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A B S T R A C T

This paper presents the multi-objective geometric design exploration and optimization of an electrostatic Sym-
metric Toggle RF-MEMS switch (STS), considering both the electromechanical and RF characteristics simulta-
neously. The output responses considered for the STS switch optimization are pull-in voltage, switching time,
insertion loss in the on-state and isolation in the off-state. Metamodels for the output responses, with respect to
geometric design parameters, are developed using Design of Experiments (DOE) based Response Surface Meth-
odology (RSM) and Finite Element Method (FEM) simulations. A single optimization objective function,
considering all the four output responses and microfabrication process constraints, is defined and optimized for
the design factors using combined desirability function and heuristic search algorithm approach. The predicted
values of the output responses are verified through both the electromechanical and electromagnetic FEM simu-
lations. The effect of residual stress, developed in the RF-MEMS switch during the sacrificial layer removal step of
the microfabrication process, on both the electromechanical and RF characteristics of the final optimized switch
geometry is analyzed using coupled structural-thermal-electric FEM simulations. The proposed DOE and RSM
based design optimization technique can be implemented for the design space exploration and optimization of
complex MEMS devices which involve coupled multiphysics interactions.
1. Introduction

In recent years, a rapid growth in the field of wireless communication
has led to the evolution of RF-MEMS devices. These devices, fabricated at
a microscale using micromachining technology, have enabled to achieve
both power and bandwidth efficient wireless appliances. The RF-MEMS
switches have been frequently used in wireless RF communication sys-
tems because of their low power consumption, small size, low loss, low
intermodulation distortion and high linearity as compared to the tradi-
tional GaAs FET and p-i-n diode switches [1]. In an RF-MEMS switch the
switching between the on and off states is obtained using the vertical
deflection of suspended movable micro-plate. This deflection in the
moving micro-plate is generally achieved using electrostatic [2–4],
electrothermal [5–7] and electromagnetic [8,9] actuation mechanisms.
Among these actuation mechanisms, the electrostatic actuation offers the
benefits of less power consumption, simple microfabrication, and
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compatibility with a standard integrated circuit (IC) process and most
importantly easy integration with the transmission lines [10].

One of the main drawbacks of the electrostatic RF-MEMS switches is
their high actuation voltage to change the state from on to off state and
corresponding high switching time. The switching mechanism in
capacitive RF MEMS switches is based on the pull-in phenomenon,
which is a sudden snap down of the switch top movable plate to the
bottom fixed electrode. The pull-in phenomenon occurs when the
electrostatic force exceeds the mechanical restoring force. Several de-
signs, based on the electrostatic actuation, have been presented in
literature to achieve low pull-in voltages and switching times. The low
value of pull-in voltage and switching time is generally achieved by
selecting the proper materials for low stiffness [11], increasing the
overlap area and decreasing the gap between the suspended plate and
fixed electrode [12], using a combination of both static and dynamic
actuation [13,14], modifying the conventional electrostatic switch
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geometry [15,16] and using torsion actuators instead of parallel plate
actuators [17].

In addition to the electromechanical response of a capacitive RF-
MEMS switch, one of the most important design parameters is its RF
characteristics, including low insertion loss and high isolation in on and
off state, respectively. Recently, a few electrostatically actuated RF-
MEMS switches have been presented in literature to achieve better RF
performance. Dai et al. [18] presented a microwave switch fabricated
using the 0.35 μm complementary metal oxide semiconductor (CMOS)
process. The test results showed an insertion loss of �2 dB and isolation
of�15 dB at 50 GHz. A capacitive switch with a return loss of�35 dB and
insertion loss of �0.4 dB for a frequency band of 5–20 GHz has been
presented in Ref. [19]. Aghaei and Sani et al. [20], proposed a comb
structure to achieve insertion loss of 0.33 dB and isolation greater than
13.4 dB at 50 GHz. A float metal approach has been implemented to
achieve peak isolation of 47.75 dB and insertion loss better than 0.10 dB
for a frequency range up to 25 GHz in Ref. [21]. Yang et al. [22] pre-
sented an electrostatic RF-MEMS switch to minimize the effect of residual
stress and achieved an insertion loss of 1 dB and isolation of 12 dB at
20 GHz. An insertion loss of 0.8 dB and isolation of 19 dB at 36 GHz is
demonstrated for electrostatic RF-MEMS switch in Ref. [23]. Recently,
Shekhar et al. [24] developed a capacitive switch with an insertion loss of
less than 0.25 dB and 0.7 dB at 20 GHz and 40 GHz respectively, with an
isolation of 30 dB.

