
an air bridged RF-MEMS capacitive series switches in single pole single throw (SPST)
transmission lines for reconfigurable antenna applications [58]. In their design, they analyzed the
RF characteristics of the capacitive series switches, measured, and compared with coplanar
waveguide (CPW) and microstrip line (MSL) structures. They fabricated the series switches
monolithically on a glass wafer with a spiral antenna that operates at 11 GHz in order to measure
the radiation characteristics of the antenna. They concluded that the use of RE-MEMS series
switch shows better performance for electric field radiation of reconfigurable antenna
applications. Other researchers have designed integrated systems of antennas and MEMS on the

same substrate as well [42]. The main difference between [42] and [58] is the substrate used.

These last two examples establish the basis for the research proposed in the methodology
section on Chapter 3. They have proved the feasibility of RF-MEMS-based reconfigurable
antennas for many applications and the research to be done in order to fulfill future

communication needs.
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3.4 Recent Trends

There are specific applications were reconfigurable antennas can really make an impact
in the short run. As a single-element scenario, we can look at portable wireless devices, such as a
cellular telephone, a personal digital assistant (PDA), or a laptop computer [34], [59]-[61]. These
devices typically use single antennas, such as monopole or microstrip antennas, which may or
may not have multiple-frequency capabilities. The antenna packages integrated into these
devices may have two or three antennas for diversity reception on small devices to increase the
probability of receiving a usable signal. Usually, only one of the antennas is used for
transmission. These devices use bidirectional communication. The transmission from the
portable device to a base station or other access point is the weakest part of the bidirectional
communication link because of the power, size, and cost restrictions imposed by portability and
physical size. If the antenna’s radiation pattern could be changed, it could be redirected toward
the access point and use less power for transmission, resulting in a significant savings in battery
power. In the antenna array scenario, some of this technology can greatly improve performance.
In planar phase array technology, reconfigurability can provide additional degrees of freedom
that may result in wider instantaneous frequency bandwidths, more extensive scan volumes, and

radiation patterns with more desirable side lobe distributions [34].

3.5 Design Tradeoffs

Any design tradeoffs for any project must have a balance between the capabilities
provided or required and resources available. The tradeoffs are different in every application and
are usually a critical aspect of the design of an antenna with specific requirements. For example,

a low dielectric constant under the patch allows for a low Q factor of the magnetic wall cavity
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under the patch, which could also be obtained by using a thicker substrate. Taking into
consideration the fringing fields and that the substrate thickness must be a fraction of the
wavelength, a tradeoff needs to be made. A microstrip patch with these characteristics provides a
better efficiency and larger bandwidth, but at the expense of a larger element size. This effect
could also be explained by focusing on the wavelength behavior in the medium. Wavelength is
proportional to velocity of the electromagnetic signal and a high dielectric constant lowers that
velocity. The electrical length of a patch antenna is approximately a half wavelength, and
consequently, the electrical length of the antenna is larger in low permittivity substrates. Here’s
the reason why high permittivity substrates (such as GaAs with g=12.9) are employed in
microwave components, to reduce their size. Thin substrates with higher dielectric constants are
desirable for microwave circuitry because they required tightly bound fields to minimize
undesired radiation and coupling, and lead to smaller element size, but we want to radiate! Also,
the tradeoff between gain and bandwidth should be considered, as well as the robustness of the

patch versus the suitable thickness for low Q designs.

3.6 Chapter Conclusions

This chapter presents the results of previous investigative works, as well as the literature
of the antenna structure to be designed. Some previous research work was also included to show
the trend and usefulness of this technology. In the next chapter, the materials and methodology
used to accomplish this thesis research will be described. The proposed antenna structures,
design process, simulation software and results will be presented. The development of a design
of experiment to obtain a model of the antenna structure will be also included, as well as an

explanation and test bed used to characterize the RF MEMS switch employed in the experiment.
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Chapter 4

Methodology

4.1 Purpose

The antenna design process starts with designing a common geometry that can change the
driving parameter that controls the frequency and a possible change in the current distribution
and energy propagation in space. A different integration technique may also allow for ease of
fabrication with improved results. The parts to be integrated should provide for ease of assembly
with a minimum number of parts, since this is the number one driver of labor cost. Minimizing
the number of parts will eventually reduce the overhead cost, the overall cost of the product, and
the cost to support the subsystem if it is integrated into a major platform. Being that the antenna
is reconfigurable, it is already providing for multiuse, which permits certain economies of scale
and helps support the logistics aspects of the system. The antenna structure that fits all these

characteristics is the microstrip patch antenna.

It is of great interest to model and experimentally verify the performance of the
microstrip patch with the rest of the antenna structure that will be added by actuation of the RF
MEMS switches. This process will give us a broad understanding of the antenna behavior. It can
be used to determine how the feed point affects the input impedance and, consequently, the
return loss. The coupling between the main structure and the different antenna extensions, and
the radiation pattern should also be studied in order to better characterize the antenna behavior.
The antenna design proposed will operate in the X-band, with multiple resonances a different

frequency of operation because of the coupling, perhaps a higher frequency bands if higher order
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modes are excited. The switch performance will also be verified across the operating frequency
band. The final goal is to have a robust design of a new structure with an acceptable performance

and flexibility that can be integrated into an antenna subsystem.
4.2  Proof of Concept and Selection of Material

After analyzing several antenna designs and previous work done in reconfigurable
antennas, the first project was to develop a proof of concept. This antenna structure used in this
experiment should change its operating frequency band upon actuation of the switches. The
proposed structure is shown in Figure 4.1. It consists of a monopole antenna, with an extension
to convert it into a folded monopole upon actuation of the switches, a tapered CPW feed line,

and the biasing lines for the switch.
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Figure 4.1 Monopole-folded monopole antenna.

The materials used in the antenna configuration were a ceramic substrate Rogers
Thermoset Microwave Material (TMM®-4) with relative permittivity of 4.5+0.045%, thickness
of 15 mils (0.381mm), with standard one sided copper cladding of %2 oz (17um), RF MEMS
switches from Radant MEMS RMSW101™ with actuation voltage +100 V-dc, integrated via

wire bonding with wire 7/10 mils (17.78um) thick gold wire (1.5 mils in diameter is also
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available), and a microstrip-surface mount probe feed (MSSP4847, male, full detent, right angle

transition).

Since the antenna performance will be compare to previously done simulations, there are
no specific dimensions to analyze or design for. The antenna layout was provided by Dr.
Dimitris Anagnostou, in a partnership with Dr. Nelson Sepulveda. The careful integration of all
the components in order to fabricate a reconfigurable antenna was the focus of this effort. The
design was imprinted onto the substrate with the use of a milling machine. The layout is
imported in the computer that controls the milling machine, which will remove the unwanted

part of the metal layer, resulting in the pattern being transferred to the substrate.

