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Abstract
This paper designs and analyzes a novel RF MEMS capacitive switch with a high on/off capacitance ratio and low pull-in

voltage. Compared with general capacitive RF MEMS switches, the switch adopts a new type of spring support structure,

which reduces the spring coefficient of elasticity and forms a low pull-in voltage. By adding an H-shaped floating metal

layer above the switch dielectric layer, the on/off capacitance ratio is improved without affecting the predetermined

structure of the switch and without thin dielectrics or high dielectric constant materials. Finally, the pull-in voltage of the

switch is 4.4 V, and the switching time is 22 ls. When the switch operates at 27 GHz, the isolation of the switch is –

50 dB, the insertion loss is - 0.2 dB, and the switch capacitance ratio is 89. The designed switch shows good working

performance.

1 Introduction

With the development of wireless communication tech-

nology and the continuous improvement of communication

standards in the past few decades, millimeter-wave com-

munication and reconfigurable technology have become

the focus of wireless communication. It has also made the

RF-MEMS switch a research hotspot in recent years

because of its potential application scenarios (Zareie et al.

2013). In the high-frequency range, compared to PIN

diodes and FETs (field-effect transistors), RF MEMS

switches have the advantages of good linearity, high iso-

lation, low insertion loss, and frequency bandwidth

(Mousavi et al. 2021). However, problems such as high

pull-in voltage and low on/off capacitance ratio still restrict

the development of RF MEMS switches (Dalal et al. 2021).

High pull-in voltages can cause compatibility issues

between RF MEMS switches and associated control cir-

cuits, while low on/off capacitance ratios can degrade the

device’s RF performance.

In the past literature, switches with good performance

have been reported. Al-Dahleh et al. (2010) and Fouladi

et al. (2010) improved the switch on/off capacitance ratio

using a warped switch beam. However, this method cannot

guarantee the consistency of the switch during processing.

Angira et al. (2013) and Persano et al. (2010) use high

dielectric constant materials to achieve high capacitance

ratios. To reduce the pull-in voltage, Xu et al. (2018)

realized a switch with a pull-in voltage of 14 V installed on

a reconfigurable frequency antenna. Gopalan and Kommuri

(2018) developed a triangular-shaped RF MEMS switch for

the fabrication of micro-phase shifters with a pull-in volt-

age of 5.6 V. Angira and Rangraet (2015) use a floating

metal RF MEMS switch with peak isolation of 47.75 dB in

25 GHz to achieve high isolation. Ma et al. (2018) added

two short high-impedance transmission lines on both sides

of the switch to improve RF performance. Rao et al.

(2021a, b) used an asymmetric cantilever structure and

perforation to design together to achieve low pull-in

voltage.
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This paper proposes a novel shunt capacitive RF MEMS

switch with low actuation voltage and a high on/off

capacitance ratio. As shown in Fig. 1, the switch design

adopts a new type of spring structure, in which switch

anchor points are in the middle of the serpentine flexure.

This structure can obtain a lower elastic coefficient and a

low pull-in voltage. Compared with the general method of

increasing the capacitance ratio, the method in this paper

has the advantage that only one layer of MIM metal is

added to achieve a high capacitance ratio of the switch.

There is no need to change the air gap g of the switch,

avoiding the excessively high g increasing the pull-down

voltage of the switch, and not deliberately warping the

switch beam, avoiding the uncertainty of the processing

technology, and also avoiding the use of new Material.

2 Design of RF MEMS switch and working
principle

The shunt capacitive RF MEMS is integrated into the

coplanar waveguide (CPW). The G/S/G of CPW is 60 lm/

100 lm/60 lm. The anchor of the MEMS switch is con-

nected to the ground of the CPW, which has a thin

dielectric layer made of Si3N4 to prevent the switch beam

from contacting the signal line. An H-shaped floating metal

layer is added above the dielectric layer to improve the

capacitance ratio of the RF MEMS switch. The actuation

electrode is placed below the beam. The holes on the beam

are used to reduce squeeze film damping, thereby

increasing the switching speed, and the holes can also

release part of the residual stress of the beam.