The optimization of a MEMS device, for a particular output
response, is generally carried out by developing complex mathematical
device models, FEM simulations, topology optimization, genetic algo-
rithms and artificial neural networks [25–30]. These optimization
techniques are mostly implemented considering a single output
response of a respective MEMS device. The traditional design optimi-
zation of MEMS devices, available in recent literature, mostly relies on
the independent single-physics design optimizations of the device
corresponding to each physics involved; and a logical combination of
independently optimized designs provides an optimal design, as shown
in Fig. 1. However, the traditional optimization techniques may not be
an efficient approach for MEMS devices with complex geometries and
involving coupled multiphysic interactions like structural-thermal-
electric in electrothermal micromirros, electromagnetic-structural-
fluid in RF-MEMS, thermal-structural and electric-structural in MEMS
inertial sensors. The DOE based optimization technique has been
implemented in different fields by planning the physical experiments
[31]. The DOE technique is based on the concept of blocking, replica-
tion and randomness in the output response due to variations in the
experimental conditions. However, the application of DOE based opti-
mization for the deterministic computer simulations has also been
successfully explored [32,33]. The optimization of MEMS devices using
physical experiments is impractical due to the high microfabrication
cost involved and specialized testing equipment requirements. With the
development in the commercial MEMS simulation tools and high per-
formance computing, the simulation based DOE optimization technique
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Fig. 1. Traditional design optimizati
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may be a good alternative for MEMS devices at the design level of the
device development cycle.

In this work, we present a multiphysics co-simulation approach, as
shown in Fig. 2, which takes into account all combinations of design
factors to evaluate the multiphysics device performance. We employ DOE
and RSM based optimization technique to find out which set of design
factors, out of design space, influences the STS RF-MEMS switch per-
formance and are significant design factors. These significant design
factors are further explored for their effect on the output response of the
switch by developing RSM based metamodels. Finally the simultaneous
optimization of output responses related to two different physics is car-
ried out using combined desirability function and heuristic search algo-
rithm. The proposed design exploration and optimization technique
overcomes the shortcomings of traditional optimization approaches and
provides the easy way to implement an accurate solution for the opti-
mization of RF-MEMS switches.

2. Working principle of the symmetrical toggle RF-MEMS switch

Rangra et al. [34], initially presented a STS RF-MEMS switch, work-
ing on the push-pull mechanism, to obtain low pull-in voltage and
improved RF characteristics. Fig. 3 shows the schematic of a STS switch
in which the central bridge is designed in a capacitive shunt configura-
tion and switch is implemented over a standard 50 Ω coplanar wave
guide (CPW) configuration. The switching phenomenon is controlled by
the pull-in and pull-out electrodes of the torsion microactuators, short-
ened together by the polysilicon lines. When the actuation voltage to the
pull-in electrodes is higher than the pull-in threshold voltage, the central
suspended bridge comes in contact with the bottom dielectric layer on
the RF transmission line and switch is in off-state. The switch is designed
using the design rules of the RF Switch Surface (RFS) microfabrication
process [35]. This process is developed to fabricate suspended micro-
structures using an electroplating process with a gold layer thickness of
1.8 μm and 4.8 μm. A detailed description of the switch microfabrication
steps is presented in Ref. [36].

3. FEM based electromechanical and electromagnetic modeling

The pull-in voltage and switching time analysis of the STS switch, for
different geometric design parameters used in DOE based optimization, is
carried out using FEM based coupled multiphysics simulations in ANSYS.
The switch geometry is modeled using 2D Shell 63 elements with the me-
chanical properties of thin gold film of RFS microfabrication process i.e.
Young's modulus of 98.5 GPa, Poisson ratio of 0.42 and density of
19.32 � 10�15 kg/μm3. The coupling between the electrical and structural
domains for an electrostatic analysis is achieved using transducer elements
(TRANS 126). These transducer elements provide a reduced-order FEM
modeling of the coupled electrostatic-structural interaction. The transducer
elements simulate the contact between the top suspended plate of the tor-
sion microactuator with the bottom polysilicon layer as the pull-in occurs.
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Fig. 2. DOE and RSM based multiphysics approach for MEMS devices.

