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Editor’s Note: In Part III, the authors describe methods to reduce stiction effects in the
capacitive (metal-insulator-metal) contact MEMS switch for applications in low SNR signal
routing application in modern electronics circuits including 5G communication. Also,
experimental results to validate simulation results presented earlier for DSG structure-based
metamaterial switch are also included in this paper. As described in Part I (May Issue), the
combination of a primary shunt switch, DGS structures and secondary shunt switches, is
shown to behave like a metamaterial. In Part II, the authors have shown new ways to reduce
stiction effects in the Resistive MEMS switch (metal-to-metal contact) using artificially created
metamaterial structure.
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he theory of a repulsive Casimir
force and application in a resistive
contact MEMS switch is discussed
in detail in Part II (June Issue). In this
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Fig. 1 Transmission and reflection characteristics of
composite structure described by 4401 and 4402.
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article, a new method to reduce the stiction
effects in the capacitive (metal-insulatormetal) contact MEMS switch that has applications in low SNR signal routing application
in modern electronics circuits including 5G
communication is described.1-8 In addition,
experimental results to validate simulated
results presented earlier for DSG structurebased metamaterial switch are included.
CASIMIR REPULSIVE FORCE INSPIRED
CAPACITIVE MEMS SWITCH
The metamaterial unit cell described in
reference9 and realized using a composite
engineered structure, provides promising
characteristics in the relevant band of frequencies for the MEMS switch (e.g., between 60 to 130 GHz). Figures 1 to 3 provide results for transmission and reflection
characteristics for a respective unit cell structure. The composite structure, 4401 illustrated in Figure 1, is included in a metal layer
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Fig. 2 Transmission and reflection characteristics of composite structure described
by 4501 and 4502.
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Fig. 3 Transmission and reflection characteristics of composite structure described
by 4601 and 4602.
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Fig. 4 Diagram of capacitive MEMS
switch incorporating metamaterial cells
to provide a repulsive Casimir Force
between contacts of switch: (a) top-down
view, (b) side view and (c) perspective
view.

tioned at opposing input and output sides of the signal line. Each
composite structure is included
in a metal layer (e.g., of the signal
line contact). Further, doubly supported beams, 4602 and 4604, are
positioned above each of the composite structures. As in the example
of Figure 2, the beams are thinner
than the metamaterial structures.
The unit cell is a transmission type
at about 8 GHz (having reflection
characteristics of -60 dB and transmission characteristics of -0.01 dB).
The unit cell is a reflection type at
about 160 GHz. Thus, the structure
of Figure 3 is shown to exhibit metamaterial properties too, hence can
be used for the realization of stiction
free capacitive (metal-insulator-metal) contact MEMS switch.
Another example of a capacitive
MEMS switch is shown in Figure 4.
As illustrated in Figure 4, the switch
includes a structure formed over a
signal line having an input side 4712
and an output side 4714. A metamaterial structure having an outer split
ring 4722 and inner split ring 4724
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Fig. 9 Transmission and reflection characteristics of capacitive MEMS switch shown
in Figure 7 in the OFF State.
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Fig. 10 Electric field distribution of a shunt switch with serpentine signal line and
(a) with and (b) without metamaterial.

(b)
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Fig. 11 Surface charge density of a shunt switch with serpentine signal line and (a)
with and (b) without metamaterial.
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Fig. 12 Electric surface stress tensor of a shunt switch with serpentine signal line
and (a) with and (b) without metamaterial.

