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RF-MEMS-Based DPDT Switch on Silicon Substrate for
Ku-Band Space-Borne Applications

1. INTRODUCTION

In communication satellites and systems, the switching circuit is 
one of the basic components for signal routing [1]. In the RF (radio-
frequency) domain, solid-state devices such as PIN-Diode, FETs, 
MESFET, and HEMT are widely employed for switching purposes 
for the provision of high speeds [2-4]. However, their operation 
is based upon dc power, and this makes room for the arousal of 
intermodulation-spurious modes and a non-linear operation 
at higher frequency ranges [5]. With the recent advancement 
and development of MEMS technology and the maturing 
of microfabrication techniques, RF-MEMS (radiofrequency 
microelectromechanical-system) based switches are a viable 
alternative to overcome the drawbacks of the solidstate devices [6-8], 
as they offer a more-favorable return loss and a minimal insertion 
loss compared with its counterparts. A major requirement of any 
circuit system is the negligible power consumption that makes the 
MEMS-switching technology an ideal fit. Apart from this, these 

devices also substantially contribute to the overall reduction of the 
cost, size, and weight of the System, whereby a high linearity is also 
maintained over a wide frequency range. Also, the fabrication of 
other communicationsystem components in conjunction with the 
RF-MEMS switches reduces the power loss and the parasitic losses 
compared with the integration involving the solid-state devices. 
Evidently, this also reduces the effort of the designers [9]. The major 
applications of these switches include antenna-switching networks, 
reconfigurable devices, and phase shifters. These switches also act 
as a building block for the switching matrices that are widely found 
in satellite-communication applications [10,11].

This article presents the design and analysis of a novel RFMEMS- 
based double pole double throw (DPDT) switch that is driven by 
an electrostatic actuation mechanism, whereby signal selectivity 
is provided between the two input and output ports. Fabricating 
RF-MEMS devices is a cumbersome process, and this means that 
simulations are the best option for the attainment of approximate 
near-to-actual responses; moreover, for the attainment of these 
results, FEM-based solvers provide comprehensive solutions. 
For this proposed switch, the spring constant, stress, and pull-in 
voltage that are required for actuation are analyzed along with the 
performance of an EM (electromagnetic)-performance analysis in a 
dedicated solver.

The EM performance of the switch structure is analyzed for a 
675 μm±20 μm-thick highly resistive silicon (Si) substrate. At the 
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operational tuning frequency, the designed switch results in an 
insertion loss and a return loss of approximately -0.3 dB and -40 
dB, respectively, along with input-input-port (port 1 to port 3) 
and input-output-port (port 1 to port 4) isolations that are more 
effective than -36 dB.

This designed switch can be efficiently used as an absorptive 
SPDT switch for mobile-vehicle communications in terms of the 
routing of the signal between the primary and secondary receivers, 
the down converter, and the beam-forming APAA (activephased 
array antenna) network [12]. The details of the design methodology 
and the RF performance, along with an analysis of the mechanical 
parameters of the unit-switch beam, are explained in the following 
sections.

2. DESIGN METHODOLOGY

A DPDT-switching unit with a resonating frequency of 14.5 GHz 
is designed, for which highly resistive silicon is used as the substrate 
(εr=11.8, 675 μm thick, ε>8 kΩ-Cm), and the effective permittivity is 
derived as follows:
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(1) 

Considering the near-future fabrication and substrate avail-
ability in the foundry, Si has been chosen as the potential sub-
strate. A well-established and documented set of treatments and 
the corresponding fabrication process allow for the integration 
of the electronics on the same substrate. Moreover, Si wafers are 
extremely flat, and they accept coatings and additional thin-film 
layers for the building of micro structural geometry or the con-
ducting of transmission lines. Also, from the MEMS structural 
perspective, Si is almost an ideal structural material, as it has 
almost the same Young’s modulus as steel (about 2×105 MPa), 
along with a lightness that is almost comparable with aluminum. 
Materials with a high Young’s modulus can maintain a linear 
relationship between the applied load and the induced deforma-
tions, which are highly required for MEMS switches as they are 
constantly under the application of the force, more effectively. 
It is therefore proved that Si is an ideal candidate material for 
MEMS sensors and actuators, and it provides a higher flexibility 
in terms of the design and manufacture of such devices com-
pared with the other substrate materials.

