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Abstract

Micro-electro-mechanical systems (MEMS) actuators are a key technology that have

been utilized in many real-world applications. This thesis investigates the application

of MEMS technology in the design of RF components and reconfigurable phase shifters

for use at fifth generation (5G) cellular network mid-band frequencies. The key benefits

that MEMS technology offers are very attractive for use in RF applications. RF-MEMS

switches provide the advantage of low loss, low power consumption, and high isolation, with

the disadvantage of having slow switching speeds, reliability concerns of physical moving

structures, and difficult fabrication.

This thesis presents the design, simulation, microfabrication, and testing of RF-MEMS

devices for use in the 5G mid-band spectrum. This includes monolithic integrated single

and multiport RF-MEMS switches, which go on to serve as the foundational components

for further complicated RF devices. These switches are implemented to design switched-

capacitor banks using metal-insulator-metal (MIM) capacitors and capacitors realized using

co-planar waveguide (CPW) stubs. The aforementioned components are then incorporated

into a 40� reconfigurable digital RF phase shifter design over the frequency range of 3.4 to

3.8 GHz, and feature enough bits and states to achieve near analog phase shift resolution.

A switched-line RF phase shifter is designed using multiport RF-MEMS switches, capable

of a true-time-delay (TTD) phase shift of 0� to 320�, in increments of 40�. These two phase

shifters are then combined to design a monolithic integrated full range 360� reconfigurable

RF-MEMS phase shifter.
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Chapter 1

Introduction

1.1 Motivation

In the current era of �fth-generation technology standard for broadband cellular networks

(5G), phased array antennas are one of the most critical devices, vital in the performance

and operation of 5G systems. They are used in radar applications, satellite communica-

tions, and telecommunications applications. RF phase shifters are key components for use

in phased arrays. Phased array antennas are arrays of unit elements that can adjust the

direction of the propagating beams without physical movement. RF phase shifters are crit-

ical in phased array antennas, as they provide relative phase shift and propagation delay

amongst array elements to allow for beam steering.

In today's industry, the points of interest for phased array antennas are low insertion

loss, low driving power, and low cost of production. Traditional phased arrays are usually

associated with high fabrication, assembly, and integration cost, as well as high power

consumption.
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The motivation to use MEMS based RF switches is from the high isolation, low insertion

loss, and low DC drive power consumption characteristics they o�er.

Phased array antennas typically employ a large number of phase shifters. Each phase

shifter uses several switches, thus MEMS-based phase shifters o�er very low power con-

sumption when implemented in phased arrays. MEMS phase shifters can be fabricated fully

monolithic and integrated with the other components in antenna elements, on substrates.

This results in low-cost phased arrays. Generally, MEMS switching speed is relatively

slow, which limits the application of RF-MEMS based phased arrays to only slow scanning

arrays.

1.2 Objective

The objective of this thesis is to explore the design, fabrication, and performance of fully

monolithic integrated RF-MEMS based recon�gurable phase shifters at 3.4 to 3.8 GHz, a

common frequency range allocated for use in 5G applications.

The research tasks involve the development and design of a single pole single throw

(SPST) MEMS switch and incorporating this component into more complex RF devices

that are vital for the design of a recon�gurable phase shifter. These components include

multi-port RF-MEMS switches, and MEMS-based switched-capacitor banks.

Speci�cally, the objective is to design a 40� recon�gurable RF-MEMS based phase

shifter. With this phase shifter, a switched-line phase shifter is also incorporated to extend

the phase shift range to 360� .
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1.3 Outline of Thesis

Following the motivation, objective, and outline provided in chapter 1, chapter 2 of this

thesis gives an overview of MEMS technology and its application in RF switch devices.

Chapter 2 also goes over a literature review on RF phase shifters and distributed MEMS

transmission lines (DMTL). In chapter 3, the microfabrication process used to realize the

RF-MEMS devices is reported. The measurement setup for the RF devices is also discussed

in this chapter. Chapter 4 goes over the design of a series contact RF-MEMS switch, and

presents more complex multi-port switch con�gurations. This chapter also presents the

design of RF-MEMS based switched-capacitor banks using either metal-insulator-metal

(MIM) capacitors or open circuit co-planar waveguide (CPW) stubs. Chapter 5 presents

the design of a recon�gurable 40� phase shifter using the previously listed components,

and the integration of switched-line phase shifters into the 40� phase shifter to design

a full range 360� phase shifter at the target frequency of 3.6 GHz. Chapter 6 reviews

the presented designs and results of the thesis, and proposes future work for performance

improvement.
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Chapter 2

Literature Review

2.1 Overview

RF switches are vital components in a variety of commercial and industrial applications,

including wireless communications systems, aerospace, and radar systems. Traditional

solid state RF switches (GaAs FET and PIN diode) o�er fast switching speeds and are low

cost. However, they su�er from high power consumption and non-linear e�ects at higher

frequencies.