Fig. 3. Schematic of the STS RF MEMS switch (a) 3D isometric view (b) switch profile in on-state and off-state.
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The electromagnetic characteristics of the STS RF MEMS switch are
modeled using ANSYS high frequency structure simulator. A 3D model
of the switch with a silicon substrate of 525 μm thickness is defined and
custom-defined material properties are assigned to all the switch layers.
To have a uniform distribution of the electromagnetic field, an air block
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is defined above the STS switch. The transmission line is modeled as
two-port device and a so-called waveport excitation option is selected.
The excitation ports are modeled such that the electromagnetic exci-
tation is on the cross-section of the transmission line. The continuity of
the electromagnetic field on the actual physical dimensions of the STS
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switch is achieved by applying proper switch boundary conditions. The
range of frequencies for which the STS switch is simulated is 1–40 GHz.
The Ku band (Kurtz-under band) has become the band of choice due its
increasing applications in satellite communication. It ranges from 12 to
18 GHz in the electromagnetic spectrum in the microwave frequency
range. This higher frequency produces a signal with a shorter wave-
length that is more powerful and focused. Due to the focused narrow
beam, less sensitive to rain fade, better performance and the higher
speed, Ku band is widely used frequency band nowadays. The values of
the insertion loss and isolation in the on-state and off-state respectively,
are obtained in the Ku band for the RF simulations carried out in the
next sections.
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4. DOE based significant design factors screening

Fig. 4 shows the flow diagram for the sequence of steps implemented
for DOE and RSM based optimization of the RF-MEMS switch. The output
responses considered in the optimization are pull-in voltage, switching
time, insertion loss in the on-state and isolation in the off-state. The
design factors considered for the optimization are all the geometric
design parameters of the STS switch, which are initially set at two levels.
The design factors which have a significant effect on the four output
responses are identified using the screening DOE design matrix. These
significant factors are further analyzed using the developed RSM models
to obtain the optimized levels of the design factors that fulfill the
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Table 1
Geometric design factors for the sts rf-mems switch and their corresponding two levels.

Code Design Factors (μm) Low Level (�1) High Level (1)

X1 Top Electrode Length (TEL) 150 250
X2 Top Electrode Width (TEW) 75 125
X3 Torsion Spring Width (TSW) 10 15
X4 Torsion Spring length (TSL) 25 50
X5 Connecting Lever Length (CLL) 25 50
X6 Connecting Lever Width (CLW) 10 15
X7 Central Bridge Width (CBW) 75 125
X8 Torsion Spring Thickness (TST) 1.6 2
X9 Top Electrode Thickness (TEBT) 4.2 5.4
X10 Connecting Lever Thickness (CLT) 1.6 2
X11 Air Gap Thickness (AGT) 2.6 3
X12 Dielectric Thickness (DLT) 0.1 0.6
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required optimized performance criterion of the STS RF-MEMS switch.
For the DOE based optimization, initially twelve design factors rep-

resenting the different geometric specifications of the STS RF-MEMS
switch, shown in Fig. 3, are considered. Table 1 presents the design
factors and their respective two levels. The design level selection is car-
ried out considering the RF-MEMS switch designs already presented in
literature and the microfabrication constraints of the RFS micro-
machining process. The thickness of the microstructures and the air gap
is dependent on the deposition and etching steps of the microfabrication
process. The two levels of the design factors involving structural layer
thickness (TST, TEBT, CLT and AGT) are selected considering the fabri-
cation tolerances of the RFS microfabrication process.

The effect of different design factors on a particular output response can
be analyzed using either DOE based full or fractional factorial designs. A
full factorial design requires 2k experimental or simulation runs where n is
Fig. 5. Main effect plots (a) pull-in voltage (b) sw
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the number of the design factors. The selection of full factorial designs for
the significant design factor screening becomes impractical when the
number of design factors increases. The fractional factorial designs (FFDs)
use only a fraction of the full factorial design and require 2k-p runs where p
is the fractional subset of the design to be implemented. The FFDs are
further divided into regular and non-regular designs. The non-regular FFDs
are generally implemented for significant design factor screening due to
the less number of experimental runs required. The Placket-Burman non-
regular FFD is the most efficient design and is widely used for identifying
the significant design factors affecting an output response at the design
factor screening level. Supplementary Table 1 shows the Placket-Burman
design matrix with 20 simulation runs and the corresponding pull-in
voltage, switching time, insertion loss in the on-state and isolation in the
off-state for the STS RF-MEMS switch. The output responses are obtained
using electromechanical and electromagnetic FEM simulations.

