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Chapter 1 
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1.6 The Context and Motivation of Thesis 
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1.8 Aim and objectives 
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1.1 INTRODUCTION 

Recent Advancements in the wireless communication systems utilizes 

miniaturized devices based on Micro – Electro – Mechanical System technology for 

present and future 5G wireless applications. Now a days, RF devices are utilizing the 

frequencies upto 30 GHz and a huge traffic in signal propagation occurs which leads 

to the slow data rate. In other hand, there is a huge spectrum available in the 

millimetre wave frequency range of 30 – 300 GHz. The millimetre wave spectrum is 

attractive for development of smart systems based on 5G technology [1].  

Transmitters, Receivers, Antennas, Filters and Phase Shifters are extensively 

using these RF MEMS switches for better performance and excellent reconfigurable 

characteristics [2]. The reconfigurable antenna integrated with MEMS switches are 

utilized for wide range of applications that serves for present day and future 

communication systems / networks. 

This chapter explains the background associated with RF MEMS switches and 

Reconfigurable antennas with the research gap present in integration with Patch 

antennas. The chapter also outlines the motivation and organization of thesis. 

1.2 OVERVIEW OF MEMS TECHNOLOGY 

Microsystems are generally referred with MEMS acronym where it is 

abbreviated as Micro – Electro – Mechanical System which deals with sub-
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millimeter/micrometer scale devices. MEMS are one of the prominent technologies 

for 21st century which integrates large number of micro components on a chip and 

permits the microsystem for both sensing and controlling the environment. Micro 

means small in size and micro fabricated, electro means suitable to control the 

electrical signals, mechanical means includes the mechanical motion, and systems are 

devices, system controls. In MEMS devices, mechanical movement of structural 

components are always involved in realizing the transduction function between two or 

more physical domains [3].  

 

Figure. 1.1. Basic Components in MEMS Technology.  

1.2.1 Micro Sensor 

MEMS sensor constantly gather data from the environment and pass data for 

processing, it include accelerometers, force sensors, humidity sensors, pressure 

sensors etc. There are different types of micro sensors which are widely used in 

industry. The sensors are mainly built for the sensing purpose to sense the existence 

and the intensity of temperature, chemical, biological and optimal. There are different 

types of sensors like temperature, pressure, force, sound, light, nuclear radiation, 

magnetic flux, and chemical composition. Biomedical sensors and biosensors have 

great demand in the market, the micro sensors are accurate and sensitive in minimal 

amount of sample [4]. The working principle of micro sensor flow is illustrated by 

Figure. 1.2. 

 

Figure. 1.2. MEMS as Micro Sensor. 
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1.2.2  Micro Actuators 

MEMS actuators act as trigger to external device. There are different methods for 

actuating the devices mainly consists of electromechanical, electrostatic, 

piezoelectric, thermal and magnetic. The most popular method is electrostatic in this it 

generates the force by the charges parallel conducting plates or electrodes separately 

by the dielectric and air. The applied voltage is input to the plates for actuating the 

plates which result in electrostatic forces [4]. The functioning of micro actuator is 

depicted in Figure. 1.3. 

 

Figure. 1.3. MEMS as Micro actuators. 

1.2.3 Microstructures 

Microstructure is the very small-scale structure of a material, defined as the 

structure of a prepared surface of material as revealed by an optical microscope above 

25% magnification. The microstructure of a material (such 

as metals, polymers, ceramics or composites) can strongly influence physical 

properties such as strength, toughness, ductility, hardness, corrosion resistance, 

high/low temperature behavior or wear resistance [4].  

 

Figure. 1.4. MEMS as Microstructure. 

1.2.4 Microelectronics 

Microelectronics that receives data from micro sensor ‘brain’ that receives 

processes and make decisions [4]. The figure 1.5 shows the components of 

microelectronics and Microsystems. 
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Figure. 1.5. Components of Microelectronics and Microsystems. 

Integrated Circuit (IC) batch process technique is utilized for fabrication of these 

MEMS devices, which have ability to sense, actuate and control on microscale and 

generates the responses at macroscale [5]. The MEMS devices adopts 

micromachining technology, a sophisticated process which manipulates the silicon or 

other substrates in developing these microstructures. Micromachining is a batch 

process which fabricates dozen to thousands number of identical elements or devices 

simultaneously on single wafer. Wafer processing, Deposition, Etching, Lithography 

are the four main basic steps involved in development of micromechanical structures. 

The basic steps involved in the micromachining process is presented in the Figure.1.6. 

Among them, the lithography is a significant process to develop delineation of 

accurate and specified patterns of miniaturized structures.  

 

Figure. 1.6. Basic Fabrication steps in micromachining process. 
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1.3 OVERVIEW OF RF MEMS TECHNOLOGY 

Today’s electronic communication systems are presenting more functionalities 

which consequently make the electronics architectures bulky, more complex and more 

energy consuming. Despite these complexities, the devices need to be small enough to 

fit into the pocket and have to consume very small amount of energy in order to 

guarantee an optimal battery life. This need is also present in Defense applications: 

the tactical radios have to do a lot of things but need to be small enough to fit in the 

soldier's backpack and have a reasonable battery life to ensure connection on the 

battlefield. In the Space domain: the telecommunication satellites have to be 

multifunctional in a small volume to reduce the payload and costs [6]. 

Therefore, RF MEMS is a breakthrough technology which allows engineers to 

realize RF systems that are consuming less energy and which are either more 

performing or less bulky. RF MEMS is an acronym of Radio Frequency 

Microelectromechanical system with electronic components constitutes of micro sized 

moving parts that provides radio frequency functionality.  Besides RF MEMS 

technology, III-V compound semiconductor (GaAs, GaN, InP, InSb), ferrite, 

ferroelectric, silicon-based semiconductor (RF CMOS, SiC and SiGe), and vacuum 

tube technology are available to the RF designer. RF MEMS technology can reach 

extremely good performances over a wide frequency band compared to 

semiconductor devices [7]. This advantage allows engineers to rethink electronic 

architectures and upgrade performance or reduce the size of their devices. It is a 

breakthrough technology since it provides: 

(a) Very good isolation and very low losses over a 40 GHz wide band and more. 

(b) No power consumption. It is a real advantage over current solutions to reduce 

power consumption on portable devices in order to increase battery life or 

decrease battery volume. 

(c) Excellent linearity. Multi-tone signals can be applied to the device over a wide 

band without any distortion. Third order Interception Point (IP3) is typically 

better than 65 dB, outcompeting todays state of the art semiconductor 

performance. 
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RF MEMS devices possess extremely high-performance characteristics at radio 

frequencies when compared to the conventional semiconductor devices. These are 

broadly classified into three types based on the presence of MEMS component in RF 

circuits [8], they are:  

RF extrinsic devices: where the MEMS components present outside the RF circuits 

and controls the actuation mechanism & RF functionality of devices which are 

present inside the RF circuits. 

RF intrinsic devices: where the MEMS components present inside the RF circuit to 

control the actuation mechanism & RF functionality of devices which are present 

inside the RF circuits. 

RF reactive: Both MEMS components and RF circuits have coupled each other for 

RF functionality. 

Now – a – days, RF MEMS devices have been employed for tremendous modern 

5G mobile communication systems, Internet of Things (IoT), Millimeterwave therapy, 

automotive, military, aerospace, medical, telecommunications and industrial 

applications [9].  

 

Figure. 1.7. Applications of RF MEMS Technology.  
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Over the past five years, the emphasis on RF MEMS technology has shifted to 

system integration and reconfigurability in output functional characteristics. Many 

researchers, academicians and industries have developed RF MEMS devices such as 

RF MEMS switches, tunable capacitors and tunable inductors. Among them, RF 

MEMS switches have been identified as a significant primitive device in many of the 

reconfigurable devices (tunable Phase shifters, tunable filters and tunable antennas) 

and reconfigurable RF circuits [10]. 

    

                    (a)          (b)                                            (c)  

  

   (d)     (e) 

Figure. 1.8. RF MEMS Devices (a) RF MEMS Switches (b) Voltage tunable 

capacitors (c) High quality integrated inductors, (d) Reconfigurable filters  

(e) Reconfigurable antennas. 

1.4 RF MEMS SWITCHES 

RF MEMS switch is also named as microwave switch where it is used to 

propagate high frequency signals through transmission lines and used for signal 

routing between the RF circuits and RF devices. RF MEMS shunt switches are the 

emerging devices in the present and future communication applications. Reliability of 

these switches plays a crucial role to outperform the other microwave switching 
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technologies. Development of RF MEMS switches has been seriously under way 

since 1995 by several researchers and industrialists. The application of RF MEMS has 

already proven to provide revolutionary (rather than evolutionary) improvements in 

electronic switching performance for phase shifters, filters and reconfigurable 

antennas at microwave and millimeterwave frequencies [11]. RF MEMS switches are 

better when compared with traditional FETs and PIN diodes in many applications. 

The conventional Switches weakens the RF characteristics of the device and can be 

overcome by proposing RF MEMS switches [12]. 

Table. 1.1. Comparison of RF MEMS Switch with Semiconductor switches [12]. 

Parameter RF MEMS PIN FET 

Output Response Linear Non - Linear Non - Linear 

Power Dissipation 

Low Power 

Dissipation 

(µW) 

High Power 

Dissipation (mW) 

High Power 

Dissipation (mW) 

Latching 

No Latching is 

formed  in the 

circuit 

Latches will form 

due to parasitises 

Latches will form 

due to parasitises 

Leakage Currents Very Low High Medium 

Noise Effect Low High High 

Voltage [V] 20 – 100 3 – 5 3 – 5 

Power Consumption [mW] 0.05 – 0.1 5 – 100 0.05 – 0.1 

Switching Time 1 – 200µs 1 – 100ns 1 – 100ns 

Capacitance Ratio 40 – 500 10 -- 

Isolation (1 - 10 GHz) Very high High Medium 

Isolation (10 - 40 GHz) Very high Medium Low 

Isolation (60 - 100 GHz) High Medium --- 

Insertion Loss (1 - 100 GHz) [dB] 0.05 – 0.2 0.3 – 1.2 0.4 – 2.5 

Despite these advantages, the RF MEMS switches confronts major design 

challenges such as High pull – in – Voltage, slow switching time, low life cycles, 

stiction problems, intermodulation distortion effects and difficulties in membrane 

releasing process and High packaging cost etc. Broad exploration in the aspects of 

switch design have been in advancement from 10 years for limiting these issues. 

1.4.1 Classification of RF MEMS Switches 

RF MEMS switches are broadly classified based on actuation mechanism, 

movement (axis of deflection), contact type and circuit configuration coupled with 

input RF signal [13]. 
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Figure. 1.9. Classification of RF MEMS Switches. 

1.4.1.1 Based on Actuation Mechanism 

RF MEMS switches are micro – scale mechanical devices having two stable 

states (onstate and offstate). These switches are employed in the transmissional lines 

to regulate RF signal propagation from input to output terminal depending upon their 

mode of operation. In onstate, the RF signal is transmitted to output terminal whereas 

the RF MEMS switch blocks the propagation in offstate. Transition between these 

states is achieved through mechanical movement of a suspended structure which can 

be essentially a cantilever beam structure fixed at one end or bridge type structures 

fixed at both ends. This mechanical deflection of suspended structures is 

accomplished by different actuation mechanism such as piezoelectric [14], 

electrothermal [15] and electromagnetic actuation [16] and electrostatic [17]. Among 

these actuation techniques electrostatic actuation is proven to be good in the aspect of 

low power consumption. 

 

Figure. 1.10. Piezoelectric RF MEMS Switch. 
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Figure. 1.11. Electrothermal RF MEMS Switch. 

 

Figure. 1.12. Electromagnetic RF MEMS Switch. 

 

Figure. 1.13. Electrostatic RF MEMS Switch. 
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1.4.1.2 Based on Movement 

Most of the RF MEMS switches are designed with 1 – Degree of freedom (DoF) 

based on the standard electrostatic actuation technique. The mechanical movement of 

the suspended structure (beam) [18 – 19] mainly constitutes of vertical and lateral 

deflections. The actuation electrodes are present below the suspended structure to 

deflect it vertically downwards as shown in Figure. 1.14. Hence this type of deflection 

is called out – of – plane deflection whereas in lateral deflection type switches, these 

biasing electrodes will present on the same plane of suspended structure giving rise to 

in – plane deflection as shown in Figure. 1.15. Among the two deflection types, lateral 

deflection type switches occupies more area and bulk in size such that it cannot 

effectively utilized in system integration. Whereas the vertical deflection type are easy 

to realize with small area and can be utilized effectively in system integration to place 

between RF devices or circuits. 

 

Figure. 1.14 Vertical Deflection type RF MEMS Switch. 

 

Figure. 1.15. Lateral deflection type RF MEMS Switch. 
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1.4.1.3 Based on Contact  

There are two types of contact achievements in RF MEMS switches: a) metal – to 

– metal contact type which establishes a physical contact between suspended structure 

and transmission line; b) capacitive coupled RF MEMS switch that contains 

capacitance developed between suspended structure and lower electrode [18 – 19]. 

Generally, metal – to – metal contact type switches are of cantilever type which 

establishes an ohmic contact when suspended structured membrane or beam is pulled 

down by electrostatic force generated by lower electrodes. This provides minimal 

insertion loss during RF signal transmission enabling onstate of switch. when 

suspended structure membrane or beam is not actuated by lower electrodes, it 

provides high isolation between input and output terminals enabling offstate of 

switch. This type of switches maintain minimum contact resistance and low parasitic 

capacitances such that these are suitable for low frequency applications ranging upto 

10 GHz. 

 

Figure. 1.16. Metal – to – Metal contact type RF MEMS Switch. 

The capacitive coupled switches are generally bridge type structures where the 

suspended structure membrane or beam anchored at both ends. The lower electrodes 

are initially not supplied with any DC voltage and makes the membrane or beam 

(upper electrode) to suspend over RF transmission line with an air gap present 

between them. At this stage no capacitive coupling occurs and the RF signal is 

propagated through transmission line enabling onstate of switch. When the DC 

voltage is supplied to lower electrodes the suspended structure membrane or beam 

gets deflected towards lower electrode giving rise capacitance coupling between 

them. The capacitance offers high impedance for transmission of RF signal in 
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transmission line enabling offstate of switch. The capacitance ratio between offstate to 

onstate is called capacitance ratio which is often term as Figure – of – Merit of RF 

MEMS switches.     

 

Figure. 1.17. Capacitive contact type RF MEMS Switch. 

1.4.1.4 Based on Configuration 

RF MEMS switches are classified into Series, Shunt and Series – Shunt types 

based on the capacitance configuration with transmission line [18 – 19]. In Series 

switches the capacitance is in series with the transmission line as shown in Figure. 

1.17 and offers high impedance for RF signal propagation enabling open state of 

switch. Later, when it is actuated to downstate by applying DC voltage, the 

capacitance vanishes and forms a pure resistive path which propagates RF signal 

enabling closed state of switch.   

 

Figure. 1.18. Series configuration RF MEMS Switch. 
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The shunt configured RF MEMS switch are mostly capacitance coupled type 

which are mainly realized by bridge type structures. The capacitance 

developed in these switches is in parallel with transmission line and the total 

impedance developed by the switch is given as  

Cj
LjRZ SS




1
++=              (1.1) 

 

Figure. 1.19. Lumped Model of Shunt type RF MEMS Switch. 

Initially, when no DC voltage is applied to suspended structure membrane or 

beam, the shunt type switch is in upstate with small capacitance values and provides 

low insertion losses for RF signal propagation. When DC voltage is applied, the 

suspended structure beam is actuated and increases the capacitance which provides 

high isolation and does not propagates RF signal to output terminal. 

In series – shunt configuration RF MEMS switches, both series and shunt models 

are employed on a single transmission line where it provides very high isolation 

during offstate. In these type switches, the shunt and series models are alternatively 

actuated to regulate the RF signal propagation.   

 

Figure. 1.20. Schematic of Series – shunt type RF MEMS Switch. 
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1.4.2 Performance Parameters of RF MEMS Switch 

The performance of electrostatic shunt type capacitive RF MEMS switches 

depends on various mechanical, electrical and electromagnetic parameters [19] and 

these are illustrated as follows: 

1.4.2.1 Spring Constant  

The mechanical structure of RF MEMS switch is realized by using Hooke’s law 

mass – spring – damper system where, the stiffness of the suspended structure is 

termed as spring constant. It is obtained by analyzing beam displacement w.r.t 

electrostatic force which can be given as 

𝐾 =  
𝐹

𝛿
      (1.2) 

Where K is spring constant, F is force generated by on the suspended structure 

and δ is the displacement proportional to F. 

1.4.2.2 Pull – in – Voltage 

The pull-in voltage of electrostatic RF MEMS shunt switch is defined as – 

“Amount of voltage required to displace the suspended beam or membrane to its 1/3rd 

of the airgap “. It can be calculated by using  

38

27
P

Kg
V

A 
= Volts    (1.3) 

Where, g is a gap between the suspended beam and lower electrodes, ε0 is 

permittivity of free space, A is actuation area. 

1.4.2.3 Onstate Capacitance (CON) 

The onstate capacitance of switch is developed by overlapping area formed 

between the suspended beam and RF signal line. At this state, the lower electrodes are 

not supplied with any DC voltage whereas the RF signal line is supplied with small 

RF voltage in terms of milliwatts. Hence, potential difference exists across suspended 

membrane or beam and RF signal line which give onstate capacitance in terms of 

femtofarads and it can be expressed as:  
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+
 fF      (1.4) 

Where, Cup – upstate capacitance; ε0 – permittivity of free space; Ws: width of 

signal line; wb: width of suspended membrane, ga: air gap; td: dielectric thickness and 

εr: relative permittivity of the dielectric medium. 

1.4.2.4 Offstate Capacitance (COFF) 

When DC voltage is applied on lower electrodes, the suspended beam or 

membrane gets deflected by vanishing airgap. This develops the capacitance between 

suspended membrane and lower electrodes in terms of picofarads and is expressed as: 

r ov
OFF

d

A
C

t

 
=   pF      (1.5) 

1.4.2.5 Capacitance Ratio ( ratioC ) 

The capacitance ratio is termed as Figure – of – Merit (FoM) of RF MEMS 

switches and is obtained as: 

OFF
ratio

ON

C
C

C
=      (1.4) 

1.4.2.6 Mechanical Resonant Frequency 

The mechanical resonant frequency is the natural frequency possessed by the 

suspended structure membrane or beam. It is used to realize the switching and release 

time of switch during actuation. It is expressed as:  

0

1

2

K

m
 =


     (1.5) 

1.4.2.7 Switching Time  

The switching time of RF MEMS switch is defined as – “minimum time taken by 

switch to change its state from onstate to offstate”. It is mainly depends on 

mechanical resonant frequency, pull – in – voltage and actuation voltage and is 

expressed as:   

0

3.67 p

s

s

V
T

V 
=      (1.6) 

Where VP -pull-in voltage, Vs-supply voltage, Vs = 1.4Vpi, 0 - Resonant frequency. 
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1.4.2.8 Quality Factor 

Quality factor is an important parameter to assess RF MEMS switches in the 

aspects of switching time and restoring time. Generally, for RF MEMS switches it 

should be in between 1 – 2. The switches with Q<1 suffers from slow switching time 

and with Q>2 suffers from slow restoring time. It can be evaluated as:  

02

K
Q

f b
=      (1.7) 

Where, K: spring constant, f0: Resonant frequency, b: damping ratio. 

 

1.4.2.9 Return Loss 

Return loss of the switch occurs due to impedance mismatch at ports when the 

switch is in transmission mode (onstate). It defined as – “amount of power (in 

decibels) reflected back to the same input terminal during signal transmission in 

switch at onstate”. It is evaluated by measuring reflection coefficient in S – 

parameters which be less than -10 dB for effective propagation of RF signal. 

1.4.2.10 Insertion Loss 

Insertion loss is a transmission loss which occurs due to resistive contacts and 

low dielectric material properties of switch. It is defined as – “amount of power loss 

occurred at output port w.r.t to the input power when switch is in transmission mode”. 

It is evaluated by measuring transmission coefficient in S – parameters which should 

be less than 1dB for effective signal propagation. 

1.4.2.11 Isolation 

Isolation describes the potentiality of RF MEMS switch that prevents 

transmission of RF signal from input port to output port. I is defined as – “amount of 

power generated at the output terminal when switch is in offstate”. It is evaluated by 

measuring transmission coefficient in S – parameters which should be less than -10 

dB for effective signal suppression. 
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1.5 RECONFIGURABLE ANTENNA TECHONLOGY 

In today’s evolutionary world, the rapid growth of wireless communication 

systems and demand for integration of multiple wireless standards urges the 

development of reconfigurable antenna for establishment of communication between 

the devices or networks without increasing the size of the system. The traditional 

wireless system contains antenna which cannot alter their functionality based upon the 

application requirement and involves large number of antenna elements for 

multifunctionality character. This makes the system bulky by increasing the total 

count of components on a single platform. As the present and future generations are 

moving ahead for miniaturization, the use of traditional single configuration antennas 

is a major disadvantage and can be overcome by proposing single reconfigurable 

antennas having multiple configurations [20]. 

Reconfigurable antennas are capable of modifying their functionality based upon 

the operating requirements of application systems. These can be able to generate 

multiple radiation patterns and polarizations at various frequencies and vice versa. A 

single reconfigurable antenna can replace large number of single functional antennas 

and provides same functionality as that given by multiple antennas having single 

functionality. Based on the operational properties adjustment, the reconfigurable 

antennas are broadly classified [21] as follows: 

• Frequency reconfigurable antennas 

• Radiation pattern reconfigurable antennas 

• Polarization reconfigurable antennas 

• Compound reconfigurable antennas. 

Among the different reconfigurable antennas, Frequency reconfigurable 

antennas used for wide range of microwave and millimeter wave applications such as 

5G, Advanced driver autonomous system (ADAS), Wireless LANs, Radar and 

Satellite communications [22]. Frequency reconfigurable antennas (FRAs) 

dynamically alters its operating frequency based upon the requirement over wide 

range frequencies with smooth tuning. This tuning in frequency is fulfilled by 

modifying the antenna radiating elements [23] which can be achieved by 
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• By altering the shape of the antenna mechanically 

• By changing the materials 

• By changing the electrical current path in antenna with integration of 

switches between the radiating elements. 

Among these reconfiguration techniques, altering the shape of the antenna and 

changing the materials involves hectic process to optimize the desired shape, 

dimensions, and materials according to the frequency of desired applications. Hence, 

reconfiguration in frequency of antenna electronically is an easy process achieved by 

integration of switches between the antenna radiating elements (patches). The shifting 

between the frequencies is carried out by altering its radiating wavelength by using 

switching elements such as PIN diodes, FETs and RF MEMS switches. Among them 

RF MEMS switches are efficiently used due to their low power consumption, good 

RF performance characteristics and miniaturization [24]. 

1.6 THE CONTEXT AND MOTIVATION OF THESIS 

Recent Advancements in the wireless communication systems utilizes 

miniaturized devices based on Micro – Electro – Mechanical System technology 

which are the best alternatives to become a part of present and future 5G wireless 

applications. Now a days, RF devices are utilizing the frequencies upto 30 GHz and a 

huge traffic in propagation occurs which leads to the slow data rate. In other hand, 

there is a huge spectrum available in the millimetre wave frequency range of 30 – 300 

GHz. The millimetre wave spectrum is attractive for development of smart systems 

based on 5G technology [25]. 

RF MEMS devices can be successfully employed in the future communication 

systems which overcomes issues related with semiconductor technological devices 

such as leakage current and noise effects. Especially, RF MEMS switches and MEMS 

antennas plays a significant role in every system for signal routing as well as signal 

propagation between multiple devices. The commercialization of these RF devices is 

established a total annual growth incremented from $ 15B to $ 35B with +14% 

increment in CAGR from 2017 to 2023. RF MEMS switches contribution in total 

annual growth in 2023 is predicted to be $ 3B with +15% CAGR whereas the antenna 

contribution is predicted to be $ 1B with +15% CAGR.  
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By observing the Yole’s development chart, it is clearly projected that future 

communication systems highly depends on these RF front – end modules for noise 

free rapid communication establishment.  

