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Sādhanā Vol. 38, Part 2, April 2013, pp. 297–316. 

Design, fabrication, testing and packaging of a silicon
micromachined radio frequency microelectromechanical
series (RF MEMS) switch
M S GIRIDHAR1,∗ , ASHWINI JAMBHALIKAR1 , JIJU JOHN1 ,
R ISLAM1 , ANANDA BEHERA1 , C L NAGENDRA1 ,
GEORGE THACHIL1 , M P SRIKANTH1 , SHAILESH SOMANI1 ,
B H M DARUKESHA2 and SRINIVASARAO BOLLU2
1 Laboratory

For Electro Optic Systems, Indian Space Research Organisation,
1st Cross, 1st Stage Peenya Industrial Area, Bangalore 560 058, India
2 Hybrid Micro Circuits Division, ISRO Satellite Center, HAL Airport Road,
Bangalore 560 017, India
e-mail: giri@leos.gov.in
MS received 14 September 2012; accepted 27 December 2012
Abstract. RF characterization and packaging of a single pole single throw (SPST)
direct contact microelectromechanical (MEMS) series radio frequency (RF) switch is
reported. Precise thickness of the silicon MEMS structure is achieved using a specially
developed silicon Deep Reactive Ion Etching (DRIE) thinning process. A stress free
release process is employed which ensures a high yield of released microstructures.
The design of the device is based on stiffness equations derived from first principles.
Displacement of the actuator under applied field is measured to confirm electrostatic
pull in, which occurs in the 30–50 V range. The variation of contact resistance with
time has been measured and is found to have a power law decay, in agreement with
theoretical models. At the bare die level the insertion loss, return loss and the isolation
of the switch were measured to be −0.43 dB, −25 dB and −21 dB, respectively
at 10 GHz. The devices were packaged in commercially available RF packages and
mounted in alumina boards for post package characterization. Due to the presence of
bond wires in the signal path of the packaged devices, the RF performance was found
to degrade at high frequencies. However, losses were measured to be at acceptable
levels up to 2 GHz. Factors contributing to insertion loss at the die and package device
levels are discussed in detail with possible solutions.
Keywords. RF MEMS switch; bulk silicon micromachining; wafer level RF
measurements; RF device packaging.
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1. Introduction
Rapid advances in mobile and space borne communication systems have been enabled, in part,
by the development of high performance miniaturized radio frequency (RF) components. Communication systems carry out several RF switching and routing operations using multi throw
switches and switch matrices. Overall efficiency and reliability of these systems depend to a very
great extent on the individual switching elements. Traditionally, the switching elements have
been either electromechanical switches or solid state devices. Electromechanical switches have
excellent RF performance at high frequencies but are bulky and power hungry making them
unsuitable for integration into miniaturized systems. Solid state switches are batch fabricated
using IC technologies allowing them to be miniaturized. However, at high frequencies, solid state
switches suffer from poor isolation, insertion loss and high non linearities. RF switches made
with MEMS technology have the combined advantages of both electromechanical and solid state
devices and at the same time are free of drawbacks of their conventional counterparts as discussed in Varadan et al (2003, 2006). In this paper, we describe the fabrication, wafer level testing and packaging of a silicon on glass based RF MEMS switch fabricated using DRIE. The device
is a SPST direct contact series switch. The silicon on glass fabrication process has been successfully adapted by a number of groups to fabricate MEMS devices such as capacitive sensors,
RF switches and tunable capacitors: Sakata et al (1999); Seki et al (2006) and Kim et al (2004,
2005); Lee et al (2008). This work differs from those previously reported in literature in two
main aspects, (i) manner in which the precise thickness of the suspension beams are achieved,
(ii) the authors have packaged the devices in a form that can be easily integrated into conventional microwave circuit boards. The process adopted in this work for the thinning of the silicon
wafer is purely based on DRIE and does not call for the use of expensive silicon on insulator
(SOI) wafers or the use of chemical mechanical polishing (CMP) lapping and polishing steps.
The stiffness of the suspension beam structure is obtained from first principles for the geometry fabricated in this work. The stiffness determines the actuation voltage of the switch.
Electrostatic pull in phenomenon is experimentally observed by measuring the displacement of
the actuator under applied voltage using a non contact optical instrument. The devices obtained
are packaged in commercially available surface mount RF packages and mounted on alumina
evaluation boards for characterisation. Pre-and post-packaging RF performance is compared.
The observed RF behaviour of the device is discussed in detail with possible remedial
measures to improve the performance.

