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ABSTRACT

In this communication, we are analyzed micro level
mechanical think film structures spring constant required
for design of RF MEMS switches. Overall four
structures i.e. Cantilever, Bridge, Clamped-Clamped
flexure and Serpentine flexure are taken in to
consideration. We observed that the cantilever and
serpentine flexure structures are offering less actuation
voltage and less switching time which is essential for the
design of RF MEMS switches. Finally, we mounted a
RF MEMS switch with a serpentine configuration on the
CPW transmission line that provides very low pull-in
voltage, and very high isolation. Along with the 1GHz-
40GHz frequency range, the radio frequency properties
of the switch are tested.

Key words: Spring Constant, Cantilevers, Resonant
Frequency (RF).

1. INTRODUCTION
The demand on the micro mechanical structures in the

design of present day digital and communication modules
attracting the researchers to do the work on MEMS
technology. From few decades onwards the research on
MEMS technology is advanced, but still there are so many
challenges for the researchers for optimization. Major
applications of the MEMS technology are accelerometers,
gyroscopes, RF Switches, RF filters, RF Phase Shifters, RF
Isolators [1-5]. The performance of the MEMS technology
based devices is decided by the parameters like spring
constant, deformation speed, resonant frequency, structure
mass, Structure fatigue nature, losses, actuation force,
environmental effects [1].

The The key research of the authors is on RF MEMS

switches, so our research on the function of MEMS structures
has been expanded to construct RF MEMS switches. The
MEMS structure's spring constant is the key consideration
that will determine the Eigen values of the switch, pull
voltage, and switching direction[1-3]. The authors of this
paper expanded the work on spring constant formulation for
micro-level mechanical systems such as cantilever, bridge,
clamped-clamped flexure, serpentine flexure[4-8].

2. MICRO LEVEL MECHANICAL STRUCTURES

The architecture of MEMS technology devices relies
primarily on mechanical structures at the micro level that can
be operated electrostatically (or) thermally  (or)
piezoelectrically (or) magnetostatically. Cantilevers, bridges,
clamped-clamped flexure, serpentine flexure, crab leg flexure,
folded flexure, are common MEMS structures. We also based
on the composition of the the spring constant of these MEMS
systems in this article. It is possible to transmit the force on a
rigid body as [1],

F=mé+BS+KS§ (1)

Where, '3' displacement after applying the force 'F', & first-
order derivative of the velocity-giving displacement, &
second-order derivative of the accelerating displacement, 'm’
frame mass, 'B' damping coefficient, and 'K' spring constant.

In this analysis the force on the MEMS structure is applied
vertically, so the structure displaces vertically. These are the
micro level structures we can neglect the mass and the
damping factor i.e. the displacement is a constant factor, so
the derivative of constant is zero. After neglecting the first
two terms in Eq. 1, we can approximate the force on the
structure is i.e., Hooke’s Law [2],

F=K§ @)
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We may give the expression of the spring constant 'k’ in
N / m. It is the ratio between the power and the displacement
of the spring.

=F
K=" )
E CVE 2 2
F= CEr S _ v —srsgiv (4)
2 2 2 29

If the structure is a cantilever, the displacement (3) function
can be expressed as, after applying a force (F) as shown in
Fig. 1 is given as [1]

13
6= El;/t3 ©)

Where, the charge between the conductors is 'Q', 'Ef
electric field, 'C' capacitance, 'V' is the voltage applied, 'A’
region over the electrodes, 'g' gap between the electrodes and
dmax = @, 'E' structural material's young module, 'I' length, ‘w'
width, 't' structure's thickness.

<& [
<« »

Figure 1: MEMS Cantilever Structure

After substituting the Eq.4, Eq.5 in Eq.3, the 'K', in terms of

membrane dimensions is,
_ Ewl3

K= ®)

t3

We can consider the Eq.6, as the cantilever membrane spring
constant(K) [1-2].
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Figure 2: MEMS Bridge Structure
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Figure 3: MEMS Clamped-Clamped Structure

Figure 4: MEMS Serpentine Structure Side View

Figure 5: MEMS Serpentine Structure Top View

After doing the analysis on the serpentine structure the spring
constant of the structure can be expressed as

1 1 1 1 1 1 1 1
== +—+ —+—+ =+ — @)
K Ki Ky K3 Ky Ks Kg K

Where,

Ewt?
Ku234567) = B

Table 1: Mathematical Description for membrane Spring
Constant[8-12].

