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Abstract—This paper reports on novel electrostatically actuated
dc-to-RF metal-contact microelectromechanical systems (MEMS)
switches, featuring a minimum transmission line discontinuity
since the whole switch mechanism is completely embedded in-
side the signal line of a low-loss 3-D micromachined coplanar
waveguide. Furthermore, the switches are based on a multistable
interlocking mechanism resulting in static zero-power consump-
tion, i.e., both the onstate and the offstate are maintained with-
out applying external actuation energy. Additionally, the switches
provide with active opening capability, potentially improving the
switch reliability, and enabling the usage of soft low-resistivity
contact materials. Both two-port single-pole-single-throw (SPST)
switches featuring mechanical bistability and three-port single-
pole-double-throw (SPDT) T-junction switches with four mechan-
ically stable states are presented. The switches, together with
the transmission lines, are fabricated in a single photolithogra-
phy process. The loss created by the discontinuity of the switch
mechanism alone is 0.08 dB at 20 GHz. Including a 500 ;«m long
transmission line with less than 0.4 dB/mm loss up to 20 GHz, the
total insertion loss of the two-port devices is 0.15 and 0.3 dB at
2 and 20 GHz, and the isolation is 45 and 25 dB at 2 and 20 GHz.
The three-port switches, including their T-junction transmission
line, have an insertion loss of 0.31 and 0.68 dB, and an isolation
of 43 and 22 dB, at 1 and 10 GHz, respectively. Actuation voltages
are 23-39 V for the two-port switches and 39-89 V for the three-
port switches. The microwave propagation in the micromachined
transmission line and the influence of the different switch designs
were analyzed by finite-element method (FEM) simulations of
electromagnetic energy and volume current distributions, proving
the design advantages of the proposed concept.

Index Terms—Electrostatic actuator, RF microelectromechani-
cal systems (MEMS), switch.

I. INTRODUCTION

ICROELECTROMECHANICAL systems (MEMS)
metal-contact switches are microrelays fabricated by
semiconductor manufacturing techniques. Due to their sub-
millimeter size, achieved by wafer-scale integration using stan-
dard high-volume semiconductor manufacturing technology,
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and due to their ohmic switching behavior, they offer superior
signal handling performance as compared to solid-state
relays or miniaturized electromagnetic relays: low insertion
loss, high isolation, excellent signal linearity, and a very
large bandwidth with these good signal properties. MEMS
metal-contact switches, in contrast to capacitive switches, can
handle signals from dc up to many tens of GHz [1]-[3].

Electrostatic actuation is the preferred operation principle
for MEMS switches because of its large actuation forces,
sufficient displacement for RF signal switching, very low power
consumption (including the driving circuitry), good reliability,
and suitability for high-volume wafer-scale manufacturing us-
ing standard semiconductor processes and materials [4]. Most
switch designs are based on elements moving perpendicular
to the wafer surface, requiring complicated multilayer surface
micromachining techniques [5]-[7]. Laterally in-wafer-plane
moving actuators, on the other hand, allow for uncomplicated
bulk micromachining fabrication techniques with a drastically
reduced number of process steps, and have already been em-
ployed for inline microswitches [8], [9]. However, laterally-
moving designs previously reported in the literature, includ-
ing previous work by the authors [10], are not suitable for
switching RF signals since the rigid electrode of the actuator,
typically even connected to the ground, must be placed in close
vicinity to the moving electrode carrying the RF signal, which
creates a large capacitive load resulting in a low characteristic
impedance and thus imposing a heavy discontinuity to the trans-
mission line.

The lifetime of MEMS metal-contact switches is typically
limited by contact stiction. MEMS switch designs are very
vulnerable to this failure mode because they usually rely on
a passive mechanical spring for opening the switch contacts.
Push-pull mechanisms, on the other hand, are based on active
electrostatic actuation both for closing and for opening the
switch [11], [12], which has the drawback of a more com-
plicated fabrication and operation. In a previous work, the
authors have shown switch designs employing a passive closing
force, still sufficient to create a low-resistance contact with soft-
metal contact materials, and a strong active opening force, for
overcoming stiction [10], [13].