2. Device configuration
The device comprises of a monolithically etched single crystalline silicon actuator anodically
bonded to a glass substrate. The glass substrate is patterned with coplanar waveguide (CPW)
transmission lines. The two ends of the CPW lines are RF ports of the switch. This configuration
is illustrated in figure 1a. The actuator is suspended by four beams over a gap in the signal line
passing beneath it. The beams used in this device have been called the crableg beams in literature
(Rebeiz 2002).
The crableg beam is made up of four segments as shown in figure 1b. A sputtered gold contact
pad is patterned on the actuator directly above the gap. The contact pad is electrically isolated
from the actuator by a layer of thermally grown silicon dioxide (SiO2 ) on the silicon wafer. On
either side of the central contact region are two drive capacitors. The CPW ground lines passing below the drive capacitor plates act as pull in electrodes. A thin insulating layer of SiO2 is
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Figure 1. (a) Illustration of the device configuration. The monolithic silicon actuator is suspended over
the CPW transmission line. The planar signal and ground lines are indicated by the letters S and G, respectively. The beams terminate at rigid anchors that are bonded to the glass substrate (not shown in the figure).
The drive capacitors are on either side of the central contact region in the actuator structure. (b) Top view of
the actuator showing segments comprising one of the four crableg beams. The short segments l1 and l4 are
attached to the actuator and the rigid anchor, respectively. Segments l2 and l3 undergo elastic deformation
when the device is actuated. The width of the beams is w and the out-of-plane thickness is t.

deposited on the ground sections of the CPW lines overlapping with the drive capacitor plates.
This insulating layer prevents direct electrical contact between the actuator and the pull in electrodes. When a voltage exceeding the pull in voltage (V p ) is applied across the actuator and the
pull in electrodes, the actuator snaps down on the CPW lines. In this position, the contact region
bridges the gap in the signal line, thereby connecting the two ports of the device. This represents the on state. When the applied voltage is removed, the restoring forces developed in the
elastically deformed crableg beams, pull the actuator away from the substrate, and the ports are
thus isolated taking the device into its off state. The central signal line of the CPW has width of
96 μm and the spacing between the ground and signal line is 18 μm. The gap in the signal line
is 40 μm wide. With these dimensions and glass substrate of 500 μm thickness, the CPW has a
characteristic impedance of about 60  at 10 GHz.
3. Fabrication
The first few fabrication steps were independently carried out on glass and silicon wafers. The
important process steps are depicted in figure 2. The fabrication process flow described in this
section is a modified version of the flow presented in Giridhar et al (2009).
The silicon wafer used in this work was 280 μm thick and double side polished. The resistivity
of the wafer was in the range 2000–8000 -cm as specified by the manufacturer. All silicon
etching in this work was carried out using a DRIE system from SPTS. Both Bosch and isotropic
etching recipes were used depending on requirements. The first process step on the silicon wafer
was a 2.5–3.5 μm deep cavity etch as shown in figure 2a. The cavity defines the gap between
the drive capacitor plates and the pull in electrodes. Precise etching of this cavity is very critical
because the pull in voltage is very sensitive to this gap. During the cavity etch, RF power at
380 KHz was applied to the platen and modulated at 50% duty cycle to achieve controlled
etching. Under these conditions, an etch rate of about 2 μm/min was observed. In the next step,
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Figure 2. Key steps in the fabrication process (a) Cavity DRIE etching, wet thermal oxide growth
and patterning of isolation pad, (b) Cr/Au deposition, beam thin etch, and patterning of the contact region.
(c) Electroplating of CPW lines and lift off patterning of isolation layer on glass substrate. (d) Anodic
bonding of glass and silicon wafers. (e) DRIE thinning of silicon and patterning of Al pads for top contact
and trenching of glass substrate. (f) DRIE etch for free release of actuator structures, followed by plasma
ashing of photoresist.

