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Abstract 

 

This thesis presents various design approaches of low pull-in voltage and multi-band 

reconfigurable RF-MEMS capacitive switches, which are analyzed by using simulations 

and are fabricated using surface micromachining techniques. The work is inspired by the 

superior performance of electrostatic RF MEMS switches over the state-of-the-art solid-

state devices. In any communication system, switches consume a significant part of the 

power budget. RF MEMS switches with virtually zero dc power consumption, excellent 

RF performance and their small size have many applications in electronic 

communication. This work focuses on the limitations of MEMS capacitive switches, 

such as high actuation voltage and low capacitance ratio. To obviate the above issues, 

various designs have been investigated for capacitive shunt RF-MEMS switches.  

 

In a conventional approach based design, the switch is implemented with a non-uniform 

bridge structure. The device shows an insertion loss better than 0.8 dB and return loss 

below 9 dB up to 25 GHz. For improving the ON-state response, a floating metal based 

switch has been designed. The device shows the insertion loss of ≈ 0.1 dB and return loss 

below 26.3 dB up to 25 GHz. The bandwidth is also increased by around 2.5 times than 

the conventional switch. In an alternative approach, a switch based on a high-k dielectric 

material (HfO2) has been explored. However, the above devices are suitable for single 

band applications and are not compatible with multi-band wireless systems. To 

overcome this issue, the current study presents novel reconfigurable multi-band switches 

based on non-uniform cantilever based structures, where the optimum value of isolation 

has been shifted to different frequency bands. For symmetric structures based design, the 

optimum value of isolation has been tuned to C and X bands, whereas for asymmetric 

structures, it is tuned to C, X and K bands. For wideband applications, a combination of 

metal-to-metal contact switch and capacitive switch has been used. The proposed design 

shows the insertion loss better than 0.4 dB and return loss below 14 dB up to 30 GHz as 

compared to conventional switch, where 1.65 dB is the insertion loss and 6.2 dB is the 

return loss. Isolation peaks of 75.33, 71.58 and 72.98 dB have been observed at 8.2, 7.3 

and 15.5 GHz when left, right or both cantilevers are electrostatically actuated in the 

down-state respectively, while conventional switch had only one peak at 7.0 GHz. 

Further, a reduction of about 60 % in the pull-in voltage of capacitive switch and 17.5 % 

in device area have been observed in the proposed design. As an application, switches 
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have been used to implement the SPDT device. The above discussed switches are 

fabricated at CSIR-CEERI, Pilani.  

 

Keywords: Asymmetric structures, Capacitive shunt switch, Cantilever structure based 

switches, Multi-band, Metal-to-Metal contact switch, RF-MEMS, Series-shunt 

configuration, SPDT, Surface micromachining. 
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Chapter - 1 

Introduction 

 

1.1 MEMS Technology 
 

Micro Electro Mechanical Systems is a technology used to fabricate devices and systems 

based on a multidisciplinary approach. This technology is known by a wide variety of 

names in different parts of the world, e.g. in the United States it is known as Micro 

Electro Mechanical Systems (MEMS), in Europe as Micro System Technology (MST), 

and in Japan it is named Micromechanics. Device fabrication is based on a traditional, 

highly developed and optimized integrated circuits batch processing techniques and has 

size in the range of micrometers to millimeters. In addition, it includes comparatively 

new unit processes like surface and bulk micromachining. Silicon micromachining is the 

technique in which mechanical or structural layers are fabricated through thin film 

deposition techniques on the wafer surface and sacrificial layers. Finally, the sacrificial 

layer is etched using dry or wet techniques to obtain hanging or suspended structures. 

Bulk micromachining is the technique in which structures are etched into the silicon 

substrate by wet or dry etching techniques. This technique is mainly used in pressure 

sensors, silicon valves and accelerometers. The interdisciplinary nature of MEMS 

utilizes expertise from a wide and diverse range of technical areas including integrated 

circuit fabrication technology, mechanical engineering, materials science, electrical 

engineering, chemistry and chemical engineering, as well as fluid engineering, optics, 

instrumentation and packaging [1-4]. 

 

MEMS technology was initiated in 1970s and has been developed for accelerometers, 

gyroscopes and pressure sensors. MEMS technology has spread in several application 

fields, such as in the automotive industry, healthcare industry, aerospace industry, 

consumer products, and telecommunications. Some of the most successful MEMS 

devices are accelerometers for the automotive industry, ink-jet printheads, devices for 

information storage, such as the IBM millipede. MEMS devices can be divided into four 

classes on the basis of their mechanical complexity [5]. Table 1.1 shows the 

classification and the corresponding devices. Beyond its mature adoption in the sensors 

and actuators fields, MEMS technology exhibits an enormous potential in 

telecommunication systems, it being the main focus of this thesis.  
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Tables 1.1: Classification of MEMS devices in terms of their mechanical complexity. 

 

Category Devices 

1. No moving structures Pressure sensors, strain gauges 

 

2. Moving structures, but no rubbing and 

impacting surfaces 

Gyroscopes, resonators, and filters 

3. Moving structures and impacting 

surfaces 

RF switches (ohmic and capacitive) 

 

4. Moving structures and impacting and 

rubbing  surfaces 

Gear, micro-locking mechanisms, and micro 

motors 

 

1.2 RF-MEMS Technology 

 
In recent years, telecommunication industries have been growing at a rapid pace. New 

wireless standards are coming up which require replacement of bulky, expensive and off-

chip passive RF components with small size, high linearity, low power consumption and 

multi-band devices to ensure reconfigurability of the front-end without compromising 

the performance and cost of the system. Despite many years of research, RFIC 

technologies, including BiCMOS, SiGe and GaAs were not able to deliver the high 

quality factor of discrete passive components. RF-MEMS technology has paved the way 

for the development of such devices. As shown in Fig. 1.1, the front-end of a super-

heterodyne wireless transceiver typically contains a good number of off-chip, high-Q 

components that are potentially replaceable by their micromachined versions. MEMS 

replaceable transceiver components are highlighted with coloured blocks. Among the 

components targeted for replacement are RF filters, including image rejection filters, 

tunable capacitors, high-Q inductors, resonators, tunable filters, oscillators, and switches 

for transmitter/receiver selection.  

 

For higher frequency applications e.g., past X-band (8-12 GHz), antenna size become so 

small that it can be manufactured using micromachining techniques. In addition to the 

device size reduction as compared to the off-chip counterpart, the technology also offers 

monolithic integration of various RF-MEMS components leading to further 

miniaturization and cost reduction. The above cited devices constitute the fundamental 

building blocks of radio frequency applications and are most vigorously pursued by 

academic and industrial research communities. In general the outstanding performance of 
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the RF-MEMS is due to the air gap between the active elements and lossy substrate, use 

of high conductivity metals and integration compatibility with existing IC fabrication 

technologies. For example, on-chip inductor with quality factor of 57 at 10 GHz has been 

micromachined with spirals suspended over a gap of 50 microns from the bottom 

substrate. Due to its outstanding performance, RF-MEMS has immense potential for 

commercial and defense applications. One of the most important components in the 

RF/Microwave applications is RF-MEMS switch [7-11].  

 

 

    

 

1.2.1 RF-MEMS Switches 

 

RF-MEMS switches are basically used to place a short circuit or an open circuit in the 

RF transmission line. They are essentially the miniaturized form of the bulky mechanical 

RF relay, where switching between the ON and OFF states is achieved through the 

displacement of a movable structure. The displacement is usually generated from the 

electrostatic forces. MEMS switches outperform the solid-state switches such as FETs 

and PIN diodes. They show very low insertion loss and high isolation respectively due to 

the high conductivity of the metal and 1-3 μm of air gap. As metal beams are used for 

Figure 1.1: System level schematic detailing the front-end design for a typical wireless 

transceiver [6]. 
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switching purpose, the inevitable non-linearity in the I-V characteristics associated with 

solid-state devices is also non-existent. The RF-MEMS switches require negligible 

power consumption and thus can be used in many telecommunication systems, including 

cellular base stations, mobile handsets, radar, missile systems, satellite communication 

systems and automobiles. The switches are mostly used for RF signal routing, e.g. 

selecting the right antenna for switching between the transmitter and receiver paths, or 

routing signals to the different blocks in multi-band mobile phones. They also serve as  

fundamental building blocks for  tunable filters, multiport switches, phase shifters, 

switch matrix and thus has been chosen as the topic of research for this thesis [6, 9].  

 

1.3 Motivation 

 
A switch is the most basic and essential component of any communication system. The 

ubiquitous switches consume a significant part of the power budget. Thus the selection 

of appropriate technology, cost, size, and RF performance becomes very critical. The 

current state-of-the-art RF circuit designs use a combination of mechanical switches 

(coaxial and waveguide) and solid-state switches (FETs, PIN diodes) to realize the 

switching function. Semiconductor switches are smaller in size, weight and provide 

much faster switching speed, but are inferior in terms of insertion loss, dc power 

consumption, isolation and power handling to their mechanical counterparts. MEMS 

switches offer the performance advantages of both mechanical and semiconductor 

switches. They offer high RF performance and low dc power consumption of mechanical 

switches, and small size, weight and low fabrication cost of semiconductor switches. In 

many cases, a single MEMS component can replace and outperform an entire solid-state 

circuit, e.g. low loss, high isolation and with negligible dc power consumption RF-

MEMS switches can eliminate the need for an amplifier stage in T/R modules and thus 

result in considerable power saving and size reduction. The above cited points are the 

motivations for carrying out research in the RF-MEMS field, particularly in RF-MEMS 

switches.  

 

1.4 The Problem, Objective and Methodology 
 
MEMS switches show remarkable advantages over their solid-state counterparts such as 

low insertion loss, high isolation, less power consumption and high linearity. RF-MEMS 

switches have their share of problems and couldn't be used in every telecommunication 
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application. Pull-in voltage, switching time and power handling capability are the major 

shortcomings of the RF-MEMS switches. There is also scope for improving the RF 

performance parameters (insertion loss, isolation and bandwidth) when switches are used 

as building blocks for tunable filters, multiport switches, phase shifters and switch matrix 

because of the combined effect of multiple switches. Further, the modern RF systems 

also need the reconfigurable front end. This can significantly reduce the number of 

components, hardware complexity, and cost of the system. MEMS technology based RF 

devices could provide a potential solution in the above cited areas without compromising 

the performance.  

 

The main objectives of the thesis and adopted approaches are as follows: 

 

 To design RF-MEMS switches having pull-in voltage ranging from 3 to 12 V.  

 

The switches with high pull-in voltage are impractical for many wireless 

applications as the additional requirement for up-converters increase the system 

size. Further, for capacitive switches, high electric field of the order of 3-5 

MV/cm across the dielectric layer (80-100 nm) leads to charge injection into the 

dielectric which dominates the stiction mechanism and reduces the device 

reliability. The charge injection is exponential with applied voltage. A reduction 

of 6 V results in a ten-fold increase in the lifetime of a MEMS switch, whereas 

low pull-in voltage based switches have stiction and self biasing problems. The 

stiction in the down state is due to the electrostatic force, the capillary force, 

hydrogen bonding, and Van der Waal forces. The pull-in voltage is a function of 

the beam spring constant, air gap and actuation area. For reducing the pull-in 

voltage, low height and cantilever structure based switches are designed. For 

alleviating the stiction, self and hold down problems, the transmission line is kept 

at a height of 0.5 μm above the actuation electrodes and a floating metal layer is 

used to minimize overlap area between the central conductor of CPW and 

hanging structure. The designed switches have pull-in voltage ranging from 3 V 

to 12 V. 

 

 To design RF-MEMS switches having insertion loss ≤ 0.1 dB and isolation ≥ 

20 dB in X-band.  
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In shunt capacitive switch, ON and OFF-state can be achieved by changing the 

value of capacitance between the movable structure and the transmission line. 

Thus a figure of merit is the ratio of capacitance in the down to up-state position 

of the movable beam. A high capacitance ratio is required for better isolation and 

insertion characteristics. However, degraded capacitance in the down-state due to 

surface micro-roughness decreases the capacitance ratio. This also makes the 

down-state behavior unpredictable in terms of resonant frequency. The issue has 

been addressed by introducing a floating metal layer. This also allows reduction 

of the RF overlap area between the movable structure and central conductor of 

CPW without affecting the down-state response and thus improves the ON-state 

response of the device. The switches based on floating metal concept have 

insertion loss < 0.1 dB and isolation > 30 dB, whereas at the SPDT level insertion 

loss < 0.5 dB and isolation > 20 dB for X-band applications. 

 

 To design reconfigurable multi-band switches  

 

The modern RF systems require reconfigurable multi-band microwave 

components as theses components allow increased system functionality with 

lower weight, cost and consume less chip area. A number of structures have been 

reported in the literature for capacitive switches having good RF performance in 

a single band. However, these devices lag in multi-band functionality. This thesis 

presents novel reconfigurable multi-band shunt capacitive switches based on a 

non-uniform cantilever structures. Further, both symmetric and asymmetric 

structures have been used on the either side of the transmission line. The 

cantilever structure based capacitive switch has also been used to implement the 

reconfigurable multi-band SPDT device.  

 

1.5 Novelty 

 
This thesis presents novel designs for the performance enhancement of the 

electrostatically actuated capacitive shunt RF-MEMS switches. Switches have 

asymmetric structure on either side of the transmission line. Different shapes of non-

uniform cantilevers are used to introduce asymmetry, which changes the inductance in 

the down-state of the switch. The following points support the novelty in the presented 

work.  
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 The inductance value can be changed by the actuating either left, right or both 

cantilevers to the down-state. This control over the down-state inductance value 

can't be achieved with the capacitive switches reported in the literature. 

 

 As the resonant frequency (     
 

     
  is dependent on the L and C, where L 

and C are the inductance and capacitance in the down-state of the switch, thus by 

changing the inductance in the down-state, the isolation peaks have been tuned to 

the different frequency bands, whereas traditional capacitive switches have only 

single optimum value. Therefore, presented switch can work in different bands 

with optimal value of isolation in that band. 

 

 Further, for improving the ON-state response beam active area has been reduced 

by incorporating a floating metal layer. This has been done without affecting the 

OFF-state response. 

 

 For reducing the pull-in voltage capacitive switches are implemented with non-

uniform cantilever based structures. 

 The cantilever structure based capacitive switch has been used to implement the 

reconfigurable multi-band SPDT switch.  

 

1.6 Thesis Organization 
 

This thesis is divided into seven chapters. The organization of this thesis is as follows: 

 

Chapter 1 gives an introduction for the MEMS and RF-MEMS technology. The thesis 

problem is defined in this chapter. Further the objectives and methodology are also 

covered. This chapter also talks about the contributions of this thesis in the RF-MEMS 

field.  

 

Chapter 2 introduces the different switching technologies for RF applications. The main 

emphasis of this chapter is to briefly explain the working of RF-MEMS technology 

based switches and their types. A comparison of the solid-state vs. RF-MEMS switches 

are also covered in the tabular form. This chapter also discusses the state-of-the-art 

devices and general motivation for research in the RF-MEMS switches area.  
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Chapter 3 presents the design aspects of the switches in the different domain, i.e. 

mechanical, electromechanical and RF. Under mechanical response, spring constant and 

in the electromechanical response pull-in voltage and switching time has been discussed. 

Under RF domain, the electrical behavior of a capacitive device has been studied through 

the lumped equivalent model of the switch. A capacitive switch based on conventional 

approach has been designed and the response has been compared with floating metal 

based design. This chapter also presents the devices based on interdigitated topology 

with HfO2 as a dielectric material.  

 

Chapter 4 deals with the reconfigurable multi-band capacitive switches. Mainly two 

approaches are discussed in this chapter, a bridge structure anchored in between ground 

planes and attached to two cantilevers on either side of the transmission line and non-

uniform cantilever based switch anchored on the ground plane. A model for spring 

constant of the non-uniform cantilever is derived through basic force deflection 

calculation. The non-uniform beam, which is wider at the electrode area and narrower at 

the anchor area, is used to reduce the pull-in voltage. Further, a broadband switch based 

on series-shunt topology has been investigated. This device also has the capability of 

shifting the OFF-state isolation optimum value to the different bands.  

  

Chapter 5 presents the design of SPDT device based on capacitive switches. Initially, 

SPDT has been designed using conventional capacitive switch and the response has been 

compared with the SPDT implemented using cantilever structure based switch. Further, a 

reconfigurable multi-band SPDT using cantilever structure based switch is also 

discussed.  

 

Chapter 6 presents the fabrication process flow for RF-MEMS switches. The fabricated 

structures show out of plane deformation due to the residual stress, which affects the 

performance of the switches. Under device measurements, the gap between the hanging 

structure and transmission line is measured using the 3-D optical profiler and the 

mechanical resonant frequency is measured using the Laser Doppler Vibrometer (LDV).  

 

Chapter 7 concludes the thesis work by highlighting the contribution made in RF-

MEMS switches area and discusses scope for future work. 
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Chapter - 2 

Background and Literature Review  

 

2.1 Introduction 

 
This chapter provides a basic introduction to RF switches and their applications. 

Different technology based RF switches that are currently used for RF applications are 

first introduced. Then, a more detailed survey of RF-MEMS switches is covered. This 

chapter also covers the comparison of the RF-MEMS switches with state-of-the-art solid-

state switches. 

 

2.2 Switches for RF Applications 
 
RF switch is a device used for achieving a short circuit or an open circuit in the RF 

transmission line. The main use of RF switches is in signal routing. Telecommunication 

applications cover a broad range of frequencies, ranging from MHz to GHz. In this broad 

spectrum, switch specifications can vary with the change in the operating frequency. 

This can also bring changes in the switching technology. There are many parameters that 

decide the selection of an appropriate technology for a particular RF application. These 

are insertion loss, isolation, bandwidth, RF power handling, resonant frequency, 

switching time and actuation voltage [12, 13]. 

 

Currently in RF applications, either mechanical, semiconductor or MEMS technology 

based switches are being used. The selection of a switching technology for a particular 

application is decided according to the above discussed parameters, e.g. in some 

applications high power handling is required, thus a mechanical switch can be used for 

this type of requirement [14], in some areas very high speed is required with moderate 

isolation and low insertion loss and power handling is not an issue, thus PIN diodes or 

FETs can be used for this purpose [6, 12], whereas some applications require high 

isolation, low insertion, negligible dc power consumption are required with moderate 

speed and hence MEMS switches are best candidates to fulfill this criteria [6, 12]. But 

each technology has its own set of pros and cons. In the case of the solid-state switches, 

they operate well at low frequencies, but at high frequencies, these devices have a high 

insertion loss and poor isolation. In case of the mechanical coaxial and waveguide 

switches, they offer the advantage of low insertion loss, high isolation, large power 
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handling and high linearity, but are heavy and slow. On the other hand semiconductor 

switches provide faster switching speed and are smaller in size, but have inferior RF 

performance than mechanical coaxial switches [6, 12]. For the above cited problem, the 

best remedy can be the use of MEMS technology based switches. MEMS switches 

provide the advantages of both mechanical and semiconductor switches and thus can 

replace many of the microwave switches in today’s communication systems. 

 

2.3 RF-MEMS Switches 

 
A MEMS switch is a micro scaled mechanical device with two stable states. The device 

allows the propagation of an RF signal from the input to the output in one state and 

blocks the signal in the other state. Switching between the states is achieved through the 

mechanical movement of a hanging structure essentially a cantilever or bridge anchored 

at the one or both ends respectively. The movement can be induced through different 

types of actuation mechanisms, e.g., electrostatic, piezoelectric, thermal or magnetic 

actuation. Majority of switches reported in the literature use electrostatic actuation due to 

low power consumption.  