Most switches are mechanically monostable, i.e., they
maintain only one position, typically the offstate, without
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applying external energy. For the other state, even an
electrostatically actuated switch has a nonnegligible power
consumption because of its driving circuit. Mechanically mul-
tistable switches, however, have multiple mechanically stable
states. For such switch mechanisms, external energy is only
needed for the transition between the mechanically stable
states and they are therefore classified as static zero-power
switches [14].

Micromachining techniques have also been employed to
fabricate very low-loss transmission lines by reducing di-
electric losses in materials exposed to the electromagnetic
field of the line. Examples include etching away parts of the
lossy substrate close to the line [15]-[17]; creating hollow
waveguides by bonding substrates with etched grooves [18],
[19]; suspending elements of the transmission line above the
lossy substrate by etching away sacrificial layers below them
[20]-[23]; and using 3-D polymer or metal-printing techniques
to achieve air-filled transmission lines [24]-[26] or coaxial
waveguides filled with low-loss polymers [27]. Reduction of
ohmic losses by increasing the metal thickness of copla-
nar waveguides has been shown using synchrotron radiation
lithography [28].

This paper reports an electrostatically actuated laterally
moving metal-contact RF MEMS switch which, in a unique
way, combines the following: 1) low-intrusive RF design by
embedding the complete switch mechanism inside the signal
line of a coplanar waveguide; 2) integration into a low-loss
3-D micromachined coplanar waveguide; 3) a robust sta-
tic zero-power consumption mechanically multistable actuator
with active opening capability; and 4) uncomplicated fabrica-
tion by a single photolithography step.

A bistable mechanism has been implemented for a single-
pole-single-throw (SPST) two-port switch. Furthermore, a
single-pole-double-throw (SPDT) three-port embodiment has
been implemented using a single quad-stable mechanism em-
bedded inside a T-junction of a transmission line, in contrast
to all previously presented RF MEMS SPDT switch designs,
where either two separate SPST switches are used [29]-[31]
or a single mechanism is used with two separate switch con-
tacts [32], all typically positioned at A/4 distance from the
junction.

In comparison to an early paper published by the authors
on laterally moving interlocking cantilever switches [10], [14],
which were fundamentally unsuitable for switching RF signals,
this paper presents a concept which uniquely separates the func-
tion of the small gap between the actuator electrodes from the
function of the large signal-to-ground gap of the transmission
line, enabling it for switching microwave signals. The basic
concept of a transmission-line embedded SPST switch mecha-
nism was introduced by the authors at a conference presentation
[33], and the SPDT embodiment was shown at a follow-up
meeting [34]. The present paper presents a more complete
study on these types of multistable switch mechanisms, en-
hancing the previously presented conference papers by more
device embodiments, an analysis of the wave propagation in
the micromachined transmission lines, T-junctions and switch
mechanisms, and more characterization data on the MEMS
actuation mechanism.
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illustration of the presented static zero-power-

Conceptual
consumption metal-contact RF MEMS switch integrated in a 3-D micro-
machined coplanar waveguide.

II. SWITCH CONCEPT AND DESIGN FEATURES

The electrostatically actuated metal-contact RF MEMS
switch concept reported in this paper is illustrated in Fig. 1,
giving an overview of the main features. The concept combines
the following special features in a very unique way:

1) Mechanical multistability: The present switch designs are
fully mechanically stable in both the onstate and in the
offstate, i.e., the states are maintained without applying
any external actuation energy. Thus, the switch is truly
static zero-power-consuming, with external voltage only
needed for the transition between its states. The mechan-
ical stability of every state is achieved by a mechanism
with two perpendicularly arranged cantilevers with inter-
locking hooks. The actuation sequence for interlocking
and for unlocking the cantilevers in the transition between
the on and the offstate is shown in Fig. 2 for a two-
port bistable device. The three-port devices have four
mechanically stable states.

