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Abstract
MEMS capacitive switches have longer lifetimes compared to other types of metal-to-metal switches, and when placed on

the membrane on the transmission line, they can easily return to the up-state due to a dielectric layer. They also transmit the

input signal with more power and frequency and therefore, they are better than metal-to-metal switches. In this paper, first

three switches were considered as the basic structures. Then, in order to demonstrate the credibility and high quality of the

simulations, the same switches were simulated. The obtained results are very close to the results of fabrication of these

switches. In the next step, with the presentation of three new structures, stimulation voltage, stress, switching time and

isolation were improved in four steps. The mechanical simulation of the switch was performed to determine the amount of

displacement, the amount of stress and the resonant frequency using the COMSOL software. In addition, electrical

simulation of the switch was performed to obtain the S-parameter using the HFSS software. The simulation results

demonstrate that the isolation is 57–66 dB and the insertion loss is 0.3–2 dB in the desired frequency band (1–50 GHz).

Using new spring structures, the actuation voltage was reduced from 4.8 V in basic structures (the smallest in three

structures) to 2.4 V in new structures, which is considered excellent. In order to increase the lifetime of the switch, the

stress in the new switches is reduced from 12 to 4.5 MPa compared to the basic switches.
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1 Introduction

Radio frequency micro-electromechanical switches (RF

MEMS) have a much better performance at high frequen-

cies compared to similar ones, including FET switches and

p-i-n diode switches. The advantages of these switches

include low power consumption, high cut-off frequency,

high electrical isolation in all frequency bands, small size

and low weight [1, 2]. MEMS switches can be divided into

several types based on the type of actuation (electrostatic,

electromagnetic, electrothermal and piezoelectric), circuit

configuration (series or parallel), and the type of connec-

tion to the transmission line (capacitor or metal-to-metal).

Discussion on these cases and the choice of an optimal

switch was done in [3, 4].

One of the disadvantages of RF MEMS switches is the

high actuation voltage, low power transmission and high

stress on the beam after the switch actuation. Each of these

can significantly reduce the lifetime of the switch. In recent

years, many works have been done to eliminate the actu-

ation voltage problem, including increasing the cross-sec-

tion, reducing the hardness of the spring and reducing the

initial gap [5]. In addition, to reduce the amount of stress

applied to the beam after the actuating of the switch, one

can use the step structure in the beam and the two-height

spring with elasticity in the vertical direction [6].

RF MEMS switches have been extensively used in space

and military industries due to low power consumption

losses of almost zero over the past two decades, and

therefore improving the performance of these switches is

considered very important. Furthermore, these systems are

very suitable for use in radar, cell phone, Bluetooth and
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Wi-Fi applications in the frequency range of 30 kHz–

300 GHz [3, 4, 7].

Following the improvements made to micro-electrome-

chanical systems over the past twenty years, switches with

the excellent characteristics and parameters in recent years

are simulated. The results of some of the simulation of

these switches are as follows:

In [8], three structures with low spring coefficients were

proposed to reduce the actuation voltage of the switch.

These switches are used in circuits in series. The actuation

voltage for these structures varies between 6 and 14 volts,

and the good RF specifications include an isolation of

- 70 dB to - 76 dB and an insertion loss between 0.005

and 0.06 dB at a frequency of 10 GHz. A capacitive RF

MEMS switch was fabricated using two high-impedance

transmission lines in [9]. One of the advantages of this

switch is to eliminate the surface roughness by presenting a

new manufacturing method, which results in a good

S-parameter. For this switch, the actuation voltage is equal

to 20 V. In addition, the results obtained after RF analysis

demonstrate better isolation than 18 dB and return loss less

than - 20 dB in the C-K band. Given that in the manu-

facture of MEMS switches, the stiffness coefficient is

usually higher than 10 N/m, but the three switches fabri-

cated in [10] have a stiffness coefficient of 1.34–1.56 N/m.

This reduction in the spring-stiffness coefficient leads to a

decrease in the actuation voltage of about 4.8–6.3 V. In

addition, for these three structures, the best isolation was

40 dB at 17 GHz and the best insertion loss was 0.25 dB at

20 GHz. A single membrane switch with a 4.3 V actuation

voltage was fabricated in [11]. This switch has good RF

characteristics, including a 36 dB isolation and an insertion

loss of 0.52–2.05 dB at a frequency of 20 GHz.

In this paper, at first three switches fabricated in [10] are

exactly simulated and then, the results of this simulation

are compared with the results of the fabrication. The pur-

pose of this comparison is to demonstrate the high quality

and credibility of simulations. Then, some of the parame-

ters of the three basic switches are optimized in four steps.

These parameters included stress, switching time, actuation

voltage, and isolation.