 
Table 2.1: Different Configurations of RF-MEMS Switches 

 

Actuation Mechanism Type of Contact Circuit Configuration Movement 

 

Electrostatic 

 

 

 

Metal-to-Metal 

 

 

Series 

 

 

Vertical 

Thermal 

 

 

Capacitive 

 

Shunt 

 

Lateral 

Magnetostatic 

 

   

Piezoelectric 

 

   

 

The other advantages of using electrostatic actuation are low fabrication complexity, 

compact size, possibility of biasing the switch using high resistance bias lines and easy 

integration with coplanar waveguide and microstrip lines. Table 2.1 tabulates the 

different configurations of RF-MEMS switches [6]. The series metal-to-metal contact 

switch is generally preferred for the applications with operating frequency from dc to C-

band (4-8 GHz), whereas the capacitive shunt device is suitable for further higher 

frequencies [9, 11] .    
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2.3.1 Electrostatically Actuated Ohmic Series Switch 

 

The Series ohmic switch is based on the same principle as the simple mechanical moving 

switch. The beam moves mechanically when actuated to close the switch. Switches of 

this category are normally OFF, and the incoming RF wave is reflected by the interrupted 

signal line in the OFF-state. In this type of switch, beam can be placed either in 

broadside or inline relative to the RF signal line. The armature (bridge) is the integral 

part of the transmission line in the inline switching device and the actuation is in the 

same plane as the transmission line. The signal enters at the fixed end, travels through 

the length of the cantilever beam and exits to the transmission line through the contacts 

at the end of the cantilever. For broadside configuration the switch is placed 

perpendicular to the signal line [15].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The movable armature could be a metallic beam or a dielectric beam with metallic 

contact and can be configured as a single fixed end or a fixed-fixed type of structures. 

Figure 2.1 (a) shows series ohmic switch, where the bridge type structure is used for its 

implementation, whereas Fig. 2.1 (b) depicts the ohmic switch when bridge structure is 

removed for showing the underlying actuation electrode and interrupted signal line. This 

switch type is capable of switching dc to RF signals.  

 

2.3.2 Electrostatically Actuated Capacitive Shunt Switch 

 

A basic capacitive shunt switch consists of a movable metal bridge anchored on the 

ground plane of the coplanar waveguide (see chapter 3 for details on coplanar 

waveguide) as illustrated in Fig. 2.2. The dc control voltage and the RF signal are 

Actuation Electrode 

(b) (a) Anchor 

Bridge 

  CPW 

Figure 2.1: Series ohmic switch (a) Shows the bridge and anchor point (b) To highlight the 

actuation pad, bridge is removed. 
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superimposed and applied to the signal line. For shunt switches, the principle is based on 

capacitive coupling. There is a thin dielectric film on the signal line that prevents them 

from making a metal contact. 

 

Figure 2.2: Shunt capacitive switch (a) Top view (b) Side view showing the two states. 

 

The air gap is electrostatically adjusted to achieve a capacitance change between the up 

and down-state. As typical of shunt configuration the input and output RF ports are 

physically connected to each other through the transmission line and therefore normally 

switch is ON. By applying the dc voltage, bridge is pulled down and turns the ON switch 

OFF. Due to the capacitive coupling, this switch is not suitable for low frequency 

applications. A high down-state capacitance and a low up-state capacitance implies high 

isolation and a low insertion loss [6]. 

 

2.3.3 Separate Actuation Electrode Based Switch 

 

The capacitive shunt switches are generally implemented as two terminal devices, where 

the dc control voltage is also applied to the signal line along with the RF signal. In three 

terminal switches, a separate dc electrode is provided for electrostatic actuation [16]. 

Both capacitive shunt and series contact type RF-MEMS devices discussed in this thesis 

are based on this approach. Capacitive switches of this type do not require biasing, 

decoupling elements and thus simplify the design and fabrication process. In addition, 

pull-in voltage can be made independent from the up-state capacitance.   

 

2.4 Comparison between RF-MEMS Switches and Semiconductor 

Switches 

 

RF-MEMS switches with virtually no mass, insensitive to acceleration, consuming no dc 

power, having cut-off frequency 30-50 times higher than semiconductor devices, 

Anchor 
Bridge 

RF+DC 

up-state 

down-state 

Dielectric Substrate 

(a) 
(b) 
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outstanding isolation and insertion loss at microwave frequencies and low manufacturing 

cost are the prime candidates for replacing existing semiconductor or mechanical 

counterparts. Table 2.2 shows a comparison between electrostatic MEMS switches, PIN 

diode and FET switches [6, 17]. It is evident that MEMS switches, with their extremely 

low up-state capacitance (series switches) and their very high capacitance ratio 

(capacitance contact switches), offer a far superior performance compared to solid-state 

switches for low to medium power applications. However, RF-MEMS Switches are slow 

as compared to their semiconductor counterpart. 

 
         Table 2.2: Comparison between RF-MEMS and semiconductor switches. 

Parameter RF-MEMS PIN FET 

Voltage (V) 20-80 ±3-5 3-5 

Current (mA) ≈ 0 3-20 0 

Power consumption (mW) 0.05-0.1 5-100 0.05-0.1 

Switching time 1-300 μs 1-100 ns 1-100 ns 

Cup (series) (fF) 1-6 40-80 70-140 

Rs (series) (Ω) 0.5-2 2-4 4-6 

Capacitance ratio 40-500
a
 10 N/A 

Cut-off frequency (THz) 20-80 1-4 0.5-2 

Isolation (1-10 GHz) Very High High Medium 

Isolation (60-100 GHz) High Medium N/A 

Insertion Loss (1-100 GHz) 

(dB) 

0.05-0.2 0.3-1.2 0.4-2.5 

Power Handling (W) < 1 < 10 < 10 

a
Capacitive switch only 

2.5 General Fabrication Process and Materials 

The selection of materials and fabrication process is based on the compatibility with 

standard IC fabrication processes. Most of the reported switches, are fabricated using a 

four to five mask level process. The general steps for the fabrication of RF-MEMS 

capacitive switch are shown in the Fig. 2.3. A high resistivity Si substrate (> 3 kΩ-cm) is 
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the starting material. The thermal oxide layer is generally grown over the substrate to 

isolate it from the up-coming layers stack. The signal line and ground planes are 

fabricated in the Au or Al metal [16, 18-20]. A thin dielectric layer (0.1-0.3 μm) is 

deposited and patterned. Mostly PECVD Si3N4, or SiO2 are preferred, but use of high-k 

dielectric materials such as HfO2, SrTiO3, Ta2O5 have also been demonstrated [21-24]. 

The next step is to deposit and pattern the spacer layer. The thickness of the spacer layer 

is decided by the air gap required air gap between the CPW and suspended structure. The 

positive photoresist or polyamide is generally selected as the material for spacer layer. 

The next step is to deposit and pattern the spacer layer. The hanging structure is defined 

by depositing and patterning around 1-2 μm thick metal layer over the sacrificial layer. 

This followed by the removal of sacrificial layer using an isotropic dry etch in oxygen 

plasma to avoid the sticition. In case of ohmic switch, dielectric deposition step is 

replaced by a contact metal.  

 
      

 

. 

 

2.6 Applications of RF-MEMS Switches 

 

MEMS switches are used to select the electrical signal, e.g. the incoming and the 

outgoing signal of an antenna, or to reconfigure a sub-system. Typical applications 

include the switching of filter banks, tuning of filters, switching of delay lines in phase-

shifters, impedance matching, switch matrix and in reconfigurable antenna. Depending 

on the frequency, either shunt capacitive or series metal contact switches are preferred 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Si       Dielectric   Metal   Dielectric  Spacer 

Figure 2.3: Fabrication process sequence for RF-MEMS capacitive switch 
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for certain applications. The series metal-to-metal contact switch is generally used for 

below C-band, whereas the capacitive shunt device is suitable for the further higher 

frequencies. A few of the important applications are briefly described as follows. 

 

2.6.1 Digitized Capacitor Banks 

 

Figure 2.4 shows an example for use of MEMS switches in digital capacitor banks. This 

is a promising way to get a variable capacitance although not with continuous variability, 

but with high linearity and high-Q factor up to microwave frequencies. Existing 

semiconductor devices can provide continuous tunability of capacitance up to very high 

frequencies e.g. back-biased Schottky diodes. However, the quality factor is limited to 

the values less than 10 because of the significant conductance in semiconductor devices. 

The schematic diagram of a binary capacitor bank has been made by using the air-bridge 

metal–insulator–metal structure as a capacitance bit. Due to this the ratio of unactuated to 

actuated capacitance is so large, typically 100 in this structure. A multi-bit capacitance 

bank is then formed by fabricating other structures with a binary relationship in the area, 

and connecting them in parallel [25].  

 

 

 

 

 

 

 

 

 

2.6.2 Switching Networks 

 

Switching networks are used in every communication system. In satellite systems, the 

switching networks are built using coaxial switches while in base station systems, they 

are implemented using PIN diodes. Coaxial switches result in outstanding isolation and 

insertion loss. However, they are heavy and costly. A typical satellite has around 100-

300 switches depending on the configuration, and the switching network itself can cost 

millions of dollars per satellite. RF-MEMS switches can easily meet the RF performance 

Figure 2.4: A 4-bit capacitance bank connected to an external circuit through MEMS switches. 
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and result in much smaller and lighter systems which is essential for satellite applications 

[6, 9].  

 

2.6.3 Multi-band Wireless System  

 

Figure 2.5 is an example of MEMS switch application in an integrated multi-band 

wireless transceiver. As MEMS switches offer the high isolation, a SPDT switch is 

employed to isolate transmitter and receiver paths from each other. In the receive path, 

RF-MEMS switches are used to select a certain low noise amplifier for the desired 

frequency band. The image reject filter can be either developed as a RF-MEMS switched 

bank filter or a RF-MEMS tunable filter. In the transmit path, MEMS switches can select 

a specific power amplifier and bandpass filter for the band of interest. The frequency of 

voltage controlled oscillator can also programmed by a bank of RF-MEMS switches 

[26]. 

 

 

2.6.4 Phased Arrays 

 

RF-MEMS switches are best suited to communication systems, e.g. phased arrays that 

use a large number of switching devices. The average loss of the state-of-the-art 3-bit 

MEMS phase shifter shows an improvement of more than 3 dB over comparable GaAs 

FET devices [9]. This translates to 6 to 8 dB improvement in radar or a two-way 

telecommunication system. Therefore, one can eliminate a few amplifier stages in T/R 

chain. 

 

 

Figure 2.5: Block diagram of a multi-band wireless transceiver showing MEMS switches. 

application 
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2.6.5 Redundant Millimeter Wave Communication  

 

Figure 2.6 presents a redundant low noise front-end using MEMS technology. The 

redundant character is assured by a SPDT which addresses the RF signal in the selected 

amplifier path constituted by filters and LNA [27]. MEMS based SPDT switching circuit 

exhibits high performances in term of insertion loss and isolation with negligible dc 

power consumption that cannot be achieved by solid-state devices.  

 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 

Figure 2.6: MEMS SPDT based redundancy front-end for secured millimeter wave 

communications. 

 

2.7 Literature Review on Capacitive Shunt Switch  

 

Research on RF-MEMS switch has been strongly pursued by many researchers in 

universities and industrial research communities. From the first day of MEMS switch 

finding, till today, lots of MEMS shunt switches have been developed with different 

designs, parameters, dimensions and materials to achieve better performances. All the 

switches discussed below are based on the electrostatic actuation as it is compatible with 

IC technology. The first MEMS switch for microwave applications was developed by 

Dr. Larry Larson at the Hughes Research Labs (Malibu, California) in 1991 [8]. 

However, it was far from mature and had poor yield and virtually no reliability. Still, it 

demonstrated excellent RF performance up to 50 GHz. In 1995, Raytheon (formerly 

Texas Instrument) developed the first practical capacitive shunt switch [28]. The bridge 

structure is composed of 0.3 μm of aluminum that is suspended 4 μm above the 

transmission line. Si3N4 with a thickness of 1000 Å was used as a dielectric layer on the 
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central conductor of the CPW. At 10 GHz, the insertion loss and the isolation of the 

switch are approximately 0.5 dB and 15 dB respectively. An improved version of the 

MEMS switch, in term of RF losses, is reported in [19]. The insertion loss is enhanced to 

0.14 dB and isolation up to 24 dB at a frequency of 20 GHz. The required actuation 

voltage is 50 V, with a switching ON time of 6 μs and a switching OFF time of 4 μs. An 

interesting design variation was introduced in 2001 by Robert Bosch GmbH, Germany. 

The membrane of their longitudinal capacitive shunt switch is part of the signal line and, 

when lowered by applying approximately 25 V, is capacitively short circuited by a 

ground potential connection between the two ground lines of the coplanar waveguide. 

Design is optimized for 24 GHz (S21 (ON) > -0.3  dB, S21 (OFF) < -33 dB) [29]. 

Despite extensive research over the past few years, the commercial market for RF-

MEMS switches is still in the pioneering stage. One of the primary hurdles to 

commercialization is high voltages required to actuate the switches. A typical MEMS 

switch requires 20 V-80 V for operations. The details of the low actuation voltage based 

capacitive switches will be subsequently presented in this chapter. The selection criteria 

for the switches listed below are: novelty at the time they were introduced, RF 

performance, special design features, fabrication processes or special choice of structural 

materials. 

 

2.7.1 MEMS Switch with Low Actuation Voltage  

 

A. Low Spring Constant Switches 

 

In 1998, the University of Michigan, Ann Arbor, USA, published on an electrostatically 

actuated switch with the pull-in voltage of 14-16 V [30]. The idea is to suspend the 

membrane using meander support structures, which results in low spring constant design. 

The 2 μm thick, electroplated gold membrane of this switch was embedded between 

bottom and top electrodes.  A constant applied voltage maintains the switch clamped to 

the top electrode preventing any undesired movement of the switch. At the time of 

switching, the voltage between top electrode and switch is removed and the necessary 

pull-in voltage is applied between the ground plane of the CPW line and the switch. 

Once the switch clamps down, the high capacitance present at the center conductor 

provides a virtual short at RF. Aluminum was used as sacrificial layer material, and 

50 nm of parylene was coated on the metal structure for isolation and anti-stiction 
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purpose. The RF performance of the switch was quite good (ON-state: S21= - 0.2 dB at 

20 GHz, OFF-state: S21 < - 40 dB for frequencies up to 40 GHz). In 2003, a novel low 

spring constant switch was developed by the Peroulis et al. [31]. In this switch, the 

inductance of the signal path in the down-state is determined by the special geometry of 

the beams supporting the membrane, providing improved isolation because of resonance 

behavior in the target frequency range. Around 80 % reduction in the actuation voltage 

was obtained by increasing the number of meanders in a serpentine folded configuration 

of the mechanical spring from 1 to 5. The ideal actuation voltage and spring constant of 

the switch for 5 meanders are at 3 V and 0.27 N/m respectively. However, the actuation 

voltage is 6 V for a spring constant of 1.1 N/m. The difference between the theoretical 

and the experimental values of the actuation voltage is attributed to an intrinsic axial 

stress in the nickel armature during fabrication. After this, many MEMS switches were 

designed using the similar meander structure to lower the spring constant and lower the 

actuation voltage actuation [23, 32-37]. However, the problems with these kind of 

switches are their sensitivity to mechanical force such as acceleration, vibration and the 

slow response time. 

 

B. Bridge Structure Material  

 

Efforts are also made to reduce the mechanical spring constant with the use of different 

materials. MEMS switch with Al and Al0.96Si0.04 alloy are used as the armature material 

for reducing the pull-in voltage [38]. The switch structure is optimized by calculating 

actuated voltages which depend on membrane materials and geometrical sizes of 

Young’s modulus. The experimental results showed that the alloy has a lower actuation 

voltage of 5 V compared to the gold counterpart with an actuation voltage of 45 V. 

However, the transmission loss of the alloy membrane is twice in comparison to the gold 

membrane. In 2006, Dai et al. used Al as a bridge material. Switch has a pull-in voltage 

of 7 V, but poor RF response (insertion loss and isolation of the switch are 3.1 dB and 15 

dB at 40 GHz) [39]. The study demonstrated an improvement in the actuation voltage at 

the expense of the RF performance. 

 

C. MEMS Switch with Low Height  

 

As discussed in the above section, meander type anchors can be used to decrease the 

spring constant, and to reduce the devices vulnerability to shocks and vibration, another 
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electrode can be fabricated on the top of the suspended membrane. This will increase the 

cost and complexity of the fabrication process. In view of this the University of 

Michigan developed, a low height switch with Ti/Au membrane, having high spring 

constant [6]. The switch is based on a 0.8-1.0 μm thick Ti/Au membrane, suspended at a 

height of 1.5-2.2 μm above the transmission line. A low gap height results in a low pull-

down voltage of 12-24 Volts while still maintaining a high spring constant for the 

membrane. The low height switch therefore has a relatively high mechanical resonant 

frequency and a fast switching time. Also,  it is not sensitive to vibrations, but the price 

is paid in the form of reduction in the capacitance ratio in the range of 20-40 [40, 41].  

 

D. Switch without Mechanical Spring 

 

There are research groups working towards ultra low actuating voltage MEMS. The 

concept of the switch relies on a mechanically unconstrained armature actuated over a 

coplanar waveguide using electrostatic forces (kiang et al.) [42]. The minimum actuation 

voltage of the switch is < 2 V, with an isolation of 40 dB and insertion loss < 0.7 dB at 

78 GHz. Springless armatures has also been used for implementing the shunt and series 

dc contact switches. Shen et al. proposed an anchorless armature that is hinged to the 

substrate by metal posts [43]. Nevertheless, the switch must overcome the friction force 

when the armature contacts with the metal hinges during the switching. The actuation 

voltage has reported less than 10 V. Lee et al. [44] reported a series contact RF-MEMS 

switch using a pull-up structure without involving an elastic deformation during the 

switching operation. The actuation voltage of the switch was 4.5 V and the time required 

to switch ON is 120 ns while the reverse operation required 130 ns. The insertion loss 

and the isolation are 0.5 dB and 55 dB respectively at 50 GHz. But, fabricating the pull-

up electrode on top of the suspended membrane is a complex fabrication process, which 

requires extra masks and need of special and costly releasing equipments and techniques.  

 

E. MEMS Switch with See-saw Electrostatic Actuation   

 

Rangra et al. suggested another solution to reduce the actuation voltage. The design used 

a push-pull configuration to drive the electrostatic actuator. The torsion springs and the 

levers are placed on both sides of the transmission line [9, 16]. With the application of 

the dc biasing voltage at either the pull or the push electrode, the armature moves 

towards (‘ON’ position) or away (‘OFF’ position) the signal line accordingly. Since 
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voltages are applied at both ON and OFF states, the switch is more robust to vibration. 

The simulated actuation voltages have a range of 8-10 V. After this, a number of 

researchers have used push-pull type of actuation [45-47] but these switches are very 

bulky due to pull-up actuation electrodes. 

 

F. MEMS Switch with High-k Dielectrics 

 

High-k dielectric materials, such as strontium titanate oxide (SrTiO3), barium strontium 

titanate (BST), hafnium oxide (HfO2) and tantalum pentoxide (Ta2O5) , have been 

explored as alternatives to silicon nitride and silicon dioxide for improving the overall 

switch performance with compact size. Park et al. presented very high capacitance ratio 

MEMS capacitive switches by using a 0.190 μm thick strontium titanate oxide [23, 24]. 

