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Abstract
In this paper, two types of RF MEMS switches namely step structure and Normal beam structure are designed and analyzed

using different meander techniques. Three techniques namely plus, zigzag and three-square meander were used to lower

the pull-in voltage. The actuating beam is designed with the rectangular perforations affects the performance of a switch by

lowering the pull-in voltage, switching speed and results in better isolation. In this paper a comparative analysis is done for

all three meander techniques with and without perforations on the beam. Total six structures have been designed with the

combination three meanders and two different beam structures. The proposed stepdown structure exhibits high perfor-

mance characteristics with a very low pull-in voltage of 1.2 V having an airgap of 0.8 lm between the actuation electrodes.

The gold is used as beam material and HfO2 as the dielectric material such that the upstate and downstate capacitance is

seen as 1.02 fF and 49 fF. The FEM analysis is done to calculate the spring constant and thereby the pull-in voltage and

behavior of the switch is studied with various parameters. The switch with a step structure and three-square meander

configuration has shown best performance of all by requiring a pull-in voltage of 1.2 V and lower switching time of 0.2 ls.
The proposed switch also exhibits good RF performance characteristics with an insertion loss below - 0.07 dB and return

loss below - 60 dB over the frequency range of 1–40 GHz. At 28 GHz a high isolation of - 68 dB is exhibited.

1 Introduction

In the recent years, MEMS technology had gained

tremendous attention from both industry and academia. As

the miniaturization is the key feature, MEMS technology is

used everywhere in modern day electronics (Rebeiz 2003).

MEMS devices tend to show a high linearity and low

power consumption. Due to its batch fabrication processes

bulk manufacturing can be done bringing down the fabri-

cation costs. It has that unique quality of creating a plat-

form on which the electrical and mechanical components

can be monolithically integrated (Rao and Sravani 2018;

Sravani and Rao 2018). The MEMS devices had another

major advantage because of their ability to operate at wide

range of frequencies. In the recent years telecommunica-

tion industries are adopting this technology at a rapid pace.

Ultra-wide frequency range makes these devices better

when compared with the traditional FET and PIN diode in

many applications (Molaei and Ganji 2017). When com-

pared to their solid-state counterparts the MEMS switches

consume relatively less power, maintains high linearity and

reliability. Due to this, they are replacing the traditional

FET switches and PIN diodes (He et al. 2011). There

development is much needed as they can be used in a wide

number of applications such as switching elements in

reconfigurable antennas, satellites, mobile devices and

other short-range applications (Katehi et al. 2002). The

MEMS switches also include different operating principles

i.e., the series switches and the shunt switches. The beam

of the switch is also implemented with two different con-

figurations such as fixed–fixed and cantilever structures.

Different actuation techniques are available to actuate a

switch. The electrostatic actuation is preferred (Öjefors

2004) among them. So, it is required to do the optimiza-

tions to lower the pull-in voltage required to actuate the

switch. In this paper the designed capacitive shunt switch is

subjected to different optimizations. The structure is
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simulated at different configurations i.e., by using different

meander techniques namely square shaped, zigzag and plus

shaped meanders. This analysis is done with and without

the perforations on the beam. As the air gap between the

beam and the dielectric layer is also one of the main

aspects to consider, a novel step structure is also imple-

mented and analyzed for the designed switch. This step-

down structure reduces the airgap thereby reduces the

switching time and actuation voltage required. By com-

paring all the simulated values, we found that stepdown

structure with uniform three square meander offers better

performance requiring a low pull-in voltage of 1.2 V and

exhibiting a high isolation of - 61 dB at 28 GHz. This

structure also had a low insertion loss of - 0.7 dB over the

frequency of 40 GHz.

2 Proposed switch materials

MEMS capacitive shunt switches are designed over the

transmission lines to bypass the propagating signal by

offering low impedance across it. Fixed–fixed type

switches are most common shunt type of switches used in

RF applications operating over 10 GHz (Papapolymerou

and Drayton 1998). The schematic of the proposed switch

structures as shown in the Fig. 1 consists of high dielectric

substrate having 200 lm thickness made up of silicon. The

insulating layer of 1 lm thickness is deposited on the

substrate to avoid leakage currents. The CPW transmission

line of 35/60/35 of thickness 1 lm is considered over the

insulating layer for the propagation of RF signal. A thin

dielectric layer of 0.5 lm thickness is deposited over the

signal line of CPW to create a capacitive path for the

propagating signal. Two biasing electrodes are considered

in between the signal line and ground planes which are

present below central beam with a gap of 1 lm. Electro-

static forces are generated when a potential difference is

applied between the centre beam and biasing electrodes for

the actuation of switch Using these biasing pads RF input

signal is isolated with the actuation voltage during the

operation of switch. Anchors are placed on the two ground

planes such that the central beam is suspended between the

anchors over the CPW. The central beam of 1 lm thickness

consists of the capacitive beam present at the centre and

actuation beam presented on either side of the capacitive

beam as shown in the Fig. 2.