2 The common structure of an RF MEMS
switch

In RF MEMS switches a microstrip line or Coplanar

Waveguide (CPW) line on the substrate are typically use,

which is preferable to microstrip due to easier access to

ground plates. Capacitive switches are often used in cir-

cuits with parallel configurations. The difference in parallel

and series configuration is in capacitor coupling in deter-

mining the operating frequency of the switch. In the

parallel configuration, the switch has the ability to function

up to 200 GHz, while in the series configuration this ability

reduces to 20 GHz. Another advantage of capacitive

switches is the insertion of a dielectric layer between the

beam and the transmission line, which prevents the switch

from direct contact with the membrane and the transmis-

sion line and increases the lifetime of the switch in the high

number of cycles. The schematic diagram of the MEMS

capacitive switch in up and down states is shown in Fig. 1a

and Fig. 1b, respectively. As shown in Fig. 1b, after

applying the voltage to the beam, the RF input and output

are connected to each other and the switch is in the on state.

To obtain the voltage required to actuate this switch, one

can use Eq. 1:

Vpull�in ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

8kTg
3
i

27e0A

s

ð1Þ

where Vpull�in is the actuation voltage, gi the initial gap

between the beam and the dielectric, e0 the permeation

coefficient of the vacuum and A the cross-sectional of the

overlap area. It should be noted that for the design of a

MEMS switch, the transmission line impedance must be

equal to 50 X. The impedance of the transmission line

depends on the substrate and switch type, the gap between

the transmission line and the ground, the width of the

transmission line and the height of the substrate. The

electrical model of an RF MEMS capacitive switch is

illustrated in Fig. 1c.

One of the most effective parameters to improve the RF

performance is the high capacitive ratio, which requires a

maximum capacitor in the down state and a minimum

capacitor in the up state. Equations 2 and 3 can be used to

obtain the down state and up state capacitors, respectively.

As seen in these Equations, the gap change will lead to

fundamental changes in the value of the up state capacitor.

In addition, the capacitance ratio of the switch can be

calculated using Eq. 4. By increasing the capacitive ratio of

the switch, excellent RF performance can be achieved,

resulting in high isolation and low losses.

Cdown ¼
e0erA
td

ð2Þ

Cup ¼
e0A

gi þ td
er

ð3Þ

CR ¼ Cdown

Cup

¼
e0erA
td
e0A
giþ

td
er

ð4Þ

where td and er are the thickness and the coefficient of the

dielectric, respectively. Another important parameter in

MEMS switches is the type of material used as a beam,

which has a great effect on isolation and switching time.
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The material used as a beam should have a high electrical

conductivity to achieve good isolation. It also needs a small

mass density to increase the resonance frequency according

to Eq. (5). By increasing the resonance frequency,

according to Eq. 6, the switching time will decreases and

the switching speed increases.

x0 ¼
ffiffiffiffiffiffiffiffi

k

meff

s

ð5Þ

ts ¼
3:67Vp

Vs2pf0
ð6Þ

where x0 is the resonance frequency, k the spring-stiffness

coefficient, meff the effective mass of the beam, ts the

switching time and Vs ¼ 1:4Vp. The following equations

can be used to obtain the Sparameter:

S11 ¼ �20 log
�Zh

2Zh þ Z0

�

�

�

�

�

�

�

�

ð7Þ

S21 ¼ �20 log
2Zh

2Zh þ Z0

�

�

�

�

�

�

�

�

ð8Þ

where Z0 is the impedance of the CPW line and Zh the

impedance of the MEMS bridge.

3 Comparison of simulation and fabrication
results

In this section, first three designed and fabricated switches

in [10] are introduced. As shown in Fig. 2, three switches

with different structures are fabricated by Shekhar et al. In

Table 1, the results of the fabrication of the three switches

are considered. As can be seen, these results are very

suitable. In order to demonstrate the high credibility of the

simulations, the same three switches are simulated and the

results are compared with the results of the fabrication of

these switches. As shown in Fig. 3, the results of the

simulation are very close to the results of the fabrication,

which indicates the credibility and high quality of the

simulations.

4 Design and simulation of new switches

4.1 The main structure

To improve the results of the switches fabricated in [10],

the original structure of the three switches was changed and

three new switches were introduced using the new spring

structure. As discussed in the previous section, the simu-

lations presented in this paper are based on fabrication, and
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Fig. 1 Side view of the switch in (a) up state (off), (b) down state (on), (c) electrical model of the switch
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Fig. 2 Schematic of the three switches fabricated in [10]
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Fig. 3 Comparison of S-parameter for basic structures in fabrication and simulation (a) first structure (b) second structure (c) third structure

Table 1 The results of the

fabrication of the three switches

presented in [10]

Parameter Design 1 Design 2 Design 3

Actuation voltage (v) 5.4 6.3 4.8

Isolation [ 30 dB @ 17 GHz [ 40 dB @ 30 GHz [ 40 dB @ 40 GHz

Insertion loss 1 dB @ 20 GHz \ 0.25 dB @ 20 GHz \ 0.7 dB @ 40 GHz

Beam material Au Au Au

Thickness (lm) 0.5 0.5 0.5

Switching time (ls) 12 14 18
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the same results will be obtained from simulations if three

new switches are fabricated. Three new structures with

their dimensions are shown in Fig. 4.