4.1. Main effect plots for screening design matrix

A main effect plot is a graph of the mean output response values at
different levels of the design factors. In the DOE, main effect plots are
used to compare the effect of the each design factor on a specific output
response. The mean output response value, for low or high level of the
design factor, is the sum of the output response observations corre-
sponding to a design level divided by the total number of observations.
Fig. 5 shows the main effect plots for the four output responses obtained
using the FEM simulation results of the Placket-Burman screening
design matrix. The x-axis in the graphs is the low and high level of the
design factor and y-axis is the mean value of the output response at a
specific design factor level. A steep line segment in the plots shows a
strong effect of a design factor on the specific output response. The
itching time (c) insertion loss (d) isolation.
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effect of the design factor is considered negligible if the line segment is
flat. Fig. 5 (a) shows that the effect of variation in the dimensions of the
top electrode length (TEL) is maximum on the STS switch pull-in
voltage while the effect of change in the central bridge width (CBW)
is minimum. Fig. 5 (b) shows that the switching time of the STS switch
is strongly dependent on the change in the air gap thickness (AGT), top
electrode length (TEL) and torsion spring length (TSL). The insertion
loss of the STS switch in the on-state is affected mostly by the change in
the central bridge width (CBW) and air gap thickness (AGT), as shown
in Fig. 5 (c). Fig. 5 (d) shows that the isolation in the off-state is mostly
affected by the thickness of the dielectric layer (DLT) on the trans-
mission line.
4.2. Half normal probability plots for significant factors

The half normal probability plots were introduced by Daniel [37] to
graphically identify the significant design factors affecting an output
response. These probability plots are considered to be a popular data
analysis tool for screening factorial designs with the design factors fixed
at two levels. These plots use the ordered estimated effects (difference
between the average output response value at the low and high design
factor level) to differentiate between the significant and non-significant
design factors affecting an output response. Fig. 4 shows the half
normal probability plots for the four output responses of the STS
RF-MEMS switch i.e. pull-in voltage, switching time, insertion loss in the
on-state and isolation in the off-state.

Fig. 6 (a) shows that the design factor top electrode length (TEL), top
electrode width (TEW), air gap thickness (AGT), torsion spring thickness
Fig. 6. Half normal probability plot (a) Pull-in voltage
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(TST), torsion spring length (TSL) and connecting lever thickness (CLT)
are the most significant factors which affect the pull-in voltage of the STS
RF-MEMS switch. These design factors are in agreement to the factors
reported by Ref. [34] in the developed mathematical expression for the
pull-in voltage of the STS RF-MEMS switch. Fig. 6 (b) shows that the AGT,
TEL and TSL are the most significant factors for the switching time of the
STS switch without considering the air damping effect. The insertion loss
of the switch is affected by the AGT and CBW as shown in the Fig. 6 (c).
The significant design factor affecting the isolation of the STS switch in
the off-state is the thickness of the dielectric layer (DLT) as shown in the
Fig. 6 (d).

5. Development of metamodels using the response surface
methodology

An adequate functional relationship between the four output re-
sponses of the STS switch and the significant design factors is developed
using response surface methodology. This empirical relationship be-
tween the design factors and a specific output response can be modeled
using a second degree model;

y ¼ β0 þ
Xk
i¼1

βixi þ
XX

i < j

βijxixj þ
Xk
i¼1

βiix
2
i þ ε ðd ¼ 2Þ; (1)

where y is the output response, ε is the random error, xi is the design
factors, k is the number of design factors, βi, βii and βij are the coefficients
obtained using the least square regression. The xixj term models the in-
fluence of one design factor over the other for an output response. In the
(b) Switching time (c) Insertion loss (d) Isolation.



Table 2
The significant design factors and their three levels for the CCD design matrix.

Code Design Factors in (μm) Low
Level
(-1)

Medium
Level
(0)

High
Level
(1)

X1 Top Electrode Length (TEL) 150 200 250
X2 Top Electrode Width (TEW) 75 100 125
X3 Torsion Spring Thickness (TST) 1.6 1.8 2
X4 Torsion Spring length (TSL) 25 37.5 50
X5 Connecting Lever Thickness