2) Active opening capability: In the presented concept, the
transition from the onstate to the offstate is done by
actively separating the contacts by electrostatic actuation,
in contrast to most MEMS switches which are passively
opened by a very limited restoring spring force, mak-
ing them susceptible to the major MEMS switch failure
of permanent contact stiction. Especially soft materials,
favored in designing MEMS switches because of their
low resistance, develop large adhesion forces between
the metal contacts. For the present switch concept, the
contact force is created passively by the deflected inter-
locked hooks, and the opening force is created actively by
applying the actuation voltage for disconnecting the can-
tilevers. This results in a large opening force controllable
by the external actuation voltage, potentially improving
the switch reliability as compared to conventional MEMS
switch concepts, which was investigated previously by
the authors for interlocking-hook mechanisms, showing
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Fig. 2. Actuation sequence for closing and opening the presented mechanically bistable coplanar-waveguide integrated switch by interlocking and unlocking
cantilevers with hooks. Since the on and offstates are mechanically stable, the two control potentials are only applied during the transition between the states.

that active opening forces potentially up to 2 mN could
be achieved for this type of switch design [10].

3) Very low intrusive RF design: The switch actuation mech-
anism is completely placed inside the signal line of the
coplanar waveguide transmission line. This is possible
since the currents in a coplanar waveguide are mainly
confined to the edges of the conductors, thus leaving the
inside of the signal line field-free. Two switch mecha-
nisms are placed symmetrically on each side of the signal
line to maintain a balanced wave propagation mode in
the two signal-to-ground gaps. The line continuity on
the sidewalls of the signal line is ensured by the switch
cantilevers being placed on the outside of the switch
mechanism.

4) Single photolithography step fabrication of the switches
together with the 3-D transmission lines using bulk mi-
cromachining deep reactive ion etching, comprising very
simple fabrication by a minimum number of standard
fabrication steps. For a more complete switch design,
biasing lines as used in conventional capacitive switches,
e.g., as well as packaging and back-end processing, will
require additional process steps.

5) Monocrystalline silicon used as structural material for
all moving parts, providing best possible mechanical
reliability, substantially better than deposited amorphous
SiN or SiOs or electroplated metal structures as used in
conventional switch designs.

6) Temperature compensation: The symmetrical Au-Si-Au
metallization of the silicon cantilevers, as shown in Fig. 6,
eliminates susceptibility to changes in the operation tem-
perature.

7) All-metal switch actuators with stoppers for avoiding
short-circuit between the switch elements, providing ro-
bust actuation and stable actuation voltages. This is in
contrast to conventional electrostatic MEMS switches,
where charges are trapped in the dielectric layers used for
isolation, due to the high field strength in the electrostatic
actuators, leading to unstable and nonreproducible actua-
tion voltages or even rendering the switches inoperable.

8) 3-D micromachined coplanar waveguide providing low
dielectric substrate losses and low ohmic losses. (See next
section.)

As compared to these advantages, the following peculiarities
of this novel concept must be considered:

1) Actuation time: The current design requires a more com-
plex actuation control sequence than conventional elec-
trostatic switches, due to the closing and opening of the

interlocking switch elements in separate phases. Thus it
requires more complex driving circuitry and the actuation
time is 4-5 times longer, but still, by far, faster than
electrothermal actuator-based designs.

2) Mechanical design: The interlocking mechanism requires
a more elaborate design phase as compared to conven-
tional single-cantilever switches.

3) Fabrication: The concept requires silicon-on-insulator
(SOI) wafers which are still more expensive than standard
wafers, though these costs are compensated for by the
much simpler fabrication procedure than for conventional
surface-micromachined switches.

4) Contact force: Even though the active opening force
concept is capable of creating large opening forces [10]
making this concept very suitable for soft-contact materi-
als, the contact force is created passively which makes it
less suitable for hard-contact materials [35].

III. DESIGN OF 3-D MICROMACHINED VERTICALLY
EXTENDED COPLANAR WAVEGUIDES

Conventional 2-D coplanar waveguides consist of thin-film
conductive metal lines directly deposited on the substrate. Thus,
the substrate is penetrated by a major part of the electric field
lines, as shown in Fig. 3(a), which causes dielectric losses.
Micromachining allows to fabricate 3-D transmission lines, i.e.,
extending the planar metal lines into the third dimension, where
the major part of the field lines is confined outside the substrate,
as shown in Fig. 3(b), reducing substrate losses. Also, the ohmic
losses are reduced since the current has a much larger volume
available in the sidewalls, due to the skin-effect limiting the
current mainly in the lateral dimension.