Upon finalizing the integration of the components, the end result was a monopole antenna
that increased its electrical length and converted into a folded monopole by actuating the RF
MEMS ohmic contact switches. This is a two bit configuration that provided four different states
or configurations. The antenna has two very distinct configurations: the “Off-Off” and the “On-
On” configurations. Each one is characterized by a different frequency of operation and a
different radiation pattern. Two more configurations can be achieved by actuating either one of
the switches by itself. However, these configurations are symmetric and do not differ
significantly. The resulting antenna then has four different configurations that will provide
different current distribution for different operating frequencies and radiation patterns. Principal
attention was given to the “Off-Off” and the “On-On” configurations, since they provide the shift
in frequency desired, and it is simple to actuate both switches at the same time with hot
switching. The “Off-Off” configuration is essentially a top-hat monopole with 8.2mm length and
4.7mm of total loading in order to lower its resonant frequency and approximate closer a uniform

current density on the structure.
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The antenna return losses were measured with a HP8510 Vector Network Analyzer,

which has the capability to measure the antennas’ frequency response up to 26.5 GHz.

4.2.1 Procedure

First, the antenna layout was imported into the computer controlling the LPFK 95s/I1
milling machine. Then, the probe feed was soldered in the GF-B reflow oven. It is very
important to do this step before integrating the switch since there’s heat involved. The
temperature of the reflow oven doesn’t reach temperatures that will permanently damage the RF
MEMS switches, but risks shall be avoided when possible. Later, the switches need to be
integrated. The switches were held in place by using conductive epoxy as the adhesive material.
Finally, the switches were connected to the structure by using the KS 4123 wire bonding

machine.

The measurements of the resonance frequency at the different states of the switches were
obtained from the HP8510 vector network analyzer. The characterization of the antenna was
performed at the Radio and Scattering Compact Antenna Laboratory. The data was collected and

plotted in Advance Design System (ADS) and AWR Microwave Office.

4.3 Simulation Software

The use of simulation software is essential in order to achieve our goals. The software
used should facilitate the calculation of the location of the antenna’s feed point, as well as the
theoretical behavior of such structure. The program LineCalc by Advanced Design System was
used in the design of a microstrip feed line, which was later changed for a probe feeding

technique. CST MICROWAVE STUDIO ® was used to obtain preliminary design dimensions
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and to simulate all the antenna structures in order to obtain the output responses. CST
MICROWAVE STUDIO® (CST MWS) is a tool used for the 3D EM simulation of high
frequency components, used in mobile communication, wireless design, and increasingly in

signal integrity.

A Matlab Program is in development to be able to extract the specific radiation pattern
measurements for a specific cut-plane at a specific frequency to determine the antenna radiation
characteristics in space. Previous attempts were done on CAD Feko. Nevertheless, time was

critical in achieving results and its use was discontinued.

4.4 Proposed Antenna Designs

After reviewing several papers, there’s a myriad of antenna designs made in many
different materials and with countless geometries. Several designs seem feasible. A novel
antenna design could breed from designing a reconfigurable microstrip patch antennas since
there’s no previous work done with off-the-shelf components, to the best of my knowledge. First,
the preliminary dimensions for the antenna patch were simulated in CST Studio®. Second, the
feed location was swept across the structure to find the location at which the input impedance
(Zp) 1s 50€), in order to obtain its optimum dimensions. Once a model is achieved, the parasitic
patches were integrated to study the coupling effects. Upon integrating the RF MEMS switches
onto the structure, a goal-model was generated for the desired structure output responses. Finally,

a prototype was fabricated for validation purposes.

The proposed antenna design consists of a reconfigurable single patch with extensions to
the frequency driving parameter (length). Some other geometries, might also be studied to check

for feasibility of using RF MEMS switches in reconfigurable antennas.
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Figure 4.2 Proposed layout for the reconfigurable microstrip patch antenna.
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4.4.1 Reconfigurable Microstrip Patch Antenna

First, the appropriate substrate for the design was selected, meaning the relative
permittivity, desired thickness, and desired frequency of operation. Once selected, the step to
follow is calculating the patch dimensions along with the substrate effects. This step determines

the actual dimensions of the main antenna structure (width and length).

44.1.1 Theoretical Design of the Main Patch

The three essential parameters for the design of a rectangular Microstrip Patch Antenna
are:
e Frequency of operation (f;): The resonant frequency of the antenna must be selected
appropriately. The design target is to have an antenna using the X-band at 10 GHz,
reconfiguring to a different frequency band. The resonant frequency selected for the design is

10 GHz.
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¢ Dielectric constant of the substrate (g;): The dielectric material selected for this design is
Rogers Thermoset Microwave Material ™ (TMM-4), double sided (for mechanical support)
which has a dielectric constant of 4.5.

e Height of dielectric substrate (h): For the microstrip patch antenna to be used in possible
satellite applications in needs to occupy a small volume. Therefore, a trade-off was made
between size and a higher Q-factor on the patch. The height of the dielectric substrate is

selected as 0.508mm (20 mils). If required, a thicker substrate will be considered.

For an efficient radiator, a practical width that leads to good radiation efficiencies is [10]:

1 2 c 2
W = — =< | (4-1)
2frVﬂ0€0 €V+1 2fr gr+1

where c is the free space velocity of light.

The effective dielectric constant of the microstrip antenna is calculated using Equation 2-6. Once
the W and the & (for low frequency and W/h>1) are calculated, the extension of the length
(AL) is calculated using Equation 2-4. The actual length of the patch can now be calculated using

Equation 4-2:

1
L= —2AL=L,_ —-2AL (4-2)
[ [ eff
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Then, it is imperative to realize that for this type of antenna the frequency driving
parameter is the length. Therefore, the antenna length dimension will be increased by using the
RF MEMS switches. The feed point location is critical in determining the antenna’s input

impedance. The mutual coupling also causes a shift in input impedance, which is a behavior we
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are relying on the shift the frequency of operation. Since the antenna is very small, the welding
of the probe feed is expected to radiate and affect the performance of the patch. The frequency of
operation of the extended structure will be approximated with the same equations used to

calculate the length and width of any microstrip patch antenna.

4.4.1.2 Coupled Microstrip Patches

A technique used to change radiation patterns independently from frequency behavior is
the use of electrically tuned or switched parasitic elements. The patches will be simulated as
close as physically possible. All fabrication constraints must be considered when designing the
interelement spacing of the patches. The switches are expected to change the coupling between
the parasitic elements and the driven element, resulting in effective array behavior from a single
feed point. Therefore, changes in radiation patterns are expected by changing the effective source

currents on both the driven and parasitic elements.

44.1.3 Design of Patch Extensions, Hypothesis and Constraints

The first approach will be to change the operating frequency of the antenna by forcing the
coupling between the main patch and neighboring patches. The main patch of the antenna was
designed to operate at 10 GHz. The hypothesis for this approach is that the antenna will have a
component of the radiating field causing a low coupling of the closely spaced parasitic elements,
resulting in effective array behavior from a single feed point. One patch will have identical
dimensions as the main patch, but the other will have a different length. The self similar
structures should resonate at the same frequency, but the patch with different dimensions should

resonate at a different frequency band. Since this patch has smaller dimensions it should resonate
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at higher frequencies or accentuate a higher order mode by the change in input impedance over

frequency.

There are physical constraints that need to be considered. One is the size of the switch.
The footprints of the switches in question are 1.37mm x 1.42mm. The milling machine has a
limitation on the path of metal it can remove from the surface layer of the substrate. The smallest
drill bit is 0.250mm, which has to be taken into consideration when designing the spacing
between patches. Also, since the patch is small, it is expected that the soldering of the probe feed

might interfere with locating the exact point at which the input impedance is 50€2.