(CLT)
1.6 1.8 2

X6 Central Bridge Width (CBW) 75 100 125
X7 Dielectric Thickness (DLT) 0.1 0.35 0.6
X8 Air Gap Thickness (AGT) 2.6 3 3.4
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implementation of the RSM, the output response y is obtained for a
number n experiments or simulations with a pre-defined settings of the
design factors x1, x2, …, xk. These settings of the design factors are rep-
resented by a n � k response surface design matrix. In this design matrix,
each row defines a design point in a k-dimensional Euclidean space. For
the second degree response surface models, the central composite design
(CCD), 3k factorial design and box-behkin design (BBD)matrices aremost
frequently implemented. A detailed discussion on the proper selection of
a design matrix for the RSM is presented in Ref. [38]. In the present
study, we have implemented the CCD matrix for the multi-response
optimization because of its high quality output response prediction.
The significant design factors are equally spaced at three levels as shown
in Table 2. The pull-in voltage, switching time, insertion loss in the
on-state and isolation in the off-state for the STS switch are obtained,
using electromechanical and electromagnetic FEM simulations, for the
different combinations of the design factors in the CCD design matrix.
Supplementary Table 2 shows the CCD design matrix with 90 FEM sim-
ulations and the corresponding four output responses. For the CCD design
matrix, the Eq. (1) can be transformed to a matrix form;

Y ¼ bX þ E (2)

whereY is the matrix of simulated values of a specific output response, X
is the design matrix with the each row representing the different com-
bination of the significant design factors. The matrix b of the β co-
efficients can be obtained as;

b ¼ ðXTXÞ�1XTY (3)

The response surface based second order equations, obtained for the
four output responses, are given in the supplementary materials.
Fig. 7. (a) 3D surface (b) contour plot for the pull-
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6. Regression and design factors interaction analysis

The adequacy of the developed response surface models for predict-
ing the output response for a given value of the design factors is verified
using the regression analysis. A detailed explanation of the regression
analysis is presented by the authors in Ref. [39]. The regression analysis
is based on the verification of the null-hypothesis and gives useful in-
formation about the significant interaction between the design factors for
a specific output response.

6.1. Interaction analysis of the design factors for pull-in voltage

The regression analysis for the pull-in voltage of the STS switch
showed interaction between the design factors X1X2, X1X3, X2X3, X3X4,
X4X5, X2X8, and X5X8 to be significant with a p-value � 0.05. Among
these significant design factor interactions, the interaction between the
TEL and TEW (X1X2) for the pull-in voltage is most strong with a highest
F-value. Fig. 7 shows the 3D surface and contour plots of the interaction
of the design factors TEL and TEW for the pull-in voltage, with all other
factors set at their nominal values. The interaction plots show that when
the TEL ¼ 150 μm, the effect of change in the TEW dimensions on the
pull-in voltage of the STS switch is more dominant as compared to when
TEL ¼ 250 μm. Moreover, the value of the pull-in voltage is minimum
when the TEL and TEW are set at their highest levels of 250 μm and
150 μm respectively.

6.2. Interaction analysis of the design factors for switching time

The significant design factor interactions for the switching time of the
STS RF-MEMS switch, obtained through the regression analysis, are X8X1,
X8X4, and X4X1. Fig. 8 shows the 3D surface and contour plots for the
most significant design factor interaction between the TEL and AGT
(X8X1). The plots show that the interaction between the TEL and AGT for
the switching time is highly non-linear. The effect of change in the AGT
value on the switching time is minimum when the TEL ¼ 250 μm as
compared to when TEL ¼ 150 μm. Moreover, the switching time of the
STS switch is more sensitive to the variation in the AGT value in com-
parison to the TEL value.

6.3. Interaction analysis of the design factors for insertion loss in the on-
state

The regression analysis results for the insertion loss of the STS RF-
MEMS switch in the on-state showed the interaction between the
design factor AGT (X8) and CBW (X6) is the most significant interaction
in voltage for the interaction of TEL and TEW.



Fig. 8. (a) 3D surface (b) contour plot; for the switching time for the interaction of TEL and AGT.
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with a p-value � 0.05. The effect of change in the AGT value on the
insertion loss is less when the CBW ¼ 75 μm in comparison to when
CBW ¼ 125 μm, as shown in the 3D surface and contour plots in Fig. 9.
Furthermore, the plots show that when all the other design factors are set
at their medium level, the insertion loss is less when the AGT is at its
highest value of 3.4 μm and CBW is at its lowest value of 75 μm.

6.4. Interaction analysis of the design factors for isolation in the off-state

For the isolation in the off-state for the STS RF-MEMS switch, the
regression analysis showed that none of the interactions among the
design factors is significant. Fig. 10 shows the 3D surface and contour
plots for the effect of the design factor central bridge width CBW (X6) and
dielectric thickness DLT (X8) on the isolation. The isolation in the off-
state is very mush sensitive to the change in the DLT value as
compared to the CBW value. Moreover, the plots show that the interac-
tion between the CBW and DLT is also negligible.