The 3-D micromachined coplanar waveguides utilized for the
switches in this paper are created by depositing a conductive
metal layer on the sidewalls of deep trenches in the silicon
device layer of a SOI wafer [Fig. 3(b)]. The thickness of the
device layer determines the height of the transmission line, and
the thickness of the buried-oxide (BOX) insulation layer limits
the capacitive coupling between the lower end of the metal
conductors and the handle wafer substrate. A conventional 2-D
coplanar waveguide would correspond, in this parametrization,
to having zero-thickness device and BOX layers, i.e., with the
metal lines directly on the SOI handle substrate [Fig. 3(a)]. With
this in mind, full-field electromagnetic simulations of the trans-
mission line geometry with different layer thicknesses were run
to compare the properties of the 3-D coplanar waveguide to the
2-D transmission line.
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Fig. 3. A comparison between the cross-sections of conventional 2-D copla-
nar waveguides and the 3-D micromachined coplanar waveguide of this paper.
(a) A conventional coplanar transmission line, consisting of thin conductive
metal lines on the substrate. Most of the electric field lines penetrate the
substrate causing losses. (b) The 3-D micromachined coplanar waveguide used
in this paper. Most of the electric field is confined to the air between the lines
dramatically reducing propagation losses in the substrate.
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Fig. 4. Simulation ratio between the electric energy ( f eE?) contained
outside the substrate to the energy in the lossy substrate of the transmission
line cross-section, extracted from a full-field HFSS simulation at 10 GHz.

The dielectric substrate losses in the transmission line are
related to the concentration of the electric field energy in the
substrate. Thus, the simulated total electric field energy in the
substrate, as compared to the total energy outside the substrate,
is a measure for the efficiency of the transmission line. In
Fig. 4, the simulated ratio of electric field energy ([ cE?)
in air to bulk is given as a function of the SOI device layer
thickness for three different configurations, namely, no BOX
layer, 3 yum BOX layer and 5 um BOX layer, for a metal layer
thickness of 1 pm on top and on the sidewalls. The data points
representing a conventional 2-D coplanar waveguide and the
3-D micromachined coplanar waveguide employed in this paper
are highlighted. The 3-D transmission line has four times higher
ratio as compared to the 2-D conventional line. Increasing the
device layer thickness further increases the ratio. The BOX
layer drastically reduces the substrate coupling, as compared
to the configuration without the BOX layer, but increasing the
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transmission line configurations extracted from a full-field HFSS simulation.
The characteristic impedance Z is given for 10 GHz.

BOX layer thickness from 3 pm to 5 m only shows a marginal
improvement.

The ohmic losses of the transmission line are proportional
to its frequency dependent line resistance. In Fig. 5, the simu-
lated frequency-dependent line resistance is shown for the 3-D
micromachined coplanar waveguide in configurations of 10- to
100-pm-thick device layers, compared to the conventional 2-D
coplanar waveguide in the two configurations with and without
BOX layer. The line resistance is extracted from the integrated
volume loss density P as R = 2P/I?, where [ is the integrated
volume current through a cross-section of the metal line [36],
both obtained by FEM simulations with Ansoft HFSS. The
metal-covered sidewalls of the 3-D micromachined transmis-
sion line clearly give a lower resistance than the conventional
2-D coplanar waveguides, and the resistance decreases when
the device layer thickness is increased, as expected from the
increase in the cross-sectional area of the region at the edges of
the metal lines, where the current is concentrated (Fig. 3).

IV. SOI RF MEMS FABRICATION TECHNOLOGY

Fabricating inplane moving RF MEMS devices in SOI device
layers using bulk micromachining allows for advanced designs
with complex lateral features defining both the circuit and
actuator elements but with uncomplicated fabrication.

