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Abstract: This study presents the design and simulation of an RF MEMS variable capacitor with a
high tuning ratio and high linearity factor of capacitance-voltage response. An electrostatic torsion
actuator with planar and non-planar structures is presented to obtain the high tuning ratio by
avoiding the occurrence of pull-in point. In the proposed design, the capacitor plate is connected to
the electrostatic actuators by using the s-shaped beam. The proposed design shows a 138% tuning
ratio with the planar structure of the actuator and 167% tuning ratio by implementing the non-planar
structure. A linearity factor of 99% is attained by adjusting the rates at which the capacitor plate rises
as the actuation voltage increases and the rate at which the capacitance decreases as the plate rises.
Parametric optimization of the design is performed by utilizing the finite element method (FEM)
analysis and high-frequency structural simulator (HFSS) analysis to obtain an optimized high-tuning
ratio RF MEMS varactor at low actuation voltage. S-parameters of the design are presented on HFSS,
with a 50 ohm coplanar waveguide (CPW) serving as the transmission line. The proposed RF MEMS
varactor can be utilized in tunable RF devices.

Keywords: RF MEMS; variable capacitor; FEM analysis; HFSS analysis; s-shaped beam; s-parameters;
planar and non-planar actuators

1. Introduction

Microelectromechanical systems (MEMS) variable capacitors using parallel plates
are becoming increasingly popular in radio frequency (RF) applications due to their high-
quality factor, fast response time, and straightforward design. Reconfigurable RF front-
end modules can be made easy by microelectromechanical system (MEMS) changeable
capacitors, which can help them fulfill space limitations by requiring fewer components
and meeting the requirements of modern multi-band applications. Moreover, MEMS
components have reduced power consumption, greater quality factor, and lower insertion
loss when compared to solid-state equivalents such as Schottky varactors and p-n junction
diodes [1]. Applications for reconfiguring MEMS variable capacitors include tunable
impedance matching or antenna frequency tuning to maximize antenna efficiency in various
environments and reconfigurable filters to increase performance selectivity while requiring
fewer components overall [2]. RF filters [3,4], phase-locked loop circuits (PLLs) [5], voltage-
controlled oscillators (VCOs) [6], and other applications are based on MEMS varactors.

Parallel-plate MEMS variable capacitors, which are usually based on attractive elec-
trostatic actuation, show a nonlinear capacitance-to-voltage (C-V) response despite their
relatively high-quality factors [7,8]. Because capacitance is dependent on distance, a de-
crease in plate distance results in an increase in capacitance. The capacitance increases as
the actuation voltage increases because the plate travels faster in the direction of the de-
creasing gap. Such nonlinearities can cause loop bandwidth changes in phase-locked loops
(PLLs) and nonconstant phase noises in voltage-controlled oscillators (VCOs), according to
several studies. [9].
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Different actuation devices are used for actuation purposes in RF MEMS varactors.
The most commonly used actuators are electrostatic actuators due to low power consump-
tion and fast response time.

The pull-in point is an important parameter of the parallel plate RF MEMS varactor.
After applying the voltage, an electrostatic force is produced. Due to the produced force,
the top plate moves in a downward direction. When the top plate covers one-third of the
distance, electrostatic force overcomes the mechanical force. This is the instability point of
the parallel plate RF MEMS varactor at which the top plate snaps down and no capacitance
tuning occurs after this point.

Several techniques, such as utilizing variable gap spacing variations and introducing
nonlinear mechanical components, have been put forth to increase the linearity of MEMS
varactors [10]. One more method, which is detailed in [11,12], utilizes a levering structure
to change the electrostatic varactor’s closing-gap motion into a rising gap movement [13],
producing a capacitance-voltage connection that is more linear. However, this method
shows pull-in limitations. A segmented plate linear capacitor with a noteworthy 99.7% LF
was introduced in [14-18] but the tuning ratio was limited to 68% tuning ratio. A variable
capacitor with a high C-V response and 50% tunability was presented in [19]. An optimized
MEMS variable capacitor was proposed to obtain the high linear capacitance—voltage
response; however, this method also shows pull-in limitations [20]. To preserve improved
linearity, the C-V spring stiffening technique is used to increase the varactor’s rigidity as
the voltage approaches the pull-in point [21]. However, this method makes it challenging to
determine the control voltage range and capacitance value. One of the techniques of torsion
spring structure is utilized to obtain a high-capacitance tuning ratio and linear capacitance—
voltage response, but it shows pull-in instability after one-third of the distance [22]. Recently
one of the techniques with repulsive actuation was proposed with high linearity and
tunability, but this method works within 1-100 volts, which is very high and needs to be
addressed [23].

