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Radiofrequency microelectromechanical system (RF-MEMS) switches are utilized
across a broad spectrum of industries, including telecommunications, aerospace, defense,
and smartphone technology.Herein, we proposed a new numerical and simulation
analysis approach for spring constant (k) values as the characteristic mechanical
parameters of RF MEMSs using the modified energy method (MEM). The proposed RF-
MEMS switch was analyzed and simulated using the COMSOL package, and the
findings confirmed that the alteration in the position and length (L) of the beams not only
diminishes k significantly but also provides actuation-voltage VAC ultrasensitive
structures and great concomitance between numerical and simulation k and VAC values.
VAC value for the L-dependent numerical k (0.07 N m) was calculated to be 1.61 V
which was validated with simulation outputs at 0.08 N m and 1.80 V for k and VAC,
respectively. Additionally, the switching time (ts), Von Mises Stress (VMS), natural
frequency (fn) and mass (m) characteristic mechanical parameters were found to be 25.60
Ms, 4.50 MPa, 3118.60 Hz , and0.21 ng, respectively. RF analysis was conducted in
HFSS, revealing promising simulation results for the studied RF-MEMS switches. The
return loss demonstrates excellent performance, registering better than -1 dB at 46 GHz.
Furthermore, the insertion loss is noteworthy, exceeding expectations with values better
than -0.7 dB at 46 GHz. Importantly, the isolation is impressive, exceeding -25 dB across
the frequency range from 40 GHz to 35 GHz, all achieved with a modest actuation
voltage of 1.8 V. This study contributes valuable insights intothe design and application
of low-actuation-voltage RF-MEMS switches.

NOMENCLATURE

RFMEMS Radiofrequency micro Electromechanical system fa Natural frequency

k Spring constant MEM Modified energy method
Vac Actuation voltage ts Switching time

m Mass VMS Von Mises Stress
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l. Introduction

In the pathway of the evolution of electrostatic switches, the
paradigm of recent research has focused on improving structural
challenges of field-effect transistors (FETS) and positive-
intrinsic-negative (PIN) diodes which consist of excessive power
consumption, high rate of return loss, low isolation,and limited
bandwidth [1]. Microelectromechanical systems (MEMSS) as one
of the most promising candidates which represented versatile
properties such as superior isolation sensitivity and limited return
loss have been interested in recent years. Several capacitors,
switches, and phase shifters are benefited from MEMSs for wide
irreplaceable applications including automatic test equipment,
advanced communication technology, satellite communications,
aerospace, defence, and smartphones [2, 3]. The MEMSs work
based on electrostatic, magnetic, and piezoelectric actuators to
provide the demand energy for the mechanical movement of these
pieces [4]. Among the array of actuation methods, electrostatic
actuation has emerged as the most efficient. popular method of
switch actuation due to its high speed, easier construction, as well
as tuneable size, high reliability and stability against
environmental and temperature changes, satisfactory power
consumption, high scalability, more straightforward structure and
compatibility with CMOS technology [5]. The most important
challenge in RF-MEMS switches is its limitation in accessingthe
low actuation voltage (Vac) synchronous with switch low input
loss. Additionally, by decreasing Vac, the air gap width is reduced
in switch structure and leads to insertion loss increases. Some
versatile methods such as increasing the section level, reducing
the gap between the switch beam and the down electrode, and
structure design with a low spring constant have been applied to
reduce the Vac in the RF-MEMS switches structures [6].
Amongst, increasing the section level and gap reduction between
the beam and the down electrode to lead to theuntenability of the
switch size and insertion loss, respectively [7]. Therefore, Vac
reduction is a promising and superior method than other
approaches for designing a structure with low spring constant [8,
9]. In this regard, Sharma et al. decrease the spring constant by a
new structure with non-uniform spiral curves and variable curve
width which the obtained values for Vac were between 15 to 3 V
and for curve width was 100 um to 280 um. Additionally, MEM
was applied to obtain displacement and eventually spring
constant [10]. Ganiji et al. report a new small area structure for
RF-MEMS series switches by obtaining accurate spring constant
and Vac (4.05 V) [11]. In another study, Guha et al. applied
capacitor analysis to the calculation of the electrostatic power
effects and marginal fields and an authentic relationship was
achieved; as well as a suitable algorithm was reported to improve
the effectiveness of the hole which the proposed structure
successfully decreases Vac to 2.1 V [12].