 

Figure. 1.21. Yole’s market forecast chart on RF Modules from 2017 – 2023 [26]. 

Yole forecasts the MEMS market for RF and other devices over a period from 

2017 to 2023. A total of +17% CAGR is observed for RF MEMS devices when 

compared to other MEMS devices with a total amount of $ 16B. 

 

 

Figure. 1.22. Yole’s market forecast chart on RF MEMS switches [27]. 
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The major applications of reconfigurable antennas and RF MEMS switches and 

market forecast on future communication systems have motivated to carry out this 

thesis work on “Design, Modelling, Fabrication & Characterization of RF MEMS 

Switch integrated with Micropatch Antenna for Frequency Reconfigurable 

Millimeterwave Applications”.    

1.7 STATEMENT OF THE PROBLEM 

The major research challenges occurs while carrying out the thesis work are: 

• Development of RF MEMS switch at high millimeterwave frequencies: As 

RF MEMS switches provides a large bandwidth over RF frequencies, designing 

and fixing the dimension of switch at particular resonant frequency to achieve 

high RF performance characteristics is a major challenge. Proposing a model to 

optimize the switch dimensions can serve to design switch at desired frequency.  

• High Pull – in – Voltage of electrostatics RF MEMS switches: An extensive 

research has been carrying out to lower the pull-in-voltage of these switches so 

that they can be accommodated in portable wireless devices with low power 

consumption. Proposing a low spring stiffness meanders to suspend the beam 

lowers the pull-in-voltage and supports for linear deflection during actuation. 

• Improving RF performance characteristics: RF MEMS switches possess good 

performance characteristics at high RF frequencies but still insertion losses can 

be further reduced to avoid noise effects and isolation in offstate can be increase 

to avoid leakage effects in RF MEMS switches. 

• Monolithic integration of Antenna and RF MEMS switch: Difficulties in 

integration of antenna in millimeters (mm) with RF MEMS switch in 

micrometers (µm) arises due to their incompatible dimensions. Proposing a 

common feeding technique (50Ω) without having impedance matching circuitry 

can overcome these integration problems.  

• Difficulties in Fabrication: Fabrication of these type of switches and integrated 

antennas is sophisticated process in the aspects releasing the suspended 

membrane associated with the meanders, stiction problems and buckling effects. 

These can be avoided by implementing CPD technique during fabrication. 
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1.8 AIM AND OBJECTIVES 

The main aim of the thesis is to develop an electrostatic low actuation switches with 

main emphasis on the pull-in voltage and RF responses. Later, the proposed switch is 

monolithically integrated on micropatch antenna to achieve reconfigurability in the 

radiating frequency over millimeter wave frequency range. 

1. To design and optimize the novel electrostatic shunt switch based on Multiphysics 

co – simulations at millimeter wave frequencies (desired frequency). 

2. To design, simulate and analyze the proposed structured RF MEMS capacitive 

shunt switch and integration on micropatch antenna at millimeter wave 

frequencies. 

3. To propose a novel capacitance model including Parasitic Capacitance of Switch 

and comparison with the benchmark models. 

4. To fabricate the proposed RF MEMS switch integrated on Micropatch Antenna 

and measuring the characteristics. 

1.9 THESIS ORGANIZATION 

This thesis is mainly focused on design, optimization, simulation, modelling, 

fabrication and characterization of RF MEMS capacitive shunt switch with iterative 

serpentine meandering technique for low actuation voltage. The chapters discussed in 

this thesis are as follows: 

Chapter 1 illustrates the introduction of RF MEMS switches, its advantages and 

design challenges in integration with antenna. 

Chapter 2 reviews the research background and literature survey on different 

methodologies implemented to overcome design challenges including state of art of 

RF MEMS switches and reconfigurable antennas. 

Chapter 3 describes the novel optimization model of shunt switch based on RF signal 

transmission frequency. The optimization is carried out using multiphysics co – 

simulation where electromechanics and electromagnetic analysis has been 

implemented. The parametric analysis has been performed to optimize thickness of 

each layer and iterative meander is introduced to reduce the pull-in-voltage of the 

proposed switch. 

Chapter 4 illustrates the two type of iterative meander switch designs: Switch – A: 

without having perforation in the membrane; Switch – B: having perforations in the 
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suspended membrane. The two structures are simulated using FEM tools (COMSOL 

& HFSS) to understand the performance characteristics. 

Chapter 5 presents the development of new analytical formula for capacitance 

induced between the electrodes in which the ligament efficiency parameter contained 

in it. The formula is based on parallel plate and fringing field and parasitic 

capacitances. The contribution of each capacitance component in total capacitance is 

analyzed to identify the dominant capacitance component. The error percentage 

analysis is carried with the help of simulation results and the obtained analytical 

results of proposed empirical model are compared with benchmark models for 

validation. 

Chapter 6 discusses the detailed fabrication process involved in developing proposed 

iterative meander structured switch integrated with antenna using clean room 

technology. The fabricated switch and antenna are underwent for electrical and 

electromagnetic characterization to observe their performance at high frequencies. 
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2.1 INTRODUCTION 

The future generations of wireless communication systems are being driven by 

convergence of three technologies: Microelectromechanical systems (MEMS), Digital 

circuits and explosive rapid communication services. MEMS is an evolutionary 

technology that produce miniaturized components / devices with low weight, low 

power consumption and cost effective which made it highly reliable to develop 

portable wireless communication devices / systems [1]. Among different 

manufacturing technologies, Micromachining is an eminent technology to produce 

precision miniaturized MEMS components. Microsystems or MEMS devices are 

manufactured with establishing connection between the individual devices either by 

monolithic integration or by hybrid packaging technology (wire or fusion bonding). 

Micromachining technology supports monolithic fabrication of devices which 

eliminates the disadvantage of producing parasitics in wire bonding. Now – a – days, 

most of the reconfigurable antennas contains PIN diodes or FETs connected between 

the patches to reconfigure frequency of the antenna by altering electrical current 

length. These are produced by wire bonding between the patches and terminals of PIN 

diodes or FETs and this type of integration of antenna and switches produces high 

noise effects and parasitics during signal transmission in systems. Hence, Monolithic 

integration of RF MEMS with the antenna overcomes the problems related to wire 

bonding and enhances the performance of antenna at high microwave and 

millimeterwave frequencies.  
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This chapter reviews the research background and literature survey on different 

methodologies implemented to overcome design challenges including state of art of 

RF - MEMS switches and reconfigurable antennas. 

The organization of the chapter is as follows: In section 2.2, the literature survey 

on reconfigurable antennas is explained. In section 2.3, a brief literature on RF 

MEMS switches and their design challenges is presented. In section 2.4, state of the 

art of the problem is presented in tabulated form with key features and results, In 

section 2.5, the research gap identified and scope of the thesis is presented and in 

section 2.6, the chapter is concluded with major inferences. 

2.2 SURVEY ON RECONFIGURABLE ANTENNAS 

An antenna is transducer, an impedance matching device, a radiator and a sensor 

of electromagnetic waves. It is an essential device in all types of wireless 

communication systems and can be considered as a source of electromagnetic waves. 

An antenna with reconfigurability feature would enable change of radiation pattern, 

impedance bandwidth, polarization, operating frequency. The reconfigurability 

paradigm is most widely discussed area in both industries and researcher. The 

reconfigurability in terms of frequency is the smart sign to fulfill the requirement in 

present day and future communication applications in the aspects of and fine tuning 

based upon application requirement and increased data rate (speed). The simple 

method to develop frequency reconfigurable antennas is achieved by extending / 

reducing its radiating electrical current length using matching switches. The switch 

mismatching may affect impedance bandwidth and operating frequency of antennas. 

The switch based reconfigurable antennas can be designed using different 

switches like PIN diodes, Varactor Diodes, MEMS switches, Field Effect Transistors, 

optical controlled switches. The efficient reconfigurable antenna can be design by 

interfacing the two antennas with RF MEMS switches. From the literature it is clear 

that RF MEMS switches based reconfigurable antennas are offering best performance 

compared with other switches. The major literature survey carried out in this thesis 

work on reconfigurable antennas is as follows: 

 The first MEMS based frequency reconfigurable antenna is introduced by J.J.Lee 

and his research group in 1996. In their research, they developed a planar dipole 
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antenna consisting of metal – to – metal contact type RF MEMS series switches 

placed approximately equidistance to driving gap and ends of the arms. Based upon 

the placement of these switches, the antenna frequency is shifted by a factor of two 

between ON and OFF states [2].  

In 1998, E. R. Brown et al. proposed a planar reconfigurable antenna based on RF 

MEMS switches schematically which consisting of series of micro – patches over the 

substrate and MEMS switches are placed between them. The MEMS switches can be 

ON or OFF in different combinations to activate or deactivate the micropatch 

elements to radiate [3]. 

In 2001, K. J . Vinoy and K. V. Vardan proposed a fractal antenna integrated with 

bridge type RF MEMS switch to reconfigure the frequency and radiation pattern of 

antenna for microsatellite applications. The patches present in the antenna are 

connected and disconnected to each other by using the proposed RF MEMS switch 

through impedance mismatch technique realized by formation of capacitance at ON 

and OFF states. The switch is operated by pull – in – voltage of 10 V with switching 

time of 88 µs and the antenna integrated can able to produce self – similar 

reconfigurable patterns at various wide range of microwave frequencies [4]. 

In 2006, D. E. Anagnostou et al., developed a self – similar planar antenna 

integrated with cantilever type RF MEMS switches. The antenna along with switch is 

fabricated over high resistivity silicon with switch pull – in – voltage approximately 

equal to 40 V. The switch produces an insertion loss of 0.2 dB at 15 GHz and can be 

utilized for antenna applications upto 40 GHz. By integrating the switch on proposed 

Sierpinsky antenna structure, the antenna can be able to reconfigure the frequency 

from 9.2 GHz to 15 GHz during switch transition between ON and OFF state [5]. 

In 2006, C. W. Jung et al., developed a fully integrated reconfigurable rectangular 

spiral antenna with a set of three RF MEMS switches employed for scan – beam 

applications. The switch and antenna structures are monolithically integrated on a 

PCB substrate having εr = 3.27. The proposed model for switch is a bridge type and is 

operated with a pull – in – voltage of 40 V with capacitance ratio of 94. Based upon 

the actuation of these three switches, nine different combinations have been achieved 

to reconfigure the frequency of the antenna [6]. 
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In 2008, Harish Rajagopalan et al., proposed a reconfigurable antenna integrated 

with commercially available RF MEMS switch [Radant MEMS SPST – RMSW 100]. 

This work utilizes reflect array elements consisting of microstrip patches on the top 

surface of slots with varying length of the ground plane by RF MEM switch. The 

antenna and switch is integrated using wire bonding technique and able to reconfigure 

the frequency of the antenna around 2 GHz [7]. 

In 2009, K. Topalli et al., fabricated a rectangular ring antenna with bridge type 

RF MEMS switches placed over the slot incorporated in the antenna patches. The 

antenna structure is fed by CPW technique and contains stubs connected with ground 

planes present below the switch bridges. The biasing electrodes are place on either 

side of the stubs to actuate the bridge structure. During actuation, the switches acts as 

variable capacitors and produces the frequency reconfigurability from 7.7 GHz to 

10.57 GHz [8]. 

In 2011, D. S. Escuders et al., proposed a rectangular slot array antenna using RF 

MEMS switches. This antenna contains a series of rectangular slots on top surface of 

the waveguide and switches are placed over the slots to change the electrical length of 

the antenna during signal radiation. The switches are actuated with biasing electrodes 

and grounding is realized by using stubs in the structure. The switches are actuated 

with pull – in – voltage of 38 V such that by regulating them between ON and OFF 

states, the antenna able to change its radiating wavelength to provide frequency 

reconfigurability around 10.3 GHz [9]. 

In 2012, C. G. Christodoulou have presented different reconfiguration techniques 

based on structure, material and MEMS switches for wireless and space applications. 

He compared various frequency reconfiguration techniques for different micropatch 

structures. Among them, he concluded that RF MEMS switches are efficient than PIN 

diodes and FETs for wide range of wireless applications dealing with microwave and 

millimeterwave frequencies [10]. 

In 2012, Chi – Yuk Chiu et al., designed and fabricated a novel structure antenna 

and named it as pixel slot antenna for frequency reconfigurable applications. The 

design is formed by having a canonical slot elements concated together and switched 

at different combinations by RF MEMS switches to form different radiating 
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structures. The feature size of the antenna is 40 × 40 mm2 mounted on a substrate 

made up of FR-4 epoxy material. Radant SPST – RMSW101 is the commercial RF 

MEMS switch placed over the slots to reconfigure the frequency of the antenna from 

3.3 GHz to 15.6 GHz [11]. 

In 2013, Vishal kumar et al., developed a frequency reconfigurable antenna using 

RF MEMS switches for S – band applications. The antenna structure is rectangular 

micropatch antenna fed by coaxial feeding technique where the cantilever type RF 

MEMS switches are connected between micro patches and stubs. The cantilever beam 

touches the stubs while actuated and results in shift in the resonant frequency of the 

antenna. The switch is designed to actuated with high pull – in – voltage of 67 V to 

achieve frequency reconfigurability from 3 GHz to 2.75 GHz [12]. 

In 2013, Ali Pourziad et al., proposed a new antenna structure with U – shaped 

slot in its micropatch which is fed by microstrip feeding technique. The switch 

consists of three beam actuated in nine different combinations and frequency is 

reconfigured from 2 GHz to 6.7 GHz respectively [13]. 

In 2014, H. Rajagopalan et al., proposed an E – shaped antenna integrated with 

RF MEMS switch for cognitive radio applications. Two MEMS switches have been 

placed between the horizontal patches in E – shape. The antenna produces a frequency 

reconfigurability from 2 GHz to 2.58 GHz during actuation and deactuation of 

switches [14]. 

In 2015, Paras Chawla & Rajesh Khanna developed a multiband reconfigurable 

antenna design using RF MEMS switches. The antenna structure consists of 

rectangular spiral patches where three cantilever types of MEMS switches are placed 

in between the spiral length by creating a slots in the structure. The three switches are 

located at three different places on spiral antenna and are actuated in nine different 

combinations such that the radiating frequency of the antenna is varied from 3.5 GHz 

to 9 GHz [15]. 

In 2017, Ahmed A. Ibrahim et al., proposed ultrawide band monopole single 

notch antenna for cognitive radio application. In the proposed design, the notch 

feature is achieved by proposing a switch over meander shaped slot on the octagonal 

shape micropatch present on the top surface of the substrate. A fixed – fixed beam 
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type switch is taken by having pull – in – voltage of 22 V to reconfigure the frequency 

of the antenna from 3.1 GHz to 12 GHz [16].  

In 2018, Y. Xu et al., proposed a novel antenna design with rectangular and 

circular patches connected to each other through microstrip feed lines. The fixed – 

fixed type RF MEMS switches are placed over the feeding line of the circular patches 

such that by actuating the switches alternatively with pull – in – voltage of 14 V, the 

antenna can able to activate and deactivate the circular patches to achieve the 

frequency reconfiguration from 14 GHz – 17 GHz [17].    

2.3 SURVEY ON RF MEMS SWITCHES 

Now a days, most of the RF MEMS switches are shunt type capacitive switches 

rather than series contact type switches due to increase of capacitance coupling effect 

between parallel plates at higher frequencies [18]. MEMS switches are having high 

linearity, low power consumption and high isolation when compared to the 

semiconductor switches [19]. Despite these advantages, MEMS switches also have 

some disadvantages such as low speed (3 – 40 µs), high or moderate pull in voltage 

than the semiconductor switches. Hence the optimization of the MEMS switches will 

create a great impact to overcome these disadvantages to a larger extent [20, 21]. The 

optimization of the MEMS Devices for a particular response can be carried out by 

different techniques such as topology optimization, Artificial neural networks, genetic 

algorithms, development of complex mathematical models of devices, and FEM 

simulations etc and these are confined to the single physics domain with a logical 

combination of individual designs which provides an overall optimization. However, 

these techniques are not be an efficient approach for the MEMS devices which are 

involved with complex designs and also with the Multiphysics interactions such as 

Electrical – thermal, Electrical – mechanical, Thermal – Electrical – mechanical, 

Electrical – magnetics, Fluid – mechanical etc [22].  

Design of Experiments (DOE) and Response surface Methodology (RSM) has 

been used in the literature for optimization of MEMS devices. These are completely 

based on the blocking, replication and output random response due to variation in 

experimental conditions. The optimization of MEMS devices through physical 

experiments is impossible and impractical due to high fabrication mechanism and 

cost. [23-24].  
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Pattern swarm optimization is a evolutionary technique which is based on 

population and swarm intelligence. This technique is fast and simple but may not be 

good because of being random process [25].  

Simulated annealing is a probabilistic technique which is derived from the 

annealing process in solids. This technique is based on trajectory of the search path. It 

is good and efficient for unordered data also but trade off arises between the 

computational speed and quality of the solution [26].   

A pattern search algorithm is used to optimize the RF MEMS switch and 

Reconfigurable antenna. This technique has a disadvantage of probability in wrong 

selection of the starting point may result in sticking at local minima [27].  

Design optimization of RF - MEMS switch using RSM (Response Surface 

Methodology) have been proposed based on Multiphysics co - simulations. This 

technique is completely based on design factors and output responses and does not 

take the frequency of the transmission signal into considerations. Large number of 

simulations are to be carried for optimization which makes this as a time taking 

process [28].  

Taguchi’s optimization technique is majorly used for robust designs. It doesn’t 

need any statistical or technical background like neural network or genetic algorithm. 

This technique is not widely accepted for designing RF - MEMS switches, but it is 

more commonly used during packaging or product optimization. [29]. 

An extensive survey has been carried out on electrostatic RF MEMS switches to 

understand the influencing factors to develop low pull – in – voltage switches. A brief 

survey is also conducted in the other aspects of switching time, insertion losses, 

isolation and reliability.  

In 1978, K. E. Pietersen, the founder of microelectromechanical systems field 

made the first series type RF MEMS switch by using micromachining technology. In 

this research, he developed a cantilever model made up of metal coated on SiO2 

having thickness of 3500 A0. The switch is fabricated to operate with deflection 

voltage of 60 V and takes less than 40 µs to change its state from OFF to ON 

condition [30]. Although, Pietersen’s switch requires high operating voltage and can 
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be used for low frequency applications, he provided a good ideology of developing 

RF MEMS switches for future generation that we are utilizing the technology today. 

In 1995, C. Goldsmith and his research group, Texas Instruments have developed 

first bridge type RF MEMS switch with thin metal and proved that RF MEMS 

switches can be better replacement of semiconductor switches. In their research, they 

developed the switch structure with aluminum metal of thickness 0.4 µm coated on 

3.5 µm thick SiO2 layer which acts a membrane having vertical movement during 

actuation. The switch able to operate at 30 – 50 V with contact resistance of 1.5 Ω – 

2.5 Ω having offstate capacitance of 35 fF [31]. 

In 1998, S. Pacheco et al., developed two designs of RF MEMS switches with 

serpentine and cantilever type spring models for low pull-in-voltage. The spring 

constant obtained for serpentine spring model is 0.478 N/m whereas the cantilever 

model possess 0.654 N/m and operates at 4.95 V and 5.79 V respectively. The 

stability of the switch is improved by placing a top electrode to deactuate the switch. 

The switch possess high isolation of -30 dB upto 40 GHz at offstate and low insertion 

loss of less than 0.2 dB at 20 GHz [32]. 

In 1999, Z. Jamie Yao et al., proposed a shunt type switch having bowtie shaped 

membrane place over CPW transmission line. The switch operates with high pull – in 

– voltage of 50 V with fast switching on speed less than 6 µs and fast switching off 

speed less than 4 µs. The switch shows a low insertion loss of 0.14 dB at 20 GHz and 

0.25 dB at 35 GHz, and an isolation of 24 dB at 20 GHz and 35 dB at 35 GHz [33]. 

In 2000, S. Pacheco et al., developed a shunt type RF MEMS switch with 

serpentine meanders used to suspend the membrane. The serpentine meanders are 

constructed with eight parallel beam having total spring constant of 0.521 N/m and 

membrane is electroplated with nickel having thickness 2µm and produces a low pull 

– in – voltage of 1.94 V. The switch shows a low insertion loss less than 0.16 dB at 40 

GHz and an isolation of -15 dB at 40 GHz. The proposed switch highly prone to self-

biasing due low spring constant and less reliable with low life cycle [34].  

In 2000, S-C Shen et. al proposed a hinged model RF MEMS switch for high 

reliability. The top membrane is electroplated with gold material with thickness as 

1µm. silicon nitride is taken as a dielectric layer to produce high capacitance effect. 
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The device topology utilizes 7 – mask MMIC fabrication process on GaAs substrate. 

The performance of the switch is intended to be low pull – in – voltage of 10 V with 

insertion losses less than 0.1 dB and high isolation of 25 dB over 0.25 GHz – 40 GHz 

frequencies [35]. 

After 2000, more companies and research institutions saw the potential of MEMS 

RF switches and joined to the research of RF MEMS switch. Those companies and 

research institutions include TI, Michigan University, Berkeley UC University, MIT 

University, ADI, Raytheon, Omron, Motorola, Samsung, etc. Because numerous 

research institutions joined in, a large number of different structures, principle, and 

driving mode RF MEMS switches were reported [36 – 38].  

Various RF-MEMS capacitive switches with diverse structures and 

characteristics have been proposed and developed in the last two decades. In 2004, D. 

Peroulis et al., proposed a shunt switch model to overcome the issues of self-

actuation, hot switching and stiction problems generated due to incident high RF 

power. The switch structure utilizes serpentine spring models containing 1 – 5 

meanders to suspend the membrane, among them the single meander structure with 

high spring constant of 26.9 N/m is chosen as the best model to actuate the beam with 

low pull – in – voltage 6 V. The proposed switch able to handle RF power upto 0.8 W 

and exhibits good insertion loss of −0.17 dB at 40 GHz. The isolation of the switch is 

not very large of -15.5 dB at 40 GHz [39]. 

In 2005, K. J. Rangra proposed a symmetric toggle switch with torsional springs 

used to suspend the membrane. The design of membrane consists of three rectangular 

beam area connected with each other through connecting levers. The center beam is 

dedicated to capacitive area and the other two beams are for actuation mechanism. A 

total of four electrodes are placed below the membrane, among them extreme 

electrodes are used for actuation and inner electrodes are used for deactivation. The 

switch possess low pull – in – voltage of 9.5 V and low insertion loss of  -0.2 dB and 

good isolation of 35 dB at 10 GHz [40].  

In the period of 2005 – 2007, C. L. Dai et al., fabricated low pull – in – voltage 

RF MEMS switches using 0.35µm DPFM CMOS process and maskless wet etching 

process [41 – 43]. The switches utilizes 7 V to actuate the beam [42], to improve the 
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RF performance characteristics a series inductor is inserted in the design which shows 

insertion loss of -1.7 dB 21 GHz. The isolation of the switch is observed as -19 dB at 

21 GHz which is not satisfactory due to low resistivity silicon used in fabrication 

process. 

In 2006, Seong - Dae Lee proposed a unique design for RF-MEMS capacitive 

switch with actuation voltage as low as 4.5 V, lifetime of 200 billion cyclic actuation 

under cold-switching condition and short switching time (namely <1 µs) was 

fabricated in 2006 [44]. As compared to the conventional design, the moveable 

electrode of the switch is totally free from any anchor, pulled up by electrostatic force 

to turn on the switch and released back by the gravitational force to turn off the switch 

without any elastic deformation. The only limitation of the switch is that it must be 

operated at a predefined angle range (<28o) to maintain its good performance. 

In 2006, E. K. I. Hamad proposed a fixed – fixed shunt type RF MEMS switch 

with the gap of 1.5 µm between the beam and lower electrodes. The switch has a low 

pull-in voltage of 8 V, which occurred by reducing the gap and exhibits high isolation 

by increasing the downstate capacitance. The electrostatic actuation has been derived 

by using Laplace's equation in the homogenous regions and Gauss's law at the 

interface nodes. The reduction in the gap to achieve low pull-in voltage is not a 

reliable methodology as it increases the RF losses during signal transmission due to 

the increase of upstate capacitance [45].  