The process flow used for the fabrication is shown in
Fig. 6. Structures geometrically connected in the 2-D layout
are also electrically connected by a full-wafer metallization
step, whereas geometrically unconnected structures are elec-
trically isolated by the buried oxide. The whole geometry is
defined by a single photolithography step. Deep-reactive-ion
etching (DRIE) with a SiO5 hard mask is used to structure the
30-pum-thick device layer of a high-resistivity SOI wafer
[Fig. 6(a) and (b)]. Hydrofluoric acid is used to underetch the
buried oxide layer of the SOI wafer which releases the moving
cantilevers [Fig. 6(c)]. The underetching of the wet etching
step guarantees that the device layer metallization is electrically
disconnected from the substrate metallization during the subse-
quent metal deposition process, where a 800-nm-thick layer of
gold on a 100-nm titanium adhesion layer is deposited using
sputter-coating [Fig. 6(d)]. The metal coating on the handle
wafer in the coplanar waveguide slots is removed by maskless
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Fig. 6. Basic process flow of the switch fabrication: (a) SOI wafer; (b) patterning and etching the device layer; (c) release-etching of the moving structures by
wet etching of the SOI-BOX layer; (d) sputter-coating with gold; (e) final devices with the metal coating on the substrate removed and the ground lines connected
by wire-bonded air bridges; (f) cross-sectional 3-D rendering of the transmission line embedded switch, showing the moving cantilever structures in the signal
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Fig. 7. Design variants of the two-port SPST devices: (a) Drawings of the three basic designs of the coplanar waveguide embedded switch concept. The
interlocking cantilevers for mechanical bistability are emphasized in the drawings. (b) SEM pictures showing fabricated devices of the three designs.

localized electrochemically assisted etching, a fabrication tech-
nique previously introduced for this purpose by the authors
[37]. For the three-port devices, the opposing ground lines in
the corners of the T-junction are electrically connected by wire-
bonded air bridges to balance the desired coplanar waveguide
mode [Fig. 6(e)]. A cross-sectional 3-D rendering is presented
in Fig. 6(f), showing the released cantilevers after fabrication.

V. TWO-PORT AND THREE-PORT EMBODIMENTS
A. Two-Port Device: Mechanically Bistable SPST Switch

The concept of the mechanically bistable SPST switch em-
bedded in a coplanar waveguide has been implemented in three
different design variants, which are shown in Fig. 7 together
with scanning electron microscopy (SEM) pictures of fabri-
cated devices. The difference between the designs is in how
the switch elements are embedded into the signal line. Design
A uses four 200-pm-long cantilevers arranged symmetrically,
whereas designs B and C each use two 100-pym and two
200-pm cantilevers. All interlocking cantilevers are arranged at
90° angle to each other. The arrangement in design A preserves
the orientation of the of the signal line, but varies the signal
line width, which must be compensated by adjusting the signal-
to-ground distance for constant characteristic impedance. In
designs B and C, the cross-sectional width of the signal line
is kept constant but the centerline is locally offset from the
general transmission line direction. Design C has one corner
less than design B, at the expense of a remaining lateral offset
between the incoming and outgoing signal line. The ends of
the cantilevers are endowed with interlocking hooks to provide
mechanical bistability (as shown in Fig. 2). SEM pictures

{Pm HD15

8834 18Mm WD1S

Fig. 8. Closeup view SEM pictures of the hook mechanism: (a) unlocked state
(open switch), (b) locked state (closed switch).

showing a closeup view of the hook mechanism is shown in
Fig. 8. The isolation in the offstate is given by the distance
between the cantilever hooks of 2.5 um for all three design
variants. The relative trajectories of the cantilevers are designed
to give just enough clearance for the movement and interlocking
of the hooks. Additionally, two of the cantilevers in each design
are designed to provide a large deflection and the other two for
providing a large contact force. This allows a large separation
in the offstate without sacrificing the contact performance in the
onstate. The large-deflection cantilevers have a total movement
of 4.5 ym and a spring constant of 2 N/m, as compared to
2.5 pm and 11 N/m, respectively for the large-contact-force
cantilevers, resulting in a total contact force of approximately
30 uN, sufficient for sputtered soft-gold designs [10].

B. Three-Port Device: Quad-Stable SPDT Switch

A quad-stable switch mechanism has been embedded in a
coplanar waveguide T-junction, for a three-port SPDT switch.
Two different designs of the SPDT embodiment were imple-
mented and are shown in Fig. 9. Both designs are symmetric
across the center line, featuring cantilevers along the outside



1664

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 7, JULY 2010

twi trical Port 2 Port3 Cared) BRid
0 symmetrica
cantilgvers «&— stoppers e
=< | single cantilever 1
extended Port 1 R
/ Zfﬁgﬁgﬁz Open Closed (Port 1 to 2, 3)
L ‘
1 1340 pm . e [
& G
y 85 pmi o ]
Sibof2 —E 00 uym SPort 2 @ L‘
85 um '|:;3
¢ G remove
| 5 V2, V3
Port 1 Port 1 |
E B B G s G )
design D design E H