The tuning ratio of these variable capacitors was limited due to the pull-in point
because the capacitance value of these capacitors changes dramatically when the actuation
voltage approaches the pull-in point. In the literature, several attempts have been made
to improve the linearity factor of capacitance-voltage response but the tuning ratio was
limited due to pull-in instability. It was found difficult to obtain a high tuning ratio with
high linearity due to pull-in instability. Some of the techniques made it possible to overcome
the pull-in instability and nonlinear capacitance-voltage response, but these devices work
at very high actuation voltage [23]. It was challenging to attain a significant capacitance
tuning ratio with the high linear capacitance-voltage response. Therefore, during the past
ten years, there has been a great deal of interest in the development of MEMS variable
capacitors that offer both high linearity factor and a large capacitance tuning ratio.

To overcome these issues, this study proposed a novel design of an RF MEMS varactor
with planar and non-planar structures of the electrostatic actuator to improve the perfor-
mance of the RF MEMS variable capacitor. The proposed study presents several notable
contributions to the research. One of the notable contributions is to avoid the risk of pull-in
instability by implementing the non-planar structure of the electrostatic torsion actuator.
This is the major limitation of the traditional MEMS varactor. Due to pull-in instability, the
tuning ratio of the MEMS varactor is limited and affects the performance of the MEMS var-
actor. Another noteworthy contribution is to obtain the linear capacitance-voltage response
by introducing the novel design of the RF MEMS varactor.

A novel linear RF MEMS varactor design is proposed to obtain a high capacitance
tuning ratio and high linearity. An electrostatic actuator is used to connect the actuator part
to the capacitor plate by utilizing an s-shaped beam. It is the first demonstration of the s-
shaped beam to be used as a connecting link between two parts. Two modes of electrostatic
actuators are discussed to obtain a high tuning ratio with high linearity. The proposed
design requires low actuation voltage in the planar structure of the electrostatic actuator due
to the low spring constant. Parametric optimization of the proposed design is performed by
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utilizing ANSYS APDL analysis and high-frequency structural simulator (HFSS) analysis
to obtain a high tuning ratio RF MEMS varactor with low actuation voltage. In the next
part of the research paper, the RE MEMS varactor with an electrostatic actuator having
a non-planar structure is implemented to obtain the linear RF MEMS varactor with high
tuning ratio by avoiding the risk of instability.

2. Design Methodology

The traditional parallel MEMS varactor exhibits nonlinear behavior due to the rise
in capacitance and decreases in the air gap between them when an actuation voltage is
applied. The capacitance increases as the actuation voltage increases because the plate
travels faster in the direction of the decreasing gap. Thus, a nonlinear capacitance-voltage
response results from a more steeply increasing rate of capacitance increment with an
increase in voltage. This is the drawback of the traditional parallel MEMS varactor.

There is a linear capacitance—voltage response in the proposed design. The capacitance
reduces linearly with applied voltage while the distance between the plates extends as
the voltage rises. The traditional decreasing-gap movement of the electrostatic actuator
is changed into a rising-gap movement by utilizing an s-shaped beam, which allows
for the capacitance to decrease as the actuation voltage increases. Linear response of
capacitance-voltage is attained by adjusting the rates at which the capacitor plate rises as
the actuation voltage increases and the rate at which the capacitance decreases as the plate
rises. The linearity response of the conventional and proposed MEMS variable capacitor is
shown in Figure 1.

g 4 g
(']
= <
E g 2
g & &
Conventional MEMS Variable Capacitor 6 © ©
Voltage Displacement Voltage
(a)
v
o
.......... E g £
B g &
=N oy [+
o | v
Proposed MEMS Variable Capacitor (=) U
Voltage . Voltage
Displacement
(b)

Figure 1. Schematic view of the (a) conventional MEMS variable capacitor and (b) proposed MEMS
variable capacitor showing linear capacitance—voltage response.