4.4.2 Additional Reconfigurable Antenna Designs

Some possible additional designs have been considered in order to reconfigure the
radiation pattern. The spiral antenna and dipoles have been analyzed and considered. These
antenna geometries seem more suitable for this task. There’s plenty of information on the

geometries and some previous attempts have been published.

44.2.1 Spiral Antenna

Another technique used by researchers is using the linkage to their advantage, exploiting
particular modes of operation to meet specific system requirements. Antennas with multiple
resonant modes often exhibit very different radiation characteristics for each of the modes.
Careful design can allow the bands to be switched or used simultaneously. The antenna’s innate
properties can be exploited without struggling to suppress or eliminate the frequency response.
One such example of this approach can be found in [62], where the multiband properties of slot

spiral antennas can be used to achieve different radiation patterns over different frequency bands.

45



These antennas were intended for use in communication in different wireless systems. Figure 4.3
presents the possible antenna structure for the spiral antenna, with strategically placed switch

pads.
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Figure 4.3 Proposed reconfigurable single-arm square spiral antenna.

4.5 Chapter Conclusions

In this chapter the materials and methodology used to accomplish the research were
described. The proposed antenna structures were presented, along with the design process,
simulation software and prototype fabrication. The measurements are presented in the following

chapter. The results will be presented, analyzed and explained.
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Chapter 5

Results and Discussions

5.1 Proof of Concept

The preliminary dimensions for the antenna structure were obtained from Dr. Dimitrios
E. Anagnostou. The purpose of this experiment was to fabricate and characterize the antenna
system, and to compare it against simulation results. This part will proof that the RF MEMS
switches taken off-the-shelf can be integrated into an antenna structure and provide frequency
reconfigurability. Other issues will be studied, to include ease of assembly, integration of

electronic elements and multiuse of the resulting system.
5.1.1 Antenna System

The antenna studied herein is a folded loop monopole antenna designed to operate at a
higher-order mode in order to produce directive patterns in the 14 GHz to 16 GHz range with a
return loss better than -10dB. The two ohmic contact cantilever Radant RF MEMS switches
were integrated in the antenna by using a wire bonder. These switches were selected because of
their low power consumption, long life cycle, and RF performance [63]. The switches were
introduced to allow the extension of the “simple monopole” geometry into a “folded monopole”
operating at higher frequencies. It is also expected to reconfigure the radiation pattern. Further
measurements must be done in order to demonstrate this concept. The antenna layout and the

antenna structure after assembly are shown in Figure 5.1 (a) and (b).
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Figure 5.1 Monopole-folded monopole (a) layout and (b) photograph after assembly.

5.1.2 Problems Encountered and Lessons Learned

Some of the problems encountered are listed herein:
* The substrate is too brittle.
*  Extra welding was needed to support probe feed.
* Itis very difficult to replace the switches if damaged.
» Switches have isolation problems, and failed to perform appropriately.
* The wire cannot be solder on copper surface because of oxidation.

e The 0.7 mil wire doesn’t provide good adhesion to structure.

The integration of the monopole-folded monopole antenna faced several problems that
were not that trivial. Trade off is needed between performance and mechanical support,
specifically when dealing with the bandwidth. The antenna couldn’t stand any hits or
mishandling since the substrate was ceramic and only 15 mils thick. For future designs, a

microstrip substrate with bottom ground plane layer will be used with a thicker substrate to avoid
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having a high Q factor. The surface mount probe feed also presented difficulties since it kept
detaching from the antenna when trying to measure resonance frequency or radiation patterns.
The probe feed had a full detent, and it was slightly hard to remove the antenna from the
characterization set up without exerting too much force to the antenna. Extra welding was used
to hold the probe feed in place with the possibility that it may radiate, cause diffraction of the
energy, or affect the antenna performance in general. For future designs, a probe feed will be
integrated from the bottom of the patch to avoid any interference with the radiation pattern in

broadside.

The implementation of the switches faced some changes as well. The switches cannot be
attached with epoxy, if they need to be replaced. However, a conductive adhesive is needed in
order to have the switch ground connected to the base plate underneath. Also, the base plate
needs to be connected to the ground. A drill hole was included in every patch serving as a base
plate for the switches to later create the vias with an electroplating technique. This will provide a
positive connection between the switch ground plane and the antenna ground. This

interconnection should fix the floating ground of the switch that presented isolation problems.

Besides isolation problems, the switches presented a reliability problem. The reason they
failed was because they are sensitive to electro-static discharge (ESD) events. Also, a circuit for
safe discharge dissipation of the dc power is required and safe apparel for handling them. Later

versions of this switch (RMSW 200 and 201) are better protected against this hindrance.

The gold wires used for wire bonding were unable to positively solder to the copper
surface because of oxidation, even after cleansing. Gold to gold contact is essential in this task

since it is more resistant than copper to oxidation. However, a thin diffusion barrier is required
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between copper and gold since they interact too easily. Nickel (Ni) is normally used as a
diffusion barrier. Because of the diameter of the wires, they were difficult to handle and were not
providing good soldering to the structure. They were later replaced by 1.5 mils thick gold wires.
The wire bonding effect on the antenna performance will be minimized by using the least

amount possible for the switches integration.

5.1.3 Results and Discussions

All four configurations of the monopole antenna were studied. The return loss was the
main parameter used to analyze and determine the resonant frequency. The resulting operating
frequency bands are summarized in Table 5.2. In the ‘Off-Off’ configuration a well-matched
band from 14 GHz to 15.79 GHz with better than -10 dB return loss was achieved. The measured
and simulated results after de-embedding for the feed line extension matched well and are shown
superimposed in Figure 5.2. The simulated antenna pattern shows good pattern stability from 14-

16 GHz, as shown in Figure 5.3.

Configuration and Name Operating Frequency
Off-
Off Monopole antenna 14-15.79 GHz
Off- 9.61-10.43 and 12.41-18.08
On Half loop spiral antenna GHz
On-
Off Half loop spiral antenna 9.93-10.63 and 12.41-18GHz
On-
On Folded monopole antenna 15.76-17.22 GHz

Table 5.1 Operating frequency bands for the configurations of monopole-loop antenna.
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Figure 5.2. Return loss of the monopole-folded monopole in the Off-Off switch configuration.
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Figure 5.3 Simulated radiation patterns at 14.25 and 15.425 GHz.

For the ‘On-On’ configuration, the antenna’s operating frequency band reduces its first
resonance to 4.25GHz. However due to the MEMS wire bonding (most likely) this resonance
was not observed in the measurements. Instead, its operating frequency ranged from 15.76 GHz

to 17.22 GHz, as shown in Figure 5.4. The simulated radiation patterns of the monopole
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configuration from 13 GHz to 17 GHz are presented in Figure 5.5. It presents a tendency to null
the radiation at 90° and 180" due to the loop parasitic element of the antenna located at these
angles in the azimuth plane. The antenna demonstrated reconfiguration in a continuous band,
increasing the operating frequency band. This reconfiguration can be better observed if both
measurements are placed into the same graph (see Figure 5.6). The measurements are fairly

similar to the predicted behavior.
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Figure 5.4 Return loss of the monopole-folded monopole in the On-On switch configuration.