In this study, we proposed a new numerical and simulation
analysisapproach for spring constant (k) values as the
characteristic mechanical parameter for highly flexible RF-
MEMSs constructed from gold (Au) and silicon nitride (SisNa)
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using the modified energy method (MEM). The as-proposed RF-
MEMS switch was analyzed and simulated in the COMSOL
package.

I1.  Methodology

A. Understudy switch structure

The as- designed RF-MEMS switch was developed based on the
previous report by Guha et al. with a changing its square wave
shape serpentine to non-uniform serpentine flexure with a two-
meander section divided into seven beams Fig . 1(a) [13, 14].
In the suggested structure, there are four horizontal beams with
length a, and three vertical beams L; Fig . 1(b).
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Fig. 1. The structure of the RF-MEMS switch by Guha et al. [14]
(a); Proposed structure in this study (b)

The size of different sections of the suggested switch was
summarized in Table 1. The RF-MEMS structure underwent
optimization, and an analysis of its mechanical characteristics
was conducted.The switch process is presented as follows: the
bridge material is selected by considering Young’s modulus and
mass density so that Young’s modulus has to be more than mass
density by a selection of gold as a bridge. The SizN, and SiO, with
a dielectric constant of 7.6 and 3.6, respectively were selected for
the desirable comparison as dielectric materials by investigation
of dielectric constant, dielectric resistance, leakage current, and
surface roughness characters [15].

B. Mathematical models for the suggested structure

The modified energy method (MEM) was applied to analyse the
spring constant of the proposed structure. First, the beam
displacement was calculated based on the electrostatic force, and
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shows this supposition [16].
YT =0,YM=0, YF=0 ¥}

then the spring constant was calculated by Eq. 1 [16].

k=3 6
z

Where F, is the exerted electrostatic force, and &, is the yn Fig Fig . 2(a), in order to obtain static balance and to obtain

displacement of the beam. As in a static problem, it is supposed  pending and torsional anchors in different parts of the beam, the

that the structure is perfectly balanced, hence, it is supposed that  \ynole structure is assumed as a support as well as a sliding

the sum of all internal and external forces (F), as well as the sum ¢ face.

of all bending (M) and torsional (T) moments, are zero.Eq. 2

TABLE 1: SUGGESTED STRUCTURE CHARACTERISTICS

Parameter Symbol Size (m)
Bridge width w 120
Bridge length W 120
Horizontal beams length a 30
Vertical beam length L1 110
Second vertical beam length L2 90
Third vertical beam length L3 30
Curve width W 10
Dielectric thickness td 0.15
Mobile bridge thickness tb 0.60
Ari distance between two surfaces Jdo 2.50
Holes length size Wh 5.0
Holes number Ni Ny 11*11
Dielectric constant &r 7.60
Gold Young’s modulus E 79GPa
i=1 £
F ®— F.
a = 7 «—C N — 71
_ S T ®
: |
‘ g ® T, X
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Fig. 2. Characteristics of curve spiral sections for solving a static problem (a); Analysis of the suggested structures with different curves
and their sections (b) [10].

Fig . 2(b) shows forces and moments decompaosition in various condition according to the related equations summarized in

parts of the beam. Furthermore, to make the structure remain
static, Mo and T, were suspended in the opposite direction of
the constant head on the bridge side. The analysis begins
withthe suspended part and moves to the T constant, finally M
is calculated for each part of the beam considering the balance

Table 2. Electrostatic force in RF-MEMS parallel capacitor
switches is applied to change the switch condition from
upstate to downstate. Therefore, it is possible to consider this
force in line with the Z-axis. Using the Castiglione theorem,
to simplify this problem, it is supposed that no other force in



132 1Tuning Spring Constant of a Beam for a Promising Reduction /Farid Khamouei Touli et al

no other direction is exerted on beams. In the MEM, the
energy and spring constant were calculated from external
force and internal moments according to Eq. 3. Hence, it is
possible to define displacement as in Eq. 4 [16, 17].