zero, zero or negative permittivity,
thereby satisfying ε1<ε2<ε3 condition or vice-versa. The performance
of the capacitive MEMS switch (Figure 7) is shown in Figures 8 and 9
which are plots of the reflection and
transmission characteristics of the
switch across a range of high RF
frequencies. Figure 8 demonstrates
operation of the switch in the ON
state (transmitting signals) and Figure 9 demonstrates operation of the
switch in the OFF state (cutting off
transmission of signals).
In Figure 8, most notably, at 10.3
GHz, return loss is as high as 29.8
dB while insertion loss is as low as
about 0.07 dB. Even at 100.2 GHz,
return loss is as high as 8.9 dB while
insertion loss is only about 1.23 dB.
This demonstrates good operation
of the switch in the ON state across
a wide range of high frequencies,
from 10 to 100 GHz.
In Figure 9, the switch is OFF,
thus changing to being reflective instead of transmissive. At 29.3 GHz,
insertion loss is as high as about
22.2 dB while return loss is as low as
about 0.26 dB. Even at 100.2 GHz,
insertion loss is as high as 14.9 dB
while return loss is only about 0.82
dB. This demonstrates good operation of the switch in its OFF state
across nearly the same wide range
of high frequencies, from about 20
to 100 GHz.
Good insertion loss and return
loss characteristics of the MEMS
switch in the ON and OFF states
are achieved over 30 to 100 GHz.
This makes the presently described
switch a good candidate for high
frequency switching operations
over a wide bandwidth of frequencies. Accordingly, the switches described can improve operation and
performance of applications requiring high frequencies over a wide
bandwidth. Such technologies
may include 5G communications,
switching networks, phase shifters (e.g., in electronically scanned
phase array antennas) and IoT applications.
CASIMIR FORCE STUDY
In Part I (May Issue), it is shown
that a combination of a primary
shunt switch, DGS structures and
secondary shunt switches behave
like a metamaterial. In Part II (June
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fabricated using the PolyMUMPs
process and characterized. As an
example, the metamaterial inspired
MEMS shunt switch shown in Figure
15 (Part I, May Issue) was fabricated
and characterized. The SEM and
optical microscope images of the
fabricated structure are shown in
Figure 14. Both primary and secondary switches were experimentally characterized and Eigen frequency, CV characteristics, profiling
and LDV plotted. It was observed
that the results obtained from the
simulations matched with measured
data.
Figure 15 and 16 show the measured results (all the measurements

were done on bare die). It was observed that by using serpentine
beam, pull in voltage reduced by 9
V. Work on different packages suitable for the present application was
also done separately.11-12 Using
these techniques, measurements
were carried out after packaging
without noticing significant changes
in the switch performance.
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Issue), improvement of resistance
to stiction of the MEMS switch using metamaterial layers within the
design of resistive switch contact is
covered. Here in Part III, the metamaterial layers are used as part of
the signal line contacts to realize
capacitive switch to improve stiction
and hence reliability.
To get more insight into the repulsive Casimir forces generated in
these structures, a detailed study of
a shunt switch with serpentine signal line with and without metamaterial underneath was carried out
using COMSOL software. Figures
10 to 12 show electric field distribution, surface charge distribution and
electric surface stress tensor of a
shunt switch with serpentine signal
line with and without metamaterial
underneath.
From these results, one can estimate Casimir force. The estimated
Casimir force of a shunt switch with
serpentine signal line with and without
metamaterial underneath is shown in
Figure 13 and Table 1 shows key parameters for the serpentine structure
with and without the metamaterial.
As observed, the structure with metamaterial underneath exhibits Casimir
repulsive force.
To verify the accuracy of the
simulations, sample structures were
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Fig. 15 Plots of measured Eigen
frequency and pull-in-voltage of the
primary shunt switches.
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Fig. 13 Estimated Casimir Force
of a shunt switch with serpentine
signal line and (a) with and (b) without
metamaterial.
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Fig. 14 SEM image and Optical
Microscope images of (a) primary and (b)
secondary shunt switches.
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Fig. 16 Plots of measured Eigen
frequency and pull-in-voltage of the
secondary shunt switches.
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SUMMARY
RF-MEMS switches can provide
new solutions for the 5G and IoT
applications in which reconﬁgurable
broadband and frequency-agile devices, like high-order switching components, tunable ﬁlters, multi-state
attenuators and phase shifters will
be necessary to enable mmWave
communications, small cells and advanced beamforming. 13-14
As discussed in Part I and Part II
of this series, reliability, packaging
and integration with standard technologies, were the primary aspects
that restricted the usage of MEMS
devices in commercial markets.15-18
Part III highlighted the research efforts that targeted the reliability
concerns by exploiting Casimir effect in metamaterial inspired MEMS
switch, resulting noteworthy improvement in switch characteristics
for 5G and IoT applications.19
In this three-part article, the metamaterial structures described are
split rings. However, other metamaterial structures can be used,
provided those structures provide
similar permittivity and permeability characteristics within the desired
range of frequencies. For instance, a
topology inspired Möbius transformation MTM (metamaterial) structures (meaning a structure that forms
a continuous closed path that maps
onto itself) can be considered advantageous for generating repulsive
Casimir forces.9 Although this series
of articles described specific new
configurations of MEMS switches,
these are just some embodiments of

designs that are merely illustrative of
the principles and applications of the
present invention.1 It is therefore to
be understood that numerous modifications can be made to these designs that utilize the same principals
demonstrated here.n
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