When the DC voltage is applied between the MEMS

beam and the microwave transmission line, the generated

electrostatic force causes the MEMS beam to collapse

down to the dielectric layer, and the switching capacitor

will significantly increase. This capacitor connects the

transmission line to the ground, forming a short circuit in

the microwave frequency, equivalent to a reflective switch,

which realizes the off-state of the switch. When no bias

voltage is applied, the RF MEMS switch will return to the

initial state due to the elastic restoring force of the beam to

realize the switch’s on-state. Through this paper’s design,

the switch’s pull-in voltage can be obtained through sim-

ulation as 4.4 V, and the on/off capacitance ratio of the RF

MEMS switch can reach 271.

3 Mechanical analysis

3.1 Electrodes topology and theory analysis

The designed switch can be simplified into a fixed–fixed

switch to analyze the relationship between the actuation

electrode’s size and the switch’s elastic coefficient. Fig-

ure 2 shows the left-side view of the switch. The electrode

positions are set from x to (l-x). In this paper, the driving

electrode is located below the switch beam.

The spring constants k of the RF MEMS switch can be

divided into the spring constant k1 caused by the beam

stiffness and the spring constant k2 caused by the biaxial

residual stress, which can be obtained by the following

equations. (Deng et al. 2022).

Fig. 1 Proposed switch with

MIM capacitor
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l is the length of the beam. q is the uniform distributed load

of the beam, P is the total load, S is the tensile force of the

biaxial residual stress, and r is the biaxial residual stress.

Figure 3a shows the relationship between elastic coef-

ficient k, beam length l, and x/l. When x/l is determined, the

beam length l greatly influences the elastic coefficient k,

and k decreases with the increase of l. On the contrary,

when the length of the switch beam l is determined, the

switch elastic coefficient k increases with the rise of x/l,

and the influence of x/l on the switch elastic coefficient k is

small. It can also be noticed that the elastic coefficient k2
due to biaxial residual stress significantly influences the

elastic coefficient k. From Fig. 3b, the same rule holds for

Vp.

Figure 4 gives the relationship between the pull-in

voltage Vp, the biaxial residual stress r, and the elastic

coefficient k. Due to the increase of r, the elastic coeffi-

cient caused by the residual stress increases, leading to the

pull-down voltage increase. For a rectangular beam of Au

(E = 78 Gpa, v = 0.44), g = 2 lm, x = 140 lm,

t = 1.6 lm, r is less than 30 MPa when Vp is less than

10 V.

3.2 Low spring constant switch design

For the CPW (G/S/G = 60 lm/100 lm/60 lm) in this

article, the width of the electrode x has been determined.

According to the above analysis, the length l should be

lengthened as much as possible to achieve a low elastic

coefficient and low driving voltage, but a longer l requires

a larger switch area. The structure of the folded-area beam

used in this paper places the anchor point in the middle of

the meander leg to reduce the switch area. The analysis in

2.1 is only for the design of the general direction, and the

above model is not accurate enough for a specific

calculation.

The designed spring is shown in Fig. 5 to reduce the

spring coefficient of the switch. The energy method is used

to solve the elastic coefficient of the designed spring beam.

The boundary conditions for the guide-end arm are deter-

mined by symmetry, the rotation and displacement of the

arm are expressed in the direction of force application, and

the force in other directions is assumed to be zero.

The designed spring arm can be divided into nine sec-

tions, and the moment Mi and torsion Ti of each section can

be obtained through the structural topology of the switch

and calculated by Eq. 7.

Fig. 2 Electrode topology of the MEMS switch

Fig. 3 a Relationship between elastic coefficient k, k1, l, and x/l. b Relationship between elastic coefficient Vp, l, and x/l
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M1 ¼ M0 � FznM6 ¼ T0 � Fz L2 þ L4 þ nð Þ
T1 ¼ T0T6 ¼ M0 � Fz L1 þ L3 þ L5ð Þ
M2 ¼ T0 � FznM7 ¼ M0 � Fz L1 þ L3 þ L5 � nð Þ
T2 ¼ M0 � FzL1T7 ¼ T0 � Fz L2 þ L4 þ L6ð Þ
M3 ¼ M0 � Fz L1 þ nð ÞM8 ¼ T0 � Fz L2 þ L4 þ L6 � nð Þ
T3 ¼ T0 � FzL2T8 ¼ M0 � Fz L1 þ L3 þ L5 þ L7ð Þ
M4 ¼ T0 � Fz L2 þ nð ÞM9 ¼ M0 � Fz L1 þ L3 þ L5 þ L7 � nð Þ
T4 ¼ M0 � Fz L1 þ L3ð ÞT9 ¼ T0 � Fz L2 þ L4 þ L6 � L8ð Þ
M5 ¼ M0 � Fz L1 þ L3 þ nð Þ
T5 ¼ T0 � Fz L2 þ L4ð Þ

ð7Þ

n is the direction along the length of each arm, and Li is the

length of each section of the arm.