N
Z f o (M n L de+
""""" 2Bl ' 2GJq
U={ '3
o (M METE
:E:zsz. " +—2 ) ge
£ 2EL, © 2GJ,

3)

a
8, =5 (4)

where E is Young's modulus, G is thetorsional moment
modulus, J is torsion constant, as well as Iy, and Iy, are the
moment of inertia for vertical and horizontal curves whose
values are calculated by Eq. 5 [16].

o=t =l = [ [ ez =22 o )

—-w/2J —t/2

The moment of inertia in line with z is as in Eq. 6 [16].
3

t/2 w/2
= j j xolz—12 (6)

—-t/2 W/2

Torsion modulus is defined in Eq. 7 [16].

E

= zan) )
Where E is Young's modulus, and V is Poisson's ratio. The
torsion constant was calculated according to the moment of
inertia relation torsion constant for vertical and horizontal
curves in the rectangular bridge, as Eq. 8 [16].
J =0413(x + 1) (8)
In the fixed-head state energy change to bending moment (6)
and energy change to torsional moment (@o) were calculated
as follows:

HO—W—O Q)O———O 9)

In simple terms, the slope is zero in the fixed head for bending
and torsional movements. To solve the problem, first, bending
and torsional moments must be calculated in the fixed head.

Therefore, 6o= 0 and @o = 0 wereassumed for borders that [16].

TABLE 2: ANALYZING MOMENTS FOR DIFFERENT SECTIONS OF THE CURVE IN THE SUGGESTED STRUTURE

Vertical beam

Horizontal beam

Torsional moment Bending moment

Torsional moment Bending moment

Toi=Mo— Fza Mpy=-To— Fsx Ta=To M,1=-Mo— Fzx
Tro= Mo+ 2fza Mp,=—F,x —To— F,L, Tay=To— FsLy My=-F,a—Fx— My
Tb3=M0*3an Mb3:*T0*FzX+Fz(L1*L2) Ta3:To*Fz(L1*L2) Ma3=Mosz(2a)szx
0 0 TuA:T0+ Fz(Ll_L2+L3) MM:MO_San_fzx
B, = equations. Considering the size of different sections of the
2N fa (Mal OMa, + 56T3,1> de+ suggested structure in Table 1 the value of the spring constant
j=1 R ) ) )
v _ ' 0 Elxa 0Mo ~ Gla OMo (10) was calculated. To investigate the spring constant of vertical
M, i IR (Mb, My hﬂ) de and horizontal sections, the vertical and horizontal are scanned
o1 b Jy R
0 = Elxb OMo — Glp OMo separately from 20 um to 250 um.
0=
2N fa - (Ma1 Maj h%) de+ C. Vac Analysis for the Suggested Switch
i=1 0
au _ Ely, 0To Glg 9Tp (11)

aTy ZZN fL] Mb] aMb, + E&Tb,j dE
j=1 b o EIXb aT, G]b_aTo

Solving the above equations resulted inthe values of the Mg
and Ty (based on the size of vertical and horizontal beams) as
well as G, |, and F. Moreover, as F, had to be derived to obtain
the displacement, Mo and To are written as C;F; and C,F,.

MO = f(a'LlﬂLZILSIG 'I'Fz) = Cle (12)

To=f(@, L1, Ly L3G,LLE) = CF (13)
Substituting the values for the parameters listed in Table 2 into
Eq .12 and 13 yields the values of My and To. Since the
problem is parametric, MATLAB is utilized to symbolically
solve the problem due to the complexity and length of the

The most important challenge in RF-MEMS switches is its
limitation to access to the low Vac synchronous with switch
low input loss. RF MEMS switch dynamic Eq. 14 is as follows
[2].

