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ABSTRACT
Design of a MEMS-based Fractal Antenna
Miguel Angel Galicia Martinez

This thesis presents the design and fabrication of a customized in house
Micro-Electro-Mechanical-Systems (MEMS) process based on-chip antenna that
is both frequency and polarization reconfigurable. It is designed to work at both
60 GHz and 77 GHz through MEMS switches. This antenna can also work in
both horizontal and vertical linear polarizations by utilizing a moveable plate. The
design is intended for Wireless Personal Area Networks (WPAN) and automotive
radar applications.
Typical on-chip antennas are inefficient and difficult to reconfigure.
Therefore, the focus of this work is to develop an efficient on-chip antenna
solution, which is reconfigurable in frequency and in polarization. A fractal bowtie
antenna is employed for this thesis, which achieves frequency reconfigurability
through MEMS switches.

The design is simulated in industry standard

Electromagnetic (EM) simulator Ansoft HFSS.
A novel concept for horizontal to vertical linear polarization agility is
introduced which incorporates a moveable polymer plate. For this work, a
microprobe is used to move the plate from the horizontal to vertical position. For
testing purposes, a novel mechanism has been designed in order to feed the
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antenna with RF-probes in both horizontal and vertical positions. A simulated
gain of approximately 0 dB is achieved at both target frequencies (60 and 77
GHz), in both horizontal and vertical positions. In all the cases mentioned above
(both frequencies and positions), the antenna is well matched (< -10 dB) to the
50  system impedance. Similarly, the radiation nulls are successfully shifted by
changing the position of the antenna from horizontal to vertical.
The complete design and fabrication of the reconfigurable MEMS antenna
has been done at KAUST facilities. Some challenges have been encountered
during its realization due to the immaturity of the customized MEMS fabrication
process. Nonetheless, a first fabrication attempt has highlighted such
shortcomings.
According to the high gain obtained in a lossy silicon substrate and the
compatibility of the custom MEMS process with the state of the art standard
CMOS process, it is believed that the design of this antenna can lead to efficient
and low cost reconfigurable millimeter-wave System-on-Chip (SoC) solution.
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I - INTRODUCTION
1.1 Motivation
One of the key issues in the design of wireless devices is the size
reduction because of the on-going miniaturization in electronics like cell phones,
laptops, etc. The progress of Radio Frequency (RF) Complementary Metal-Oxide
Semiconductor (CMOS) technology has motivated System-on-Chip (SoC)
designs for highly compact handheld and portable devices. Antennas are key
components in wireless communications as they are responsible for transmitting
and receiving EM waves and have a significant impact in the overall system
performance (data rate, power consumption, etc.). However, due to the large size
of antennas, their on-chip integration is a bottleneck. Moreover, SoC antennas
are generally inefficient due to the lossy silicon substrates used in standard
CMOS processes.
Emerging wireless applications, such as wireless video transmission
within home and office environments, are now operating in millimeter-wave (mmwave) bands allowing easier antenna integration. The targeted applications are
the mm-wave WPAN [1] and automotive radars [2]. The WPAN unlicensed band,
(IEEE 802.15.3c [1]), is centered at 60 GHz and includes the 57-64 GHz
frequency range, whereas the automotive radar standard includes the 76-81 GHz
band.
Most of the time wireless devices have to communicate in hostile
environments (multi-devices, multi-standards, etc.). If the antennas can be
reconfigurable in frequency and polarization, they can help the systems to
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maintain the required performance through this built-in agility. But typically, onchip antennas are inefficient (due to silicon losses) and are difficult to
reconfigure. The major challenge is then to design reconfigurable on-chip
antennas while maintaining high radiation efficiency at these mm-wave frequency
bands.

1.2 Objectives
This research project is focused towards a frequency and polarization
reconfigurable mm-wave antenna designed in a customized in house MEMS
process.
The designed antenna is intended to work for WPAN and automotive
radar applications respectively at 60 and 77 GHz in two linear polarizations. It
must be compatible for integration with standard CMOS IC fabrication processes
that employ standard low resistivity silicon substrate.
Precisely, three main objectives can be defined for this thesis:
1. Development of an EM field simulation model for MEMS based
reconfigurable antennas design.
2. Design and optimization of the specific antenna topology with a
reconfigurability mechanism that is suitable for the desired characteristics.
3. Fabrication and characterization of the designed structures.

1.3 Challenges
The novel reconfigurable antenna design requires multidisciplinary skill set
for its realization. It is therefore two EE program groups are involved in this
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project. One (Dr. Shamim’s group) is responsible for the EM simulation of the
antenna design, whereas the other (Dr. Foulds’ group) is in-charge of the
mechanical simulations and fabrication. Numerous challenges must be overcome
to achieve the objectives mentioned above:


Development

of

reconfigurable

a

customized

antenna

design

MEMS
through

process
EM

and

suitable

for

mechanical

simulations (jointly with Dr. Foulds’ group).


Design of an efficient antenna in two different mediums (silicon and
polyimide).



Design of a polymer-based moveable plate (with respect to the
substrate plane) for polarization reconfigurability.



Design a feed mechanism suitable for an RF probe-fed antenna on a
moveable plate.

1.4 Contributions
Three major contributions resultant from this thesis are listed below.


A movable plate concept for linear polarization reconfigurability of an
on-chip antenna (from horizontal to vertical position with respect to the
silicon substrate) has been demonstrated for the first time.



Design of a feed mechanism suitable for RF probe-fed antenna on a
movable plate.



Design of an efficient frequency reconfigurable antenna for two bands
(60 GHz for WPAN and 77 GHz for automotive radars) in a custom
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MEMS process. The simulated results have shown a good gain (>0
dB), as compared to the gain of typical on-chip antennas.
This work has been acknowledged at the first KAUST annual graduate
research symposium where it has been awarded the first position in the oral
presentations category.

1.5 Thesis Organization
This thesis work embraces four chapters. A brief outline is shown below:
 Chapter1: introduces this thesis work, the motivations and objectives of
the research. The major contributions of this work are also presented.
 Chapter2: provides a literature review of the latest trends in on-chip
antennas design with a special focus on reconfigurable and MEMS based
antennas.
 Chapter3: outlines the complete reconfigurable antenna design employing
the novel moveable plate and feed line mechanism. It also presents the
simulation results for antenna in both frequencies (60 and 77 GHz) and
positions (horizontal and vertical).
 Chapter4: describes the modified design based on fabrication and testing
requirements. It also presents some photographs of the fabricated
prototype.
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II - LITERATURE REVIEW
This chapter provides a brief overview of the intended applications, 60
GHz WPAN and 77 GHz automotive radars. Trends and issues related to on-chip
antenna design are also discussed in this chapter with a special focus on
reconfigurable MEMS-based antennas.

2.1

Applications
The operating frequencies for the targeted applications are

60 GHz

(WPAN) [3] and 77 GHz (Automotive Radars [2]). These two applications are
briefly described in the next sections.