RF-MEMS switches on the other hand o�er advantages in performance including low

insertion loss, high isolation, high linearity, and low power consumption. For this ad-

vantage, they su�er from slow switching speeds, are di�cult to fabricate, and have the

reliability concerns regarding physical mechanical movement. This chapter presents a brief

review on the topic of MEMS actuators and their application in RF-MEMS devices.
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2.2 MEMS Actuators

Microelectromechanical systems (MEMS) actuators are micrometer scale devices that con-

vert applied electrical power into physical motion [1]. There are a large variety of uses

for MEMS devices. An example is the design of an ethanol vapor sensor by applying of

a polymeric sensing material onto a MEMS cantilever [2]. A mass adsorbed onto the de-

tecting material increases the mass of the MEMS cantilever, changes the displacement or

resonant behaviour of the structure. A scanning electron microscope (SEM) image of the

MEMS gas sensor can be seen in Figure 2.1.

Figure 2.1: SEM image of a MEMS cantilever ethanol gas sensor [2].

MEMS actuators can be categorized based on their method of actuation, typically

grouped into electostatic, electrothermal, piezoelectric, and magnetic MEMS actuators.

Within these classi�cations, the MEMS categories can be broken down even further, as

seen in Table 2.1 [3].

Of the four classi�cations, electrostatic and electrothermal actuators are the most com-

mon. A simple electrostatic actuators typically consist of a �xed and movable electrode
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Table 2.1: Families and classes of mechanical MEMS actuators [3].

Electrostatic Piezoelectric Thermal Magnetic

Comb drive Bimorph Bimorph Electromagnetic

Scratch drive Expansion Solid expansion Magnetostrictive

Parallel plate Topology optimized External �eld

Inchworm Shape memory alloy Magnetic relay

Impact Fluid expansion

Distributed State change

Repulsive force Thermal relay

Curved electrode

S-shaped

Electrostatic relay

plates, anchored at one or both ends. An applied voltage bias between the two electrodes

creates an attractive electrostatic force, opposing the spring force of the movable upper

electrode plate. The two forces oppose each other, and come to a steady state. As the

bias increases, so does the attractive force, causing displacement of the movable electrode

plate. Once the applied voltage reaches a threshold and the gap between the electrode

plates reduces enough, the increased electrostatic force causes the system of equilibrium

between the two forces to collapse due to a positive feedback. This e�ect is called the

pull-in e�ect. This typically occurs when the displacement reduces the gap to a third of

its original value. A lumped parameter model of a parallel-plate actuator can be seen in

Figure 2.2 [4].

Electrothermal actuators operate by converting electrical energy into heat. They have

been used in a wide variety of applications. Figure 2.3 presents a thermal actuator used
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Figure 2.2: Lumped parameter model of a parallel-plate actuator [4].

in optical switching devices, by the Southwest Research Institute [5].

The most basic of these is an electrothermal bimorph actuator, an actuator that consists

of thin layers of two materials with di�erent coe�cients of thermal expansion. When a

voltage bias is applied, a current 
ows through and heat is generated in the actuator

through joule heating. Because of the di�erent in thermal expansion, the two thin �lms

expand at di�erent rates, causing the MEMS device to actuate.

Another example of electrothermal actuators is a hot-and-cold arm actuator. This

type of actuator uses the same material, but changes the width of the metal, e�ectively

increasing or decreasing the resistance of the metal line. With higher resistance, the tem-

perature increases due to joule heating. With di�erent arms of di�erent thickness, a hot

arm that expands more, and a cold arm that expands less can be achieved, resulting in

lateral actuation. A typical model of a hot-and-cold arm can be seen in Figure 2.4 [5].
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Figure 2.3: Thermal actuator SEM image by the Southwest Research Institute [5].

Figure 2.4: Hot-and-cold arm therma actuator model: a) Not actuated, b) Actuation after

an applied bias [5].
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2.3 RF-MEMS Switches

Using the aforementioned MEMS actuators, RF switches can be designed. An RF-switch is

capable of turning on or o� the 
ow of the RF signal in a conducting line. An electrostatic

actuator can be used to realize both series and shunt RF-MEMS switches.