This structure of the MEMS switch is based upon the FG-CPW 
(finite ground-coplanar waveguide) configuration. In this type of 
configuration, the ground plane is electrically narrow compared 
with infinite or semi-infinite ground planes, thereby reducing 
the spurious resonance created by CPW ground planes [13]. Giv-
en the future testing possibilities, and to suppress the radiation 
loss through a prohibition of the excitation of the higher-order 
modes [14], the signal-line width and gap of the CPW is chosen 
as (WCPW = 2G+Ws; G/Gap=46 μm; Ws/Signal line width=80 μm) 
172 μm, whereby the ground plane is nine times wider than the 
signal line. The signal-line width and gap of the CPW is smaller 
than λg/10= 602 μm at the resonant frequency of 14.5 GHz. Any 
width greater than 602 μm (λg/10) will cause the switch to reso-
nate at undesired frequencies which is least desirable for the 
switching unit. A cross-sectional view of the individual-shunt ca-
pacitive-switch unit upon the CPW line is shown in Fig. 1. Before 
the incorporation of this individual switch unit into the DPDT 
switch, it was analyzed electrostatically and electro-mechanical-
ly for its stability; after which the electromagnetic performance 
is obtained from the simulation. The physical parameters of the 
individual RF switch are mentioned in Table 1.

The complete layout of the DPDT switch with the detailed 
dimensions is shown in Fig. 2. In this remainder of this paper, 
port 1 and port3, which are located opposite to each other, are 
labelled as input ports, while port 2 and port 4 are labelled as 
output ports and are positioned perpendicular to the input of 
port 1 and port 3.The switch design is symmetric along both the 
x- and y-axes, allowing for the swapping of the input and output 
ports whereby if the application demands, i.e., the input port, 
can be used as the output port or vice versa.

The signal line of the designed CPW switch has been bifurcat-
ed into equi-phase arms with an equal power division, while the 
proper impedance condition is maintained among them. The 
overall structure looks like a plus sign with a cross-sectional area 
of 5.2 mm2 × 5.2 mm2. The use of the FG-CPW in the design of 
the switch helps in the reduction of the print area, whereby nu-
merous circuit elements can be placed in lieu of the space freed 
by the reduced ground plane. Out of the entire die or plate area 
of 5.2 mm2 × 5.2 mm2, 51.9 % of the area (14.37 mm2) is only used 
as the print area, while the remaining 48.1% of the total plate 
size (13.32 mm2) is free area; the same data have been tabulated 
and shown in Table 1 and Fig. 2, respectively. In aerospace and 
space-borne applications, this freed space can be used to place 
other components for an overall system realization. Also, during 
the complete-system design for which this DPDT switch is used 
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Fig. 1. Configuration of basic switch.

Table 1. Physical and electrical parameters of the switch.

Parameters of shunt capacitive 

switch membrane
Value

Length 391 μm

Width 100 μm
Beam thickness 1 μm
Air gap height 3 μm

Anchor pad for switch beam 100×60 μm
Total die/plate area 5.2×5.2 mm2

Print area 14.37 mm2 (51.9%)
Free-space area 13.32 mm2 (48.1%)

Fig. 2. Layout of the DPDT switch.

(1)

Considering the near-future fabrication and substrate 
availability in the foundry, Si has been chosen as the potential 
substrate. A well-established and documented set of treatments 
and the corresponding fabrication process allow for the 
integration of the electronics on the same substrate. Moreover, Si 
wafers are extremely flat, and they accept coatings and additional 
thin-film layers for the building of micro structural geometry 
or the conducting of transmission lines. Also, from the MEMS 
structural perspective, Si is almost an ideal structural material, 
as it has almost the same Young’s modulus as steel (about 2×105 
MPa), along with a lightness that is almost comparable with 
aluminum. Materials with a high Young’s modulus can maintain 
a linear relationship between the applied load and the induced 
deformations, which are highly required for MEMS switches 
as they are constantly under the application of the force, more 
effectively. It is therefore proved that Si is an ideal candidate 
material for MEMS sensors and actuators, and it provides a higher 
flexibility in terms of the design and manufacture of such devices 
compared with the other substrate materials.

