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Abstract

Impedance matching implies maximum power transfer from source to load as well as
minimum signal reflection from the load, in an RF system. This explains the importance
of impedance matching networks and their continuously increasing use in many electronic
applications, as for example RF power amplifiers, source-pull and load-pull power transistor

characterization or impedance matching devices such as Antenna Tuning Units.

The focus of this thesis is on the design, fabrication and test of impedance matching
networks. Many different types of practical Impedance Matching Networks are available
which is why detailed investigation and analysis are to be done in order to find the most
suitable topology for the network. The analysis conducted in this sense indicates in favor
of a II-network topology consisting of a fixed inductor connected to two shunt variable

capacitors, as tuning elements.

RF MicroElectroMechanical Systems (MEMS) switches are used to design a switch-
capacitor bank for the proposed impedance matching network. Several RF switches are
analyzed and simulated so that their behavior is known when applied to the capacitor bank.

Multiple capacitor banks were designed and fabricated for the purpose of this thesis.

The MEMS-based approach provides better performance and wider capacitance ranges
as compared to the conventional varactors. It allows the design of impedance matching
circuits with different bandwidths and specifications, that can be used as part of a dynam-
ically reconfigurable automatic match control circuit for a wide variety of wireless devices
and intelligent RF front ends. For comparison purposes, an impedance matching network

using commercial varactors is also simulated and its Smith Chart coverage is presented.

The designed circuits are fabricated and measured. The results indicate satisfactory

performance and good agreement with circuit simulations.
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Chapter 1

Introduction

1.1 Motivation

In order to minimize signal losses and provide good performance, a common goal of mi-
crowave devices is to maximize the power transmission from source to load and minimize
the signal reflections. For this purpose, extensive research projects have been undertaken.
The results prove the necessity of developing Impedance Matching Networks (IMNs) that
can be used in RF power amplifier designs, as a stand-alone impedance tuner or as part of
a dynamically reconfigurable automatic match control circuit for a wide variety of wireless

applications and intelligent RF front ends.

In comparison with impedance transformers - that are terminated in a specific known
impedance - impedance matching networks can generate a set of impedances by simply

changing the state of some of the elements of the network.

It is well known that in wireless mobile communication systems, the input impedance of
antennas is one of the most fluctuating parameters. It is a consequence of the environment
variability and user interaction with the handset. [1] This is translated into detuned
antennas with increased mismatch, decreased efficiency, and high power consumption of
the system. Thus, IMNs are necessary in order to compensate for these changes and to

allow tuning over a wide frequency band and to match the feed line impedance to that



of the transmitter, which is usually 50 €2. The wide frequency band is important because
with each variation, the antenna needs to appear as having a different electrical length and
it must be tuned or made resonant at the required frequency. Otherwise, with no matching
network, when the input impedance varies, there is a mismatch between the power module
and the antenna, which brings in two major effects: first, the power module will not perform
at optimal efficiency under load variations, and, second, the radiated power decreases due
to the reflected power, so the equipment has to increase its power to compensate for the
reduction. The result is an increase in the energy consumption (i.e., decreased battery
endurance) or deterioration in the transmission quality. In addition, the power module
could be damaged if the reflections of the signal levels are excessively high and no isolator
is used. Also, it must be taken into account that, lately, all wireless systems tend towards
increasing the number of frequency bands so that a higher data throughput and network
capacity can be achieved. A well-designed impedance matching network could solve all
these problems, extend battery endurance, achieve optimum output power, reduce weight

for the same autonomy, or even increase the mobile range.

Today’s wireless communication systems are using IMNs whose tuning elements are
either solid-state varactors, switching p-i-n diodes or ferroelectric Barium Strontium Ti-
tanate (BST) varactors. Although BSTs offer a better RF linearity compared to the other
options, at high frequency the quality factor of the matching network decreases and this

attracts important disadvantages due to losses.

A new technology that is able to compensate for this drawback is related to the use
of RF MicroElectroMechanical Systems (MEMS) switches when designing IMNs. This
will improve the performance of the overall system due to the fact that RF MEMS are
inherently low loss and are compatible with high frequency fabrication methods. Therefore
the resulting matching networks can operate at relatively high frequencies and provide an

improved impedance tuning range.



1.2 Objectives

The purpose of this thesis is to design, fabricate and simulate impedance matching networks
and their tuning elements and prove the advantages of using the innovative RF MEMS
approach in this process. In order to achieve this it is necessary to set and follow several

objectives and divide the work into different stages, as presented below:

e Analysis of impedance matching networks topologies: Several different topolo-
gies are available and a deep understanding of each one of them is needed in order to
choose the right one for specific applications. In this work, it is necessary to inves-
tigate and analyze the advantages and drawbacks of three proposed topologies and

extract the most suitable approach.

e Characterization of several RF MEMS switches that are to be integrated
in the impedance matching network design: As stated from the beginning, the
interest of this thesis is focused towards the use of RF MEMS switches as part of the
tuning elements for the impedance matching network. For this reason it is necessary
to investigate their behavior in terms of the achievable capacitance range and quality

factor, when connected in series with fixed capacitors.

e Design and simulation of switch-capacitor banks and impedance matching
networks using RF MEMS switches: Since the final goal is the fabrication of
such circuits, it is first necessary to simulate and optimize them in terms of reactive
elements values, layout and overall dimensions. This is to be done through different
software packages such as Advanced Design System (ADS)! and SONNET EM? sim-
ulator. Several sets of simulations are held for this purpose, starting from a rough
design idea and ending with the final layouts that satisfy all requirements and that

are to be further fabricated.

LADS is a electronic design automation software for RF, microwave, and high speed digital applications.

It allows both circuit and EM simulations and it provides fast and accurate first-pass design.
2SONNET is an accurate high frequency 3D EM simulator using the Method of Moments to provide

accurate responses and results.



e Fabrication and measurements of the switch-capacitor bank and impedance
matching network: RF MEMS are used to develop switch-capacitor banks that are
to be further implemented in impedance matching networks used in wireless appli-
cations. These impedance matching networks must meet several requirements such
as a wide tuning range, small size and low loss. The fabrication procedure of both
the capacitor bank and the impedance matching network is part of the UW-MEMS
process® held in the CIRFE lab at the University of Waterloo. Once fabricated, the
proposed structures are to be measured and there must be good correlation between

the simulation and measurement results so that the approach proves its sustainability.

1.3 Thesis Outline

Once the motivation and objectives are presented in Chapter 1, the thesis is further orga-
nized as follows. In Chapter 2 a study of different technologies and principles used in the
design of several impedance matching networks is presented, along with the advantages
that MEMS technology is introducing. Also, an overview on the applications of impedance
matching networks has been carried out in this chapter. Next, Chapter 3 focuses on the
characterization of the tuning elements that are to be used in the design approach chosen
for the present work. Several types of RF MEMS switches are investigated and simulated
in this sense. Chapter 4 is based on the design, simulation, fabrication and measurements
of an impedance matching network and its tuning elements: a switch-capacitor bank that
will play this role in the final structure. Different fabricated prototypes are proposed, each
one of them showing specific characteristics. Based on this, their usage would depend on
the desired application. Finally, a summary of the work done for the purpose of this thesis,

along with the proposed future research plans are given in Chapter 5.