The boundary conditions are defined in phrases of

reaction force, moment, and torsion at the end of each arm

by solving the equations as
P

F ¼ 0,
P

M ¼ 0,
P

T ¼ 0

at the end of each arm section. The guided-end constrains

bending h0 and rotation /0 at the end of the arm are given

by Eq. 8 and Eq. 9 (Saberhosseini et al. 2021):

h0 ¼
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0
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oT0

� �

dn ¼ 0 ð9Þ

After finding M0 and T0, substituting them back into

Eq. (1), and using Castigliano’s second theorem, the ver-

tical displacement can be obtained by Eq. (4). (Meriam and

Kraige 2011)

dz ¼
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¼
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i¼1

Z Li

0
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where:

G ¼ E

2ð1þ mÞ ð11Þ

J ¼ 1

3
� 64

p5
t

w

X1

m¼1;3;5;7���

tanh mpw
2t

m5
ð12Þ

G is the shear modulus, w is the width of the beam, t is

the thickness of the beam, v is the Poisson’s ratio, I is the

moment of inertia, and E is Young’s modulus. For a torsion

bar with a narrow and long rectangular cross-section, J can

be taken as 1/3.

The spring constant in the z-direction for an arm rep-

resents by Eq. 13 (Sravani et al. 2021). Since the four arms

are in a parallel relationship, the final elastic coefficient is

obtained by Eq. 14.

karm ¼ Fz

dz
ð13Þ

keq ¼ 4karm ð14Þ

3.3 Pull-in voltage and switch time

The parameters of the proposed structure are shown in

Table 1. Through the above analysis, it can be obtained by

calculation that when t = 1.6 lm, k is 1.80 N/m, when

t = 1 lm, k is 0.44 N/m, and when t = 0.6 lm.

Fig. 4 Relationship between the r and the k and Vp

Fig. 5 Equivalent mechanical spring model

Table 1 Physical dimensions of

the switch
Symbol Value

L1 35 lm

L2 50 lm

L3 20 lm

L4 50 lm

L5 55 lm

L6 50 lm

L7 20 lm

L8 30 lm

w 10 lm
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The 3D view of the membrane’s displacement and von

Mises stress distribution at the actuated state is displayed in

Fig. 6

Figure 7 shows the four resonant frequency modes of

the switch proposed using the COMSOL Multiphysics.

Through FEM simulation software, it can be calculated that

when t = 1.6 lm, k is 1.81 N/m, when t = 1 lm, k is

0.46 N/m, and when t = 0.6 lm, k is 0.13 N/m. The the-

oretical calculation is consistent with the model simulation.

In Fig. 8, the relationship between the actuation voltage

and the displacement of the switch beam is obtained

through Eq. 15. (Bansal et al. 2020)

Vp ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
8kg3

27e0A

s

ð15Þ

g is the gap between beam and CPW, e0 is the dielectric

constant in the free space, and A is the beam and electrode

overlap area.

The error between simulation and calculation is less than

4.5%. The analysis agrees well with the simulation.

Figure 9 shows the relationship between the actuation

voltage and the switching displacement and switching

speed when the actuation voltage is set to 10 V and the

voltage rise time is set to 10 ls. Figure 8a shows that when

t = 0.6 lm, the response time is about 14 lm, when

t = 1 lm, the response time is about 22 ls, and when

t = 1.6 lm, the response time is about 39 ls. Figure 8b

shows the speed response of the switch when a voltage is

applied. The relationship between the speed of the beam

and the time is linearly increasing at the beginning, and

then the speed has a sudden change, and it quickly drops to

0 m/s after reaching the maximum value. The reason is that

the capacitance between the switch and the signal line will

gradually increase during the pull-in process of the switch,

and the electrostatic force will also increase. When a cer-

tain distance is reached, the electrostatic force will be much

greater than the elastic force of the spring, resulting in a

pull-in effect and a rapid speed. When the switch is fully

closed, the switching speed is reduced to 0 m/s.