This structure of the MEMS switch is based upon the FG-CPW 
(finite ground-coplanar waveguide) configuration. In this type of 
configuration, the ground plane is electrically narrow compared 
with infinite or semi-infinite ground planes, thereby reducing the 
spurious resonance created by CPW ground planes [13]. Given 
the future testing possibilities, and to suppress the radiation loss 
through a prohibition of the excitation of the higher-order modes 
[14], the signal-line width and gap of the CPW is chosen as (WCPW 
= 2G+Ws; G/Gap=46 μm; Ws/Signal line width=80 μm) 172 μm, 
whereby the ground plane is nine times wider than the signal line. 
The signal-line width and gap of the CPW is smaller than λg/10= 
602 μm at the resonant frequency of 14.5 GHz. Any width greater 
than 602 μm (λg/10) will cause the switch to resonate at undesired 
frequencies which is least desirable for the switching unit. A cross-
sectional view of the individual-shunt capacitive-switch unit 
upon the CPW line is shown in Fig. 1. Before the incorporation of 
this individual switch unit into the DPDT switch, it was analyzed 
electrostatically and electro-mechanically for its stability; after 
which the electromagnetic performance is obtained from the 
simulation. The physical parameters of the individual RF switch are 
mentioned in Table 1.

The complete layout of the DPDT switch with the detailed 

dimensions is shown in Fig. 2. In this remainder of this paper, port 1 
and port 3, which are located opposite to each other, are labelled as 
input ports, while port 2 and port 4 are labelled as output ports and 
are positioned perpendicular to the input of port 1 and port 3.The 
switch design is symmetric along both the x- and y-axes, allowing 
for the swapping of the input and output ports whereby if the 
application demands, i.e., the input port, can be used as the output 
port or vice versa.

The signal line of the designed CPW switch has been bifurcated 
into equi-phase arms with an equal power division, while the 
proper impedance condition is maintained among them. The 
overall structure looks like a plus sign with a cross-sectional area 
of 5.2 mm2 × 5.2 mm2. The use of the FG-CPW in the design of the 
switch helps in the reduction of the print area, whereby numerous 
circuit elements can be placed in lieu of the space freed by the 
reduced ground plane. Out of the entire die or plate area of 5.2 mm2 
× 5.2 mm2, 51.9 % of the area (14.37 mm2) is only used as the print 
area, while the remaining 48.1% of the total plate size (13.32 mm2) is 
free area; the same data have been tabulated and shown in Table 1 
and Fig. 2, respectively. In aerospace and space-borne applications, 
this freed space can be used to place other components for an 
overall system realization. Also, during the complete-system design 
for which this DPDT switch is used as one component, various 
other system components like filters and phase shifters can be 
placed in this marked free space. Also, various other involved CMOS 
circuits can be placed, and this is another reason for why Si is used 
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can be used as the output port or vice versa.

The signal line of the designed CPW switch has been bifurcat-
ed into equi-phase arms with an equal power division, while the 
proper impedance condition is maintained among them. The 
overall structure looks like a plus sign with a cross-sectional area 
of 5.2 mm2 × 5.2 mm2. The use of the FG-CPW in the design of 
the switch helps in the reduction of the print area, whereby nu-
merous circuit elements can be placed in lieu of the space freed 
by the reduced ground plane. Out of the entire die or plate area 
of 5.2 mm2 × 5.2 mm2, 51.9 % of the area (14.37 mm2) is only used 
as the print area, while the remaining 48.1% of the total plate 
size (13.32 mm2) is free area; the same data have been tabulated 
and shown in Table 1 and Fig. 2, respectively. In aerospace and 
space-borne applications, this freed space can be used to place 
other components for an overall system realization. Also, during 
the complete-system design for which this DPDT switch is used 
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Fig. 1. Configuration of basic switch.

Table 1. Physical and electrical parameters of the switch.

Parameters of shunt capacitive 

switch membrane
Value

Length 391 μm

Width 100 μm
Beam thickness 1 μm
Air gap height 3 μm

Anchor pad for switch beam 100×60 μm
Total die/plate area 5.2×5.2 mm2

Print area 14.37 mm2 (51.9%)
Free-space area 13.32 mm2 (48.1%)

Fig. 2. Layout of the DPDT switch.
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as the substrate for this switching unit. The only limitation of this 
free space is that the design rules must be maintained for the proper 
spacing/separation condition, which is not a difficult task.