3UW-MEMS is a standardized multi-user surface micro-machined process, accessible to both industry

and academia through CMC and completely administrated by CIRFE laboratory at University of Waterloo.
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Chapter 2

Literature Survey

2.1 Impedance Matching Networks

Impedance matching networks are an extremely important component of many mobile
wireless communication systems and devices where the signal can be easily affected by
the external environment variations or by the user interaction with the handset. Also, as
technology evolves, the tendency is to go towards higher frequencies and wider bandwidths,
so there is a continuous need of changing the frequency band of operation, as well as the
output power so that it keeps up with these requirements. The need of changing these
parameters brings in the idea of tuning and impedance matching between different blocks
of the communication systems so that a maximum power transfer, minimum reflections

and higher efficiency of the system are achieved.

This topic has been continuously addressed over the years and extensive research was
held concerning the design of impedance matching networks. The challenge in this context
is in terms of deciding on what kind of tuning elements to use since several options became
available with time and as expected, the performance in each case is different. Based on
these different types of tuning elements, the impedance matching networks follow three

types of tuning:

1. Electronic tuning using varactors and p-i-n diodes



2. Tuning using ferroelectric materials, BSTs

3. MEMS tuning

2.1.1 Electronic Tuning

In the early stages, varactors and p-i-n diodes were extensively used as tuning elements.
For example in [2] a varactor-based matching network is considered, providing fast tuning
and low distortion of the signal. Another example is illustrated in [3] where the authors
propose a broadband impedance tuner having a microstrip load line and 10 stubs with var-
actors at each end, as illustrated in Figure 2.1. It can match a broad band of impedances,

purely resistive as well as complex.

Figure 2.1: 10-stub impedance tuner [3]

Impedance matching networks for tunable filters are also discussed in [4] and [5] where
varactor-based tuned bandpass filters are developed. In [4], a reconfigurable bandpass fil-
ter uses a combination of varactor diodes and ring resonators to provide good passband
properties without requiring to shunt the tuning element to ground. The results obtained
in this case prove the advantages that the coupling between resonating elements can bring
when an increase in bandwidth is desirable. The combination of ring resonators and var-
actors makes the topic of [5] as well, where the authors describe the design process of a
microstrip tunable bandpass filter. The ring resonator structure presents the advantage of
not having any RF short circuited points as well as little radiation loss. Thus the perfor-

mance of the filter is satisfactory, and a wide tuning range is achieved. A similar approach



is also discussed in [6] where the filter can be tuned from 2 GHz to 4 GHz with varactor
diodes whose actuation voltage varies from OV to 25V. The geometry of such a filter is

shown in Figure 2.2 and it resembles the structures described in [4] and [5] as well.

Figure 2.2: Ring resonator-based tunable bandpass filter [6]

A similar tuning mechanism is used in [7] where four varactors are used in order to intro-
duce the variable capacitance and to modify the electrical length of the ring resonators. A
structure using split ring resonators combined with comblines and loaded by varactors is
proposed in [8]. The frequency range in this case is 800 - 1300 MHz and the results show
that the combline structure introduces meaningful advantages in terms of bandwidth and

tuning range, but it compromises the size of the structure.

A combination of three varactors and two microstrip quarter wavelength transformers
is implemented in [9] where the results show that impedances ranging from 4 € to 392 Q
can be matched to a 50 2 source at 2.25 GHz.

A reconfigurable impedance tuning network using lumped elements and electronically con-
trolled tuning elements, positioned in a low-pass Il topology and meant for frequencies
between 380 - 400 MHz, is described in [1]. This time, preference is given to p-i-n diodes

7



controlling fixed capacitors (Fig. 2.3), over varactors, due to the fact that varactors are not
very suitable for high power applications. Hence, depending on the diode state, the fixed
capacitors may or may not affect the capacitance of the overall circuit.

The network is simulated, fabricated and measured and the impedance dynamic range is
shown in Figure 2.4 at 390 MHz.

1 ff! 1
c1 L ! L

Cn

Contrel 1 Contrel n

Figure 2.3: Replacement of the varactor [1]

(a) (b)

Figure 2.4: Impedance dynamic range: (a)Measurement results, (b) Simulation results

with ideal components and (c¢) Simulation results with parasitic effects [1]

This paper represents one of the first instances where the complete picture of an intel-

ligent RF control system was presented with the goal of impedance matching.



2.1.2 Tuning using ferroelectric materials

Regardless their fast tuning speeds, the reactive components used for electronic tuning
present several drawbacks in terms of insertion loss, quality factor, linearity, and power
handling. In order to overcome this, an alternative is to use thin-film ferroelectric varactors
whose capacitance can be varied by changing the dielectric constant of the ferroelectric

material. This is done by simply applying external bias voltage.

Thus, impedance matching networks, designed with BST varactors and providing low
insertion loss, satisfactory quality factor, good linearity and good power handling capabil-

ities were considered.

Using this approach, multiple research projects were developed over the years [10] -
[19]. A tunable microstrip bandpass filter using BSTs is discussed in [10] where the au-
thors report a combline structure (Fig. 2.5) developed on a sapphire substrate that is able
to achieve 16% tuning of the center frequency, from 2.44 GHz to 2.88 GHz, when the bias

voltage is increased from 0 to 200 V.

Figure 2.5: Interdigital BST varactor [10]

Tunable low-pass and bandpass filters are also discussed in [16] where 40% and 45% tun-
ability is reached, respectively. For the low-pass configuration, a quality factor of 50 is
achieved at 160 MHz, while the bandpass is giving a quality factor of 26 at 150 MHz.
This is still higher than the quality factor provided by electronic tuning using varactors,
with the same capacitance ranges as the BSTs discussed in this paper. The low loss tun-

able properties of BSTs were equally proven in [14] when applied to wireless and satellite



communication systems in low temperature environments.

This topic is discussed in [11] as well where a Il impedance matching network using
BST varactors as tuning elements is designed. Its achieved impedance coverage is as shown

in Figure 2.6.

= 1.64GHz| -

Figure 2.6: Impedance dynamic range of the matching network [11]

Tunable and flexible (Fig. 2.7) BST varactors are presented in [19] as inter-digital capacitors
printed on a flexible substrate. They demonstrate good tunability, in the order of 22 - 28%,
with quality factors as high as 80, for frequencies up to 50 GHz.

Figure 2.7: Flexible BST inter-digital capacitors [19]

10



Impedance matching networks using BSTs as tuning elements are implemented in the
Blackberry Z10 [20] for tuning the antenna. This has a huge effect on improving the
performance of the device, saving power, allowing a faster data upload and a decreased

number of dropped calls.

Figure 2.8: BlackBerry Z10: (a) Physical device and (b) Inside the device [20]

11



2.1.3 MEMS Tuning

As discussed in the previous sections, tuning was achieved using varactors, p-i-n diodes
and BST capacitors. While the varactors and p-i-n diodes offer fast tuning speeds, they
have significant drawbacks in terms of linearity, quality factor, and losses. All these can be
improved by using BSTs whose fabrication techniques are very simple and cost effective.
However, BSTs require high tuning voltages, which is not always easy or even convenient

to provide.