2.1.1 Wireless Personal Area Networks
WPAN is a wireless communications standard defined by the IEEE
802.15.3c [4] centered at 60 GHz that includes the 57-64 GHz unlicensed band.
This new frequency allocation represents a niche of opportunities in the
communications design area.
WPAN is intended for home and office high data rate wireless
communications. It is intended to provide short range service (within 10 m range)
at high data rates (>2 Gb/s) [3]. WPAN standard caters for wireless
communication among computer terminals, PDAs and other devices in home and
office networks. Such high data rate communication is highly desirable for
multimedia transfer such as video streaming applications, etc.

18

2.1.2 Automotive Radar
The automotive radar set of applications has added extra functionalities on
automobiles, mostly directed toward safety and comfort of the passengers. One
of these add-ons is the Intelligent Transportation System [2], which includes
among others: adaptive cruise control, blind spot surveillance, parking
assistance, and collision warning.
Universal medium range automotive radar systems work at 24 GHz,
whereas the long-range radar applications have been assigned the 77 GHz
band. However, according to recent regulations in automotive radar standards,
all applications in the 24 GHz band will also be switched to 77-81 GHz band [2,
5]. Such high frequencies present several challenges in the design and
implementation of automotive radar systems. Due to high costs involved, just a
few expensive vehicles in the market are equipped with the radar system. New
designs for this application are targeting low cost mediums, such as Si, to ensure
that the automotive radar technology is available to less expensive cars as well.
There are many reasons to increase the use of automotive radars like
reducing the number of traffic fatalities and injuries, avoidance of property loss
due to car accidents, etc. Similarly, statistical estimations of possibly prevented
events with the aid of technology are encouraging the development of automotive
radar. It can also be seen as a prompt and efficient response to the public and
governmental demands for safer vehicles.
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2.2

mm-Wave on-chip Antennas
In recent years the enhancements in CMOS technology has led to the

integration of RF components and the analog/digital circuitry on the same chip.
This concept leads to highly miniaturized and low cost designs for compact
handheld and portable devices [6].
System-on-Chip design is an emergent field that has been extensively
employed in a variety of applications, such as Bluetooth, Wireless Sensor
Networks, GPS, WPAN, etc. [7]. This might lead to lower the cost since there is
no need to wire-bond the different off-chip components [6].
Typically, antennas are off-chip systems since they are the largest
elements of the RF module. Therefore its integration is typically limited to high
frequencies (above 10 GHz) [7-10]. Recently, integrated antennas have been
designed along with the IC [6, 11]. On-chip antennas are designed to be used for
inter and intra chip wireless interconnections [6, 9].
The efficiency of on-chip antennas is a major concern as it is very low due
to silicon substrate losses. Moreover, the effect of conductive losses is also
significant at mm-wave frequencies [8, 12]. On the other hand, the design of onchip antenna must take into account the presence of surface-waves in typical
silicon wafers at mm-wave frequencies, since the dielectric constant is high and
the wavelengths are small [6], [13, 14]. Since this work is focused on mm-wave
on-chip antennas in standard Si, a detailed surface wave analysis must be
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carried out. Moreover, the design must overcome the typical limitation of low
efficiency in on-chip antennas.

2.3

Reconfigurable MEMS Based Antennas
Reconfigurability is a desirable feature for the ever-growing stringent

requirements of communications systems, and antennas are not an exception.
Frequency and polarization tuning is an appealing feature for antenna designs.
Former is related to the antenna electrical length and the latter is dependent on
the orientation of the electric field radiated by the antenna.
There are different ways to achieve reconfigurability in antennas. For
instance, MEMS switches are considered an efficient way to achieve frequency
tuning [15]. This is due to the fact that MEMS switches do not introduce nonlinearities to the system and consume lower power, as compared to pin diodes
for example. Due to these attributes of the MEMS switches, their incorporation
into tunable antennas is becoming a common practice [3, 16]. However, MEMS
processes are not typically used for polarization reconfigurability. The following
sub-sections will give an overview of the MEMS based antennas for both
frequency and polarization tuning.

2.3.1 Frequency Reconfigurability
The resonant frequency of an antenna is determined by its electric length,
and by changing it, the resonant frequency of antenna can be modified. This
variation of electrical length can be done either physically, or by varying the
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parameters of materials [17]. Former method is a more common practice and
generally employs RF switches to increase / decrease the electric length [16].
Figure 1 shows an example of the RF switch based tunable dipole antenna
design [15, 18, 19]. RF switches are used to connect / disconnect different
radiating elements of the antenna and thus change its resonant frequency. When
the switches are in ON state, the antenna radiates at its lowest frequency.
Similarly, when the switches are in OFF state, the antenna is able to radiate at its
highest frequency.

RF switches

Figure 1. Frequency reconfigurability for simple dipole antenna with RF switches

Generally solid-state RF switches have been employed for the concept
shown above. However, in recent past, MEMS based switches have gained
popularity because of their linear nature and low power operation [18, 20]. On the
other hand, fractal-antennas have emerged as good candidates for tunable
antennas due to their self-similar shapes and inherent multi-resonance nature
[18, 21]. The combination of fractals and MEMS switches can provide an ideal
platform for frequency reconfigurable antennas [22].
An example of a fractal antenna is the triangular Sierpinski gasket, whose
multiband characteristics are studied in several research works [19, 23-25]. The
use of fractal designs would not only improve the radiation performance of
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antennas over multiple frequencies but would also create a variety of radiation
patterns [26].
The antenna to be designed for this thesis needs to be able to change its
resonant frequency in order to be adapted to the bands of the intended
applications. Therefore a triangular Sierpinski fractal antenna with a single
iteration associated with RF MEMS switches is proposed in order to obtain the
desired reconfigurability between the two mm-wave frequencies (60 and 77
GHz) for the targeted applications.

2.3.2 Polarization Reconfigurability
In general, research in polarization reconfigurable antennas has limited its
efforts to the study of coplanar change of polarization. Typically, conventional
antennas such as microstrip patch or dipole have been the focus of such
research [22, 27]. In recent past, fractal antennas have also been investigated for
this aspect. As shown in Figure 2, polarization reconfigurability can be achieved
by placing two 90° shifted independently fed fractal bowtie antennas [28]. The
combined use of fractal and MEMS switches in antennas has been previously
presented to obtain frequency shifting. However, this approach is also limited to
achieve same plane linear to circular polarization reconfigurability [29]. In [27],
polarization reconfigurability has been reported by using a slotted ground plane
with MEMS switches to change the type of (right-hand and left-hand) circular
polarization. Some examples only demonstrate radiation pattern reconfigurability,
such as the beam switching Hilbert curve antenna reported in [30].
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a)

b)

Figure 2. Reconfigurable antennas: a) linear polarized, and b) circularly polarized

According to the authors’ best knowledge, no polarization reconfigurable
antenna, based on a moving plate concept, has been reported so far. This
concept allows changing the polarization from horizontal to a vertical plane with
respect to the substrate plane. Moreover, this moving plate approach is beneficial
for on-chip antenna realization as vertically placed antennas are feasible on a
silicon substrate. This means that antennas are away from silicon losses and this
may result in enhanced radiation efficiency.
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III - DESIGN
This chapter describes the design of a frequency and polarization
reconfigurable antenna. The main focus of this chapter is to provide the details of
the design, simulation model and the obtained results. The major design
challenges are also presented.