Also at the centre, a power-division network, which helps in the 
curbing of the extra losses that are associated with the switching 
network at the higher frequencies, has been employed. Another 
critical aspect of the design is the placement and size of the air 
bridge. This 50 μm wide, rectangular-shaped air bridge facilitates 
the maintenance of an equalized electric potential among all of 
the ground planes and suppresses the unwanted odd modes of the 
CPW.

3. RESULTS AND DISCUSSION

For the toggling of the switch to ‘on’ or ‘off’, electrostatic actuation 
is used. The actuation mechanism of the MEMS-switch membrane 
for the switching is controlled by the application of the bias voltage 
or the pull-in voltage. With the increase of this pull-down bias 
voltage, the movable MEMS membrane is pulled downward due to 
the electrostatic force of the attraction, thereby shunting the switch 
to ground. This applied pull-in voltage for the switch actuation is 
governed by the following equation:
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Where Vp= pull-in voltage, k=spring constant, A= actua-
tion area, εo= permittivity of free space, and go= zero-bias air 
gap. 

To facilitate this switch-biasing mechanism with the sym-
metrical snap-down profile of the switch membrane, two quanti-
ties of square-shaped pads (side=75 μm) have been placed just 
beneath each switch membrane for the switch-beam actuation, 
as shown in Fig. 2. This MEMS switch acts as a bi-state capaci-
tor, which also produces a loading effect for the T-line structure, 
thereby altering the characteristic impedance (Zo) of the unit. To 
abate this effect, the inductance of the signal line is enhanced by 
T-matching with the tapering of the line width [15]. As discussed 
previously, the fabrication of RF-MEMS devices comprises 
a cumbersome process, and pre-fabrication simulations are 
therefore the best way to obtain an approximate near-to-actual 
response. To obtain these results and the response, FEM-based 
solvers are used to provide comprehensive solutions. For the 
proposed switch, the spring constant, stress and pull-in voltage 
that are required for the actuation are analyzed along with the 
performance of an EM (electromagnetic) analysis regarding its 
RF performance.

For the unit-switch membrane, the analysis of the spring con-
stant, stress distribution, and pull-in voltage is performed using 
the finite element modeller COMSOL multi physics. The RF per-
formance is computed using an HFSS electromagnetic solver.

3.1 Spring constant

The deflection of the switch membrane per unit under the ap-
plied force is called the “spring constant”. For the simple beam-
structure, analytical calculations are possible, but simulations 
provide a more-comprehensive insight of the analysis. For the 
analysis of the spring constant of the switch beam, a sweep of 
force is applied on the beam over the area of the pull-in elec-

trode, where it will exert its electrostatic actuation force on the 
beam. This area is marked in Fig. 2. Since the gap between the 
membrane and the bottom signal line of the CPW is 3 μm, the 
force is applied until the prescribed 3 μm switch displacement 
is achieved. Figure 3 shows the spring constant of the shunt 
capacitive-switch beam for a displacement from 0 μm to 3 μm 
under the application of the sweep of force over the electrode 
area. From the graph, the spring constant of the beam is 3.75 N/
m, and the prescribed 3 μm deflection is achieved using the ap-
plication of 11.27 μN of force.

3.2 Stress analysis

The stress generated in the membrane upon its bending is 
a very important parameter to check. Stress that is beyond the 
limit at undesired places can pose a major reason for a structural 
failure if the stress is not checked. Since the maximum beam dis-
placement of 3 μm is achieved with the application of 11.27 μn 
of force, the von misses stress is analyzed under the application 
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Fig. 3. Spring-constant analysis of the switch beam.

Fig. 4. Stress distribution of shunt-switch membrane for 3 μm dis-
placement.

Fig. 5. Maximum von misses stress vs. vertical deflection of the beam.

(2)

Where Vp= pull-in voltage, k=spring constant, A= actuation area, 
εεo= permittivity of free space, and go= zero-bias air gap.
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For the unit-switch membrane, the analysis of the spring 
constant, stress distribution, and pull-in voltage is performed 
using the finite element modeller COMSOL multi physics. The RF 
performance is computed using an HFSS electromagnetic solver.