In the past few years, RF MEMS switches, inherently low loss, have gained high ap-
preciation, due to their ability of handling high power signal levels, providing excellent RF

performance, and their compatibility with high frequency fabrication methods.

MEMS-based components such as tunable MEMS capacitors, MEMS capacitive switches,
distributed MEMS transmission lines (DMTL) and switched-capacitor banks using MEMS
switches are a few examples of structures that have been implemented in impedance match-

ing networks, thus replacing the traditional varactors, p-i-n diodes or BSTs.

A series-LC matching network using RE MEMS capacitive switches is designed in [21].
The authors aim was for improved performance and link quality of cellular phones when
used in variable environmental conditions. The structure of this network is presented
in Figure 2.9 (a) and an example of matched load impedances at 900 MHz is shown in
Figure 2.9 (b) where complex load impedances with values of 30; 50; 70 + j(-25; 0; +25;450;
+75) Q are matched to approximately 30; 50; 70 Q over the circle segments of constant

resistance.

Examples of impedance matching networks involving RE MEMS switches are found in

many recent research projects such as [22] - [28].

A reconfigurable power amplifier, including an adaptive matching network comprised of
shunt MEMS switches in order to achieve variable capacitances, is presented in [24]. The
frequencies of interest in this case are 6 GHz and 8 GHz. It is shown in this paper that
the efficiency of power amplifiers can be improved if reconfigurable matching networks are

used both at the input and output of the amplifier.

Reconfigurable double-stub tuners using MEMS switches are discussed in [22] where

12
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Figure 2.9: Impedance matching network: (a) Block diagram and (b) Impedance mismatch
adaptation [21]
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the structure can provide good matching over 10% - 15% of the bandwidth of a wide range
of load impedances over a wide range of frequencies, in the order of 10 - 20 GHz. The
impedance matching is accomplished with the aid of an RF MEMS switched-capacitor
bank, illustrated in Figure 2.10, that is loading the stubs with different capacitance values,
based on the state of the switches. This allows the selection of a discrete set of loads to be
matched. Figure 2.11 shows the range of the matched load impedances. For this approach,
there is a direct dependency between the values and number of capacitors and the range of
load impedances that must be matched. In other words, a wider load impedance range may
require additional capacitors and switches. The proposed approach shows good matching

of complex load impedances, Z;, ranging as shown in Table 2.1.

Table 2.1: Range of Load Impedances Being Matched
Re(Z,) [ | Im(Zy) [9)]
min | max | min | max
10| 3 94 |-260 | 91
20| 1.5 | 109 |-107 | 48

f [GHz]

Transmission line
I Diglectnc Switch membrane

Figure 2.10: Switch capacitor bank: (a) Schematic and (b) Photograph of the capacitive
switch used in the design [22]
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Figure 2.11: Simulated (o) and Measured (x) dynamic impedance range: (a) 20 GHz, (b)15
GHz and (c) 10 GHz [22]

A reconfigurable triple-stub impedance tuner using 11 MEMS switches as part of a
capacitor bank, for frequencies ranging betwen 6 - 20 GHz is designed in [28]. The results

show wide impedance matching as illustrated in Figure 2.12.

Extensive research in the field of impedance matching networks has been carried out in
the CIRFE group as well [29] - [32].In [29] the authors propose a structure using MEMS
series-contact switches and periodic defected-ground-structures (DGSs) implemented on
coplanar waveguide (CPW) transmission lines. The DGS offer the advantages of an im-
proved insertion loss and power handling capability, for frequencies up to 60 GHz, increas-
ing the overall performance of the system so that a wide range of impedances is covered

on the Smith Chart as it can be noticed in Figure 2.13.

RF MEMS switches demonstrate important advantages, such as low loss, high linearity,
and the most important, low power consumption compared to the traditional varactors,
diodes and BSTs. However, they are affected by self actuation at high RF power and by

the increased temperature that the high power introduces.
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Figure 2.12: Dynamic impedance range of the designed matching network
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Figure 2.13: Dynamic impedance range of the designed matching network [29]
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Chapter 3

RF Switches: Characterization of

Tuning Elements

3.1 Introduction

Over the years, major research was held in the field of RF switches, due to their capability
of routing the RF signal through one or more signal paths. Several advantages were
demonstrated such as low losses, high quality factor, easiness of integration and suitability

for applications in tunable filters, matching networks and antennas [33].

RF MEMS switches are particularly considered due to their ability of satisfying the
linearity requirements of tunable networks in mobile applications. Switched capacitor
banks are implemented using RF switches arrayed with fixed capacitors, this being an
attractive alternative to the solid state devices used as tuning elements in many wireless

applications, with frequency ranging from 800 MHz up to 5.8 GHz.

There are many examples of such capacitor banks in the literature, one of them would be
as described in [34] where RF MEMS tunable capacitors, with low temperature sensitivity,
are designed and fabricated on a quartz substrate. As a result, capacitance values ranging
from 2.8 - 3.3 pF and a quality factor higher than 100 at 5 GHz are achieved. The same

topic is discussed in [35] where a high Q tunable capacitor is designed and meant for 0.8 -
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3 GHz applications. The device proves good functionality over the frequency range and it
reaches capacitances varying between 1 - 3.8 pF for its different state configurations. Also,
it maintains a quality factor higher than 60 at 2 GHz for all the tuning states. CMOS RF
MEMS varactors were also discussed in [36] where the focus is on the switching time as well
as on the achievement of higher self resonance frequencies with the proposed devices. In [37]
the authors present an RF MEMS switched-capacitor suitable for both digital and analog
tuning applications, for high frequencies, ranging between 1 - 10 GHz. A low-pass tunable
filter is designed in [38], where the tuning elements are based on RF MEMS switches as
part of a switched-capacitor bank. This capacitor bank is able to achieve capacitance
values ranging from 0.96 - 8.69 pF for frequencies between 900 MHz - 5.8 GHz. Also, a
high @Q inductor is designed, whose inductance value is 2.22 nH at 5.8 GHz.

RF MEMS switches introduce improved performance in the systems due to their low
insertion loss, excellent linearity performance, high isolation and low power consumption,
thus becoming a better candidate than p-i-n diodes or BSTs for high frequency, wireless

applications [39].

3.2 RF Switches based on SOI Technology

Although the present thesis is focusing on the RF MEMS switches, it is interesting to
analyze the performance of SOI technology as well, for switches such as the ones proposed

by Peregrine Semiconductor.

3.2.1 Peregrine switches

Peregrine Semiconductor[40] is the producer of high-end RF switches that offer very good
performance in terms of linearity, power handling, high isolation, high electrostatic dis-
charge (ESD) ratings, low insertion loss, low phase noise and small form factors. Most
importantly, these switches are capable to operate over a wide frequency range. All these

characteristics make Peregrine switches a great candidate for a broad range of applications
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in aerospace and defense, in mobile wireless devices, test and measurement equipment or

wireless-infrastructure markets.