8876  J0KY ar 8874 188Mm WD39

Fig. 9. Drawings of the two three-port SPDT switch designs and SEM
pictures of fabricated devices. The interlocking cantilevers for connecting the
signal line between port 1 and port 2 are emphasized.
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Fig. 10. Close-up SEM pictures of a fabricated T-junction switch. (a) The
interlocking mechanism on one side of the SPDT witch. (b) Closeup view of
the hook configuration in the open switch state.

of the signal lines. The cantilevers along the signal lines of the
output ports (port 2 and port 3) interlock with the cantilevers
along the signal line of the input port (port 1). In design D,
there are two hooks on each cantilever of the input signal line
and two symmetrically arranged cantilevers along the signal
lines of the outputs. Design E has only one hook on the
cantilevers of the input and a single asymmetric cantilever at
the outputs. In both designs, the cantilevers are 300 pm long for
the input and 200 pm for the outputs. The ground lines of the
coplanar waveguides in T-junction configuration are connected
by three air bridges located close to the switch mechanism to
balance the symmetrical coplanar mode. Fig. 10 shows SEM
closeup pictures of a fabricated SPDT switch and features of the
interlocking switch mechanism for the symmetrical cantilever
configuration.

The mechanically quad-stable mechanism of the SPDT em-
bodiment is illustrated in Fig. 11, showing the transitions
between the four stable states, namely, switch open, closed
between port 1 and port 2, closed between port 1 and port 3,
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Fig. 11. [Illustration of the four mechanically stable states of the three-
port switch embodiment D, including the transitional states when changing
configuration between these states. The annotations at the arrows indicate
the change in the actuation voltage configuration necessary for the transition
between the different states.
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Fig. 13.
alone and to straight transmission line pieces of the same length.

and closed between port 1 and both output ports (2 and 3).
The actuation sequence allows for transitioning between any
of the stable states in at most five steps. Only three control
potentials are required, since the cantilevers along the signal
line at port 1 share a common actuator electrode. The possibility
of connecting port 1 to both port 2 and port 3 simultaneously
enables the use of the device as a switchable power splitter,
in which case the transmission lines at port 2 and 3 should
be designed for a characteristic impedance twice that of the
transmission line at port 1.

VI. EVALUATION

A. Performance of the Two-Port Switches

The RF performance of the devices has been evaluated with
an Agilent E§361A PNA Network Analyzer, calibrated with
a GGB Industries CS-5 calibration substrate. Fig. 12 shows

frequency in GHz frequency in GHz

RF evaluation of the three switch designs A, B, and C in the closed state, and in comparison to the transmission line discontinuity of the switch geometry

the isolation S21 and the reflections S11 of the three switch
designs in the open state. Furthermore, Fig. 13 compares the RF
performance of the closed switches to transmission line geome-
tries representing the switch discontinuities and to straight
transmission line pieces of equal length. The total insertion
loss of the best design (C) including its transmission line was
measured to less than 0.15 and 0.35 dB at 2 and 10 GHz,
respectively. The isolation for the same design was determined
to 45 and 25 dB at 2 and 10 GHz, respectively.

The 3-D micromachined transmission line alone was found
to have a loss of less than 0.4 dB/mm up to 10 GHz.

Beside the low reflections in the onstate, the minimum RF
intrusiveness of the novel switch mechanism concept is demon-
strated by the low switch insertion loss created by the mecha-
nism alone (i.e., corrected by subtracting the transmission line
losses) amounting to less than 0.1 dB up to 20 GHz for the
designs B and C, as shown in Fig. 14.
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Fig. 15. Characteristic impedance of two transmission line segments of
different length extracted from the measured S-parameters and line mismatched
to a system impedance Zg of 50 (2.

The loss in the 3-D micromachined transmission line alone is
higher than comparable micromachined transmission lines [16]
which can be explained by the inaccurate control of the gold
thickness on the sidewalls and potential charging of the SOI
wafer layers, which has not been further investigated. The
transmission line losses could be one reason why the total
insertion loss of the fabricated switches is slightly worse than
that of similar switch concepts [9].