The dielectric constant of SrTiO3 is 30-120, depending on the deposition temperature 

with loss tangent less than 0.02. The reported capacitance ratio of fabricated device is 

600 with a down-state capacitance of 60 pF. The gold or copper switch membrane was 

electroplated on top of a polyimide or photoresist sacrificial layer. The membrane is 

suspended through the low spring constant springs, resulting in actuation voltages of 8-

15 V. The overall RF performance of the switch was very impressive (S21 (ON) = - 0.08 

dB at 10 GHz, S21 (OFF) = - 42 dB at 5 GHz). Barium Strontium Titanate is used in 

[48] as a dielectric material of the proposed metal-insulator-metal (MIM) switch. The 

utilization of barium strontium titanate improves the RF performance in comparison to 

the silicon nitride. An initial gap of 1.85 μm yielded a capacitive ratio of more than 4500, 

with an actuation voltage of 18 V. Reducing the gap to 0.85 μm, the capacitive ratio is 

still more than 2000 and the actuation voltage is 7 V. These ratios could only be achieved 

if the initial gap is more than 44 μm when silicon nitride is used as a dielectric layer. 

Zhang et al. [21] reports a high RF performance π-type RF capacitive switch, using 

hafnium oxide as the dielectric layer in the MIM structure. The simulation shows that 

thinner layers of the dielectric produce a better isolation at RF frequencies of less than 20 

GHz. The dielectric constant of the material is 17 and could produce a capacitive ratio of 

540. The experimental insertion loss and the isolation at a RF frequency of 50 GHz are 

better than 0.8 dB and 30 dB respectively. The paper also describes some fabrication and 

reliability issues using the hafnium oxide. This material exhibits an increase in leakage 

current after the introduction of an annealing step, which has a negative impact on the 

quality of hafnium oxide. This effect can be attributed to the change in the crystalline 
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structure after a high temperature treatment. Without the annealing process, the dielectric 

material had a leakage current with ranges of 10
-6

Acm
-2

 to 10
-7

Acm
-2

 at 15 V. The 

material is able to withstand greater than 10
7
 cycles of voltage changes without 

degradation.  The most recent work that used different material for dielectric layer was 

developed by Persano et al. [49, 50]. They used tantalum nitride (TaN) and tantalum 

pentoxide as the dielectric layers for the switches. Switches showed actuation voltages of 

15–20 V, an insertion loss > 0.8 dB up to 30 GHz, and an isolation of 40 dB at 25 GHz. 

As discussed in the above cited section, High-k dielectrics can be a good candidate 

material for capacitive MEMS switches, but with few related experimental studies 

related to the reliability issues. Their physical and chemical properties need to be studied 

thoroughly such as in case of SiO2. For a large number of high-k materials, the band gap 

is inversely proportional to k. To reduce leakage current tunneling, while maintaining the 

same gate capacitance, the material should have a large band gap and barrier height 

between the electrode and the conduction band of the dielectric. In addition, many of 

high-k dielectric materials are thermodynamically unstable on silicon or lack in other 

desirable properties such as high dielectric breakdown voltage, resistance to dielectric 

charging, low defect density, good adhesion, thermal stability, low deposition 

temperature, low surface roughness at the interface and the ability to generate patterns 

[51-53].  

 

2.8 Conclusion 

RF-MEMS switches with negligible dc power consumption and excellent RF 

performance can replace the state-of-art semiconductor switches in various 

telecommunication applications. However, there are quite a few challenges associated 

with RF-MEMS switches such high pull-in voltage and low switching speed. Various 

approaches have been discussed in the literature to reduce the pull-in voltage. In this 

work, low height and cantilever structures based switches have been designed for 

reducing the pull-in voltage as detailed in the chapters 3 and 4.  
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Chapter - 3 

Design Aspects of RF-MEMS Switches 

 

3.1 Introduction 
 

This chapter is divided mainly into two sections i.e. electromechanical and 

electromagnetic design aspects of the MEMS switches. Under electromechanical design, 

spring constant, pull-in voltage and dynamic response (pull-in and release time) 

dependency on the switch material has been explored. In electromagnetic design, RF 

behavior of a capacitive device has been studied through the electrical equivalent model 

of the switch. The dependence of the S-parameters on the air gap between bridge and 

transmission line, and central overlap area has also been investigated. This chapter also 

presents improved designs for enhancing the performance of the capacitive switch as 

compared to the conventional approach based switch.  

 

3.2 Electromechanical Design 
 
This section deals with the electromechanical design of electrostatically actuated MEMS 

switches. RF-MEMS switches are based on the beams either fixed at one end (cantilever) 

or both ends (bridge). The electrostatic actuation is used to deflect the structure in the 

direction perpendicular to the beam plane. The section is started with the general 

approach and the expressions for the spring constant of the simple structures used to 

implement the MEMS switches. Later, electrostatic actuation, pull-in voltage and 

dynamic response analysis has also been discussed. The major part of this section is 

devoted to the analysis of a non uniform bridge structure, commonly used for MEMS 

switches. This structure has been used for implementing the metal-to-metal contact 

switch as discussed in the chapter 4.  

 

3.2.1 Spring Constant for the Structures Specific to RF-MEMS Switches  

 

Fig. 3.1 shows various structures like, cantilever with free end and guided end, and 

fixed-fixed type beams. A concentrated load F (N) is applied to the free end, guided end 

and to the center of the fixed-fixed beam in Fig. 3.1 (a-c), whereas a uniform distributed 

load f (N/m) has been applied to the surface of each beam in Fig. 3.1 (d-f). If the 

operation of the structure is limited to small deflections (0.2-0.5 % of the beam length) as 
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is the case of RF-MEMS devices, the mechanical behavior can be modeled using a linear 

spring constant, k (N/m) [54, 55] and can obtained using the relation, Fz = kzz, Fy = kyy, 

Fx = kxx. The displacement table is summarized in the Table 3.1. The cantilever beam is 

less stiff as compared to the fixed-fixed beam if the dimensions are equal for the both 

cases.  

 

Figure 3.1: Various structures with concentrated load (F) or distributed load (f). In all cases only 

the y-component of force is shown.  

 
Table 3.1 Displacement equations derived from small displacement theory (a) Concentrated load 

(b) Uniformly distributed load [54]. 

(a) 

 

 

(b) 
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3.2.2 Electrostatic Actuation and Pull-in Voltage 

 

This section details the electromechanical model and closed form expression for the 

parallel plate capacitor. Electrostatic actuation is produced by the electrostatic force 

which exists on the plates of a capacitor under an applied voltage. Although actual 

capacitance is more due to the fringing field, still this model provides a good 

understanding of the electrostatic actuation.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: Spring and parallel plate capacitor. 

 

The capacitance of a fixed parallel plate capacitor is given by the relation       
 

 
   For 

a variable parallel plate capacitor, the movable plate moves normally to the fixed plate as 

defined by the coordinate, z (Figure 3.2). The capacitance of the movable capacitor can 

be calculated as follows: 

 
     

 

     
       

 

(3.1) 

 

 

The energy stored, W, in a capacitor with a voltage, V, between the plates is given by 

equation
 
(3.2). 

 
                                                                                                              

        

 

     
   

 

 (3.2) 

 

 

The electrostatic force between the plates can be determined by differentiating the energy 

function with respect to the coordinate in the direction of the force. 
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If the movable parallel plate is attached to a spring, k, then under equilibrium condition 

 
 

        

 

      
   

 

 

(3.4) 

 

   
         

   
  

 

(3.5) 

When voltage is increased, the force is increased due to an increase in the charge; 

simultaneously the increased force decreases the beam height, which, in turn, increases 

the capacitance and thus the charge and the electric field. At some voltage (pull-in 

voltage) the increase in the electrostatic force is greater than the increase in the restoring 

force, resulting in the beam position becoming unstable and collapse of the beam to the 

down-state position. By taking the derivative of equation (3.5) with respect to the beam 

height and setting that to zero, the height at which the instability occurs is found to be 

exactly two-thirds of the zero-bias beam height. Substituting this value back into the 

equation (3.5), the ‘‘pull-in’’ voltage is given by the equation (3.6) [6]: 

 
 

     
  

 
   

    

     
 

 

(3.6) 

3.2.3 Dynamic Response 

 

Pull-in voltage expression derived in the previous section describes the static response of 

the switch. For dynamic response (switching time), Fig. 3.2 should be modified by 

inclusion of finite mass and mechanical damping force that arise from the viscosity of 

the air between the plates of the actuator. The resulting one dimensional model is given 

in Fig. 3.3. 

 

A. Switching Time 

 

Switching time can be modeled using the force balance equations involving mass, spring 

and damper equivalent model of parallel plate capacitor e.g. 

  

 
   

   
     

  

  
 

        

      
 

 

(3.7) 

 

where m is the mass of the movable plate and b is the damping coefficient which is given 

by: 
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(3.8) 

 

where   the is coefficient of viscosity. Non-linearity in the actuation dynamics makes it 

necessary to use non-linear solver for calculating the switching time [6, 56]. Therefore 

closed form expressions are needed for design intuition.  

 

 

 

 

     

 

 

 

 

 
        Figure 3.3: Mechanical equivalent of actuator. 

 

A.1. Pull-in Time 

 

It is defined as the time taken by a movable structure to make contact with the 

underlying plate. A closed form expression for the pull-in time can be obtained for the 

acceleration limited system (b = 0) by assuming the electrostatic force to be constant and 

equal to the initial applied value [57]. Under the above approximations, the equation of 

motion becomes: 

 
 

   

   
    

        

    
 

(3.9) 

 

The pull-in time is calculated for      and is given by: 

 
  

                  
      

   
 

       

       (3.10) 

 

where    is the mechanical angular resonant frequency of the movable structure.  

 

A.2. Release Time  

 

The time taken by a movable structure (acceleration limited system) to regain its original 

position when applied voltage is zero and can be calculated as follows [57]: 
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(3.11) 

 
  

   
  

        

 
 

(3.12) 

                   
 

   
 (3.13) 

 

3.2.4 Case Study of a Common Structure Used for RF-MEMS Switches 

 

In this section, we discuss about the electromechanical behavior for one of the common 

RF-MEMS switch structure. The structure has four flexures attached to a central plate as 

shown in the Fig. 3.4. Two metal stoppers on either side of the central plate have been 

used to avoid the short circuit in the actuated state. Stoppers are laying 2 µm below the 

bridge structure. The actuation electrode is placed 3 µm below the central plate of the 

bridge structure and has actuation area of 110×80 µm
2
. As electrostatic actuation is used, 

non-linearity in the actuation dynamics makes it necessary to use non-linear solver for 

calculating the switching time. Therefore, closed form expressions are needed for design 

intuition. In literature, a number of studies have been reported for analyzing the 

switching time behavior of an electrostatic actuator [15, 56, 58, 59]. The closed form 

expression for the pull-in time given in [6, 56] doesn't incorporate the gap dependency of 

electrostatic force and hence is inaccurate. Thus, the main emphasis of this section is to 

derive the improved analytical expression for the pull-in time which takes the above 

discrepancy into account for its derivation. The pull-in time expression has also been 

derived for the case when the beam is stopped at 2 µm distance before it touches the 

actuator. Further, pull-in time dependency on perforations in movable structure, the ratio 

of the applied voltage to the pull-in voltage, materials with Young moduli, E (70-200 

GPa) and density, ρ (2.7-19.3 g/cm
3
) have also been explored. The results obtained using 

closed form expressions has been compared to the standard 3-D FEM simulator and with 

Ref. [56]. The derived expressions can be used as guidelines for RF-MEMS switch 

design.  

 

A. Spring Constant 

 

In mechanical design, important parameter is the spring constant 'k' of the structure. The 

beam is modeled as cantilever with four guided ends. The spring constant for a guided 

end cantilever is given by the equation (3.14) [60]:  
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(3.14) 

 

 

 

 

 

 

 

 

where E (70, 80, 130, 200 GPa) is the Young’s modulus of the Al, Au, Cu, and Ni beam 

respectively, W (15 μm) is the width of flexure, t (1.5 μm) is the thickness of flexure, L 

(80 μm) is the length of flexure. The equivalent spring constant of the structure with four 

such guided cantilevers is               . The calculated value of the spring constant is 

27.69, 31.64, 51.42, 79.10 N/m for Al, Au, Cu, and Ni beam respectively.  

 

B. Pull-in Voltage 

 

Figure 3.5 shows the simulated value of the pull-in voltage for the perforated and 

imperforated bridge. Among the four metals, Ni  has the high simulated pull-in voltage 

of 91.56 V, while Al has low pull-in voltage of 55.31 V. The simulated results are in 

close agreement with the values calculated from the equation (3.6) as shown in Table 

3.2. Further, Fig. 3.5 shows that perforated structure has higher pull-in voltage as 

compared to imperforated as active overlap area is decreased.  

 

Table 3.2: Comparison of the simulated and calculated voltage for various bridge materials with 

imperforated bridge. 

 

Bridge Material Pull-in Voltage (V) Simulated Pull-in Voltage (V) Calculated 

Al 55.31 52.89 

Au 60.30 56.53 

Cu 75.30 72.07 

Ni 91.56 89.39 

 

 

C.  Analytical modeling for Pull-in Time  

 

In case of acceleration limited systems, if we incorporate the gap dependency of the 

electrostatic force, equation (3.9) can be modified as follows:  

Figure 3.4: 3-D view of the electrostatic actuator. 

  Anchor 

  Plate   Flexure 

  Stopper 
  Electrode 
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(3.18) 

As above equation doesn't have closed form solution using Taylor series expansion, the 

integrand can be simplified as: 

 
 

         
  

   
      

  
 

   
 
      

  
 

   
 
     

  
 

   
 
     

  
 

   
 
     

     
  

  

   
  

    

 

 

(3.19) 

The above equation is applicable when a beam makes contact with the lower electrode. 

In the present case, since the beam is stopped at a distance of 2 μm, the expression can be 

modified as follows: 

 
     

     

     
     

        
 

  
 

       
 

  
  

       
 

  
 

       
 

  
 

 
       

  

   
  

 

 

(3.20) 

Figure 3.5: Pull-in voltage analysis (voltage applied at the actuation pad vs. displacement of the 

bridge) with different bridge materials (a) Perforated bridge (b) Imperforated bridge 

(a) (b) 
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As shown in Figs. 3.6 and 3.7, beam spends majority of time in travelling the g/3 

distance. Increasing the electrostatic force during this phase can decrease the switching 

time.  

 
Table 3.3: Comparison of pull-in time for perforated bridge. 

 

Bridge 

Materials 

Natural frequency 

(kHz) 

(Simulated) 

  / Vp 

(V) 

tp (μs) 

eq. 

(3.10) 

tp (μs) 

eq. 

(3.20) 

tp(μs) 

(Simulated) 

 

Au 

 

 

 

Al 

 

 

 

Cu 

 

 

Ni 

 

 

27.3 

 

 

 

72.1 

 

 

 

50.1 

 

 

 

61.0 

 

1.0 

1.5 

2.0 

 

1.0 

1.5 

2.0 

 

1.0 

1.5 

2.0 

 

1.0 

1.5 

2.0 

 

21.41 

14.27 

10.73 

 

8.10 

5.40 

4.05 

 

11.66 

7.77 

5.83 

 

9.58 

6.39 

4.79 

 

19.05 

10.19 

7.25 

 

7.28 

3.86 

2.75 

 

10.63 

5.61 

3.98 

 

8.77 

4.62 

3.29 

 

19.50 

10.63 

7.60 

 

7.53 

4.12 

2.90 

 

10.84 

5.80 

4.22 

 

8.90 

4.80 

3.50 

 

 

 Figure 3.6: Simulated displacement versus time for perforated bridge with (a) Au, (b) Al, (c) 

Cu, (d) Ni at V = Vp, 1.5Vp and 2Vp. 

 

(a) (b) 

(c) 
(d) 
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This can be done by applying V/Vp ≥ 1. Secondly, perforations in the beam decrease the 

switching time because of increase in natural frequency. Further, materials with high E/ρ 

can also reduce the pull-in time. 

 

 

 
 

Table 3.4: Comparison of pull-in time for imperforated bridge. 

 

Bridge 

Materials 

Natural 

Frequency 

(kHz) 

(Simulated) 

V / Vp 

(V) 

tpull-in (μs)                                                

eq. (3.10) 

tpull-in (μs) 

eq. (3.20) 

tpull-in (μs)  

   (Simulated) 

 

Au 

 

25.3 

 

1.0 

1.5 

2.0 

 

23.09 

15.39 

11.55 

 

23.47 

12.24 

8.75 

 

25.30 

12.50 

8.90 

 

Al 

 

 

 

Cu 

 

 

 

Ni 

 

66.7 

 

 

 

46.4 

 

 

 

56.5 
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1.0 

1.5 

2.0 

 

1.0 

1.5 

2.0 

 

8.76 

5.84 

4.38 

 

12.59 

8.39 

6.30 

 

10.34 

6.89 

5.17 

 

8.80 

4.61 

3.28 

 

12.73 

6.64 

4.72 

 

10.49 

5.47 

3.89 

 

9.40 

4.70 

3.40 

 

13.80 

7.40 

4.80 

 

10.40 

5.60 

4.00 

Figure 3.7: Simulated displacement versus time for imperforated bridge with (a) Au, (b) Al, 

(c) Cu, (d) Ni at V= Vp, 1.5Vp and 2Vp. 

 

(a) (b) 

(c) (d) 
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D. Release Time 

 

Table 3.5 verifies the inverse relationship between    and    as shown in the equation 

(3.13). Further, it can be observed from the Tables (3.4) and (3.5) that pull-in time is 

more than the release time because of non-linear behavior of beam displacement while 

being actuated by electrostatic force. In case of release time, spring restoring force varies 

linearly w.r.t to displacement and starts from its maximum value so more momentum is 

available during release phase. The condition for two times to be equal can be derived 

from equations (3.10) and (3.13) i.e.  

 
                                                                                V ≈   p                                                                                                   (3.21) 

 

Table 3.5 Comparison of the Release time (a) Imperforated bridge (b) Perforated bridge. 

 

(a) Release time for imperforated bridge                   (b) Release time for perforated bridge 

 

 

Improved closed form expressions for pull-in and release time have been presented for 

an electrostatically actuated RF-MEMS switch. The results obtained from new 

expressions differ only by 5 % compared to that obtained using 3-D FEM simulator. It is 

observed that V/Vp >1, perforation in the hanging structure and material with high value 

of E/ρ provides high switching speed.  

 

3.3 Electromagnetic Design 

 

In this section, we present the electromagnetic design of the RF-MEMS capacitive 

switch. The device is represented by a lumped R, L, C, model together with parts of the 

CPW (coplanar waveguide) transmission line [40, 61, 62]. The lumped electrical model 

is required to study the RF behavior and building the physical insight of the device. 

Switch resistance, inductance, and capacitance values are extracted using S-parameters 

from simulated results, and compared with the numerically calculated values. All the 

designs are based on a 50 Ω coplanar waveguide a commonly used connector for RF-

Bridge 

Material 

Natural 

Frequency 

(kHz) 

trelease (μs) 

(3.13) 

 

Au 

 

27.3 

 

9.15 

Al 72.1 3.47 

Cu 50.1 4.99 

Ni 61.0 4.10 

Bridge 

Material 

Natural 

Frequency 

(kHz) 

trelease  (μs) 

(3.13) 

Au 25.3 9.88 

Al 66.7 3.75 

Cu 46.4 5.39 

Ni 56.5 4.42 
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MEMS switches. The following section describes the design aspects of the coplanar 

waveguide.   

 

3.3.1 Coplanar Waveguide 

 

Microstrip and CPW are the two commonly used transmission lines for RF-MEMS 

devices. For RF-MEMS switches, CPW offers many advantages over the microstrip line 

such as simple fabrication, eliminates the need of via holes, easy shunt as well as series 

surface mounting of MEMS switches, and less radiation loss. As the ground planes are 

available on either side of the transmission lines, this also minimizes the crosstalk.  