EOAV
Where m is switch mass, b is thedamping coefficient resulting
from fluid viscosity, and k is theswitch spring constant. The
right side of the equation represents the electrostatic power
equation. Solving Eq. 14 yields the Vac [2, 8].
There are three possible ways to decrease the actuation
voltage:

(14)
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¢ Increasing section level, which also increases switch
size and insertion loss.

e  Gap reduction between switch bar and low electrode,
which is practically accompanied by problems like
insertion loss increase.

e  Structure design with low spring constant.

_ | 8kgd
Vac = \I 274g (15)

As in Eq.15, Vac depends on three factors includingspring
constant, actuation surface size,and air distance. Change in
any of these factors affects the Vac. Applying the results of the
last section, an analytical equation for actuation voltage can
be derived that can be obtained by replacing the results of Eq.
1in Eq. 15. Due to the equation length, the Vac is analyzed in
MATLAB software.

1. Suggested Simulation Structure, Results
and Discussions
This section presents the results obtained from the mechanical
structure simulation using COMSOL software, including the
Vac, switching time, natural frequencies, and the designed
switch mass, as well as the Von Mises stress for the proposed
structure.

A. Effect of vertical and horizontal sections of the
beam on the spring constant and Vac

Vertical and horizontal sections are important operational
variable for optimizing the spring constant and Vac which they
were studied in the range of 20 um to 250 pm. Results
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revealed that the increase in horizontal beams than that of
vertical beams has superior effects on constant spring
reduction which is comfortable with theMEM method (see
Fig . 3(a)). By increasing the vertical beam from 20 pm to 100
um spring constant was reduced from 0.17 N m™ to 0.002 N
mL. At first sight, it might seem useful in achieving our goal,
but in the structure design, drag force in returning the switch
to the initial state and consumption level values haveto be
considered. In the range of 20 um to 250 um Vertical sections
have fewer changes than horizontal beams. Scanning vertical
beams changed the spring constant to approximately 0.02 N
mL. The effect of different sections of the suggested structure
on Vac is shown in Fig . 3(b). It can be seen that by
decreasing the horizontal beam, Vac decreases with a steep
slope. Changing the horizontal section from 20 um to 100 um
the Vac reduces from 2.5 V to 0.25 V. Vertical beams
influence the Vac less as compared to horizontal beams, and
by increasing the beams from 20 um to 250 pum, the actuation
voltage changes from 1.6 V to 1.4 V. Table 3 summarizes the
size change in horizontal and vertical beams as well as the
effect of this change on spring constant and Vac. Reducing air
distance is another method to reduce voltage. Table (4) shows
actuation voltage values for different air distances. The Vac
for a2.5 um air distance is 1.6107 V. Air distance has to be
selected such that the construction phase of the suggested
structure is smoothly handled. Therefore, 2.5 pum air distance
is selected to prevent any problems [2]. According to Table 4,
when lower air distances are selected, lower Vac is obtained.
Another problem with lower air distance is the increase in
input loss [2].
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Fig. 3. The effect of different sections of the suggested structure on spring constant (a); The effect of changing different sections of the
suggested structure on Vac (b).
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TABLE 3: SUMMARY OF THE EFFECT OF STRUCTURE exertion in COMSOL software is demonstrated in Fig . 4(a).
CHANGE ON SPRING CONSTANTlAND Vac In this Fig ., switching is performed by replacing
Change range (20- Spring constant (N.m™) Vac(V) ; P
250 pim) approximately 1/3 of the air distance [2].
a 0.19-0.01 2.6-0.5 ) ) )
L. 0.079-0.045 1.6-1.4 The designed switch needs 1.8 V of actuation voltage for
L. 0.079-0.048 16-14 switching. Fig . 4(b) shows the simulation result in COMSOL
Ls 0.076-0.065 1.55-1.5 . . . . .
software. For the simulation,thefirst mobile section and
B. Vac Calculation dielectric are illustrated. Then,a 2.5 um air distance is applied

between the mobile section and the fixed section. Finally,
the mobile section is made up of gold and dielectric, and
silicon nitride was utilized in the simulation. Actuation is
electrostatically applied to the mobile section, and the ground
is considered as the border between dialectic and air distance.