One of their products is PE42556 [41], shown in Figure 3.1, an SPDT flip-chip RF
switch, covering a wide frequency range, 9 kHz - 13.5 GHz, maintaining excellent RF
performance and linearity over this range, and suitable for cellular and other wireless

applications.

For a better understanding of the behavior of this switch at different temperatures, the
manufacturer provides the performance plots shown in Figure 3.2. Using ADS, the same

parameters are plotted at 25° C for comparison purposes only. The result is presented in
Figure 3.3.

As mentioned in Chapter 1, one of the goals is to design a capacitor bank that is able
to achieve a wide capacitance range and high quality factor using RF switches. In order
to analyze these parameters, there are two equations that are used to plot the capacitance

and quality factor:

C =10"x % (3.1)
o= |z 32

Where:

e Y refers to the input admittance parameters of the structure;

e fis the frequency.
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Figure 3.1: Peregrine SPDT RF switch: (a) Functional Diagram, (b) Flip-Chip Packaging

and (¢) Bump Description [41]
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Figure 3.2: Peregrine SPDT RF switch - measurement results: (a) Insertion Loss and (b)
Return Loss [41]
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Figure 3.3: Peregrine SPDT RF switch - ADS simulation results at 25° C, generated using
the supplied data file: (a) Insertion Loss and (b) Return Loss
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For a deeper analysis and characterization, this switch is connected in series with fixed

capacitors and further simulated in ADS, in terms of quality factor Q, and capacitance
range C. The results shown in Fig. 3.4 correspond to the case when RF1 is in the ON state
and RF2 is OFF so that C1=0.5pF receives RF signal, by being connected to the switch,
and no RF signal passes through C2=1pF.
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Figure 3.4: Peregrine SPDT RF switch: (a) Capacitor Bank, (b) Capacitance Range and

(¢) Quality Factor

It is easily noticeable that the input capacitance varies from 0.755 pF to 1.65 pF for

frequencies below 8 GHz.

parasitic elements of the switch in the ON state.
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Due to the packaging, the switch is much smaller than its direct competitors, it is
directly positioned on the circuit board, and because of its short connection wires the in-
ductance is greatly reduced, allowing higher-speed signals, and better heat conduction.
However, the flip-chip packaging, renders this type of switch unsuitable for manual instal-
lation or replacement. Also, they require very flat surfaces on which to mount. This is not
always easy to arrange or even maintain as the boards heat and cool repeatedly. Another
drawback is introduced by the fact that the short connections are very stiff, so the thermal
expansion of the chip must be matched to the supporting board or the connections could
crack [42]. For these reasons it is decided not to go further with the analysis of this type

of switch as it will not be used in the design of the switched-capacitor bank.

3.3 RF MEMS switches

There are many RF MEMS switches available in the industry, suitable for a variety of
applications and able to meet diverse requirements. This section is focusing on two main
commercial MEMS switches, produced by Omron and Radant, and it analyzes in detail

the main characteristics of each one of them.

Since one of the declared objectives of this thesis is to design switch-capacitor banks
using RF MEMS switches in series with fixed capacitors, it is interesting to see the capac-

itance range that can be achieved as well as the quality factor of such structures.

3.3.1 Omron switches

Omron Corporation[43] is a well-known manufacturer and provider of advanced electronic
components, services and devices, whose area of expertise includes not only electronics,
but industrial automation and healthcare as well. RF switches, connectors, MEMS flow
sensors, pressure sensors, relays, as well as optical components are part of their developed
products that are used in applications such as mobile communications, transportation,

medical industry, appliance, consumer electronics, and test and measurement.
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In the context of the present work, the focus of this section is on the 2SMES-01 Omron
RF MEMS switch, a high frequency (up to 20 GHz), surface-mounted SPDT switch [44].
Its main features are low insertion/return loss and high isolation for GHz signals, small
sizes (5.2 x 3.0 x 1.8 mm) and low power consumption (less than 10 gW). Figure 3.5 shows

the performance of this switch in terms of insertion, isolation and return loss.
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Figure 3.5: Omron SPDT switch - measurement results: (a) Insertion Loss, (b) Isolation
and (c) Return Loss [44]
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The same parameters are plotted in ADS from the supplied data file and the result is illus-
trated in Figure 3.6. If compared, it can be noticed that the measurement and simulation

results are in good correlation.
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Figure 3.6: Omron SPDT switch - ADS simulation results generated using the supplied

data file: (a) Insertion Loss, (b) Isolation and (c¢) Return Loss

Similar to the previous section, this switch is to be analyzed as well, in order to deter-
mine the capacitance range that it is able to achieve when connected in series with fixed
capacitors. Thus, the capacitor bank shown in Figure 3.7 (a) is simulated. Due to the
SPDT feature of the Omron switch, 16 capacitance states (Figure 3.7 (b)) can be achieved

using only two of these switches.
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Figure 3.7: Omron SPDT RF MEMS switch: (a) Capacitor Bank and (b) Capacitance
Range

27



As expected, very low capacitance values are achieved in the OFF state, around 1.6 -
1.7 pF, as opposed to the ON state, when all four fixed capacitors are connected, and high
capacitance, ranging from 11 pF to 32 pF, is obtained.

3.3.2 Radant switches

Similar to Peregrine and Omron, Radant as well is an RF MEMS switches manufacturer
[45], whose products meet the requirements for many governmental and commercial appli-

cations, including satellites, cell phones, and any microwave applications.

The main features of Radant RF MEMS switches include a validated lifetime of 100
billion cycles, low power consumption, high frequency functionality along with cost-effective
packaging. They offer both SPST and SPDT versions of their switches so that based on
the desired application and design requirements a choice is to be made in terms of the most

convenient version.

Particular interest is given to one of their products, RMSW220HP [46], an SPDT
high-frequency (up to 40GHz) switch providing high isolation, low insertion loss, and high
linearity. Its packaging dimensions are 1.45 x 1.4 x 0.65 mm. All these characteristics
render it suitable for many RF and microwave applications, in telecommunications or

wireless access.

The typical RF performance of this Radant switch, given by the manufacturer, is pre-
sented in Figure 3.8. Using ADS, the same parameters are plotted, as shown in Figure 3.9.

It can be noticed that the measurements match the ADS simulations.

Following the same procedure, this switch is used for the ADS design and simulation of
the 16-state switched-capacitor bank shown in Figure 3.10 (a). Part (b) of the same figure

illustrates the capacitance values obtained with the simulated capacitor bank.

As expected, the minimum capacitance values are achieved when both switches are
OFF, and the maximum values, 9.1 - 38pF, are obtained for the case when both switches

are in the ON state, so the RF signal reaches all four fixed capacitors.
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Figure 3.8: Radant SPDT switch - measurement results: (a) Isolation and (b) Insertion
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3.4 Summary

The present chapter was concerned with the advantages that RF switches provide when
used in wireless applications. The most important aspects are the low losses, high linearity,
large tuning range, high frequency suitability, and low power consumption that such devices

offer.