 

 

 

 

  

 

 

 

Figure 3.8: 3-D illustration of the CPW. 

 

The first demonstration of the CPW was given by C. P. Wen [63]. The basic structure of 

CPW is illustrated in Fig. 3.8. A CPW consists of a center conductor line with parallel 

running ground planes on a dielectric substrate. The characteristic impedance (    of a 

coplanar waveguide is given as follows [64]: 

 
                 

 

(3.22) 

        
     

  

 

(3.23) 

 
      

     
     

  
(3.24) 

where       is total capacitance of the transmission line per unit length,       is the  

capacitance in absence of the substrate per unit length,     is the phase velocity,      is 

the  effective dielectric constant and   is the speed of light in vacuum.  
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(3.25) 

 

    
  

 
     

     
 

(3.26) 
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where,  K  is complete elliptical integral of first kind, k and k' are variables depending on 

the geometry of the line.                                                                                                                    
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(3.30) 

                             

Substituting equations (3.25) and (3.28)  in (3.24) 
 

 

 
          

                  
  

           
 

(3.31) 

 

Now Substituting equations (3.23) and (3.28) in (3.22) 

 
 

    
   

     

     

    
 

(3.32) 

 

The general rules for determining the dimensions of the width of the signal line (w) and 

slot gap width (s) are h (substrate thickness) > w+2s which allows the characteristic 

impedance to be independent of variation of the substrate thickness and b/c <1/4 to 

ensure the finite ground effect is negligible. Dimension 's' is then established by the 

predetermined characteristic impedance of the transmission line, w, and permittivity of 

the substrate. In this thesis, 50 Ω CPW has been designed by using online CPW 
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dimension calculator [65] and then accurate dimension is obtained by simulating the 

CPW in Ansys HFSS
TM

. A 50 Ω configuration is preferred as it provides minimum 

losses and maximum power handling. In order to avoid energy dissipation into the 

substrate, the CPW conductor thickness is kept at four skin depths, thus around 98 % of 

the current will flow within the layer. The skin depth for gold is 0.68 μm-0.83 μm for X-

band (8-12 GHz). The opted CPW has the following specifications: t = 5 μm, w = 90 μm, 

s = 55 μm, h = 525 μm,                    

 

3.3.2 Switch Lumped Electrical Model 

 

This section presents the circuit model of a capacitive shunt switch. The well known 'T' 

model (Figure 3.9) [40, 61, 62] describes the RF behavior of a capacitive shunt switch. 

The capacitive switch is placed in the shunt configuration between the transmission line 

and ground. The metallic bridge is represented by lumped Rs, Ls, C, elements.  

 

 
 

 

Figure 3.9: Electrical equivalent model of the shunt capacitive switch (a) Up-state (b) Down-

state. 

The dependence of Rs, Ls and C on the bridge geometry gives insight into the device RF 

response and is helpful for the optimization in the desired frequency range. The model is 

used to extract the switch parameters: capacitance in bridge up and down-state, 

resistance of the metallic bridge and inductance from the simulated S-parameters. For the 

beam in the down-state, capacitance is constituted by the bridge-dielectric-transmission 

line overlap area, while in up-state the air gap between the beam and transmission line 

area results in a very small capacitance. The finite resistance of the bridge material is 

represented by Rs. The inductance Ls is mainly dominated by the bridge portion above 

Z

s 

(a) (b) 
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the gap between CPW ground and bridge structure. The shunt switch total impedance is 

given by equation (3.33), where Zs is the switch impedance [6]. 

 
            

 

  
 

(3.33) 

 
    

 

      
   

(3.34) 

 

The LC series resonance frequency of the switch is given by equation (3.34) and 

depending on the frequency range of the application the switch impedance can be 

approximated as: 

 

     

 

  
         

           
             

  

(3.35) 

 

A. Scattering Parameters  

 

The scattering parameters (S-parameters) determine the electrical performance of the 

switch. Switch can be modeled as a two port network with shunt connection and is 

characterized by measured or simulated S-parameters. The S11 represents the return loss 

in both states of the device, whereas S12  denotes the insertion loss in the up-state of the 

beam and isolation in the down position. The S-parameters of the shunt switch are given 

by equations (3.36) and (3.37) [66]. The specification of insertion and isolation are the 

important design parameters of the switch. 

 
 

              
   

      
   

(3.36) 

 
             

   

      
     

(3.37) 

 
3.3.3 Capacitive Shunt Switch 

 

This main focus of this section is to discuss the electromagnetic design aspect of the 

shunt capacitive device. The switch is designed for X-band applications with initial 

specifications of insertion loss ≤ 0.3 dB, isolation ≥ 20 dB and pull-in voltage ≤ 15 V.  
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A. Description of Device 

 

In shunt configuration the input and output RF ports are physically connected to each 

other and therefore normally switch is ON. The switch is implemented on a 50 Ω CPW 

line. The device is implemented with a bridge structure. A uniform bridge structure 

requires higher pull-in voltage so four flexures attached to a wider beam have been 

chosen to reduce the pull-in voltage.  

 

 

 

 

 

 

 

 

 

       Figure 3.10: (a) Layout of the switch (b) SEM micrograph of the fabricated switch. 

 

In the up-state of the switch there is a gap of 2 µm between switch and central conductor 

of CPW. The actuation electrodes are kept 0.7 μm down from the transmission line in 

order to alleviate the stiction problem. Figure 3.10 shows the layout of the switch, 

whereas Fig.31.0 (b) shows the SEM image of the fabricated device. The dimensions 

used in designing the device are given in Table 3.6.  

 

B. Working of Switch  

 

The device operates in two states. In the up-state of the bridge, the device is 'ON' as 

depicted in Fig. 3.11 (a). Switch shows the insertion loss during this state. The 

electrostatic actuation is used is bring the bridge in the down-state as shown in Fig. 3.11 

(b). The device shows isolation characteristics during this state. 

 

 

 
 

 

Au Si SiO2  Poly 

Figure 3.11: Cross-sectional view of the switch during (a) ON-state (b) OFF-state. 

 

(a) (b) 

(b)  (a)  

Flexure 

Bridge 

CPW 

Actuation area    Central capacitive area 
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Table 3.6: Dimensions of the designed switch. 

 

C. RF Response 

 

In order to investigate the RF performance of the device a 3-D structure was created and 

simulated in Ansys HFSS
TM

. The substrate material used is silicon and a 1.3 µm thick 

SiO2 layer is used as a buffer layer. The CPW and hanging structure, i.e. bridge are 

assumed to be of gold. Further, a thickness of 0.1 µm of SiO2 has been placed over the 

central conductor of CPW. The capacitance in the up-state determines ON-state response 

(return loss and insertion loss) of the switch, whereas capacitance in down-state, 

resistance of the switch, and inductance of the switch determine the OFF-state response 

(isolation, return loss) of the switch [ 61, 62]. 

 

C.1. ON-state Response  

 

C.1.1. Up-state Capacitance 

 

In unactuated state, switch capacitance is comprised of the series combination of the 

capacitance due to air and the dielectric over the signal line. Thus, the total capacitance 

in up-state is given by: 

 

 
       

 

  
  
  

 
(3.38) 

   

 

Dimension 

Length of flexures 

Width of flexures 

Thickness of flexures 

Silicon dioxide thickness (tox) 

Electrostatic Gap (d ) 

Gap between bridge and transmission line (g ) 

CPW 

Value 

115 µm 

15 µm 

2 µm 

0.1 µm 

2.7µm 

2.0 µm 

55/90/55 µm 
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where A is the overlap area, g is the air gap between the dielectric layer and the movable 

beam, td is the dielectric thickness and εo is the free space permittivity, εr is the relative 

permittivity of the dielectric material. As typically air gap vary 2-5 μm and dielectric 

material thickness is of the order of 0.1 μm and relative permittivity lies in the range of 

4-20 (SiO2, Si3N4, HfO2),     can be approximated by the expression given below: 

 
 

    ≈   

 

 
 

 (3.39) 

Although, actual capacitance is higher than the value calculated from the equation (3.39). 

This is due the presence of fringing fields at the movable beam boundaries which give 

rise to fringing capacitance. The fringing field capacitance is a significant portion of the 

total capacitance in the up-state.  The total capacitance in the unactuated state can be 

extracted from the equation (3.40) [62].   

 
              

        

         
   

(3.40) 

 
Figure 3.12: ON-state response of the switch with various overlap areas (a) Insertion loss (b) 

Return loss.  

 

Figures 3.12 (a) and 3.12 (b) show the effect of change in the up-state capacitance on the 

insertion loss and return loss. Switches with the smaller     have the less insertion loss 

(Figure 3.12 (a)). This effect is more visual above the C-band frequencies. Switch with 

central overlap area of 410×90 μm
2
 results in insertion loss of 0.36 dB, whereas with 

310×90 μm
2 

has 0.24 dB at 10 GHz. The return loss also improves by reducing the up-

state capacitance as shown in Fig. 3.12 (b). Table 3.7 summaries the calculated and 

extracted capacitance in the up-state. Equation (3.40) has been used to extract the total 

up-state capacitance from the simulated return loss plot. From Fig. 3.13 (b), return loss 

(a) (b) 
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corresponding to 1 GHz has been substituted into equation (3.40) for extracting the 

capacitance in up-state [40, 62]. Table 3.7 shows that extracted up-state capacitance is 

higher than the calculated value using equation (3.39) as it includes the fringing field 

capacitance. The frequency at which extraction is performed is chosen such that it is less 

than the resonance frequency of the switch in the up-state. In the all capacitive devices 

same process and frequency have been used for extracting the up-state capacitance. The 

effect of decreasing the initial gap between the transmission line and bridge structure has 

also been studied. The insertion loss and return loss deteriorate at g = 1 μm as shown in 

Figs. 3.13 (a) and 3.13 (b) respectively. 

 
Table 3.7: Up-state capacitance with various overlap areas. 

Overlap area ( μm
2 
) Cup_extracted 

 (fF) 

 

Cup_calculated 

 (fF)  

Cfringing 

(fF) 

210×90 94.58 85.05 9.53 

310×90 131.21 125.55 5.66 

410×90 170.11 166.05 4.06 

 

 

Figure 3.13: ON-state response with various overlap areas and low height (a) Insertion loss (b) 

Return loss. 

 

The bridge structure has been designed with an array of holes. The holes facilitates in 

many respects, such as easy removal of the sacrificial layer under the bridge, improves 

the switching time by reducing the air damping, and also decrease the mass of the 

suspended structure. The fringing fields cover the holes if the dimensions are less than 

3g-4g [40]. In the light of the above consideration and due to the fabrication constraint 

the hole dimensions are kept at 10 μm×10 μm for all the devices discussed in this thesis. 

For the capacitive shunt switch, RF response during unactuated state can be improved 

(a) (b) 
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either by decreasing the 'A' or increasing the 'g'. Any increment in 'g' will increase the 

pull-in voltage. Alternatively, capacitance in the up-state could be reduced by decreasing  

'A' value, but this will change the resonant frequency during OFF-state of the device. In 

section 3.4, we presented the floating capacitor based device to resolve the above issues 

and for enchaining the device performance. 

 

C.2. OFF-state Response 

 

C.2.1 Down-state Capacitance 

   
In the OFF-state, switch forms a MIM (metal-insulator-metal) capacitor by connecting 

the bridge to the dielectric layer over the transmission line and can be represented by the 

equation (3.41) given below 

 
 

       

 

  
 

(3.41) 

                                                            

 

 

 

 

The effect of the    on the isolation characteristics has been shown in the Fig. 3.14 (a). 

Switch with larger capacitance shows lower resonant frequency as per equation (3.34). 

Further, the isolation at the lower frequencies deteriorates with decrease in the down-

state capacitance. For example, at 5 GHz with    = 13.28 pF, isolation is 23.35 dB as 

compared to the 19.76 dB with    = 10.04 pF as shown in Fig. 3.14 (a). Return loss 

during OFF-state for the switch has been shown in Fig. 3.14 (b), and is minimum at the 

Figure 3.14: OFF-state response of the switch with various overlap areas (a) Isolation (b) 

Return loss. 

(a) (b) 
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resonant frequency. The capacitance in the actuated state can be extracted from the 

equation (3.42) [62] at     .   

 
             

 

        
   

(3.42) 

 

The values of    are extracted from the simulated isolation characteristics shown in Fig. 

3.14 (a). The extracted values agree well with the calculated values as summarized in 

Table 3.8.  

 

Table 3.8: Down-state capacitance with various overlap areas. 

Overlap area ( μm
2 
) Silicon dioxide 

thickness (μm) 

Cd_extracted 

(pF) 

Cd_calculated 

(pF) 

 

210×90 

 

0.1 

 

6.24 

 

6.80 

310×90 0.1 9.40 10.04 

410×90 0.1 12.86 13.28 

 

Based on the RF specifications selected in the starting and achieved through simulated 

results as shown in the Figs. 3.13 and 3.14, the switch with the central overlap area of 

310×90 μm
2 

has been chosen for X-band applications. 

 

C.2.2. Switch Resistance 

 

In Capacitive shunt switch the current passes to the bridge structure from the central 

conductor of the CPW.  Thus, the total resistance of the switch can be expressed as given 

below 

 
                          

  

  
 

(3.43) 

where       is the total resistance of the switch,      is the resistance due to the CPW 

line,    is the bridge resistance,   is the length of the bridge and A is the area of cross-

section and   is the resistivity of the bridge material. At high frequency, we have to 

consider the skin depth phenomenon. If the current is assumed to be uniform to a skin 

depth or characteristic depth of penetration      then the cross-sectional area of the 

bridge (A) is given by: 

 
               (3.44) 

Thus,    can be modified as  
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(3.45) 

 
    

 

     
 

(3.46) 

 

where    is the signal frequency,   is the permeability of the medium surrounding the 

conductor,   is the conductivity of the conductor. The bridge resistance has been 

extracted using the simulated isolation value corresponding to the resonant frequency. 

The isolation at the resonance can be expressed from equation (3.47) by putting the     

in place of     in equation (3.37) [62].  

 

             
    

       
        

 

(3.47) 

 

The extracted value of the resistance (0.05 Ω) is coming higher than the value calculated 

(0.01 Ω) from the equation (3.45) because of the contribution of CPW and bridge.  

 

C.2.3. Bridge Inductance 

 

The bridge structure of the capacitive shunt RF-MEMS switch shows a small inductance 

in series with the    and bridge capacitance as illustrated in the Fig. 3.9 (b). As resonant 

frequency is the function of the down-state capacitance and inductance (see equation 

(3.34)), the inductance plays a important role in the OFF-state of the device. This 

inductance can be calculated from equation (3.34) if the    value is known or can be 

extracted using the simulated isolation value at     . The isolation at this frequency 

can be expressed from equation (3.48) by putting the      in place of     in equation 

(3.37) [62]. The extracted value of inductance from equation (3.34) is 20.52 pH for the 

switch with central overlap area of 310×90 μm
2
. 

 

 
              

     

        
   

      

 

(3.48) 

C.3. Switch Bandwidth 

 

The switch bandwidth is calculated from the lower and upper operating frequencies with 

some acceptable maximum insertion loss and minimum isolation values. The lower 

bound frequency (  ) is limited by the minimum isolation, whereas upper bound 
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frequency (  ) is limited either by maximum insertion or minimum isolation. A broad 

bandwidth switch with low insertion loss and better isolation thus requires a high 

capacitance ratio. For bandwidth calculation, initial selected specifications i.e. maximum 

insertion loss of 0.3 dB and minimum isolation of 20 dB have been considered. 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Bandwidth of the switch. 

 

It is observed from Fig. 3.15 that device has    = 5 GHz and the upper operating 

frequency    (limited by maximum insertion loss) = 11.8 GHz. This results in a 

bandwidth of 6.8 GHz. As mentioned in the section 3.3.3.C.1.1, an alternate approach 

has been followed for improving the bandwidth of the device.  

 

C.4. Capacitance Ratio 

 

As concluded in the previous two sections, a low up-state capacitance is desired in the 

ON-state for good insertion loss and a high down-state capacitance in the OFF-state to 

achieve better isolation. Thus, the ratio of down-state capacitance to the up-state 

capacitance expresses the RF response and is one of the figures of merit. A high value is 

desirable for good RF response.  

 

 

        
  

   
  

    
 
  

  
 
 

   
   

  
      

 

(3.49) 

 

From the equation (3.49) capacitance ratio can be improved either by decreasing the    

or by increasing the      . Decreasing the dielectric (SiO2) thickness below 100 nm is 

constrained due to the pinhole formation, whereas increasing the initial gap is limited by 
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the pull-in voltage. The option of high-k dielectric material has been explored in the 

section 3.5 for to improve the capacitance ratio and thus the RF response. Further, 

unavoidable surface roughness of the dielectric layer and the bending of the hanging 

structure due to the residual stress will degrade the down-state capacitance [9]. Figure 

3.16 shows the roughness over the dielectric surface. To resolve the above cited issues, 

all the forthcoming capacitive devices have been implemented by incorporating a 

floating metal layer over the dielectric.   

 
 

 

 

 

 

 

 

 

 Figure 3.16: Top surface of the SiO2 showing roughness.  

 

D. Electromechanical Response of the Device 

 

In mechanical response, spring constant of the bridge is determined by doing FEM 

simulation in Coventorware
(R)

. The hanging structure material is gold with Young's 

modulus of 80 GPa. An evenly distributed force of 11.88 μN has been applied to the part 

of the bridge, which is directly above the actuation electrodes and of equal area. This 

force corresponds to a maximum displacement of 2 μm at the center of the bridge.   

 

        

 

      Figure 3.17: Pull-in voltage analysis.                         Figure 3.18: Pull-in time response. 

SiO2  layer 
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The spring constant of 5.94 N/m was extracted from the relation Fz= kzz. Under 

electromechanical simulation, the coupled electro-mechanics physics with trajectory as 

an analysis option was used for extracting the pull-in voltage. The actuation voltage is 

applied through the poly-Si electrodes which are placed 115 μm from the anchor location 

in the device. The switch has pull-in voltage of 12.75 V as shown in Fig. 3.17. Figure 

3.18 shows the simulated pull-in time. The device has a pull-in time of 70 μs.  

 

3.4 Improved Design for Capacitive Shunt Switch 

 
In this section, a shunt capacitive switch has been designed for enhancing the RF and 

electromechanical performance. Figure 3.19 (a) shows the model of the designed switch. 

The switch has maximum isolation in the X-band. The device is based on the floating 

metal concept and has central overlap area of 90×50 µm
2
. A SEM image of the 

fabricated device is shown in the Fig. 3.19 (b).  

 

3.4.1 RF Response 

RF response is the function of the ratio of up-state capacitance to the down-state 

capacitance and a high capacitance ratio is desirable as more down capacitance provides 

good isolation and less capacitance in up-state provides good insertion loss.  

          Figure 3.19:  (a) Model of the switch (b) SEM micrograph of the fabricated device. 

 

A. ON and OFF-state Response  

 

The capacitance in the up-state of the switch is reduced by utilizing the floating metal 

layer [20]. The device with floating metal is having Aup_float = 90×50 μm
2
, whereas 

conventional Aup_con = 310×90 μm
2
. Thus, from equation (3.52) capacitance in the up-

state of the improved device (Cup_improved) is around 6 times less than the capacitance in 

(a) (b) 

x 
y 

z 

Flexure 

Floating metal 
Bridge 
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the up-state of the conventional switch (Cup_Con). The device shows the insertion loss ≈ 

0.1 dB up to 25 GHz compared to 0.75 dB in case of conventional switch as observed 

from the Figs. 3.20 (a) and 3.12 (a).  