7. Simultaneous optimization of output responses

A multi-response optimization using DOE based response surface
methodology generally consists of three main steps; 1) obtaining output
Fig. 9. (a) 3D surface (b) contour plot; for the inse
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responses using suitable design matrix 2) building response surface
models and 3) simultaneous optimization of different output responses.
In the present work, the first two steps have been implemented in the
previous sections for the optimization of STS RF-MEMS switch. The focus
of this section is to obtain the optimal values of design factors to simul-
taneously optimize the all four output responses of the STS RF-
MEMS switch.

7.1. Desirability function approach

There have been multiple approaches presented in literature for the
multi-response optimization including the loss function approach [40],
classical overlay contour plots based graphical approach [41], distance
function approach [42] and desirability function approach [43]. Among
these techniques the desirability function approach is most effective,
frequently used and easy to apply technique for the multi-response
optimization. The desirability function approach transforms the each
output response (yi) to an individual desirability function diðyiÞ; consid-
ering the developed output response surface model and defined optimi-
zation objective function, where 0 � diðyiÞ � 1. If the goal of the
optimization objective function for a particular output response is to
maximize its value then the diðyiÞ is given as;
rtion loss for the interaction of CBW and AGT.



Fig. 10. (a) 3D surface (b) contour plot; for the isolation for the interaction of CBW and DLT.
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>>>>< 0 if yiðxÞ < Li� �r
diðyiðxÞÞ ¼

8

>>>>:
yiðxÞ � Li

Ui � Li

1

if Li � yiðxÞ � Ui

1 if yiðxÞ > Ui

: (4)

If the goal is to minimize the output response value then the diðyiÞ is
given as;

diðyiðxÞÞ ¼

8>>>><
>>>>:

1 if yiðxÞ < Li�
Ui � yiðxÞ
Ui � Li

�r2

if Li � yiðxÞ � Ui

0 if yiðxÞ > Ui

: (5)

However, if the goal is to obtain the output response close to some
target value, then the diðyiÞ is given as;

diðyiðxÞÞ ¼

8>>>>>>>>>>>><
>>>>>>>>>>>>:

0 if yiðxÞ < Li�
yiðxÞ � Li

Ti � Li

�r1

if Li � yiðxÞ � Ti

1 if yiðxÞ ¼ Ti�
yiðxÞ � Ui

Ti � Ui

�r2

if Ti � yiðxÞ � Ui

0 if yiðxÞ > Ui

; (6)

where Li and Ui are the acceptable lower and upper values of the output
response defined in the optimization objective function, r1 and r2 are the
weights defining the importance of the output response to be close to the
desired value and Ti is the target value for an output response. The
aggregate desirability value for an optimization objective function is
obtained by obtaining the geometric mean of the individual desirability
values of the output responses [43];

Dðd1½y1ðxÞ�; d2½y2ðxÞ�;⋯; dn½ynðxÞ�Þ ¼
 Yn

i¼1

di½ynðxÞ�
!1

n

: (7)

7.2. Multi-response optimization

The optimization objective function for the STS RF-MEMS switch
involves minimizing the pull-in voltage, switching time and insertion loss
in the on-state while simultaneously maximizing the isolation in the off-
state. The optimization objective function for the STS RF-MEMS switch is
defined as;
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Minimize pull� in voltage
Minimize switching time

Minimize insertion loss in the on� state
Maximize isolation in the off state
such that :
150 μm � TEL � 250 μm
75 μm � TEW � 125 μm
25 μm � TSL � 50 μm
75 μm � CBW � 125 μm
0:1 μm � DLT � 0:6 μm
AGT ¼ 3 μm
CLT ¼ 1:8 μm
TST ¼ 1:8 μm

(8)

In the defined optimization objective function, the values of the
design factors AGT, CLT and TST are kept at their nominal value
considering the guidelines of the FBK RFS microfabrication process [35].
The optimization of multiple responses is generally achieved using
gradient-based approach such as generalized reduced gradient (GRG)
algorithms [44] or derivative-free approach such as Nelder-Mead simplex
algorithms [45]. The multiresponse optimization using gradient based
methods requires the optimization objective function to have continuous
first derivatives. However, the desirability function approach involves
points where first derivative does not exist. Thus, derivative free
Nelder-Mead based heuristic search algorithm is the best option to obtain
the maximized overall desirability of the defined optimization objective
function. Fig. 11 shows the optimal values of the design factors, obtained
using statistical Design-Expert software, that maximize the overall
desirability of the defined objective function. The maximum value of
overall desirability obtained is 0.876 with a predicted value of 25.2 V for
the pull-in voltage, switching time of 66.2 μs, insertion loss of 0.095 dB in
the switch on-state and isolation of 29.4 dB in the switch off state.