4.2 Effect of holes on the switch parameters

By placing several holes inside the membrane, the mass of

the switch is reduced, which, according to Eq. 5, increases

the resonance frequency, thereby reducing the switching

time. In addition, after applying force when the beam is

72
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(c)

Fig. 4 Top view of three proposed switches with their dimensions (a) first design (b) second design (c) third design
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pulled down, the air below holes goes out, which will make

the pull-in and pull-up process easier to switch. But, there

is a disadvantage in creating holes. By creating holes, the

area of the cross-section of the switch decreases. As a

result, the input signal is transmitted from the lower cross-

section to the ground and the isolation decreases. To better

understand this, one can refer to [3, 4].

4.3 The effect of changing the thickness
of the beam on the switch

The switching time can be calculated using Eq. 6 and the

releasing time can be evaluated using the following

equation:

tpu ¼
1

4f0
¼ p

2

ffiffiffiffiffiffiffiffi

meff

k

r

ð9Þ

where f0 is the resonant frequency of the switch and tpu the

releasing time. The time that lasts the beam reaches the

dielectric is ts and the time duration that the beam returns to

its original state is tpu. Using the COMSOL software, the

first three modes of resonance frequency for each structure

are shown in Fig. 5. As seen, only the first mode matches

with our expectation of the behavior of the MEMS switch.

As a result, for three proposed switches, the resonant fre-

quency is 21 kHz, 32 kHz and 26 kHz, respectively. In

Table 2, the physical characteristics of the proposed

switches are given. In addition, in Fig. 6, the releasing and

switching times are compared for different beam

thicknesses.

4.4 The actuation voltage and design
of the spring structure

In Fig. 4, the spring structure of the designed three

switches with their dimensions is seen. To obtain the

spring-stiffness coefficient, we can use Eqs. 10 and 11:

K1;2;3... ¼
EWt3

L3
ð10Þ

Resonant frequency = 21 kHz Resonant frequency = 23 kHz Resonant frequency = 53 kHz

Resonant frequency = 32 kHz Resonant frequency = 45 kHz Resonant frequency = 85 kHz

Resonant frequency = 26 kHz Resonant frequency = 36 kHz Resonant frequency = 56 kHz

First mode Second mode Third mode

First mode Second mode Third mode

First mode Second mode Third mode

(a)

(b)

(c)

Fig. 5 The first three modes of the resonance frequency (a) first design (b) second design (c) third design
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1

Kx

¼ 1

K1

þ 1

K2

þ 1

K3

þ � � � ð11Þ

where E is Young’s modulus and W, t, and L the width,

thickness, and length of each part of the spring, respec-

tively. Given that in each of these structures four springs

are used, according to Eq. 12, the stiffness coefficient of

the total springs used in the switch is obtained as:

KT ¼ 4� Kx ð12Þ

4.5 Comparison of RF characteristics
in Optimized Switches with Basic Switches

In the previous section, the optimization procedure of the

switch using a new spring structure for each design was

described. The switches fabricated in [10] uses Si3N4 as a

dielectric layer. Simulations show that RF performance is

improved by using a higher-coefficient of the dielectric.

Therefore, in new designs, AlN is used as a dielectric layer,

whose dielectric coefficient is higher than Si3N4, and it is

also a hard material. Dielectric hardness is important due to

the fact that it prevents the bulge and erosion in the high

number of cycles during collision of the beam to the

dielectric, which increases the lifetime of the switch. Fig-

ure 7 illustrates the isolation comparison for the proposed

structures with the basic structures.

5 Results and discussion

The fabricated switches in [10] are optimized in four steps,

which are discussed below:

5.1 Reduction of the actuation voltage

According to Eq. (1), there are three ways to reduce the

actuation voltage: First way is to decrease gi, the second

way is to decrease K and the third one is to increase A,

which is the best way to reduce the spring-stiffness coef-

ficient [3, 4]. In this paper, three new structures for spring

have been used to reduce the actuation voltage in a way

that it reduces the stiffness of the spring. In addition, as far

as possible, the gap between the beam and the dielectric

has been reduced so that the self-actuation phenomenon

and the degradation of the capacitive ratio do not occur.
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Fig. 6 Comparison of (a) the switching time and (b) the release time of the three proposed switches for different beam thicknesses