——=13(GHz), E-total, phi=0 {deg)
—=—["1=13{GHz), E-total, phi=90 (deg)
—e—{_1=15(GHz), E-total, phi=0 (deg)
——1 =15(GHz), E-total, phi=90 (deg)
—<— " t=17(GHz}, E-total, phi=0 {deg)
s f=17(GHz), E-total, phi=90 (deg)

Elevation Pattern Gain Display
(dBi)

Figure 5.5 Simulated radiation patterns of monopole-loop at 13 GHz, 15 GHz and 17 GHz.
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Figure 5.6 Return loss of the Off-Off and On-On states of the switches combined.

The other two states (‘Off-On’ and ‘On-Off’) were also measured and, as expected, were
very similar in behavior due to the symmetry of the antenna. An open circuit was created in the
switch that was not of interest during measurements since the signal was fed to both switches
through the feed line. The return loss measurements for both configurations are presented in
Figure 5.7. Gain and radiation patterns are shown in Figure 5.8, 5.9, and 5.10. They present the

antenna behavior in the operating frequency band.
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Figure 5.7 Return loss of the Off-On and On-Off states of the switches.
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After observing the return loss for these configurations, a periodic ripple was noticed.
The graph smooth out after placing some absorber right over the switch that was turned off,

coming to a conclusion that the ripple is caused by mutual coupling between the monopole and

the folded-monopole section.

Rey's MEMS Antenna, Az, V-pol, Mo Bias Calibrated Gain (dBi) at Discrete Angles
ALT Data File: @aa090083.asc Test Date: 20090108
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Figure 5.8 Gain vs frequency of the monopole-loop before actuating the switches.

In Figure 5.8 the highest gains seem to be at 8 GHz at 0 degrees in the azimuth plane cut.
Nevertheless, the radiation efficiency needs to be studied in order to better understand the

antenna performance at this frequency. A 5dB gain is observed at the resonance frequency,

starting at 14 GHz.
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Figure 5.9 Radiation pattern from 7-12 GHz in azimuth cut.
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Figure 5.10 Radiation pattern from 13-18 GHz in azimuth cut.

Disclaimer: The Matlab code used to extract this data is proprietary of the Air Force Research

Laboratory, and cannot be published.
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5.1.4 Conclusion of the Proof of Concept

The reconfigurable monopole to folded-monopole design presented herein was fabricated
and characterized. A multi-frequency antenna was proved possible by actuating off-the-shelf RF-
MEMS switches integrated in the antenna design. There are some difficulties actuating both
switches separately with hot switching. Future integration of a control system will solve this
problem, but separate dc-bias lines will be needed. Some lessons learned in the RF-MEMS
switch integration process are that the actuation voltage of both switches should be around the
same magnitude, since the switches can be damaged if not carefully actuated, and a protective
circuitry is required to provide a dc-current path to ground. It is proven that lump RF MEMS
switches can be used to reconfigure an antenna structure, and consequently its operating

frequency band.

5.2 Switch Characterization

MEMS switches have introduced new approaches to reconfigurable antenna designs.
Their low power consumption and high linearity have made them popular in such applications.
They have proven to be reliable if design process and packaging are done appropriately. The

switch characterized herein was tested for insertion loss and isolation measurements.

The main goal is to prove that the RF MEMS switches have a good response in terms of
isolation, insertion loss, and linearity. A switch model shall be created for possible integration in
future designs. The inherent low power consumption makes them attractive for many low and
medium power applications. A better prediction of behavior could be achive if the model could

be integrated into the antenna simulations.
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5.2.1 Operational Principle

The operating frequency of the antenna is electrostatically tuned by applying a dc bias
voltage between the patch and the ground plane. If the signal is fed through the feed line, the
switching action will be called “hot switching” since the drain and source terminals will be at
different potentials. To do “cold switching” the bias voltage must be applied to the pull down
electrode, also called “gate”. By doing so, the measurement of radiation patterns will be limited
due to the proximity of the dc probe station to the aperture. A hot switching technique will be
used to actuate the switches. Upon actuation, the movable ohmic contact cantilever of the RF
MEMS switch deflects downward toward the fixed ground plane due to electrostatic force of
attraction caused by the applied dc bias voltage on the pull down electrode (ranging from 80 V to
90 V-dc). This deflection allows for the integration of segments to the main antenna, resulting in
an increase in coupling between the patches. This effect produces a shift in the input impedance,
thus causing a shift in resonant frequency. The switching speed was not measured, but it should

range, per the manufacturer, around 10 ps to turn on and 2 ps to turn off [62].

5.2.2 Switch Characterization System

The switch was characterized using a network analyzer, a dc-probe station, and an
amplifier system put together to provide the required high voltage-low power requirements. The
layout for this system is shown in Figure 5.11. The oscilloscope was used to ensure the actuation

voltage was calibrated accurately since the setting for the amplifier was a calibrated knob.

After mounting the RF MEMS switch onto a metal plate to serve as ground plane, it was

connected to two coplanar waveguide (CPW) transmission lines by wire bonding two 0.7 mils
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thick wires as shown in Figure 5.12. The CPW transmission line will be the contact point of the
ground-signal-ground probes used in RF measurements. The system was then placed on a dc-
probe station to do an S-parameter measurement. A system was developed to measure the cold
switching response of the switch, which means that the source and drain are at the same potential
when the switch opens and closes. This will ensure that no additional energy dissipates at the

contacts during the switching events.
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Figure 5.11 System used for switch characterization.
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Figure 5.12 Test configuration for Radant-RF MEMS switch with

microstrip to CPW adapters used for switch characterization.
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5.2.3 Results and Discussions

One of the parameters measured was the return loss of the switch when actuated with
different voltages. It first actuated at 72V-dc. Then the voltage was increase up to 80V-dc and 90
V-dc. The results proved that the switch can not only withstand the high dc-voltage, but also it
has a better response in that region. The S11 was below -15 dB in the operating frequency band
and the insertion loss(see Figure 5.13). The results were similar to the performance described by

the manufacturer up to 20 GHz.

S11 On State On State Insertion Loss
5 0 F=
14 GHz 18 GHz B o 14 GHz ||17.22 GH

-10 _[-15.38dB}|-21.29 dB —~a_ -1.133 dB|-1.406 dB

R B
4 S 1 S
15 /é/ \‘N / Swg
B
/|- DB(IS(1,1)l) ! A

0 AAT2 W / =

25 | -5 DB(IS(1,1)l) / -5-DB(IS(2,1)))
ARSY ' 3| A 14GHz |[17.22 GH
30 g = DB(S(1,1)l) - DB(IS(2,1)l) z ) 1
AASO AATH -2.564 dH | -2.83 dB
-35 -4
0.5 10.5 20.5 26.5 0.5 10.5 20.5 26.5
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 5.13 (a) Return loss and (b) insertion loss vs frequency under different actuation voltages.