wet oxidation was carried out to a thickness of 0.8 μm and patterned to form an isolation pad on
which a Cr/Au (400/2000 Å) contact pad was DC sputtered and patterned.
A second DRIE etch was then carried out in the regions where the beams were etched in a
later step as shown in figure 2b. This etch gives us independent control over the beam thickness
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and actuator thickness. A thick actuator is desirable from the point of view of structural stability.
Thinner beams lead to lower actuation voltages. The beam thinning step was carried out to 15–
20 μm depth. The CPW transmission lines were patterned on the Borosilicate glass substrate.
The glass substrate is 500 μm thick and double side polished. A sputtered Ti/Au (500Å/2000Å)
seed layer was deposited on the glass substrate on which a photoresist mold for electroplating
the CPW lines was patterned. A gold layer of thickness 1.6 μm was electroplated in these molds
followed by stripping of the mold and etching of seed layers. The thickness of the CPW lines
was chosen to be at least twice the skin depth in gold at 10 GHz (Simmons 2001). An insulating
layer of SiO2 is patterned by lift off on the sections of the CPW ground lines that overlap with
the drive capacitors of the actuator as illustrated in figure 2c. The glass and the silicon wafers
were then bonded using an anodic bonder. The bonding was done with an applied voltage and
temperature of 600 V and 375◦ C, respectively. An initial platen force of 200 N was applied to the
wafers after alignment. The bonding was carried out in a vacuum of 5×10−6 Torr to minimize
oxidation. Prior to anodic bonding, both the silicon and glass wafer was cleaned in piranha
solution (H2 SO4 , 3 parts:H2 O2 , 1 part) at 80–90◦ C for about 1 minute. The silicon wafers are
given a 10 second dip in dilute HF (2% aqueous) just before loading into the anodic bonder.
The silicon side of the bonded pair was thinned down to about 40 μm using DRIE process
that employs only SF6 . Process parameters were tuned to give a surface finish that allows for
photolithography in subsequent steps. A thinning rate of 4.6 μm/min is achieved. Since there
is no etch stop, the thinning was controlled by timed etching. Since the etch rate of this DRIE
recipe was very highly controllable it was found that thinning could be carried out to within
2 μm of the designed values. This step is one of the processes that distinguishes the present work
from the work of Kim et al (2004, 2005). The use of CMP which involves slurry based grinding
is likely to damage the 40 μm suspended silicon film that should remain intact till the end of this
process. The DRIE isotropic thinning recipe used in this work significantly reduces the risk of
damaging the suspended silicon film. The authors have not done any comparative experimental
studies on these two methods of thinning, but believe that the DRIE thinning method used by the
authors will be less stressful on the wafer compared to CMP.
Aluminum of 2000 Å thickness was sputtered and patterned on the silicon side to form the
top contact pads. A wafer dicing saw was used to make trenches in the glass wafer such that
individual devices could be obtained by manually breaking the substrate along the trenches after
free release. The trench depth is such that ≈150 μm glass remains after trenching. The trenched
wafers are too delicate to survive the subsequent lithography processes. To give the wafers additional strength they are mounted on 280 μm thick silicon wafers using Crystal Bond (Aremco
Products, USA) wax. The wax melts at about 60◦ C and is effectively removed from the wafer
surface by mild wiping with solvent such as benzene. The actuator pattern was transferred on
the silicon side of the wafer pair. The patterned wafer was then broken into two halves and each
half was separately mounted on a 1 mm thick glass wafer again using Crystal Bond wax. It was
ensured that a void free layer of wax film was obtained for the wafer bonding in order to prevent
temperature non-uniformities. The free release of the actuator structure was carried out using the
DRIE Bosch process. After an initial run of about 5 minutes the wafer was inspected and reintroduced into the DRIE chamber for further etching for about 2–3 minutes to obtain completely
released actuators as shown in figure 2f. One of the main advantages of doing the release on
independent pieces is that the stresses generated due to the wafer clamping mechanism are not
transferred to the device wafer. In previous runs, when this precaution was not taken in the final
release step it was found that a majority of the devices were lost due to fine fractures appearing
in the crableg beams. Another reason for using glass mounting wafers is that trenched substrate
wafers tend to break when introduced in the DRIE chamber. After the devices are released by
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Figure 3. SEM images of a typical fabricated device (a) Top view of the RF MEMS switch, showing the
CPW lines, actuator structure and the anchor region. (b) Close-up view of the actuator structure where the
crableg suspension beams can be seen. (c) The gap in the signal line is visible after detaching the actuator
structure. The sputtered SiO2 isolation layers on the CPW ground lines can also be seen. (d) Actuator
structure detached and flipped over to show the Au contact region patterned over the thermally grown SiO2
isolation layer.