Figure 2.5: SEM image of a) a series contact cantilever beam switch and b) a 2 by 2 switch

matrix [6].

A series RF switch is a contact switch that uses physical contact in the ON state to pass

RF signals along the switch. This is typically achieved using a series electrostatic MEMS

switch that is anchored on one end, and free on the other. By applying a large bias between

an isolated bottom electrode and the upper electrode of the switch, the series switch will
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actuate and make physical contact with the transmission line on the other side, completing

the RF connection. A low loss dielectric layer is used to isolate the bottom electrode, to

prevent the upper electrode from making contact and short circuiting. Switch matrices

can be designed using individual series contact switches [6]. An example of a series switch

fabricated at CIRFE is presented in Figure 2.5 [6].

Electrostatic MEMS switches draw almost no current and result in a very low power

consumption, which is ideal for RF switches. RF-MEMS switches use high conductivity

metals and dielectrics with low RF loss to yield an impressive low RF loss. However, RF-

MEMS switches su�er from a high actuation voltage requirement, sometimes reaching over

50V. Because of this, MEMS devices often need step-up converters to reach the required

voltages for pull-in.

Figure 2.6: SEM of a Raytheon shunt switch in the a) ON state, b) OFF state (actuated)

[7].

A shunt RF switch is typically a electrostatic RF switch that does not rely on physical

contact. Instead, it is in the ON state without any applied bias. This is achieved by an

electrostatic MEMS bridge actuator, anchored at both sides, and anchored on the ground

planes. This bridge structure is over the signal line of a transmission line. An isolating
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dielectric layer is placed above the signal line to prevent direct contact during actuation.

By actuating the switch, the upper electrode moves closer to proximity with the signal line.

When this occurs, the RF signal will 
ow through the bridge and be shorted to ground.

Examples of RF-MEMS switches can be found in literature, realized using CMOS tech-

nology [8], or even an in house custom fabrication process [6]. Using the basic single pole

single throw (SPST) RF-MEMS switch, more complex multi-port switch matrices can be

developed. In the past, multiport switches for satellite applications were realized using

RF-MEMS technology [9] [10]. An example of a thermally actuated latching RF-MEMS

switches that was previously demonstrated in literature can be seen in Figure 2.7 [11].

Further exploration into RF-MEMS switches will be presented in Chapter 4.

Figure 2.7: SEM image of a fabricated thermally actuated latching RF-MEMS switch by

CIRFE [11].
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2.4 RF-MEMS Phase Shifters

Complex devices such as RF phase shifter can be designed using the aforementioned RF-

MEMS switches as a foundation. Switched-line phase shifters use multiport switches to

switch between two or more transmission line paths with di�erent electrical lengths, to

achieve a true time delay phase shift from a reference RF path [1]. The insertion loss of

a switched-line phase shifter is primarily determined by the losses from the switches used,

as well as the transmission line losses if the lengths are really long, for very large phase

shifts at lower frequencies.

Switched-line RF phase shifters using RF-MEMS switches have been demonstrated

previously in literature [12]. Figure 2.8 shows a fabricated switched-line phase shifter

using SP4T RF-MEMS switches, designed for use at 60 GHz [12]. This design consists of

a reference line and 3 other RF paths with di�erent electrical lengths to achieve a phase

shift of 90� 180� and 270� respective to the reference line.

Figure 2.8: SEM image oof a 2-bit switched-line phase shifter [12].
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A greater number of bits used in such a phase shifter results in smaller precision in

phase shift steps, as well as a greater number of states [13]. An SEM image of a 4-bit

RF-MEMS phase shifter design using SPDT switches can be seen in Figure 2.9.

Figure 2.9: SEM image of a 4-bit RF-MEMS phase shifter using SPDT switches [13].

Distributed transmission lines can be used as phase shifters by adding a periodic switch-

able capacitance along a high impedance line [14]. By increasing the capacitance per unit

length of the transmission line, the phase velocity decreases, resulting in a phase delay.

As a consequence of the increased capacitance, the characteristic impedance of the line is

decreased, so the high impedance line is used to compensate for this e�ect and bring the

impedance closer to 50 
 during operation [14]. Nagra et al. [14] presents a phase shifter

design realized using a CPW line periodically loaded with varactor diodes.