A model was created for the switch (see Figure 5.14). The switch model was compared
against the switch behavior for a future implementation in the antenna simulations. The model
resembles the switch behavior for return loss in the “Off” state and “On” state (Figure 5.15 and

5.18) in the operating frequency region.
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Figure 5.14 Switch model for RMSW101 version.
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Figure 5.15 Return loss of the Off-Model compared to the measured return loss of the switch.
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Figure 5.16 Return loss of the On-Model compared to the measured return loss of the switch.
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Figure 5.17 Isolation of the switch compared to the switch model.

Another parameter that was studied was the isolation of the switch when in the “Off”
state. It showed isolation below -8.78 for the operating frequency band. When compared with the
data sheet, it is close to the predicted behavior. Later versions of the switch show an
improvement in this characteristic. The isolation (Figure 5.17) and the isolation phase behavior

were compared to the switch model as well (Figure 5.18).
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Figure 5.18 Isolation phase of the switch compared to the switch model.

The switch model consisted of an equivalent circuit that resembles the behavior of the
switch in performance. It was developed using lumped components between two ports in AWR
Microwave Office 2007. This model was generated following the same configuration that other
researchers have done for their particular device response [64].

Several testing precautions were required when handling the RF MEMS switches. They
have been fabricated without any electrostatic discharge protection. In addition to this fact, their
extremely small size, low on-resistance, and minimal parasitic capacitance, makes the switches
sensitive to transients which may arise from handling and test system cabling. The stored charge
may inadvertently conduct through the switches, resulting in immediate permanent damage to
the devices. All instrumentation must share the same chassis ground, since a difference in

potential between grounds can cause the device to suffer an ESD event.

In general, the frequency response of the switch met the requirements for the
reconfigurable antenna design, with an insertion loss less than 0.5 dB and return loss greater than

18dB across the operating band.
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5.2.4 Integration with the Antenna

The RF MEMS switches were integrated onto the antenna platform using wire bonding,
having the wires as the RF path between the switch and the antenna. The reliability of the
switches is tied to their proper handling. There are some important aspects about the switches
that need to be considered, such as failure mechanisms and electrostatic discharge (ESD).

The failure mechanisms of the dc-contact switches are due to damage, pitting, and hardening
of the metal contact area. These effects need to be addressed by the manufacturer during design.
ESD occurs when two objects at different potentials come into direct contact with each other, or
when their proximity causes the polarization of the air molecules between the two objects. This
is one of the major issues and cause of failure in semiconductor industry. The minimization of
movements in the work area, as well as the use of ESD-safe apparel (discharge wrist bracelet)
will help in minimizing static charges generated by personnel. After contacting the manufacturer,
a protection circuit was required to protect the device and to provide safe dissipation of the
charge build-up. Later versions of the switch were design to protect for these events.

Figure 5.19 shows a picture of the RF MEMS switch used, and the recommended circuit

for ESD protection.

Source Drain
(RF In/Out) _ _|(FFInfOuf)
Gate

RS RD
or 1 or
LS VGT LD

DC Gnd
(a) (b)

Figure 5.19 (a) RF-MEMS switch used in the antenna subsystem and (b) the protection circuit
recommended for safe dissipation of the charge build-up [65].
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The manufacturer recommended the circuitry in Figure 5.19 (b) for the integration of the
RF MEMS switch to any platform. Two ground return resistors are required to protect against
parasitic capacitances in the test system that will cause capacitive coupling of the actuation
signal to the drain and source terminals. In order to minimize hot-switching caused by the
coupled signals (this reduces the life span of the devices) the test system must provide a path
(resistance 40-100 KQ was recommended) from the drain and source terminals to dc-ground.
This was not done previously and the switches were not responding as expected due to

incompletion of the dc-path. The resistors could be replaced with inductors.

The reliability of RF MEMS switches is of concern for long term applications. There are
many researchers working on this effort. The reliability of the dc-contact switches is strongly
related to the metal contact used, therefore the use of gold. All implementations should be
carefully analyzed to protect the switches against the most critical problem: ESD events. The
mechanical failure of the switches used in this thesis was not a big concern, since the deflection

is approximately 1-4 um (less than 5% of the cantilever’s thickness, ranging from 75-350 pum).

The antenna layout had to be modified slightly in order to integrate the RF MEMS
switch. A patch for the placement of the switch shown in Figure 2(a) was needed. This was done
with a via hole, and the patch was connected to the ground plane. This will avoid having a
floating ground on the switch, which will cause isolation problems. A via hole was made from
the patch which served as switch base plate through the substrate up to the ground plane. Also,
another patch was needed for the integration of the protection circuit for safe static charge build-
up dissipation (shown in Figure 2(b)). The via-holes were connected using electroplating,

thoroughly protecting the rest of the structure.
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The final antenna system for the proof of concept with all components integrated is

presented in Figure 5.20 as the radiation pattern was being measured for the azimuth plane.

Figure 5.20 Measurement of radiation pattern for azimuth angle.

5.3 Reconfigurable Microstrip Patch Antenna Design

Now that the concept has been proven, a design procedure will be outlined which should lead
to a practical design of a rectangular microstrip patch antenna. This procedure follows the
selection of material to work with, including the dielectric constant of the material (g;), the
resonant frequency (f;), and the height of the substrate (h).

For circular polarization a single patch can be excited using two feeds, with one feed delayed
by 90° with respect to the other. This drives each transverse mode TM;y and TMy; with equal
amplitudes and 90° out of phase. Each mode radiates separately and combines to produce
circular polarization. The most common approach is to use a single feed and a 90° hybrid coupler
to produce a maximized current flow leading the vertical radiated electrical field. A quarter-cycle
later, the situation will have reversed and the field will be horizontal. The radiated field will thus
rotate in time, producing a circularly polarized wave [66].

For a single linearly polarized antenna the calculations are much simpler. This design is

described as linearly polarized since the electric field only varies in one direction. This
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polarization can be either vertical or horizontal depending on the orientation of the patch. All the
calculations done for the antenna dimensions follow the selection of material to work with, to
include the dielectric constant of the material (g;), the resonant frequency (f;), and the height of
the substrate (h). Table 1 summarizes the properties for the antenna design presented in this

paper and Figure 1 shows its layout.

5.3.1 Design of Main Patch

Step 1: Selection of substrate and resonance frequency.
Material chosen: Rogers TMM® 4

Thickness h =20 mils = 0.508mm
Dielectric constant g=4.5

Standard copper cladding Y2 0z. (17um), Ni barrier, Au thin film layer on top

Resonance frequency f, =10 GHz
raicii
— ///
4 Feed
1 Poumt
- = __—
L, L T
(L. Wo) - _Ground
TR 1 e
— Plane
W
W

£

Figure 5.21 Top view of Main Patch.
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The design equations for the rectangular microstrip patch are derived from the
transmission line model, which is one of the most accurate for thin substrates [4], [10]. It
represents the microstrip antenna by two slots, separated by a low impedance (Z.) transmission

line of length L.