the final DRIE etch they are ashed in an oxygen plasma at 500 W for 15 minutes to strip the photoresist completely. The average yield of the fabrication process described above is about 30%.
The currently used mask layout has two variants of the device of which only one variant worked
and is reported here. Yield can be further improved by locating the devices in the center of the
wafer where the process uniformities are higher.
Table 1. Typical dimensions of the fabricated actuator.
Dimensions in μm
l1
l2
l3
l4
Drive capacitor
w
t
g◦
V p , Calculated
V p , measured

27.6
187.2
143.8
23.6
350 × 252 (×2)
6.74
15.0
2.5–3.5
39.50 V
≈ 46 V
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All devices on the wafer were inspected and those without any defects were selected for
electrical testing. The inspection and measurements were made using an optical profiler and
scanning electron microscope (SEM). Figure 3 shows typical SEM images of a switch and its
parts. The typical dimensions of the fabricated structure are given in table 1. These dimensions
determine the pull in voltage of the device. The lateral dimensions are measured by an optical
profiler and the out of plane dimensions such as beam thickness (t) and capacitor gap (g◦ ) are
obtained from measurements made in intermediate fabrication steps.
4. Characterisation
4.1 Pull in voltage measurements
Selected devices were bonded to open test packages that allowed us to observe the displacement
of the actuator structure at different DC voltages. Displacement measurements were done using
an optical profiler. Magnification in the optical profiler was selected such that a section of the
actuator and the anchor patterned with the top contact were in the field of view. The stationary
anchor serves as a reference surface for these measurements.
Vertical displacement of the actuator surface with respect to the anchor is measured in steps
of increasing voltage. At V p an abrupt and large displacement is observed, indicating that pull
in has occurred. A typical plot from such a measurement is shown in figure 4. At voltages above
V p no further displacement of the actuator is observed.
4.2 Contact resistance measurements
Insertion loss and power handling limits in metal–metal contact switches depends on contact
resistance. Contact resistance in our device was measured under constant applied voltage as

Figure 4. Pull in behaviour of a typical switch measured using optical profiler. The final displacement
of the actuator is less than the cavity depth g◦ by an amount equal to the thickness of the contact dimple
(≈ 0.9 μm).
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Figure 5. Measurement of contact resistance under the continuous application of 45 V. The solid line
shows a fit to equation 1. The parameters obtained are A = 1.89, B = 2.28  and α = 0.079.

shown in figure 5. It is observed that contact resistance monotonically decreases with time after
a high initial value, immediately after actuation. This behaviour is attributed to the creep deformations of the asperities at the contacting interfaces. As creep sets in, the actual contact area
increases leading to a reduction in resistance. The time dependence of the contact resistance
follows the power law based on the asperity deformation model given by Pattona & Zabinskib
(2005)
R(t) = At −α + B.

(1)

Where R(t) is the contact resistance after actuation. The parameter A depends on the initial
roughness of the conducting surfaces and B represents the limiting value of the resistance as time
t → ∞. Material properties and creep coefficient are contained in the parameter α. Experimental
data was fitted with equation 1 and the values of the parameters obtained compare well with
those reported in literature for gold contact RF MEMS switches, Rezvanian et al (2008).

4.3 Switching time measurements
This section describes the measurement of the response time of the switches, ton . A sinusoidal
test signal of frequency 12 KHz and amplitude of about 1 V (p-p) was fed into the input port of
the switch. The output of the switch is connected to channel 2 of an oscilloscope. The drive signal
is obtained by manually triggering a function generator. The output of the function generator
is simultaneously fed to channel 1 of the oscilloscope and input of an amplifier. The amplifier
has a voltage gain of 38 and its output is used to actuate the switch. For measuring ton , the
leading edge of the channel 1 signal is used to trigger a single event data acquisition cycle by the
oscilloscope. The trigger level is adjusted such that the state transition is captured at the center of
the oscilloscope trace. A typical oscilloscope trace showing the measurement of ton is shown in
figure 6. Since parasitic resistance and capacitances in the measurement circuit affect response
time, wire leads in the measurement set-up were kept to the minimum possible length.
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Figure 6. Oscilloscope traces showing the response of the switch. The applied voltage is fed to channel 1
and the switch output is given to channel 2 of oscilloscope. The measured response time of the device, ton ,
is 240 μs. Bounce free transition from the off to the on state can be seen from the channel 2 trace.