Two types of switches are proposed according to the

structure of the central beam switch A: normal beam

structured switch having capacitive and actuation beams

are in same horizontal plane as shown in Fig. 3a and switch

B: named as step structured switch having the capacitive

beam below the actuation beams connected with the step

contact as shown in the Fig. 3b.

Normal fixed–fixed switches possess high pull-in volt-

age due to large stiffness of the central beam (Roark and

Young 1989). Hence to reduce pull-in voltage meandering

technique (Marcelli et al. 2010) can be implemented. Three

types of meander techniques were mainly implemented for

the proposed structures. Using the meanders instead of a

solid central beam. Different meanders used are rectangu-

lar, square and cylindrical shaped meanders. The below

Fig. 4 represents the schematic of a 3 square meander and

these dimensions are given in the Table 1.

The Fig. 5 represents the schematic of a plus shaped

meander with the dimensions explained in Table 2.

The Fig. 6 represents the schematic of Zigzag meanders

which comes under the non-uniform meander type and the

dimension of the zig-zag meander is given the Table 3.

Material selection is one of the most important practice

to consider while designing a device. Gold is chosen as a

material for the beam, biasing electrodes, CPW, meanders

and step contacts due its high conductivity (Kumar et al.

2018) than any other materials. Silicon is the suitable ma-

terial for the substrate having high young’s modulus, pos-

sibility for monolithic integration and high electrical

resistivity of 6.4 9 102 X-m (Ramli and Sidek 2012). SiO2

is taken as the suitable material for the insulating layer

having very high electrical and temperature resistivity and

is highly used to avoid leakage currents and insertion losses

(Chakraborty et al. 2014). HfO2 is chosen as the dielectric

Fig. 1 Schematic view of fixed–

fixed RF MEMS switch
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layer because of large band-gap, Eg = 5.6–5.8 eV, high

dielectric permittivity j = 16–25 and high thermal stability

(Angira and Rangra 2015). The perforations in a beam

plays an important role in reducing the mass of the beam

and the drag experienced by the beam. Also, it makes the

beam more flexible. The beam is studied when rectangular

perforations of dimensions 4 lm 9 2 lm 9 1 lm are

made on the central beam. By comparing the obtained

simulation results we observed that rectangular shaped

perforations resulted in better efficiency of the switch. The

dimensions of the different shapes of perforations are given

in Table 2. By proposing three type of meanders and two

Fig. 2 Top view of beam with perforations

Fig. 3 a Switch A: normal beam structured switch. b Switch B: step

down structured switch

Fig. 4 Serpentine shaped meander

Table 1 Dimensions of the individual blocks in square shaped

meander

Spring blocks Length (lm) Width (lm) Height (lm)

S1 5 1 1

S2 1 20.5 1

S3 40 40 1

lm Micrometers

Fig. 5 Plus shaped meander

Table 2 Dimensions of the blocks in the plus shaped meander

Spring blocks Length (lm) Width (lm) Height (lm)

P1 25 1 1

P2 1 15 1

P3 10 1 1

lm Micrometers

Fig. 6 Zigzag shaped meanders
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types of structures totally six different types of RF MEMS

switches have been proposed.

3 Results and discussions

3.1 Mechanical analysis

3.1.1 Spring constant

The meanders introduced in the switches provides the

necessary spring constant or stiffness to hold the centre

beam which is suspended over CPW. This meandering

technique used to obtain the low spring constant when

compared to the fixed–fixed beam type switches. The

spring constant of the total meander can be obtained by

calculating the stiffness of each individual beam which are

in series combination. Generally, the stiffness of each

individual beam can be calculated with the Eq. (1)

(Jaspreet et al. 2014)

K ¼ Ywt3

l3
ð1Þ

where K is the stiffness, w is the width, t is the thickness

and l is the length of each individual blocks in the mean-

ders. The inverse of the spring constant of each meander

can be obtained by the summation of inverse of each block

stiffness present in each meander. Hence the spring con-

stants of different meander are given by the equations

(Guha et al. 2016)