13



An RF-MEMS based phase shifter has also been demonstrated using distributed MEMS

(DMTL) transmission lines [15]. Figure 2.10 presents a 1-bit RF-MEMS DMTL phase

shifter using 11 shunt MEMS switches [15]. Unfortunately, shunt MEMS switches can only

provide small capacitance changes from OFF to ON state. To account for this, the design

by Borgioli et al. uses 11 total shunt MEMS switches to increase the capacitance change.

However, this elongates the transmission line and the total design length.

Figure 2.10: Image of a 1-bit RF-MEMS DMTL phase shifter using 11 shunt MEMS

switches [15].

Alternatively, MEMS capacitor banks can be used to load the transmission line to in-

crease the number of possible states rather than a binary MEMS capacitor. With a larger

number of states and bits, a digital phase shifter with smaller resolution and precision can

be attained. Examples of MEMS capacitor banks with multiple states with progressively

increasing capacitance have previously been presented in literature. Aziz et al. presents

a CMOS based 4-bit RF-MEMS switched-capacitor bank capable of exhibiting 16 opera-

tional states over a range of 0.15-1.2pF with an operational frequency range of 3-10GHz

[16], and Bakri-Kassem et al. presents a 4-bit RF-MEMS switched-capacitor bank with a

capacitance range of 0.7-20pF capable of higher power applications up to 30W [17].

A digital RF-MEMS phase shifter with su�ciently small resolution and numerous op-

eration states would be able to achieve tuning with analog-like phase resolution. A smaller
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Figure 2.11: SEM image of a high power 4-bit RF-MEMS switched-capacitor bank [17].

resolution would result in much more accurate beam control when it comes to applying

RF phase shifters for phased array antennas.

A recon�gurable digital 360� RF-MEMS phase shifter with near analog precision has

never been demonstrated before in literature. The goal of this thesis it to propose one such

design capable of achieving full 360� range with very small analog-like phase resolution

relying on RF-MEMS switch technology.
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Chapter 3

Fabrication and Testing of RF

MEMS Devices

3.1 Microfabrication Process

With any form of thin �lm device technology, the design aspect is con�ned by the fabrica-

tion methods and the limitations set by the microfabrication tolerances. Factors such as

thickness, minimum feature size, and material characteristics must be taken into consider-

ation when designing devices. The fabrication process steps and layers for the RF-MEMS

devices presented in this thesis are described below. The microfabrication process for the

RF devices is a modi�ed version of the University of Waterloo MicroElectroMechanical

Systems (UW-MEMS) process developed in the Centre for Integrated RF Engineering

(CIRFE) [18]. The UW-MEMS process is a seven mask surface micromachining microfab-

rication process developed for gold-based RF circuits and MEMS devices, as shown in Fig.

3.1.
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Figure 3.1: UW-MEMS microfabrication process steps for monolithic integrated RF-MEMS

devices.
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Alumina substrates are used for their low loss properties, with a size of 2.5" x 2.5".

The substrate is cleaned using RCA1 cleaning. A 50 nm thick layer of chromium (Cr) is

deposited using e-beam evaporation and patterned using wet etching. This Cr layer serves

to form routing and biasing lines for the MEMS devices. Figure 3.2a shows the Cr pattern

of a bias line and on-chip resistor used to bias a single port single throw (SPST) MEMS

switch.

Figure 3.2: MEMS Switch Fabrication: a) Layer 1 (Cr) b) Layer 2 (SiO2).

The sheet resistance of the Cr layer is vital for designing bias lines and on-chip resistors

to place in series with the bias lines to decouple RF and DC signals. The sheet resistance

is given byRs [
 =sq] in equation 3.1
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Rs =
�
t

(3.1)

where � is the resistivity of the material [
 m], and t is the thickness of the material

[m]. The precision of the layer thickness is vital as it determines the sheet resistance of the

layer. Using a 4 point probe, the sheet resistance of the Cr layer throughout 12 points on

the alumina wafer was found as shown in Fig. 3.3. The average sheet resistance was found

to be 34 
/sq, with the standard deviation at 7.540%. The Cr layer can also be used as

bottom electrodes for electrostatic MEMS actuation, however it will not be used as such

in this work.

Figure 3.3: Sheet resistance distribution of e-beam Cr �lm on wafer.

A layer of 0.65� m thick silicon dioxide (SiO2) is then deposited using plasma enhanced

chemical vapor deposition (PECVD) and patterned using reactive ion etching (RIE). The

purpose of this layer is to electrically isolate the Cr layer (layer 1) from the �rst gold (Au)
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