Spring constant in
Type Structures N/m

Cantilever Ewl?
t3

Bridge H 32 Ewl’
t3

s ff ) 155

Clamped 3

Serpentine m 1 1 1 1
K K K, K5

We suggest a simpler equation to determine the 'K' of the
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clamped-clamped and serpentine structure, i.e., the 'K' of the
clamped-clamped and serpentine structure, after a study of
the wvarious clamped-clamped structures and serpentine
structures[13-17].

TEwl3
K== (8)

Here, T is some constant its value we are taken 1.5 for
Clamped-Clamped structure, and it will vary in between 0.25
to 0.75 for the serpentine structure.

The mass of the structure depends on the dimensions and the
material used, it can be expressed as shown in Eq. 9 for
cantilever and bridge structures. But for the clamped-clamped
and serpentine structures we need to consider the mass of the
rigid body and support legs, but the support legs mass is very
less compared to rigid body mass. And the mass of such
structure is given in Eq. 10.

m=pxlxwsxt 9)

M= p ok my * My, *m, (10)
=1 K

e (1)

Not only did we study the spring constant in this article, but
we also created an RF MEMS capacitive shunt switch that is
electrostatically actuated with vertical deflection. The output
of the switch is calculated primarily by the pull voltage from
the Eq. 4 The expression for the structure's voltage pull can
be expressed as [18-21].

_ [ K
Vp = 27Aso(g)3

3. RESULT ANALYSIS

(12)

Overall, four MEMS structures are modeled in this paper,
and their spring constant and resonant frequency is measured
using the FEM instrument. Finally, using a serpentine MEMS
arrangement with perforation, a RF MEMS switch is built at
the micro-level. The pull-in voltage is decreased due to the
serpentine flexure and the insertion losses are increased with
perforation. The focused force on the structures is added to
the study of the 'K', and the structure dimensions are shown
in Table 1. By applying a DC voltage, all the systems are
actuated electrostatically.
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Figure 6: Electrostatically Actuated Cantilever Structure.
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Figure 7: Cantilever Spring Constant.
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Figure 8: Cantilever Resonant Frequency.
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Figure 9: Electrostatically Actuated Bridge Structure.
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Figure 10: Bridge Spring Constant
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Figure 15: Electrostatically Actuated Serpentine Structure.
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Figure 11: Bridge Resonant Frequency.
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Figure 12: Electrostatically Actuated Clamped-Clamped Structure.
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Figure 13: Clamped-Clamped Structure Spring Constant
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Figure 14: Clamped-Clamped Resonant Frequency.

Table 2: Serpentine Structure Meander Dimensions For Eq.7
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Figure 16: Serpentine Structure Spring Constant

83530 E T T T T T
83520
83510
83500
83490
83480
83470
83460+
83450
83440
83430
83420
83410
83400
83390
83380
83370¢ 1 1 L 1 1
2,998 2,999 3 3.001 3,002
Phase (rad)

Figure 17: Serpentine Structure Resonant Frequency
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Resonant Frequency (Hz)

Here, in this paper the spring constant of the serpentine
structure is calculated with two equations one is existing
equation i.e. Eq.7 and other one is the proposed equation i.e.
Eq. 8. With the proposed equation we are getting the spring
constant for the structure shown in Fig. 15 is 7.68 with T
value is 0.25, with the existing equation (Eg. 7) we are
getting the spring constant is 8.66. From the simulation we

Meander Dimensions Spring Constant, K are getting the spring constant of 7.267 as shown in Fig. 16.
Legs in um; w=5;t=2 in N/m In this paper not only the modeling of the spring constant
1 I=5 22400 of the MEMS structures, we have designed an RF MEMS
2 1=30 103.7 switch. The switch is a shunt capacitive and electrostatically
3 =20 350 actuated vertically deflective type. The switch requiring a
4 =60 12.96 voltage of 6.1V for 2um displacement as shown in Fig. 18.
5 1=20 350
6 1=40 43.75
7 I1=5 22400
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_ Vde(7)=6.1 Surface: Total displacement (um) Table 4: Shunt Capacitive Switch Detentions.