1

s
¼ 8

s1
þ 2

s2
þ 5

s3
for serpentine meander ð2Þ

1

p
¼ 1

p1
þ 2

p2
þ 2

p3
for serpentine meander ð3Þ

1

z
¼ 2

z1
þ 2

z2
þ 1

z3
þ 2

z4
þ 2

z5
for serpentine meander ð4Þ

where s, p and z are the spring constant of single meanders

of serpentine, plus and zig-zag spring structures. Three

types of switches can be designed using proposed three

meanders and the switches contains centre membrane

supported by two meanders in serpentine meandered

switch, four meanders by the plus meandered switch and

two meanders in zig-zag meandered switch. Hence the total

spring constant of three types of switches are

Ks ¼ 2s ð5Þ
Kp ¼ 4p ð6Þ

Kz ¼ 2z ð7Þ

where Ks, Kp and Kz are the total spring constants of the

proposed serpentine, plus and zig-zag meandering switches

and analytically these are obtained as 0.46, 1.2, 4.6

respectively. These analytical calculations of the spring

constant is validated by simulating the proposed switches

in FEM tool. The simulation is carried according to the

newton’s mass-spring-damper system which postulates that

the displacement of the mass is directly proportional to the

applied force.

F aX ð8Þ

Therefore,

K ¼ F

X
ð9Þ

where K is the spring constant, x is the displacement and F

is the applied force. Hence the spring constant of the switch

is the ratio of applied force and displacement of the mass.

Here the mass resembles total mass of the centre beam.

The simulated spring constant of each type of meander

is obtained by applying a sweep of force on the beam and

displacement of the beam is observed and are substituted in

the Eq. (9). The Figs. 7, 8 and 9 describes the FEM sim-

ulations of displacement of the centre beam suspended by

the three meanders. The ratio of force to the displacement

along Z component gives the required spring constant

3.1.2 Impact of acceleration due to gravity

The deflection of the switch membrane due to acceleration

is given by (Bachman et al. 2012)

Table 3 Dimensions of the blocks in the zigzag meander

Spring constant Length (lm) Width (lm) Height (lm)

Z1 22 1 1

Z2 1 7 1

Z3 18 1 1

Z4 1 15 1

Z5 10 1 1

The dimensions of the proposed switches illustrated in the Table 4

Fig. 7 Force vs displacement of plus meander
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Dx ¼ F

K
¼ mg

K
¼ ðlwtÞqg

K
ð10Þ

where Dx is the deflection of beam, F is the force acting on

the beam due to acceleration due to gravity, g is the

acceleration due to gravity, q is the density of the beam

material, l, w and t are the length, breadth and thickness of

the beams and K is the spring constant of the meanders

(Tables 4, 5, 6).

Generally, the MEMS switches are not sensitive to the

acceleration due to gravity. An acceleration of g = 9.8 m/

s2 exerts a force of 1.13 nN on the beam having mass

1.15 9 10-10 kg and the beams deflects vertically down-

wards for gold material beam with a spring constant of

meanders. The deflection is presented in the Table 7.

For a gap of 1 lm, a negligible displacement is observed

in both analytical and simulation results as shown in

Figs. 10, 11 and 12. Hence the proposed switches are not

sensitive to acceleration forces because the displacements

are very small.

3.1.3 Reliability of the switch

The reliability of the switches depends on ability to restore

its original position i.e., upstate condition. The meanders

are responsible to provide these restoring forces against the

electrostatic actuation. Stiction and air damping reduces

Table 4 Dimensions of the blocks in the zigzag meander

Component Length (lm) Width (lm) Height (lm)

Substrate 240 60 200

Insulating layer 240 60 1

Dielectric Layer 60 50 0.5

Anchors 3 60 1

Biasing electrodes 30 40 1

Actuation Beam 40 40 1

Capacitive Beam 60 20 1

Step contact 0.2 20 0.2

lm MicrometersFig. 8 Force vs displacement of serpentine meander

Fig. 9 Force vs displacement of zig-zag meander

Table 5 Spring constant of proposed meanders

Meander type Spring constant (N/m)

Analytical Simulated

Serpentine 0.46 0.54

Plus 1.2 1.05

Zig-zag 4.6 4.8

N/m Newton per meter

Table 6 Dimensions for the perforations used in study

Meander type Deflection by acceleration due to gravity

Analytical Simulated

Serpentine 2.4 nm 2.24 nm

Plus 87 pm 75.8 pm

Zig-zag 0.18 nm 0.191 nm

Table 7 Pull-in voltage of normal beam switches

Meander type Pull-in voltage (V)

Analytical Simulated

Serpentine 1.8 2.1

Plus 9.5 10.2

Zig-zag 6.5 6.9

Fig. 10 Displacement of serpentine meander due to acceleration due

to gravity
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this restoring force. Hence perforations are created on the

capacitive beam such that the stiction between the beam

and dielectric layer is nullified. The air damping of the

switch membrane has to be reduced and is given as

(Bachman et al. 2012)

b ¼ 3

2

lA2

g30
ð11Þ

where b is the coefficient of damping, l is air viscosity

(1.885 9 10-5 Pa), g0 is the air gap (1 lm for normal

beam and 0.8 lm for step down switch) and A is the

overlapping. Thus, the damping coefficient obtained is

2.15 9 10-6 for normal switch and 2.69 9 10-6 for step

down switch. The low damping ratio of the switches made

them reliable for large number of duty cycles.