4.4 Die level RF measurements
RF characterization at the wafer level was done using a manual wafer prober equipped with RF
and DC probes. GSG RF probes with a signal to ground pitch of 200 μm were connected via
test port extension cables to a vector network analyzer capable of operating from 10 MHz to
40 GHz. Before making measurements, the system was calibrated using short-open-load-through
(SOLT) calibration using an impedance standard substrate (Cascade, 100-019C) provided by the
probe station manufacturer, Wartenberg (2002). The insertion loss and isolation were measured
on through and open test transmission lines to get an idea of the best values of insertion loss,

Figure 7. Typical RF parameters measured at the die level using a probe station.
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return loss and isolation that can be expected. The RF performance of a typical MEMS switch at
the die level is shown in figure 7.

5. Packaging
5.1 RF modelling of Package
It is well-known that packaging can have significant impact on the RF performance of MEMS
devices. Yet, packaging is essential for integrating RF MEMS devices into application circuits.
Packaging related parasitics tend to degrade RF performance, limiting the usage of the devices
to much lower frequencies than what the bare dies can operate. To estimate the effects of packaging, detailed modelling of the packaged devices was carried out using the software package
High Frequency Structure Simulator (HFSS). An accurate numerical model of the package was
developed from drawings supplied by the manufacturer. For practical reasons, the package must
be mounted on a connectorized evaluation board for RF measurements. The package RF parameters have to be deembedded the measurements made on the evaluation board. FEM simulations
were carried out to determine the effects of the evaluation board and bond wires on the performance of the switches. The modelling revealed that having two parallel bond wires in RF path
leads to lower insertion losses by about −0.5 dB compared with the case where single wire is
drawn. The modelling results served as a guide to subsequent laboratory measurements.

5.2 Die Attach, wire bonding and package sealing
Surface mount style RF packages (SMX series 580465) from Startedge Corp. USA were selected
for packaging. The package has multilayer ceramic bodies and metal base. The RF feed throughs
and transitions have been designed for sub dB losses up to 18 GHz. The packages are supplied
with lids fitted with eutectic preform seal rings. The RF MEMS switch dies were bonded into the
packages using a die bonder equipped with a vacuum pick and place tool and an epoxy dispenser.
Epoxy H20-E was used as die attach. The epoxy was cured in an oven in ambient atmosphere
at 150◦ C for 10 minutes. Subsequent to die attach, 1 mil Au bond wires were drawn from die
to package pads. A non-conducting epoxy was applied to the edge of the MEMS die to prevent
the ground and RF bond wires from coming in contact via the aluminium coated silicon frame
surrounding the device. In future, this requirement will be eliminated by such a frame around
the device All RF bond wire interconnections are made with two parallel wires. As described
in literature, mutual inductance effects of parallel bond wires are known to reduce reactance at
high frequencies (Wartenberg 2002). This effect has been observed in simulations as mentioned
in the previous section. A photograph of the package after completion of wire bonding is shown
in figure 8. Wedge wedge type bonds are used in the RF path since ball bumps in ball-wedge
bonds are known to cause higher losses due to impedance mismatch with the 50  transmission
lines. The RF bond wires are almost 1 mm long in this packaging scheme.
A sealing chamber machined from aluminium was fabricated in-house for sealing individual
packages. The chamber has inside it, a flexible metal cantilever clamped at its ends. The cantilever has a fine pitch screw at its center. The lid, after cleaning in hot alcohol is aligned with
the package and positioned underneath the screw. Once the screw is tightened, the lid is firmly
clamped to the package. Hot nitrogen continuously pumped into the chamber raising the inside
pressure slightly above atmosphere. The chamber is then transferred to a hot plate maintained at
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Figure 8. Photograph of RF MEMS switch die placed into the SMX package. Bond wire for the DC and
RF signals can be seen.