In the proposed design, the actuator is utilized to move the capacitor plate in the
rising direction linearly with applied voltage. An electrostatic torsion actuator is presented,
which contains two torsion springs. An electrostatic torsion actuator with its planar and
non-planar form is discussed in this design to obtain a high tuning ratio by avoiding the
pull-in point.

The length of the upper electrode and bottom plate is a1 and a,, respectively, while w
is the width of the electrode. A cross-sectional view of the electrostatic torsion actuator is
shown in Figure 2b. For the planar mode of the electrostatic actuator, the length of the upper
electrode is equal to the bottom plate; however, for the non-planar type of electrostatic
actuator, unequal lengths of the top electrode and bottom plate are presented.

The proposed design is composed of two segments: the actuator part and the capacitor
part. The electrostatic actuator is joined to the capacitor part by introducing the s-shaped
beam. This is the first demonstration of an s-shaped beam to be utilized to connect the
actuator part and capacitor part. The planned RF-MEMS variable capacitor is shown in
Figure 2a.
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Figure 2. Schematic view of the (a) proposed RF MEMS variable capacitor and (b) electrostatic actuator.

After applying the voltage in the electrostatic actuator, electric force is formed between
the plates causing the top plate to move. The s-shaped beam is employed here to drive
the capacitor plate in the rising gap direction. So, the upstate capacitance will be minimal
due to the rising movement of the capacitor plate. Consequently, the tuning ratio will
be maximum. Figure 3a,b shows the simplified view of the RF MEMS variable capacitor
before and after applying the voltage.

MEMS Bridge MEMS Bridge

I

@) (b)

Figure 3. (a) Simplified view of the RF MEMS variable capacitor in un-actuated condition (b) up state
of the proposed RF MEMS varactor after applying the voltage.

The electrostatic torque is made in the actuator when voltage is applied across them.
At equilibrium, electrostatic torque becomes equal to the mechanical torque [24].
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where T; is the spring constant, w is the width of the plate in the actuator part, ay, i, is the
pull-in angle, and &,y is the maximum pull-in angle.
By expanding the left side of Equation (1) into series form:

2 3
az , ap .
(ﬂl Xax ‘Xpull in ) n (”1 Cmax “pull in ) _ 2

3

> 3 T ewV2 Tso‘pull in (2)

The force becomes stronger with an increase in voltage. There will be a point when

electrostatic force becomes strong enough to overcome the mechanical force, so plates come

in contact with each other at this point. This is the instability between two positions and is
called the pull-in point and can be described by using the following equation [24]:

9.68 T “pull in3
Ew

Vpull in = (3)
There is a beam force in the s-shape beam due to which the central capacitor plate
moves in the upward direction.
The rising movement of the capacitor plate can be expressed as follows:

dy = apyit in X 1y 4)

where J; indicates the length of the s-shaped beam and a,; i, is the angle at the pull-in.
It is mainly dependent on the length of the s-shaped beam and the pull-in angle of the
actuator plate. Capacitor plate displacement will be maximum for maximum downward
travel of the actuator plate and having the higher pull-in angle.
Pull-in angle «,; i, can be derived from Equation (2):

12T (a1 @ax )

_3a] ﬂ220(mgx + cwV?2 (5)

o n =
pull in 2a23

The capacitance of the proposed varactor at the initial position is shown as follows:

eA
Cdown state — 7 (6)

where A is the area of the central plate, and the initial gap is represented by d.
As there is an increase in distance between the capacitor plates by d; by applying the
voltage, the up capacitance can be calculated as follows:

eA
CuP state = m @)

where d; is the increased gap between the plates after applying the voltage which can be
shown from Equation (4).
The capacitance tuning ratio can be established as follows [25]:

C, = Cdown state (8)
Cup state

For the RF MEMS variable capacitor to have the maximum tuning ratio, downstate
capacitance should be maximum, and up-capacitance should be minimum. In the proposed
design, minimum up capacitance is achieved by increasing the capacitor plate’s height,
which is desirable for a maximum tuning ratio.
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3. Simulation Results with Planar Electrostatic Actuator
3.1. Mechanical Analysis of RF MEMS Variable Capacitor

Ansys APDL was used for the finite element method (FEM) analysis of the 3D model
of the RF MEMS variable capacitor with the planar structure of the electrostatic actuator.
Structural analysis was carried out with shell 63 elements on ANSYS APDL. Shell 63 has
bending and membrane skills and has six degrees of freedom (DOF) on each node. Meshing
is also an important parameter in ANSYS for the accuracy of the solution. Element edge
length is considered 3 and the number of element divisions are considered 1 in the meshing
of the structure.

