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Abstract—This paper presents RF characterization of the
in-house developed and packaged, single-pole-single-throw
(SPST) RF-MEMS switch based on Silicon-on-Glass, by
means of two planar configurations using coplanar waveguide
and microstrip technologies. Layouts accommodating the
packaged MEMS switch along with appropriate RF and DC
paths are designed. This enables the direct usage of the device
as a basic building block in realizing various multi-pole-multi-
throw switch configurations and also in system integration.
The performance of the packaged switch on these designs is
compared to its die level. The measured response, exhibiting
good insertion loss (return loss) of better than 1.0 dB (15 dB)
and excellent isolation of better than 30 dB, from DC to 2.5
GHz, isdemonstrated.

Index Terms—MEMS, RF switch, SMX package, PCB,
CPW, microstrip, microwave characterization.

I. INTRODUCTION

EMS switches at radio frequencies (RF) are major

components fabricated by MEMS technology. RF-
MEMS switches are attractive in application to the next-
generation communication systems for reasons of low
insertion loss, high isolation, low power consumption, and
good linearity in comparison with the currently used solid-
state counterparts (FET or PIN diodes) [1]-[11].

Among the choices of implementations such as high-
resistive silicon, silicon-on-insulator (SOI), GaAs, quartz
[1]-[5] or silicon-on-glass [6]—[7], direct-on printed circuit
board (PCB) [8]-{11] offers unique advantage of
minimized impendence mismatch and signal loss (e.g.,
between RF devices and package, package and board)
because it eliminates the need for wire bonds used in
packaging. Though, this technology makes possible MEMS
switch on any PCB substrate [10]-[11], the efficient usage
of such PCB-MEMS configurations along with other
normal PCB circuits is still a challenge when constructing
RF systems for space applications. On the other hand,
surface-mount packages, for the standard design
approaches [1]-[7], simplify the board layout. The demand
for hermetic packages for high frequency devices has
increased as many new applications, require a more
ruggedized package that can withstand the elements and
protect sensitive electronic devices. Surface-mount
packages in various sizes and lead counts, with coplanar
leads and base,
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Fig. 1Top view of the present RF MEMS switch based on Silicon-on-
Glass in Co-Planar Waveguide medium with the actuator structure.

are available for mounting directly on the circuit board,
greatly reducing circuit board assembly costs. However,
the parasitics related to packaging and wire bonds tend to
degrade the device RF performance and limit the operating
frequency range.

High frequency characterization of the packaged MEMS
switch devices greatly necessitates appropriately designed
PCB design configurations. This enables the direct usage of
the PCB patterns when the device is integrated in a system
or for the use of SPDT and higher switch configurations
(using several SPST switches). The PCB foot print
accommodating proper RF & DC paths and effective
grounding is crucial for mounting and integration of the
packaged devices, at the same time, any improper design
may also lead to RF performance degradation in addition to
the package parasitcs. In order to validate the RF
characterization of the surface mount packaged (we
selected packages from Stratedge SMX series 580465)
MEMS switches, in this paper, two different PCB designs
on high and low dielectric constant substrates are
considered using planar configurations such as coplanar
waveguide (CPW) and microstrip technologies,
respectively. Design considerations for the PCB
configurations and effective grounding are discussed. The
board level RF performance, of the SMX packaged
hermitically sealed MEMS switch, is demonstrated from
0.1 to 2.5 GHz.

II. DEVICE FABRICATION & PACKAGING

Fig. 1 illustrates the top view of the in-house fabricated
RF MEMS switch in Silicon-on-glass [7], showing the
CPW lines, actuator structure and the anchor region. The
switch is basically a single-pole-single-throw (SPST)
MEMS switch, intended to operate effectively from DC to
X-band.
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Fig. 2. SEM images of a typical fabricated device [1] (a) CPW lines with
the gap in the signal lines (b) Actuator structure (flipped over) (c)
Measured S-parameters at die-level.

A. Device Working Principle and Fabrication

The present RF-MEMS switch 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. The actuator is suspended by four beams over a gap
in the signal line passing beneath it. The beams used in this
device are called the crableg beams [7], made up of four
segments (the close-up view of the actuator structure where
the crableg suspension beams can be seen in Fig. 1).

Fig. 2 shows typical scanning electron microscope
(SEM) images of a switch and its die level performance. In
Fig. 2(a), the gap in the signal line is visible after detaching
the actuator structure, where the sputtered SiO, isolation
layers on the CPW ground lines can also be seen. A
sputtered gold contact pad is patterned on the actuator
directly above the gap. Fig. 2(b) shows the actuator
structure, detached and flipped over, to show the Au
contact region patterned over the thermally grown SiO,
isolation layer. The contact pad is electrically isolated from
the actuator by a layer SiO, on the silicon wafer. On either
side of the central contact region, there are two drive
capacitor plates. The CPW ground lines passing below the
drive capacitor plates act as pull in electrodes. The
insulating SiO, layer, deposited on the CPW ground
sections overlapping with the drive capacitor plates,
prevents direct electrical contact between the actuator and
the pull in electrodes.