4 Design of high on/off capacitance ratio RF
MEMS switch

The on/off capacitance ratio is increased by increasing the

down-state capacitance or decreasing the up-state capaci-

tance. However, due to the dielectric layer’s pinhole

problem, we cannot deposit Si3N4 layers thinner than

0.1 lm. The dielectric layer should withstand the excita-

tion voltage without being pierced. Therefore, it is not easy

to further increase the down-state capacitance. On the other

hand, the on-state capacitance can be reduced by increasing

the air gap, but the increase of the air gap will increase the

pull-in voltage of the switch.

This paper increases the switch’s capacitance ratio by

adding an H-shaped floating metal layer. As shown in

Fig. 10a, the floating metal layers are covered on both sides

of the switch and connected by a thin metal connecting

line. When the switch is in the up-state as shown in

Fig. 10b, the MAM (metal-air-metal) capacitor generated

by the switch beam and the floating metal is in series with

MIM (metal–insulator-metal) capacitor generated by the

floating metal and the signal line, which reduces the up-

state capacitance. When the switch is in the down-state, as

shown in Fig. 9c, the switch beam is in contact with the

floating metal layer. The area of the down-state capacitor is

the sum of the floating metal layer’s area and the switch

beam’s area, which increases the down-state capacitance.

Thereby, the high capacitance ratio is obtained.

4.1 Equivalent circuit topology

As shown in Fig. 11, the H-shaped floating metal layer is

divided into three parts to calculate the switch capacitance

ratio, namely A0, A1, and A2. A0 and the signal line pro-

duce the MIM capacitor C1, the MIM capacitor C2 is

produced by A1 and the signal line, A1 and the switch beam

produce the MAM capacitor C3. The capacitor without the

floating metal layer is C4.

Figure 12 gives the topology of the switch circuit after

adding a floating metal layer. Where Cu is the equivalent

up-state capacitance of the switch, Cd is the equivalent

down-state capacitance of the switch, g is the gap between

the beam and the dielectric layer, L is the equivalent

inductance of the switch, and Rs is the equivalent resistance

of the switch. When the switch is in the down state, the

beam is in contact with the MIM, and the designed switch

is the same as the general switch, which can be equivalent

to a series resonant circuit (Rebeiz GM 2003). Cd can be

calculated by publicizing the parallel plate capacitor. WhenFig. 6 Von Mises stress distribution
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Fig. 7 The first six modes of

resonance frequency in the

proposed device. a 4345.2 Hz

b 21414 Hz c 22994 Hz

d 42171 Hz

(a) (b)

Fig. 8 Relationship between gap height and actuation voltage. a Curves under different g values when t = 1.6 lm b Curves under different

t values when g = 2.05 lm

(a) (b)

Fig. 9 Transient response of the switch with different thicknesses. a Relationship between displacement and time b Relationship between the

velocity of the switch and time
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the switch is in the up-state, Cu is composed of MIM

capacitors and MAM capacitors. In Fig. 12, Cu is equiva-

lent to a combination of four capacitors, and the edge effect

of capacitors is ignored here.

According to Fig. 12, the up-state capacitance and

down-state capacitance of the switch can be obtained by

following equations,

Cu ¼ C1jjC2 þ C3ð ÞjjC4 ð16Þ

C1 ¼
e0erA0

td
ð17Þ

C2 ¼
e0erA1

td
ð18Þ

C3 ¼
e0A1

g
ð19Þ

C4 ¼
e0A2

gþ td
er

ð20Þ

Fig. 10 Models of the proposed switch. a 3D model b Equivalent model of up-state models of the proposed switch. c Equivalent model of down-

state models of the proposed switch

Fig. 11 Floating metal layer

diagram

Fig. 12 Circuit topology of

MEMS switches with floating

metal layer a circuit models of

down-state MEMS switches

b circuit model of up-state

MEMS switch
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Cd ¼
e0er A0 þ A1 þ A2ð Þ

td
ð21Þ

The capacitance ratio Cr is obtained by Eq. 22.