7.3. Verification of the predicted optimized response values

The predicted output response values for the STS RF-MEMS switch,
using desirability function approach, are verified using FEM based elec-
tromagnetic and electromechanical simulations. Fig. 12 shows the opti-
mized switch geometry in the on-state and corresponding insertion loss
obtained in the frequency range of 1–40 GHz. In the Ku band
(12–18 GHz), minimum insertion loss of 0.092 dB is obtained at 12 GHz.
This value is close to the predicted value of 0.095 dB and lies within the
95% prediction confidence interval i.e.0.084 dB � insertion
loss ¼ 0.092 dB � 0.105 dB. The Fig. 12 (b) shows that the insertion loss
increases with the increasing frequency and for the Ku band maximum
insertion loss is 0.108 dB at 18 GHz.



Fig. 11. The optimal values of the design factors and corresponding optimized output responses.

Fig. 12. (a) Optimized STS RF-MEMS switch geometry in the on-state (b) The insertion loss plot of the optimized STS RF-MEMS switch geometry over a frequency range of 1–40 GHz.
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Fig. 13 shows the optimized STS RF-MEMS switch geometry in the
off-state and corresponding isolation for the frequency range 1–40 GHz.
The maximum isolation obtained is 39.24 dB at 11 GHz. However, for Ku
band the maximum value of isolation is 33.32 dB at 12 GHz, which is
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close to the predicted value of 31.4 dB and lies within the 95% prediction
confidence interval i.e. 27.3 dB � isolation ¼ 31.4 dB � 35.4 dB. The
minimum value of the isolation for the Ku band is 13.2 dB, which is
obtained at 18 GHz.



Fig. 13. (a) Optimized STS RF-MEMS switch geometry in the off-state (b) The isolation plot of the optimized STS RF-MEMS switch geometry over a frequency range of 1–40 GHz.
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The pull-in voltage and switching time for the optimized design are
obtained by coupled structural-electric simulations in ANSYS. The initial
spacing between the top suspended plate and bottom fixed electrode is
set at 3 μm, as defined in the optimization objective function. Fig. 14(a)
shows the optimized switch design profile after the pull-in with central
bridge snapped down. The pull-in voltage for the switch is 24 V as shown
in Fig. 14(b). This pull-in voltage value is very close to the predicted
value of 25.2 V by the desirability function approach and lies within the
95% confidence prediction interval, i.e. 20.6 V� pull-in
voltage ¼ 24 V � 29.8 V. The switching time of the final optimized
switch is obtained as 65.5 μs which also lies within the 95% confidence
prediction interval, i.e. 59.6 μs � switching time ¼ 65.5 μs � 72.7 μs.

8. Discussion

The results of the FEM based confirmation simulations show the
actual values of insertion loss, isolation, pull-in voltage and switching
time are very close to the predicted values obtained. This depicts that
the proposed DOE and RSM based optimization methodology can be
implemented at the design level for multi-response optimization of RF-
MEMS switches. However, both the electromechanical and RF-
characteristics of the RF-MEMS switches are strongly affected by the
presence of residual stress, microfabrication process uncertainities and
switch operating conditions [46–50]. Previously, the development of
residual stress in the STS RF-MEMS switch due to the thermal loading-
unloading cycle in the plasma etching step of the microfabrication
Fig. 14. (a) Optimized STS RF-MEMS switch p
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process has been explained through FEM modeling and experimental
verification in Ref. [36]. The presence of residual stress affects the final
planarity of the device and results in increased pull-in voltage. For the
final optimized design, presented in this paper, the heating of the
switch to 200 �C and subsequent cooling to room temperature during
the microfabrication process is modeled using the ANSYS based FEM
simulation. The plasticity properties and stress-strain curve for
modeling the residual stress are kept same as presented in Ref. [36].
Fig. 15 (a) and (b) shows the upwards defelected profile of the switch
and residual stress distribution, respectively, after the thermal
loading-unloading cycle in the FEM simulation. The top electrode of the
STS RF-MEMS switch is tilted upwards to a certain angle while the
deflection in the central bridge is 1.74 μm from the initial position. The
residual stress is mostly present in the torsion springs and connect-
ing levers.