3.1 Spring constant

The deflection of the switch membrane per unit under the 
applied force is called the “spring constant”. For the simple 
beamstructure, analytical calculations are possible, but simulations 
provide a more-comprehensive insight of the analysis. For the 
analysis of the spring constant of the switch beam, a sweep of force 
is applied on the beam over the area of the pull-in electrode, where 
it will exert its electrostatic actuation force on the beam. This area 
is marked in Fig. 2. Since the gap between the membrane and the 
bottom signal line of the CPW is 3 μm, the force is applied until the 
prescribed 3 μm switch displacement is achieved. Figure 3 shows 
the spring constant of the shunt capacitive-switch beam for a 
displacement from 0 μm to 3 μm under the application of the sweep 
of force over the electrode area. From the graph, the spring constant 

of the beam is 3.75 N/m, and the prescribed 3 μm deflection is 
achieved using the application of 11.27 μN of force.

3.2 Stress analysis

The stress generated in the membrane upon its bending is a very 
important parameter to check. Stress that is beyond the limit at 
undesired places can pose a major reason for a structural failure if 
the stress is not checked. Since the maximum beam displacement 
of 3 μm is achieved with the application of 11.27 μn of force, the 
von misses stress is analyzed under the application of 11.27 μN of 
force for the 3 μm vertical displacement to check the maximum 
stress level in the beam. The maximum stress level generated at 
this point in the entire beam is 17.9 MPa. Since gold can withstand 
a maximum stress level of 100 MPa, whereby the structure fails 
beyond this limit, the stress induced in the beam is therefore well 
within the safe limits. Figure 4 shows the effective stress-prone 
areas of the beam. The plot of the maximum von misses stress that 
is induced in the beam for a displacement from 0 μm to 3 μm is 
shown in Fig. 5.
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Fig. 3. Spring-constant analysis of the switch beam.

Fig. 4. Stress distribution of shunt-switch membrane for 3 μm dis-
placement.

Fig. 5. Maximum von misses stress vs. vertical deflection of the beam.
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Fig. 3. Spring-constant analysis of the switch beam.

Fig. 4. Stress distribution of shunt-switch membrane for 3 μm dis-
placement.

Fig. 5. Maximum von misses stress vs. vertical deflection of the beam.
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Fig. 3. Spring-constant analysis of the switch beam.

Fig. 4. Stress distribution of shunt-switch membrane for 3 μm dis-
placement.

Fig. 5. Maximum von misses stress vs. vertical deflection of the beam.
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3.3 Pull-in voltage

The pull-in or actuation voltage is the amount of voltage applied 
at the bias pad that is essentially required to snap down the switch 
membrane to change the state of the switch. Utilizing the spring 
constant determined above, the area of the electrode, and an air 
gap of 3 μm, this pull-in voltage can be easily calculated by using 
equation (2); furthermore, this voltage has also been simulated in 
the FEM environment. This calculation is done by providing the 
potential to the bias pads that pull the switch beam downward due 
to the electrostatic force, thereby providing a voltage for the 3 μm 
beam displacement. Figure 6 shows the curves of the calculated and 
the simulated pull-in voltages.

A slight difference between the calculated and simulated pullin 
voltages is evident. This small disparity or error is because, when 
the voltage is calculated using equation (2), the spring constant 
that is analyzed by a direct application of a force sweep over the 
beam for its required displacement is utilized. When the simulation 
is done, however, an air gap is present between the point of the 
application of the bias voltage and the point where the downward 
force is exerted on the beam. Herein, factors like beam stiffness and 
other mechanical restoring forces are taken into account, thereby 
increasing the voltage requirement compared with the calculated 
voltage.

For the 3 μm gap height, the simulated and calculated pull-
in voltages are 28.5 volts and 26.6 volts, respectively. Figure 6 also 
shows the required pull-in voltage for certain gap heights regarding 
the membrane.