A short overview of several existing research projects on this topic was done. As a
common point, all these projects proved the excellent reliability and properties of RF
MEMS switches.

Further, the interest is focused on different types of switches: on one hand switches using
SOI technology, and on the other, switches using the MEMS technology. In this context,
RF switch from three suppliers, Peregrine, Omron and Radant are analyzed. Each one of
them is proposing high-end products, with different packaging options, suitable for many
types of applications and able to meet specific requirements. The intent is to analyze the
capacitance range and quality factor that can be achieved by a 16-state switched-capacitor
bank implemented using SPDT switches connected in series with fixed capacitors. The
supplied data files are implemented in ADS in order to calculate the performance of these

switched-capacitance banks over frequency.

One of the three discussed switches is to be chosen and further considered for the
design and fabrication of the capacitor bank and for the design of the impedance matching
network that will make the topic of the next chapter. Preference is given to the RF MEMS
approach. However, in order to make this choice, multiple factors are taken into account,
and the advantages and drawbacks of each one of these RF switches are weighed. Peregrine
offers high performance but at the cost of complexity in implementation, due to its flip-chip
packaging. Omron’s packaging dimensions are as well challenging, and long wire bonds are
needed for connections to the board. Radant with its small dimensions and pad placement
seems to be the most suitable option for the purpose of the present work, and this is why

it is the switch considered for the remaining of this thesis.
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Chapter 4

Simulation and Fabrication of

Impedance Matching Networks

4.1 Introduction

As discussed in the previous chapters, the use of IMNs has been of great importance over
recent years due to the necessity of having mobile wireless devices functioning with wide

bandwidths for different load conditions.

The general idea of impedance matching is shown in Figure 4.1 where a matching
network is placed between the source and load. The matching network should ideally be
lossless and able to transform the load impedance Z;, in the optimal working impedance of
the signal source Z, and thus provide a maximum power transfer, minimum reflections from
the load and automatically a minimum signal distortion [47]. For complex impedances, the
maximum power transfer is achieved when Z equals the complex conjugate of the source
impedance Zg. Also, for an effective signal transmission it is necessary to maintain the
amplitude and phase-frequency responses at some specific values, over a specific frequency
range, in accordance with what is being transmitted. A well designed IMN could achieve
these goals and provide satisfactory performance. For this purpose, it must be taken into

account that, although ideally IMNs would match a set of source and load impedances, Z,
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Figure 4.1: The general idea behind impedance matching

and Zp, that are constant and do not vary with frequency, in most of the practical cases
these impedances would actually vary with frequency and moreover, they would even vary
at a fixed frequency. In order to start the design of an IMN, the first factor that needs to
be considered is the choice of the topology of the network. As long as Z;, is not completely
imaginary and it has some non-zero real part, there is always a corresponding matching

network that can be found.

In this chapter, new types of impedance matching networks and their corresponding
tuning elements are presented in terms of the design, simulation and fabrication processes.
First, an overview on available topologies and principles of several impedance tuners is
presented, as well as the design approach chosen for the present work. Once the most
suitable topology is chosen, the next step is to investigate the feasibility of adding the tuning
elements. In this sense, the approach of using RF MEMS switches to design switched-
capacitor banks that would replace the conventional varactors is introduced. The complete
layout design and measurement results of such capacitor banks are presented. The next
section focuses on the design, simulation and measurements of the fabricated impedance

matching network.

All the circuits discussed in this thesis are fabricated in the CIRFE Lab [48] at the
University of Waterloo, using one of the main steps in the UW-MEMS process. An entire
section is reserved to describe this fabrication process. The measurements are also carried
out in the CIRFE lab and they agree with the simulations. The last section of this chapter

stands for summarizing the conclusions.
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4.2 Topology of the Impedance Matching Network

As previously stated, the choice of an appropriate topology for the matching network is an
important factor in the overall design process. Several options are available and choosing

one over another must be done after a thorough analysis of different factors such as [47]:
e Complexity: the simplest design satisfying the required specifications is preferred;

e Bandwidth: a perfect match can be obtained at a single frequency point with any
type of matching networks. When a wider frequency band is desired a decision needs

to be made regarding the type of matching network that is most suitable;

e Implementation and adjustability: depending on the intended application, the trans-

mission lines and R/L/C elements, are to be considered.

There are three main types of matching network topologies: L, T and m, each one of them

presenting uniques advantages as well as drawbacks.

4.2.1 L-network Topology

The simplest type is the L-network since it only uses two reactive tuning elements. They
can be either inductors or capacitors arranged as the name states, in an L-shape. It has two
possible configurations, as illustrated in Figure 4.2, based on the position of the normalized
load impedance, z; =21 /Z, relative to the 1+jx circle on the Smith Chart. Depending
on the tuning elements, there are eight possible L - C combinations resulting in eight
different L-matching networks. This approach is suitable for low frequency applications
where commercial lumped-element capacitors and inductors offer good performance, but
at higher frequencies the performance of the matching networks using such topology is
affected. Also, although simple and very easy to implement, this topology exhibits the so-
called ”forbidden regions”, as large areas on the Smith Chart, where the load impedances
cannot be matched to 50 2. As an example, Figure 4.3 shows the yellow areas corresponding
to the forbidden regions. So the use of this topology would be justified for very precise
applications and well-known load impedances, to assure the good functionality away from

these large forbidden regions.
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Figure 4.2: L-topology impedance matching networks. (a) zp inside the 1+jx circle and
(b) z1, outside the 1+jx circle

Figure 4.3: Forbidden regions for L-network topology with Zs=7Zy=50 Q . (a) 2 inside
the 14+jx circle and (b) zz, outside the 1+jx circle
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4.2.2 T-network Topology

In order to introduce an extra degree of freedom in the circuit, and better control of the
quality factor, a third reactive element is added to the previously discussed L-network and
arranged in a configuration similar to the letter T, thus obtaining the T-network topology,

as illustrated in Figure 4.4.

o LV Ay ]

g

Figure 4.4: T-topology impedance matching network

This type of network is extensively used in mobile communications systems due to its
ability to offer a wide impedance coverage, along with good linearity and small circuit
sizes. The T configuration also presents the advantage that the two series elements have
one node inherently grounded and the tuning voltages can be applied independently via
external networks as shown in [49]. Also, based on the application requirements, as proven

in [50], T-matching networks are most suitable for matching high impedances.

4.2.3 II-network Topology

Similar to T-networks, the Il-topology is also a three-L-C-element circuit as shown in
Figure 4.5. Over the years, preference was given to these networks due to their ability to
offer better flexibility when a wide range of frequencies is required and the fact that they can
provide good response to the rapidly changing impedances.The above-mentioned flexibility
offers many tuning possibilities and allows the synthesis of any complex impedance. The
[I-network topology has been widely used in literature as the basic structure for impedance

matching networks.
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Figure 4.5: II-topology impedance matching network

Based on the positioning of the reactive tuning elements, this structure can be trans-
lated into a low-pass network, when having an inductor in series with two shunt variable
capacitors, or a high-pass, when using one capacitor in series with two shunt variable

inductors. Figure 4.6 presents these two configurations.
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Figure 4.6: II-network topology. (a) Low-pass network using variable capacitors and (b)

High-pass network using variable inductors

The high-pass configuration shown in Figure 4.6 (b), using the variable inductors as
tuning elements, is not a common practice, since these elements are in a very early stage
of development. They are very expensive and present a significant drawback in terms of

size.