In 2006, Hamed Sadeghian et al. proposed a new approach based on a distributed 

Pull-in model. In this model, non – linear modelling is carried out by considering non 

– uniform electrostatic pressure applied on the beam. The pull-in voltage obtained for 

the proposed fixed – fixed switch is 36 V in the lumped parameter model and 40 V for 

the electrostatic model. These results are very high when compared to the other 

switches and can be reduced further [46].  

In 2009, Park et al., fabricated a novel non – contact capacitive shunt switch 

designed for short range millimeterwave radar applications. The switch is fabricated 

by using selective silicon on insulator (SSOI) technology. In this technology, 

horizontal dielectric layers are implanted at arbitrary depths in any desired region of a 

wafer, using the sacrificial bulk micromachining (SBM) process. The switch structure 
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contains variable capacitors in comb drive structure such that increase in capacitance 

produce impedance mismatch to turn off switch. The switch operates with DC voltage 

of 28 V and posses high power handling capability upto 0.9 W. The switch is not 

satisfactory in terms of insertion loss 1.43 dB at 24 GHz [47]. 

In 2010, Yu LIU et al. designed a multilayered microbridge and proposed a new 

trail solution for bending of microbridge which has subjected to voltage induced load. 

At pull – in state of device, Energy method is utilized to derive the relation between 

the voltage applied and deflection of the microbridge. The analytical value of pull-in 

voltage derived from the equations is obtained as 34.2 V whereas the simulated value 

of multilayered microbridge is obtained as 40 V having the error of only 2.48%. The 

proposed methodology and the structure yield greater pull – in voltage above 10V due 

to residual stress developed by the multilayered bridge. [48]. 

In the period 2012 – 2014, M. Manivannan et al., has focused on reducing the 

pull-in voltage of switch by proposing a suspended spring in the form of a cantilever 

beam with variable sections and composite materials [49, 50]. The proposed switch 

operates at low voltage of 5.22 V at beam thickness = 1 µm [49]. Composite beams 

made up of aluminum and polysilicon is proposed in the research work to reduce pull-

in voltage without degrading the restoring forces. The pull-in voltage obtained with 

methodology is 47.31 V, and the restoring force of 27.59 µN with an error of only 

5.1% which are very high when compared to state of the art. [50]. 

In 2012, Sharma Jaibir, proposed a new technique for fabrication of recessed 

CPW configured RF MEMS switch on a glass substrate. In this research work, he 

proposed two switch models with serpentine meander and six – strip beam for low 

pull – in – voltage achievement. The pull – in – voltage and pull – out – voltage of six 

– strip beam is observed to be 9 V and 6 V respectively and 5.8 V – 9 V & 3 – 7 V for 

two meander membrane respectively. The switches does not shows the satisfactory 

results with less isolation of 20 dB where, the two-meander membrane have the 

resonance at 61 GHz and 73 GHz for six – strip beam for V- band applications [51]. 

In 2016, K. Demirel proposed a novel fabrication technique of RF MEMS switch 

to overcome the compressive stress developed on the membrane due to temperature 

effect by introducing amorphous silicon as a sacrificial layer. The switch uses folded 
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leg structure beams as a meanders to suspend the beam to achieve low pull – in – 

voltage of 22.4 V at a residual stress of 20 MPa. The switch shows good actuation 

before and after heat treatment at 2000C and posses 29 V of pull – in – voltage and -

20 dB of isolation after heat treatment, which are not satisfactory for present day low 

power wireless devices [52]. 

In 2016, Muhua li et al., proposed a novel design of RF MEMS switch with low 

capacitive area and four spring models to reduce upstate capacitance and pull – in – 

voltage of switch. The switch shows low insertion loss of -0.29 dB at 35 GHz and 

exhibits pull – in – voltage of 18.3 V having isolation of -20.5 dB at 35 GHz which 

are not satisfactory for a low power communication system [53]. 

In 2017, T. L. Narayana & K. Srinivasa Rao et al., developed a non – uniform 

meander switch with aluminum nitride as a dielectric layer. The non – uniform 

meander offers low spring stiffness to produce low pull – in – voltage of 4.2 V with 

high capacitance ratio of 65.22. But, the proposed switch does not shows satisfactory 

results in terms of isolation which is 20 dB occurs around 2 GHz for X – band 

applications [54]. 

In the period 2015 – 2018, K. Guha et al., proposed different uniform and non – 

uniform meanders to reduce pull – in – voltage. He proved that, non – uniform single 

meander offers low pull – in – voltage to 4.9 V. In these models, the dielectric layer is 

varied from silicon nitride to hafnium oxide to improve the RF performance 

characteristics of switch. The isolation of proposed non – uniform meander switch 

produces 90 dB at 40 GHz. But, the structure of the meanders are satisfactory to 

overcome the bouncing effect during deactuation the beam [55]. 

In 2018, S. Shekar et al., recently proposed an electrostatic actuated RF - MEMS 

switch for Millimeterwave applications is designed and fabricated with L – shaped 

beams as a spring and achieved a low pull in voltage of 4.8V, the switch also good RF 

performance characteristics of -27.5 dB at 40 GHz. The switch also shows good 

reliability, quality factor of 1.2 and fast switching time of 33 µs [56]. 
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2.4 STATE OF THE ART OF THE PROBLEM 

Table. 2.1 Comparison of the work with the survey based on the reconfigurable 

antenna using RF MEMS switches. 

Ref. Topic Discussed Antenna Design Limitations 

Harish 

Rajagopalan 

et al. [14] 

RF MEMS 

switches, Particle 

swarm 

optimization, 

Impedance 

Bandwidth, 

Antenna Shape. 
 

RMSW100HP – 

SPST 

Wire bonding 

technique for 

integration 

High parasitics 

Tony J. 

Jung et al.  

[57] 

Linear and 

circular 

polarization, 

switch packaging, 

Impedance 

Bandwidth,  

Frequency 

reconfiguration not 

so effective 

Less bandwidth 

High Pull – in – 

voltage switch for 

frequency 

operation 

Chi-Yuk 

Chiu et 

al.[11] 

Re-configurability 

with RF MEMS 

switches. 

 

High pull – in – 

voltage of 67 V. 

Less bandwidth 

(0.3 GHz) 

Caner 

Guclu et 

al.[58] 

Circularly 

polarization,  

reflectarray (RA), 

sequential 

rotational 

principal. 

 

High pull – in – 

voltage switch is 

used. 

High power 

dissipation 
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Table. 2.2 Comparison of the work with the survey based on the RF MEMS switches. 

Ref. 
Topic 

Discussed 
Antenna Design Limitations 

Jaehong 

Park et al. 

[47] 

A Non-Contact-

Type RF MEMS 

Switch for 24-

GHz Radar 

Applications 

 

Technique:  

Comb drive 

actuator is 

utilized 

 

High pull – in – 

voltage (25V) 

High switching 

time (8 ms) 

Anna 

Persano et 

al. [59] 

A fixed–fixed 

bridge with a 

perforated 

central plate 

 

Technique:  

Electrostatic 

actuation  

High Pull – in – 

voltage (35 V) 

RF Performance 

is not discussed 

M. Angira 

& 

K.J.Rangra 

[60] 

Double beam 

structure on 

CPW for high 

isolation. 

Technique:  

Electrostatic 

actuation  

High pull – in – 

voltage (12.75 V) 

Low switching 

time 

S. Shekhar 

et al., [56] 

Crab Leg 

structure RF 

MEMS switch 

for millimeter 

wave 

application. 

Technique:  

Electrostatic 

actuation 
 

Capacitance 

charging and 

discharging is not 

discussed. 
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2.5 RESEARCH GAP & SCOPE OF THE THESIS 

RF - MEMS switches eliminate the substrate leakage currents in both ON state and 

OFF state and causes low signal losses. RF - MEMS switches possess linear electrical 

characteristics and produce good RF performance during actuation. Besides these 

advantages, RF - MEMS switches possess high pull – in voltage (20 V – 100 V) and 

low switching speed (where Ts=1 µsec – 200 µsec). Based on the literature survey 

carried out on RF – MEMS switches, A research gap of high actuation voltage (above 

5 V) has been recognized and there is a huge scope on designing efficient RF - 

MEMS switches with low pull-in voltage (less than 5 V) and monolithic integration of 

RF - MEMS switches on micropatch antennas for frequency reconfigurability at 

millimeterwave frequency range (30 GHz – 300 GHz). 

• No work in the literature has been reported to optimize the dimensions of the 

switch based on RF resonate frequency. Hence there is a scope of work to 

optimize the design parameters using Multiphysics co – simulations. 

• Till now, the capacitance of RF MEMS switch is analysed by considering 

Parallel plate and Fringing field effect. Hence, there is huge scope to develop a 

new empirical formula for capacitance including parasitic capacitance 

component. 

• The RF MEMS switch and antennas are integrated through wire bonding 

technique which leads to high noise effect and low RF performance. Hence, a 

large scope of work can be carried out on monolithic integration of RF MEMS 

Switch and antenna on a same substrate. 

 

2.6 SUMMARY 

In this chapter, a detailed literature survey has been presented on RF MEMS 

switches integrated on Reconfigurable antennas. the literature survey is carried out in 

the aspects of frequency reconfigurability, bandwidth of the antennas, pull – in – 

voltage, switching time and RF performance characteristics of RF MEMS Switches. 

No work in the literature has presented reconfigurable antenna operated by low pull – 

in voltage (< 3.5V) RF MEMS switches. The state of the art is studied to be 4.8 V for 

RF MEMS switch and monolithic integration with antenna is not so well developed.   
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CHAPTER 3 

OPTIMIZATION USING MULTIPHYSICS 

CO-SIMULATIONS 

3.1 Introduction 

3.2 Optimization Model  

3.3 Device Optimization  

3.4 Limitations of the proposed model 

3.5 Summary 

 

3.1  INTRODUCTION 

Over the past decades, the advancement in technology enabled the usage of 

millimeter waves to overcome the challenges of high-speed and low frequency in 

modern day communication systems [1]. The development in electronic devices for 

millimeter wave applications have attracted many of the researchers and academicians 

to develop RF MEMS switches which are having high linearity, low power 

consumption and high isolation when compared to the semiconductor switches [2]. The 

optimization of the MEMS Devices for a particular response is carried out by different 

techniques such as topology optimization, Artificial neural networks, genetic 

algorithms, development of complex mathematical models of devices, and FEM 

simulations etc [3]. However, these techniques are not be an efficient approach for the 

MEMS devices which are involved with complex designs and also with the 

Multiphysics interactions such as Electrical – thermal, Electrical – mechanical, Thermal 

– Electrical – mechanical, Electrical – magnetics, Fluid – mechanical etc.  

In this chapter, A novel optimization technique for RF MEMS switch have been 

proposed based on Multiphysics FEM simulations. The technique is a bottom – up 

approach to optimizing the dimensions of each layer in RF MEMS switch for 

Millimeterwave applications. Electromagnetic characteristics such as return losses is 

analyzed in each step to optimize length and width of each layer and parametric analysis 
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has been done for optimization of thickness of each layer. The switch is also optimized 

to operate at low pull in voltage by performing meandering technique. The combination 

of electromagnetic and electromechanical characteristics responses are analyzed for 

optimization of switch at a particular resonant frequency. 

The organization of the chapter is as follows: In section 3.2, the proposed 

multiphysics optimization model is illustrated. In section 3.3, the optimization of each 

layer is carried out by analyzing electromechanical and electromagnetic characteristics. 

In section 3.4, the chapter is concluded with major results and limitations.  

3.2  OPTIMIZATION MODEL 

It is the novel technique having Bottom – up approach which utilizes Multiphysics 

FEM simulation to optimize the design parameters. Initially the CPW and substrate 

dimensions are optimized using the concepts of skin depth and substrate selection 

criteria. In this process, the surface waves passing through the CPW have been studied 

and the height of the substrate is chosen by using resonant and upper cut of frequencies. 

The CPW and substrate structures and dimensions are maintained to have the 

characteristic impedance of 50 Ω. In the next step, the lumped parameters of CPW are 

extracted to understand the signal transmission. Based on the inductance developed by 

the CPW and desired resonant frequency of the switch, the capacitance of the basic 

fixed-fixed switch is estimated thereby estimation of overlapping area is followed. 

Based on the switch application whether to transmit or block the RF signal, the 

upstate or downstate capacitance is chosen to model the switch design. It is known that 

in RF MEMS switch, capacitance is developed in between suspended beam and signal 

line. by assuming the gap and thickness of the dielectric material at minimum feasible 

dimensions to fabricate. The Width of the suspended beam is then calculated by 

evaluating the overlapping area which offers capacitance of the switch. In the next step, 

the return losses are observed to optimize thickness of each layer. In the final step, the 

meandering technique is used to reduce the pull in voltage of proposed shunt switch. 

The novelty of the proposed technique as shown in Figure. 3.1 is a bottom – up approach 

to design capacitive type RF MEMS switch for a particular resonant frequency 

application which utilizes both electromagnetic and electromechanical FEM 

simulations. 
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Figure. 3.1.  Proposed optimization model. 

3.3  DEVICE OPTIMIZATION 

The general structure of RF MEMS switch as presented in the Figure. 3.2 is composed 

of transmission line placed over the substrate. To avoid substrate leakage currents, the 
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top surface of the substrate is oxidized to form SiO2 layer which acts as an insulating 

layer. The signal current passing through CPW cannot penetrate into substrate due to 

presence of insulating layer and hence high yield of signal is achieved at output 

terminal. As the proposed switch is of capacitive type, the transmission of RF signal is 

regulated by capacitance formed between the membrane and lower electrodes. To 

enhance the capacitance of proposed switch design, a dielectric layer made up of silicon 

nitride subjected to present on the signal line of CPW. The capacitance is developed 

when there is a voltage difference between signal line and membrane. To actuate the 

membrane in the direction of CPW, biasing electrodes are placed between the signal 

and ground lines of CPW and supplied with voltage. The suspending membrane is a 

thin film metal plate which is suspended at an airgap over CPW. The anchors present 

on the ground planes holds the membrane and ensures the membrane to be always 

grounded. 

 

Figure. 3.2. Schematic of electrostatic capacitive type RF MEMS shunt switch. 

3.3.1 Transmission line and Substrate 

 In RF communication system, there are different feeding techniques such as coaxial 

probe, microstrip line, Edge and Coplanar Waveguide (CPW). Among them, CPW 

feeding technique is efficiently used due to the advantage of low dispersion and wide 

bandwidth. Hence, CPW is a most prominent and effective feeding technique used in 

wireless communications especially in millimeter wave applications. The CPW consists 

of center conductor strip which carries the RF signal and ground planes on either side 

of the center strip which lies on same side of the substrate as shown in Figure. 3.3. 

Hence, CPW fed slot antenna is most effective and promising antenna for wideband 

wireless application [4]. In coplanar waveguide, Electromagnetic energy is highly 

concentrated within the substrate made up dielectric material. The leakage of the 

Electromagnetic energy in the air can be controlled by having substrate height (h) twice 
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that of the width of the signal line. The coplanar waveguide supports quasi TEM mode 

at low frequencies while it supports TE mode at high frequencies. The characteristic 

impedance of a coplanar waveguide is not affected by thickness and it depends on width 

(W) of central conductor and space (S) between the signal and ground planes. The 

lowest characteristic impedance of 20 Ω can be achieved by maximum strip width (W) 

and minimum slot space (S). It typically ranges from 200 to 250 Ω.  

 
Figure. 3.3. CPW transmission model – front view. 

CPW transmission line is designed to have characteristic impedance of 50 Ω with 

S/W/S as 60/100/60. The thickness of the CPW transmission line over the dielectric 

substrate has major concern to transmit the surface currents. It is mainly depends on 

skin depth which is given by the equation 3.1 [5]. 

0 0

2
s

r




  
=       (3.1) 

Where ρ is the resistivity of the CPW material, ω0 resonance frequency, µ0 is the 

permeability of the free space (4π×10-7 H/m), and µr is the relative permeability of the 

CPW material. From the equation 3.1, it is calculated that the skin depth of the CPW 

material can be obtained as 0.33µm and hence thickness of CPW is taken as 0.5μm for 

better transmission of surface currents and EM radiations. In addition to this, to avoid 

field radiation in the air, it is very important to use substrates with a high dielectric 

constant with recommended values greater than 10, so that the electromagnetic field is 

mainly concentrated inside the dielectric. Therefore, the height of the dielectric 

substrate and the relative permittivity of the material is having a major concern for 

designing a CPW transmission line and also to study the electric and magnetic fields 

distribution. 
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Substrate Dimensions and Material Selection: In RF MEMS devices, choosing 

the substrate height and its material is the primary step in designing the RF MEMS 

switch or MEMS antenna. Dielectric materials such as ceramics, semiconductors, 

ferromagnetic and synthetic materials can be chosen as a good substrate material. The 

substrate made up of material with high dielectric constant provides the mechanical 

support and possess good electrical characteristics of the antenna, circuits, MEMS 

switches and transmission lines [6]. For monolithic integration of RF MEMS switches 

and antennas on the same substrate. The criteria for selection of substrate are [7]:  

A) Surface – wave excitations.  

B) Electrical properties. 

C) RF losses 

D) Anisotropy of the substrate. 

E) Effects of temperature, humidity and aging. 

F) Mechanical stability 

G) Cost 

Among these, the first three criteria are good concern for millimeter wave applications. 

3.3.1.1 Surface Wave Excitations 

The surface waves are excited at interface between the dielectric substrate and air 

and the cut off frequency of these higher modes of Transverse electric and magnetic 

fields is given by equation (3.2) is  

 
4 1

n

c

r

nc
f

h 
=

−
       (3.2) 

Where n is the mode number of TE and TM waves, c is the velocity of light in 

vacuum, εr is the relative permittivity of the substrate and fc is the cut of frequency of 

the transmitting signal. Here for the millimeter wave 5G mobile communications the 

highest operating frequency of the switch is noted as 60 GHz with the resonant 

frequency at 41 GHz. Therefore, the height of the substrate is chosen such that the ratio 

h/λ0 is less than the ratio h/λc where, λ0 is the wavelength of operating frequency at free 

space and λc is the resonant frequency. Hence, the range of height of the substrate can 

be defined by using equation (3.3) is 
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4 1 4 1u r c r

nc nc
h

f f   
 

− −
           (3.3) 

Hence it is can be observed that the height of the substrate is between 378 µm (≈ 400 

µm) to 596 µm (≈ 600 µm).  

3.3.1.2  Electrical properties 

The material of the substrate also plays a major role to supress TM0 modes. The 

material having low dielectric constant can increase antenna or MEMS switch size and 

decreases their efficiency. Hence substrates with high dielectric constants (>10) can be 

used to design the antenna and MEMS switch [8 - 10]. The electrical properties of the 

materials which are used to design switch at high frequency shown in Table. 3.1 are: 

Table. 3.1. Properties of substrate materials. 

S.No Property Si GaAs SiC 

1 Dielectric Constant 11.9 9.66 12.94 

2 Relative Permeability 1 1 1 

3 Dielectric loss tangent 0.0025 0.003 0.006 

4 Resistivity 8×1010 1×103 1×108 

The RF signal need to be transmitted through the CPW with high phase velocity 

and is given in equation (3.4) is  

 p

r r

c
V

 
=       (3.4) 

Where µr is the relative permeability which is unity therefore the phase velocity is 

highly depending on the dielectric constant of the substrate (εr). The phase velocities 

are calculated and shown in the Table. 3.2. 

Table. 3.2. Surface Wave properties of substrate. 

S.No Property Si GaAs SiC 

1 Phase velocity 10.3×1010 10.7×1010 9.3×1010 

2 Velocity Factor 3.44 3.59 3.1 

It is observed that the GaAs has the high phase velocity and velocity factor 

followed by silicon. But GaAs doesn’t form natural oxide as that of silicon forms SiO2. 
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The GaAs wafers are more brittle than silicon wafers and are costly to produce single 

crystals than silicon. Hence the single crystal silicon is chosen as good material for the 

substrate at millimeter wave frequency range. 

3.3.1.3 RF Losses 

The equation (3.3) gives the range of the substrate height which lies between 400 

µm to 600 µm. The CPW is designed with S/W/S as 60/100/60 with the conductor’s 

thickness of 1.5 µm in High frequency simulation software (HFSS) and the return losses 

are presented in Figure. 3.4 by varying the height of the substrate.  

 

Figure. 3.4. Return loss of the CPW transmission line by varying height of the 

substrate. 

Table. 3.3. Return Losses by varying substrate height. 

S.No Substrate Height (µm) S11 in dB 

1 400 -39.79 

2 450 -53.50 

3 500 -39.09 

4 550 -47.89 

5 600 -52.50 
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Among the different substrate heights, the upper cut off frequency of the modelled 

transmission line is 60 GHz and from the simulation and it is observed that from the 

simulations the upper cut off frequency is 63.01 GHz which it is nearly close to the 

modelled frequency 60 GHz. From the Table. 3.3 it is observed that at -53.50 dB of 

return loss is observed at 63.01 GHz with the substrate thickness of 450 µm. The surface 

current density along the CPW is presented in the Figures 3.5 & 3.6 such that the current 

density of 4.5 mA/m is flowing into the signal line and the same current is flowing in 

out of phase at 1800. Here the current density shows the maximum distribution of 

current along the edges of the CPW and the signal line. 

 

Figure. 3.5. Surface current at 0o phase. 

 

Figure. 3.6. Surface current at 180o phase. 
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The total electric field distribution over the CPW as shown in Figure. 3.7 is in phase 

of 00 degrees and out of phase of 1800. A total of 1.21 µA of current is flowing along 

the CPW such that at 00 the electric fields converge at the signal line which shows the 

positive direction of current and at 1800 the signal direction is out of phase which shows 

negative direction. 

 

Figure. 3.7. Electric Field vector at 00 (left) and at 180o (right). 

The total magnetic field strength of 3.75 mA/m is observed from the figure.3.8 and 

the direction of polarized magnetic fields are in out of phase at 00 and 900 degrees. 

Therefore, the dimensions which are taken for the substrate and CPW are good enough 

to propagate the RF signals at millimeter wave applications. The lumped parameters of 

the CPW transmission line which is shown in the Figure. 3.8 are extracted by using 

COMSOL Multiphysics tool. The lumped parameter model of the CPW transmission 

line consisting of inductance developed between the signal line gap in series with the 

resistance and the capacitance and conductance are in parallel to each other.   

 

Figure. 3.8. Magnetic Field vectors at 00 (left) and 180o (right) phase. 
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The CPW transmission line is designed as shown in Figure. 3.9 to extract the R, L, C 

and G using COMSOL Multiphysics tool. From the Figure. 3.10, it is observed that the 

CPW is actuated with electric potential of 1 V and magnetic field lines are represented 

by the black lines and high potential electric filed is represented by the red colour. The 

resistance of 1116.9 Ω, inductance of 0.04 nH, conductance of 0.22 s/m and capacitance 

of 1.6551 fF are extracted with the characteristic impedance 50.35 Ω respectively. 

Hence, the lumped parameters in the CPW transmission line is extracted by simulating 

the CPW at highest operating frequency 60 GHz.  

 

Figure. 3.9. Lumped parameter model of CPW. 

 

Figure. 3.10. Electric and Magnetic field distribution in CPW. 

3.3.2 Actuating Beam 

In shunt type RF MEMS switch, Capacitance is developed between the suspended 

MEMS bridge and RF signal line of CPW as shown in Figure. 3.11. This capacitance 

regulates the passage of RF signal to the output terminal. 
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Figure. 3.11.  Schematic structure of RF MEMS Switch. 

The lumped parameter model of the shunt type RF MEMS switch is shown in the 

Figure. 3.12. The Resistance offered by the beam, Capacitance developed between 

beam and the RF signal line and lower electrodes and inductance developed between 

the overlapping area between beam and ground planes are in series to each other and 

parallel to the input signal. Initially without any actuation the beam will be in upstate 

and offers low capacitive path for input RF signal and the switch condition can be 

represented as open state as shown in Figure. 3.13. Hence the signal cannot pass through 

RF MEMS switch and the whole RF signal is transmitted to the output terminal. 