The measured characteristic impedance of the nominal 50 €2
line is between 55 2 and 57 €, as extracted from the measured
S-parameters of two transmission lines of different length using
the formula Z. = +Z5+/[((1 + S11)2—S3,)/((1—S11)2 —S3,)]
[38], and plotted in Fig. 15 along with the line reflections to a
nominal 50 €2 system impedance.

The dc actuation voltages were measured for the different
cantilever constellations to be between 23 and 39 V, and
the total dc resistance of the closed switches including their
transmission lines is between 0.9 and 1.2 2 with sputtered
gold contacts. The actuation electrodes of the prototype designs
were electrically contacted by probe needles for opening and
closing the switches. The mechanical multistability facilitates
removing of the dc probe needles during RF measurements to
avoid interference.

The mechanical robustness of the laterally actuated switch
cantilevers has been verified, at a switching frequency of 3 kHz
with a measurement signal of 1.5 pA, up to 150 million
hot-switching cycles, after which the tests were discontinued
without observing stiction. The tests were carried out with
unpackaged devices and in uncontrolled atmosphere. Since
the full procedure for opening and closing of the interlocking
mechanism, requiring multiple synchronized control lines, had
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to be performed manually for the evaluation of the prototype
devices, no significant data of large cycle numbers on the
reliability of the full sequence is available.

B. Performance of the T-Junction Switches

The insertion loss, isolation, and reflections of the two dif-
ferent design variants D and E for both the open and the closed
state are plotted in Fig. 16 for different two-port measurement
configurations between the three ports of the devices. For all
measurements the third port was left open (unterminated).
Additionally, the figure shows multiport measurements of a
solid reference line.

The isolation of the open switch measured between the input
(port 1) and the output (port 2) was determined to 43 and
22 dB at 1 and 10 GHz, respectively. The total insertion loss
of the closed switch including the transition line pieces and
the T-junction discontinuity is 0.31 and 0.68 dB at 1 and
10 GHz, respectively, and the line reflections are 29 and 22 dB
at these frequencies. The measurements show that design E is
more suitable for applications requiring high offstate isolation
and that design D is more appropriate for applications requiring
low insertion loss. The isolation between port 2 and 3 in the
closed switch configuration (port 1 to 2) was better than 40 dB
and 24 dB at 1 GHz and 10 GHz, respectively. In the open
configuration, the isolation between port 2 and 3 was better
than 37 dB at 10 GHz. Reference measurements show that the
insertion loss of a solid line T-junction (see Fig. 16) amounts to
0.15 dB at 1 GHz and 0.43 dB at 10 GHz, and the reflections of
this reference T-junction are 36 and 24 dB at these frequencies,
respectively. This indicates that the T-junction reflections/losses
are dominating over the losses attributed to the actual switch
mechanism. Thus, a better RF design compensating for the
geometry of the T-junction itself could further emphasize the
advantages of the low-intrusive design of the signal line em-
bedded SPDT MEMS switches.

The switch geometry has also been simulated in HFSS to
determine the current distribution inside the signal lines of the
two different designs. In Fig. 17(a)—(c), the magnitude of the
volume current is shown at a cross-section through design D,
design E, and the solid T-junction reference line, respectively.
As expected, most of the current is concentrated at the edges of
the lines. In Fig. 17(d) and (e), the degree of symmetry of the
current distribution is shown by plotting the integrated volume
current in the left/right and top/bottom halves of the signal lines.
The symmetric switch design (D) has a better balanced current
distribution on the signal line of port 2, since the current is
divided between the two cantilevers.

The dc actuation voltages of the T-junction switches were
measured to be between 39 and 89 V for different cantilever
lengths.

VII. CONCLUSION

A novel MEMS switch concept has been demonstrated fea-
turing a mechanically multistable switch mechanism with sta-
tic zero-power-consumption robust active opening mechanism
allowing the use of soft metal for the switch contacts, and
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low-loss RF design with the switch actuators embedded inside
the signal line of a 3-D micromachined coplanar waveguide.
Prototype switches in two-port and three-port configuration

have been fabricated in a single photolithography process using
deep reactive ion-etching, and the RF and dc performance of
the switch designs have been successfully evaluated.
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