320◦ C. It was concluded by repeated trials that after about 3 minutes of heating under these conditions a reliable hermetic seal could be achieved. The sealed packages were measured to have a
fine leak rate of 1–2×10−8 cc/s of He at 1 atmosphere.
5.3 Packaged die RF testing
The leads of the sealed packages were soldered to alumina evaluation boards fitted with SMA
connectors for providing RF feed. DC bias was supplied via pins soldered to the board. A picture
of the evaluation board with packaged RF MEMS switch mounted on it is given in figure 9.

Figure 9. Showing the packaged switch mounted on the evaluation board connected to the VNA test port
cables. The calibration through board is also shown in the photograph.
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Figure 10. RF performance of the device in the on state. The measured average insertion loss of 8 devices.

A CPW through line designed for 50  characteristic impedance was fabricated using identical
substrate and materials as the evaluation board. This was treated as a calibration line. Measured
insertion loss of the calibration line was subtracted from the measured insertion loss of the
evaluation board with the switches. This simple dembedding approach is known as response
calibration and gives an estimate of the losses introduced by the evaluation board. The measured
and simulated values of the insertion loss and isolation of packaged devices are depicted in
figure 10 and figure 11 respectively. The measured S parameters of the calibration and evaluation
boards mounted with packaged switches are tabulated in table 2.

Figure 11. RF performance of the device in the off state. The measured average isolation of 8 devices.
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Table 2. Measured RF performance of calibration board and package devices. Each
recorded value is an average over 8 different devices. Average actuation voltage is 46 V.

IL (dB)
1 GHz
2 GHz
5 GHz
RL (dB)
1 GHz
2 GHz
5 GHz
Iso (dB)
1 GHz
2 GHz
5 GHz

Calibration board (through)

Evaluation board

−0.31
−0.44
−1.08

−1.07 ± 0.24
−1.53 ± 0.23
−1.07 ± 0.24

−31.4
−37.4
−13.6

−17.46 ± 0.95
−11.43 ± 0.40
−10.27 ± 2.12

—
—
—

−27.87 ± 0.23
−20.1 ± 0.29
−8.87 ± 1.09

6. Results and discussion
It can be seen from figure 7 that the switch bare die has a good broad band performance from
500 MHz to 15 GHz. In these devices, both the mechanical and electrical properties of silicon
play a role in switch operation. The restoring forces developed in the crableg beam when the
switch is pulled into the on state are dependent on the mechanical properties of silicon. The
stiffness of the beams, hence actuation voltage is also dependent on mechanical properties of
silicon. Electrostatic actuation requires silicon to act as an electrode having the necessary electrical conductivity to permit rapid charging of the pull in electrodes. This requirement would
be met by using low resistivity silicon. However, in the on state of the switch, bulk silicon of
the actuator comes in close proximity of RF carrying signal line. This results in a part of the
RF energy capacitively coupling into the actuator structure via the contact pad. The energy coupled into the silicon does not appear at the output of the switch and represents a loss. We have
investigated the effects of bulk silicon resistivity on the RF performance of the switches. In simulations, the resistivity of silicon was varied from 0.5 cm to 8000 cm. The dependence of
insertion loss on silicon resistivity was computed for various values of resistivity. Experimental
data from two fabrication runs with different resistivity silicon wafers is in agreement with simulations as shown in figure 12. Both measured and simulated data indicate an increase in insertion
loss with a decrease in resistivity. Low resistivity silicon is obtained by doping, in this case with
p-type Boron dopant. It is known that doped silicon absorbs microwave energy. These studies
imply that high resistivity silicon wafers should be used in the fabrication of these switches. In
addition to material properties, the design of the RF contact part of the actuator plays a role in
performance of the switch. The effect of removal of silicon in the contact part and introduction
of a notch were modelled in detail by Vinoy et al (2011). The degradation in RF performance
can be mainly attributed to the bond wires in signal path in the present configuration. At high
frequencies, bond wires behave as low pass filters, presenting high impedance to the input RF
signal (Kuang et al 2010). The impedance increases with bond wire length. Another source of
package parasitics is the coupling of RF energy from the bond wires to the metallic package lid.
One of the approaches to high frequency electronic packaging is flip chip assembly. In this
technique, the MEMS die is flipped and bonded to carrier substrate having specially designed
conduction bumps that make contact with the RF lines on the die as reported by George et al
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Figure 12. Simulation results showing the dependence of insertion loss on silicon resistivity. The RF
performance is more sensitive to resistivity at higher frequencies. The filled diamonds indicate the
experimentally measured values.