Cr ¼
A0 þ A1 þ A2ð Þ ergþ tdð Þ A1td þ erg A0 þ A1ð Þð Þ

td A1 A0 þ A1ð Þ ergþ tdð Þ þ A2 A1td þ erg A0 þ A1ð Þð Þð Þ
ð22Þ

To explore the relationship between the size of the

floating metal layer and the capacitance ratio, let

A0 ¼ k1A1, A2 ¼ k2A1 get:

Cr ¼
1þ k1 þ k2ð Þ ergþ tdð Þ td þ erg 1þ k1ð Þð Þ

td 1þ k1ð Þ ergþ tdð Þ þ k2 td þ erg 1þ k1ð Þð Þð Þ ð23Þ

4.2 Switch on/off capacitance ratio analysis

Figure 13a gives the relationship between Cr and k1, k2.
When k1 is determined, the capacitance ratio Cr increases

with the increase of k2, but the change is small. When k2 is
determined, the capacitance ratio Cr will increase rapidly

with the rise of k1. A1 contributes less to reducing the up-

state capacitance, while A0 contributes more to improving

the capacitance ratio. The capacitor generated by the

switch’s beam and the signal line does not change signif-

icantly due to the change of k2.
The relationship between the switch capacitance ratio

Cr, td, and g is shown in Fig. 10b. Cr will increase with the

decrease of td. When td is less than 0.1 lm, Cr increase will

increase sharply. However, the td will be designed to be

above 0.1 lm to ensure that the dielectric layer will not be

pierced by actuation voltage. On the other hand, Cr also

increases with the increase of g. Because the range of g is

large, the influence of g on the capacitance ratio is more

significant than that of td.

To further discuss the effect of the shape of the floating

metal layer on the capacitance ratio, WA1 and WA0 are

analyzed in Fig. 14. When WA1 increases, C2 and C3

become larger, and the up-state capacitance increases,

resulting in a decrease in the capacitance ratio. However,

the up-state capacitance is connected in parallel with C4, so

it has little effect on the capacitance ratio. When WA0

increases, the switch capacitance ratio increases signifi-

cantly due to the increase of the switch down-state

Fig. 13 Analysis of Cr

a Relationship among Cr, k1 and
k2 b Relationship among Cr, t1
and g

(a) (b)

Fig. 14 The relationship among the value of Cr, WA1, and WA0. a The relationship between the value of Cr and WA1 b The relationship between

the value of Cr and WA0
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capacitance, which improves the switch on/off capacitance

ratio. In this paper, WA0 = 20 lm, WA1 = 10 lm.

5 RF performance of the proposed switch

5.1 S-parameters

Finally, the S-parameters of the proposed switch is ana-

lyzed according to the size of the floating metal layer. As

shown in Fig. 15, WA0 has no great influence on the return

loss of the upper and lower states of the switch and the

isolation. The return loss of the switch at 36 GHz is about

- 10 dB, the insertion loss is about - 0.6 dB, and the

return loss of the lower state is about - 10 dB. The loss is

about - 0.3 GHz. WA1 greatly influences the center fre-

quency of isolation when WA1 changes from 5 lm to

20 lm. The switching frequency drops from 38 to 29 GHz

with a peak of about - 48 dB. This is mainly because the

increase of the MIM area will obviously affect the switch’s

upper and lower state capacitances, which will cause the

center frequency of the switch to shift.

The above rules are also applicable to WA1. As shown in

Fig. 16, WA1 has no great influence on the return loss of the

up and down states of the switch and the isolation. When

the switch is at about 35 GHz, the return loss of the upper

state is about - 10 dB, and the insertion loss at 35 GHz is

about - 0.6 dB, and the return loss in the lower state is

about - 0.3 GHz. When WA1 varies from 10 lm to

100 lm. Switching frequency down from 29 to 18 GHz

with a peak of about - 50 dB.