3.1

Initial Stack-up
Figure 3 shows the cross-section of the initial stack-up for this design.

Silicon

SiO2

SU-8

Metal (Cu)

Figure 3. Initial stack-up (cross-sectional view)

The thicknesses for the different layers are given below:
1) Silicon – 625 µm

2) SiO2 – 2 µm

3) SU-8 – 10 µm

4) Metal (Cu) – 500 nm

The stack-up comprises a standard 625 µm thick silicon wafer with a
conductivity of 10 Ω·cm and relative permittivity (εr = 11.9), followed by a 2 µm
thick layer of SiO2. The next layer is the structure of the plate itself, made of 10
µm thick SU-8 [31].
SU-8 is a photo-resist that has been initially chosen due to its good
mechanical properties (highly flexible and resistant to stress due to bending)
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suitable for the antenna polarization reconfigurability scheme. SU-8 has the
following properties: a dielectric constant (εr) ranging from 3 - 4.5 at 10 MHz, a
dielectric loss-tangent δ varying from 0.08 - 0.14, a relative permeability of 1.08,
and a bulk conductivity of 1x10-16 [32, 33]. An issue with the reported values of
SU-8 properties is its large tolerance levels dependent on the curing (baking)
process as well as its unknown behavior at high frequencies (> 10 MHz).
Therefore, some uncertainty of the above-mentioned values is expected at higher
frequencies. Finally, a 500 nm metallization (copper) layer is placed on top of the
stack.

3.2

Concept
This section describes the concepts utilized in this work to achieve

frequency and polarization reconfigurability.

3.2.1 Frequency Reconfigurability
A Sierpinski triangle fractal antenna with a single iteration is presented in
Figure 4.

Figure 4. Bowtie fractal antenna with frequency reconfigurability capability
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The model shown above is a bowtie antenna composed of two extra
elements on each side. This design is chosen due to its simple nature and ability
to integrate multiple fractal elements with RF switches. It offers an
omnidirectional radiation pattern, similar to that of a simple dipole, with the
advantage of being broadband and having multiple resonant frequencies (due to
its fractal nature).
In switched OFF state, the elements numbered as 1 are connected. This
makes the antenna to resonate at its highest frequency since its electric length
becomes smaller. Similarly, when switches are in ON-state both elements (1 and
2) work as a single radiating element. This creates an antenna with a larger
electric length and therefore resonates at a lower frequency.
There are different types of RF switches, however, in this work MEMS
switches are employed due to its low power consumption and ease of on-chip
integration [23, 34-36]. These MEMS switches can be of two main kinds:
capacitive and ohmic. An example of the latter type, which is also utilized in this
work, is shown in Figure 5. This is a cantilever ohmic MEMS switch that is
commonly used for antenna applications due to its large bandwidth [18, 19].
In this work, it must physically connect the fractal elements of the antenna
(as shown in Figure 4) and therefore provide frequency reconfigurability
characteristics. In simulations, such ohmic switches can be modeled as openand short- circuits to represent OFF and ON states, respectively, as shown in
Figure 5. Same strategy is adopted in this work to simulate the MEMS switches.
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Figure 5. Cantilever ohmic MEMS switches in OFF (upper) and ON (lower) states

3.2.2 Polarization Reconfigurability
In order to achieve a change in the polarization of the antenna, it is
planned to realize the antenna on a movable polymer plate. The plate provides a
change in orientation of the antenna (horizontal to vertical) relative to the
substrate, as can be seen in Figure 6. This change in orientation moves the
maximum and nulls of the antenna accordingly, as shown in the 3D radiation
patterns of the subject antenna in Figure 6.

a)

b)

Figure 6. Bowtie antenna on silicon and polymer plate and its respective 3D radiation pattern in: a)
horizontal and b) vertical position
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In order to move the plate, a thermal resistance concept [37, 38] was
initially considered, where such resistors can be added [39], in order to move (lift)
the MEMS plate. However, initial investigation revealed that this approach is not
suitable to achieve the displacement needed for a large plate. Alternately, an
automated voltage-controlled displacement (lifting) of the plate may be achieved
with the use of a MEMS motor concept [40].
Since the current facilities at KAUST do not permit the fabrication of this
type of complex MEMS models, a manual micro probe is used instead to lift the
antenna structure on the moveable plate. This technique is commonly employed
in some other research projects.

3.3

Design Considerations
This section presents the design and characterization of a simple bowtie

antenna in air, in order to understand its behavior and design parameters without
the influence of silicon substrate and the moveable plate. Then, it describes the
effects of the silicon substrate thickness on antenna performance. Finally, the
section discusses the plate design considerations and the final stack-up used.

3.3.1 Simple Bowtie in Air
Analysis of a simple bowtie antenna (without feed lines) in air serves as a
point of reference for the expected radiation performance in more complicated
mediums and configurations. The design of a half wavelength bowtie antenna is
shown in Figure 7.
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Figure 7. Bowtie antenna in air (along Y axis)

In order to estimate the length of this bowtie antenna in air, simple
calculation of wavelength is sufficient. The physical length of the half-lambda
(λo/2) bowtie antenna at a resonant frequency of 60 GHz is 2.5 mm. EM
simulations are employed to optimize other parameters such as the arms length
(2.4 mm) and width (1 mm), as well as the spacing in between both arms (250
µm). The simulated S11 (dB) of the bowtie antenna, in air, is shown in Figure 8. It
can be seen that the bowtie antenna in air is well matched in the desired
frequency range (57-64 GHz).

Figure 8. Simulated S11 (dB) versus frequency of the bowtie antenna in air

Figure 9 presents the simulated 3D radiation pattern of the bowtie antenna
in air, displaying a toroidal shape, with nulls along the antenna axis (Oy) and a
maximum radiation in the plane normal to the antenna (xOz). This is a typical
radiation pattern for a center fed half wavelength bowtie antenna. The maximum
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gain of this bowtie antenna is 2.16 dB, similar to a λ/2 dipole radiating in air (2.15
dB) [41], but having the advantage of being broader band.

Figure 9. Simulated 3D radiation pattern of the bowtie antenna in air at 60 GHz

3.3.2 Silicon Substrate Thickness Considerations
After having confidence in the antenna EM model, the bowtie is simulated
on the initial stack-up as shown in Figure 3. The radiation patterns of the bowtie
antenna for different silicon substrate thicknesses at 77 GHz are presented in
Figure 10. As can be observed, the performance of the simple bowtie antenna,
initially simulated in air, has been severely degraded in the silicon medium.
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a)

d)

b)

c)

f)

e)
Figure 10. 3D radiation patterns at 77 GHz for 10 μm SU-8 and different
silicon substrate thicknesses: a)
625 μm, b) 525 μm, c) 375 μm, d) 275 μm, e) 50 μm, and f) 20 μm

The considerable deformation of the radiation pattern, as compared to the
bowtie antenna in air (Figure 9), is suspected to be due to the presence of
surface waves. It is well known that the surface waves play a major role in
antenna performance and appear generally at high frequencies, beyond 10 GHz
[6, 11].
The wavelength at high frequencies is considerably smaller in silicon than
in air. For example, for typical thickness of a standard silicon wafer (625 μm,
used in the initial stack-up), the wavelength is about λg/2 at 77 GHz. This is
electrically large and can easily support surface wave’s propagation [42, 43].
Surface waves affect the radiation characteristics of antennas and due to
the complexity of this phenomenon it cannot be easily described analytically.
Most of the work investigating surface waves employ EM simulations to analyze
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their effect in the antenna design [43]. Despite this, a rigorous mathematical
modeling is presented in [44], where it has been found that the “surface wave
number” explains the nature of evanescent and not propagating waves below a
substrate with a certain permittivity εr.
As it can be seen in Figure 10, by reducing the silicon substrate thickness
from 625 μm to 20 μm, the antenna radiation pattern is considerably improved
(and surface waves effect is reduced). To achieve this thickness reduction, a
selective micro-machined removal of the silicon substrate underneath the area
occupied by the antenna can be done [43]. It has been noticed that the best
performance is achieved with a 20 μm thick silicon substrate, but it would make
the wafer easy to break. Keeping the above in mind, a 50 μm thick silicon
substrate has been selected for this design.