Therefore, it can be said that when the switch is in ON condition in upstate the device 

will be in transmission mode. 

 

Figure. 3.12. Lumped parameter model of RF MEMS shunt switch. 
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Figure. 3.13. Transmission of RF Signal to output terminal during Upstate. 

When the potential difference is applied in between beam and lower electrodes, the 

beam is pulled vertically downwards due to electrostatic forces acting between them 

and increases the capacitance between them. The total impedance developed by RF 

MEMS switch is given by the equation 3.5 is 

1
s s s

s

Z R j L
j C




= + +     (3.5) 

Where Zs is the total impedance offered by switch, Rs, Ls, and Cs is the resistance, 

inductance and capacitance developed by the switch respectively. The switch offers 

resistive path for transmission of signal through it during the downstate of the Beam 

which enables the OFF condition as shown in Figure. 3.14. 

 

Figure. 3.14. Transmission of RF Signal to Ground during downstate. 
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The impedance offered by switch can be resistive when impedance offered by the 

capacitance and inductance are equal at downstate and is given as 3.6 and 3.7. 

s sL CX X=                (3.6) 

1
s

s

j L
j C




−
=      (3.7) 

By solving the above equation 3.7, it is observed that the resonant frequency of the 

switch is given as 

 
1

2
c

s s

f
L C

=      (3.8) 

The proposed switch is designed for 41 GHz which the upper cut of frequency of 

5G mobile communications using millimeter wave technology. It is attributed fact that 

the inductance is developed by the overlapping portion of the bridge and slots in CPW 

[11 - 13]. The geometry of the beam is initially considered without overlapping with 

the slots in ground planes hence, inductance offered by the switch beam is negligible 

and a nominal inductance offered by the CPW is considered as 0.04 nH (Ls). The 

capacitance Cs varies from Cup to Cdown due to movement of switch beam by 

electrostatic actuation. From the equation 3.8, it is known that the frequency of the 

transmitting RF Signal is related to the capacitance developed by beam during 

actuation. These capacitive switches are placed between the patches of the antenna in 

parallel configuration Hence, in order to transmit the signal, the resonant frequency of 

the switch is essentially decided by the upstate capacitance and is given by [14] 

1

2
u

s up

f
L C

=      (3.9) 

 
2 2

1

4
up

u s

C
f L

=      (3.10)  

For Millimeterwave communications, the upper cut of frequency is estimated as 41 

GHz Hence, by substituting these values in equation 3.10, we obtained the minimum 

upstate capacitance to transmit the RF Signal is 37 fF. This capacitance parallel to the 
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Capacitance developed by the CPW hence impedance mismatch occurs at the resonant 

frequency 41 GHz. It is balanced by providing a inductive section on the CPW by 

creating slots on ground planes as shown in Figure. 3.15. A 0.33 nH of inductance is 

developed as shown in the Figure. 3.16 such that resonance occurs at 41 GHz.  

 

Figure. 3.15. Fixed – Fixed Beam type RF MEMS switch with Slots in Ground plane 

for inductance development. 

 

Figure. 3.16. Inductance developed by the Slots on CPW. 

Generally, the upstate capacitance of the switch is given as  
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     (3.11) 

Where ε0 is the permittivity of the free space, εr relative permittivity of the dielectric 

medium, Aov is the overlapping area and g is the gap between beam and lower electrodes 

respectively.  In order to obtain the overlapping area with the obtained upstate 

capacitance of 37 fF selection of the material for dielectric medium has a major concern. 
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High dielectric constant material having good stability and lifetime is chosen as the best 

material for dielectric medium. Based on Ashby’s approach Aluminum oxide and 

silicon nitride is chosen as the good materials for dielectric [15 - 16]. In this work silicon 

nitride (εr=7.5) is considered as the dielectric material for its feasibility of the 

fabrication. A gap of 2µm is considered as the distance between the RF signal line of 

CPW and suspended beam of bridge. By substituting and solving the parameters for 

overlapping area (Aov) in equation 3.11 and we obtained it as 8.64 × 10-9 m2. The 

overlapping area of the RF MEMS switch is given as 

*ovA W w=        (3.12) 

Where W is the width of the RF signal line of CPW (100 µm) and w is the width 

of the Beam which has to be calculated. By simplifying the equation 3.12 with the 

values obtained for overlapping area, the width of the beam is calculated as 86.4µm. 

Therefore, an approximate value of 90 µm width is taken to design switch beam. The 

length of the beam is taken as 420 µm which is greater than four times of beam width 

for better actuation. 

The Fixed – Fixed type RF MEMS switch is designed and simulated in HFSS tool 

with the bridge having 320 µm length, 90 µm width and 1 µm as a thickness. The 

proposed switch structure is simulated by considering the air gap of 2 µm which shows 

switch onstate. It is observed that the resonant frequency of the switch is occurred at 41 

GHz as shown in Figure. 3.17  having very less return loss of -40.40 dB and at 68 GHz 

it shows -10 dB. Therefore, the switch can efficiently allow the RF signal with 

Millimeterwave frequencies upto 67.5 GHz. 

 

Figure. 3.17. Return Loss of normal Fixed – Fixed type switch with evaluated 

dimensions. 
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3.3.3 Thickness Optimization of Different Layers of Switch 

The lengths and widths of different layers in RF MEMS switch are optimized to 

transmit the signal at 41 GHz. The Height of the substrate is optimized to 450 µm by 

studying the RF losses at different heights ranging from 400 µm to 600 µm and the 

CPW Transmission lines are optimized to 1.5 µm using the skin depth concept. Hence 

the only parameter to be consider for optimization of switch is thickness of insulating, 

dielectric and beam layers. 

3.3.3.1 Thickness of the Insulating Layer – SiO2 

SiO2 is a native oxide layer can be formed by thermal oxidation process. It acts as 

a perfect insulating layer which does not transmit electrical charge into the substrate. 

Oxidizing the top surface of the silicon is easy and compatible for monolithic 

integration whereas deposition of other insulating layer over the silicon can leads to 

adhesion problems between them and may effects the reliability and durability of the 

switch [17 - 18] The thickness of the insulating layer is chosen such that no loss in 

transmission of rf signal should be occurred hence, the switch is simulated by varying 

the thickness of the SiO2 insulating layer. The reflection losses have been observed and 

for optimization of insulating layer thickness. It is observed that insulating layer with 2 

µm thickness possess very low return loss of -40.16 dB at 41.1 GHz as shown in the 

Figure. 3.18. 

 

Figure. 3.18. Return Loss of proposed switch by varying thickness of insulating layer. 
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3.3.3.2 Thickness of the Dielectric Layer – Si3N4 

The reliability of capacitive type RF MEMS shunt switches is primarily depends 

on Charging and discharging of the dielectric material in active region. Till today 

different dielectric materials such as HfO2, Aluminium nitride and silicon nitride are 

taken as standard dielectric materials. Among them silicon nitride (Si3N4) with 

dielectric constant 7.5 is chosen as a dielectric material because of ease in deposition at 

low temperatures.  

 
Figure. 3.19. Return Loss of proposed switch by varying thickness of insulating layer. 

The fixed – fixed switch is designed in HFSS tool and the return loss is observed 

by varying thickness of dielectric layer. From the Figure. 3.19, it is observed that at 43 

GHz (nearly 41 GHz), the switch shows low return loss of -43.55 dB at 0.3 µm as 

thickness when compared to the return loss at other thickness values. Therefore the 

0.3µm is chosen as the optimized thickness for dielectric material. 

3.3.3.3 Thickness of the Beam – Au 

Thickness of the beam plays a major role in lowering the pull in voltage of RF 

MEMS switch by reducing it stiffness. The spring constant of the fixed – fixed beam is 

directly proportional to the thickness as shown in the relation [19]. 

3K t       (3.13) 

Where K is the Spring constant of the beam and t is the beam thickness.  
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The switch with fixed – fixed beam is designed and simulated using HFSS by 

varying thickness of the beam from 0.5 µm to 2 µm and return losses are plotted against 

the desired frequency range as shown in Figure. 3.20. It is observed that at 0.5 µm and 

1.5 µm the switch shows good return losses when compared to 1 µm and 2 µm. 

Although the switch shows good return loss of -46.1 dB at 1.5 µm than the return loss 

of -42.4 dB at 0.5 µm, the spring constant of the switch increases 3 times when the 

beam thickness is 1.5 µm which increases the pull in voltage. Hence 0.5 µm is taken as 

the optimized beam thickness for switch. 

 

Figure. 3.20. Return Loss of proposed switch by varying thickness of Beam layer. 
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The general formula for the pull in voltage of RF MEMS switch [20] is given by  
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where Vp represents the pull in voltage, g0 is the air gap between the beam and 

lower electrodes, ε0 is the permittivity of the free space, A is the overlapping area and 

K is the spring constant of the beam. The pull in voltage of the switch can be reduced 

by increasing the overlapping area or by decreasing the gap between the electrodes and 

spring constant. The gap between the electrodes and overlapping area are the 

parameters in the upstate capacitance, hence by changing these parameters will affects 
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the capacitance at that state ultimately changes the resonant frequency of the switch 

which is not a good practice for optimization. Therefore, lowering the spring constant 

of the switch by introducing the meanders is the best way to reduce pull in voltage. Two 

types of switches such as Fixed – Fixed flexure type and Iterative meander type 

switches have been proposed which are having same capacitive area as in Fixed – Fixed 

beam switch can be seen in the Figures. 3.21 & 3.22. 

 
Figure.3.21. Schematic of Fixed - Fixed Flexure RF MEMS Switch. 

 
Figure. 3.22. Schematic of Iterative meander type RF MEMS Switch. 

The fixed – fixed flexures switch consists of four identical flexure beams and 

iterative serpentine meanders are formed by series arrangement of thin blocks which 

reduces the spring constant. The fixed – fixed beam and the fixed – fixed flexures are 

basic types of switches which can be seen in the literature but, the iterative serpentine 

meander is a novel type switch to reduce the pull in voltage when compared to existing 

switches. The central beam in these switches is suspended over the CPW in such a way 

that one end of the four meanders is connected to beam and the other ends are connected 

to the ground through anchors as shown in Figures. 3.23  
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Figure. 3.23. Suspended beam and meanders (a) Beam fixed at two ends (Fixed – Fixed 

Beam), (b). Beam fixed with Flexures at two ends, (c). Beam fixed with iterative 

meanders at two ends. 

The spring constant of each switch [21] is given by the equations:   
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Where la, lb, lc and ld are the length of beam and meanders respectively and wa, wb, 

and wc are the width of beam and meanders. The thickness of each meander is same as 

the thickness of the beam having 0.5 µm. thus, the spring constant of each switch is 

obtained by solving the three equations 3.15 – 3.17 with the available dimensions is 

shown in the Table. 3.4.   

Table. 3.4. Dimensions of beam and proposed meanders. 
Parameter/ 

Component 

Length (µm) Width 

(µm) 

Spring Constant 

(N/m) 

Beam (la) 320 90 0.76 

Fixed – fixed 

Flexure 

(lb)150 30 0.72 

Iterative serpentine (lc)40 

(ld)20 

10 0.68 

The spring constant of the beam and meanders are obtained from equation 3.15 – 3.17 

is used to calculate pull in voltage analytically. The voltage at which the beam breaks 
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down to the dielectric medium is considered as pull in voltage such that it occurs when 

2/3rd of the gap present between the beam and biasing pads [22]. The switches are 

designed in COMSOL and Intellisuite tools for validation and the pull in voltage results 

are presented in the Table.3.5. The proposed switches are simulated using Intellisuite 

software tool and presented in the Figures. 3.24 – 3.26.  

 

Figure. 3.24. Simulation analysis of the Fixed – Fixed beam using Intellisuite tool. 

 

Figure. 3.25. Simulation analysis of the Fixed – Fixed flexure using Intellisuite tool. 
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Figure. 3.26. Simulation analysis of the Iterative Meander using Intellisuite tool. 

Table. 3.5 Pull in voltage of Switches. 

Switch Theoretical Intellisuite Software tool 
COMSOL Software 

tool 

Fixed – Fixed 12.2 V 12.8V 14V 

Fixed – fixed Flexure 2.95 V 3.1V 3.3V 

Iterative serpentine 1.43 V 1.5V 1.6V 

The displacement of the beam at various actuation voltages are presented in Figure. 

3.27 – 3.29. The Pull – in Voltage of these switches are identified when the suspended 

beam displaces 0.7 µm which is 1/3rd of the total gap presents between beam and 

dielectric layer. The proposed iterative switch shows very low pull in voltage of 1.5 V 

due to low spring constant offered by iterative meanders. Hence it can conclude that 

these switches are optimized to transmit the RF signal at 41 GHz operated with a low 

pull in voltage. The optimized dimensions of the proposed switches for Millimeterwave 

applications are shown in Table. 3.6. 
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Figure. 3.27.  Displacement analysis of the Fixed – Fixed beam for spring constant. 

 
Figure. 3.28.  Displacement analysis of the Fixed – Fixed beam for spring. 

 
Figure. 3.29.  Displacement analysis of the Iterative meander switch. 
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Table. 3.6 Optimized Device Specifications. 
S. No Component Length 

(µm) 

Width 

(µm) 

Height 

(µm) 

Material 

1 Substrate  820 620 450 Silicon 

2 Insulating layer 820 620 2 SiO2 

3 Suspended Beam 320 90 0.5 Gold 

4 Signal line in CPW 620 100 1.5 Gold 

5 Biasing Pads 100 90 1.3 Gold 

6 Meanders 

(m1) 

(m2) 

(m3) 

 

40 

20 

30 

 

10 

10 

10 

 

0.5 

0.5 

0.5 

Gold 

7 Signal line dielectric 100 100 0.3 Si3N4 

8 Anchor × 4 10 5 2.3 Gold 

3.3.5. Electromagnetic Analysis of Proposed Switch Designs  

High Frequency Structure simulator is used to design and simulate the proposed 

three structures of switch virtually. The Onstate of the switch is designed with an air 

gap of 2µm between beam and dielectric layer. During the onstate the RF signal line 

passes underneath the beam with little attenuation and the return loss (S11) and low 

insertion loss (S12) is studied to observe the behavioural characteristics with respect to 

the frequency. The offstate of the switch is designed with having no gap between the 

beam and dielectric layer. During the offstate the device offers high attenuation to 

transmit the signal through signal line and the signal is grounded through the beam 

capacitance. During this isolation (S21) is observed to study the extent of output terminal 

isolated with the input terminal. 

The iterative meander shows very low return loss of -51.04 dB at 41 GHz than the 

other two basic switches as shown in Figure. 3.30. During upstate of beam the three 

types of switch exhibits return losses less than -10 dB upto 78 GHz which shows these 

switches can efficiently transmit RF signal at microwave and Millimeterwave 

frequencies. The development in achieving low return loss in iterative meanders is due 

to proper impedance matching due to its inductance developed by menders. The 

proposed switch exhibits less insertion loss (<1dB) during upstate, among them the 

proposed iterative meander switch exhibits high insertion than the other two switches 

upto 40 GHz and less insertion loss from 40 – 80 GHz as shown in Figure. 3.31. This 

shows that dimensions and material selected for the switch is optimized for 

Millimeterwave applications. During downstate, the capacitance developed by the 

switch increases hence the signal cannot be transmitted resulting in high isolation. From 
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the Figure. 3.32, it is inferred that the frequency of the iterative switch is shifted to 38 

GHz due to increase in capacitance and shows high isolation of -48.9 dB than the other 

two switches. The proposed switches can isolate the RF signals upto 80 GHz which 

shows that these can be used in RF devices operating at Millimeterwave frequencies.   

 

Figure. 3.30. Return loss of Three switches during onstate. 

 

Figure. 3.31. Insertion loss of Three switches during onstate. 
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Figure. 3.32. Isolation loss of Three switches during Offstate. 

Table. 3.7. RF performance of proposed switches. 

Parameter/ 

Component 
Fixed – Fixed Beam 

Fixed – Fixed 

Flexures 

Iterative 

Serpentine 

Return Loss -46.2 dB at 42.8 GHz  -42 dB at 41.8 GHz  -51.04 dB at 41GHz 

Insertion Loss -0.162 at 42.8 GHz -0.16 at 41.8 GHz -0.19 at 41GHz 

Isolation -39.63 dB at 41.2 GHz -42.31 dB at 38 GHz -48.9 dB at 38 GHz 

3.4  LIMITATIONS OF THE PROPOSED MODEL 

The main intention of the proposed model is to optimize the dimensions of the 

switch based on upstate capacitance of the switch and it does not includes the 

perforations in the suspended membrane. The proposed switches are prone to stiction 

problems and air damping effect which affects the lifetime and reliability of the switch. 

To overcome this problems, perforations of size 10 µm × 10 µm can be introduced 

in the membrane in later stages of thesis. As these perforations reduces the capacitive 

area and decreases the initial upstate capacitance, the thickness of the dielectric layer is 

decreased to 0.1 µm to enhance the capacitance to 37 fF. 

3.5  SUMMARY 

In this Chapter, optimization model based on Multiphysics simulations is proposed 

which is an intensive method to optimize the dimension of the switch to transmit 

Millimeterwave frequencies.  Three types of switches such as fixed – fixed beam, fixed 
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– fixed flexure and iterative meander switches are designed and simulated according to 

the proposed optimization technique. Among these switches, the proposed novel 

iterative meander switch exhibits low pull in voltage of 1.6 V having the good quality 

factor of 1.8. The switch also performs low return loss -51.04 dB and low insertion loss 

of -0.19 dB at 41 GHz and high isolation of -48.9 dB at 38 GHz. By observing these 

low pull-in voltages and good RF performance characteristics the proposed iterative 

switch can be used in 5G millimeter wave band 38 – 41.5 GHz.  applications. 
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CHAPTER 4 

DESIGN & SIMULATION 

4.1 Introduction 

4.2 Structure Description of Proposed Switch 

4.3 Working Mechanism of Switch 

4.4 Performance Analysis 

4.5 Summary 

 

4.1  INTRODUCTION 

 The electromechanical and electromagnetic behavioral characteristics of these 

switches are realized by simulating in finite element analysis tools. It was necessary to 

analyze the performance of the proposed design, and it employs the finite element 

method to locate the points of weaknesses in the device before it manufactured. Such 

software tools available to researchers are ANSYS, Intellisuite, COMSOL 

Multiphysics, Stress check, JCM Suite and many more. Intellisuite tool performs 

modelling and testing of the design by initially decomposing the massive structure into 

small structures [1-3]. The tool analyze the structure, fatigue, fractures, temperature 

studies, electromagnetism studies and simulates. It creates the software model of 

proposed design, structure, components, thereby simulating various factors like 

toughness, strength, elasticity, temperature, electromagnetism, and fluid flow. 

COMSOL Multiphysics is another conventional software tool that implements the finite 

element analysis.  It is a solver and Multiphysics simulation software with a coupled 

system of partial differential equations (PDE), and it provides a unified workflow for 

electrical, mechanical, fluid, acoustics, and other chemical applications [4,5]. 

In this chapter, design and simulation analysis is carried out for optimized iterative 

meander shunt switch using COMSOL, Intellisuite and HFSS FEM tools. Perforations 

are introduced in the membrane to reduce damping effect and stiction problems such 

that the performance characteristics of two type of structures: non – perforated and 
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perforated membrane switches are analyzed aiming low pull-in-voltage, fast switching 

time and good S - parameter values. Iterative serpentine meander with low spring 

constant is introduced to attain low actuation voltage and the capacitance of the switch 

is enhanced for good RF performance. Each performance parameter is analyzed 

analytically using conventional formulas and compared with the simulation results for 

design validation at millimeterwave frequencies. 

The organization of the chapter is as follows: In section 4.2, the description of each 

layer in the aspects of dimensions and material is illustrated. In section 4.3, the working 

mechanism of the switch with electrical model is explained. In section 4.4, the 

analytical and simulation analysis is presented and in section 4.5, the chapter is 

concluded with major inferences. 

4.2  STRUCTURE DESCRIPTION OF PROPOSED SWITCH 

The proposed RF MEMS switch is developed in shunt configuration model where its 

general structure is composed of transmission line placed over the substrate as shown in 

Figure. 4.1. In the proposed structure, Coplanar waveguide with 50Ω port impedance 

achieved by the dimensions of G/S/G as 60/100/60 µm made up of gold material is 

selected to propagate RF signal. High resistivity (>10Ω-m) silicon [6] is chosen as 

substrate material to provide a better platform to propagate RF signal with low losses. To 

avoid substrate leakage currents, the top surface of the silicon substrate is oxidised to 

form SiO2 [7] which acts as an insulating layer. The signal current passing through CPW 

cannot penetrate into substrate due to presence of insulating layer and hence high yield 

of signal is achieved at output terminal. As the proposed switch is of capacitive type, the 

transmission of RF signal is regulated by capacitance formed between the suspended 

membrane and lower electrodes [8]. To enhance the capacitance of proposed switch 

design, a dielectric layer made up of silicon nitride material is subjected to present over 

the signal line of CPW [9 -11]. The capacitance is developed when there is a voltage 

difference between signal line and suspended membrane. To actuate the membrane in the 

direction of CPW, biasing electrodes are place between the signal and ground lines of 

CPW and supplied with voltage [12]. 
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Figure. 4.1. 2D schematic of Capacitive shunt switch. 

The membrane is suspended with airgap (g) of 2 µm over the transmission line and 

biasing pads by using meanders. The one end of the meanders is connected to the 

membrane and other ends are connected to the ground lines of CPW through anchors. 

A total of four meanders are associated with the design as shown in the Figure. 4.2 to 

suspend the membrane. These meanders offer the necessary mechanical force to restore 

the membrane during deactuation process and also offers good stiffness to resist 

external vibrations and shocks (caused by mishandling and acceleration due to gravity). 

In the previous chapter the proposed switch is optimized without having 

perforations but it suffers from air damping and stiction issues which ultimately effects 

the reliability of switch. Hence, Perforation are introduced in the membrane to 

overcome stiction problems and damping effect caused by air during deflection. Based 

on the design of the suspended membrane, two types of structures have been presented 

and analysed in this chapter: a non – perforated and a perforated membrane switches as 

shown in Figure 4.2. The perforations introduced in membrane reduces the capacitive 

area and decreases the upstate capacitance in perforated design which contradicts our 

optimization of switch at 37 fF. Hence the thickness of the dielectric layer is decreased 

to 0.1µm for perforated structure to enhance the capacitance  to 37 fF. The optimized 

dimensions of switch for both non – perforated and perforated designs are presented in 

Table 4.1. 
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(a)     (b) 

Figure. 4.2.  3D Schematic of switches  (a) Non – perforated membrane and             

(b) Perforated membrane. 

Table 4.1. Specifications of proposed switches. 

Component 
Non – perforated switch 

(µm) 
Perforated Switch (µm) Material 

Substrate  820 × 620 × 450 820 × 620 × 450 Gold 

Insulating layer 820 × 620 × 1 820 × 620 × 1 Gold 

Suspended membrane 320 × 90 × 0.5 320 × 90 × 0.5 Gold 

Signal line in CPW 620 × 100 × 1 620 × 100 × 1 Si3N4 

Biasing Pads 100 × 90 × 1 100 × 90 × 1 SiO2 

Meanders 

(m1) 

(m2) 

(m3) 

 

40 × 5 × 0.5 

20 × 5 × 0.5 

30 × 5 × 0.5 

 

40 × 5 × 0.5 

20 × 5 × 0.5 

30 × 5 × 0.5 

Gold 

Signal line dielectric 100 × 100 × 0.3 100 × 100 × 0.1  

Anchor × 4 10 × 5 × 2.6 10 × 5 × 2.6 Gold 

The proposed switch structure utilizes a unique meandering technique having low 

stiffness which ultimately produces less Pull-in-Voltage. The uniqueness of the 

meander is that the span beam length of second section in meander is double than that 

of first section and third section is triple and fourth section is quadruple and so on. In 

the proposed meander, the sections are added in an iterative manner hence it is named 

as iterative serpentine meander structure.  