Aluminum is utilized for bridge material. Primarily, there is a 3 um gap between the
plates. After exposure of voltage in the electrostatic actuator plates, the electric force is
generated causing the top plate to move in the decreasing gap direction due to force. The s-
shaped beam is utilized to increase the gap between the plates in the varactor part. There
are slices in the capacitor plate to increase the area tunability of the varactor. Slices in the
capacitor plate are also essential to avoid stiction issues and have the fast switching speed
of the device. Figure 4 shows the dimensions of the planned RF MEMS variable capacitor.

290pum
B EE—
LI L 1
-
90Lm
10
1Spam

Figure 4. Top view of proposed RF MEMS variable capacitor.

The ANSYS findings are displayed in Figure 5, in which the movement of the actuator
plate is shown in a downward position and the movement of the capacitor plate is shown in
the opposite direction of the actuator plate. It demonstrates the actuator plate displacement
of 1.16 um in the downward direction, while the capacitor plate displacement of 1.14 um is
shown in the increasing gap direction. The design parameters of the proposed RF MEMS
varactor are listed in Table 1.

NODAL SOLUTION A N S Y S
STEP=1 R17.1
SUB =19

TIME=.19

vZ  @Ave)

Bl DL

—
-1.1653 -.652753 -.140202 37235 -884902
-.909029 -.396477 116074 628626 1.14118

Figure 5. ANSYS results showing central plate displacement in the z-direction.
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Table 1. Design parameters of RF MEMS variable capacitor.

Parameter Values (um)
Air gap 3
Length of electrode 150
Substrate thickness 525
Transmission line dimensions 75/90/75
S-shaped beam length/width/thickness 290/90/1.8
Area of the central plate 90 x 90

Figure 6a,b displays the displacement of the capacitor plate and up capacitance respec-
tively at different voltages. Based on Figure 6, the maximum central plate displacement of
1.14 um in the upward direction is achieved at 15.2 V.
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Figure 6. Graphical view of (a) central plate displacement (b) capacitance.

When actuation voltage is supplied in the actuator portion, stress is produced on the
structure, which is called von Mises stress. Von Mises stress was observed in ANSYS APDL
and is shown in Figure 7. Maximum stress is shown on the torsion spring’s end. The torsion
spring’s end pressure is 30.4 MPa, which guarantees that the structure can sustain the
applied voltage without collapsing because it is less than the aluminum’s yield strength.
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Figure 7. (a) Von Mises stress analysis (b) showing maximum stress at the end of torsion springs.



Micro 2024, 4 481

3.2. Electrical Analysis of Proposed RF MEMS Variable Capacitor

Electrical analysis of the proposed RF MEMS variable capacitor was carried out in
the student version of high-frequency structural simulator (HFSS) software. The coplanar
waveguide (CPW) is used as a transmission line with two ground lines and a central signal
line on the same plane. It is utilized with the characteristic impedance of 50 ohms to avoid
return losses due to mismatching. The dimensions of the coplanar waveguide (CPW) are
75/90/75 pum. The length of the coplanar waveguide (CPW) is 760 um. Aluminum is used
as a center conductor. Figure 8 shows the full layout of the proposed RF MEMS variable
capacitor.

Figure 8. HFSS layout of the proposed RF MEMS variable capacitor.

The RF MEMS variable capacitor is designed for both ON and OFF states. For both
actuated and un-actuated states, the RF MEMS varactor remains in the ON state. Scattering
parameters are measured for both states. Return loss is represented as S11 and insertion
loss is indicated as S21.