3.3.3 Plate Design
The moveable MEMS plate where the antenna is realized provides the
antenna with the polarization reconfigurability characteristics needed. In this
section the design considerations are presented for this plate.

MEMS Plate Design
Two plate designs are analyzed in order to find the most suitable for the
reconfigurability aspect of this project, as discussed in section 3.2.2.

Tsang Plate
The first model analyzed is the Tsang plate [39], depicted below. It is a
MEMS based plate provided with lateral suspension (springs) which gives a good
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mechanical stabilization and support. Figure 11 shows a mechanical simulation
in COMSOL (conducted by Dr. Fould’s group) of the stress (deformation)
suffered by the lateral springs when the plate is displaced in order to be lifted.

Figure 11. Stress deformation simulation of the MEMS Tsang plate

In the case of this plate the RF feed lines are located along the springs
located on each side of the plate while the DC bias lines for the MEMS switches
run along the springs on the opposite side of theplate as shown in Figure 12.

Figure 12. HFSS simulation model of a reconfigurable antenna on a Tsang plate

This plate design is deemed not suitable for this antenna, primarily
because the high frequency feed lines are strongly influenced when the plate
moves from the vertical to horizontal position or vice versa, as can be seen in
Figure 11. This is because the RF feed lines have been designed for a certain
shape and spacing between them. When this shape or spacing changes, it
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modifies the characteristic impedance of the feed line, resulting in reflection of
power from the antenna feed line interface. Moreover, it can be seen in the
mechanical simulation from Figure 11 that the lateral support springs suffer from
high torsion. It is then confirmed that the de-shaping and torsion of the feed lines
renders it unsuitable for this antenna design.

Buckled Cantilever Plate
To alleviate the above-mentioned problems, an alternate plate design,
composed of cantilever structures [45], is considered. This design comprises
double-sided cantilever-like supports and a movable plate located in the middle.
This new model is presented in Figure 13, where a simulation in COMSOL (done
by Dr. Foulds’ group) shows the displacement field gradient for a vertically
assembled suspension.

Figure 13. COMSOL simulation of buckled cantilever plate displacement field in z direction

Through simulations it is estimated that in order to lift the plate up to an
elevation angle of 90° the plate has to be displaced about one third of the length
of the springs. This result is useful to simulate later on the EM design in HFSS.
Figure 14 shows a graphical representation in COMSOL of the maximum
principal normal stress (ζn) acting on the metal contact lines.
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Figure 14. Simulation maximum normal stress (σn) acting on contact lines (done by Dr. Foulds’ group)

In general this plate has the advantage to reduce the length and bends of
the feed lines and permits to feed the antenna efficiently in both horizontal and
vertical positions.
The antenna model in HFSS of this new cantilever-like plate is shown in
Figure 15 in both orientations (horizontal and vertical).

a)

b)

Figure 15. Bowtie antenna on polyimide cantilever-like plate in: a) horizontal and b) vertical position

In order to determine the largest plate size to be used for the antenna,
equation (1) served as a point of reference. This equation relates the electric
wavelength in air (λo) with relative permittivity (εr) to the guided wavelength in a
medium (λg).
The largest plate required is when the antenna is in vertical position and
operating at the lowest frequency (60 GHz).
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… (1)

Table 1 is obtained by making use of the above equation (1), and it shows
the losses and guided wavelength (λg) variations for the considered materials.
The values calculated in the table serve as a point of reference to determine the
lengths of the antenna radiating in different materials. One of them is the epoxy
photo-resist SU-8, a material suitable for antenna fabrication [46]. The other
material analyzed for the realization of this plate is the polyimide HD-8820 [47].
Table 1. Guided wavelengths and losses for different substrates
Relative Permittivity
( r)
SU-8 [31]
3.5
HD-8820 [47]
2.8
Silicon
11.9

Loss Tangent
(Tan δ)

λg [mm]
at 60 GHz

0.08
0.004
0.0002

2.67
2.99
1.45

Based on the lower losses of HD-8820 as compared to those of SU-8, the
former has been chosen for this work. Therefore the half lambda bowtie antenna
in vertical position should have a length of approximately 2990μm/2=1495μm.
As shown in Figure 16, the actual size given to the plate was larger than the
previous value, having a final length of 2250μm to have a tolerance interval for
the simulations. Similarly, the width of the plate was originally estimated to place
a bowtie antenna with 30° aperture in order to have a starting point for the
adjusted antenna designs. This width was later adjusted once the final
dimensions were obtained for the four antenna designs (horizontal and vertical in
ON and OFF positions). The final 80μm width of the springs was determined
based on a rough estimation of the feed lines using the AWR Tx-Line Calculator
software.
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Figure 16. Plate dimensions: wide (1150 µm), large (2250 µm), and springs (80 µm)

3.3.4 Final Stack-up
The EM and mechanical behavior investigated and described in the previous
section has led to some changes in the initial stack-up of the customized MEMS
process. The final stack-up, after the required modifications, is shown in Figure
17.

Silicon

SiO2

Polyimide
HD-8820

Metal
(Gold - Au)

Figure 17. Final stack-up design

1) Silicon – 50 µm

2) SiO2 – 2 µm

3) Metal (Gold) – 500 nm

4) Polyimide (HD-8820) – 10 µm

Following is the summary of changes made to the initial stack-up:


The silicon substrate must be reduced to 50 μm thickness through a
back etching process to avoid the generation of the surface waves.
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The polyimide HD-8820 [47] has been selected to manufacture the
movable plate due to its flexibility and better EM properties than SU-8
(low losses).



The metal considered is gold instead of copper due to its excellent
electric behavior, its resistance to corrosion, its good ductility [48], and
good adhesion to surfaces.

The next section describes the antenna design and issues related to the
frequency and polarization reconfigurability aspects of this design.

3.4

Antenna Design
This section describes the design of the reconfigurable antenna model in
frequency and polarization.

3.4.1 Design Details
Consistent with the antenna geometry shown in Section 3.2.1, Figure 18
shows the detailed design parameters for this architecture. These parameters
are defined below:
H1: Length of 1st element

H2: Length of 2nd element

A: Height of 1st element

B: Height of 2nd elements

G: Gap between feed lines

W: Feed-lines width

E: Feeding gap
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Symmetric axis

S1

H1

A
C

E

…
.