3.2 Mechanical analysis

3.2.1 Pull-in voltage

The proposed six switches have designed and simulated

using FEM tool. The switch is simulated by applying the

voltage difference between the biasing pads and actuation

beams. This voltage difference gives rise to the electro-

static forces between them and pulls down the centre beam.

The capacitance will develop between the centre beam and

signal line due to dielectric layer present between them.

The voltage at which the beam touches dielectric layer is

called pull-in voltage and switch breakdown occurs.

From the Figs. 13 and 14, It is observed that in step

down structure the gap between the capacitive beam and

signal line is maintained at 0.8 lm hence the beam

Fig. 11 Displacement of plus meander due to acceleration due to

gravity

Fig. 12 Displacement of zig-zag meander due to acceleration due to

gravity

Fig. 13 Voltage vs displacement for normal beam structure

Fig. 14 Voltage vs displacement for step structure switches

Fig. 15 a Displacement of zig-zag meander type normal beam switch.

b Displacement of zig-zag meander type step down beam switch
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displaces with a low pull-in voltages than the normal beam

switches. The serpentine step structure switch has very low

pull-in voltage of 1.4 V and is good practice to develop

these kinds of switches for low power applications.

The Figs. 15, 16 and 17 depicts the simulation results

normal switch and step structure switch designed with

three types of meanders. The simulation and analytical

results on pull-in voltage have discussed in the Tables 8

and 9.

It is observed that among all the switches the pull-in

voltage of serpentine step structure switch has very low

pull-in voltage of 1.4 V than the other type of switches.

Hence the step structured serpentine structured switch is

efficiently used in low power applications.

the hysteresis verification is done by simulating the

serpentine step structure switch using FEM tool and

observed the transition between the ON–OFF states of

serpentine step structure switch when a range of discrete

voltages are applied. When switch is actuated the centre

membrane deflects due to electrostatic forces and touches

the dielectric at the pull-in voltage and when the actuation

voltage gradually decreased then the switch is released due

to restoring forces of meanders (Sharma et al. 2015). The

switch starts regaining its original position when the

restoring forces dominates the electrostatic forces. The

hysteresis cycle is shown in Fig. 18 and obtained pull-in

and release voltages are respectively 1.2 and 0.8 V.

3.2.2 Cross-sensitivity analysis

The proposed MEMS switches must deflect vertically

downwards only, any movement or deflection in other

direction results in very low capacitance value as the

overlapping area decreases and it effects working mecha-

nism of the switch. Hence the switches must be negligible

displacement in X and Y axis.

It is observed that the switches have very less deflection

towards Y axis as shown in the Figs. 18, 19 and 20 when

compared to the displacement of the along Z direction.

3.2.3 Capacitance ratio

The RF response of a shunt capacitive switch having a

fixed–fixed beam depends on the capacitance ratio of the

switch. The capacitance ratio is given by the ratio of down-

Fig. 16 a Displacement of zig-zag meander type normal beam switch.

b Displacement of zig-zag meander type step down beam switch

Fig. 17 a Displacement of plus meander type normal beam switch.

b Displacement of plus meander type step down beam switch

Table 8 Pull-in voltage of step switches

Meander type Pull-in voltage (V)

Analytical Simulated

Serpentine 1.2 1.4

Plus 6.8 7.1

Zig-zag 4.6 5.3

Table 9 Comparison of capacitance values of serpentine step struc-

ture switch

Serpentine step switch Capacitance (fF)

Analytical Simulated

Coff 1.23 1.02

Con 53 49

Fig. 18 Hysteresis of serpentine step structure switch
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state capacitance (Cdown) to the Up-state capacitance (Cup).