 
Figure. 4.3. Iterative Meander structure upto n iterations. 
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The proposed switch is designed by having only two iterations as shown in figure 

4 and the design reduces the stress at critical points such that the spring can withstand 

against buckling effect. The spring model is designed in such a way that stiffness of 

second iteration is half of the spring-constant of first iteration. Hence overall spring 

stiffness of iterative meander consisting of two sections is 3 times less than the stiffness 

containing one section whereas the stiffness of normal serpentine meander with two 

sections will reduced by half. Hence the proposed iterative meander is efficient to 

designed RF MEMS switch. The proposed iterative meander along with dimensions are 

presented in the figure 2. Each meander section of the switch consists of 4 blocks where 

the spanning length of block in first iteration is considered as 20 µm and for the second 

iteration it is 40 µm long. These spanning blocks are attached to each other by using 

connecting blocks of length 30µm. The width of each block is taken as 5µm having 

thickness of 0.5µm.  

 

Figure. 4.4. Single Iterative Meander. 

4.3  WORKING MECHANISM OF SWITCH 

The electrical model of switch is presented in Figure. 4.5 consists of Resistance, 

Inductance and capacitance components which are connected in series to each other and 

are in parallel configuration to the input terminal [13-15]. The impedance generated by 

the capacitance is varied to regulate the transmission of RF input signal. Initially, when 

the membrane is not actuated the capacitance (Cup) formed by the membrane with the 

signal line as shown in Figure. 4.6. is very less (<1fF) and the impedance generated 

capacitance is low and it cannot nullify the impedance generated by the inductance [16 

– 19]. The overall impedance offered by resistor in series with inductor is high and does 

not transmit the RF signal through it. At this state, the transmission of RF signal to the 

output port occurs which enables the ON condition of switch [20].  
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Figure. 4.5. Lumped model at upstate condition. 

 

Figure. 4.6. Upstate Biasing Condition. 

When an actuation voltage is applied between the biasing pads and suspended 

beam connected to the ground lines. An electrostatic force is developed and pulls the 

suspended beam downwards [21] as shown in the Figure 4.7. This downward 

movement of beam decreases the gap between dielectric layer and beam and increases 

the capacitance between them. A large capacitance is developed in terms of picofarads 

between the biasing pads and suspended membrane and this is in parallel with the 

capacitance between suspended membrane and signal line [22]. The overall capacitance 

obtained is called downstate capacitance (Cdown) or offstate capacitance which nullifies 

the impedance [23] developed by the inductance and makes the shunt RLC path as a 
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pure resistive as shown in Figure. 4.8. In this condition, the RLC offers very low 

impedance [24] and bypass the RF signal to the ground without reaching to output 

terminal. Therefore, no RF signal is transmitted to output port enabling the switch OFF 

condition.  

The impedance generated by the capacitance is increased by actuating the 

membrane in downward position. When the membrane falls on the dielectric layer, the 

capacitance is increased to few picofarads and nullifies the impedance generated by the 

inductance such that RLC path is of pure resistive and signal is grounded through it. 

Hence the RF signal do not transmit to output terminal and enabling the OFF condition 

of switch. Generally, for high frequency millimeterwave applications, the OFF state 

capacitance of the switch ranges from 5 pF – 15 pF [25]. 

 

Figure. 4.7. Downstate Biasing Condition. 

 

Figure. 4.8. Lumped model at downstate condition. 
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4.4  PERFOMANCE ANALYSIS 

4.4.1  Spring Constant Analysis 

Each meander section of the switch as shown in Figure. 4.4 consists of four 

cuboidal blocks where the span length of first iteration is considered as 20 µm and for 

the second iteration it is 40 µm. These spanning blocks are attached to each other by 

using connecting blocks of length 30 µm. The width of each block in meanders is taken 

as 5µm having thickness of 0.5 µm. Thus, the spring stiffness of each block is given as: 

3

3

Ywt
K

l
=

     (4.1) [26] 

Where Y: Material elasticity modulus, w: width, t: thickness, l: length of each block in 

meanders. The gold material having elasticity modulus of 70 GPa is taken for the 

membrane as well as meanders for better actuation due to high conductivity. The 

effective spring-constant of each meander is given by 

20 40 30

1 2 2 4

effK K K K
= + +

             (4.2)[27] 

Where Keff: effective spring-constant of each meander; K20, K40, K30 are the spring 

stiffness of 20µm, 40µm and 30µm length cuboidal blocks in a meander respectively. 

The effective stiffness of each meander evaluated by eq.4.2 is obtained as 0.17 N/m. 

As the switch consists of four iterative meanders two each on either side of the 

suspended membrane, the total spring-constant is observed to be 0.68 N/m which is 

obtained by multiplying effective stiffness of each meander with four. 

4.4.2  Non – Linear Stress Distribution Analysis 

The study on critical stress of the beams in the meanders and compressive non – linear 

stress distributions is a primary concern to analyze the buckling effect of RF MEMS 

switches. The buckling occurs at the membrane and meander connections where the 

stress developed on suspended membrane and meander exceeds the critical stress of 

switch [28]. The stress at which the membrane and meanders withstand before buckling 

is called critical stress and is given by the equation: 
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2 2

23 (1 )
c

Yt

l





=

−
          (4.3)[29] 

 Where σc: critical stress of switch, Y: elasticity modulus of the membrane. t: thickness 

of the membrane and l: length of the membrane and ʋ: poisson ratio of the material 

used for membranes.  

The meanders consist of blocks with length 20 µm, 30 µm and 40 µm and membrane 

is taken as 320 µm. Hence the critical stress of each block in meanders is obtained as 

250.06 MPa, 111.13 MPa, 62.5 MPa respectively.  

 

Figure. 4.9. Stress developed on meanders. 

The simulations have been carried out by actuating the switch membrane to deflect to 

2 µm (airgap). A uniform stress of 2.13×10-3 MPa is distributed throughout the beams 

in the meanders which is very less when compared to the respective critical stresses 

calculated. The maximum stress of 5.29 MPa is generated at the connection between 

the span beam and connecting beam present in first iteration of the meander. The 

generated stress at the connection is very less when compared to the residual stress of 

gold beam (90 MPa) [30] as the meander section is a continuous structure during 

fabrication it can hold the stress without buckling. 

 The non – linear stress distribution is analysed for both non – perforated and 

perforated membrane structures. As represented in the figure 4.10 (a & b), a stress of 

about 2.13×10-3 MPa is developed on the non – perforated membrane and for perforated 

membrane it is 1.61×10-3 MPa. The decrease in the total stress from non – perforated 

to perforated structure is due to decrease in air damping over the perforated membrane. 
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The developed stress for both structures is less than the critical stress of the membrane 

which is 0.9 MPa. Hence, the proposed meanders and membrane structures are feasible 

to develop RF MEMS switches without buckling effect.  

 

  (a)             (b) 

Figure 4.10. Stress development in membranes (a) Non – perforated (b) Perforated. 

4.4.3  Electromechanical Analysis using Multiphysics Simulations 

Electromechanical analysis describes the dynamic behavioural characteristics of switch 

during electrostatic actuation. It involves the multiphysics simulations of electrical, 

electrostatics and mechanical coupling. The switch works on the principle of Newton’s 

second law [31] where the suspended membrane acts as a moving electrode, biasing 

pads as fixed electrodes and meanders as a suspension spring. In the proposed switch 

design, the suspended membrane is grounded by using meanders and anchors. Initially, 

when the switch is not supplied with the biasing voltage and RF input signal is applied 

to transmit through CPW, there will be no electrostatic force acts on the suspended 

membrane and it will remain in upstate. Hence, a small capacitance is developed due 

to existing of potential difference between grounded suspended membrane and RF 

signal line of CPW. This capacitance is called as upstate capacitance often termed as 

onstate capacitance and is given by the equation:  

0 s b

up

d
a

r

W w
C

t
g





=

+

    (4.4) [32] 

Where Cup – upstate capacitance; ε0 – permittivity of free space; Ws: width of signal 

line; wb: width of suspended membrane, ga: air gap; td: dielectric thickness and εr: 

relative permittivity of the dielectric medium.  
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The upstate capacitance thus calculated with the dimensions is obtained as 37 fF 

and non - perforated and perforated switch models are simulated and presented in 

Figure. 4.11 by using FEM tool and observed as 34.5fF and 36.4 fF with 6.7% and 1.6% 

of error deviation of simulation results respectively. During this capacitance, the signal 

is propagated along the signal line to output terminal. 

     
      (a)              (b) 

Figure. 4.11. simulation model of Upstate capacitance (a) Non – perforated (b) 

Perforated. 

When biasing electrodes are supplied with DC voltage, an electrostatic force as 

given in the eq.4.5 is generated between the electrodes [33].  

0

2

( 2 )

2

s bp b

es

a

W W w V
F

g

 +
=

    (4.5)  

Where, Wbp: width of the biasing electrodes; V: applied voltage and                            

Fes: electrostatic force generated. This electrostatic force attracts the membrane 

vertically towards signal line. The meanders associated with the membrane tries to 

oppose the movement of the membrane due to stiffness and the force exerted due to 

spring-constant is called restoring force and is given by. 

( )r total aF K g x= −
           (4.6)[34] 

Where Ktotal : total spring-constant of proposed meanders and x: displacement of 

membrane. The membrane will displace upto 1/3rd of the air gap under electrostatic 

force [35]. At this 1/3rd displacement (x=ga/3) point the electrostatic force and restoring 

force will be equal and this state is called equilibrium state of RF MEMS Switch. 

es rF F=
          (4.7) [36] 
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Hence, pull – in – voltage of switch is defined as “the amount of voltage required to 

pull the membrane to the 1/3rd of the airgap” [37] and is obtained by solving the 

variables involved in actuation. 

3

0

8

27 (2 )

total a
p

bp s b

K g
V

W W w
=

+
    (4.8) 

Where, Vp: Pull-in-Voltage of the switch and it is analytically obtained as 1.43 V 

for non – perforated switch design and 1.8 V for perforated switch design. 

  

      (a)              (b) 

Figure. 4.12. Simulation analysis of Pull-in-Voltage (a) Non – Perforated switch and 

(b) Perforated switch. 

The simulations of two switch designs are performed using COMSOL tool and 

displacement of the suspended membrane at pull – in voltage is presented in figure 4.12. 

The switch utilizes 1.6 V for non – perforated switch and 1.8 V for perforated switch 

to displace the membrane to 1/3rd of the airgap which is 0.8 µm. The membrane shows 

abrupt displacement when we increase the input voltage beyond Vp and falls on the 

dielectric medium where, further bending is not possible practically and is represented 

in the figure 4.13. 

 

      (a)              (b) 

Figure. 4.13. Displacement of membrane (a) Non – Perforated switch and (b) 

Perforated switch. 
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Figure. 4.14. Schematic of membrane and lower electrodes at downstate. 

The biasing pads are taken in such a way that their thickness is equal to the 

thickness of CPW and there will be a small gap between the suspended membrane and 

biasing electrodes which is equal to the dielectric thickness. The potential difference 

exists between suspended membrane and signal line due to input RF voltage (mV) is 

applied to signal line CPW during signal propagation. This develops a high capacitance 

(C1) value with the presence of dielectric layer between them. As we are applying 

voltage to biasing pads to actuate the suspended membrane, a potential difference exists 

between the suspended membrane and biasing pads. This develops an additional 

capacitance (C2) with air as a dielectric medium   Hence, the downstate capacitance 

consists of two components i.e., capacitance developed with the presence of dielectric 

medium and also by air. Therefore, the total downstate capacitance of the switch is 

given as  

0 b

down r s bp

d

w
C W W

t


 = + 

   (4.9) 

Analytically, capacitance at down state is evaluated by the eq.4.9 and it is obtained 

as 1.9 pF and 2.24 pF for non – perforated and perforated switch designs respectively. 

The switch is simulated to validate the downstate state capacitance and is obtained as 

1.8 pF and 2.31 pF for non – perforated and perforated switch designs respectively as 

shown in figure 4.15. The calibration of capacitance w.r.t input voltages is presented in 

the figure 4.16. The abrupt raise in capacitance occurs at Vp where the switch changes 

its state from ON to OFF condition. The capacitance reaches from 34.5 fF to 1.8 pF for 

non – perforated and 36.4 fF to 2.31 pF for perforated design. The development of 

capacitance in terms of pF at downstate blocks the signal reaching to output terminal 

enabling OFF state condition of switch. 
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The Figure of Merit of RF – MEMS switches is termed as capacitance ratio which 

is defined as – “The ratio between OFF state to ON state capacitance is called 

capacitance ratio” [38]. It is obtained as 50.9 and 63 for non – perforated and perforated 

switch design with better reliability and helps to produce good RF performance 

characteristics of switch. 

  

       (a)      (b) 

Figure. 4.15. Simulation of proposed switch for Downstate capacitance (a) Non – 

Perforated switch and (b) Perforated switch. 

 

Figure. 4.16. C – V characteristics during actuation (a) Non – Perforated switch and 

(b) Perforated switch. 

4.4.4  Quality Factor  

The quality factor of the proposed switch can be determined by parameters such as 

pressure, temperature and intrinsic material dispersion [39]. The proposed switch is 

operated in normal room temperature and pressure hence, air damping becomes a 

dominant factor which be evaluated by the equation: 
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=

     (4.10) [40] 

Where bd: coefficient of damping, µ: dynamic viscosity of air (1.885×10-5 Pa) and       

Ab: Area of membrane. From the eq.4.10, the coefficient of damping is evaluated as 

7.2×10-6 Pa/m. The mechanical resonant frequency is defined as – “The total number 

of vertical oscillations of the membrane in a unit time” [41] and at this frequency the 

switch shows maximum deflection from its original position. It is governed by the 

eq.4.11, which depends on spring-constant of the proposed meanders and total mass of 

the membrane. 

1

2

total

m

b

K
f

M
=

    (4.11)[42] 

Where fm: mechanical resonant frequency and Mb: total mass of the membrane 

which is calculated as the product of volume of the membrane and density of the gold 

material. It is obtained as the switch membrane connected by the four meanders 

oscillated with with the frequency of 83.5 KHz and 1.03 MHz for non – perforated and 

perforated membrane and these values are substituted in eq.4.12 to get the quality 

factor.  

2

total

m d

K
Q

f b
=

    (4.12)[43] 

Where, Q: quality factor which is obtained as 1.2 for non – perforated switch and 

1.69 for perforated switch. Generally, switches show the slow switching when Q<0.5 

and suffers from high release time Q>2 [44]. The proposed switch possesses quality 

factor within the prescribed range which exhibits efficient switching and release time. 

4.4.5  Switching and Release Time Analysis 

Switching time is defined as – “The time taken for the switch to change its 

condition from ON state to OFF state” [45] and it is majorly depending on the spring-

constant of the meanders associated with the membrane and Vp of the switch. The 

switching time will be reduced by increasing the actuation voltage: as the voltage 

increases more electrostatic force is generated to pull the membrane within less time 

and the switching time is given as. 
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=

     (4.13)[46] 

Most of RF MEMS switches shows the switching time in few milliseconds. The 

proposed iterative meandered switch takes 16 µsec for non – perforated and 11.2 µsec 

for perforated switches to deflect the suspended membrane from upstate to downstate. 

When the actuation voltage is turned off, the restoring mechanical force is generated by 

the spring-constant of the meanders which pulls the membrane upwards to regain its 

original position. The time taken to restore the membrane to its original position after 

removal of actuation voltage is called release time or pull up time and is given with the 

eq.4.14. 

1

4 2

total

r

m b

K
t

f m


= =

      (4.14)[47] 

The switch takes 29.9 µsec and 8.4 µsec to release the membranes for non – perforated 

and perforated switch due to decrease in air damping effect and effective mass of 

membrane.  

4.4.6  Electromagnetic Analysis of Proposed Switch 

S – Parameters of proposed iterative meandered switch over wide range of 

frequencies are analysed by using HFSS 13.0V software tool. During upstate, the switch 

is in onstate and the effect of resistance and inductance is negligible and the s-

parameters are totally depending upon upstate capacitance. The reflection loss of the 

switch is given as [48] 

0

11

02

up

up

j C Z
S

j C Z





−
=

+
     (4.15) 

The insertion loss occurs during transmission of RF signal due to material 

considerations. The return and insertion loss are illustrated in the figures 15 &16 

respectively. The proposed switch designs have to integrate with the antenna to achieve 

reconfigurability. Hence the switch is designed to occur resonance at the frequency 

obtained by the upstate capacitance (Cup) and inductance developed by CPW 

transmission line which is 0.04nH. Hence, the resonance in the frequency occurs while 
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plotting the return loss of proposed perforated and non – perforated design. while 

considering the return loss, the proposed switch allows the RF signal upto 78 GHz and 

shows very low value of -56 dB for non – perforated switch and -61.4 dB for perforated 

switch design at 41 GHz. While considering the insertion losses which occurs due to 

material dispersion, the switch designs allow RF signal upto 71 GHz by having 

insertion loss less than 1dB at 41 GHz, the non – perforated switch shows the insertion 

loss of -0.19 dB whereas perforated switch shows -0.24 dB at 41 GHz which are 

efficient values to transmit the RF signal for millimeter wave applications. 

 

Figure. 4.17. Return loss in UP state. 

 

Figure. 4.18. Insertion loss in UP state. 
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  Figure. 4.19. Isolation of the Switch in down state. 

The isolation of output and input terminals can be achieved out by actuating the 

membrane to fall on the dielectric medium for increment of capacitance. The isolation 

of the switch is analysed by simulating over the range of frequency 1 – 80 GHz. During 

Off state, an inductance of 5.6 pH is developed by the meanders and the switch designs 

shows good quality of isolation as -48.9 dB at 38 GHz for non – perforated design and 

-46.7 dB at 38 GHz for perforated switch design. The switch designs can be efficiently 

operated in the frequency range of 24 – 71 GHz and effectively serves for millimeter 

wave applications.  

4.5  SUMMARY 

Investigation on performance characteristics of proposed iterative meander RF 

MEMS switch is performed in this chapter for perforated and non – perforated 

membrane structured switches. The enhancement of capacitance is observed in 

perforated switch design over non – perforated switch due reduction in thickness of 

dielectric layer from 0.3 µm to 0.1 µm. The deviation of simulated results from 

theoretical values in proposed switch designs occurs due to evaluating the performance 

characteristics by conventional formulas and the deviation is observed to be less than 

10% error. The proposed switch designs exhibit low pull – in voltages less than 2 V and 

possesses good mechanical, electromechanical and electromagnetic characteristics. 

These switch designs are proved to be excellent choice for low power devices working 

at millimeterwave frequencies. 
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CHAPTER 5 

CAPACITANCE MODELLING 

5.1 Introduction 

5.2 Electrostatic Capacitance Models   

5.3 Capacitance Models for RF MEMS switch 

5.4 The Proposed Capacitance Model  

5.5 Capacitance Components Analysis 

5.6 Error Evaluation  

5.7 Comparison with Benchmark Models 

5.8 Summary 

 

5.1  INTRODUCTION 

Since last two decades, significant research on fabrication and characterization of 

RF MEMS Switches have been conducted and realized that most of the suspended 

beams in the switches contains perforations to release the beam during fabrication 

process [1-4]. Analysis have been carried out on these type of perforated beam structures 

to reveal that perforated beam structures improves the switching time and reliability by 

reducing air damping effect on beam. But incorporating perforations on the beam 

decreases the actuation and capacitive areas of switch which results in increase in Pull-

in-Voltage and decrease in up and down state capacitances. The s-parameters of switch 

are mainly depending on up and down state capacitance and a proper estimation of these 

capacitance values is a major assignment in developing RF MEMS Switches for high 

frequency applications [5-7]. 

Very few works on capacitance modelling have been reported till date. Among 

them, most of the empirical models deals with the capacitance development between 

parallel plate structures but none of them can be applicable for RF MEMS switches due 

to the accommodation of dielectric layer between parallel plates. An hybrid model [8,9] 

which is a combination of edge fringing field proposed by palmer [10] and fringing filed 
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due to metal plate thickness proposed by yang [11] is reported but these models is failed 

to consider the perforations effect. Meji’s [12] has proposed a model based on 

perforations in the beam but the effect of dielectric layer is not considered in this model. 

Later, K. G. Sravani & K. Guha et al., proposed modified versions of Meji’s, Yang’s 

and Palmer – Yang’s capacitance models by including perforations, dielectric layer 

thickness, ligament efficiency and fringing field capacitance but these model has not 

considered the parasitic capacitance developed in the switch which leads to 

misinterpretation of capacitance with large error percentage [13]. 

In this chapter, a modified empirical formula for capacitance of RF MEMS switch 

is developed by including the parallel plate, fringing field and parasitic capacitances. 

The proposed empirical formula contains the ligament efficiency term as one of the 

dimensional parameters and it helps to identify the capacitance formed by fringing field 

component. The switch is then simulated by using Finite Element Modelling (FEM) tool 

before fabrication to validate the proposed empirical models. The developed empirical 

model for capacitance is compared with modified benchmark models to understand its 

efficiency to estimate the total capacitance of switch than the other models. 

The organization of the chapter is as follows: In section 5.2, the benchmark parallel 

– plate capacitance models and their empirical formulas are explained. In section 5.3, 

the benchmark models are modified by introducing the dielectric layer between the 

electrodes. In section 5.4, a new empirical formula for capacitance of RF MEMS switch 

is developed based on Parasitic, fringing filed and parallel – plate capacitances. In 

section 5.5, each capacitance component is studied by varying ligament efficiency and 

other design parameters. In section 5.6, simulations has been carried out by FEM tool 

and error percentage of proposed model is evaluated for validation.  In section 5.7, the 

proposed capacitance model is compared with the benchmark models for efficiency in 

evaluating the capacitances. In section 5.8, the chapter is concluded with major results. 

5.2  ELECTROSTATIC CAPACITANCE MODELS 

Two types of parallel – plate structures are possible for development of electrostatic 

capacitance in MEMS technological microfabricated devices [14]: a) A thin metal plate 

over conducting ground plate and b) two identical metal plates with an airgap between 

them. The distance between the parallel – plates is a dominant factor to develop the 
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capacitance between them when there is a potential difference between them. The two 

types of parallel – plate structures are shown in the Figure. 5.1 (a & b). 

  

  Figure. 5.1. Parallel – plate structures a) A thin metal plate over conducting ground 

plate and b) two identical metal plates. 

Two types of capacitance components arises in parallel – plate structures: i) parallel 

– plate capacitance developed by the lateral surface of the metal plate and ii) fringing 

field capacitance developed by thickness of the metal layers. This fringing field 

capacitance is very low and considered as the side effect capacitance component. In 

1984, Meijs and Fokkema [15] proposed an empirical formula based upon these 

capacitance components containing four terms for structure represented in Figure. 5.1 

(a). The first term is developed by parallel – plate capacitance and the other three terms 

are due to side effects: 

1 1

4 2

0.77 1.06 1.06
w w t

C
h h h


 
      = + + +     
      
 

    (5.1) 

Later, in 2004, Yang [16] developed an empirical formula for two identical metal 

plates represented in Figure. 5.1 (b). It consists of four terms where, the first terms 

represents the parallel – plate capacitance developed between metal plates, the second 

and third term represents the side effects developed by the finite dimension of the metal 

plate and the fourth term represents the fringing filed capacitance developed due to finite 

thickness of the metal plates. The model is precise on metal thickness effects shows 

good accuracy in FEM simulations [17].  
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Based upon the study carried upon the fringing filed effects between parallel – plate 

structures, palmer’s model is best amongst them. Hence, a novel model is developed by 

Leus and Elata [18] based on palmer’s and yang’s model for fringing field effects. This 

model gives accurate modelling of fringing field capacitance in a unified way and is 

given by the equation. 5.3 as  

2
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1 ln ln 1 2

w h h w h t t t
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h w w h w h h h

 

  

    
  = + + + + + +          

  (5.3) 

The proposed models represented in the equations 5.1, 5.2 and 5.3 are referred as 

benchmark models to evaluate electrostatic capacitance developed between the parallel 

– plate structures and are proved to be accurate.  