 

 

   

 

Return loss is also improved from 33.73-8.96 dB to 48.65-26.28 dB over the frequency 

range 1-25 GHz as shown in the Figs. 3.20 (b) and 3.12 (b). Device has     (calculated) 

= 20.25 fF, whereas     (extracted) = 23.53 fF. In the OFF-state both devices have 

approximately same isolation and return loss characteristics as shown in Fig. 3.21. 

Switch has       (calculated) = 10.04 pF, whereas       (extracted) = 10.38 pF.  

 

B. Bandwidth 

 

For the proposed switch, both the lower bound frequency (  ) isolation and upper bound 

frequency (  ) are limited by minimum isolation. For bandwidth calculation an 

acceptable maximum insertion loss of 0.1 dB and minimum isolation of 20 dB has been 

chosen as compared to 0.3 dB in case of the switch based on conventional approach. It is 

observed from Fig. 3.22 that device has    = 4.80 GHz and the upper operating frequency 

    = 21.10 GHz. This results in a bandwidth of 16.30 GHz. 

                 
  

 
             (3.50) 

            
  

 
              (3.51) 

              

      

 ≈
 

 
 

(3.52) 

(b) 

Figure 3.20: ON-state response of the switch (a) Insertion loss (b) Return loss.  

 

(a) (b) 
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        Figure 3.21: OFF-state response of the switch (a) Isolation (b) Return loss. 

 

 

 

 

 

 

 

 

 

 
 

              Figure 3.22: Bandwidth of the switch. 

 

C. Self-actuation and Stiction due to RF Power 

 

The shunt capacitive RF-MEMS switch can handle certain power (< 1W) in the on and 

OFF-state. If the input power is sufficient to provide a voltage higher or equal to pull-in 

voltage of the device through the central overlap area, then under this condition self-

actuation of switch will occur without any dc bias voltage. The input power 

corresponding to self-actuation can be determined from equations (3.54) and (3.56) as 

follows [36]: 

 

Pin = VRF
2
/ Z0 

 

Pin = Veq
 2
/ Z0 

(3.53) 

(3.54) 

PS1 (Vp1cpw
2
/ Z0)  =  2.67 W 

 

PS2 (Vp2cpw
2
/ Z0)  =  0.63 W 

(3.55) 

(3.56) 

(a) (b) 
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where Pin = input power, PS1, PS2 = self-actuation power in float metal and conventional 

design respectively, Z0 = 50 Ω, VRF = r.m.s value of the RF signal, Veq = equivalent dc 

voltage, Vp1cpw (Pull-in voltage due to central overlap area in float metal switch) = 11.56 

V and Vp2cpw (Pull-in voltage due to central overlap area in conventional switch) = 5.6 V. 

FEM based simulation has been done through Coventorware® to determine the pull-in 

voltage as shown in Fig. 3.23. It can be seen that the float metal device can handle 

around four times more input power without self-actuation. 

 

 

 

 

 

 

 

 

 

          Figure 3.23: Pull-in voltage analysis under central overlap area for both switches. 

 

In down-state, stiction can occur if RF power is sufficient to provide a pull-down force 

which is higher or equal to the spring restoring force. The power needed to hold the 

switch in down-state can be obtained from equations (3.57) and (3.58). The hold down 

power is dependent on frequency unlike the self-actuation power. Thus, lower and higher 

frequencies have been taken from switches bandwidth for obtaining the hold down 

power [36].   

 
                  Ph1 = 27A_aVp1

2
tox

2
 [1 + 9.28f

2
Cdown

2
 Z0

2
] / 8gARF1 Z0 = 10.88 to 204.88 W           (3.57) 

 

                  Ph2 = 27A_aVp2
2
tox

2
 [1 + 9.28f

2
Cdown

2
 Z0

2
] / 8gARF2 Z0 = 2.06 to 10.70 W                (3.58) 

 

where Ph1, Ph2 = hold down the power for float metal and conventional design 

respectively, ARF = RF overlap area, A_a = actuation area ( 110×150 μm
2
), and Vp1,2 

(11.75V, 12.75V) pull-in voltage of the float metal switch and conventional switch 

respectively as shown in Fig. 3.24 (a). For proper functionality of switch input power 

must be less than the minimum of self-actuation power and hold down power. It is found 

that input power should be less than 0.63 W for the conventional switch and 2.67 W for 
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the float metal design.  The input power is increased around four times in the float metal 

device. Another reason for sticition in down-state could be due to the electrostatic force, 

capillary force, hydrogen bonding, and Van der Waal forces. Float metal switch 

alleviates this problem as well, due to a reduction in the magnitude of the theses forces 

[67, 68] caused by central capacitive overlap area compared to the conventional device.  

 

3.4.2 Electromechanical and Dynamic Response 

 

In electromechanical response, pull-in voltage is the parameter of concern. Pull-in 

voltage is dependent on the spring constant of the bridge material, initial gap between 

electrode and movable structures and actuation area. Pull-in voltage of 12.75 V and 

11.75 V has been obtained through FEM simulation in case of conventional and float 

metal switch respectively as shown in Fig. 3.24 (a).   

 

 

 

FEM simulated pull-in time of both switches have been given in Fig. 3.24 (b). Float 

metal switch has less pull-in time as compared to conventional design due to decrease in 

mass through reduced central overlap area.  

 

In summary, the switch with the conventional approach and using the float metal concept 

has been designed and investigated. The considerable improvement in insertion loss has 

been seen as compared to the conventional switch. OFF-state response is approximately 

same in both the devices. In float metal switch bandwidth is increased around 2.5 times 

than that of the conventional switch. Input power is increased around 4 times without self 

bias and hold down problem. The pull-in voltage and switching time has also reduced 

from 12.75 V to 11.75 V and 70 µs to 56.41 µs.  

Figure 3.24 (a) Pull-in voltage analysis of both switches (b) Pull-in time of both switches. 

(a) (b) 



Design Aspects of RF-MEMS Switches 

53 

3.5 High-k Dielectric Material Based Switch 

 

The shunt capacitive switches require higher down-state to up-state capacitance ratio in 

order to have good insertion loss and isolation. The large central overlap area, higher gap 

and materials with high dielectric constant can be used to achieve high Cdown/ Cup ratio. 

However, high insertion loss for the large central area and high pull-in voltage for higher 

gap puts the limit on the available options. Thus, a high-k dielectric option has been 

explored for shunt switch. In the proposed design, interdigitation of signal lines with 

actuation electrodes is considered [69, 70]. The compactness has been achieved further 

by incorporating HfO2 a high-k dielectric material in place of traditionally used SiO2. 

Figure 3.25 shows the model of the switch. Switch is anchored on the ground plane of 

CPW. In OFF-state of switch there is a gap of 2 µm between switch and central 

conductor of CPW. The dimensions used in designing the device are given in Table 3.9. 

 

 
                         

            

 

 

 

 

 

 

 

 

3.5.1 Electromechanical Response  

 

The spring constant for a flexure with guided end is given by the equation (3.14) [60], 

where kz = spring constant in the z direction, E (80 GPa) = Young’s Modulus of the 

beam, W (10 μm) = width of flexure, t (1.5 μm) = thickness of flexure, L (150 μm) = 

length of flexure. As there are four such flexures in parallel so the equivalent spring 

constant of the structure is Kz = 4kz = 3.20 N/m. Figure 3.26 shows the simulated result 

of pull-in voltage for the switch at d = 2.65 µm, 1.65 µm respectively.  

 

 

 

Figure 3.25: Capacitive switch (a) 3-D view (b) Interdigitated portion. 

 

(a) (b) 

x 

y 
z 

Flexure  

    Interdigitated portion  

Bridge 
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Table 3.9: Dimensions of the designed switch. 

 

 

 

 

 

 

 

 

 

 

 

                        Figure 3.26: Pull-in voltage of the switch  

 

 

 

 

 

 

 

 

 

 

              

                 Figure 3.27: Switching time response of switch.  

Dimension 

Length of flexures (L) 

Width of flexures (W) 

Thickness of flexures 

HfO2 thickness (tox) 

Electrostatic Gap (d ) 

Gap between bridge and transmission line (g ) 

Central overlap area for switch 

Actuation area (A_a) 

Value 

150 µm 

10 µm 

1.5 µm 

50 nm 

2.65 µm 

2.0 µm 

140×30  μm
2 

140×100  μm
2 
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Figure 3.27 shows the switching time response for the switch. It is observed that bridge 

spends the majority of time in reaching the d/3 distance. Increasing the electrostatic force 

during this phase can decrease the switching time. This can be done by applying V/Vp 

 ≥1 , where V = supply voltage as shown in the Fig. 3.27. 

 

3.5.2 RF Response 

 

RF-MEMS capacitive switches use mostly SiO2 as a dielectric material. However low 

dielectric constant requires larger overlap area for the same frequency band operation as 

compared to high-k dielectric material. High-k materials that can replace SiO2 are Si3N4, 

Ta2O5, BST, strontium titanate oxide but HfO2 (ɛr = 20) can be good alternate. It can be 

deposited up to 45 nm and has dielectric strength higher than 10 MV/cm. It also shows 

better resistance to dielectric charging and compatible with IC technology [71].   

 

A. ON-state Response 

 

Figure 3.28 shows the ON-state response of the switch. Device shows the insertion loss 

of 0.053-0.077 dB and 25.94-22.74 dB of return loss in X-band shown in the Figs. 3.28 

(a) and 3.28 (b) respecitvely. It is observed that even at g = 1 μm, ON-state response is 

not affected much because of the reduced central overlap area due to high-k dielectric. 

 

 

 

 

 

B. OFF-state Response 

 

Figure 3.29 shows the OFF-state response of the switch. Device shows the isolation of 

39.03-34.02 dB in X-band as shown in the Fig. 3.29 (a) with the optimum value of 52.72 

(a) (b) 

           Figure 3.28: ON-state response of switch (a) Insertion loss (b) Return loss.                                               
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dB at 9 GHz. Figure 3.29 (b) shows the return loss response of the switch during this 

state.  

 

                      

                       

 

 

 

 

 

 

 

 

 

 

                      
                    Figure 3.29: OFF-state response of switch (a) Isolation (b) Return loss.      

                                          

In summary, a shunt capacitive RF-MEMS switch with HfO2 has been investigated. It is 

observed that switch shows significant improvement in RF and electromechanical 

performances with higher compactness as compared to the SiO2 based switch discussed 

in section 3.3. Further the switches with the same dimensions and masks having different 

dielectric materials can be tuned to different frequency bands. The designed switch can 

be a good alternate for the future wireless trans-receivers as compared to the 

conventional RF-MEMS switches. 

  

3.6 Conclusion 

 

The improved closed form expressions for pull-in time by incorporating the gap 

dependency of the electrostatic force has been derived and validated through 3-D FEM 

simulation. The results obtained from new expression differ only by 5 % compared to 3-

D FEM simulated values. It is also observed that material with high value of   ρ provide 

high switching speed. Further, a capacitive switch based on the conventional approach 

has been designed and investigated. The switch response has been compared with a 

device based on a floating metal concept. The considerable improvement in ON-state 

response, bandwidth and input power has been achieved as compared to the conventional 

switch. The OFF-state response is same for both the devices. Further, a compact switch 

with high-k dielectric material (HfO2) has been designed and investigated. Significant 

improvement in RF, electromechanical performance with higher compactness has been 

(a) (b) 
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obtained as compared to the switch with SiO2. The designed switches can be a good 

alternate for the wireless trans-receivers as compared to the conventional RF-MEMS 

switches.  
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Chapter - 4 

 Reconfigurable Multi-band Switches 

 

4.1 Introduction 

 
Switches discussed in chapter-3 doesn't have reconfigurable feature and thus are not 

compatible with multi-band wireless systems. To address this issue, this chapter presents 

the switches which can be used in the reconfigurable RF front-end and hence 

significantly reduce the number of components, hardware complexity, and cost of the 

system. Reconfigurable switches are based on a novel approach. This approach provides 

flexibility of changing the down-state inductance value and therefore the isolation 

optimum value can be tuned to the different frequency bands. The non-uniform 

cantilever structures are used for switch implementation. Further, symmetric and 

asymmetric structures are used on either side of the transmission line. The asymmetric 

structure based capacitive device has been combined with the ohmic switch in order to 

make a broadband device with the capability of shifting the OFF-state optimum value to 

the different bands.  

 

4.2 Interdigitated Multi-band Capacitive Switch  
 

4.2.1 Description of Switch  

 

This section presents a novel capacitive shunt RF-MEMS switch. In the proposed design, 

as shown in the Fig. 4.1 broadside bridge structure is joined with two cantilevers on 

either side has been used to implement the switch. Thus, down-state inductance value 

can be changed by actuating either left, right or both cantilevers to the down-state along 

with the movable bridge structure. This control over the down-state inductance value 

can't be achieved with the conventional capacitive switches [16, 20, 49, 68, 72-76].  

 

 

 

 

 

 

Figure 4.1: Layout of the Switch. 

 

Left cantilever Right cantilever 

Flexure Actuation  

electrode 
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This also brings the multi-band functionality as the optimum isolation can be shifted in 

the different frequency bands. In order to improve the ON-state response, the capacitance 

in the up-state has been reduced through a small capacitor in series with the central 

capacitor. This is the novel way of reducing the up-state capacitance. Further, actuation 

electrodes are interdigitated with the central conductor of CPW in order to reduce the 

area occupied by the switch [70, 77]. Device dimensions are listed in Table 4.1.  

 
Table 4.1: Dimensions of the designed switch. 

 

4.2.2 Working of Switch 

The conventional capacitive switch operates in one of the two states. With up-state of the 

bridge, the device is in the ON-state, whereas down-state corresponds to OFF-state. The 

switch has only one resonant frequency. The device discussed in this section operates in 

four states. Figure 4.2 (a) shows the ON-state as all beams are in the up position.   

Dimension 

Length of  bridge flexures 

Length of left and right cantilever flexures 

Thickness of  all flexures 

Width of bridge flexure 

Width of left cantilever flexure 

Width of right cantilever flexure 

Central overlap area 

Overlap area between ground and left, right cantilever 

Value 

145 µm 

95 µm 

1.5 µm 

10 µm 

30 µm 

15 µm 

310×10 µm
2 

160×15 µm
2
 

Figure 4.2: Cross-sectional view for switch working (a) ON-state (b-d) OFF-state. 

 

 

(b) (a) 

   Right Cantilever 

 
Bridge  Ground 

Interdigitated 

Topology  

 

 

    Actuation Electrode 

 
      Substrate 

 Float metal      Left Cantilever 

 

(c) (d) 
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The signal flows from input port to the output port. OFF-state can be achieved by 

actuating the bridge structure down either with left, right or both cantilevers as shown in 

Figs.4 (b)-(d). The asymmetric structures of cantilever provide three resonant frequencies 

in the down-state. 

 

4.2.3 RF Response 

 

A. ON-state Response 

 

In the ON-state, the switch can be modeled as a capacitor in shunt with the transmission 

line. RF response during this state can be improved by decreasing the up-state 

capacitance. The presented device forms two small additional capacitors as compared to 

the conventional approach based switch. These additional capacitors are connected in 

parallel, whereas their combination is connected in series with the central capacitor. This 

reduces the overall capacitance of the switch. Switch shows insertion loss of 0.02 dB to 

0.11 dB and return loss of 53.04 to 23.67 dB over the frequency range from 1 GHz to 25 

GHz as shown in Fig. 4.3. 

 

    

 

 

 

 

 

 

 

 
 Figure 4.3: ON-state response of the switch. 

 

B. OFF-state Response  

 

Switch shows isolation when either of the cantilever is in down-state along with bridge 

structure. The asymmetric structure on either side of transmission line shifts the isolation 

peaks to the different frequency bands. Figure 4.4 shows the isolation characteristics of 

the device when the bridge is in the down position along with both cantilevers. Isolation 

peak of 40.7 dB has been observed at 21.4 GHz. As resonant frequency is the function of 
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the capacitance and inductance, pulling down the left cantilever with the bridge structure 

shifts the isolation peak to the X-band. A peak value of 34.71 dB has been observed at 

10.4 GHz as shown in Fig. 4.4. As the right cantilever is having less inductance than the 

left, switching it down with bridge shifts the isolation peak to a higher frequency as 

compared to the left cantilever case. Isolation peak of 34.33 dB has been observed at 11 

GHz.   

 

 

 

 

 

 

 

 

 

                                       Figure 4.4: OFF-state response of the switch. 
 

C. Lumped Parameter Extraction 

 

From Fig. 4.3, return loss of 53.04 dB at 1 GHz has been substituted into equation (3.40) 

for calculating the capacitance in up-state [40].  

 

Figure 4.5: Electrical lumped model of the switch (a) Up-state (b-d) Down-state. 

 

(a) (b) 

(c) (d) 
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From Table 4.2, it can be observed that extracted up-state capacitance is higher than the 

calculated value as it includes the fringing field capacitance. Cdown can be extracted at a 

frequency f << fo from the S12 plot when the switch is in the actuated state. From Fig. 

4.4, substituting a value of 0.15 dB at 1 GHz into the equation (3.42) provides a down-

state capacitance of 1.21 pF.  

 
Table 4.2: Extracted values of switch parameters. 

 

 

For inductance calculation, equation (3.34) has been used. Inductance of 193.74 pH, 

173.18 pH and 45.76 pH has been obtained at 10.4 GHz, 11 GHz and 21.4 GHz 

respectively. The switch electrical model has been given in Fig. 4.5 (a)-(d), where Zo = 

characteristic impedance of input and output CPW line, Cup1, Cup2 = capacitance between 

the ground and left and right cantilevers respectively [40, 61]. Resistances of 0.23 Ω, 

0.49 Ω, and 0.47 Ω is extracted at three resonate frequencies, i.e. 21.4 GHz, 11.0 GHz, 

and 10.4 GHz respectively, using equation (3.47). 

 

 

 

 

Parameters Value 

Cup (calculated) 

Cup (extracted) 

Cdown (calculated) 

Cdown ( extracted) 

Cratio (calculated) 

Cratio (extracted) 

R (extracted_all beams down) 

R1 (extracted_ left cantilever down) 

R2 (extracted_ right cantilever down) 

L (all beams down) 

L1 (left cantilever down) 

L2 (right cantilever down) 

8.33 fF 

14.20 fF 

1.10 pF 

1.21 pF 

132 

85 

0.23 Ω 

0.47 Ω 

0.49 Ω 

45.76 pH 

193.74 pH 

173.18 pH 
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D. Switch Bandwidth  
 

It is observed from Fig. 4.6 that upper operating frequency of the switch is limited by 

insertion loss. The switch has fL = 17.8 GHz and fU = 23 GHz. This results in a bandwidth 

of 5.2 GHz in K-band. Figure 4.7 (a) shows the bandwidth for right cantilever down case, 

having fL = 10.1 GHz and fU = 11.8 GHz. In case of left cantilever, fL = 9.6 GHz and       

fU  = 11.2 GHz as shown in Fig. 4.7 (b). The Device has a bandwidth of 2.2 GHz in X-

band.  

 

 

 

 

 

 

 

 

 
 

          Figure 4.6: Bandwidth of switch with all beams to the down-state. 

  

 

 

 

 

Figure 4.8 shows the simulated pull-in analysis for the designed switch. The bridge 

structure has a pull-in voltage of 12.25 V, whereas left and right cantilevers have 7.5 V. 

The same pull-in voltage has been obtained for either cantilever because of the identical 

spring constant. The analytical formula for calculating the spring constant for a non-

uniform cantilever has been derived the next section. Under dynamic response, FEM 

Figure 4.7: Bandwidth of switch with bridge to the down-state with (a) Right cantilever (b) 

Left cantilever. 