On the other hand, the low-pass configuration, shown in Figure 4.6 (a), is the typical
topology used in impedance matching networks for mobile wireless applications. Varactors
and p-i-n diodes, in the early research projects [1], and further Barium-Strontium-Titanate
(BST) varactors [51], were extensively used to achieve the desired variable capacitors. As

a result, these components would ideally allow a very wide tuning range, but would need
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analog control circuitry in order to control the final device. Most importantly, they are
usually suitable for low RF power range. Since today’s tendency is going towards high RF
power, higher frequencies and wider bandwidths, the above mentioned components are not
completely suitable anymore, due to their increased nonlinearity, higher losses, low quality

factor and high noise figure.

In order to compensate for these drawbacks, the need of designing more advanced tuning
elements appeared. RF MEMS switches are a good alternative for this purpose since they

provide good performance in terms of linearity, loss and power handling.

The next section tackles this subject addressing the use of RF switched-capacitor banks

in order to achieve desired capacity ranges.

4.3 Tuning elements: Switched Capacitor Bank

As stated above, RF MEMS switches, implemented in capacitor banks, have the capability
of providing better performance in mobile wireless applications than their predecessors,

the commercial varactors, p-i-n diodes or BSTs.

The present section is concerned with the design of such capacitor banks using the com-
mercially available Radant switches illustrated in Figure 4.7 and characterized in Chapter
3. For obvious reasons, mainly related to the size of the final device, an SPDT Radant
switch is preferred over an SPST version. Its datasheet provides all the necessary informa-
tion in terms of pads and ground positioning, - Figure 4.7 (a) and (b)-, as well as showing
the way of achieving the DC bias using a resistor RS or RD (40 K - 100 K2 ) or inductor
LS or LD respectively, as it can be seen in Figure 4.7 (¢). Part (d) of the same figure is for
assembly purposes only, to show how the DC bias would be realized for the switch that is

to be further connected in series with fixed capacitors.

This being said, the goal is to obtain a 16-state switch-capacitor bank, using SPDT
Radant switches. Each switch is to be connected in series with a fixed capacitor, as shown
in Figure 4.8 (b). The values chosen for these capacitors are as follows: C1=C=0.5pF,
C2=2C=1pF, C3=4C=2pF and C4=8C=4pF.
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recommended application and (d) assembly recommendation [46]
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Figure 4.8 (a) is for illustrative purposes only, to show that the capacitor bank can be

implemented with use of SPST switches as well.
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Figure 4.8: Basic idea of 16-state switch-capacitor bank: (a) using SPST switches and (b)

using SPDT switches

4.3.1 Sonnet Layout Design and Simulation of the Capacitor

Bank

For the design of this capacitor bank, as well as for the rest of the circuits fabricated for the

purpose of this thesis, it is decided that 50 © Coplanar Waveguide (CPW) transmission

lines be used since the UW-MEMS fabrication process does not allow the implementation

of substrate via holes. The LineCalc tool from ADS is used to calculate the dimensions

of the gap and signal line of the CPW, given the desired 50 €2 impedance, frequency and

substrate characteristics, as illustrated in Figure 4.9.
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Figure 4.9: CPW dimensions: width of the signal line and its corresponding gap

The circuit is to be printed on an Alumina substrate with a thickness of 635 pm and
using a gold metalization with a thickness of 2.5 um. All these characteristics are presented

in detail in Figure 4.10.

This being said, the Sonnet layout of such a CPW line is simulated and its characteristic
impedance is analyzed.
In order to obtain this characteristic impedance Eq. 4.1 is used and further plotted over

frequency as shown in Figure 4.11 (b).

2 _ 2
Zc:50*\/(1+8”) 521 (4.1)

(1—51;)2 — S212
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Figure 4.10: Substrate and Metalization characteristics
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Figure 4.11: CPW transmission line: (a) Layout and (b) Characteristic impedance
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At this point, the dimensions of the CPW, giving 50 €2 characteristic impedance, that

is going to be used for all the circuit designs, are as follows:

e Width of the signal line: W=500 pm;

e Gap between the signal line and the ground plane: G=200 pm.

It is now possible to proceed to the next step: the design of the switch-capacitor bank.
Several sets of simulations are held in this sense, so that the optimum design is found. A
first option was to have the structure shown in Figure 4.12, where the switches would be

positioned on the bottom ground plane of the CPW, aligned next to each other.

307

B /’ ::ix

il
= 2 i
i Hi'f‘- L f{ Frig Loy
LI & ;Il IJ- % j 5‘ @ I; i E w1
21k il oet el Gy 45 [y F e g
0 A 0o 0 0 3 B

Figure 4.12: Initial Sonnet layout of the 16-state switch-capacitor bank

It is easily noticeable that this implies a rather long structure that is in contradiction with

our goal of having the smallest possible sizes.
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For measurement purposes, the input of the CPW line must be able to accommodate
the 150 pm pitch ground-signal-ground of the coplanar RF probes, so W and G must be

adjusted as follows, while still providing a 50 €2 characteristic impedance:

e Width of the signal line: W=60 pm;

e Gap between the signal line and the ground plane: G=30 pm.
The dimensions of the CPW transmission line are summarized in Table 4.1.

Table 4.1: Dimensions of the CPW Transmission Line
Width of the signal line [um] | Gap [um]

CPW 500 200
Tapering 60 30

Due to its unsatisfactory size, the design must be changed so that more reasonable dimen-

sions are achieved.

The switches are to be positioned as follows: one on each ground plane of the CPW,
not next to each other anymore.

As a result the size of the layout is reduced to half of the previous one.

This final structure, that is to be fabricated, is shown in Figure 4.13. Its dimensions
are 6200 x 5500 microns.

The manufacturer of these Radant switches is providing s2p files'containing measure-
ments results for each state of the switch, allowing for a detailed analysis of the 16 possible

states that the capacitor bank is offering.

1 52p file is a Touchstone file format used for documenting the data of a 2-port network. Most commonly,

the S-parameters of such networks are recorded.
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Figure 4.14 shows the 16 states of the simulated capacitor bank. The obtained results
meet the expectations: a minimum capacitance is achieved for the OFF state, when all
four branches of the switch are disconnected, and a maximum value is achieved for the ON
state of both switches. This is for a later comparison with the measuremnt results of the

fabricated circuit.
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Figure 4.14: SONNET layout: Capacitance of the 16-state switch-capacitor bank
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4.3.2 Measurements of the Fabricated Capacitor Bank

Once the layout is finalized, the next step is printing its mask and further fabricating it in

the CIRFE cleanroom. As a result, the structure shown in Figure 4.15 is obtained.