= 2 Parameter Value (um)
e Height of the substrate 100
1.4 Width of the substrate 400
el Length of the substrate 500
=Z:: . Thickness of the Dielectric (tg) 0.1
o8 Strip Width 70
2 Width of Electrode 70
o Length of Electrode 80
Air Gap (g) 2
Figure 18: Serpentine Flexure with Perforation, RF MEMS Switch Electrodes area (A=W*w) 70*80
. g [ : T T T i T Bridge Thickness (t) 0.5
oab
E  osf
& osp
£ af T T T T T
R 8.352f
g a4l 8351t
el 8,35+
sl 8.349}
" . . . . i E 8348
! ? Appl\edg\:‘u\tage ) : ¢ i‘ :;3;:
Figure 19: Displacement Vs Applied Voltage I sassh
C 8344}
S 8343+
Table 3: Theoretical (Eq.”S Shown In Table I) & Practical Values. € st
Theoretical Practical & 8;;&:
Dimensions Values Value 8.339f
Structure . [K in N/m, [K in N/m, 8.338
n pm . . 83371
m in Kg, m in Kg, L L L ! !
f.in Hz] f.in Hz] 2.998 2,999 3 3.001 3.002
Phase (rad)
Cantilever I=m=45 K=30.73 K=32.12 Figure 20: Serpentine Structure with Perforation Spring Constant
t=m=2, m=1.21x10"2 m=1.21x10"2 sastor T T - T I
w=m,=5. f=0.80 x 10° f=0.818 x 10° asdso -
TI\: 89470
Bridge I=m=380, K=8.16 K=8.445 % mesl
t=m=1, m=205.2x10"  m=205.2x10" § soddop
w=m,=200.  f=0.03175x10°  £=0.0323 x 10° £ geazob
= B94101
T 89400
Clamped- 1=40,m=70 K=65.6 K=66.58 g somsop
Clamped t=2, m=2 m=15.12x10"* m=15.12x10"* " gezzof
w=5,m,=40  f=0.33316x10° f=0.33405 x 10° saseal
89340 1
Serpentine 1=45,m=70 K=7.68 K=7.267 29% P s tred) o o

t=2, m=2 m=30.24x10" m=30.24x10"

c 80 £-0.0802 X 10° £20.08345x 10° Figure 21: Serpentine Structure with Perforation Resonant Frequency
w=5, m,= +=0. X +=0. X

0.00

As seen in Fig.20, the MEMS structure we have built for .
the RF MEMS transition has a spring constant of 8.345, and
as seen in Fig.21, it has a 0.08943MHz resonant frequency.

The radiofrequency characteristics of the Switch were
evaluated using HFSS over the frequency 1GHz-40GHz, and

IS
g
T R R B

Return Losses (511) in dB

we have found that the engineered switch provides a return 26.00
loss of -11 dB, insertion losses of -1.2 dB, and insulation il
losses of -30 dB. 1
Py 5.00 1000 15.00 20100 25.00 30100 35.00 200

Frequency [GHz]

Figure 22: Return Losses (Sy1) in dB.
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Figure 23: Insertion Losses (Sy) in dB
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Figure 24: Isolation Losses (Sy) in dB

4. CONCLUSION

We modeled, the spring constant (K) of the serpentine
MEMS structure in this paper and modeled a RF MEMS
transition with a perforation-associated serpentine structure.

The switch requiring a voltage of 6.1 V for 2um displacement.

The MEMS structure we developed for the RF MEMS switch
has a resonant frequency of 0.08943MHz and has a spring
constant of 8.345. The radiofrequency characteristics of the
switch were evaluated over the 1GHz-40GHz frequency and
we found that the engineered the switch has a return loss of -
11 dB, insertion losses of -1.2 dB, and insulation losses of -30
dB.
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