(2000) and Vendier (2002). This packaging scheme eliminates the use of bond wires enabling
operation at high frequencies. Flip chip assembly is being explored by the authors to mitigate the
packaging issues faced here. Alternatively, the switch substrate can be diced exactly to the active
area of the device followed by assembly into a suitable package requiring minimum lengths of
bond wires.
As seen from figure 10, the simulated insertion loss follow the measured curves in the on
state, but are shifted by about 2 dB in the vertical direction. In the off state, the simulated curves
deviate from the measured curves beyond 3 GHz. These deviations between simulated curves
and measured data indicate that the models need further refinement. The present models assure
perfectly parallel bond wires, ignore imperfections at connector and package pins due to soldering and assure ideal parameters for the evaluation board. At high frequencies, minor differences
between real systems and numerical models can lead to large differences between measured and
simulated results.

7. Calculation of stiffness of the crableg structure
The electrostatic pull in voltage V p of a parallel plate actuator is given by the well-known
expression,

8K e f f g◦3
Vp =
,
(2)
27◦ A
where K e f f is the effective spring constant of the actuating structure, go is the initial gap between
the actuator and pull in electrodes, o is the permittivity of free space and A is the area of overlap
between the actuator and pull in electrodes. As seen from equation 2 a knowledge of K e f f is
required to estimate V p .
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Table 3. Enumerating the contribution of each segment of the crableg structure to the
rotation about x-axis and z-displacement of the free end.

Segment
l1
l2
l3
l4

Distortion
mode

Displacement
of free end along
z-axis

Rotation
of free end about
x-axis

Torsion
Bending
Torsion
Bending
Torsion
Torsion

yes
yes
yes
yes
yes
yes

yes
yes
no
no
yes
no

In this section the stiffness of the crab leg suspension beams is calculated starting from first
principles. The procedure involves calculating the contribution of each segment to the rotation
and deflection of the free end of l1 which is connected to the capacitor plates. The free end is the
loaded end of l1 which is connected to the capacitor plates. The rotation of interest is the free
end of l1 about the x-axis. The deflection of interest is the deflection of the free end of l1 in the
z direction. The deformations of the individual segments leading to deflections and rotations of
interest are given in table 3. I , is the second moment of the cross-sectional area about the neutral
axis of the beam. For beams of rectangular cross-section, I = wt 3 /12. Below, we consider
beams of rectangular cross-section only. The forces and moments acting on the segments of the
crableg beam are shown in figure 13.

Figure 13. The forces and moments acting on segments of the crableg beam.
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The deflection of the free end of a fixed-free beam can be brought about by two kinds of loads
applied to the free end viz., that caused by an end load and that caused by an end moment. These
two deformation modes can be distinguished on the basis of the shape taken by the a section of
the neutral plane. In the end force case, the section of the neutral plane forms part of a parabola
while in the end moment case it forms part of a circle. The formulae that describe the deflections
and rotations caused by end loading of fixed free beams are listed below.
1. Deflection due to bending caused by an end force
δ bF =

Fl 3
4Fl 3
,
=
3E I
Ewt 3

(3)

E is the Young’s modulus of the beam material.
2. Rotation due to bending caused by an end force
θ Fb =

Fl 2
6Fl 2
.
=
2E I
Ewt 3

(4)

3. Deflection due to bending caused by an end moment
δ bM =

Ml 2
6Ml 2
.
=
2E I
Ewt 3

(5)

4. Rotation due to bending caused by an end moment
b
θM
=

Ml
12Ml
.
=
EI
Ewt 3

(6)

5. Twist (rotation about the longitudinal beam axis) per unit length produced by a twisting
moment, T , is given by Timoshenko & Goodier (1970)
θTt =

T
,
k1 Gw3 t

(7)

here G is the shear modulus of the beam material. k1 is called the shape factor, and depends
on the ratio (w/t) and θTt is the twist per unit length of the ‘shaft’.
The total twist angle, θ, over a shaft length of length L loaded uniformly by torque T is
given by
TL
θ = θTt L =
.
(8)
k1 Gw3 t
7.1 Segment-wise contributions
7.1a Contribution of l4 to the displacement of the free end:
(t)

δ4 = (twist) · (lever arm)
F(l3 − l1 )l4
=
· (l3 − l1 ).
k1 Gw3 t
This equation is based on Eq. (8).