=T =

Radant

(a) (b)

Figure 4.15: Fabricated switch-capacitor bank: (a) empty sample and (b) sample with the

components assembled

In order to measure this structure, an RF signal is applied on the CPW line and a
voltage on the DC pads so that the switches will be actuated. The actuation voltage in
this case is around 80V. The measurement results of the circuit shown in Figure 4.15 (b)

for the 16 combinations corresponding to the 16 states are presented in Figure 4.16.

From the plot it can be noticed that at the Cellular GSM band of 850MHz, the capac-
itor bank is providing capacitance values varying from 1.6pF to 15pF. Depending on the
application and on the frequency of interest, the capacitor bank circuit can be re-configured

so that it meets any new requirements.
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Figure 4.16: Measurement results of the fabricated circuit shown in Fig. 4.15 (b): Capaci-
tance of the 16-state switched-capacitor bank
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To appreciate the quality of the fabricated circuit, Figure 4.17 illustrates the differences
between the simulation and measurement results of the capacitor bank. It can be noticed
that the results are in good agreement. As expected, the actual fabricated circuit would
provide higher capacitances, as an effect of the added wirebonds needed to assure the

proper connections and that introduce extra capacitances.

_ O-OFE SFF-DER . G

e e _ S R
ot §

Fraguancy [0 [ S——

(a) (b)

Figure 4.17: Comparison: (a) Simulation and (b) Measurement results of the 16-state

switch-capacitor bank

4.3.3 Design and Simulation of a 4-state Switched-Capacitor Bank

For illustrative purposes only, the design of a 4-state capacitor bank is also proposed.
The same Radant SPDT switch is to be used, although the design allows the assembly
of SPST version as well, in series with two fixed capacitors, 0.5pF and 1pF. This circuit
would be suitable for applications where a narrower capacitance range is needed. The
simulations show that at a frequency of 850 MHZ, the capacitacne varies from 1.4pF to
4pF. Figure 4.18 shows both the Sonnet layout and the fabricated sample, along with the

obtained capacitance ranges of the proposed 4-state capacitor bank.
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Figure 4.18: 4-state Capacitor Bank: (a) Layout, (b) Sample and (c¢) Capacitance range
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4.4 Design of the Impedance Matching Network using
the Switch-Capacitor Bank

It was earlier discussed that the low-pass [I-matching network topology is to be used as the
base structure for the purpose of this thesis and that an inductor, L, and two capacitors,
C, are needed as tuning elements. The 16-state capacitor bank presented in the previous
section, and a commercial 2.2nH Taiyo Yuden inductor [52] shown in Figure 4.19, will play

the role of the tuning elements.

External Dimensions

L L 1mm *0.05
| IE; w 0.5mm +0.05
(< : ) H 0.5mm +0.05
{ : e e 0.25mm *0.10

Figure 4.19: Multilayer Chip Inductor - 0402 package dimensions [52]

4.4.1 Sonnet Layout Design and Simulation of the Impedance
Matching Network

The same CPW that served for designing the capacitor bank, tapered so that it allows the
positioning of the 150um pitch ground-signal-ground coplanar RF probes, is used in this
case as well. Several simulations are done in order to find the final layout of the network
that meets all the requirements in terms of size, minimum wirebonds, while at the same
time allowing safe and optimal placement of the chip components and Radant switches.
Thus, a 2-port impedance matching network that takes all these into account is presented
in Figure 4.20. Its dimensions are 10400 x 12000um. It uses four Radant switches as
part of the two capacitor banks, one inductor, eight fixed capacitors, two in series with

each switch, and resistors that are necessary for the DC bias. As it can be noticed from
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Figure 4.20: Sonnet layout of the Impedance Matching Network



this figure, the CPW signal line of the IMN is directly connected to the signal line of the
capacitor bank, thus introducing a little gap in the ground plane of the CPW line. The
effects of having this gap as a discontinuity in the ground plane are, in this case, minimal
and would not affect the overall performance of the matching network due to the fact that
the gap is much smaller than the wavelength A (even much smaller than A/20) so the 50

2 impedance would still be achieved.

Regarding this designed impedance matching network, the point of interest is the dy-
namic range of the impedance that is to be analyzed on a Smith Chart as shown in
Figure 4.21.

S(1,1)

freq (700.0MHz to 3.000GHz)

Figure 4.21: Simulated impedance dynamic range of the designed matching network using

the supplied data files for the switches
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As it can be seen, the matching network assures good coverage on the Smith Chart

meaning that all these impedances can be perfectly matched to 50 §2.

As previously mentioned, the gap introduced in the ground plane of the CPW line may
have a certain influence on the performance of the IMN. Concerning this aspect, a second
IMN is designed, as shown in Figure 4.22, where the ground plane does not have any
discontinuity and where wirebonding would be necessary in order to connect the signal
line of the IMN to the signal line of the capacitor bank. As in the previous design, it
is preferred that the DC pads be placed on the top and bottom edges of the circuit, as
indicated by the red arrows in the figure. In order to illustrate the notion of wirebonding,
Sonnet offers the possibility of using via holes to create a ”bridge-like” connection as shown
in the figure.

Similar to the previous design, (Fig. 4.20), the impedance dynamic range is analyzed and
it is concluded that there is no significant difference in terms of Smith Chart coverage
between the two proposed structures. However, in order to minimize the effects introduced
by wirebonds, it is decided to proceed with the first proposed design where the signal line

1S continuous.

For comparison purposes only, and to emphasize the importance of using the switch-
capacitor bank, another impedance matching network is simulated using ADS circuit sim-
ulator. Instead of the capacitor bank, two variable capacitors are used, whose values are
swept accordingly, following the capacitance ranges of the previously designed capacitor
bank. This approach is presented in Figure 4.23 where it is easily noticeable that the
Smith Chart coverage is not as good as in the previous case, thus proving the efficiency

and higher performance of the capacitor bank compared to variable capacitors.
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Figure 4.22: Sonnet 3D view of a second design of the Impedance Matching Network
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Next, the focus is on the fabrication and measurement results of the impedance match-

ing network described in Figure 4.20.

4.4.2 Fabrication and Measurement of the Impedance Matching
Network

The same procedure as for the capacitor bank is followed in this case as well. The layout
is sent for printing a mask that is used for the circuit fabrication in the CIRFE cleanroom

leading to the impedance matching network shown in Figure 4.24.
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Figure 4.24: Fabricated Impedance Matching Network: (a) Empty sample and (b) Sample

with the components assembled
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Once the assembly is done, the circuit is measured after applying the proper DC actua-
tion voltage for the MEMS switches and RF signal for the CPW line. Taking into account
that this structure is using two capacitor banks, there are 162 possible combinations of
states that will assure a wide range of impedances being matched to 50 2. In order to
show this range, the Smith Chart is again used to plot the reflection coefficient, Si; as
shown in Figure 4.25.

S(1,1)

freq (700.0MHz to 3.000GHz)

Figure 4.25: Measured impedance dynamic range of the fabricated matching network

It is noticeable that the measurements are in good agreement with the simulations, thus
proving the performance that is expected from the fabricated IMN. Slight differences ap-

pear due to the effects introduced by the wirebonds and components parasitics.
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4.5 Fabrication process

The impedance matching network, as well as all the circuits designed for the purpose of
this thesis are fabricated at University of Waterloo, in the CIRFE lab, as part of the UW-
MEMS process.