5.3  CAPACITANCE MODELS FOR RF MEMS SWITCH 

J. Iannacci [19] analyzed the structures MEMS capacitors which consists of thin 

oxide layer between the parallel – plate and perforations on one of the metal plates as 

shown in the Figure. 5.2 (a). The total capacitance for this model can be evaluated by 

adding the capacitances developed due to oxide thickness and air as a dielectric medium 

as shown in Figure. 5.2 (b).  The analytical formula is a closed type which contains the 

fringing filed capacitance effect due to edges of the parallel plates, edges of the holed 

etched on the plate and due to thickness of the parallel plates having six and four degrees 

of the freedom. The analytical formula proposed by J. Iaannacci including the fringing 

field effects is  

(2 2 ) (2 2 )

( (
INST INST INST INST

AIR HolesAIR AIR AIR H H
AIR

AIR CM AIR CM ArcF AIR CM ArcF AIR CM

AWL W L W L mn
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Z Z Z Z Z Z Z Z

    

 

       + +
= − + +       

+ + + +              

  

…………………     (5.4) 

Holes H HA m n W L=          (5.5) 
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(a) 

 

(b) 

Figure. 5.2. Pictorial representation of Iannacci’s capacitance model a) parallel – 

plates including oxide layer b) total capacitance development. 
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The benchmark models described earlier does not contains any oxide layer between 

the parallel – plate structures and the capacitance development is purely by air as a 

dielectric medium. In RF MEMS switch structures and other MEMS capacitor structues 

a thin oxide layer will be present to enhance the output response. Hence, Koushik Guha 

[20] developed the modified models for these benchmark models by incorporating the 

capacitance developed due oxide layer thickness. In these modified models, the gap 

between the parallel – plates (h) is replaced by (d + (td / εr ) and these modified 

benchmark models are represented as 

The modified yang’s model is given as 

1/4 1/2

mod_ 0 0.77 1.06 1.06 b
mejis

d d d

r r r

tw w
C W

t t t
d d d



  

    
    
    = + + +
    + + +    

     

 

1/4 1/2

2

0
l 0 0.77 1.06 1.06l w h h b

w h
d d d

r r r

n n w w t
n n w

t t t
d d d




  

    
    
    − + + +
    + + +    

     

 

…….. (5.8) 

The modified yang’s model is given as 
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  = + + + + + 
     + + + +  +         

 

2 2

0

2

2 2
ln ln 1 2l w h l w h h b b b

d d d d
d

r r r r
r

n n w n n w w t t t

t t t t td d d d d

  



    

  
   
   
 − + + + + +  
     + + + +  +        

 

…….. (5.9) 



Capacitance Modelling  Chapter 5 

 
 

  102 
 

The modified palemer – yang’s model is expressed as 

2

0 0

2

22
1 ln ln 1 2b d b

pal yang
d d d d

d

r r r r
r

wW w t t tw
C

t t t t td d d d d
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 − + + + + + + +  
     + + + +  +        

 

…….. (5.10) 

Where, Cmod_mejis: Total capacitance obtained modified meji’s model, Cmod_yang: 

Total capacitance obtained modified yang’s model, Cpal-yang: Total capacitance obtained 

modified meji’s model , ε0: Permittivity of free space, td: thickness of dielectric layer, 

εr: relative permittivity of the dielectric medium, W: width of the step structure beam, 

w: width of the signal line, d: distance between parallel plates, tb: thickness of the step 

structured beam, nl: no. of perforations along length of the beam, nw: no.of perforation 

along width of the beam, wh: width of the holes. 

5.4  THE PROPOSED CAPACITANCE MODEL 

The proposed design of RF MEMS switch in shunt configuration is shown in 

Fig.5.3. The switch is constructed using the components such as substrate: a platform 

for monolithic fabrication of other layers on it; insulating layer: used to avoid contact 

between transmission line and substrate; CPW: acts as a transmission line for RF signal 

propagation; Anchors: used to hold the suspended membrane with an airgap present 

between dielectric layer and membrane; meanders: used to restore the membrane when 

unactuated; membrane: used to develop capacitance; dielectric layer: avoid the metal 

contact between membrane and signal line of CPW and biasing electrodes: used to 

actuate the membrane towards dielectric layer. The dimensions of each component are 

presented in Table. 5.1. 
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Figure. 5.3. Proposed switch structure and its components.  

 

Table. 5.1. Dimensions for proposed structure. 
Component Length (µm) Breadth (µm) Height (µm) Material [14-16] 

Substrate 820 620 450 Silicon 

Membrane 320 90 0.5 - 1 Gold 

Biasing Pads 100 90 1 Gold 

Signal line 620 100 1 Gold 

Dielectric layer 100 100 0.1 – 0.5 Si3N4 

Insulating layer 820 620 1 SiO2 

Anchor × 4 10 5 2.5 Gold 

Airgap 2 – 3 µm 
   

The proposed empirical formula for RF MEMS switch is expressed with three 

components, Cp: parasitic capacitance developed due to CPW transmission line, 

insulating layer and substrate; Cpp: Parallel plate capacitance developed by surface area 

of suspended membrane; and Cff: Fringing field capacitance developed due to thickness 

of the membrane and edges of perforations. The total capacitance of the switch can be 

obtained as summation of all the three capacitance components. 

  switch p pp ffC C C C= + +     (5.11) 

The first component in the capacitance model is parasitic capacitance developed by 

the substrate, insulating layer and CPW of the switch as shown in the Figure. 5.4. The 

parasitic capacitance of switch is developed in terms of Femto farads and has much 

effect on upstate or onstate capacitance of switch. The total parasitic capacitance (Cp) 

formed by the transmission line is the sum of capacitance developed by the signal line 

with ground lines (Cair) which having air as a dielectric medium, capacitance developed 

by insulating layer (Cins) and substrate (Csub). Hence, the total parasitic capacitance is 

given as 



Capacitance Modelling  Chapter 5 

 
 

  104 
 

                                          p air ins subC C C C= + +  (5.12) 

 
Figure. 5.4. Schematic of Parasitic capacitance components in switch. 

The conformal mapping technique is utilized to evaluate the capacitance developed 

by the CPW which involves in developing analytical expression for effective dielectric 

constant (εeff) of substrate - insulating layer combination and total characteristic 

impedance of switch (Z0) [19]. The layers are assumed to be homogeneous to ensure 

quasi – TEM state and capacitance developed by signal line with ground lines where air 

acts a dielectric medium between them is given by 

0
0

|

0

(
4 

)

( )
air

k

K
C

K

k
=

     (5.13) 

Where ε0 is permittivity of free space such that  

2

s
i

s

W
k

W G
=

+
 ,   i = 0,1,2,3……… (5.14) 

Where WS is signal line width and G is gap between signal line and ground lines. 

( )| 21i ik K k= −      (5.15) 

Where K(ki) and K(ki
|) are elliptical integrals of first kind and can be approximated as 

follows  

Signal line GroundGround

Cins

Substrate

G G

Csub
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2 2

| 2 41 1.3
( ) ( ) 1 .....

2 2 2.4
i iK k K k K K

     
= = + + +    

     
  (5.16) 

The capacitance developed by the insulating layer having thickness (tins) with equivalent 

dielectric constant (εins – εsub) is given by 

( ) 1
0 |

1

( )
2

( )
ins ins sub

K k
C

K k
  = −     (5.17) 

Where, εins and εsub are relative permittivity of insulating layer and substrate, 

respectively. 
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    (5.18) 

Where, tins is thickness of insulating layer. Similarly, the capacitance developed by the 

substrate having thickness tsub + tins with effective dielectric constant (εsub – 1) is given 

as 

( ) 2
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( )
2 1

( )
sub sub

K k
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 = −     (5.19) 
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   (5.20) 

Therefore, the total parasitic capacitance of the switch is obtained by summation of 

equations (5.13), (5.17) and (5.19) and is given as  

0

|0

0 )
4

( )

(
effp

K k
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 =      (5.21) 

Where    1 2
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2 2
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  (5.22) 
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1 0
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2 0
2 |
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( ) ( )

K k K k
q

K k K k
=       (5.24) 

The second component in the empirical formula is parallel plate capacitance 

developed due to overlapping area between suspending membrane and lower electrodes. 

When no voltage is supplied to biasing pads and signal line is supplied with small RF 

voltage for signal transmission through CPW, the upstate capacitance is developed only 

between membrane and signal line having air and silicon nitride layer as a dielectric 

medium as shown in Figure. 5.5 (a). Hence, parallel plate capacitance is majorly 

depending on width of the membrane (Wm) and signal line (Ws) represented in Figure. 

5.5(b).  

  
(a)      (b) 

Figure. 5.5. Schematic of switch at upstate (a) Front view (b)Top View. 

The membrane contains perforations hence, the total overlapping area varies with 

the ligament efficiency which is useful to trace the total number of perforations that can 

be accommodated in the membrane. The ligament efficiency varies with the size of the 

perforations, From the literature, the suitable size of the perforations to avoid air 

damping and residual stress is 10 × 10 µm [20]. Hence, 10 × 10 µm size perforations 

are adopted for the proposed switch design and later the size is varied for different 

ligament efficiency values for model validations. The term ligament efficiency is 

associated with the perforations in the membrane as shown in Figure. 5.6. It is defined 

as the ratio of distance between edges of two consecutive perforations (l) and distance 

between centres of two consecutive perforations (pitch) [21]. Which is formulated as: 
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l

pitch
 =       (5.25) 

 
Figure. 5.6. Categorization of overlapping areas. 

This ligament efficiency is used to accommodate the perforations of the beam to 

reduce damping and stress development during actuation. Initially when signal line of 

CPW is supplied with RF signal having small voltage (≈1mV) develops an upstate 

capacitance between suspended membrane and signal line having air and dielectric layer 

as a dielectric medium. This upstate capacitance developed is in femto Farads and is 

highly depends on ligament efficiency such that the total overlapping area in upstate is 

categorized into three types such as: (i) Overlapping area during formation of parallel 

plate capacitance (A1); (ii) Overlapping area uninfluenced by ligament efficiency (A2) 

and (iii) Overlapping area of perforated membrane influenced by ligament efficiency 

(A3). The first type in overlapping area does not contains the perforations on the beam 

and it is obtained from the parallel plate capacitance model. Hence the total overlapping 

area of membrane which contributes parallel plate capacitance of switch is formulated 

as  

( )1    s mA W W=       (5.26) 

Where Ws: width of the signal line and Wm: width of the perforated membrane. The 

second term of overlapping area is the area uninfluenced by ligament efficiency (µ). 
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Here, the width of the uninfluenced region is taken as same as the distance between 

edges of two consecutive perforations. Hence, the area uninfluenced by ligament 

efficiency of the switch can be obtained by subtracting the influenced region from total 

overlapping area of parallel plate capacitance model.    

( ) ( ) ( )2    –  2  2m ms sA W W W l W l=  − −     (5.27) 

The third term is based on the overlapping area on membrane after etching the 

perforations region on membrane. The percentage of area remained after including 

perforations on the membrane is formulated by using ligament efficiency value based 

on pitch and l values. It is given as 

( ) ( ) ( )
2

3  –  2  2  1 1s mA W l W l µ= − − − 
    (5.28) 

The total overlapping area to calculate upstate capacitance of the switch is obtained 

by adding the overlapping area uninfluenced by ligament efficiency and overlapping 

area influenced by ligament efficiency after etching holes which can be given as 

2 3               ovA A A= −     (5.29) 

( ) ( ) ( )  ( ) ( ) ( ) 2
   –  2  2   –  2  2  1 1  o mv msms sA W W W l W l W l W l µ   =  − − + −


−


− (5.30) 

Therefore, the total capacitance obtained by overlapping area of switch at upstate is 

given by 

( ) ( )( )2
0

_

(W ) ( 2 )*(W 2 ) ( 2 ) (W 2 ) 1 (1 )s m m s m s

pp U
d

r

W W l l W l l

C
t
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  − − − + −  −  − −
  

=

+
 

   …………(5.31) 

Here the ligament efficiency is directly incorporated into the formula which is a 

novel methodology to calculate capacitance developed for perforated membrane 

structures accurately. 

In downstate condition, the biasing pads are supplied with DC voltage to actuate 

the beam. Hence, additional capacitance develops between biasing pads and suspended 

membrane. Therefore, the first type overlapping area (A1) can be represented as 
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( )1 2  +m s bA W W W=      (5.32) 

Where, Wb is the width of the biasing pads. The second term of overlapping area 

becomes 

( )( ) ( )( )2 +2 +  –  2 22 )s b sm b mA W W W W W l W l=  − −    (5.33) 

The third overlapping area is represented as  

( )( ) ( )
2

3  –  2 2  +2 ) 1 1s b mA W W l W l µ= −   −  
−

   (5.34) 

The total overlapping area at downstate condition becomes 

( )( ) ( )( ) +2 +  –  2 22  )ov s b s bm mA W W W W W l W l= − −  

( )( ) ( ) 2
 –  2 2  1 1  +2 )s b mW W l W l µ+     −


−


−   (5.35) 

Therefore, the total parallel plate capacitance developed in downstate condition is 

evaluated as 

( )( ) ( )( )( ) ( )( ) ( )
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0 +2 +2 ) + –  2 2 –  22 ) 2  1 1m ms b s m

pp D
d

r
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C
t
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     +        
=

− −

+

 − − −

         ………… (5.36) 

The third coponent in estimating the upstate capacitance of switch is fringing filed 

capacitance which is developed by the vertical edges of perforated membrane as shown 

in the Figure. 5.7. The fringing field capacitance of the switch is developed interms of 

femto farads and has major effect in upstate capacitnace of switch. As the no.of 

perforations increases, the more no.of fringing filed lines exists at the vertical edges of 

perforated membrane. The total count of perforations depends on the perforation size 

and ligament efficiency. The increase in perforation size decreases the ligament 

efficiency value such that it decreases the fringing filed effect due to decrease in vertical 

edges. The high ligament efficiency value decreases the hole size and increases the 
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parallel plate capacitance. Hence, a proper selection of hole size and ligament efficency 

values are much need to develop capacitive RF MEMS switches.  

 
Figure. 5.7 Fringing field by edges of perforated membrane. 

The fringing field capacitance for perforated membrane is adopted by combining the 

modified palmer and yang’s fringing field model which is given as  
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  (5.37) 

Where, Cff: fringing field capacitance of switch, d: distance between perforated 

membrane and biasing pads (airgap), tm; thickness of perforate membrane, td: thickness 

of dielectric layer, wh: width of the perforations. nl: no.of perforation along length of the 

membrane, nw: no.of perforation along width of the membrane. By substituting the three 

capacitance components which are expressed in equations 5.21, 5.31, 5.36 & 5.37 in 

eq.1. we obtain the total capacitance of switch for upstate and downstate conditions.    

5.5  CAPACITANCE COMPONENTS ANALYSIS 

Finite Element Analysis is carried out to evaluate the analytical values of proposed 

capacitance components of switch. The total capacitance (Cswitch) of switch is then 

calculated according to the eq.5.11. The parallel plate (Cpp), fringing field (Cff) and 

parasitic (Cp) capacitances are analyzed to optimize switch dimensions by varying 

physical parameters of switch such as Airgap (g), dielectric layer thickness (td), 
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membrane thickness (tm) and ligament efficiency (µ). Initially, the parasitic capacitance 

is evaluated using eq.5.21. The physical parameters varied has no impact on parasitic 

capacitance because, it depends on substrate, insulating layer of switch. From the 

eq.5.21, it is obtained as 1.59 fF. The proposed formula as presented in eq.5.21 is a 

generalized formula for both upstate and down state conditions of switch. In the upstate 

it is estimated that there will be an airgap between suspended membrane and lower 

electrodes and signal line is supplied with RF voltage. Hence the parallel plate and 

fringing field capacitances are developed according to the eq. 5.37 & 5.31 and the 

variations with physical parameters are presented in the Tables 5.1, 5.2, 5.3, 5.4 and 5.5 

for upstate.  

Intially, the physical parameters such as µ, tm and td are kept at minimum values and 

model is evaluated and presented in Table. 5.2 for different airgaps ranging from 2-3µm. 

In this condition, the 86% – 91% of total capacitance is contributed by parallel plates, 

fringing filed contributes 5% – 8% whereas parasitic capacitance contributes 4% – 6%. 

At g=2µm, maximum capacitance of switch occurs as 38.88 fF with Cpp=35.16 fF, Cff = 

2.13 fF and Cp = 1.59 fF. Hence, g = 2 µm is the optimum gap required for switch to 

develop large capacitance values. By keeping airgap at 2 µm and other physical 

parameters at minimum value, the thickness of dielectric layer is varied from 0.1µm – 

0.5µm and model results presented in Table. 5.3. In this analysis, the parallel plate 

contributes 90% of total capacitance whereas the fringing and parasitic capacitance 

contributes 6% and 4% respectively. The switch at td=0.1µm shows good capacitance 

value of 38.88 fF where it is a combination of Cpp = 35.16 fF, Cff = 2.13 fF and Cp = 1.59 

fF. In both the case studies, the maximum contribution is incurred by the parallel plate 

capacitance which is obtained due to decrease in distance between suspended beam and 

signal line.  

Table 5.2. Capacitance component analysis by varying airgap in upstate.  

When µ=0.5, tm=0.5µm, td=0.1µm. 

S. 

No 
g (µm) Cpp (fF) 

Cff 

(fF) 

Cp 

(fF) 

Cswitch 

(fF) 

% of Cpp 

in Cswitch 

% of Cff 

in Cswitch 

% of Cp 

in Cswitch 

1 2 35.16 2.13 1.59 38.88 90.43 5.48 4.09 

2 2.5 28.16 2.24 1.59 31.99 88.03 7.00 4.97 

3 3 23.49 2.41 1.59 27.49 86.69 7.53 5.78 
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Table 5.3. Capacitance component analysis by varying dielectric thickness in upstate. 

When µ=0.5, g=2µm, tm=0.5µm. 

S. 

No 
td (µm) Cpp (fF) Cff (fF) 

Cp 

(fF) 

Cswitch 

(fF) 

% of Cpp 

in Cswitch 

% of Cff 

in Cswitch 

% of Cp 

in Cswitch 

1 0.1 35.16 2.13 1.59 38.88 90.43 5.48 4.09 

2 0.2 34.93 2.145 1.59 38.665 90.34 5.54 4.12 

3 0.3 34.7 2.151 1.59 38.441 90.28 5.59 4.13 

4 0.4 34.48 2.156 1.59 38.226 90.21 5.64 4.15 

5 0.5 34.25 2.16 1.59 38 90.13 5.69 4.18 

Airgap and dielectric thickness values of switch design are fixed to 2µm and 0.1µm 

respectively whereas other physical parameters are kept at minimum values and 

membrane thickness is varied from 0.5µm - 2µm and the model values are evaluated 

and presented in Table. 5.4. In this case study, the parallel plate does not vary and shows 

a fixed value of 35.16 fF, this is due to fixed overlapping area in all the conditions. Here, 

the fringing filed capacitance only varies due to large accommodation of curved 

capacitance field lines between suspending beam edges and signal line. At this 

condition, the maximum capacitance of 39.17 fF occurs at membrane thickness of 2µm 

but the contribution of parallel plate capacitance is only 89% whereas at tm=0.5µm, 

parallel plates contributes 90.43% of total capacitance. By having large membrane 

thickness, the pull-in-voltage increases hence, tm=0.5µm is chosen as an optimum 

membrane thickness value for proposed switch design.  

Table 5.4. Capacitance component analysis by varying membrane thickness in upstate. 

When µ=0.5, g=2µm, td=0.1µm. 

S. 

No 
tm (µm) Cpp (fF) 

Cff 

(fF) 
Cp (fF) 

Cswitch 

(fF) 

% of Cpp 

in Cswitch 

% of Cff 

in Cswitch 

% of Cp 

in Cswitch 

1 0.5 35.16 2.13 1.59 38.88 90.43 5.48 4.09 

2 1 35.16 2.26 1.59 39.01 90.13 5.79 4.07 

3 2 35.16 2.42 1.59 39.17 89.76 6.18 4.06 

Therefore, by keeping all the physical parameters to a fixed value, the ligament 

efficiency is evaluated for different perforation sizes and model is evaluated and 

presented in Table. 5.5. To obtain ligament efficiency (µ) value to 0.3, perforations are 

taken as 7µm×7µm size. For µ=0.5, the perforation size is 10µm×10µm and for µ=0.7, 

the perforation size is 3µm×3µm. Among these ligament efficiency values, µ=0.7 shows 

large capacitance value of 41.08 fF but the perforation size of 5µm×5µm is not enough 

to overcome air damping effect on beam during actuation. Hence, the 10µm×10µm 



Capacitance Modelling  Chapter 5 

 
 

  113 
 

perforations reduces 25% of total area to reduce air damping and also produces good 

contribution of capacitance components (Cpp=35.16 fF, Cff = 2.13 fF and Cp = 1.59 fF). 

Hence µ = 0.5 is the optimum value for proposed switch design.  

Table. 5.5. Capacitance component analysis by varying ligament efficiency in upstate. 

When g=2µm, tm=0.5µm, td=0.1µm. 

µ Cpp (fF) Cff (fF) Cp (fF) Cswitch (fF) 
% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

0.3 30.05 1.97 1.59 33.61 89.41 5.86 4.73 

0.5 35.16 2.13 1.59 38.87 90.45 5.46 4.09 

0.7 37.28 2.21 1.59 41.08 90.74 5.37 3.89 

In the downstate condition according the eq. 5.36 and 5.37,  the parallel plate and 

fringing filed capacitances develop between suspended membrane and baising pads 

along with signal line and are evaluated and presented in the Tables 5.6, 5.7 & 5.8. As 

the air gap between the suspending beam and dielectric layer vanishes, the parallel 

capacitnace of the switch increases to Few pico Fardas. The fringing filed and parasitic 

capacitance values are always at femto Farads and has very less contribution to the total 

capacitance of switch. Overall, 99.9% of total capacitance is offered by parallel plate 

and both fringing field and parasitic capacitanc combinely offers only 0.1%. This is due 

to exisitng of more no.of parallel lines than curved filed lines as air vanishes. Here, the 

physical parameters such as ligament efficiency and membrane thickness are kept to 

minimum values and dielctric thickness varies from 0.1 µm – 0.5 µm. The emperical 

values obtained in this condition are presented in the Table. 5.6. At td = 0.1µm, the 

switch shows maximum capacitance of 2.38 pF which is almost equal to parallel plate 

capacitance developed at that stage. As dielectric thickness increases, the total 

capacitance of the switch decreases whereas the fringing field capacitance increases   as 

it increases the distance between parallel plates. By keeping the dielectric thickness 

value to 0.1 µm and keeping all the other design parameters to minimum values, the 

downstate capacitance is evaluated by varying the membrane thickness. The values 

obtained by empirical formula are presented in Table. 5.7. As the membrane thickness 

increases, the contribution of fringing field capacitance increases. Hence, to reduce its 

dominance over the parallel – plate capacitance the membrane thickness is maintained 

as 0.5 µm. 
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Table. 5.6. Capacitance component analysis by varying dielectric thickness  in 

downstate. 

When µ=0.5,  tm=0.5µm. 

S. 

No 
td (µm) 

Cpp 

(pF) 
Cff (fF) Cp (fF) 

Cswitch 

(pF) 

% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

1 0.1 2.38 2.72 1.59 2.38 99.82 0.11 0.07 

2 0.2 1.19 2.24 1.59 1.19 99.68 0.19 0.13 

3 0.3 0.79 2.38 1.59 0.79 99.50 0.30 0.20 

4 0.4 0.59 2.09 1.59 0.59 99.38 0.35 0.27 

5 0.5 0.47 1.79 1.59 0.47 99.29 0.38 0.34 

Table. 5.7. Capacitance component analysis by varying membrane thickness in 

downstate. 

When µ=0.5, g=2µm, td=0.1µm. 

S. 