When there is no gap between the plates in the capacitor part, scattering parameters
show the off-state properties of the structure. Maximum isolation and 0 dB return loss are
the optimal conditions for the OFF state [1]. The scattering parameters in the OFF state for
the 1-10 GHz frequency range are shown in Figure 9a,b. At 5.3 GHz, Figure 9b depicts the
peak isolation of —31.81 dB. At this frequency, the return loss in the OFF state is —0.26 dB.
Thus, at 5.3 GHz, the device yields the best results.
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Figure 9. Scattering parameters of RE-MEMS variable capacitor in OFF state: (a) return loss; (b) inser-
tion loss.
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The RF MEMS variable capacitor is in its initial state when there is no actuation
voltage. Figure 10 displays the scattering parameters of the proposed RF MEMS varactor
in an un-actuated state. Return loss fluctuates between —49.25 dB and —34.10 dB over
the frequency range of 1-10 GHz, while the insertion loss varies between —0.0181 dB and
—0.047 dB. As the proposed RF MEMS varactor performed well at 5.3 GHz, the return loss
and insertion loss at 5.3 GHz were —38.61 dB and —0.033 dB, respectively.
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Figure 10. RE-MEMS variable capacitor in un-actuated condition: (a) return loss; (b) insertion loss.

Figure 11 illustrates the scattering parameters of the RF MEMS variable capacitor
after the actuation of voltage. In this instance, the gap is raised because voltage causes the
capacitor top plate to move in the direction of the rising gap. The capacitor plate travels
1.14 um in the direction of the growing gap. Return loss fluctuates between —37.94 dB and
—27.80 dB in the 1-10 GHz frequency band, while the insertion loss changes its values
between —0.018 dB and —0.048 dB. The optimum operating frequency of the RE-MEMS
variable capacitor is 5.3 GHz. Thus, at this frequency, the insertion loss is —0.0336 dB and
the return loss is —32.02 dB, which can be shown in Figure 11.
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Figure 11. RF-MEMS variable capacitor in actuated condition: (a) return loss; (b) insertion loss.

3.3. Parametric Optimization of Proposed RFE MEMS Variable Capacitor

Parametric optimization of the proposed design is carried out to obtain a high tuning
ratio RF MEMS varactor at low actuation voltage. Parametric analysis is performed to
evaluate the performance of the RF MEMS variable capacitor. When the varactor is being
fabricated, a parametric investigation of the device is required to study the impact of
changing various parameters for long-term reliability.
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The RF MEMS varactor was optimized to verify its performance within a given range
of dimensions (width, gap, and length). These dimensions of width, length, and gap have
a major impact on the performance of the RF MEMS variable capacitor. By changing the
values of these parameters within a frequency range of 1-10 GHz, the performance of the
RF MEMS variable capacitor was examined to optimize these parameters. Figure 12 shows
the parametric optimization approach of the proposed design.

Optimized
Design

Preferred

—
FEM Analysis Pty

i Initial Design of Final
P ! Proposed RF MEMS —  Optim
Varactor

Optimized

HFSS Analyst:
e Design

Figure 12. Parametric optimization approach for proposed RF MEMS variable capacitor.

3.3.1. Optimizing the Contact Area

The central plate contact area is optimized to obtain a high capacitance tuning ratio.
Table 2 shows the tuning ratio of the RF MEMS variable capacitor with different central
plate areas based on the ANSYS results. It shows the upstate and downstate capacitance
of the proposed RF MEMS variable capacitor for different central plate areas. Maximum
displacement of the capacitor plate in the upward direction is achieved for design 1 with
a 90 x 90 central plate area. Consequently, there will be a high tuning ratio in this case.
Table 2 shows the comparison of the RF MEMS variable capacitor in terms of the tuning
ratio for different contact areas.

Table 2. Comparison of different contact area RF MEMS variable capacitor.

Design 1 2 3

Area (um) 90 x 90 90 x 120 90 x 160
Cdown (fF) 23.906 31.874 425
Cup (fF) 17.3 23.4 31.2
Tuning ratio (%) 138 136 136

3.3.2. Electrode Length Optimization

Figure 13 shows the central plate displacement and capacitance at different electrode
lengths. Better performance is obtained for an electrode length of 150 um in terms of tuning
ratio at low actuation voltage. However, a greater capacitor plate displacement is obtained
for an electrode length of 90 um as compared to 150 um. The purpose is to obtain a high
tuning ratio MEMS variable capacitor at low actuation voltage, so 150 um is considered for
the proposed MEMS variable capacitor.
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Figure 13. Comparison of (a) central plate displacement at different electrode lengths and (b) up-
capacitance at different electrode lengths.