Step 2: Calculation of the Width (W).
Once the substrate and resonance frequency have been identified, the width of the patch

will be determined:

weo_ | 2 _ ¢ 2 _9045mm
2frVﬂ0€0 €V+1 2fr gr+1

Step 3: Calculation of Effective dielectric constant (¢ ,.¢): The next equation gives the

effective dielectric constant as:

e+l g -1 1

E 4= +
B 2 2 h
1+12—

w

Step 4: Calculation of the Effective length (Lt ): The effective electrical length of the

=4.1026

patch is:

=7.406mm

1
L, =
T2 e g,

Step 5: Calculation of the length extension (AL): The incremental length of the patch

gives:
(e, + 0.3{W + O.264j
h

e, - 0.258{‘: + O.SJ

AL=0.412h =0.233mm
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Step 6: Calculation of actual length of patch (L): The actual length of the antenna is:

L=L, —2AL="7.406mm—2%0.233mm = 6.940mm

Step 7: Calculation of the feed point location: The feed point location is approximately
given by:

W¢ = center on the patch
1
Li= EL =1.157mm

This parameter will be studied in the simulations to validate this approximation.

Step 8: Calculation of the ground plane dimensions (L; and W,): The transmission
line model is applicable to infinite ground planes only. For practical applications, we need to
have a finite ground plane. As a rule of thumb, the size of the ground plane is greater than the
patch dimensions by approximately six times the substrate thickness all around the periphery. It’s
been proven that similar results for finite and infinite ground plane can be obtained following
this approach. The ground plane dimensions would be given as:

Lg =6*h+ L=9.988mm

W, =6%h+L=12.093mm

5.3.2 Design of Patch Extensions

Now that the main patch has been designed, an identical patch was closely placed to this
patch next to one of the radiating edges to allow for coupling. The patch with different
dimensions was placed at the other radiating edge of the patch in an effort to obtain another
operating band. The dimension of the identical patches was kept with length of 6.94 mm and

width of 9.045 mm. The other patch was arbitrarily chosen to have the same length as the
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spacing between the patches, 2mm.

From the simulations of the main patch alone, we obtain an electric field distribution as
expected from a rectangular patch antenna (shown in section 5.3.3). The coupling between the
side-by-side elements is a function of the relative alignment. The alignment used for the design
of the antenna is referred to as E-plane alignment, since they are collinearly aligned along the
propagating E-plane. E-plane alignment shows more coupling than the H-plane alignment, due to
surface wave excitation (the lowest order or dominant surface wave mode is TMg; with zero
cutoff frequency followed by TE;p) [67], [68]. For an edge to edge separation (s), the E-plane
exhibits the smallest coupling isolation for s<0.10%, thus selecting for the interelement spacing a
distance of less than 3mm for the design (Ap=3mm at 10 GHz).

The patches were coupled both vertically and horizontally in the simulations to justify the
alignment in the E-plane. When coupled horizontally at the length point where the input
impedance was 50Q, the resulting impedance dropped, as if the patches behaved as four 500

resistances in parallel.

Figure 5.22 4 Patches in parallel simulated as hard wire modeling.
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Figure 5.23 The real impedance of 4 patches in parallel.

Figure 5.22 shows the 4 coupled patches behaving as 4 parallel resistors, resulting in a
maximum real impedance of approximately 12Q (Figure 5.23). Therefore, this approach cannot
be followed as it will only match the system impedance locating the point at which the input
impedance is approximately 200 Q when actuating all switches, and 100 Q when actuating one
switch.

The next experiment will show the reconfiguration of the patch length. It is important to
notice that the parameter that drives the resonance frequency is the length. This observation
resulted from multiple simulations showing the edges at the end of the length parameter as the

radiating edges, shown in the next section.

5.3.3 Simulations and Results

The first step to verify that the antenna design is accurate is to simulate the dimensions
calculated in sections 5.3.1. The main antenna patch was simulated by itself to find the point at
which Zin=50Q and the dimension at which it will resonate at the desired frequency. The other

patches were integrated into the simulations to study the coupling with the main patch. The
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switches and protection circuit presented almost no effect on the resonance frequency. S12
parameter describes the coupling between neighboring radiating elements. The inter-element
spacing was varied to see the effect on the coupling and excitation of surface waves. The
minimum spacing between the elements was 2mm, leaving 1.5mm for the switch footprint since
the minimum spacing that the drill bits can remove is 0.25mm.

The following figures show the results of the simulations of the main patch by itself.
Later simulations will show the effect of the coupling of the antenna patch, along with the
performance parameters that describe the antenna behavior. From the simulations of the main
patch alone, we obtain the E-field intensity out of the radiating edges (Figure 5.22) and the

electric field distribution as expected from a rectangular patch antenna (Figure 5.23).

E-Field (peak)
e-field (F=10) [1]

z
237850 U/n at 0 / 1.15 / 0.276875

Figure 5.24 Microstrip patch showing the E-field intensity out of the radiating edges.

The E-field intensity is greater at the corners. The non-radiating edges show no radiation.
These edges were designed to be 180" different in wavelength, therefore cancelling out their
radiation. This should minimize the cross polarization. The E-filed also shows that one edge is

opposite in field polarity related to the other.
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Figure 5.25 E-field lines entering and exiting the microstrip patch.

The return loss (S11) for the main patch alone is presented in Figure 5.24 (a) and (b),
shows the return loss of the patch resonating at 10 GHz as designed, in rectangular and Smith
Chart plots, respectively. The bandwidth obtain is between 9.84 GHz and 10.16 GHz with better
than -10 dB return loss, and a center frequency in 10 GHz. The inherent narrow bandwidth of the
microstrip patch is immediately noticed. Some antenna designers have presented patch antennas
with “chamfering” or cutting of the corners in order to create broadband designs. But this
approach increases the resonant frequency of the antenna. This experiment was run and proven

truth.

O 8.000( 0.1983, 28.89)Ohm °arameter Smith Chart S1,1( 50 Ohm)

Parameter = Frequency / GHz

Figure 5.26 (a) S11 plotted in a Smith Chart from 8-18 GHz.
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Figure 5.26 (b) S11 dB-parameter shows resonance at 10 GHz.

Figure 5.27 shows the expected radiation pattern at different plane cuts for a microstrip
patch antenna, assuming an infinite ground plane, with a gain of 5.8 dBi in broadside or theta

plane and a radiation efficiency of 77% at 10 GHz.
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Figure 5.27 Expected radiation pattern of the microstrip patch without actuation of switches at 10

GHz (a), then in phi plane cut (b), and in the theta plane cut (c).

Now that the main patch has been designed, an identical patch was closely placed to this

patch next to one of the radiating edges to allow for coupling. The patch with different
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dimensions was placed at the other radiating edge of the patch in an effort to obtain another
operating band. The dimension of one of the identical patches was kept with length of 6.94 mm
and width of 9.045 mm. The other patch was arbitrarily chosen to have the same length as the

spacing between the patches, 2mm, and the same width as the other patches.

The switch was simulated in the ideal state: short circuit for the “On” state and open
circuit for the “Off” state. This is called by antenna designers as “hard-wire modeling”. Also, the
feed point location was swept through the center of the patch to find the location were Zin=50€2.

The simulations from CST Microwave Studio show the following:

Base-connection
to ground
\ RF MEMS l
’& switch
J Microstrip > y
J\ Patch l
z E3 X —x Wire
Feed Point . bonds Chip
w resistors
i = ]
(a) (b)

Figure 5.28 The proposed microstrip patch layout (a) without the RF MEMS switches and (b)

with the switches embedded in the modeling.