B

B
W
S2
G
H2
Figure 18. Reconfigurable antenna design parameters

The elements named S1 and S2 represent the MEMS switches, and their
dimensions are set to a fixed value of (10 x 25 μm). The switches connect or
disconnect the first and second radiating elements of the antenna in order to
respectively increase or decrease the electric length of the overall bowtie
antenna, as discussed in Section 3.2.1.

3.4.2 Antenna Feed Line
The bowtie antenna design is simulated in Ansoft HFSS without the feed
lines (as shown in Figure 19) using the final stack up discussed in Section 3.3.4.
This antenna design has been optimized in horizontal position at 77 GHz.

Figure 19. Bowtie antenna in silicon and polyimide plate adapted at 77 GHz
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Figure 20 shows a maximum realized-gain of 0.8 dB and a typical bowtie
radiation pattern.

Figure 20. Realized-gain of bowtie antenna without feed lines, adapted at 77 GHz

After optimizing the antenna without the feed lines, the next step is to
design the feed lines suitable for this moveable antenna. For an approximation of
the feed-line dimensions, a transmission-line calculator has been used. The feed
lines are modeled as Coplanar-Strip-Line (CPS). These initial calculated
dimensions of the feed lines are implemented in the EM simulator in order to
investigate their behavior in both horizontal and vertical positions, as shown in
Figure 21. Then the dimensions have been adapted in EM simulations to work
with the bent transmission lines as well as to adjust them in both frequencies and
positions. The final feed-line dimensions are: W= 25 μm, G= 10 μm and a total
length of 2978 μm.
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a)

b)

Figure 21. Antenna feed-line realized on polyimide plate: a) horizontal and b) vertical position

The simulated S11 (dB) for both orientations (horizontal and vertical) of the
feed lines is shown in Figure 22. The impedance of the feeding ports is defined at
50 Ω, as the load of the bowtie antenna is designed at this same value since it is
the standard input impedance to measure the devices.
It can be seen that the feed-lines are reasonably matched in both positions at the
desired frequencies (60 and 77 GHz). However, the long feed lines do have a
disadvantage of added transmission losses. Nonetheless, these transmission
lines are required for characterization purposes. They are planned to be removed
in a real application by employing a suitable technique to integrate the antenna
with the RF circuits, for example using direct fabrication on top of the RF-IC.
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a)

b)
Figure 22. S11 (dB) versus frequency of the feed-lines for a) vertical and b) horizontal positions

The feed lines are now included in the simulation model, running through
the sided springs of the plate and integrated with the bowtie antenna, as shown
in Figure 23.

Figure 23. Bowtie antenna design with feed lines included

Regarding the study of the feed lines for the case where the plate is in
horizontal position and switched OFF state (at 77 GHz) presents the highest
losses. This should lead to a decreasing of the gain when the feed lines are
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added to the antenna. Nevertheless, the simulated radiation pattern of this bowtie
antenna including the feed lines (shown in Figure 24) shows a maximum
realized-gain above 1.4 dB at 77 GHz. This value is compared with the results
shown in Figure 20 for the same antenna without feed lines. An enhancement of
the gain of approximately 0.6 dB is obtained, despite the insertion losses of the
feed lines.

Figure 24. Realized-gain of bowtie antenna with feed lines, adapted at 77 GHz

It is then clear that the feed lines play a role in the radiation of the
antenna. It has been observed that the effect is higher at 77 GHz than at 60 GHz.
As a consequence, the enhancement of the gain might be attributed to the fact
that the feed lines behind the bow tie antenna act as a reflector that helps to
increase the gain.

3.4.3 Frequency and Polarization Reconfigurable Antenna
The simulation of the reconfigurable antenna design in polarization and
frequency is described in this section with the complete antenna system (feed
line integrated with the antenna on a moveable plate).

3.4.3.1

Antenna Design
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The antenna is designed to operate at two different frequencies (60 and
77 GHz) in two different mediums (silicon and HD-8820) with acceptable
performance. Each of the four cases requires an antenna with different electrical
length. This is why a single antenna design is difficult to achieve in the
simulations with only the first iteration of fractal elements and limited MEMS
switching.
In order to estimate the dimensions of the antenna, the length of the
bowtie is designed as a λ/2 dipole (λ/4 on each side) as a reference. Table 2
sums up the wavelength for the four cases (two orientations at 60 as well as 77
GHz). It can be observed that the wavelength in horizontal position is 0.6 times
smaller than in the vertical position.
Table 2. Wavelength longitudes for different radiating mediums (materials)
Orientation Frequency [GHz]

εeff

Propagation Medium λg [mm]

Vertical
Horizontal

60

2.8

Polyimide: HD-8820

2.99

60

8

Silicon+ Air+ Polyimide

1.77

Vertical
Horizontal

77
77

2.8
8

Polyimide: HD-8820
Silicon+ Air+ Polyimide

2.33
1.38

After a number of adjustments of the antenna dimensions (mainly lengths:
H1 and H2) in the simulations, a unique reconfigurable antenna in frequency and
polarization is achieved and shown in Figure 25. This antenna has been
designed in order to match the four states: horizontal and vertical with switches in
ON and OFF state. The final dimensions are shown below:
H1: 550 µm

H2: 1190 µm

A: 400 µm

W: 25 µm

G: 10 µm

E: 25 µm

B: 760 µm
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a)

b)

Figure 25. Frequency and polarization reconfigurable antenna: a) horizontal and b) vertical position

3.4.3.2

Frequency Reconfigurability - Results

This subsection presents the simulations showing the matching of the
unique antenna design for the four cases: vertical and horizontal in both
frequencies (60 and 77 GHz).
The antenna is designed to have the best performance in vertical position.
Figure 26 shows the S11 (dB) versus the frequency of the antenna in the vertical
position with switches in ON-state (largest electrical length of the antenna).
In order to determine the resonance frequency of the antenna, the
criterion S11< -10 dB is used. It can be seen that the antenna is well matched at
60 GHz over a 10 % bandwidth (the whole WPAN band). Moreover, the large
frequency range of visualization shows the typical multiple resonances of a
fractal shape with one resonance at 61 GHz and the other one at 37 GHz.
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Figure 26. S11 (dB) versus frequency for reconfigurable antenna in vertical position, switched-ON

When the switches are OFF (open circuit) in vertical position, the
adaptation is shifted. Figure 27 shows the S11 versus frequency plot for the
switched-OFF position.

Figure 27. S11 (dB) versus frequency for reconfigurable antenna in vertical position, switched-OFF

It can be observed that for the smallest electrical length of the antenna
(switches OFF) a good matching is obtained at 77 GHz and over the entire
automotive radar band. Similarly, a comparison between Figure 26 and Figure 27
is that the former presents better adaptation at its operating frequency, meaning
that the voltage magnitude reflected by the antenna is lower.
The performance is now studied in horizontal position. The S11 (dB) versus the
frequency for the antenna with switches in ON-state (short circuited) is shown in
Figure 28.