3.3.3. S-Shaped Beam Length Optimization

Parametric analysis is done to get the optimized s-shaped beam length. Figure 14a,b
shows the ANSYS results for 290 um and 190 um s-shaped beam lengths. The capacitor
plate displacement of the MEMS variable capacitor with 290 um is 1.14 um; however, for
the MEMS varactor with 190 um, it is 0.60 um. Maximum displacement is achieved for
290 um s-shape beam length at 15.2 volts. An optimized s-shape beam is obtained in terms
of central plate displacement, up-capacitance, and tuning ratio.
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Figure 14. ANSYS APDL results at different lengths of s-shaped beam: (a) 290 um; (b) 190 um.
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3.3.4. Torsion Spring Length Optimization

For the proposed RF MEMS variable capacitor, analysis of the torsion spring length
was performed to obtain optimized torsion spring lengths. Varying the length of the torsion
spring has a significant effect on the performance of the proposed device. Figure 15 shows
the evaluation of capacitor plate displacement and up capacitance at different torsion spring
lengths. There is a change in pull-in voltage and displacement by changing the torsion
spring length from 30 um to 50 um.

3 0.026
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S s 0.024 ——TSL=30um
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T oS 0.014
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S 0 0.012
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Actuation Voltage (V) Actuation Voltage (V)
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Figure 15. Comparison of (a) central plate displacement at different torsion spring lengths and
(b) up-capacitance at different torsion spring lengths.

3.3.5. Varying the Gap between Plates in Capacitor Section

There is a predictable effect on the scattering parameters by varying the gap between
the plates within a specific range of frequency (1 GHz to 10 GHz). A parametric analysis of
the proposed design is performed to optimize the space between the plates in the capacitor
section. From the graph in Figure 16, it is shown that by increasing the gap between the
plates, return losses are increased. While there is no difference in insertion loss from varying
the gap.
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Figure 16. Comparison of the (a) return loss and (b) insertion loss at different gaps between the plates
in the capacitor section.
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3.3.6. Environmental Effects on the Performance of RF MEMS Variable Capacitor

The reliability of the RF MEMS (radio frequency microelectromechanical system)
variable capacitor is influenced by several environmental effects like humidity, temperature
variations, contamination, and electrostatic discharge. Its design is optimized in terms
of stiction and stress level. Stiction is the main concern, which can be due to variation
in humidity and temperature. Slicing the central plate area is one of the approaches
used to avoid the stiction problem that leads to better mechanical switching of the device.
The contact area is reduced to avoid the stiction issues. Moreover, von Mises stress is
optimized to avoid vibration and collapsing issues in the design.

4. Simulation Results with Non-Planar Electrostatic Actuator

Optimization of the proposed RF MEMS variable capacitor with a high linearity factor
and large tuning ratio is presented in Section 3. Optimized results are obtained with low
actuation voltage.

In this section, an RF MEMS varactor using a non-planar electrostatic actuator is
presented. For a non-planar structure of the electrostatic actuator, the length of the top
electrode and bottom plates are unequal, as shown in Figure 17. In this case, after applying a
voltage to the electrostatic actuator, the top electrode starts moving down due to electrostatic
force. The pull-in angle of the actuator plate is mainly dependent on the length of the fixed
electrode. Shorter fixed electrode length is used here as compared to the planar structure.
So, lower electrode length leads to a maximum pull-in angle, and it allows for the moveable
plate to cover the maximum distance in the downward direction. Hence, the actuator
plate covers the maximum distance in the downward direction by avoiding the risk of
pull-in stability.

Torsion Springs
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U
/ Pper gje,, trode

Fixed electrode
a

2

Figure 17. Top view of the non-planar electrostatic actuator.