Recently, researchers have used all three ways to reduce Vac.
Structure design with a low spring constant is the best method
[18-20]. In order to decrease Vac in the designed switch, a
spring constant reduction method with non-uniform curves is
used, and the replacement of a designed switch by voltage

Va(67)=1.32 Surface: Total displacement (um) o Time=25.393 Surface: Total displacement (um) o

Ml las
0.4
Hm
0.3 L
0.2
z ' 0.1 05
y - -100 m
\I/"‘ 0
Vo 0
(a) (©)
0=
F Point Graph: Displacement field, Z component (pm) o
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= T T T T T
£ o:f £ ©
5 g 5 02 J
g = =
s I E g 04 J
E‘ E g 0.6
e -0.4 |~ a -0.
; F (0.86,.0.48) g 08 1
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& F { 1
= = 3z
E °SFE @ a2
E oo g0=(Lum) £ 14 i
B = el 0= (1.5 um) (1.80,-0.72) €
g o g 4
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L 1 | 1 1 - B
0 0.5 1 1.5 2 2.37
Actuation V oltage (V) o 5 10 e ) 15 20 25
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Fig. 4. Suggested switch replacement based on the electrostatic actuation (a); The Vac for the designed switch (b); switching time of the
designed switch (c); Replacement in switching time (d).

TABLE 4: COMPARISON BETWEEN MODEL AND SIMULATION Vac VALUE VERSUS DIFFERENT AIR DISTANCES FOR THE
SUGGESTED STRCTURE.

Air distance (Um) Model Vac (V) Simulated Vac (V) Error (%)
1.0 041 0.48 14.0
15 0.75 0.86 12.0
2.0 1.15 132 12.0
25 161 1.80 10.0
3.0 2.12 2.37 10.0

switches. Damping, mass, switch structure, and spring

C. Switching Time constant value impact the switching time. Using materials
Switching and RF-MEMS speed is less than semi-conductive such as ALSloos with smaller mass may enhance switching
and PIN diode and it is one of the limitations of RF-MEMS speed [13] and other reported literature (see Table 6). Fig . 4(c)
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shows the result of the switching time simulation for the
designed structure in COMSOL software, which is 25.3 ps for
this structure. Fig . 4(d) shows the movement in the whole air
distance. The next section is dedicated to the calculation of
mass and switch natural frequencies which greatly influence
the switch function.

D. Natural Frequencies and the Designed Switch
Mass

Switch natural frequencies and switch mass influence switch
spring constant and finally Vac such that the less the switch
mass, the more the switching speed. Also, high natural
frequencies enhance Vac and reduce switching time. Thus, the
switch is designed in a way that this negligence is considered
[22]. Table 5 shows the first six natural frequencies of the

135

designed switch and themass related to switching. The
determination of the resonance frequency value is governed
by the following relationship:

1\/E
2%z \m

In this equation, "k™ represents the spring constant, and "m"
signifies the effective mass of the cantilever beam. For the
calculations presented in this article, the first mode, which
aligns with the movement direction of the switch actuation,
has been considered. The mass and spring constant values for
the specified structure are determined to be 0.206 ng and 0.079
N m(D respectively. Consequently, the value of the first mode
is confirmed to be 3118.8 Hz.

f, =

(16)

Eigenfrequency=3118.8 Hz Surface: Total displacement (um) o Eigenfrequency=3275.8 Hz Surface: Total displacement (um) o
50 Um
(b) ek um
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> 2N 0
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2 e == N
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= c 3 100
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-50 -50
20 20
0 - B

Fig. 5. Designed switch replacement in six natural frequencies, (a): 3118.63 Hz, (b): 3275.60 Hz, (c): 7752.09 Hz, (d): 10842.59 Hz, (e):
12180.50 Hz, (f): 30709.47 Hz
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TABLE 5. SIX NATURAL FREQUENCIES OF THE
DESIGNED SWITCH (MASS=0.206ng).
Freguency number

Natural frequency
3118.63
3275.60
7752.09
10842.59
12180.50
30709.48

DO~ WN -

E. Von Mises Stress for the Mechanical Structure

Von Mises Stress is one of the most important issues that must
be studied in mechanical analysis, which is measured to
guarantee the design safety. Comparing this value with
material yield strength defines whether thestructure must be
specially designed or not. In fact, if themaximum tolerable
stress is more than material strength, the design fails, and if
themaximum tolerable stress is less than material strength, the
design is safe. For the suggested design, this value is 4.5 MPa,
which is shown in Fig . 6, the maximum value obtained for
silicon ground is within the acceptable range.