Table 2 Physical characteristics

of the proposed Switches
Parameter Design 1 (lm) Design 2 (lm) Design 3 (lm)

CPW dimensions 80/120/80

CPW thickness 0.5

Overlap area 100 9 120

Bridge thickness 1.5

Bridge dimensions 100 9 120 100 9 134

Hole dimensions 8 9 8

Dielectric thickness 0.15

Gap 1
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Fig. 7 Comparison of the isolation between the initial structures and the proposed structures (a) first design, (b) second design, (c) third design

Table 3 The results of the

simulation of the three proposed

switches

Parameter Design 1 Design 2 Design 3

Actuation voltage (v) 2.4 5.9 3.5

Isolation - 57 dB @ 11 GHz - 65 dB @ 15 GHz - 66 dB @ 20 GHz

Insertion loss 2 dB @ 11 GHz 0.3 dB @ 15 GHz 0.4 dB @ 20 GHz

Beam material Al Al Al

Thickness (lm) 1.5 1.5 1.5

Switching time (ls) 19.3 12.7 15.7

First design Second design Third design

First design Second design Third design

(a)

(b) 

Fig. 8 Comparison of stress between (a) switches fabricated by Shekhar et al. [10]. b The proposed switches
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5.2 Increase of the isolation

The choice of dielectric type is important for high isolation.

In this paper, AlN has been used as a dielectric layer for all

three structures, which has a high dialectic coefficient and

it is considered a hard material, which results in a longer

lifetime of the switch in a long time. Table 3 shows the

value of the S-parameter and the actuation voltage for the

new structures.

5.3 Reduction of the stress

After applying force to the beam, stress is applied to places

where the springs are attached to the ground. This stress has a

negative effect on the switch function and its lifetime in the

high number of cycles. As shown in Fig. 8, the amount of

stress applied to the switches fabricated by Shekhar et al. [10]

is far greater than stress on the switches proposed in this
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Fig. 9 Comparison of switching times for two materials of aluminum

and beryllium in three proposed structures

Table 4 Comparison of the proposed switches with previous work

Parameters Ref. [3, 4] Ref. [9] Ref. [10] Ref. [8] This work

Actuation

mechanism

Electrostatic Electrostatic Electrostatic Electrostatic Electrostatic

Switch beam

material

Al Al Au Au Al

Thickness 0.5 1 lm 0.5 lm 2.2 lm 1.5 lm

Pull-in voltage 2.2 V 20 V 4.8–6.3 V 3.75–14.5 V 2.4–5.9 V

Return loss - 11.47 dB @

40 GHz

- 20 dB @

24 GHz

– – - 11.47 dB @

40 GHz

Insertion loss - 0.65 dB @

30.5 GHz

- 0.9 dB @

24 GHz

- 0.25 dB @ 20 GHz; - 0.7 dB @

520 GHz

0.005–0.06 dB @

10 GHz

0.3–2 dB @

11–20 GHz

Isolation - 71 dB @

30.5 GHz

- 18 dB @

24 GHz

30–40 dB @ 17 GHz; 30 dB @

40 GHz

70–76 dB @

10 GHz

57–66 dB @

11–20 GHz

Air gap 0.7; 1.8 and

2.8 lm
1 lm 2 lm 3 lm 1 lm
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Fig. 10 Comparison of the isolation in the three proposed structures for the aluminum and beryllium switch
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paper. To compare stress in these springs, a same force is

applied to the point of attachment of the springs to the beam.

Then, the stress range is considered between 0 and 12 MPa

for all springs. This stress reduction is achieved using the

designed spring structure in new switches.

5.4 Reduction of the switching time

As explained before, reduction of the switch mass can

decrease the switching time. In this paper, the mass of the

switch is reduced using a few holes inside the beam. But

another way to reduce the mass of the switch is to use a

substance with a mass less than aluminum. Beryllium is an

excellent metal for the beam, because in addition to its low

mass density, it has an electrical conductivity close to the

aluminum, and in this way, it keeps the isolation of the

switch in the desired range. To prove this claim, the

switching times for the new structures using aluminum and

beryllium are compared in Fig. 9. Also, Fig. 10 shows the

isolation for new structures using these two materials. As it

is seen, the switching time is significantly improved, which

is an excellent advantage, and the isolation, although is

reduced, is still excellent.

The switches designed in this article are compared with

the previous works, the result of which is given in Table 4.

It is clear that the results of this design are great compared

to many previous works.

6 Conclusion

In this paper, the three basic structures were considered,

and then, some important parameters of the switch

including actuation voltage, switching time, stress and

isolation are optimization in four steps. The lifetime of the

switches was also increased by changing the type of Si3N4

to AlN, using a new spring structure. According to the

results, actuation voltage and stress are reduced 50% and

65% after the completion of the optimization steps,

respectively. Also, the isolation is increased by 16%.
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