47

Figure 28. S11 (dB) versus frequency for reconfigurable antenna in horizontal position, switched-ON

It can be seen from the figure above that the antenna operates s at 77
GHz with a 10 % bandwidth (70.5 – 78.5 GHz), making it suitable for the
automotive radars band. The multiple resonance behavior is again observed with
one at 75 GHz and the other at 48 GHz and another one below 30 GHz. It can
also be highlighted that in this case the main resonance is not used but the
second one.
The last case is the antenna in horizontal position with OFF-state switches
(open-circuit). The simulated result for the S11 (dB) versus the frequency is
shown in Figure 29.

Figure 29. S11 (dB) versus frequency for reconfigurable antenna in horizontal position, switched-OFF

In this case the antenna is operating at 60 GHz by using a secondary
resonance of the structure. It operates over a 7 % bandwidth (from 59 GHz to 63
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GHz), making it suitable for most of the whole WPAN band. It can also be
observed in Figure 29 that the best antenna adaptation for this configuration
(horizontal switched-OFF) occurs at 38 GHz. This behavior can be due to the
radiation effects introduced by the feedline and the external fractal elements not
connected at this stage.
This section has presented the simulated results for the frequency
reconfigurable antenna optimized for both frequencies (60 and 77 GHZ) and in
both positions.

3.4.3.3

Polarization Reconfigurability - Results

The performance of the antenna in terms of gain and polarization for the
four cases is presented in this section. The same orientation of the coordinate
system is used for both the horizontal and vertical positions but centered on the
new placement of the antenna (between the bowtie arms) as shown in Figure 25.
This permits the accurate determination of the radiation characteristics of the
antenna set in vertical position.
First, the radiation pattern of the antenna in vertical position when the
switches are in ON-state is shown in Figure 30.
At 60 GHz it shows a typical dipole radiation pattern with a maximum gain
of almost 1.5 dB.
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Figure 30. 3D radiation pattern for reconfigurable antenna in vertical switched-ON position at 60 GHz

Figure 31 respectively shows the co- and cross- polarized gains,
corresponding to the Z and X axis in the vertical configuration.

Figure 31. X- and Z-gain for reconfigurable antenna in vertical position, switched-ON at 60 GHz

As it can be observed, at the matched frequency (60 GHz), the copolarized gain is around 0 dB and the cross-polarized is below -10dB. This crosspolarization level can be explained by the fact that the bent feed line must radiate
some cross-polarized field. Nevertheless, this level is satisfactory for our
application. As previously discussed, this problem might be overcome by
removing or shortening of the feed lines.
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The radiation behavior is now presented in the same position but with the
switches in OFF-state. Figure 32 shows the 3D radiation pattern at the
corresponding matched frequency (77 GHz) with a maximum gain close to 1 dB.

Figure 32. 3D radiation pattern for reconfigurable antenna in vertical switched-OFF position at 77 GHz

The orientation of the radiation pattern for this vertically positioned
antenna remains the same (the maximum radiation gain still along XY) as for the
vertical antenna with switches in ON-state. The co- and cross- polarized gains
are plotted in Figure 33.

Figure 33. X- and Z-gain for reconfigurable antenna in vertical position, switched-OFF at 77 GHz

As it can be observed, at the working frequency (77 GHz), the copolarized gain is around 1 dB and the cross-polarized is below -14 dB. Again, this
cross-polarization level is satisfactory for our applications, and might be improved
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by reducing the length of the feed lines, since there is a part of them that remains
horizontal (when the antenna is lifted) and creates the cross-polarization.
The radiation performance of the antenna is now studied for the horizontal
position with switches in ON-State. Figure 34 shows the 3D radiation pattern
showing a maximum gain of 1.7 dB at the operating frequency of 77 GHz.

Figure 34. 3D radiation pattern for reconfigurable antenna: horizontal switched-ON position at 77 GHz

The orientation and shape of the radiation pattern for this horizontally
positioned antenna is orthogonal to the one presented for the antenna in vertical
position. This can be seen by the shifting of the nulls from the Z to the X axis.
Figure 35 shows the co- and cross- polarized gains along the X and Z axis,
respectively.

Figure 35. X- and Z-gain for reconfigurable antenna in horizontal position, switched-ON at 77 GHz
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As it can be observed, that at 77 GHz the co-polarized gain is around 1.5
dB and the cross-polarized is around -33dB. This better cross-polarization level
can be attributed to the fact that both the antenna and the feed lines are in the
same plane. Thus almost no cross-polarization is generated.
The last studied configuration is the OFF-state antenna in horizontal
position. Figure 36 shows the 3D radiation pattern at the operating frequency (60
GHz). In this case a maximum gain of -0.8 dB is achieved with nulls oriented
along the X axis.

Figure 36. 3D radiation pattern for reconfigurable antenna: horizontal, switched-OFF at 60 GHz

Figure 37 shows the co- and cross- polarized gains along the X and Z axis
respectively.

Figure 37. X- and Z-gain for reconfigurable antenna in horizontal position, switched-OFF at 60 GHz
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As it can be in Figure 37, the co-polarized gain (along the X axis) at 60
GHz is around -1 dB, and the cross-polarization level is about -45 dB.
It has been shown that this single antenna design is able to work at both
frequencies (60 and 77 GHz) for two orthogonal linear polarizations (vertical and
horizontal position of the plate with respect to the substrate).
A higher cross-polarization level is observed in vertical position that is
most likely due to the bent feed lines. Nevertheless, these levels remain
satisfactory for our applications since most of the industry uses the S11=-10 dB
standard

3.5

Conclusions
This chapter

has presented the EM

simulations of

the

single

reconfigurable antenna model. The results present a good matching over
approximately 10 % of bandwidth at both frequencies (60 and 77 GHz) and both
positions (horizontal and vertical). Simultaneously, the same design has been
able to radiate in two linear polarizations when the plate is moved from horizontal
to vertical position. It also shows high gains (around 0 dB and 2 dB), and
satisfactory cross-polarization levels for all four cases, especially in vertical
position.
Some issues have been found and solved, such as:


The design of an antenna plate suitable for polarization
reconfigurability.



The solution of the surface waves problem (created by the thick
silicon substrate) affecting the radiation pattern.
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The design of an optimum feed line capable to work in both
positions for the antenna.



To design a MEMS antenna model reconfigurable in frequency and
in polarization.

Now that the simulations have led to a single antenna model with
satisfactory results it has been decided to proceed to the fabrication stage, where
a detailed description is given in the next chapter.
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IV - FABRICATION
A single reconfigurable antenna model has been obtained (and the results
presented in the previous chapter). The different stages of the fabrication for this
customized in-house MEMS process are described in this chapter, as well as the
modified antenna design taking into account the fabrication requirements.

4.1

Optimized Design for Fabrication
The antenna design must be modified to take into account the fabrication

requirements. The elements affecting the model are listed below:


In order to facilitate the mechanical movement when the plate is
lifted the back part of the plates’ frame is removed.



Holes need to be added to the plate and metallic part of the
antenna for fabrication purposes (etching).



Dimples need to be added to the movable parts of the design (all
over the plate and on the lateral springs) in order to improve the
mechanical behavior.