(9)
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7.1b Contribution of l3 to the displacement of the free end:
Bending:
(b)

δ3 =

4Fl33
6Fl1l32
−
.
Ewt 3
Ewt 3

(10)

The first term is based on Eq. (3), and the second term on Eq. (5) with M = Fl1 .
Torsion:
(t)

δ3 = (twist) · (lever arm)
=

(M + Fl2 )l3
· l2 .
k1 Gw3 t

(11)

7.1c Contribution of l3 to x-axis rotation of the free end: If l1 and l2 were assumed rigid,
the free end will still rotate about the x-axis due to twist of l3 . Also, the free end will
deflect due to the bending and torsional deformation of l3 . The formulae below describe these
effects:
Ml3
Fl2l3
θ3 = −
−
.
(12)
k1 Gw3 t
k1 Gw3 t
7.1d Contribution of l2 to the displacement of the free end: If l1 were assumed rigid, the free
end will still rotate about the x-axis due to twist of l2 . Also, the free end will deflect due to the
bending and torsional deformation of l2 . The formulae below describe these effects:
Bending:
(b)

δ2 =

4Fl23
6Ml22
+
.
Ewt 3
Ewt 3

(13)

Torsion:
(t)

δ2 = (twist) · (arm)
Fl2l1
=
· l1 .
k1 Gw3 t

(14)

7.1e Contribution of l2 to x-axis rotation of the free end:
Bending:
θ2 = −

6Fl22
12Ml2
−
.
3
Ewt
Ewt 3

(15)

Torsion of l2 will only cause a rotation of the free end about the y-axis.

7.1f Contribution of l1 to rotation of the free end:
Torsion:
Ml1
θ1 = −
k1 Gw3 t

(16)
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Summing all the rotational contributions to the free and of l1
6Fl22
(M + Fl2 )l3
12Ml2
Ml1
−
−
−
3
3
3
k1 Gw t
Ewt
Ewt
k1 Gw3 t




6l22
l2 l3
12l2
l1 + l3
−F
−
+
=M −
.
k1 Gw3 t
Ewt 3
k1 Gw3 t
Ewt 3

θ =−

(17)

Since the capacitor plates must be parallel, θ must be zero, i.e.,


6l22
l2 l3
+ Ewt 3
k1 Gw3 t
.
M = −F 
l1 +l3
12l2
+
3
3
k Gw t
Ewt

(18)

1

Total deflection of the free end of l1 is obtained by summing all the contributions from
individual segments
δ=F

4l33 − 6l1l32 + 4l23
l4 (l3 − l1 )2 + l12l2 + l22l3
+
k1 Gw3 t
Ewt 3

+M
=F

6l22
l2 l3
+
k1 Gw3 t
Ewt 3

(19)

4l33 − 6l1l32 + 4l23
l4 (l3 − l1 )2 + l12l2 + l22l3
B
−
+
A
k1 Gw3 t
Ewt 3

.

(20)

M has been substituted from Eq. (18) and the following symbols have been used to make the
expressions concise
l1 + l3
12l2
A=
+
3
k1 Gw t
Ewt 3
and


B=

6l22
l2 l3
+
k1 Gw3 t
Ewt 3

2
.

The stiffness is given by
K eff =

F
A

.
=
2
2
2
δ
4l33 −6l1 l32 +4l23
l4 (l3 −l1 ) +l1 l2 +l2 l3
A
−
B
+
k Gw3 t
Ewt 3

(21)

1

8. Conclusions
The design, fabrication, packaging and testing of a bulk silicon micromachined RF MEMS
switch is reported in this paper. The packaged SPST switch has an insertion loss of −1.1 dB,
return loss of −11.0 dB and isolation of −20 dB at 2 GHz. The actuation voltage is between
35–50V. The packaged switches are hermetically sealed in a nitrogen atmosphere. The package
dimensions are 1 × 1 × 0.5 cm and is of surface mount type with CPW RF I/O. In the current
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form, the switch is suitable for low power RF application from DC to S band. An improved packaging scheme for high frequency operation is being explored by the authors and will be reported
in the near future.
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