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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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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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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  

Fixed – Fixed 
Flexure 

Suspended Beam

Iterative Meanders

Suspended Beam



Optimization using Multiphysics Co – Simulations Chapter 3 

 
 

  65 
 

 

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:   

3

_ 3
32 a a

fixed fixed beam

a

Ew t
K

l
− =     (3.15) 

3

_ 3
8 b b

fixed fixed flexure

b

Ew t
K

l
− =     (3.16) 

( )

3

_ 3 3

4 c c
iterative serpentine

c d

Ew t
K

l l
=

+
    (3.17) 

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. 



Optimization using Multiphysics Co – Simulations Chapter 3 

 
 

  71 
 

 

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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