Ground-Signal-Signal-Ground (GSSG) pads are added to the feed
line for RF testing purposes. A Ground-Signal-Ground (GSG)
configuration is also considered.

According to the results obtained in the previous chapter it is believed that
a single antenna model matching the four cases (horizontal and vertical at 60
and 77 GHz) can be obtained once again with the fabrication and RF
characterization requirements and satisfactory performance. Nevertheless, the
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short time constraint given to finish this thesis, have not permitted to obtain once
again a unique antenna model with both reconfigurable characteristics taking into
account the new changes added to the structure. Instead, two different frequency
reconfigurable antenna designs have been achieved (one horizontal and one
vertical). The two new obtained models are presented in Figure 38.

a)

b)

Figure 38. GSSG fed design with holes added to the plate in a) horizontal and b) vertical position

The dimensions of the two configurations are shown in Table 3 for both
GSSG and GSG fed antennas.
Table 3. Sizes of the final antenna designs for both feeding types: GSSG and GSG
Horizontal
GSSG

GSG

Vertical
GSSG

GSG

H1 : A

500 : 300 400 : 500 500 : 200

700 : 500

H2 : B

800 : 700 900 : 600 1050 : 700 1100 : 700

The simulation results for the GSSG fed antenna (vertical and horizontal
models) are described in the next section.

4.1.1 GSSG Frequency Reconfigurable Design
The simulated results of the GSSG-fed antenna design optimized in
horizontal position are first presented.
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Figure 39 shows the simulated S11 (dB) versus the frequency results for
the antenna in horizontal position with switches in ON-state. The first two (inner)
elements of the antenna are connected. It presents a resonance frequency at 60
GHz with S11 ≈ -17 dB.

Figure 39. S11 (dB) versus frequency for horizontal GSSG antenna model (ON-state switches)

Figure 40 presents the S11 (dB) for the switches in OFF state. It can be
seen that this antenna operates at 77GHz with an S11≈ -10.8 dB.

Figure 40. S11 (dB) versus frequency for horizontal GSSG antenna model (OFF-state switches)

The reconfigurability in terms of frequency is obtained for the horizontal
design. Now the design is optimized in vertical position is presented, first with the
switches in ON-state. Figure 41 shows the S11≈ -10 dB at 60 GHz.
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Figure 41. S11 (dB) versus frequency for vertical GSSG antenna model (ON-state switches)

Figure 42 shows the S11 (dB) versus frequency for the vertical GSSG-fed
antenna (switches in OFF-state). It presents an S11≈ -10 dB at 77 GHz.

Figure 42. S11 (dB) versus frequency for vertical GSSG antenna model (OFF-state switches)

The antenna design optimized in vertical position is also reconfigurable in
frequency (60 and 77 GHz).

4.1.2 GSSG Polarization Reconfigurable Antenna Design
The polarization obtained for both positions are now presented for the
GSSG-fed antenna.
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Figure 43 shows the simulated 3D radiation patterns at 60 GHz and at 77
GHz for the horizontally positioned GSSG-fed antenna model (with switches in
ON- and OFF-state, respectively).

a)

b)

Figure 43. 3D radiation patterns with ON and OFF state switches at a) 60 and b) 77 GHz

It can also be seen in Figure 43 that the radiation patterns for the
horizontal design presents a maximum radiation along the YZ plane, and nulls on
the X-axis of the antenna, as expected.
Figure 44 and Figure 45 show the gains (along the X and Z axis) versus
the frequency that correspond respectively to the co- and cross- polarizations.

Figure 44. Co- and cross- polarization (gain along X and Z axis) of the horizontal antenna (ON-state)
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Figure 45. Co- and cross- polarization (gain along X and Z axis) of the horizontal antenna (OFF-state)

It can be observed that a cross-polarization greater than 35 dB is achieved
for the horizontal design.
The vertical antenna design is now presented in order to determine the
change of polarization for both 60 and 77 GHz. Figure 46 shows the simulated
3D radiation patterns at 60 GHz and 77 GHz for the vertically positioned GSSGfed antenna (switches in ON-state).

a)

b)

Figure 46. 3D radiation patterns of vertical antenna (ON and OFF switches): a) 60 GHz and b) 77 GHz

It can be seen in Figure 46 above that the radiation patterns present a
maximum gain along the new XY plane and nulls on the Z-axis of the antenna.
Figure 47 and shows the gain along X (upper) and Z (lower) axis versus
the frequency, that correspond respectively to the co- and cross- polarizations.
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Figure 47. Co- and cross- polarization (gain along X and Z axis) of the vertical antenna (ON-state)

This previous results demonstrate the change of polarization of the
antenna when moved from horizontal to vertical position.
Finally, Figure 48 shows the X (upper) and Z (lower) gains along the
frequency. They show respectively the co- and cross- polarization results, by
having an X-gain (around 0 dB) and a Z-gain (below -10 dB) at 77 GHz.

Figure 48. Co- and cross- polarization (gain along X and Z axis) of the vertical antenna (OFF-state)

In this case, a cross-polarization of at least 10 dB is obtained for the
vertical design. These previous results demonstrate the change of polarization of
the antenna for the horizontal and vertical models, respectively.
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The new designs obtained from the simulation of the modified (GSSG and
GSG) antennas will be the basis for the generation of the masks and their
fabrication.

4.2

Fabrication Process
For purposes of fluency of the thesis, it is presented now the description of

the customized fabrication process following the three basic steps for MEMS
devices: deposition of thin films of material on the substrate, photo-lithography
with masks patterning, and a selective film etching [49].
For the movable parts, dimples must be added to avoid stiction
(adherence) between silicon and plate surfaces. They basically work like
“bridges” that maintain the plate suspended from the substrate. To reduce the
time taken to the etcher to flow underneath the movable areas, etching holes are
added to facilitate the release process of the plate [49]. Anchors are used to
attach (fix) the non-moving areas of the plate to the substrate.
For the fabrication of this antenna design, four patterning masks are
required (anchors, dimples, polyimide structure and metal), described in the
following section.

4.3

Masks Generation
This section presents the patterning masks generated from the final

design. As previously mentioned, four different masks must be generated: 1)
anchors, 2) dimples, 3) structural, and 4) metallization.

63

Figure 49 shows these four masks for an individual model (designed in the
HFSS GDS- generator) and their superposition.

1)

2)

3)

4)

Figure 49. Masks: 1) anchors, 2) dimples, 3) structure, 4) metal and superimposition of the four masks

Some of the amendments done to the global masks are the addition of
alignment marks and a text legend to ensure the correct position (not to be
flipped). As well a final checking of errors is done on both, the global masks and
the individual antenna designs. The complete design of the four masks
superimposed (aligned on top of each other), and a zoomed antenna structure
are shown in Figure 50.

Alignment Marks
Figure 50. Complete designed mask layers superimposed with alignment marks (circled)
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The design of these masks has been done using L-Edit software [50], in
order to detect possible errors in the fabrication rules of the design. The masks
size is defined by the type of wafer used; 10 cm of diameter in this case.