3.4 RF performance

The RF performance of the designed switch was analyzed 
using an FEM-based electromagnetic solver called “HFSS”. EM 
simulations of the switch were performed using highly resistive 
Si as the substrate (h=675±20 μm, ρ>8 kΩ-cm, tan δ=0.01) at the 
Ku band for 12 GHz-to-16 GHz frequency range. Thin substrates 
with a high dielectric constant like Si are attractive for microwave 
circuits owing to the reason that they require a tightly bound field 
to minimize the radiation and coupling, which eventually leads to a 
smaller element size, making it a potential choice for the proposed 
switching unit. When the signal is routed from I/P port 1 to O/P 
port 2, the switch path exhibits a return loss that is better than -10 
dB; also, the insertion loss is well balanced and below -0.8 dB for the 
frequency range of 13 GHz to 16 GHz. This is shown in Fig. 7 and 
Fig. 8, respectively. Exactly identical characteristics are observed 
when the signal is routed from I/P port 1 to O/P port 4 and I/P port 
3 to O/P port 2 or 4 due to the structural symmetry. 

Figure 9 shows the isolation of the switch. The isolation between 
the excited input-port 1 and the non-excited input-port 3 (S13) is 

better than -35 dB for the entire frequency range. Since the signal is 
routed to only O/P port 2, an identical isolation is observed between 
the excited input-port1 and O/P port 4 (S14).

4. CONCLUSIONS

In this work, an RF-MEMS-based DPDT switching network for 
Ku-band applications has been demonstrated. The RF performance 
and the EM analysis of the switch have been performed and 
evaluated using an FEM-based electromagnetic solver. Considering 
the future application of the switch for the overall system 
realization, the FG concept has been evoked in the design of the 
switch to utilize the freed space for the placement of other system 
components. To achieve a more-effective switch performance in 
terms of the return loss, insertion loss, and isolation, a prior analysis 
of the design-optimization techniques was conducted to make the 
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of 11.27 μN of force for the 3 μm vertical displacement to check 
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generated at this point in the entire beam is 17.9 MPa. Since gold 
can withstand a maximum stress level of 100 MPa, whereby the 
structure fails beyond this limit, the stress induced in the beam 
is therefore well within the safe limits. Figure 4 shows the effec-
tive stress-prone areas of the beam. The plot of the maximum 
von misses stress that is induced in the beam for a displacement 
from 0 μm to 3 μm is shown in Fig. 5.
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The pull-in or actuation voltage is the amount of voltage ap-
plied at the bias pad that is essentially required to snap down 
the switch membrane to change the state of the switch. Utiliz-
ing the spring constant determined above, the area of the elec-
trode, and an air gap of 3 μm, this pull-in voltage can be easily 
calculated by using equation (2); furthermore, this voltage has 
also been simulated in the FEM environment. This calculation 
is done by providing the potential to the bias pads that pull the 
switch beam downward due to the electrostatic force, thereby 
providing a voltage for the 3 μm beam displacement. Figure 6 
shows the curves of the calculated and the simulated pull-in 
voltages.

A slight difference between the calculated and simulated pull-
in voltages is evident. This small disparity or error is because, 
when the voltage is calculated using equation (2), the spring 
constant that is analyzed by a direct application of a force sweep 
over the beam for its required displacement is utilized. When the 
simulation is done, however, an air gap is present between the 
point of the application of the bias voltage and the point where 
the downward force is exerted on the beam. Herein, factors like 
beam stiffness and other mechanical restoring forces are taken 
into account, thereby increasing the voltage requirement com-
pared with the calculated voltage.

For the 3 μm gap height, the simulated and calculated pull-in 
voltages are 28.5 volts and 26.6 volts, respectively. Figure 6 also 
shows the required pull-in voltage for certain gap heights regard-
ing the membrane.

3.4 RF performance

The RF performance of the designed switch was analyzed 
using an FEM-based electromagnetic solver called “HFSS”. EM 
simulations of the switch were performed using highly resistive 
Si as the substrate (h=675±20 μm, ρ>8 kΩ-cm, tan δ=0.01) at the 
Ku band for 12 GHz-to-16 GHz frequency range. Thin substrates 

with a high dielectric constant like Si are attractive for microwave 
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device more suitable for antenna-feed applications. The structure is 
designed according to the standard CMOS-foundry process and can 
be easily parted for the purpose of fabrication. The authors strongly 
believe that with constant maturing this kind of technology can 
bring massive systemic benefits in space-borne applications that 
are operated in the Ku band, and this is partly due to the supporting 
evidence that shows a superior performance compared to the 
existing solidstate counterparts.
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