Once the full layout was integrated for simulations, a change in input impedance was
observed, causing a slight shift in resonant frequency. Figure 5.29 shows this effect, as the
interelement spacing was also varied from 2.413-1.713mm to study its effect. The spacing was
kept at s<0.10X9, not representing a significant difference in coupling. The center frequency

shifted to 9.75 GHz, and a decrease in bandwidth was observed.
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Figure 5.29 Return loss of antenna with additional patches integrated.

It can be seen that the resonant frequency shifts slightly downwards. This is due to the
increasing capacitance to ground (capacitance loading) [69]. Since the results were expected, the
next step was to interconnect the switches to the patches. This is the last step in the switch
integration (see Figure 5.30). Once the switches were integrated the antenna was simulated again
for resonance frequency. The return loss is shown in Figure 5.31, along with the VSWR (Figure

5.32), and the real impedance seen by the signal port (Figure 5.33).

Figure 5.30 Final wiring of the switches.
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Figure 5.31 S11 for the reconfigurable microstrip patch antenna with hard wire modeling of the

switches.
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Figure 5.32 VSWR of the reconfigurable microstrip patch antenna.
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Figure 5.33 Real part of the input impedance.

The return loss and voltage standing wave ratio show the shift in resonance frequency of
the antenna design after performing hard wire modeling of the RF MEMS switch. The real part
of the input impedance shows that there’s a good matching around two distinct operating bands.
When examined from 9-11 GHz, a change was observed. The exited element was forced to
couple with the surrounding patches, creating a second operating band near the same frequency.
The operating frequency bands with a return loss better than a -10dB are found to be from 9.58-
9.67 GHz (centered at 9.62 GHz) and 10.21-10.37 GHz (centered at 10.29 GHz). Figure 5.34
shows the same results expanding for the On-On configuration expanding the frequency under
study from 2 to 18 GHz, and keeping all the design parameters to be the ones to be used during
the antenna fabrication. The real part of the input impedance shows a good match at the

mentioned before frequency bands.

This change in frequency demonstrates that our design indeed provides multi-frequency
operation. However, the simulated case is the ideal case, where the connections were hard-wired,
assuming an ideal behavior of the RF MEMS switch. The antenna was fabricated to validate
these results, integrating the RF MEMS switches to electrically connect the group of printed

patch radiators for operation at multiple frequencies.
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Figure 5.34. Return loss of antenna with switches in On-On state for 8-18 GHz.

5.3.4 Fabrication

The fabrication process consisted of inputting the layout in the milling machine and
milling the structure (Figure 5.35(a)). There were several details to add to the layout design of
the antenna to be able to integrate the switches properly. A patch is needed for the placement of
the switch, a via hole for connection of this patch to the ground plane, and a patch for the
integration of the protection circuit for safe static charge build-up dissipation. The via holes were
connected using electroplating, thoroughly protecting the rest of the structure. Then, the
connecting the probe feed in the reflow oven (Figure 5.34(b)), hand placing the RF MEMS
switches (Figure 5.34(c)), and connecting the switches via wire bonding (Figure 5.34(d)).

The RF MEMS switches were integrated onto the antenna platform using wire bonding,
having the wires as the RF path between the switch and the antenna. The reliability of the
switches is tied to their proper handling. There are some important characteristics about them
that need to be considered, such as failure mechanisms.

There are physical constraints that need to be considered. One is the size of the switch.

The footprints of the switches in question are 1.37mm x 1.42mm. The milling machine has a
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limitation on the path of metal it can remove from the surface layer of the substrate. The smallest
drill bit is 0.250mm, which has to be taken into consideration when designing the spacing

between patches.

(c)Placement of RMSW200 Switches (d) KS 4123 Wire Bonder

Figure 5.35 Machinery used in the fabrication of the antennas.

The machinery used in the fabrication of the antenna required specialized training and
some period of practicing, getting familiarized with the debugging procedures. The importing of
the files into the milling machine controller had to be done in a specific file, named “GERBER

file”. This file does not generate automatically out of the software used for simulations. They
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have to be imported into another software, in this case AWR Microwave Office, in order to
generate the layouts. Once the layouts were generated, they had to be exported to a new

schematic within AWR. And finally, they could be exported with the proper file extension.

The designs were milled out and cleaned right after fabrication. The probe feed was then
set in place after drilling the hole that will allow for the inner connector to transmit power to the
antenna patch. The base for the switches had to be drilled out as well to be able to place a via and
have a proper dc-ground connection with the RF MEMS switch. The switches were glued using
conductive epoxy. Silver paint can also be used to achieve a positive contact between the switch
and the patch. The final step was to integrate the switches to the structure via wire bonding. The
wire bonding machine is a specialized tool that needs proper handling of the “Force” and
“Power” settings of the machine. The slightest offset of these settings could break the wire,
resulting in lots of time spent threading the needle. The experience with this machine is crucial
when performing this task. Upon successful integration of all the components, then the antenna
was ready for testing.

During the time of integration, there was a lot of static build up in all surfaces, causing
electrostatic discharge events (ESD). ESD is a rapid transfer of electrostatic charge between two
objects, usually resulting when two objects at different potentials come into direct contact with
each other and it is one of the major causes of device failures in the semiconductor industry.
Later versions of the switch were design to protect better against these events. ESD controls
implemented were prevention of static charge build-up and safe dissipation of any charge build-
up. The minimization of movements in the work area, as well as the use of ESD-safe apparel

(discharge wrist bracelet) will help in minimizing static charges generated by personnel. A
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protection circuit is required to provide safe dissipation of the charge build-up. The

improvements in the ESD robustness of the product must be done by the manufacturer.

5.3.5 Results and Discussions

The antenna was characterized for frequency of operation. The platform used was similar
to the one used in the proof of concept, a support base hold up the structure during
characterization. The measurements were performed away from all reflective surfaces. It is
important to mention that during the simulations the ground plane is considered to be infinite,
avoiding all the diffraction caused by the wavefront impinging onto the ground plane. Figure
5.36 shows the full antenna integrated. Figure 5.37 shows the return loss measurements for the

antenna before and after the actuation of both RF MEMS switches.

Figure 5.36 Integrated microstrip patch antenna.

The Off-Off configuration presented the first resonance of the antenna at a center

frequency of 9.82 GHz in agreement with simulations. It can be observed that there is another
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resonance at a higher frequency, centered at 16.3 GHz. This could be due to the coupling with
the smaller patch. However, the return loss shows that it is not even at -6 dB. A substantial

change should be seen when the switches get actuated.

The resonance frequency is shown to change the resonance frequency of the patch upon
actuation of the RF MEMS switches. The results also show an excitation at a higher frequency
not observed in the simulations. It was expected that the resonance frequency would stay in the

vicinity of the design of the main patch, and decreasing from 10 GHz. Therefore, the simulations

were limited to 11 GHz.
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Figure 5.37 Return loss as a function of frecuency of the reconfigurable microstrip patch with

actuation of the switches.