 

(a) (b) 
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simulated switching time has been given in Fig. 4.9. Bridge shows a pull-in time of 34.40 

µs on the other hand, both cantilevers have 57 µs.  

 

          

     

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Pull-in voltage analysis of the switch.     Figure 4.9: Switching time of the switch. 

 

In summary, a new type of capacitive shunt RF-MEMS switch has been designed and 

investigated. The switch structure provides variable inductance in the actuated state and 

thus can operate in the X and K  bands.  

 

4.3 Cantilever Based Multi-band Capacitive Switch 

 

4.3.1 Description of Switch  
 

MEMS switches are generally implemented with either bridge type or cantilever type of 

structures. The cantilever type structures are mostly not used for the implementation of 

the capacitive shunt switch. This is imputable to the fact of higher inductance associated 

with the cantilever based structure as compared to a bridge realized by joining two 

cantilevers on either side of the transmission line. Thus, for achieving the isolation peak 

at some desire frequency down-state capacitance contribution is less. On the other hand, 

cantilever structure based switches have low spring constant and hence low pull-in 

voltage. Further, the switch will also have less pull-in and release time as compared to 

the same stiffness bridge based device due the less mass in the cantilever based switch. 

This work presents a novel design which takes the advantages of both types of structures. 

The switch is implemented with cantilever on either side of the transmission line. A 

number of structures have been reported in the literature for the capacitive switches 

having good RF performance in a single band, moderate pull-in voltage, but lags in 

multi-band functionality [16, 20, 49, 68, 72-76]. 
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In the proposed design, down-state inductance value is changed by actuating either or 

both cantilevers to the down-state. This control over the down-state inductance value 

can't be achieved with the conventional capacitive switches. This also brings the multi-

band functionality as the optimum isolation can be shifted in the different bands. Further, 

In order to improve the ON-state response, the capacitance in the up-state has been 

reduced by using a float metal layer over the dielectric layer. This has been achieved 

without affecting the down-state response. Float metal also makes the down-state 

behavior predictable in terms of resonant frequency. The device has low pull-in voltage 

as the switch is implemented with cantilever type of structure on either side of the 

transmission line. In the up-state, free end of the cantilever has an overlap area of 

150×10 μm
2
 with the floating metal layer. The width of the overlap is limited by the 

fabrication constraint i.e. resolution of the lithography. As the cantilevers are in parallel, 

the total overlap area will be 150×20 μm
2
. Figure 4.10 shows the model of the switch. 

Device dimensions are listed in Table 4.3.  

 

 

 

 

 

 

 

 

 

 
Table 4.3: Dimensions of the designed switch. 

Dimension 

Length of  cantilever flexures 

Width of cantilever flexures 

Thickness of all flexures 

Electrostatic Gap (d) 

Gap between transmission line and bridge (g) 

Overlap area between cantilever and transmission line 

Actuation Electrode area (A_a) 

Value 

115 µm 

15 µm 

2 µm 

2.7 µm 

2.0 µm 

150×10 µm
2 

110×150 µm
2 

Figure 4.10: Model of the Switch. 

 

x 

y 

z 

Right cantilever Left cantilever 

Flexure Actuation area 
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4.3.2 Working of Switch 

 

The proposed switch has four different physical states (three different electrical states). 

With both cantilevers in the up position, the signal flows from the input port to the output   

 port and the device is in the ON-state as shown in Fig. 4.11 (a). OFF-state can be 

achieved by actuating the either or both cantilevers to down-state as shown in Figs. 4.11 

(b)-(d). The device shows two resonant frequencies in the OFF-state. 

 

 

 

4.3.3. RF Response 

 

A. ON-state Response 

 

The proposed switch shows insertion loss of 0.01-0.10 dB in the frequency range 1 GHz 

to 25 GHz as shown in Fig. 4.12 (a). Return loss response is shown in the Fig. 4.12 (b).  

 

 

          Figure 4.12: ON-state response of the switches (a) Insertion loss (b) Return loss. 

Figure 4.11: Cross-sectional view for the working of proposed switch (a) ON-state (b-d) OFF-

state. 

 

(a) (b) 

(a) (b) 

(d) (c) 
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B. OFF-state Response 

 

In OFF-state isolation optimum value has been tuned to C and X bands through cantilever 

structures by changing the down-state inductance. The propose device has optimum  

isolation 54.56 dB at 9.8 GHz when both cantilevers are electrostatically actuated to the 

down-state as shown in Fig. 4.13 (a). As resonant frequency is the function of the down-

state capacitance and inductance, pulling down the either cantilever shift the optimum 

isolation to C-band. A maximum isolation of 48.80 dB at 4.5 GHz. The resonant 

frequency has been decreased due to the increase in the down-state inductance value. 

Further, the higher inductance value is also responsible for the narrow OFF-state 

response. As the identical cantilevers are used, the OFF-state response will be same in 

case of either cantilever actuated to the down-state. The Return loss during OFF-state has 

been shown in Fig. 4.13 (b), and is minimum at the resonant frequency. 

 

 

 

4.3.4. Electromechanical Response 

 

A. Spring Constant Modeling 

 

This section presents the analytical model for calculating the spring constant for non-

uniform cantilever type of structure. The side view of the proposed cantilever has been 

shown in the Fig. 4.14. The total Length of the cantilever is L' and 'a' is the length from 

the anchor to the start location of the actuation electrode and 'L' is the extended till the 

end of the actuation electrode. The cantilever is designed such that it is wide above the 

actuation electrode position. This has been done in order to provide the higher actuation 

force with lower spring constant value. Cantilever is of width 'w' from the anchor point 

to the location where actuation electrode starts thereafter width is 'w*y', where y is a 

     Figure 4.13: OFF-state response (a) Isolation (b) Return loss.  

 

(a) (b) 
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constant and is kept y>1 for reducing the pull-in voltage. The beam thickness is 't' and a 

distributed force 'q' is acting per unit length on the wider portion. The spring constant is 

derived using the Euler-Bernoulli theory [55]. 

 

 

 

 

The moment    working at the anchor of the cantilever is given by 

 
 

             
   

 
       

 

  (4.1) 

 

The reaction force acting at the anchor of the cantilever is given by 

 
                  (4.2) 

 

The equation of moment working in the region 0 ≤ x ≤ a  

 
 

            
         

 
      

 

  (4.3) 

 

Inserting the equation
 
(4.3) into the moment-curvature relation [55], we get 

 
 

                
        

 
      

 

  (4.4) 

 

where E = modulus of elasticity, I = wt3/12 = moment of inertia and   = deflection.  

 

 
 

    
 

  
 
        

 
  

         

 
        

 

  (4.5) 

          

Using the boundary condition at x = 0,     , gives      and hence  

 

Figure 4.14: Side view of the non-uniform cantilever with force moment diagram. 

 

x 
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(4.6) 

 

Integrating the above equation w.r.t  'x' again, we get 

 
 

   
 

  
 
        

 
  

          

 
     

 

(4.7) 

 

Using the boundary condition at x = 0,    , gives      and hence  

 
 

   
 

  
 
        

 
  

          

 
  

 

(4.8) 

 

The equation of moment working in the region   ≤ x ≤   

 
 

            
        

 
 

 

 
       

 

(4.9) 

Inserting equation (4.9) into the moment-curvature relation, we get 

 
 

 
                 

        

 
 

 

 
       

 

(4.10) 

 
     

 

   
     

   

 
 

   

 
  

 

(4.11) 

 

By integrating equation
 
(4.11), we get 

 
 

    
 

   
 
    

 
 

    

 
 

   

 
          

 

(4.12) 

 

Using the continuity of the slope at x= a and simplifying we get 

 
 

    
           

 
  

   
 

   

    
      

 

(4.13) 

 

By integrating equation (4.12) again, we get 

 

 
   

 

   
 
    

 
 

     

 
 

   

  
              

 

(4.14) 
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Using the continuity of the deflection at x = a and simplifying we get 

 

 
    

           

    
   

 

 
  

   

    
   

 

  
  

   

    
      

 

(4.15) 

 

For section  ≤ x ≤  ' 

                   (4.16) 

 

By integrating the equation (4.16), we get 

 
                   (4.17) 

 

By integrating the equation (4.16) again, we get 

 
                      (4.18) 

 

From equations (4.17) and (4.18) 

 
 

   
  

   
  

(4.19) 

 
  

  

   
  

  

   
        

(4.20) 

Putting  x = L' in equation (4.20)  

 
 

    
   

    

   
        

(4.21) 

 

and at x = L in equation (4.20)  

 
   

      

   
        

(4.22) 

 

or   

 
                       (4.23) 

 

Putting the value of    in equation (4.21) 

 

 
    

   
            

   
        

(4.24) 

 

Simplifying the equation (4.24), we get 
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(4.25) 

 

From equation (4.17) at  x = L 

 
      

           (4.26) 

 

From equation (4.12) after putting    value and at x = L, we get  

 

 

  
  

    

    
 

           
 
 
 

   
  

   

    
   

(4.27) 

 

 

Substituting the   
  value into the equation (4.26), we get  

 
 

       
        

  
  

             
 
 
 

 
   

(4.28) 

    

   From equation (4.14)  after substituting the value of     and    and at x = L 

 

    
  

    
               

 

    
                     

  
   

   
          

 

 
  

(4.29) 

 

Putting the values of     and    in equation (4.25), we get 

 

 
              

        

  
   

      

  
        

  

 
                

                  
 

  
             

 

(4.30) 

Now 

 
 

   
       

   
 

(4.31) 

Thus 

 

   
     

                                                             
        

 

  

If there are two such beams from the anchor location, then the above expression can be 

modified as given below 
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By putting the values of all the unknown in the equation (4.33) i.e., L' = 285 μm, L = 225 

μm, a = 115 μm, E = 80 GPa and y = 10, gives        N/m. The result obtained from 

the analytical equation (4.33) has also been compared with the FEM simulated value. For 

FEM simulation, an evenly distributed force of 0.96 μN has been applied to the part of 

the cantilever, which is directly above the actuation electrodes and of equal area. This 

corresponds to a maximum displacement of 2 μm at the tip of the cantilever. The spring 

constant of 0.48 N/m was extracted from the relation K (spring constant) = F (force)/ Z 

(maximum displacement), which closely matches with the value calculated from the 

equation (4.33).  

 

B. Pull-in Voltage 

 

Under electromechanical simulation, the actuation voltage is applied through the poly-Si 

electrodes which are placed 115 μm from the anchor location. The cantilevers have pull-

in voltage of 6 V as shown in Fig. 4.15, which agrees within 25 % with the calculated 

pull-in voltage of 4.48 V. The perforations in the hanging structure accounts for the 

difference between the two values. Further, the cantilevers have been designed to achieve 

equal pull-in voltage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure 4.15: Pull-in voltage analysis of the switch. 

 



Reconfigurable Multi-band Switches 

 

73 

B.1. Effect of Residual Stress on Pull-in Voltage 

 

In MEMS technology, thin film movable structures can deform as a result of residual 

stress. The stress in thin films can be divided into two types: extrinsic, such as stresses 

arising from the mismatch in thermal expansion coefficients and intrinsic such as stresses 

from the nucleation and growth of film deposition. In the first order approximation, 

general uniaxial residual stress in a thin film can be given by the equation (4.34) [78], 

where   = coordinate across the thickness ( ) with origin chosen at the film's mid plane, 

    mean stress,     gradient stress, and       = superposition of mean and gradient 

stress.  

 
 

               
 

 
 

       

 

(4.34) 

 

When a cantilever is released by removing the sacrificial layer, hanging structure 

becomes free to deform out-of-plane in the form of bending up or down after the relief 

from gradient stress that existed in the thin film. The mean stress also causes out-of-

plane deformation in the form of tilt or rotation of the structure due to the in-plane 

deformation of the portion of the cantilever which is still bonded with the substrate. 

From the previously reported literatures, mean stress was found to vary between 0 MPa 

to 150 MPa, whereas stress gradient was by order of 4 MPa/μm for electroplated gold 

[79-82]. Stress is tensile in nature. The tilt and bending of the beam structure and their 

effect on the pull-in voltage has been simulated through Coventorware
(R)

 for the range of 

stress given above. The deformed shape of the cantilever with different mean stress is 

shown in Fig. 4.16 (a).  

 

 

Figure 4.16: Deformed shape of cantilever due to (a) Mean stress (b) Gradient Stress.  

(a) (b) 
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A cantilever with a more mean stress has a larger normalized air gap, where wo is the 

deformation along the length of the cantilever. The cantilever is tilted in +z direction due 

the tensile mean stress alone.  The maximum tip deflection has been increased from 0.2 

μm to 0.41 μm as stress is changed from 50 MPa to 150 MPa.  

 

Figure 4.16 (b) shows out of plane deflection of cantilever due the stress gradient acting 

alone. The cantilever has curled up in +z direction. The maximum tip deflection has been 

increased from 0.59 μm to 2.35 μm as stress is changed from 1MPa/μm to 4 MPa/μm. 

Figure 4.17 (a) shows the simulated results for cantilever tip deflection as a function of 

applied voltage subjected to the mean stress. The Pull-in voltage has been increased from 

6 V to 8 V as the residual stress value is changed from 0 MPa to 150 MPa, whereas pull-

in voltage of 10 V has been observed at a stress gradient of 4MPa/μm as shown in Fig. 

4.17 (b).  

 

 

 

              Figure4.17: Pull-in analysis (voltage applied at the actuation pad vs. tip deflection) when the    

             cantilever is subjected to (a) Mean stress (b) Gradient stress.  
 

Figure 4.18: Deformed shape of cantilever 

subjected to mean and gradient stress. 

Figure 4.19: Pull-in analysis of the cantilever 

subjected to mean and gradient stress.  

(a) (b) 
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In practice, deformations of a cantilever based structure subjected to mean and gradient 

stress, have both curling and tilt related deformation. Considering the mean stress of  

150 MPa and a gradient of 4 MPa/μm deformation in the beam has been simulated for 

this extreme case as shown in Fig. 4.18. Further, a pull-in voltage of 11 V has been 

obtained for this case as shown in the Fig. 4.19. 

 

In summary, a new type of capacitive shunt RF-MEMS switch has been investigated. In 

OFF-state, isolation peaks have been shifted in C and X  bands by actuating either or both 

cantilevers to the down-state. Further, considerable reduction in pull-in voltage has been 

obtained as compared to the bridge based structures. Device also shows considerable 

improvement in the ON-state response as compared to the conventional switch presented 

in this thesis.  

 

4.4 Asymmetric Structure Based Capacitive Switch 

 
This section presents a capacitive shunt RF-MEMS switch, where asymmetric structure 

has been used on either side of the transmission line to implement the device. This novel 

structure is used to inductively tune the isolation in C, X and K bands. Figure 4.20 (a) 

shows the model of the designed switch and SEM micrograph of the fabricated device is 

shown in the Fig. 4.20 (b). The switch design parameters are listed in Table 4.4. The 

device can operate in four different states. With both cantilever in the up position, the 

switch is ON and shows insertion loss. OFF-state can be achieved by pulling down the 

left, right or both cantilever in the down position through electrostatic actuation. As the 

left cantilever is having less inductance than the right cantilever, switching it down shift 

the isolation peak to a higher frequency. With all beams are in down position inductance 

becomes even less and shifts the isolation peak to a much higher frequency. 

 

Figure 4.20: (a) Model of the switch (b) SEM micrograph of the fabricated switch. 

x 
y 

z 
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Left cantilever 

Flexure 
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Central overlap area 
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Table 4.4: Dimensions of the designed switch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.1 RF Response 

 

A. ON-state Response 

 

Device shows insertion loss of 0.01 dB-0.10 dB has been observed in the frequency 

range from 1 GHz to 25 GHz as shown in Fig. 4.21. The device shows return loss of 

55.16 dB-26.36 dB in the frequency range from 1 GHz to 25 GHz as shown in Fig. 4.22. 

 

 
        

        Figure 4.21: Insertion loss of switch.                  Figure 4.22: Return loss of the switch. 

 

 

B. OFF-state Response 

 

In addition to reducing the up-state capacitance float metal concept also allows to make 

asymmetric structures on either side of the transmission line and thus isolation peaks can 

be tuned to different bands. Figure 4.23 shows the isolation characteristics the device. A 

peak value of  42.72 dB, 43.98 dB has been observed at 7.3 GHz, 8.7 GHz when right 

Dimension 

Length of left cantilever flexures 

Width of left cantilever flexures 

Length right cantilever flexure 

Width of right cantilever flexure 

Thickness of  all flexures 

Overlap area between cantilevers and transmission line 

(Aup_pro) 

Value 

100 µm 

15 µm 

115 µm 

30  µm 

1.5 µm 

70×50 µm
2
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and left cantilevers are electrostatically actuated in the down-state respectively. As 

resonant frequency is the function of the capacitance and inductance, pulling down the 

both cantilevers shift the isolation peak in K-band. A peak value of 47.50 dB has been 

obtained at 16 GHz.  

 

 

          Figure 4.23: Isolation of the switch.                     Figure 4.24: Return loss of the switch. 

 

Return loss during OFF-state for the device has been shown in Fig. 4.24. Return loss is 

minimum when isolation peak value is observed. In electromechanical response, pull-in 

voltage is determined by doing FEM simulation. The left cantilever has pull-in voltage of 

3.25 V, whereas right cantilever has a 4 V as shown in Fig. 4.25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure 4.25: Pull-in voltage analysis of the switch. 
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The asymmetric structure based capacitive shunt RF-MEMS switch has been proposed 

and investigated. The insertion loss has been improved by utilizing the float metal 

concept. Isolation peaks have been shifted in different bands by varying the down-state 

inductance through asymmetric structures.  

 

4.5 Series Metal-to-Metal Contact Switch 

 
Series MEMS switches are based on the same principle as the simple mechanical moving 

switch. The beam moves mechanically when actuated to close the switch. Switch is 

implemented through a bridge type of structure.  

 

 

 

 

Table 4.5: Dimensions of the designed switch. 

 

A uniform bridge structure requires more pull-in voltage so a non-uniform structure has 

been used to implement the device. Figure 4.26 (a) shows the layout of the switch, 

whereas Fig. 4.26 (b) shows the SEM image of the fabricated switch. Broadside series 

ohmic switch of gold material is based on a 50 Ω CPW. As it is a series ohmic switch the 

Dimension 

Length of  bridge flexures 

Width  of  bridge flexures 

Thickness of  all flexures 

Overlap area between bridge and transmission line 

Central beam area 

Value 

150 µm 

10 µm 

1.5 µm 

90×15µm
2
 

180×130 µm
2
 

x 

y 

z 

Actuation 

Electrode 
Anchor 

Flexure 

(b) 
(a) 

Bridge 

Figure 4.26: (a) Series ohmic RF-MEMS switch (b) SEM micrograph of the fabricated device. 
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input and output RF ports are physically isolated from each other. The switch is therefore 

normally in the OFF-state. Switch is anchored in between the ground planes of CPW. 

The actuation electrode is placed below the central wider beam of bridge structure to 

reduce the pull-in voltage. In OFF-state of switch there is a gap of 2 µm between switch 

and central conductor of CPW. The switch design parameters are listed in Table 4.5. 

 

4.5.1 Electromechanical Design 

 

In mechanical design important parameter is the spring constant of the movable 

structure. The bridge structure here is modeled as four cantilevers with guided ends. The 

spring constant for a guided end cantilever [54, 60] is given by the equation (4.35). 

 
 

  
    

  
      

 

(4.35) 

 

where   = spring constant in the z direction, E (80 GPa) = Young’s modulus of the beam, 

W (10 μm) = width of guided beam, t (1.5μm) = thickness of guided beam, L (150 μm) = 

length of guided beam. The equivalent spring constant of the structure with four beams is 

K = 3.2 N/m. 