4.4

Antenna Fabrication

4.4.1 Fabrication Steps
The fabrication process described in this section has been realized by Dr
Foulds’ group. The first step taken is the growth of amorphous silicon (a-Si) on
the silicon wafer. The next step is to pattern using the first mask to create the
anchors, followed by the second mask to create the dimples.
Damages on the wafer have been observed and correpsond to a peel-off
on the amorphous silicon layer, especially on the edges of the wafer. It is going
to create a negative effect on the final fabrication results.
The fabrication process is continued for the patterning of the of the other
two remaining masks: structural (polyimide HD-8820) and metalization.
At the end of the first fabrication process it was encountered that the
antenna designs had been severely damaged, as can be seen in Figure 51.
These failures have been attributed to the following reasons:


Thin a-Si film created high stress and was peeling off.



The long time and high temperature of exposure of the silicon wafer
during the curing process damaged the a-silicon film.
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The polyimide plates curled up during the curing process. This
results in a very difficult metal deposition post-process.

Figure 51. Fabricated silicon wafer with severely damaged antenna structures

In order to visualize the antenna designs with good resolution (and to be
able to lift the antenna plates) the manual probe station shown in Figure 52 is
used.

Figure 52. Probe station used to visualize and manipulate the fabricated antennas

Micro probes are used to accurately manipulate the movable plate and to
be able to set the antenna in vertical position. Figure 53 shows a picture of a
damaged structure fabricated in the silicon wafer.

66

Figure 53. Damaged fabricated antenna in silicon wafer

As it can be seen there is severe damage in all the layers (black part in
Figure 53), since the amorphous silicon stress damage most likely propagated its
effect to the upper layers. In some cases no plate is found, and for the rest it is
not possible to move them due to the adhesion to the substrate.
The fabrication process on silicon wafer is not optimized and no structure
can be used. Therefore, a second fabrication is made on a quartz (glass) wafer.

4.4.2 Realized Structures on Quartz Substrate
The quartz wafer has been used due to a better control of the fabrication
process in order to be able to test mechanically the designs (since the antennas
are not optimized in this medium). The quartz wafer has a permittivity of (εr =4.2)
compared to the silicon (εr =12). These new fabricated antenna structures do not
have the desired EM response and can just be used to test the mechanical
behavior. Figure 54 presents a picture of the final fabricated glass wafer.
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Figure 54. Fabrication defects on quartz wafer resulting in some damaged structures

As observed in the glass wafer, the fabrication process still has some
issues that damaged some of the structures. The final layers thicknesses of the
fabricated glass wafer structures are listed below:


Sacrificial layer/anchor – 2 μm



Dimples – 750 nm



Structural plate (polyimide) – 12 μm



Metal (gold) – 400-500 nm

The designs of this glass wafer are mechanically tested in the micro-probe
station. The fabricated antenna suffered from alignment mismatches that can be
seen in Figure 55 that shows two pictures of the structures; one of the feed lines
and one of the feeding pads.

a)
b)
Figure 55. a) Feed lines and b) pads caption of the fabricated antenna for the GSG models
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As it can be seen in the previous figure, the feed lines and the probe pads
of these new antenna structures fabricated on the quartz wafer present a bad
patterning, especially on the feed lines (moved to the upper edge). This is due to
misalignment during the fabrication. A picture of the standing steps realized on
the new fabricated designs can be seen in Figure 56.

2)

1)

3)

4)

5)

Figure 56. Standing plate process with the use of micro-probes: 1) to 5)

As it can be seen in the previous figure, micro-probes are used to push
the plate until the other end of the anchors where the plate is in a stand alone.
One and two probes have been used to push the plate during different lifting
trials. Similarly other two probes are used to apply a pressure on the back
anchors and avoid the abrupt separation of the structures due to the low
adhesion of the anchors to the surface of the wafer. This adhesion can be
increased in either one or all of the following three ways:


Increasing the contact area of the supporting anchors by making
them larger, or enhancing their adhesion.



Applying a layer of primer to the wafer in order to increase the
adhesion of the structures to the substrate.



Increasing the length of the side “springs” of the plate in order to
reduce the stress.
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This new quartz wafer fabricated shows better results, but the process still
need to be improved.

4.5

Conclusions
The fabrication of the antenna designs has not shown the expected

mechanical results. Several fabrication problems have caused damages to the
silicon wafers and the structures that have made the antenna untestable. The
fabrication process for the silicon wafer needs further adjustments. Similarly, the
patterning and deposition of the polyimide and gold layers needs some
corrections (low adhesion on anchors, uniformity on the wafer, etc). Therefore,
further improvements on the antenna design needs to be done in order to
achieve a single antenna design working in the four cases.
Unfortunately by the time that the fabrication designs were ready, the only
RF probes available in the microwave lab facilities only work up to 40 GHz, and
therefore they are not suitable for the high frequency testing of these designs. In
any case there is no fabricated design available to be electromagnetically tested.
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V - CONCLUSIONS AND FUTURE WORK
5.1

CONCLUSION
This thesis work presents the design of a frequency and polarization

reconfigurable antenna in a customized MEMS process for WPAN and
automotive radar applications. Due to limited time of this thesis, two fabricated
designs (taking into account all the fabrication and mechanical requests) have
been optimized for frequency reconfigurability, working independently in
horizontal and vertical position. Nevertheless, according to the study of the
unique reconfigurable design previously achieved, the author believes that a
single antenna working in the four cases (horizontally and vertically at 60 and 77
GHz) can be optimized even with the presence of holes, dimples, etc.
Some contributions of this thesis work are:


To develop a reconfigurable MEMS based antenna simulation model
(based on the customized in house MEMS process) in the EM
simulator (Ansoft HFSS).



To reduce the generation of surface waves created in the thick silicon
substrate and affecting the radiation performance.



To provide a MEMS-based antenna with frequency and polarization
reconfigurability characteristics, suitable for the targeted applications.



The design of a movable plate (analyzed in COMSOL) suitable to
provide polarization reconfigurability characteristics to the antenna.
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The design of a feed line mechanism capable to work in both positions
and to be able to enhance the gain of the antenna.

To the author’s best knowledge, this is the first MEMS antenna design that
integrates frequency and (out of plane) polarization reconfigurability. The gain
achieved for this on-chip antenna is also a good feature compared to the typical
ones.
Further efforts, beyond the scope of this thesis, still need to be done in order
to optimize the antenna design, but this work serves as a stepping stone for
further research in this field.
5.2

FUTURE WORK
As part of the future work related to this project some specific points need to
be further studied, such as:


Design of a single antenna working in horizontal and vertical at 60 and
77 GHz, taking into account all fabrication requirements (holes,
dimples, etc.)



Design antennas with more fractal iterations to control impedance at
both frequency bands in horizontal and vertical position.



Design of an automated movement (voltage controlled) of the plate (by
using a MEMS motor approach for example).



Design of an improved plate model that helps to reduce both, the
antenna’s feed line and the transmission losses.



Eventual integration of MEMS switches with the complete antenna
design.
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RF characterization of considered fabrication materials such as
polyimide HD-8820 and photo-resist SU-8 at high frequencies.



Optimization of the fabrication process in order to have reliable
antenna designs to be analyzed.



Mechanical and EM improvement of the antenna model designed in
this work.



Integration of the antenna in a system SoC design.



RF characterization of the antenna designs in order to corroborate the
simulated results obtained.
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