All the steps of the fabrication process are presented in Figure 4.26 where the so-called
"through-mask electroplating” is implemented. To start with, as step 0, it is necessary to
clean the wafer so that any possible contamination is removed. This is achieved through
RCA-1 clean which is a wet chemical treatment. Once this is done, the procedure is as

follows:

1. A 50nm chromium (Cr) adhesion layer and 50 nm gold (Au) seed layer are deposited
on a 635 pm Alumina substrate with a dielectric constant of 9.9 and loss tangent of
2e-4.

2. Using the printed Light Field (LF) mask?, containing the desired pattern, negative
photoresist® is patterned, exposed to UV and then developed. Thus, the mold for
the electroplating is prepared.

3. The CPW metalization lines are formed by electroplating 2 pm of gold (Au) in the
electroplating bath

4. Evaporate 30 nm of Cr for the lift-off process
5. Kwik Strip is to be used in order to perform the lift-off of the photoresist in the mold
6. Etch away the gold seed layer using a wet etchant

7. Since Cr was used both as adhesion layer and for the lift-off process the etching can

now be done in one step and the final structure is obtained. The etching should

2In a LF mask Chromium protects the portion where the structure is to be designed
3AZ NLOF 2035 is the negative resist used in this case. Its negative feature means that after UV

exposure and development, the exposed resist remains. This type of resist is well-suited for lift-off and for

any other processes where resist structures with high to very high thermal stability are required.
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Figure 4.26: Steps of the fabrication process
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be timed carefully in order not to underetch too much the adhesion layer and thus

resulting in the peeling off of the gold structures.

As aresult, the wafer illustrated in Figure 4.27, is fabricated to have several copies of the
impedance matching networks and capacitor banks discussed in this chapter. When diced,
the circuits are separated in individual samples that are further assembled and measured

as shown in the previous sections.

Figure 4.27: Printed circuits on an Alumina substrate
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4.6 Summary

Design, simulation, fabrication and measurement results of different tuning elements and

impedance matching networks were presented and analyzed in detail in this chapter.

Firstly, careful attention is paid to choosing the appropriate topology for the IMN that
is to be designed. In this sense, it is decided that the low-pass II-network is the most
suitable, due to its ability of matching wide impedance ranges and to the fact that it is
easy and convenient to implement by only using one fixed inductor and the two variable

capacitors as tuning elements.

Further, the tuning elements are considered. A 16-state switch-capacitor bank, using
two SPDT Radant switches is discussed in this context. Also, a 4-state capacitor bank is

proposed for applications where a smaller capacitance range is needed.

With these well-defined tuning elements the matching network is to be designed. Two
impedance matching network layouts are presented along with a comparison between IMN

using switched-capacitor bank and IMN using conventional variable capacitors.

At the end, it is proven that the fabricated network offers satisfactory performance, a
wide range of impedance is covered on the Smith Chart, and the measurement results are
in good agreement with the simulations. It can be said that a wider Smith Chart coverage

could possibly be achieved with a capacitor bank that uses more MEMS Radant switches.

All the circuits fabricated for the purpose of this thesis are presented in Figure 4.28,
next to a 25cents coin, for a better size estimation. Their dimensions are also summarized
in Table 4.2.

Table 4.2: Dimensions of the Fabricated Circuits

Fabricated Circuit Dimensions [mm)]
16-state switched-capacitor bank 6.2 x 5.5
4-state switched-capacitor bank 6.2 x 5.5
Impedance matching network 10.4 x 12
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Figure 4.28: Different Fabricated Devices compared to a 25 cents coin
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Chapter 5
Conclusion

The main focus of the present thesis is on the design, simulation, fabrication and measure-
ment of RF impedance matching networks designated for wireless applications. Particular
interest is given to their tuning elements that are thoroughly analyzed. The contributions

brought to this topic along with proposed future work are outlined in this chapter.

5.1 Contributions

The main contributions brought along with this thesis can be summarized as follows:

e Initially, a detailed analysis is carried out addressing the feasibility of switch-capacitor
banks using different types of RF switches. RF switches, used for tuning, are preferred
over the traditional varactors due to their high performance in terms of linearity, low
losses, and high power handling. Three types of switches are discussed and further
simulated when connected in series with fixed capacitors. In this way switched-
capacitor banks are built, so that based on the state of the switch, different variable

capacitance values are achieved.

e Once this step is finished, it is necessary to make a decision regarding the struc-

ture of the impedance matching network. In this sense, several network topologies
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are analyzed, each one of them presenting unique features, suitable for a variety of
applications. Careful analysis is required in order to choose the most suitable one.
As a result, the low-pass II network topology is selected as the best candidate for
the present work. This topology allows wide impedance tuning ranges, it is easy to

implement and commonly used in the literature.

Next, the design and EM simulation of the switched-capacitor banks are presented.
This design is based on well-established microwave methods that have been adapted
and developed to continuously improve the tuning properties of the devices and allow
reconfiguration for different load conditions and impedances. CPW transmission lines
are used for the RF signal transmission and Sonnet software is used in this case for

drawing the capacitor bank layout and for all the EM simulations.

The above mentioned capacitor bank is implemented in the structure of the impedance
matching network and the entire design process is presented. Several sets of simula-
tions are held until defining the final layout of the network. Important factors such
as the final dimensions of the circuit and length of the wirebonds needed for the

connections with the board, are taken into consideration in this sense.

Both the switched-capacitor bank and the impedance matching network are fabri-
cated in the CIRFE lab at UW as part of UW-MEMS process, on Alumina substrate
and employing Radant MEMS switches.

The impedance matching network is then measured and the results show good match-
ing over a wide frequency range, 700 MHz - 3 GHz, suitable for wireless applications.
A comparison between matching networks using RF MEMS switches and match-
ing networks using conventional varactors is also carried out. The performance is
shown in terms of Smith Chart coverage, and as expected, the RF MEMS approach

demonstrates a better RF performance.
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5.2 Future Work

In terms of future plans concerning this topic there are several aspects worthy of exploration

in the coming period:

e Further investigation in terms of life time and reliability of the proposed MEMS-based
Impedance Matching Network.

e Also, it is important to test the network at high power and analyze its behavior in

these conditions.

e The tuning speed of the network must be also investigated since this may become an

undesired parameter.

e Finally, it would be interesting to see the performance that can be achieved by the

network using different types of switches, such as Peregrine or Omron.
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Appendix A

List of Acronyms

IMN
ATU
RF
MEMS
SOI
BST
SPST
SPDT
CMOS
GSM
CDMA
WLAN
EM

Impedance Matching Networks

Antenna Tuning Units

Radio Frequency

MicroElectroMechanical Systems
Silicon-On-Insulator

Barium Strontium Titanate

Single Pole Single Throw

Single Pole Double Throw

Complementary Metal Oxide Semiconductor
Global System for Mobile Communications
Code Division Multiple Access

Wireless Local Area Network

ElectroMagnetic
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