 

Under static electromechanical response, Pull-in voltage has been calculated from the 

equation (3.6), where A = 180×80 µm
2
, V = applied voltage and d = 2.7 µm, 2.2 µm and 

1.7 µm. Figure 4.27 shows the simulated result of the pull-in voltage for the switch.  

 

  

 

    Figure 4.27: Pull-in voltage analysis.                           Figure 4.28: Pull-in time analysis. 
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Pull-in voltages calculated from the analytical expression are 12 V, 8.8 V and 5.9 V at 

d = 2.7 µm, 2.2 µm and 1.7 µm respectively. In dynamic response, FEM simulated pull-

in time analysis has been shown in Fig. 4.28. Switch has pull-in time of 39 μs. 

 

4.5.2 RF Response 

 

A. ON-state Response  

 

ON-state S-parameters of the switch i.e. insertion loss and return loss are plotted in Fig. 

4.29. Insertion loss of 0.01-0.05 dB has been observed in the frequency range of 1 GHz 

to 15 GHz as shown in Fig. 4.29 (a). Device shows return loss of 48.02-28.32 dB in the 

frequency range of 1 GHz to 15 GHz as shown in Fig. 4.29 (b).  

 

 

 

 

          
 

Fig. 4.30 OFF-state response of the switch (a) Isolation (b) Return loss. 

 
 

 Figure 4.29: ON-state response of the switch (a) Insertion loss (b) Return loss. 

 

(a) (b) 

(a) (b) 
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B. OFF-state Response 

 

In OFF-state isolation and return loss are plotted in Fig. 4.30. Isolation of 50.52-26.82 

dB has been observed in the frequency range of 1 GHz to 15 GHz at g = 2 μm as shown 

in Fig. 4.30 (a). Further, as 'g' is decreased from 2 μm to 1 μm device isolation becomes 

poor. This has happened due to increase in the up-state capacitance value. Switch return 

loss response has been shown in the Fig. 4.30 (b). 

 

4.6 Series-Shunt Switch  

 
This section presents a series combination of metal-to-metal contact and capacitive RF-

MEMS switches for multi-band wireless applications [83]. However, this approach has 

poor ON-state response because of the combined effect of two switches. We have 

presented an improved design for the series-shunt device. The insertion loss and isolation 

characteristics have been improved through a novel asymmetric structure based 

capacitive RF-MEMS switch [84].  

 

 

A shunt switch with conventional approach is also being designed for comparing the 

performance. Figure 4.31 shows the model of the device with the proposed and 

conventional approach. The switches are based on a 50 Ω CPW line. The overlap area 

between the free end of cantilevers and central conductor of CPW form two capacitors in 

the up-state. In order to realize the multi-band functionality, inductance value has been 

kept different on either side cantilevers through asymmetric structures. The switch 

provides high isolation when the series switch is in the up-state and the shunt switch is in 

the down-state. The switch provides low return loss when the series switch is in the 

Figure 4.31: Series-shunt switch (a) Conventional (b) Proposed. 

 

x 

y z 

Ohmic switch 

capacitive switch 

asymmetric cantilevers 

(a) 
(b) 
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down-state and the shunt switch is in the up-state. The fabrication processes for the two 

switches are compatible. 

 

4.6.1 Working of Device  

 

The configuration based on series ohmic switch cascaded with a conventional capacitive 

switch can work in three different states. With ohmic switch in the down-state and 

capacitive in the up-state corresponds to the ON-state. The device shows isolation in the 

unactuated position. The optimum isolation in the OFF-state is shifted to the C-band by 

actuating the capacitive switch to the down-state. The device with the novel asymmetric 

structure based capacitive switch has two additional OFF-states as compared to the 

conventional design. The extra states are due to the cantilever based structure on the 

either side of the transmission line. 

 

4.6.2 RF Response  

 

A. ON-state Response 

 

Figures 4.32 and 4.33 show the ON-state response of both devices. The considerable 

improvement has been achieved in insertion loss and return loss characteristics as 

compared to the device with conventional approach based capacitive switch. This is due 

to the reduced capacitance value in the up-state of the cantilever based capacitive switch. 

 

 

Equations (4.36) and (4.37) show the overall up-state capacitance value of the 

conventional approach based and proposed switch respectively. Equation (4.38) shows 

that Cup_net_Pro is around 10 times less than the Cup_Con. The insertion loss has also been 

improved as the transmission line length has been reduced by 225 μm in case of 

asymmetric design. Further, this reduction leads to about 17.5 % device area as 

compared to the conventional device. Insertion loss of 0.01-0.35 dB and 0.01-1.64 dB 

have been observed in the case of proposed and conventional devices respectively for the 

          
         

 
             

(4.36) 

                                                      (4.37) 

           

       

 ≈
 

  
 

(4.38) 
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frequency range from dc to 30 GHz as shown in Fig. 4.32. Return loss is below 13.96 dB 

and 6.14 dB for the novel device and conventional design respectively up to 30 GHz as 

shown in Fig. 4.33. 

 

 

 

B. OFF-state Response 

 

Figure 4.34 shows the isolation characteristics of both devices. Isolation peaks of 76.01, 

76.99 dB have been observed at 8.0, 6.9 GHz when left and right cantilever actuated to 

the down-state respectively.  

 

 

 

 

 

As resonant frequency is the function of the capacitance and inductance, pulling down 

the both cantilevers shift the isolation peak in K-band. A peak value of 74.98 dB has 

been observed at 14.6 GHz, whereas conventional device has peak only at 7.3 GHz. 

 

 

Figure 4.32: Insertion loss of the both devices. Figure 4.33: Return loss of the both devices. 

Figure 4.34: Isolation of the series-shunt switch (a) With conventional capacitive switch (b) 

With asymmetric capacitive switch. 

(a) (b) 
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C. Switch Bandwidth 

 

The series-shunt device bandwidth can be calculated from the upper operating frequency. 

The upper frequency (fU) is limited by the maximum insertion loss or by minimum 

isolation. For bandwidth calculation an acceptable maximum insertion loss of 0.4 dB and 

minimum isolation of 30 dB has been chosen.  

 

 

 

 

 

 

 

 

 

 

Figure 4.35: Bandwidth of the device (a) Switches are in unactuated state (b) Ohmic device in 

up-state and capacitive device in down-state. 

 

Figure 4.36: Bandwidth of the device (a) Switches are in unactuated state (b) Ohmic 

switch in up-state and asymmetric capacitive (left cantilever to the down-state) (c) Ohmic 

switch in up-state and asymmetric capacitive (right cantilever to down-state ) (d) Ohmic 

switch in up-state and asymmetric capacitive (both cantilevers to down-state). 

 

 
 

(a) 
(b) 

(a) (b) 

(c) (d) 
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It is observed from the Figs. 4.35 (a) and (b) that upper operating frequency is limited by 

insertion loss. The device with the conventional capacitive switch can operate from dc to 

10.92 GHz. Figure 4.36 (a) shows the bandwidth of the proposed device when both 

switches are in their unactuated state.  The device has the upper cut-off frequency of 11 

GHz. In case of ohmic switch is in up-state and left cantilever is actuated to down-state, 

the device has a bandwidth of 22 GHz as shown in Fig. 4.36 (b). With right cantilever to 

the down-state, device can work till 20 GHz as shown in Fig. 4.36 (c). Finally, with both 

cantilevers to the down-state, the device can operate till 30 GHz as shown in Fig. 4.36 

(d). Thus, the proposed device has around 3 times more bandwidth as compared to the 

conventional design. Figure 4.37 shows the simulated pull-in voltage of the conventional 

capacitive switch, asymmetric capacitive and the ohmic switch. 

 

 

 

 

 

 

 

 

 

The series-shunt switch using a new type of capacitive shunt RF-MEMS switch has been 

designed and investigated. Significant improvement in insertion loss has been observed 

as compared to conventional approach. The resonant peaks during OFF-state response 

are tuned to a different frequency band for achieving frequency reconfigurability. 

Further, a reduction of about 60 % in the pull-in voltage of capacitive switch and 17.5 % 

in device area have also been observed. The device can be used in the frequency range 

from dc to 30 GHz. 

 

4.7 Comparison and Conclusion 

 

Table 4.6 gives a comparison of the switches presented in the chapters 3 and 4 with the 

literature work. All the switches are designed for X-band applications. The devices 

discussed in [16, 74, 76] have a high insertion loss, whereas in [68] has higher pull-in 

Figure 4.37: Pull-in voltage analysis of the switches. 
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voltage. In case of switches discussed in this thesis, the device designed in section 3.3 

have high insertion loss and moderate pull-in voltage. 

 
Table 4.6: Comparison of published SPST RF-MEMS Switches with the thesis work. 

 

S.No RF-MEMS 

Capacitive 

Shunt Switch 

Frequency 

(GHz) 

Isolation 

Optimum 

Value 

(dB) 

Insertion 

Loss (dB) 

Pull-in 

Voltage 

(V) 

Multi-band 

Reconfigurablity 

1 Ref. [16] 10 35 0.25 9.5 No 

 

2 Ref. [74] 10 35 0.2 - No 

 

3 Ref. [68] 9.5 43 ≈ 0.08 20 No 

 

4 Ref. [76] 11 47 0.45 20 No 

 

5. Switch 

[section 3.3] 

10.1 54.24 0.2 12.75 No 

 

6. Switch 

[section 3.4] 

10.1 54.90 0.05 11.75 No 

 

7. Switch 

[section 3.5] 

9 52.72 0.06 @ g 

= 2 μm 

 

0.09 @ g= 

1 μm 

12 @ g = 

2 μm 

 

5.5 @ g= 

1 μm 

 

No 

 

 

 

8. Switch 

[section 4.2] 

10.4 

11 

21.4 

 

34.71 

34.33 

40.67 

0.05 

0.06 

0.09 

Bridge = 

12.25, 

Cantilever 

= 7.5 

Yes 

9. Switch 

[section 4.3] 

9.7 

4.5 

54.56 

48.80 

0.05 

0.03 

6 Yes 

 

 

 

 

10. Switch 

[section 4.4] 

8.7 

7.3 

16 

43.98 

42.72 

47.50 

0.05 

0.04 

0.07 

4 

3.25 

Yes 
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In section 3.4, the device ON-state response has been improved , but pull-in voltage was 

still at higher side (11.75 V). In contrast, for high-k dielectric based design, the pull-in 

voltage has been reduced up to 5.5 V by reducing the initial gap between transmission 

line and hanging structure. But, none of the switches discussed so far have the multi-

band reconfigurablity. In section 4.2, a novel approach has been presented for tuning the 

isolation optimum value to different frequency bands. Switch design involves both i.e. 

bridge and cantilever structures with moderate to low pull-in voltage. The proposed 

device shows the narrow isolation response as higher inductance was involved in the 

design. For improving the isolation response and reducing the pull-in voltage with multi-

band reconfigurablity feature, two designs based on non-uniform cantilever structures 

have been designed and investigated in section 4.3 and 4.4. The designs utilize the 

structural changes of switch (from bridge to cantilever) for reduction of spring constant, 

which results in decrease of pull-in volatge.  
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Chapter - 5 

Realization of RF-MEMS SPDT Switches 

 

5.1 Introduction 

 
Chapters 3 and 4 discussed the various structures for RF-MEMS technology based SPST 

switches. The SPST is the key component of the RF-MEMS technology and serving as 

building block for the more complex sub-systems. This chapter uses MEMS switches to 

implement a SPDT device for wireless systems. The SPDT consists of two shunt 

capacitive RF-MEMS switches. This chapter also discusses multi-band reconfigurable 

SPDT based on shunt capacitive switch.  

 

5.2 SPDT Design 

 

5.2.1 Introduction and Working Principle 

 

As the name suggests, SPDT route signals from one input to two output paths 

selectively. SPDT is used at various places in a wireless communication system such as 

selecting receive or transmit channels in T/R modules, routing the RF signals through 

various filter banks for wideband coverage, switchable antennas and for achieving the 

redundant character for secured space applications [26, 27, 85, 86]. Figure 5.1 shows the 

simplified circuit model to demonstrate the working principle of the SPDT device. All 

the transmission lines are of 50 Ω. The shunt capacitive contact switches have been used 

on the either branch of the output ports. As the capacitive switches present the RF virtual 

short circuit on the central conductor of CPW at the operating frequency in the down-

state, the transmission lines of the output ports branches have an electrical length of λg/4. 

This has been done in order to transfer the RF virtual short circuit to a virtual open 

circuit to the T-junction and to transfer the RF signal from one of the output ports 

selectively [87, 88].  

 

In this thesis, SPDT has been designed using two different types of capacitive switches. 

The first design is based on the conventional capacitive switch, whereas second design 

uses a cantilever structure based capacitive switch.  
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            Figure 5.1: Simplified representation of the SPDT device. 

 

 

5.2.2 SPDT Based on Conventional Capacitive Switch 

 

Figure 5.2 shows the design of SPDT for X-band applications. The SPDT consists of a T-

junction with a switch at each of the output arms. The MEMS switch utilized in the 

SPDT device is based on the non-uniform bridge. This device has already been discussed 

in the section 3.3. The switch is placed a distance of 2953μm from the T-junction which 

corresponds to λg/4 at 10 GHz. For the SPDT working, the switch corresponding to output 

port 1 is assumed in the down-state or the actuated state, whereas switch in the output 

port 2 is in the up-state. This assumption has been followed throughout the study in order 

to avoid confliction.  

 

      

 

 

A. RF Response 

 

The simulated RF response of the SPDT has been shown in the Figs. 5.3-5.5. SPDT 

shows the insertion loss better than 0.5 dB in the frequency range from 10.4 GHz to 12.3 

GHz as shown in the Fig. 5.3.  

 

Switch 1 

Switch 2 

   Port 2 

(Output) 

   Port 3 

(Output) 

  Port 1 

(Input) 

  Transmission line 

   λg/4  section 

   λg/4  section 

Figure 5.2: SPDT based on conventional capacitive switch. 

Input Port 

Output Port 1 Output Port 2 

λg/4 = 2953 μm 

Bridge 
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   Figure 5.3: Insertion loss of X-band SPDT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
     Figure 5.4: Return loss of X-band SPDT. 

 

The plot in the Fig. 5.4 shows the return loss response of the SPDT. Return loss is better 

than 15 dB in the 10.2 GHz to 12.8 GHz. Further, Isolation is better than 20 dB in the 

frequency range from 4.1 GHz to 15 GHz as depicted in the Fig. 5.5.     

 

B. Bandwidth  

 

The SPDT bandwidth is calculated from the lower (fL) and upper (fU) operating 

frequencies with some acceptable maximum insertion loss, minimum isolation and return 

loss values. For bandwidth calculation an acceptable maximum insertion loss of 0.5 dB, 

minimum isolation of 20 dB and 15 dB of return loss has been chosen. The SPDT has fL 

= 10.4 GHz and fU = 12.3 GHz. The lower bound and upper bound frequencies are 

limited by the maximum insertion loss.  
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                                             Figure 5.5: Isolation of X-band SPDT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
     Figure 5.6: Bandwidth of the SPDT. 

 

5.2.3 SPDT Implementation Using Cantilever Based Shunt Capacitive Switch 

 

For improving the ON-state RF response, bridge based capacitive switch has been 

replaced with the cantilever based capacitive switch. Figure 5.7 shows the design of the 

SPDT device using cantilever based switches at each of the output arms. The device 

response has already been covered in the chapter 4. The switches are placed a distance of 

2953 μm as in case of bridge structure based design from the T-junction which 

corresponds to λg/4 at 10 GHz. 
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Figure 5.7: Design of SPDT using cantilever based switch. 

 

A. RF Response 
 

The insertion loss ≤ 0.5 dB has been observed in the frequency range from 7.9 GHz to 

12.3 GHz as shown in the Fig. 5.8. Figure 5.9 shows the return loss response of the 

SPDT. Return loss is better than 15 dB in the frequency range of 8 GHz to 12.5 GHz. 

Further, Isolation is better than 20 dB in the frequency range from 4 GHz to 15 GHz as 

depicted in the Fig. 5.10.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
           Figure 5.8: Insertion loss of SPDT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 5.9: Return loss of SPDT. 
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                  Figure 5.10: Isolation of SPDT.  

 

B. SPDT Bandwidth 
 

The SPDT has fL = 8 GHz and fU = 12.3 GHz, which results in a bandwidth of 4.3 GHz 

in the X-band as shown in the Fig. 5.11. Thus, bandwidth is almost doubled in the 

cantilever based SPDT as compared to the conventional bridge based device. The lower 

bound frequency is limited by return loss, whereas upper bound frequency is limited by 

the maximum insertion loss.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
           Figure 5.11: Bandwidth of SPDT.  

 

C. Effect of Air-Bridge on SPDT Design  

 

The air-bridges are disposed in the vicinity of the CPW T-junction so as to avoid the 

propagation of the undesired modes and to reduce the length of the line as result of 

change the propagation velocity of the signal as shown in Fig. 5.12 [64, 89].  
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                         Figure 5.12: Model of SPDT using cantilever based switch with air-bridge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
     Figure 5.13: Return loss of SPDT with air-bridge. 

 

The width of the air-bridge is set to 20 μm so as to avoid the actuation with the power 

that will pass through the central conductor. The SPDT with air-bridges is around 11 % 

more compact in size as compared to the SPDT without air-bridges.  
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Output Port 1 Output Port 2 

Figure 5.14: Insertion loss of SPDT with air-bridge. 
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              Figure 5.15: Isolation of SPDT with air-bridge. 

 

 

 

 

 

 

 

 

 

 

 

 
 

                Figure 5.16: Bandwidth of SPDT with air-bridge. 

 
A maximum input matching of 25.71 dB is achieved at 9.8 GHz and is less than 15 dB in 

the frequency range from 7.9 GHz to 12.2 GHz as shown in the Fig. 5.13 and the 

insertion loss is less than 0.5 dB in the same range (Fig. 5.14). However, both SPDT 

have the same bandwidth of 4.3 GHz in the X-band as shown in the Figs. 5.11 and 5.16. 

 
5.2.4 Reconfigurable Multi-band SPDT 

 

In this section, a reconfigurable multi-band SPDT has been designed and investigated.  

Figure 5.17 shows the model of SPDT switching device that can work in four different 

frequency bands i.e. S, C, Ku and K. The switches are placed a distance of 6260 μm from 

the T-junction which corresponds to λg/4 at 4.5 GHz with air-bridges. SPDT has two 

different operational states. In state 1, either cantilever of the device corresponding to the 

output port 1 is switched to the down-state, whereas switch in the output port 2 is in the 
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up-state. In this state, SPDT can work at the S and C bands. In state 2, both cantilevers of 

the device corresponding to the output port 1 is switched to the down-state, whereas 

switch in the output port 2 is in the up-state. In this state, SPDT can work at the Ku and K 

bands.  

        Figure 5.17: Model of reconfigurable multi-band SPDT.   

 
A. RF Response  

In state 1, SPDT is designed to work at 4.5 GHz. The SPDT has insertion loss, return 

loss and isolation of 0.49 dB, 21.74 dB and 51.73 dB respectively at 4.5 GHz.  

 

Figure 5.18: Insertion loss of SPDT (a) With either cantilever to the down-state (b) With both 

cantilevers to the down-state. 

 

 

(a) (b) 

Figure 5.19: Return loss of SPDT (a) With either cantilever to the down-state (b) With both 

cantilevers to the down-state. 
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λg/4 = 6260 μm 
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Furthermore, the insertion loss is less than 1 dB at 3-6.2 GHz as shown in the Fig. 5.18 

(a). Figure 5.18 (b) shows the insertion loss response for state 2. The insertion loss ≤ 1 

dB is observed at 12.9-14.6 GHz and 22.9 to 23.2 GHz. The return loss is better than 15 

dB at 3.6-5.4 GHz for state 1 and for state 2 at 12.9-14.5 GHz, 22.2-23.7 GHz as shown 

in the Figs. 5.19 (a) and (b) respectively. The isolation is better than 20 dB at 2.7-7.4 

GHz and 10-25 GHz as depicted in the Figs. 5.20 (a) and (b) respectively.    