The simulation for the reconfigurable microstrip patch antenna was repeated, expanding
the frequency range in order to compare against measured data. Figure 5.31 was focused in the 9
GHz to 11 GHz frequency range. The simulations showed that there’s a higher order mode being

excited, which was validated with the antenna measurements. Figure 5.36 shows the results.
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5.4 Additional Reconfigurable Antenna Designs

The next design was simulated using the same technique of hard wire modeling as the
microstrip antenna. It showed that it is a very desirable design to work on with promising

development for frequency and radiation pattern reconfiguration.

5.4.1 Spiral Antenna

The spiral antenna has three configurations even though the switch states are a two bit
configuration (four possible combinations). The reason is that the actuation of the second switch
doesn’t provide a conductive path for the current distribution, due to the isolation of the first
switch. The first configuration is the “Off-Off” which will be called the “monopole
configuration” of the antenna. Once the first switch is actuated, the antenna turns into a 3% of a
spiral, increasing the electrical length by a factor of 3. The last configuration is a full square

spiral antenna with a total width that is the same as the size of the monopole.
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Figure 5.38 Return loss as a function of frecuency of the reconfigurable spiral antenna in the

monopole configuration.
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Figure 5.39 Return loss as a function of frecuency of the reconfigurable spiral antenna in the

monopole configuration plotted in Smith Chart.

By actuating the first switch the antenna changes from the monopole configuration to the

first spiral configuration, providing a different path for current.
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Figure 5.40 Return loss of spiral configuration as a function of frequency.

The resonance frequency stayed fairly in the same range as in the monopole
configuration, which was from 9.46 GHz to 9.5 GHz. For the spiral configuration, the resonance
frequency ranges from 9.44 GHz to 9.48 GHz. It shows barely a change in frequency, but it is
expected to change radiation pattern. Careful design might lead to simply a reconfigurable

radiation pattern antenna.
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Figure 5.41 Return loss as a function of frecuency of the reconfigurable spiral antenna with one

switch simulated in “On” state plotted in Smith Chart.
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Since there was no change in resonant frequency, as expected, the radiation patterns must

be studied to determine the pattern reconfigurability of the antenna.

Figure 5.42 Integrated monopole-spiral antenna.
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Figure 5.43 Return loss of the monopole-spiral antenna.
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The measurements are in agreement with simulations. There is a shift in resonant
frequency from simulations in the Off-Off configuration from 9.5 GHz to 10.36 GHz center
frequency. The On-On configuration also stayed in the 9.44 GHz to 9.48 GHz during
simulations, but also presents a shift in frequency when measured. The measured resonant
frequency channel goes from 10.69 GHz to 10.64 GHz. The reconfiguration of the resonant
frequency is shown, but fine tuning of the connection of the probe feed might help with keeping
the same resonant frequency. The radiation patterns have to be studied to prove pattern

reconfigurability.
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Chapter 6

Conclusions and Recommendations

6.1Conclusions

Matching of the system

The challenge for the antenna engineer is optimizing the antenna efficiency and matching the
antenna to the source or load over the desired bandwidth. It seems that a different feeding
technique (microstrip line) may be more suitable for integrating a matching network, i. e.
tuning stubs, even though the feed produces spurious radiation. An inset feed must be
implemented.

Proof of concept

The proof of concept supported the hypothesis that lumped off-the-shelf RF MEMS switches
could be integrated into an antenna structure and used to tune the antenna in order to have
multiple resonances. A control system is needed to actuate the switches independently.

RF MEMS switch characterization

The Radant MEMS switches used in the fabrication of the different antenna structures
performed somewhat similar to what the manufacturer advertised. The variations in
performance could be due to the age of the switches and the inexperience handling these
types of devices. New techniques must be developed in order to ease their assembly for
control purposes. Also, the use of wire bonding should be eliminated since it inputs a
variable that cannot be controlled: the length of the wires. Future testing needs to be done in

order to understand their effects on the antennas operating at the X-band.
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Actuation of the RF MEMS switches

A control system may ease the characterization of the antenna structures employing RF
MEMS switches. This will avoid actuation of the switches by hot switching, which causes
failure if short circuited and shortens the life of the switch. An FPGA platform might be
suitable for this task. This could lead to beam steering capabilities.

Biasing lines

The biasing lines were implemented using wire bonding. This method provides no controlled
in the length of the wires used. The only way to minimize their effect is by establishing pre-
milled dc-bias lines to a point where they do not cause interference or coupling with the
resonating structure.

Microstrip patch antenna

The most important achievement of this thesis research was the design and characterization
of the RF MEMS-based reconfigurable microstrip patch antenna. The tunability of the
frequency was achieved. The variation of the location of the probe feed was simulated to
result in the best matching possible with probe feeding technique. This feeding technique
doesn’t allow implementing a matching network, increasing the time required to attain the
best results possible after integration. A microstrip feed with a matching network might be
considered, even though it provides spurious radiation. The changing in the coupling between
closely spaced patches was changed with the integration of the RF MEMS switches. Some
other geometries and configurations can be achieved with this type of technology as well.

The resonance frequency was analyzed to determine the antenna’s tuning capability.

Another extension to the main patch was added to the design in order to keep the feed point at

the place where it is expected to have an input impedance of 50Q. The goal response of the
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operating frequency at the X-band was achieved with low return loss, proving the
reconfiguration capability of the antenna.

The following objectives were met after finishing the thesis:

® Designed an RF-MEMS based reconfigurable antenna with off-the-shelf components for
proof of concept.

¢ Showed the advantage of MEMS switches regarding linearity and insertion loss.

e (Characterized the MEMS switches to be used with the reconfigurable antennas.

e Simulated and validated the hypothesis of designing an antenna design with
reconfigurable behavior.

Two issues remain attached to the RF MEMS switches that one should consider. The
sensitivity to electrostatic discharge and hot switching, due to high bias voltage or thermal
effects, which can permanently damage the switch, and their power handling capabilities limited
by the self actuation and stiction in the down state due to high incident RF power. The power
handled by the RF MEMS switches is low and can be mostly considered for low power
applications, ranging from the 10’s of mW for ohmic switches and up to 1W for capacitive

switches [70].

The progress on the tasks established in the objective was reported herein, to include
approach, process, problems, solutions, and resulting performance of the antenna system
fabricated. The change in coupling between the main driven element and the parasitic structures
to alter the frequency of operation of the antenna was achieved. The results and progress were

compiled into two research paper submitted for publication.
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6.2 Recommendations

RF MEMS have proven to be effective in achieving an antenna reconfiguration. This
approach should be used in the fabrication of new antennas that can be implemented in the new
communications systems with constantly changing requirements. They can assist in the
continuous search for improvement in power handling and reliability so that the increasing
demand to operate in network systems with different standards and operating frequencies can be

met.

For future designs, there are several things that can be changed. The simulations can be
more specific in predicting the antenna behavior if the interconnection between the probe feed
and the patch is analyzed in more details, to include the integration of a circuit model for the
switch into the structure to be analyzed. This was the intent of characterizing the RF MEMS
switch, but could not be integrated into the simulations with the electromagnetic codes available.
A more careful and detailed analysis of the trade-offs could also be done to get a bigger

bandwidth or a better return loss. Nevertheless, the hard wire modeling proved to be accurate.
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