Va(37)=1.8 Surface: von Mises stress (N/m?) e
N/m?
A 435x10°
x10°
4
3.5
ump3
25
2
1:5
1
. 100 Um 55

¥ 3.78x10°
Fig. 6. Von Mises Stress for the suggested structure.
F. Spring Constant Value based on Simulation Results

A replacement proportionate to 1/3 of the air distance is
necessary for the switch to function properly [1]. Hence,

g zggo . On the one hand, according to Eq. 16, spring
constant for the suggested structure is 0.075 N m™.

K=mx 2rf))? = (206 *107%) * (2 * 1 =
3118.6)2 = 0.079
n

G. RF Performance

Traditional capacitive RF MEMS switches consist of a
coplanar waveguide (CPW) connected to a transmission line,
a floating membrane serving as an actuator, and an electrode
for applying a bias voltage. This bias voltage enables the
switch to transition between its on and off states. The up-state
capacitance (C,), down-state capacitance (Cg), and capacitive

ratio (C,) can be computed as follows:

goErA
C t 9go&
T
C,=2=—_——4 =741 (18)
r £0A
Cy 3 +Cf ta
Zd
‘g+é‘r

A higher C, indicates superior RF performance. To evaluate
and enhance the RF performance, simulations were conducted
using HFSS software. The RF performance is characterized by

S parameters, which can be obtained as follows [21]:
Zp

S,; = —20log |22‘h—+ZO| (19)
27,
S,; = —20log |22h—+'zo (20)

The parameters Z, and Z, represent the CPW impedance and
cantilever beam impedance, respectively. The evaluation of
RF performance involves defining return loss, insertion loss,
and isolation. Isolation is defined as the ratio of transmitted
power to submitted power in the down state, where a higher
isolation indicates better RF performance. Si, signifies the
isolation at the down state and insertion loss at the up state,
while Si; represents the return loss at both the down and up
states. In Fig. 7, the switch diagram is illustrated, and Fig. 8
depicts the simulated results for Si; and Sy, respectively.
Simulation results indicate that the return loss is better than -1
dB at 46 GHz in the up state, and it remains more than -10 dB
from 40 GHz to 50 GHz in the down state. The insertion loss
is better than -0.7 dB at 46 GHz, and the isolation exceeds -25
dB from 40 GHz to 35 GHz with an actuation voltage of 1.8
V. Notably, the maximum isolation achieved is -29 dB at 46
GHz. These results highlight the favorable RF performance of
the switch.

In this paper, the switch is based on silicon and a 0.15 um-
thich SisN4dielectric material is used. The CPW line has a size
of 56/120/56 (G/S/G) um and the size of the beam is 120 um
width and 300 pm length.

H. fabrication

The fabrication of the MEMS switch entails the utilization of
a high-resistance silicon substrate, wherein successive layers
of SiO,, SisN4, and Au are deposited. The manufacturing
process encompasses photolithography, electron beam
evaporation, sputtering, and electroplating techniques to
fabricate the essential components. Notably, a sacrificial
polyimide layer is strategically employed and subsequently
eliminated to conclude the switch fabrication process[6].

The fabrication process of the MEMS switch is shown in Fig.
9. The switch is fabricated on 250 pm thickness high-
resistance silicon, and a layer of SiO, is located above it.
Furthermore, photolithograph negative glue was used to
photoetching DC bias lines pattern, electron beam evaporation
C. DC bias lines, then stripped photolithograph negative glue,
and 0.15 pm-thickness SisN4 is deposited on top of the bias
lines. Au layer of 0.3 um thickness, as CPW lines, is sputtered
on the substrate, and a layer of SisN, is located on the top of
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the transmission lines as a dielectric layer. A 2 pum-thick
polyimide is used as the sacrificial layer after the thermal
curing process. The 0.6 um-thick anchors and beams are

CPW transmission line
MEMS beam
Releasing hole

. - |/

2D Schematic

formed by electroplating technology. The sacrificial layer is
released using supercritical dry release[8, 22].