5.2 Capacitance ratio of the proposed RF MEMS
switch

The switch capacitance ratio can be obtained through the

above results. Up-state return loss (S11) and isolation (S21)

are important parameters to characterize the RF perfor-

mance of RF-MEMS switches and use them to calculate Cu

and Cd by Eqs. 24 and 25, respectively. (Rebeiz GM 2003)

(a) (b)

(c) (d)

Fig. 15 S12 and S11 of the proposed switch. a Up-state return loss b Insertion loss c Down-state return loss d Insolation

Microsystem Technologies (2023) 29:809–821 817

123



S11j j2 � x2C2
uZ

2
0

4
ð24Þ

S21j j2 � 4

x2C2
dZ

2
0

ð25Þ

For the switch proposed in this paper, Cu = 217.4 fF and

Cd = 58.99 pF. A capacitance ratio of 271 can be obtained.

When the MIM capacitor is not used, the on/off capaci-

tance ratio obtained by the above method is 102. The

switch capacitance ratio is greatly improved in the presence

of the MIM capacitor.

6 Measurement and discussion

The switches are machined at the foundry and then tested.

Figure 17 shows a photograph of the proposed RF MEMS

switch.

Figure 18 shows the connection diagram of the test

platform. The bias voltage of the switch is provided by

E3631A, and S11 and S12 of the switch are measured by a

vector network analyzer (R&S ZVA50, Rohde & Schwarz,

Munich, Germany). Measurement probes were ACP-A-

GSG-150 probes (Cascade Microtech, Beaverton, OR,

USA). The probe station equipment is (Cascade Summit

(a) (b)

(c) (d)

Fig. 16 S12 and S11 of the proposed switch. a Up-state return loss b Insertion loss c Down-state return loss d Insolation

Fig. 17 Photograph of the proposed RF MEMS switch
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11000B-M, Cascade Microtech, Beaverton, OR, USA), and

the scanning frequency is 10 MHz * 40 GHz.

Figure 19 shows the simulation and test comparison of

the switch, where the solid line is the test data, and the

dotted line is the simulation data.

The measurements of the up-state S11, the down-state

S11, and the insertion loss agree with the simulation. The

insertion loss at 20 GHz–30 GHz is - 0.3 dB, the return

loss in the up-state is - 20 dB and the down-state’s return

loss is - 0.5 dB. In terms of isolation, there is a certain gap

between the simulation value and the measured value The

measured value is - 24 dB, and the simulated value can

reach - 48 dB. This is mainly caused by the reduction of

the air gap g caused by the processing of the middle MIM

metal layer and the release of the sacrificial layer. On the

other hand, it can be noticed that although the isolation of

the switch has decreased, the simulation and measurement

agree well at the switching frequency point. This is because

the MIM metal avoids the frequency deviation caused by

the warping of the switch. When the switch beam touches

MIM, the down-state capacitance is no longer affected by

switch warping due to the existence of MIM, so no fre-

quency offset will occur. Through calculation, the actual

capacitance ratio is 89.

The RF MEMS designed in this paper only needs to add

a layer of MIM metal to achieve an increase in capacitance

ratio without changing the air gap g of the switch, using

new materials, and relying on uncertain warpage. At the

same time, according to the above analysis, it can be

obtained that controlling the area of the MIM can achieve a

wide range of frequency changes when using switches with

the same area, and the design process can be simplified for

different frequency requirements. The designed switch can

be used in reconfigurable fields, such as phased array

antennas, reconfigurable smart metasurfaces, and tunable

bandpass filters, etc. The problem is that it is difficult to

solve the problem of warping the thinner spring legs in the

process.

7 Conclusion

In this paper, a novel RF MEMS switch is designed. The

switch consists of novel serpentine beams as switch legs,

which reduces the pull-in voltage. When the thickness of

the switching beam is 1 lm, the pull-in voltage is 4.4 V,

and the switching time is calculated as 22 ls. By adding an

H-shaped MIM capacitor, the on/off capacitance ratio of

Fig. 18 Schematic diagram of switch test

(a) (b)

Fig. 19 Simulation and test comparison of the switch
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the switch is greatly improved without affecting the switch

structure and materials, and the on/off capacitance ratio is

89. Table2 presents the comparison between the proposed

switch and previous switches in recent years. Due to its

excellent performance, the proposed switch is ideal for

reconfigurable and communication systems.

Data availability All relevant data are within the paper.
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