No 
tm (µm) 

Cpp 

(pF) 

Cff 

(fF) 
Cp (fF) 

Cswitch 

(pF) 

% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

% of Cpp 

in Cswitch 

1 0.5 2.38 2.72 1.59 2.38 99.82 0.11 0.07 

2 1 2.38 3.14 1.59 2.38 99.80 0.13 0.07 

3 2 2.38 3.76 1.59 2.39 99.78 0.16 0.07 

The downstate capacitance of the switch is examined by varying ligament effciency 

value and the emperical results are presented in Table. 5.8. It is observed that the parallel 

– plate capacitance component is directly proportional to the ligament efficiency values. 

This is due to lowering the perforations area by increasing total no.of perforations. The 

total no.of perforations decreases from µ = 0.5 to 0.3 and 0.7 due to having large distance 

between perforations. In these cases, the parallel plate contributes 99.8% of total 

cpacitance whereas the fringing filed and parasitic capacitance offers only 0.2% of total 

capacitance in downstate condition. This low contribution is due to that the fringing and 

parasitc capacitances developes in femto Fards and does not have much effect on 

downstate capacitance of switch. 

Table. 5.8. Capacitance component analysis by varying ligament efficiency in 

downstate. 

When g=2µm, tm=0.5µm, td=0.1µm. 

S. 

No 
µ 

Cpp 

(pF) 
Cff (fF) Cp (fF) 

Cswitch 

(pF) 

% of Cpp 

in Cswitch 

% of Cff 

in Cswitch 

% of Cp 

in Cswitch 

1 0.3 1.92 2.46 1.59 1.92 99.79 0.13 0.08 

2 0.5 2.38 2.72 1.59 2.38 99.82 0.11 0.07 

3 0.7 2.44 2.83 1.59 2.44 99.82 0.12 0.07 
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5.6  ERROR EVALUATION 

The parasitic capacitance is obtained by simulating the CPW transmission line in 

Electromagnetic physics environment. The CPW transmission line taken over SiO2 layer 

and substrate is designed using COMSOL Multiphysics tool. The materials are assigned 

according to the Table 5.1. Electromagnetics physics is applied to study the 

electromagnetic filed associated with CPW. A potential difference is applied on between 

signal line and gound line of CPW and stationary anlysis is carried out to extract the 

lumped parameters of CPW. The simulation of these electromagnetic filed lines are 

shown in the Figure. 5.8. These parameters contains the parasitic capacitance developed 

by the CPW and is obtained as 1.65 fF through simulation  

 
Figure. 5.8. Simulated Electromagnetic Field associated with CPW. 

 

Later, simulations have been carried out to obtain the fringing field capacitance and 

parallel plate capacitance values. The numerical simulations are carried out using 

COMSOL Multiphysics software (FEM tool). The switch is designed in 3D 

environment where the materials are assigned to each physical component in the 

structure as prescribed in the Table 5.1. Later, electrostatics physics is applied having 

boundary conditions as: Terminal voltage for signal line and biasing pads for downstate 

condition and only for signal line in upstate. In both the cases the suspending beam is 

always grounded. Stationary analysis is carried out to obtain the required capacitance 

values of switch. The obtained capacitance contains both fringing field and parallel plate 
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capacitance because air is assigned for outer domain of switch. The simulated upstate 

capacitance for all fixed physical parameters of switch is shown in the Figure. 5.9 is 

observed as 36.42 fF and for downstate which is represented in Figure. 5.10 is obtained 

as 2.31 pF. The Simulations have been carried out by varying the physical parameters 

of switch to observe error percentage at both upstate and downstate conditions of switch. 

 
Figure. 5.9. Simulated Upstate capacitance of proposed switch. 

 
Figure. 5.10. Simulated downstate capacitance of Switch.  

The air gap will present only in upstate condition of switch and it vanishes at 

downstate. Hence the capacitance values are taken for switch at different height of 

suspended membrane and presented in Table. 5.9. It is observed that the switch shows 

very low percentage error of +2.12% at g=2 µm. The positive symbol represents 

overestimation of capacitance by proposed empirical model than simulated results. 

Later, by keeping all physical constraints to the minimum value, the dielectric thickness 

is varied to observe capacitance variation in both upstate and downstate conditions of 
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switch. From the Tables. 5.10 & 5.11, it is observed that the proposed empirical model 

shows low percentage error at td = 0.1 µm. As the thickness of dielectric layer increases 

the capacitance value decreases thereby increasing the error percentage. Hence, 

dielectric layers having small thickness are efficient to develop high capacitance RF 

MEMS switches. In downstate condition the error percentage occurs greater than 10% 

due to absence of fringing field capacitance at downstate condition of switch. 

Table. 5.9. Error analysis by varying airgap in upstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No g (µm) 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 2 38.88 38.07 2.12% 

2 2.5 31.99 30.81 3.82% 

3 3 27.49 25.72 6.88% 

 

Table. 5.10. Error analysis by varying dielectric thickness in upstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No td (µm) 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.1 38.88 38.07 2.12% 

2 0.2 38.665 37.74 2.45% 

3 0.3 38.441 37.49 2.53% 

4 0.4 38.226 37.24 2.64% 

5 0.5 38 36.93 2.81% 

 

Table. 5.11. Error analysis by varying dielectric thickness in downstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No td (µm) 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.1 2.38 2.32 2.586% 

2 0.2 1.19 1.04 14.42 

3 0.3 0.79 0.68 16.17% 

4 0.4 0.59 0.5 18% 

5 0.5 0.47 0.39 20.51% 

 

The dielectric layer is fixed at 0.1µm and airgap at 2µm, other physical parameters 

to the minimum values and membrane thickness is varied from 0.5µm - 2µm for both 

upstate and downstate cases where the results are represented in Tables. 512 and 5.13 

respectively. . The proposed empirical formula estimates the capacitance values with 
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percentage error of +2.12% for upstate condition and +13.33% for downstate condition 

at tm = 0.5µm and the error value decreases as membrane thickness increases. This is 

due to increases in fringing field capacitance lines for large thickness beam. But 

increasing the membrane thickness may affects the pull – in voltage and other reliability 

issues of switch. Hence, tm = 0.5 µm is the best case for empirical formula to estimate 

capacitance od switch.   

Table. 5.12. Error analysis by varying membrane thickness in upstate. 
When µ=0.5, tm=0.5µm, td=0.1 µm. 

S. No tm (µm) 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.5 38.88 38.07 2.12% 

2 1 39.01 38.26 1.96% 

3 2 39.17 38.94 1.64% 

 

Table. 5.13. Error analysis by varying membrane thickness in downstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No tm (µm) 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.5 2.38 2.32 2.586% 

2 1 2.38 2.304 3.2986% 

3 2 2.39 2.312 3.373% 

The error percentage of empirical model is evaluated for different ligament 

efficiency values for both upstate and downstate conditions which are present in the 

Tables 5.14 and 5.15 respectively. Here, for µ = 0.3: a total no. of 126 perforations are 

present in the membrane; for µ=0.5: a total of 60 perforations will present and for µ=0.7: 

there are 126 perforations in the membrane. The empirical and simulated capacitance of 

switch are very less for µ = 0.3 because of having low capacitive area of suspended 

membrane due to perforations. The error percentage is very low for µ = 0.5 (2.12%) 

than µ = 0.3 and µ = 0.7 because, the total area occupied by perforations is 25% of its 

total overlapping area of switch. Hence, the accommodation of fringing filed lines more 

efficient and parallel plate capacitance will be a dominant factor to develop capacitance. 

Whereas, in other two cases the fringing field lines are more due to formations of more 

perforation edges and they dominate the parallel plate capacitance in upstate. In 

downstate condition, the error percentage is less for µ = 0.5 than µ = 0.3 and µ = 0.7 but 
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it is in a very less margin because, the parallel plate capacitance (pF) is more dominant 

than the other two capacitance components which are in femto Farads. Therefore, the 

empirical model is good enough to estimate the simulation results of proposed switch 

with very less error percentage. 

Table. 5.14. Error analysis by varying ligament efficiency in upstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No µ 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.3 33.61 32.24 4.37% 

2 0.5 38.87 38.07 2.12% 

3 0.7 41.08 39.42 4.26% 

 

 

Table. 5.15. Error analysis by varying ligament efficiency in downstate. 
When µ=0.5, tm=0.5µm, td=0.1µm. 

S. No µ 

Cswitch (fF) Error Percentage 

Empirical Value 

(Cp+Cpp+Cff) 

Simulated Value 

(Cp+Cpp+Cff) 

[(Emperical-

Simulated)/ 

Simulated]* 100 

1 0.3 1.92 1.81 6.077% 

2 0.5 2.38 2.32 2.586% 

3 0.7 2.44 2.37 2.953% 

5.7  COMPARISION OF PROPOSED MODEL WITH 

BENCHMARK MODELS 

Three benchmark models are proposed by Leus, Meji’s and Palmer – Yang’s 

combined model are utilized to compute the total capacitance between parallel plates 

including fringing field effect. Koushik Guha [22] proposed modified formulas for these 

benchmark models which can apply for RF MEMS Switches for calculation of total 

capacitance of switch effectively. Initially, the benchmark models are applicable to 

calculate capacitance without having perforation on the parallel plates. Later they are 

modified by incorporating perforations. 

The upstate capacitance values are evaluated for proposed empirical and benchmark 

models and the calibration is carried out along with simulation results as presented in 

Figure. 5.11 for different airgaps. It is observed that the empirical model has close 

approximation than the benchmark models which is due to that the benchmark models 

does not includes parasitic capacitance whereas the empirical model accounts it which 
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is developed between transmission line, insulating layer and substrate. As airgap 

increases the deviation between the simulation results and proposed models increases 

due to decrease in parallel plate capacitance and increase in fringing field effect. Hence, 

it can be say that the fringing field capacitance is a dominant factor during physical 

parameters variation in upstate. The error percentage is calculated and presented in the 

Table. 5.16. The mean error for proposed empirical model is observed as +4.28 which 

is less than 5% error whereas the benchmark models shows high mean error values 

(>5%). At 2µm airgap the proposed empirical model shows very less error percentage 

of +2.13% than the other values, therefore the airgap 2 µm is an optimized value for 

proposed switch design. The proposed empirical model shows positive error which 

describes that it overestimates the simulated value whereas the benchmark models 

underestimates it but the error percentages is low for proposed empirical model which 

shows the efficiency in estimating the upstate capacitance of switch. 

  
Figure. 5.11. Upstate capacitance analysis by varying Airgap. 

 

Table. 5.16. Comparison of error percentage of proposed empirical model with 

benchmark models by varying airgap in upstate. 

d (µm) 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

2 2.13 -6.28 -8.38 -7.33 

2.5 3.83 -7.76 -10.35 -9.06 

3 6.88 -9.29 -12.40 -10.85 

Mean error 4.28 -7.78 -10.38 -9.08 



Capacitance Modelling  Chapter 5 

 
 

  121 
 

The upstate capacitance values are observed for analytical models by varying 

different dielectric thickness values and compared with the simulated results (presented 

in Table. 5.17) to observe the error deviation. From the Figure. 5.12, the proposed model 

is validated by observing less deviation from simulated results when compared to the 

benchmark models. The error percentage values are evaluated and observed that the 

proposed model shows very less mean error of +1.62 whereas the other benchmark 

models shows larger than that of it. The proposed empirical model diminishes the error 

percentage by including the parasitic capacitance term whereas the benchmark model 

neglected it in approximation. In this case, the proposed model overestimates with less 

error percentage of +2.13 at 2 µm whereas the benchmark models underestimate the 

simulated value with greater than 5% error percentage. 

 

Figure. 5.12. Upstate capacitance analysis by varying dielectric thickness. 

 

Table. 5.17. Comparison of error percentage of proposed empirical model with 

benchmark models by varying dielectric thickness in upstate. 

td (µm) 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.1 2.13 -6.28 -8.38 -7.33 

0.2 2.45 -6.33 -8.45 -7.39 

0.3 2.54 -6.38 -8.51 -7.44 

0.4 2.65 -6.42 -8.57 -7.49 

0.5 2.90 -6.47 -8.64 -7.55 

Mean error 1.62 -3.85 -5.14 -4.50 
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The mathematical evaluation of upstate capacitance has been carried out by varying 

suspended membrane thickness of switch. From the Figure. 5.13, It is observed that the 

benchmark models are largely deviated from the simulated results than the proposed 

empirical model due to neglecting the parasitic capacitance of switch. As the membrane 

thickness increases, the deviation of empirical model reduces due to increase in fringing 

field effect associated with the edge formed by membrane thickness. But increasing the 

membrane thickness is not a good practice for low pull-in voltage RF MEMS switches. 

The difference in error percentage of empirical model at tm = 2 µm and tm = 0.5 µm is 

observed to be 0.76% which is very less in comparison, hence increasing the membrane 

thickness for small enhancement in capacitance does not serves good for low pull-in 

voltage RF MEMS switches. Therefore, tm = 0.5 µm is chosen as an optimum value for 

switch membrane and the empirical model overestimates simulated values with less 

mean error of 1.82% than the other underestimating benchmark models (>5%). Hence, 

by observing the values presented in Table. 5.18, the proposed empirical model is 

proved to be good in estimating upstate capacitance of switch. 

 

Figure. 5.13. Upstate capacitance analysis by varying beam thickness. 

Table. 5.18. Comparison of error percentage of proposed empirical model with 

benchmark models by varying membrane thickness in down state. 

tm (µm) 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.5 2.13 -5.17 -5.82 -5.50 

1 1.98 -5.21 -5.86 -5.53 

2 1.37 -5.19 -5.84 -5.51 

Mean error 1.82 -5.19 -5.84 -5.51 
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The upstate capacitance is calculated for proposed empirical and benchmark models 

and the variation for different ligament efficiency values are plotted with reference to 

the simulated values in the Figure. 5.14 such that large variation occurs between 

simulated values and benchmarks models than the proposed empirical model. These 

curves in Figure. 5.14 describes that the proposed empirical model is closely 

approximated to simulated value due to including the parasitic capacitance of the switch 

where the benchmark models have neglected it. The ligament efficiency value of µ=0.5 

is observed to be good to estimate the upstate capacitance with minimum deviation in 

error as presented in Table. 5.19. The benchmark models underestimated the 

capacitance of switch with large error percentages (>5%) whereas the proposed 

empirical model overestimates the upstate capacitance with less mean error percentage 

of 3.52 showing very less error percentage of 2.1% at µ=0.5. Hence, 10µm × 10µm size 

perforations are efficient to develop efficient RF MEMS switch for RF applications with 

high reliable characteristics.  

 

Figure. 5.14. Upstate capacitance analysis by varying Ligament efficiency. 

Table. 5.19. Comparison of error percentage of proposed empirical model with 

benchmark models by varying Ligament efficiency in upstate. 

µ 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.3 4.25 -7.41 -9.89 -8.65 

0.5 2.13 -6.28 -8.38 -7.33 

0.7 4.21 -6.06 -8.09 -7.08 

Mean error 3.52 -6.58 -8.79 -7.69 
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The downstate capacitance of switch is then evaluated by using the empirical 

models and compared with the simulation results as in the same manner carried out in 

upstate (varying the physical parameters of switch). In each case the simulated and 

analytical values are plotted to observe the close approximated of proposed empirical 

model. Figure. 5.15 represents the variation of downstate capacitance with respect to 

different dielectric thickness values. From the Table. 5.20, the proposed empirical shows 

very close approximation at td = 0.1µm when compared to the other cases with a less 

percentage error of 2.59% and the mean error for proposed model is 14.34% which is 

less than the other benchmark models (>15%). The large deviation (>10%) in empirical 

and simulated values in downstate condition of switch is due to negligible influence of 

fringing field and parasitic capacitance terms (fF) on parallel plate capacitance (pF). 

 

Figure. 5.15. Downstate capacitance analysis by varying dielectric thickness. 

Table. 5.20. Comparison of error percentage of proposed empirical model with benchmark 

models by varying dielectric thickness in downstate. 

td (µm) 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.1 2.59 -5.17 -5.82 -5.50 

0.2 14.42 -11.54 -12.98 -12.26 

0.3 16.18 -17.65 -19.85 -18.75 

0.4 18.00 -24.00 -27.00 -25.50 

0.5 20.51 -30.77 -34.62 -32.69 

Mean error 14.34 -17.83 -20.05 -18.94 
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The downstate capacitance is evaluated for analytical models by varying membrane 

thickness of switch and plotted as shown in Figure. 5.16 with simulated results for 

validation. The proposed empirical model overestimates the downstate capacitance with 

mean error of 1.56% whereas the benchmark models underestimates it with high error 

percentage (>5%). The error percentages of each model along with proposed model are 

presented in Table. 5.21. This shows that the proposed empirical model is efficient than 

the models in literature to estimate the capacitance of switch. 

 

 

Figure. 5.16. Downstate capacitance analysis by varying membrane thickness. 

 

Table. 5.21. Comparison of error percentage of proposed empirical model with benchmark 

models by varying membrane thickness in downstate. 

tm (µm) 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.5 2.13 -6.28 -8.38 -7.33 

1 1.96 -6.25 -8.34 -7.29 

2 0.59 -6.14 -8.19 -7.16 

Mean error 1.56 -6.22 -8.30 -7.26 

 



Capacitance Modelling  Chapter 5 

 
 

  126 
 

The analysis is carried out by varying the ligament efficiency of switch at downstate 

condition and the variation of capacitance is represented in the Figure. 5.17 and Table. 

5.22. At µ = 0.5, the empirical model estimates the downstate capacitance with 2.59% 

error which is very less when compared to benchmark models (>5%). The low mean 

error of empirical model (=3.87%) exhibits the efficiency of proposed empirical model 

than the benchmark models (5%). The positive and negative symbol for error percentage 

values represents the overestimation and underestimation of analytical models over 

simulated results. 

 
Figure. 5.17. Downstate capacitance analysis by varying Ligament efficiency. 

 

Table. 5.22. Comparison of error percentage of proposed empirical model with benchmark 

models by varying Ligament efficiency in downstate. 

µ 

% error of 

Modified 

proposed 

% error of 

modified Mejis 

Fokkema model 

% error of 

Yang’s  

model 

% error of modified 

Palmer-Yang 

combined model 

0.3 6.08 -6.63 -7.46 -7.04 

0.5 2.59 -5.17 -5.82 -5.50 

0.7 2.95 -5.06 -5.70 -5.38 

Mean error 3.87 -5.62 -6.32 -5.97 
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5.8  SUMMARY 

In this chapter, an empirical model is developed to calculate the capacitance of RF 

MEMS switch including parasitic capacitance and fringing field effect along with 

parallel plate capacitance. The proposed empirical formula is based on ligament 

efficiency term directly involved in the formula which reduces the large computational 

time for capacitance evaluation. At tm = 0.5 µm, d = 2 µm, td = 0.1 µm and µ = 0.5, the 

parallel plate capacitance almost contributes 90% of total capacitance whereas the 

parasitic capacitance and fringing field contributes 4% and 6% respectively in upstate. 

In downstate the parallel plate capacitance which is in pico-Farads is a dominant factor 

with 99% contribution of total capacitance due to development of fringing and parasitic 

capacitance in femto Farads. The proposed model exhibits low percentage error of 

2.13% in upstate and 2.586% in downstate condition with simulated results. The 

analytical values are compared with the benchmark models along with simulated results 

obtained from 3D FEM simulation tool with a wide range of parametric variations. The 

proposed empirical model acquires low percentage error (<5%) than the benchmark 

models (>5%) and is validated with simulations. The fabrication of proposed switch is 

carried out by surface micromachining technology and is tested with DC probe station 

in Clean Room facility. The experimental capacitance of switch is observed to be 37.4 

fF in upstate and 2.43 pF in downstate condition and proposed model shows 3.95% error 

in upstate and 2.05% error in downstate condition. The proposed empirical model has a 

correlation with simulation and experimental values and can be applicable for capacitive 

type perforated RF MEMS shunt switch having dielectric layer over the signal line of 

CPW. 
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CHAPTER 6 

FABRICATION & CHARACTERIZATION 

6.1 Introduction 

6.2 Proposed Models  

6.3 Monolithic Fabrication Process  

6.4 Characterization 

6.5 Summary 

 

6.1  INTRODUCTION 

In Wireless communication applications, micropatch antennas have gained more 

significance due to their benefits of less weight, very low profile and ease of fabrication 

[1]. Linear polarization can be produced by considering micropatch antennas which is 

operated in single mode whereas Circular polarization can be achieved by the 

rectangular or circular patch structures [2-5]. The traditional antennas are the radiating 

elements which is operated in single operating frequency and cannot alter its 

characteristics based upon applications. Hence there is a disadvantage that large number 

of antennas have to be designed for various applications operating at different 

frequencies. This can be overcome by the reconfigurable antennas [6]. Reconfigurable 

antennas alter their characteristics such as operating frequency, radiation pattern or both 

based on application by rearranging the radiating currents at edges in the antenna. This 

can be achieved by integrating switches on the antennas [7].  

The future microwave and mm-wave antenna systems requires integration of 

switches to achieve reconfigurability in their characteristics. PCB technology is 

implemented for integrating antenna with PIN diodes. These switches are placed 

between the slots in ground and are switched alternatively to achieve reconfiguration 

in frequency of antenna [8]. RoF technology is implemented for developing Optically 

Tuned Reconfigurable Antenna Array Constructed from E-Shaped Elements to modify 

the frequency response over 2.4 and 5 GHz [9]. These technologies contain antenna and 
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switches integrated with wire bonding and causes high leakage currents which leads to 

have poor electromagnetic characteristics and high noise effect. Hence, RF-MEMS 

switch is an excellent choice to replace semiconductor switches [10].  

Fabrication of antenna and RF MEMS switch monolithically on the same substrate 

is an excellent choice for the implementation of reconfigurability in the antenna with 

good electromagnetic characteristics [11]. However, the monolithic integration is a 

challenging task due to different substrate property requirements. Generally, antennas 

need low – loss low – dielectric constant material as a substrate whereas RF MEMS 

switches require high – dielectric constant substrate. Hence, Surface micromachining 

process is an eminent technological process used to overcome the integration issues in 

reconfigurable antennas. It involves in development of thick passive layer (SiO2 , 

εr=3.9) with low dielectric constant value. Surface micromachining process contains 

various techniques to create different patterned layers over the substrate or surface of 

the antenna. This process eliminates the external wire soldering process which reduces 

the leakage effect and enhances the electromagnetic characteristics with high noise 

reduction mechanism. 

In this chapter, we have proposed and fabricated an RF MEMS switch with low 

pull-in-voltage, low switching time, good restoring force and high S-parameter 

characteristics. The fabrication is carried out monolithically for both switch and antenna 

integrated on the same substrate. Generally, the switches are implemented in between 

the patches of antenna which yields poor reconfiguration with low bandwidth. Stubs 

are introduced to the turn off the switch which contains leakage currents. The proposed 

switches are fabricated over the two CPW feeds of the antenna such that large range of 

reconfiguration is achieved by alternatively switching. The electromechancial 

characteristics are measured by using DC probe station, and electromagnetic 

characteristics by RF probe station. The measured results are compared with previous 

simulation and analytical results along with State – of – Art. 

The organization of the chapter is as follows: In section 6.2, the proposed models 

of switch and antenna is illustrated. In section 6.3, step – by – step procedure in 

development of each layer of proposed RF MEMS Switch and monolithic integrated 

antenna is explained. In section 6.4, the experimental set – up for characterization of 
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switch & antenna and the results analysis carried out is explained with reference to state 

– of – Art.  In section 6.5, the chapter is concluded with major results. 

 6.2 PROPOSED MODELS  

The design procedure of the microstrip patch antenna is very much depends on the 

substrate, radius of the circular patch and resonant frequency. In this model, the 

substrate for the antenna is chosen with silicon material for possibility to integrate RF 

MEMS switch monolithically by oxidizing the upper surface of the substrate to form 

SiO2 layer. The circular patch antenna with the radius (R) is calculated by the eq.6.1 

[12] at the resonant frequencies of 40 GHz & 60 GHz is 

1/22
{1 [ln( ) 1.7726]}

2r

F
R

h F

F h





=

+ +
     (6.1) 

Where, h is height of the substrate, εr is dielectric constant of the substrate and F is 

the first approximation factor and is given by 

98.791 10

r r

F
f 


=      (6.2) 

Where, fr is the resonant frequency of the antenna. The radius of the circular patch 

antenna are obtained as 800 µm and 525 µm at the resonant frequencies of 40 GHz and 

60 GHz respectively. The coplanar waveguide (CPW) is taken as the feeding technique 

for antenna which has high isolation, broadband performances and low dispersion. The 

structure and dimensions of the antenna is described in the figure. 6.1.  