Au
D SisNs dielectric

@so:
. Substrate

Fig.7. Schematic view of the structures of the RF MEMS switch.
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Fig.8. (a) Si2 of the simulated results; (b) Si1 of the simulated
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l. Conclusions

In this research, a novel architecture for radiofrequency

microelectromechanical system (RF-MEMS) switches based
on new numerical and simulation analyzing approaches. For
the proposed RF-MEMS the spring constant (k) as the key
characteristic mechanical parameter was analyzed for RF-
MEMSs using the modified energy method (MEM). The
proposed architecture provided ahighly flexible structure with
low actuation voltage (Vac) based on gold (Au) and silicon
nitride (SisN) as the reticular beam and the dielectric layer,
respectively. The COMSOL package was applied for analyze
and simulate the structure from themechanical point of the
view and the findings confirmed that the altering in position
and length (L) values of beams not only diminishes the k
outstandingly but also provides an ultra-sensitivity for Vac and
great concomitance between numerical and simulation k and
Vac values as well. The Vac value for the L-dependent
numerical k was obtained atl.61 V which closely was
validated with simulation outputs that were at 0.08 N m* and
1.80V, respectively. Additionally, the switching time (ts), Von
Mises Stress (VMS), natural frequency (f,) and mass (m) have
been introduced as the key characteristic mechanical
parameters with values about 25.60 ps, 4.50 MPa, 3118.60
Hz , , and0.21 ng, respectively that could play significant
cooperative factors. The results confirm that the return loss
remains below -1 dB at 46 GHz during both the ON and OFF
states and exceeds -10 dB from 40 GHz to 50 GHz. This study
introduces a novel perspective into the design and application
paradigm for trials targeting low actuation voltage (Vac) for
RF-MEMS switches. Compared with other capacitive RF-
MEMS switch , as shown in Table 6.
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Fig. 9. The device fabrication process: (a) Silicon substrate post-oxidation; (b) Creation of high-resistance direct current (DC)-bias line and
patterning of the Si3N4 dielectric layer; (c) Patterning of coplanar waveguide (CPW) lines; (d) Application of polyimide spinning to
generate a sacrificial layer followed by chemical mechanical polishing (CMP) to diminish surface roughness of polyimide; (e) Patterning of
gold layer to construct MEMS beams and anchors; (f) Removal of the sacrificial layer[8, 22].

TABLE 6: COMPARISON MECHANICAL PARAMETER OF PROPOSED SWITCH WITH PREVIOUS REPORTS

(d)

~
~

Ref. Actuati_on Beam material Air gap Dielectric material Actuation Switching Von Mises
mechanism () (pm) () voltage(V) time(us) Stress
[22] Electrostatic 1.60(Au) 2.00 (SisNy) 4.40 22 18 MPa
[23] Electrostatic 0.50 2.00 0.15 (Si3Ny) 2.64 25.40 N/A
[24] Electrostatic 0.50 2.00 0.10 (SiOy) 1.80 11.20 N/A
[19] Electrostatic 1.20 (Au) 3.70 1.00 (SisNy) 10.60 N/A 41.70 MPa
[25] Electrostatic 0.50 (Au) 3.00 (HfOy) 2.40 96.00 N/A
[26] Electrostatic 1.50 (Au) 2.00 1.50 (SisNy) 3.30 N/A N/A
[27] Electrostatic 1.60 (Au) N/A 0.10 (Si3N,) 2.54 N/A N/A
[13] Electrostatic 0.60 (Au) 2.50 0.15 (Si3Ny) 2.10 58.72 N/A

Proposed switch Electrostatic 0.60 (Au) 2.512 0.15 (Si3Ny) 1.80/1.15 25.60 4.50 MPa
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