ANSYS APDL is utilized to obtain a capacitance-voltage response by using a non-
planar structure of an electrostatic torsion actuator. Figure 18a,b represents the response of
capacitor plate displacement and up capacitance at different actuation voltages. Maximum
capacitor plate displacement of 2.022 um is achieved at 47.2 volts by avoiding the pull-in
point. The tuning ratio of the proposed varactor is 167%, which is higher as compared to
the device by utilizing a planar electrostatic actuator. A non-planar electrostatic actuator is
presented to obtain the high tuning ratio by avoiding the pull-in point and allowing for the
actuator plate to have maximum travel in the downward direction. Table 3 represents the
comparison of the proposed RF MEMS variable capacitor with the literature.
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Figure 18. Graphical representation of RE-MEMS variable capacitor showing (a) central plate dis-
placement and (b) central plate capacitance.
Table 3. Comparison of the proposed design with the literature.
. c . . . Movement of the
Reference Tuning Rang Pull-In Limitation = Pull-In Voltage Linearity Factor Bridge Direction
[13] 134% Yes 1045V 99.5% Upward direction
[15] 309% yes 2824V 99.92% Upward direction
[17] 160% yes 152V 96% Upward direction
[18] 11x No 1-100 99.70% Upward direction
Proposed work 167% No 47.2 99% Upward direction

Up-capacitance in the form of pull-in angle can be represented as follows:

eA
d+ Xpull in * ly

©)

Cup state =

After putting the pull-in angle from Equation (5), capacitance dependence on voltage
can be found by the following equation:

eA
Cup state = 127, (g0 )3 (10)
—3a1a22&max+ S L

2
d + 2a23 A% * lb

To determine the level of linearity of the C-V relationship, a linear factor (LF), which
is defined as the linear correlation between the capacitance and the voltage response, is
introduced [26].

”Z?:1 GV — Z?:1 CiZ?zl Vi

LF =
[t €2 = (6] [niy v - (2 v

(11)

where 7 is the number of tests and C; is the capacitance that correlates with the voltage
Vi. The linearity factor (LF) is a function of both 0 and 1, and as the curve becomes more
straight, it becomes closer to 1. Equation (11) is used to access the linearity factor between
capacitance and voltage, which is 99%. Table 4 represents the comparison of the tuning ratio
for the MEMS variable capacitor with the planar and non-planar electrostatic actuators.
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Table 4. RF MEMS varactor comparison with planar and non-planar electrostatic actuator.

RF MEMS Varactor with Length of the Bottom Length of the Top . .
Different Actuator Layouts Electrode Electrode Pull-In Voltage Tuning Ratio
Planar electrostatic actuator 150 um 150 um 152V 138%

Non-planar electrostatic 66 um 150 um 470V 167%

actuator

5. Conclusions

The proposed study presents the design and modeling of an RF MEMS variable
capacitor with an s-shaped beam. This is the first demonstration of an s-shaped beam
to be utilized to connect the actuator part and capacitor part. An electrostatic actuator is
employed for actuation purposes. Two modes of electrostatic actuators with planar and
non-planar structures are proposed to obtain a high tuning ratio for the RF MEMS variable
capacitor. Initially, electrical and mechanical analysis of RF MEMS variable capacitor by
utilizing the planar structure of the electrostatic actuator is presented at low actuation
voltage. The proposed design by introducing the planar structure of the electrostatic
actuator shows a 138% tuning ratio at 15.2 V. High linear capacitance—voltage response is
achieved for the proposed MEMS variable capacitor. The optimized RF MEMS varactor
shows better performance at 5.3 GHz in terms of isolation losses.

For long-term reliability, some of the analyses were carried out in the proposed research
design. There are slices in the central plate to avoid stiction issues, which is essential for
the switching cycle of the RF MEMS variable capacitor. Optimization of the proposed RF
MEMS variable capacitor with a planar electrostatic actuator is performed to obtain high
performance with low actuation voltage. Parametric optimization of the proposed design
is essential because when the varactor is being fabricated, a parametric investigation of
the device is required to study the impact of changing various parameters. Stress analysis
is carried out to evaluate the collapsing issues in the device which guarantees that the
structure can sustain the applied voltage without collapsing because maximum stress is
less than aluminum’s yield strength.

Another approach of the electrostatic actuator with non-planar mode is presented. RF
MEMS variable capacitor with a non-planar electrostatic actuator operates at high actuation
voltage as compared to the RF MEMS variable capacitor with a planar electrostatic actuator.
This is because the RF MEMS varactor with the non-planar structure of the actuator allows
for the moveable plate to travel long in the downward direction by avoiding the occurrence
of pull-in instability. A high linearity factor of 99% is obtained in this case. A tuning ratio
of 167% is achieved by preventing the occurrence of pull-in instability. The proposed RF
MEMS variable capacitor design has applications in various tunable devices like VCOs
and PLL.
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