 

 
Figure 5.20: Isolation of SPDT (a) With either cantilever to the down-state (b) With both 

cantilevers to the down-state. 

 

B. Bandwidth 

For bandwidth calculation maximum insertion loss of 1 dB, minimum isolation of 20 dB 

and 15 dB of return loss has been chosen. Under state1, the SPDT has fL = 3.6 GHz and 

fU = 5.4 GHz and thus the bandwidth of 1.8 GHz in S and C bands. The lower bound and 

upper bound frequencies are limited by the minimum return loss as shown in the Fig. 

5.21 (a).  

 

 
Figure 5.21: Bandwidth of SPDT (a) With either cantilever to the down-state (b) With both 

cantilevers to the down-state. 

 

(a) (b) 

(a) (b) 
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                  Figure 5.22: Bandwidth of SPDT with both cantilevers to the down-state. 

 

Under state 2, the SPDT can work in Ku and K bands. In Ku-band, the SPDT has fL = 12.9 

GHz and fU = 14.5 GHz and in K-band fL = 22.9 GHz and fU = 23.2 GHz as shown in Fig. 

5.21 (b) and Fig. 5.22 respectively.  

 

5.3 Conclusion 

 
SPDT has been designed using two different types of capacitive switches. The 

considerable improvement in the ON-state response has been seen for the SPDT 

implemented using cantilever structure based switch as compared to conventional 

capacitive switch based SPDT. The bandwidth is also increased around 2 times. Further, 

compactness can be achieved in the SPDT structure with the incorporation of air-bridges 

in the design. A reconfigurable multi-band SPDT has also been designed and 

investigated. The SPDT can work in four different bands i.e. S, C, Ku and K.  
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Chapter - 6 

Fabrication and Measurements  

 
6.1 Introduction 

 
This chapter discusses in detail the process flow for the fabrication of RF-MEMS 

switches. The process flow is based on the steps followed by the CSIR-CEERI, SEM 

Lab, Pilani for switches fabrication [9, 16]. The fabrication steps and materials for the 

RF-MEMS switches are compatible with the standard IC technology. Under 

measurements section, thickness, gap and mechanical resonant frequency have been 

measured for the switch based on asymmetric cantilever structure. 

 

6.2 Fabrication Steps for RF-MEMS Switches 

 
The process flow for the switches fabrication consists of seven mask levels as given 

below: 

 
 Thermal oxidation for isolation layer. 

 Polysilicon deposition and doping.  

 First level lithography to define actuation electrodes in the photoresist and 

polysilicon patterning using reactive ion etching. 

 PECVD silicon oxide deposition. 

 Second level lithography to open contact holes in silicon oxide and its patterning 

using reactive ion etching. 

 Sputter deposition of multi-metal layer stack i.e. Ti/TiN/Al:1%Si/Ti/TiN forms the 

underpass area of the switch. 

 3rd level lithography and wet etching to define underpass area. 

 PECVD silicon dioxide deposition to define the dielectric layer for central overlap 

area. 

 4th level lithography to open via holes in oxide and reactive ion etching for oxide 

patterning. 

 5th level lithography to define the mould for floating metal layer.  
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 Sputter deposition of Cr-Au and lift off of the floating metal layer.  

 6th level lithography to define spacer or sacrificial layer. 

 Sputter deposition of seed layer for electroplating.  

 7th lithography to define the mould for electroplating of the suspended bridge using 

photoresist. 

 Au electroplating (1.5 μm thick). 

 Seed layer etching (wet chemical etching of Au-Cr). 

 Release of suspended beam by plasma ashing. 

 

The major process steps described above have been shown through the schematic 

representation in Fig. 6.1 and described in detail as follows: 

 

 In the present work, all switches are fabricated on a low loss, 2", 5 kΩ-cm, p-

type, Si <100> wafer. A buffer layer of 1μm of SiO2 has been grown using 

thermal oxidation as shown in the Fig. 6.1 (a).   

 

 In  the next step, a polysilicon layer of 0.6 μm is obtained using the low pressure 

chemical vapor deposition process (Figure 6.1 (b)). Since undoped polysilicon 

has low electrical conductivity, polysilicon deposition is followed by phosphorus 

doping to obtain the sheet resistivity of 240 Ω/□. The first lithography at this 

stage defines the actuation electrodes and dc bias lines for the switches. The 

polysilicon dry etching is followed by the resist removal by plasma ashing.  

 

 A layer of 0.3 μm thick SiO2 is deposited by pyrolytic oxidation of 

tetraethylorthosilane (TEOS) using LPCVD. This layer is required in order to 

prevent the electrical short between the metal bridge and actuation electrodes. 

The electrical properties of TEOS oxide such as fixed charges and impurities 

have a strong impact on the reliability of the devices. The presence of impurities 

and fixed charges coupled with high electric fields across the oxide layer may 

result in a drift in the pull-in voltage during the subsequent actuation cycles or 

total device failure. 
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 The contact holes opened in TEOS, by the second lithography connect the 

polysilicon actuation electrodes to multi metal pads which are finally connected 

to the broad and thick gold pads used for probing the devices (Figure 6.1 (c)). 

Reactive ion etching technique is used to open the contact holes in SiO2 layer 

followed by photoresist removal. The next step is to realize the multilayer 

underpass which joins the two portions of the CPW central conductor under the 

hanging structure. 

 

 The multi-layer stacks start with the sputter deposition of Ti (30 nm) and TiN (50 

nm, reactive sputtering). The layers act as adhesion promoter and diffusion 

barrier. In the next step, layers of Al1%Si (450 nm) followed by Ti (30 nm), are 

deposited by sputtering at room temperature. Finally a smooth capping layer of 

TiN (80 nm) is sputter deposited. The next lithography step followed by metal 

dry etch defines the underpass lines and the diffusion barrier (TiN) on the 

polysilicon contacts (Figure 6.1 (d)). 

 

 The insulation layer on the multilayer metal underpass is provided by the LPCVD 

low temperature oxide (LTO, 0.1μm). Via holes which connect Al in the 

multilayer to the gold CPW central conductor are subsequently defined by 

lithography and dry etching (Figure 6.1 (e)). A sufficient over-etch time is 

incorporated into the process in order to ensure the removal of TiN barrier layer 

and exposure of the Al underneath.  

 

 At this stage, the process for devices has an additional layer of metal on top of the 

LTO, which corresponds to the capacitance area of the shunt switches. Another 

lithography and etching step is required to define the floating metal area (Figure 

6.1 (f)). For conventional shunt switches this step is not required.  

 

 The sacrificial layer used for the construction of the suspended metal structure is 

defined in this step using thick positive (3 μm) photoresist (Figure 6.1 (g)). As a 

seed layer for electrochemical Au-deposition, a 10/150 nm thick Cr/Au layer is 

deposited by PVD. 
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            Figure 6.1: Schematic of the major fabrication process flow steps for Capacitive Switch. 

 
 The gold movable structure is realized using electroplating process. The switch is 

electroplated up to a thickness of 1.5 μm. The bridge is defined on a 4 μm thick 

photoresist. At this stage, the 3 μm thick spacer layer is already exists. Though 

the required bridge thickness is only 1.5 μm, thicker resist is used to achieve 

better step coverage over the spacer area. After the wet removal of the 

electroplating mask and the seed layers, the CPW lines and anchor posts for the 

movable structure are defined. Finally, the movable structures are released by 

ashing of the spacer resist with a plasma ashing process. The dry etch release is 

(i) 

(e)    LTO (f) 

(g) (h) Electroplated Gold     Sacrificial layer 

Floating Metal 

(a) (b) 

(c) (d) Multi layer 

metal 

TEOS 

Thermal Oxide 

Si <100>, p type, 5 KΩ-cm Poly Electrodes 
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preferred in order to avoid the sticking of the structures to the wafer surface. The 

whole process consists of about 120-130 steps. 

 

6.3 Measurements 

 
A fabricated capacitive shunt switch based on the asymmetric cantilever structure has 

been tested for physical and mechanical parameters. The switch layout and SEM image 

are shown in Fig. 6.2. Figure 6.3 shows the details of the multimetal underpass and 

floating metal layer.   

 

6.3.1 Thickness and Gap Height Measurements Using 3-D Optical Profiler  

 

Under physical parameters, the thickness of the transmission line and the gap between 

the hanging structure and the transmission line has been measured. Transmission line 

thickness and the gap between cantilever and transmission are measured through 3-D 

optical profiler [90]. Figure 6.4 shows the height difference between the underpass and 

transmission line. As, the point corresponding to x = 344.3 μm, has multimetal stack 

underneath the transmission line, the resulting thickness of the line is approximately 

2.5 μm. Figure 6.5 indicates the gap height of 2.7 μm between the transmission line and 

cantilever tip. The 3-D optical profiler image of the capacitive switch is shown in Fig. 

6.6. The cantilevers show out-of-plane buckling due to the residual stress presents in the 

micro structure. 

 

 Figure 6.2: Capacitive shunt switch fabricated using CSIR-CEERI technology (a) Complete 

layout (b) SEM micrograph of fabricated switch.  

(a) (b) 

Actuation 

Electrode 

Cantilever 
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Figure 6.3: (a) Detailed view of the underpass (b) Floating metal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: 2-D profile and line scan along the transmission line indicating the thickness of 

approximately 2.5 μm. 

 

6.3.2 Mechanical Resonance Frequency Measurement  
 

The RF-MEMS devices are inherently slow as compared to their solid-state counterparts. 

The pull-in time depends on angular resonant frequency, pull-in voltage    ) and supply 

voltage (V) as illustrated by equation (6.1). Equation (6.1) gives the improved expression 

for the pull-in time (   , where we have incorporated the gap dependency of the 

electrostatic force. The expression has been derived in the chapter 3. The release time 

(    also depends on the angular resonant frequency as given in equation (6.2).  

Underpass 

Floating metal 
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Figure 6.5: Optical 2-D profile of switch and line scan along the transmission line including 

cantilever indicating a gap height of approximately 2.7 μm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: 3-D profile Optical profile of Switch.  

 

The mechanical resonance frequency has been measured through Polytec Micro System 

Analyzer (MSA) 500 also called Laser Doppler Vibrometer (LDV) [91].  
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The cantilever with single flexure has been used for measuring the mechanical resonance 

frequency as other side cantilever ground plane has been shorted to the actuation 

electrode due to the poor quality of deposited SiO2.  

 

 

                                 

  

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Measured mechanical resonant frequency of the cantilever. 

 

Figure 6.7 shows the resonance frequency of the first mode. The first harmonic occurs at 

2 kHz. The measured value of resonant frequency has been substituted in the equations 

(6.1) and (6.2) for calculating the pull-in time and release time. The left cantilever has a 

pull-in time of 33.44 ms at V = Vp, and release time of 12.50 ms.  

 

C-V measurements provide the measure of pull-in voltage and capacitance of the switch 

in up-state and down-state. The capacitive switch exhibits low capacitance when the 

hanging structure is not actuated a large capacitance once the device is pulled down onto 

the transmission line by voltage application. The cantilever and transmission line had a 
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short circuit while doing C-V measurement due to the electrical breakdown of SiO2 as 

shown in the Fig. 6.8 and thus C-V measurement had not been done. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 Figure 6.8: Short circuit due to the electrical breakdown of oxide under C-V characteristics. 

 

6.4 Conclusion 
 

The switch fabrication process consisting of seven mask levels has been discussed 

briefly. It is observed that the quality of SiO2 deposited is very critical as it can lead to 

the overall failure of the device. Under measurement section, physical parameters such 

gap between the transmission line and cantilevers, thickness of the transmission line have 

been measured through the 3D optical profile. The actual gap obtained is higher than the 

set value due to the residual stress. This results in higher pull-in voltage. Switch shows 

the mechanical resonant frequency of 2 kHz, which results in a pull-in time of 33.44 ms 

at V = Vp and release time of 12.50 ms. The pull-in time can be decreased further by 

increasing the supply voltage beyond the pull-in voltage.   
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Chapter - 7 

Conclusion and Future work 

 

7.1 Conclusion 

 
RF-MEMS has been identified as the most significant enabling technology in developing 

miniaturized telecommunication systems. RF-MEMS switches are the key components 

in the MEMS based architectures. From the design perspective, RF-MEMS switch 

requires a multidisciplinary approach. In mechanical domain, switches are implemented 

in the form of structures either fixed at one end or both ends and free to move in the 

perpendicular direction. In order to achieve low equivalent spring constant for the 

switches, various shapes of non-uniform cantilevers and bridges based structures have 

been investigated. A closed form analytical expression based on the 1-D model is 

derived to calculate the spring constant for the straight beam flexures based cantilevers 

type structure. The analytically calculated and simulated values agree within 10 %. In 

electromechanical domain, pull-in voltage and switching time have been investigated. A 

case study has also been explored through a common structure used for RF-MEMS 

switches. The switching time dependency on perforations in bridge, the ratio of the 

applied voltage to the pull-in voltage and materials with Young moduli and density 

varying in the range of 70 ≤ E ≤ 200 and 2.7 ≤ ρ ≤ 19.3 have been studied. The force 

balance equations of the 1-D model incorporating the gap dependency of electrostatic 

force have been used for the deriving the improved expression for the pull-in time. 

Further, the expression is also derived when the beam is stopped by transmission line 

before it touches the actuator, generally done to avoid stiction and enhance the reliability 

It is observed that material with high value of   ρ should be used for movable structures 

to reduce the switching time. The results obtained through derived closed form 

expression differ less than 5 % to the 3-D FEM simulations, whereas the previous 

model’s results vary from 10 % to 25 % when applied voltage is swept from Vp to 2Vp.  

 

In electrical domain, switch behavior is determined using the commercial available 

software. This approach lags in building the physical insight of the device and makes it 

necessary to build and study the behavior of the device through its lumped model. Thus, 

the electrical behavior of the capacitive shunt switches is discussed in terms of the 
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lumped 'R', 'L', 'C' model. The devices are implemented in CPW configuration. A brief 

discussion on CPW provides a closed form analytical expression to synthesize CPW 

dimensions. In this thesis, various configurations have been designed and lumped 

electrical model parameters are extracted for capacitive shunt RF-MEMS switches. Their 

design approach and important outcomes are briefly concluded in the next few 

paragraphs.  

 

For device based on the conventional approach, the switch is implemented with a non-

uniform bridge structure with central overlap area of 310×90 μm
2
 in order to have 

maximum isolation in X-band with insertion loss (< 0.3 dB) and pull-in voltage (< 15 V). 

In the improved version, considerable improvement in insertion loss has been seen as 

compared to the conventional switch. OFF-state response is approximately same for both 

the devices. Bandwidth is also increased around 2.5 times than that of the conventional 

switch, whereas input power is increased around 4 times without self bias and hold down 

problems. The pull-in voltage and switching time have also been reduced from 12.75 V 

to 11.75 V and 69.62 μs to 56.41 μs. The effect of using a high-k dielectric material 

(HfO2) on the performance of shunt switches has also been explored. A compact device 

has been designed by interdigitizing the signal line with the actuation electrodes. 

Compactness has been further gained as high-k dielectric material requires less central 

overlap area compared to the low-k dielectric material for same frequency band 

operation. Significant improvement in the RF and electro-mechanical response has been 

achieved as compared to the conventional capacitive switch with SiO2. Further switches 

with the same dimensions and masks having different dielectric material can be tuned to 

different frequency bands. 

 

This thesis also presents novel multi-band reconfigurable shunt switches, where isolation 

optimum value has been tuned to the different frequency bands. A bridge structure 

anchored in between ground planes and attached to two cantilevers on either side has 

been used to implement the switch structure. This structure is used to inductively tune 

the isolation peaks in X and K bands which is not possible with conventional approach. 

The designed switch shows an insertion loss of 0.01 dB to 0.11 dB over the frequency 

range from 1 to 25 GHz. Isolation of 34.71, 34.33, and 40.7 dB has been observed at 

10.4 GHz, 11 GHz and 21.4 GHz when the bridge is electrostatically actuated with either 

left, right or both cantilevers in the down-state respectively. The bridge structure shows a 
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pull-in voltage of 12.25 V and switching time of 34.40 μs, whereas the left and right 

cantilevers have 7.5 V and 57 μs.  

 

For reducing the pull-in voltage and size of the switch a cantilever based design with 

symmetric and asymmetric structures on either side of the transmission line have been 

used to implement the device. With symmetric structure isolation optimum value has 

been tuned to C, X  bands, whereas with asymmetric structures isolation optimum value 

has been tuned to C, X and K bands. We also worked on a combination of metal-to-metal 

contact switch and capacitive switch designed for wideband applications. For 

performance improvement asymmetric cantilever based capacitive shunt switch is used 

and the response has been compared with the conventional shunt device. The proposed 

design shows the insertion loss better than 0.35 dB and return loss below 13.96 dB up to 

30 GHz as compared to 1.64 dB insertion loss and 6.14 dB of return loss with 

conventional switch. Isolation peaks of 75.33, 71.58 and 72.98 dB have been observed at 

8.2, 7.3 and 15.5 GHz when left, right or both cantilevers are electrostatically actuated in 

the down-state respectively, whereas conventional switch has peak only at 7.0 GHz. As 

an application, cantilever based capacitive switch has used to implement the multiple 

throw switching device and response has been compared to the conventional approach 

based SPDT. Significant improvement has been observed in RF performance for SPDT 

implemented using cantilever based capacitive switch.   

 

In summary, this thesis has demonstrated the design and fabrication feasibility of the 

multi-band reconfigurable capacitive shunt RF-MEMS switches with low actuation 

voltage ranging from 3 V to 12 V with the acceptable RF response (insertion loss < 0.1 

dB, isolation > 20 dB) in the frequency range from 5-25 GHz. An ohmic switch has also 

been designed for dc to C-band application. The fabrication process is based on surface 

micro-machining with standard IC fabrication steps. Switch design concept has been 

validated using commercial simulation tools. Capacitive devices are combined with 

ohmic switch in order to implement the wideband switch. SPDT is also implemented 

with capacitive devices. Further, these switches are very likely to find use as MEMS 

varactors, tunable MEMS filters and phase shifters.  
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7.2 Future Work  
 
RF-MEMS switch design involves optimization of various interdependent parameters. 

The change in one parameter typically leads to both favorable and unfavorable effects, 

therefore trade-offs between the design parameters are necessary. In order to achieve the 

most desirable performances, switch dimensions can be optimized using the various 

optimization techniques. MEMS switches are very sensitive to humidity and 

contaminations and therefore, must be packaged using hermetic seals in a dry 

environment. The fabrication process also needs more efforts to improve the overall 

yield. However, general understanding and accessibility of design tools based on multi-

domain approach have been improved over the last few years. Some future works that 

can be explored are as follows: 

 

 Reliability studies of RF-MEMS switches under different temperatures and 

mechanical shocks. 

 

 Multilayer approach to compensate residual stress related deformation may be 

incorporated in the design of cantilever based switches. 

 

 Study and implementation of different packaging methodologies for RF-MEMS 

switches. 

 

 Fabrication of high-k dielectric based (HfO2) based capacitive switches. 

 

 Design of switch matrices and phase shifters using the asymmetric cantilevers 

based capacitive switch as a basic building block.  

 

 Variable capacitor application of tunable switches. 

 

 Study of high speed RF-MEMS switches. 
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