The CON or CUP is the upstate capacitance seen when the

switch is in the on state. It is given by the Eq. (12)

(Balaraman et al. 2012)

CON ¼ e0ab
g0 þ td

er

ð12Þ

where a is the length of the capacitive beam, b is the width

of the capacitive beam, e0 s the permittivity of the free

space, er is the relative permittivity of dielectric material,

g0 is air gap, td is the oxide layer thickness. The upstate

capacitance changes as the material changes, because rel-

ative permittivity is not same for every material. It also

changes with variation of airgap. In these proposed

switches the capacitive beam dimensions are identical

hence same on-state and off-state capacitances occur. The

serpentine switch is simulated and presented to obtain the

capacitance values,

By observing the above it can be said the upstate

capacitance value decreases as the airgap between the

beam and the dielectric layer increases.

Coff is the down state capacitance. It can be measured by

using the equation

Coff ¼
e0erab
td

ð13Þ

The Coff is 49.1fF and Con of 1.02fF is observed by

simulations. The capacitance ratio can be calculated by

using Eq. (14) (Fedder 1994)

Cratio ¼
Coff

CON

� �
¼

e0erab
td

e0ab
g0þ

td
er

ð14Þ

The capacitance ratio can also be described as the fig-

ure of merit and it is obtained from the Eq. (13) is 48. The

analytical and simulated capacitance values are presented

on the Table 10.

3.3 Time dependent analysis

3.3.1 Switching time

The switching time of the switches can be obtaining by the

Eq. 15 and is defined as the deflection of the beam from

upstate to downstate. It is strongly depending on the

actuation voltage and resonant frequency and is obtained

from the Eq. (12) (Lee et al. 2015)

Ts ¼
3:67Vp

Vsx0

ð15Þ

The switching time of the proposed step structure

switches are calculated with the Eq. (15) and presented in

the Table 10.

From the Figs. 20, 21 and 22, it is observed that tran-

sition of switches from ON state to OFF state requires

nearly 0.2 ls. Among these the plus and zig-zag meanders

have low switching time than the serpentine structure. The

values of switching time presented in the Table 10 gives

fast switching time during actuation of switches.

3.4 RF performance analysis

The dc voltage is applied to the beam and the dielectric

layer acts as the ground. The electrostatic force is

Fig. 19 Displacement of serpentine step structure switch along Z and

Y axis

Fig. 20 Displacement of zig-zag meander structure switch along Z

and Y axis

Table 10 Switching time

Meander type Switching time (lm)

Analytical Simulated

Serpentine 0.23 0.2

Plus 0.18 0.16

Zig-zag 0.17 0.16
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generated pulls the beam down so that it makes a contact

with the CPW line. When the voltage is applied between

the beam and the dielectric layer capacitance can be

induced and they can act as a parallel plate capacitor. The

insertion loss and isolation of the switch are determined

and examined using the Ansys HFSS software (Figs. 23,

24, 25, 26, 27, 28, 29).

Return loss (S11 parameter) is also one of the important

characteristics of a device to determine the level of impe-

dance matching to make sure the signal is transmitted

efficiently. The Insertion loss (S12) of the switches occurs

due to the material properties of the substrate. The high

dielectric constant will reduce the insertion losses (Verma

and Singh 2013).

The isolation loss (S21) is caused when beam touches

the signal line and is measured when device is in off-state

Fig. 21 Displacement of plus meander structure switch along Z and Y

axis

Fig. 22 Upstate Capacitance of the serpentine step switch

Fig. 23 Downstate capacitance of serpentine step switch

Fig. 24 Switching time of serpentine step switch

Fig. 25 Switching time analysis of plus meander step switch

Fig. 26 Switching time of zig-zag meander switch
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(Lee et al. 2015). This isolation (S21) shows how effi-

ciently the device can avoid the leakages currents.

The stepdown structure with three square meanders is

showing a low return loss (S11) of - 25 dB and low

insertion loss of - 0.07 dB at 40 GHz and a high isolation

of - 64 dB at 28 GHz.

4 Conclusion

In this paper, a comparative analysis of two types of

switches with three meandering technique have been pro-

posed and analysed. The switches are analytically modelled

and validated using FEM simulations. Among the six dif-

ferent types of structures the step structure using serpentine

meanders has a very low pull-in voltage of 1.2 V. The

serpentine step structure design is processed for different

simulation to obtain its performance. The serpentine switch

switch exhibits high capacitance ratio of 48 with upstate of

1.02 fF and downstate of 49.1 fF. The fast transition time

of 0.2 ls is obtained to change its state from ON to OFF.

The switch also exhibits good RF performance character-

istics and hysteresis of the switch is studied to understand

its behaviour during operation. The proposed switch also

exhibits good RF performance characteristics with an

insertion loss below - 0.07 dB and return loss below

- 60 dB over the frequency range of 1–40 GHz. At

28 GHz a high isolation of - 68 dB is exhibited.
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