 

Figure. 6.1.  Schematic view of proposed reconfigurable antenna. 
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The general structure of RF MEMS switch is composed of transmission line placed 

over the substrate as shown in figure.6.2. To avoid substrate leakage currents and 

possibility for monolithic integration, the top surface of the substrate is oxidized to form 

SiO2 [13] which acts as an insulating layer. The proposed switch is of capacitive type, 

the transmission of RF signal is regulated by capacitance formed between the 

membrane and lower electrodes [14].   

 

Figure. 6.2.  Schematic view of proposed RF MEMS Switch. 

The proposed switch with the dimension presented in Table. 6.1 is placed on the 

feeding lines of the antenna patches which are used to regulate the transmission of RF 

signal among two patches. These switches are actuated alternatively to shift the 

frequency from 40 GHz to 60 GHz. 

Table. 6.1. Switch specifications. 

Component 
Length 

(µm) 

Width 

(µm) 

Height 

(µm) 
Material 

Membrane 320 90 0.5 Gold 

Biasing Pads 100 90 1 Gold 

Signal line 620 100 1 Gold 

Dielectric layer 100 100 0.1 Si3N4 

Insulating layer 820 620 1 SiO2 

Anchor × 4 10 5 2.6 Gold 

 

Ground

Meanders

Perforated membrane
Dielectric Layer
Signal Line

Biasing pads

Insulating Layer

Substrate
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6.3  MONOLITHIC FABRICATION PROCESS 

The surface micromachining is an eminent methodology for mass production of 

3D MEMS Switches. The fabrication of proposed switch is carried out using four mask 

process. In lithography process, these masks are used to pattern the switch layers in 

desired structures. The four masks used in this fabrication process are represented in 

the figure. 6.3. Based upon the desired structure whether the layer has to expose or 

preserve from UV- light in lithography, these masks are categorized into two types: a) 

Positive Mask b) Negative Mask designed using CleWin 4 Layout Editor. Later, these 

masks are printed on Soda glass using Heidelberg µPG 501 mask writer. 

 

(a) 

          

                      (c)     (d)     (e) 

Figure. 6.3. Masks used in the Fabrication process (a) Mask – 1 for CPW and biasing 

pads and antenna patches (b) Mask – 2 for Dielectric layer (c) Mask – 3 for Anchors 

(d) Mask – 4 for Anchors, meanders and suspended membrane. 

The Mask – 1 is used to form trenches by etching the CPW and biasing pads region, 

Mask – 2 is used to preserve the dielectric layer region, Mask – 3 is used to form 

trenches for anchors development, Mask – 4 is used to preserve the anchors, meanders 

and membrane region of switch according to the dimensions specified in Table 6.1. The 

proposed Iterative meandered switch and antenna integrated with switch are fabricated 

on the same substrate by populating the switch on one half of the wafer and populating 

antenna on another half. 
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6.3.1. Layer – 1: Wafer Processing 

Single side polished silicon with high resistive nearly 10 KΩ - cm which is of P – 

type as shown in figure. 6.4 is considered as a platform for fabricating the proposed RF 

MEMS switch and antenna. The specified size of wafer is selected as 4 inches with 

‘100’ orientation. As a prerequisite process the wafer is subjected for cleaning process 

using RCA methodology. RCA – 1 process is implemented to remove organic 

contaminations on the wafer by treating it with NH4OH : H2O2 : H2O in 1:1:5 proportion 

for 10 minutes at 75oC. Later, the wafer is processed to RCA – 2 cleaning process to 

remove metal contaminations. In this process, the cleaning is done with H2O : HF in 

50:1 proportion for 30 sec to remove unwanted oxide formed on the wafer due to 

atmosphere. 

 

Figure. 6.4.  Single side polished wafers. 

6.3.2. Layer – 2: Insulating Layer 

Thermal oxidation is a methodology to produce oxide layers on surface of the 

silicon wafer. In this fabrication process, Dry oxidation process is adopted to grow 1µm 

thick oxide layer subjected at 1150oC. The reaction process occurs in the chamber for 

oxide growth over silicon as shown in figure.6.5 is  

01150

2 2

CSi O SiO+ ⎯⎯⎯→  

 

Figure. 6.5.  Oxide growth on wafer surface. 
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6.3.3. Layer – 3: Transmission Line, Micro-patches and Biasing Pads 

The first step in development of third layer is Lithography process where cleaning 

of wafer with Acetone solution is carried out for 3 min. Later, the wafer is cleaned with 

Isopropyl Alcohol solution (IPA) for 3 min and dehydrated at 20oC for 10 min. Lift – 

off – Resist (LOR) coated over the SiO2 layer. In the next step, HDMS primer is coated 

over the LOR to have good adhesion with photoresist layer. Positive photoresist 

(AZ5214) is spin coated for 40 sec with 3000 rpm for 1.4 µm thickness development. 

Later, Soft baking is done for 1 min at 110oC. To remove moisture the wafer is oven 

baked for 20 min. Mask – 1 is utilized to pattern the specified region for CPW, biasing 

pads and antenna patches. The specified region for these components is taken as a bright 

field such that, UV – rays passes through the mask and softens the specified region. 

The other region is taken as dark field which cannot pass UV-rays through mask. 

AZ327 is used as a developer for photoresist and AZ351B is utilized for LOR for 

etching of exposed region. Here LOR is used to create undercut to Lift-off metal layer 

deposited in the next step. The exposed region is etched off to form trenches as shown 

in figure.6.6 and figure. 6.7 respectively. 

   

          (a)     (b)  

Figure. 6.6.  Trenches formed on antenna part a) at patch A b) at patch B. 

 

Figure. 6.7.  Trenches formed for switch. 
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Cr/Au/Cr stack is deposited in the proportion of 50nm/400nm/50nm over the entire 

surface (at trenches and over photoresist). The deposition is subjected to 3 hours to 

achieve desired thickness. Finally, Wet lift off process is carried out to etch the 

photoresist layer by placing it in PG remover solution (Acetone) at 60oC for 1 hour and 

AZ351B is utilized for removing LOR. The Cr/Au/Cr present over the LOR and 

photoresist material is also etched off and only the Cr/Au/Cr material present in the 

trenches will remains and forms the desired structure of CPW, biasing pads and antenna 

patches as shown in figures 6.8 and 6.9 over the antenna and switch regions 

respectively. Finally, the wafer is cleaned with Distilled water.  

 

Figure. 6.8.  Microscopic Image of Antenna after Cr/Au/Cr stack deposition. 

 

Figure. 6.9.  Microscopic Image of switch after Cr/Au/Cr stack deposition. 
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6.3.4. Layer – 4: Dielectric Layer 

The development of third layer involves in formation of dielectric layer made up of 

silicon nitride material of thickness 100 nm which is present over the signal line of the 

CPW. Initially, the entire surface of the wafer is deposited with the silicon nitride 

material and the development time is maintained for 15 min at 450oC temperature to 

achieve the thickness of 100 nm. Lithography process is carried out using mask – 2. Pre 

– cleaning with acetone and IPA solution, spin coating HDMS primer and photoresist 

layer and baking steps are processed before exposing the wafer to UV – rays. The 

surface of the wafer which contains photoresist as a top layer is exposed to UV – rays 

through mask – 2 for 8 sec in vacuum. The specified region for dielectric layer is 

preserved by taking the region as dark field in mask – 2 and the other region is bright 

field which is exposed to UV – rays. Then the wafer is treated with AZ327 and acetone 

solution to dissolve exposed photoresist. The photoresist material remains only over the 

dielectric layer which preserves silicon nitride as shown in the figure 6.10 & 6.11. Here 

Figure. 6.10 represents the portion of dielectric layer present over signal line of antenna 

integrated with switch and figure. 6.11 shows the portion of dielectric layer on only 

switch part. The wafer is then processed to Reactive Ion Etching which is a dry etch 

process. During this process, the unprotected silicon nitride etched away by treating it 

with chlorine gas for 6 min. Later the PR present over the dielectric layer region is taken 

away using hashing. Thus, the third layer which is a silicon nitride layer is formed as 

shown in the figure 6.12 & 6.13. 

 

Figure. 6.10.  Microscopic Image of antenna before ashing PR on Si3N4. 
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Figure. 6.11.  Microscopic Image of switch before ashing PR on Si3N4. 

 

Figure. 6.12.  Microscopic Image of antenna after Si3N4 deposition. 

 

Figure. 6.13.  Microscopic Image of switch after Si3N4 deposition. 
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6.3.5. Layer – 5: Anchors, Iterative Meanders and Membrane 

The final layer of the proposed structure is a combination of anchors, iterative 

meanders and perforated membrane. Initially, as the membrane is suspended over a 

height of 2 µm hence a sacrificial layer made up of photoresist (AZ5214) is deposited 

on entire surface of wafer by Precleaning, spin coating of HDMS primer and photoresist 

and oven baking process. The development of this sacrificial layer is done by spin 

coating PR for 60 seconds at 3000 RPM. Later, lithography using Mask – 3 is carried 

out to soften the specified region for anchors. In mask – 3 the region specified for the 

anchors is taken as bright field and allows UV – rays to pass through it and soften the 

PR present on it. The other portion in the mask – 3 is dark field. After exposing the 

surface for 8 sec, the specified region is etched of using wet etching process by cleaning 

it with AZ327 and acetone solution. Hence, trenches will be formed at the specified 

region for anchors which are shown in the figure 6.14 for antenna part and in figure.6.15 

for switch part. 

 

Figure.  6.14.  Microscopic Image of antenna after etching Anchor portion. 

 

Figure. 6.15.  Microscopic Image of switch after etching anchor portion. 
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Later to develop anchors, meanders and membrane part, entire surface of the wafer 

is deposited with gold material using sputtering method for elapsed time of 314 seconds 

to achieve 0.5 µm thickness. The deposited gold layer is shown in figure. 6.16. 

 

Figure. 6.16.  Microscopic Image of switch after Au deposition. 

Lithography using Mask – 4 is used to pattern the desired structures of anchors, 

iterative meanders and membrane. The region specified is preserved using dark field in 

the mask and other portion of deposited gold is etched of using wet etching process. 

KI:I2:H2O in the proportion of 4:01:40 is used as a developer and the development is 

processed for 2.2 min with etching rate of 240 nm/sec. After etching, the membrane is 

formed along with anchors and meanders as shown in the figure.6.17 over antenna part 

and in the figure.6.18 over switch part.   

 

Figure. 6.17.  Microscopic Image of antenna after Au Etching. 
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Figure. 6.18.  Microscopic Image of switch after Etching. 

6.3.6. Membrane Release process and CPD 

Releasing the membrane is a tricky and difficult process. To release the membrane 

effectively a 10×10 µm perforations which are defined in the membrane structure and 

are responsible to allow the etchant to dissolve the sacrificial layer. In this process, the 

wafer is sliced into small dices and these are placed in the soup spoon as shown in the 

figure 6.19(a). From the top side, Acetone solution, AZ327 and IPA is poured gently 

until the sacrificial layer is washed away. Later, these dices are placed in Critical Point 

Drier as shown in figure 6.19(b) where these dices are underwent Cool, Fill, Purge, 

Heat, Bleach and Vent processes. In this process, the critical point observed is 1180 psi 

and 31oC. The fabricated switch integrated on antenna is then inspected using Scanning 

electron microscopy and is presented in the figure 6.20. 

   

  (a)     (b) 

Figure. 6.19. Membrane Release process a) soup spoon arrangement b) Critical point 

dryer. 
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Figure. 6.20.  SEM picture of Fabricated switch integrated on antenna. 

6.4  CHARACTERIZATION 

6.4.1.  Mechanical Characterization 

The mechanical structure of iterative meanders plays a crucial role in performance 

of switch. Generally, the spring constant is reduced in serpentine section by increasing 

the span length of serpentine sections or by increasing the no. of serpentine sections in 

meanders. These approaches reduce the reliability of the switch by improper 

development of restoring forces during membrane releasing time. Hence the proposed 

iterative meanders is designed with two section where the span length of the first section 

in iterative meander is 40 µm and offers the spring constant of 2.04 N/m whereas the 

second section has the span length of 80 µm and offers spring constant of 1.02 N/m. 

The total analytical spring constant offered by proposed meanders for actuating the 

beam is 0.68 N/m. The meanders possess the mechanical force developed by the 

stiffness of beam as 4.08 Newtons to restore the perforated membrane when voltage is 

removed. The fabricated switch is loaded in the Microsystem Analyzer to evaluate the 

spring constant experimentally as shown in the figure. 6.21.     
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Figure. 6.21.  Experimental set – up to obtain spring constant. 
 

The amplitude – frequency response of fabricated switch is measured by 

combination of 0.6V AC and 2V DC signals. The standard temperature and pressure is 

maintained for taking the measurements velocity magnitude and spring constant of the 

membrane against frequency of oscillation as shown in figure. 6.22. The proposed 

switch shows the mechanical resonant frequency of 1.35 MHz and spring constant is 

observed as 0.71 N/m which is closely approximated to the simulation results. The 

quality factor is measured by observing Fres / (F2-F1) [15] and obtained as 1.4 (≈1) shows 

good releasing response in non-actuated state. 

 

Figure. 6.22.  Mechanical frequency response using LDV. 
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6.4.2  Electromechanical Characterization 

The fabricated switch with 10×10 µm [16] perforations in the membrane is tested 

for C – V characteristics using DC – probe station [Agilent Device Analyzer B1500A, 

PM5 with thermal chuck with pulsed source 5MHz] and the measurements are carried 

at room temperature with the experimental set – up shown in figure. 6.23. The 

Capacitance is measured during actuation of the switch increasing the voltage from 

negative pull-in voltage to positive pull-in voltage and again decreasing to negative 

pull-in voltage with a step voltage of 10 mV. 

 

Figure. 6.23.  Experimental set – up to evaluate C – V characteristics. 

The experimental value of pull-in voltage is observed as 1.85 V which is closely 

approximated to the simulated value of perforated switch design 1.8 V. The deviation 

of measured value (1.85 V) is due to tolerance (±10 nm) in dimensions of beam during 

fabrication process. The pull-out voltage of the fabricated switch is observed to be 1.1V 

from the calibration graph shown in figure. 6.24 and shows high downstate capacitance 

of 2.43 pF along with upstate capacitance of 37.4 fF. The increase in capacitance from 

simulation to measured values is due to change in dielectric thickness from 0.3µm to 

0.1µm due to fabrication feasibility. 

Manual DC Probe Station

DC Stable
Voltage
source

Switch Loaded 
with probes
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Figure. 6.24.  C – V characteristics of proposed fabricated switch design. 

Table 6.2. Comparison of electromechanical performance characteristics. 

Component Simulated Measured 

 Perforated Perforated 

Pull-in voltage 1.8 V 1.85 V 

Upstate capacitance 32.4 fF 37.4 fF 

Downstate capacitance 2.10 pF 2.43 fF 

6.4.3  Electromagnetic Characterization 

 

Figure. 6.25.  Experimental set – up to evaluate RF characteristics. 
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The small signal RF performance characteristics are observed by numerical 

simulation of proposed design using HFSS software (FEM tool) and these results are 

compared with the measured results for validation. The measured results are obtained 

by using RF probe station [Agilent technologies E8361A with TRL/LRM calibration, 

GSG: 100 µm] as shown in figure. 6.25. The shot-open-load through technique was 

used to calibrate the probes to a reference plane.  

The S – parameters are measured at various frequencies for proposed switch 

designs. The switch is optimized based on upstate capacitance to transmit the RF signal. 

Hence resonance occurs in return loss as shown in figure. 6.26 such the switch shows 

measured value as -54.1 dB which is closely approximated to simulated value of -49.2 

dB at 41 GHz. As shown in the figure.6.27, the fabricated switch shows a very low 

insertion loss of -0.16 dB as simulated value and the measured value is further 

decreased to -0.15 dB at 41 GHz frequency. The isolation of the switch during offstate 

is measured and presented in the figure.6.28 to be -54.8 dB whereas the simulated value 

is observed to be -46.7 dB. The enhancement in the RF performance characteristics of 

switch is due to increase in downstate capacitance of the switch by lower the dielectric 

layer thickness to 0.1 µm. 

 
Figure. 6.26. Simulated and measured S-Parameters of switch. 
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Figure. 6.27. Simulated and measured S-Parameters of switch. 

 

Figure. 6.28. Simulated and measured S-Parameters of switch. 

The proposed antenna characteristics are observed over the frequency range of 0 – 

65 GHz. Initially, when switch - B which is present on the CPW feed of Patch B antenna 

is actuated by applying the biasing voltage and the other switch – A is not actuated. In 

this condition, the switch B offers high impedance and does not allow the RF signal to 

reach Patch B. Hence, Patch A only radiates the RF signal as the switch – A is in upstate 
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(onstate) which offers low impedance for RF signal transmission. As the Patch – A is 

designed to radiate at 40 GHz the antenna shows good return loss at desired frequency 

(40 GHz) as shown in figure. 6.29. The antenna exhibits the return loss of -28.74 dB at 

40 GHz with a bandwidth of 5.6 GHz. The gain of the antenna at this condition is 

presented in the figure. 6.30 is observed to be 2.31 dB at the direction of 172oC.  

 

Figure. 6.29. Return Loss of antenna at 40 GHz. 

 

Figure. 6.30.  Radiation pattern of antenna when only patch A radiates signal. 

When switch A is actuated and it turned into offstate and switch B is released by 

disconnecting the voltage to biasing pads enabling on-condition. Then the patch B is 

supplied with RF signal power and radiates the signal at 60 GHz and supplied power 

for patch – A is cut off by proposed switch-A. Hence in this condition, the frequency 
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of the antenna is shifted from 40 GHz to 60 GHz. The return loss of the antenna radiated 

only by patch – B is observed and is presented in the figure. 6.31. At 60 GHz the antenna 

shows return loss of -40.1 dB with a bandwidth of 7.5 GHz. The gain of the antenna at 

this condition is presented in figure.6.32 is observed as 5.02 dB at 151o. 

 

Figure. 6.31. Return Loss of antenna at 60 GHz. 

 

Figure. 6.32. Radiation pattern of antenna when only patch A radiates signal. 

The fabricated switch is compared with the state – of – art literature presented in 

Table.6.3 and examined that the proposed switch is efficient for millimeterwave 

applications. 
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Table. 6.3. The comparison of proposed switch with existing switches in literature. 

6.5  SUMMARY 

 In this Chapter, Capacitive type RF MEMS switch with iterative meanders is 

proposed and fabricated using surface micromachining process. The switch shows low 

pull – in voltage of 1.85 V with high capacitance ratio of 64.9. The switch gives very 

low insertion loss of less than 1 dB in onstate and exhibits high isolation of -54.8 dB in 

offstate at 38 GHz which efficiently exhibits switching activity at millimeter wave 

frequencies (above 30 GHz).  

The switch is monolithically integrated on the CPW feed of circular patch antennas. 

The reconfigurability in the frequency of the antenna is achieved by alternatively 

switching the two circular patches to radiate the signal at 40 GHz and 60 GHz. The 

feature size of switch is maintained as 820 µm × 240 µm× 455 µm and for antenna it is 

4650 µm × 2950 µm × 455 µm which are effectively used in millimeter wave 

applications. 
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CHAPTER 7 

CONCLUSION & FUTURE SCOPE 

7.1 Conclusion 

7.2 Future Scope  

 

7.1  CONCLUSION 

 The RF-MEMS switches exhibits high isolation and low insertion losses at high 

frequencies and this is an important requirement for communication systems especially 

for 5G mobile or satellite implementations. Their small size and ability to get integrate 

monolithically with the antenna elements make them best solution for microwave 

reconfigurable antennas structures. In spite of high RF performance characteristics, 

these RF - MEMS switches possess high actuation voltage. Thus, the main goal of the 

work is focused on exploration of design feasibility of RF-MEMS switches to reduce 

pull – in voltage with better RF characteristics and more reliability. 

In this thesis, a low pull-in voltage RF - MEMS shunt switch is proposed to operate 

at millimeter wave frequencies (above 30 GHz) and the monolithic integration on 

micropatch antenna is processed to reconfigure the frequency of the antenna. The work 

is carried out in the aspects of: design optimization based on resonant frequency of the 

transmitted RF signal; simulation analysis of switch with and without incorporating 

perforations; Modelling of capacitance generated in the switch by incorporating 

parasitic, fringing field and parallel plate capacitance components; fabrication and 

characterization of switch and antenna.  

A novel optimization model based on Multiphysics simulations is proposed which 

is an intensive method to optimize the dimension of the switch to transmit 

Millimeterwave frequencies.  Three types of switches such as fixed – fixed beam, fixed 

– fixed flexure and iterative meander switches are designed and simulated according to 

the proposed optimization technique. Among them Iterative meander type switch shows 

good performance and is suitable to operate at low pull-in voltage. 
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Besides the numerous advantages, capacitive shunt type RF MEMS switches suffers 

from air damping effect, stiction and complexity in releasing the membrane. 

Introducing perforations on the beam not only useful for releasing the membrane but 

also reduces the damping effect and stiction problems. The performance analysis is 

carried out for perforated switch and observed that the switch is efficient to work on 

proposed frequency ranges (above 30 GHz). 

The S - parameters of switch are mainly depending on up and down state capacitance 

and a proper estimation of these capacitance values is a major assignment in developing 

RF MEMS Switches for high frequency applications. Evaluation of performance 

parameters using conventional formulas results in large deviation in values from 

simulated results. Hence, an empirical formula for capacitance is developed including 

parallel plate, fringing filed and parasitic capacitance components. The deviation of 

empirical values from the simulated values is very less when compared to the other 

benchmark models. 

Capacitive type RF MEMS switch with iterative meanders is proposed and 

fabricated on antenna using monolithic surface micromachining process. The proposed 

switch operates at low pull – in voltage of 1.85 V and shows good quality factor of 1.4 

and exhibits strong restoring force. The switch is monolithically integrated on the CPW 

feeds of two circular patch antennas. The reconfigurability in the frequency of the 

antenna is achieved by alternatively switching the two circular patches to radiate the 

signal at 40 GHz and 60 GHz. The antenna shows high bandwidth of 5.6 GHz and 7 

GHz in both the cases and can be effectively used in millimeter wave applications. 

7.2  FUTURE SCOPE 

Owing to immense good electromechanical and electromagnetic characteristics 

the switch has a trade-off between pull-in voltage and switching time. This can be 

reduced by implementing the switch structure with further low spring constant meander 

structures and efficient contact forces. 

In this thesis, the switch is integrated with the antenna to reconfigure its 

frequency of radiating signal. The work can be extended to reconfigure the other 

parameters such as radiation pattern and polarization of the antenna.  
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The proposed switch can be integrated with phase shifters for accurate beam 

steering in radar applications. Generally, beam steering in radar depends on time delay 

units, the proposed RF MEMS switch offers very less time delay and can be effectively 

utilized to develop switched line MEMS – based phase shifters. 

The proposed switch can also act as variable capacitor and resonating element 

which can be efficiently used to develop variable high Q oscillators. 

The proposed switch can be integrated over EBG, DGS and CSRR based filters 

to achieve frequency tunability by redistribution or electric currents in the filter.     

The proposed switch can be used in Autonomous RADAR designs to 

reconfigure the frequency of the RADAR from 22 GHz to 77 GHz. 

The operating frequency of the RF MEMS switch can be extended to few 

gigahertz to serve for ADAS (22GHz, 76 – 81 GHz), Satellite Communications (75 – 

98 GHz) and Body scanner (70 – 80 GHz) Applications. The proposed switch can be 

effectively utilized for IoT applications as a switching circuitry between the 

components. 

 