Fig. 16 shows the comparison of pull-in voltages for optimized STS
RF-MEMS switch design with and without considering the thermally
induced residual stress in the FEMmodels. The results show that the pull-
in voltage of the STS switch is increased to 36 V with residual stress as
compared to the 24 V without considering the residual stress. Similarly,
the switching time of the optimized STS RF-MEMS switch design in-
creases to 75.7 μs, when the thermally induced residual stress is included
in the dynamic FEM simulations for the switching time. These results
show that induced residual stress during the microfabrication process
adversely affects both the static and dynamic response of the STS RF-
MEMS switch.
rofile after pull-in (b) Pull-in voltage plot.



Fig. 15. (a) Vertical displacement profile and (b) Equivalent residual stress distribution in the optimized STS RF-MEMS switch after thermal loading-unloading cycle.

Fig. 16. Comparison of the pull-in voltage plots of the optimized STS RF-MEMS switch with and without residual stress.
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As shown in Fig. 15 (a), the central bridge of the final optimized
design is defelected upwards to 1.74 μm due to the thermally induced
residual stress. This results in the AGT to increase to 4.74 μm with re-
sidual stress as compared to the nominal AGT value of 3 μm. The main
effect plots in Fig. 5 (c) and half normal probability plots in Fig. 6 (c)
show that the insertion loss of the STS RF-MEMS switch in on-state is very
much sensitive to the air gap between the central bridge and bottom
dielectric layer. To model the effect of this increased value of AGT, due to
the residual stress, on the switch insertion loss the final deflected profile
of the optimized STS RF-MEMS switch (shown in Fig. 15(a)) is modeled
in ANSYS high frequency structure simulator. Fig. 17 shows the com-
parison of the switch insertion loss in the on-state, with and without
considering thermally developed residual stress during the micro-
fabrication process. The results show that the upward deflection of the
central bridge, due to the induced residual stress, results in a lower value
of insertion loss as compared to when residual stress is not considered in
the simulations. The effect of the residual stress on the switch pull-in
voltage, switching time and insertion loss shows that residual stress
significantly affects both the electromechanical and RF characteristics of
the RF-MEMS switches. The results show an 33% increase in the switch
pull-in voltage, 15% increase in the switching time and 8% decrease in
the switch insertion loss for the on-state. This leads to the need of a
reliability based design optimization of the RF-MEMS switches.
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Previously, the authors have presented the DOE and dual response sur-
face methodology (DRSM) based optimization methodology for the
robust design optimization of the RF-MEMS switches considering ther-
mally developed residual stress and microfabrication process uncertain-
ities [51]. The desirability function based multi-response optimization
methodology, presented in the present paper, can be combined with the
DRSM based optimization technique to include the effect of residual
stress and process uncertainities for the optimization of RF-MEMS
switches at the design level.

9. Conclusion

In this paper, we proposed a new combined DOE and RSM based
design optimization technique for the multiresponse optimization and
design space exploration of multiphysics RF-MEMS switches for the Ku
band applications. Initially, the geometric design factors of the STS RF-
MEMS switch are set at two levels based on already presented switch
designs presented in literature. The significant design factors affecting
the switch pull-in voltage, switching time, insertion loss in on-state state
and isolation in the off-state are obtained using DOE based Placket-
Burman screening design matrix. The effect of significant design factors
on the output responses is further analyzed using RSM based CCD design
matrix. The output response values, for a given combination of



Fig. 17. Comparison of the insertion loss of the optimized STS RF-MEMS switch with and without residual stress.
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significant design factors in the CCD design matrix, are obtained using
coupled electric-structural and electromagnetic FEM simulations. A
regression analysis is performed for the each output response and cor-
responding second order metamodels are obtained. An interaction
analysis of the design factors for a specific output response is carried out
using developed RSM based metalmodel. An optimization objective
function is defined, consideringmicrofabrication process constraints, and
simultaneous optimization of the output responses, related to two sepa-
rate physics domain, is carried out using combined desirability function
and direct search algorithm approach. The predicted values from the
optimization process are further verified using FEM simulations and
corresponding values are shown to lie within the 95% prediction confi-
dence interval. The variation in the four output responses of the opti-
mized STS RF-MEMS switch due to the thermally induced residual stress
is also presented. The results showed a significant change in the output
responses of the switch in the presence of residual stress.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.mejo.2017.11.012.
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