When a voltage exceeding the pull in voltage (Vp) is
applied across the actuator and the pull in electrodes, the
actuator snaps down on the CPW lines. In this position, the
contact
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Fig. 3 Surface mount package for the RF-MEMS switch (a) 10 pin
package with lid (b) typical dimensions and (c) Packaged RF-MEMS
switch with bond wires [7].

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 important process steps and the fabrication process
flow are described in [7]. The central signal line of the
CPW has width of 96 um and the spacing between the
ground and signal line is 18 um. The gap in the signal line
is 40 pm wide. The typical dimensions that determine the
pull in voltage of the fabricated structure are given in [7].
The die level performance of the RF-MEMS switch from
DC to 12 GHz using probe station is shown in Fig. 2(c).

B. Assembly and Packaging

Figs. 3(a) and (b) show the SMX package, which is
basically a 10-lead design with 6 RF and 4 DC pins,
incorporates a copper-composite base and Fe-Ni-Co lead
frame attached to an alumina ceramic ring frame (base is
about 8.0 mm x 8.0 mm). The RF MEMS switch die was
bonded into the package using conductive/non-conductive
epoxy. Conventional wedge bonding is recommended for
optimal chip performance. Fig. 3(c) shows the photograph
of the RF MEMS switch die placed into the SMX package.
Single ball-wedge bond wires were used in DC actuation
lines. Interconnections between package
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(d
Fig. 4 CPW design (25 mil Alumina) for the packaged RF-MEMS switch
(a) layout (b) photograph. Measured S-parameters: (c) OFF state (d) ON
state for an actuation voltage of about 40V.

pins and switch were provided through 1 mil diameter
wedge-wedge wire-bonding, with two wires per
connection, to minimize the inductance. The maximum
optimal length of the bond wires was about 1 mm, which is
a critical parameter factor affecting RF performance
directly in addition to the minor package effects. The
technique of hermetic sealing by flux less soldering was
developed and employed for this package [7].

III. RF CHARACTERIZATION OF MEMS SWITCH

Two PCB configurations based on CPW and Microstrip
technologies, are designed and fabricated (shown in Fig.
4(a) and Fig. 5(a) respectively) for mounting the RF
MEMS
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(d)
Fig. 5 Microstrip design (20 mil RT/Duroid 5880) for the packaged RF-
MEMS switch (a) layout (b) photograph. Measured S-parameters: (c)
OFF state (d) ON state for an actuation voltage of 40V.

switch package and to measure the board-level RF
performance. Two high frequency low loss substrates with
high and low dielectric constants (&), are selected for
implementation and are Alumina (& = 10.2, thickness h =
25 mil and tand = 0.0002) and RT/Duroid 5880 (& = 2.2,
thickness h = 20 mil and tans = 0.0009), respectively.
Measurements have been performed using Agilent’s Vector
Network Analyzer (VNA). In both cases, the responses are
shown over a frequency range where the insertion (return
loss) is better than 1.5 dB (10 dB) for which the MEMS
switch exhibits a fair response from DC to 2.5 GHz
compared to that of the die level. This can be attributed to
the 1.0 mm long wire bonds used in the package for
interconnections.
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Using CPW Design

As the CPW transmission lines consist of a signal line
and two ground planes on one side, thereby requiring no
short circuit via holes for grounding purposes, the Alumina
substrate is selected for this implementation. Fig. 4(a)
shows the layout for mounting the package facilitating RF
signal and DC paths. The fabricated PCB with mounted
MEMS switch package is shown in Fig. 4(b). The package
pins are soldered appropriately as per Fig. 3 and PCB
mountable SMA connectors are used for connecting the
board to VNA. The packaged switch exhibits good RF
performance in the frequency range from 0.1 GHz to 2.5
GHz and the measured S-parameter responses, in OFF and
ON states, are shown in Figs. 4(c) and (d), respectively.
The measured isolation is better than -20 dB from 0.1 GHz
to 2.25 GHz. The switch starts actuation for a DC bias
voltage of 40V. The measured on-state insertion loss
(including connector loss) is better than 1.0 dB (1.5 dB) in
UHF band (S-band), while the return loss is better than 15
dB (10 dB) up to 1.5 GHz (2.0 GHz).

Using Microstrip Design

For performance validation, another PCB is
implemented in microstrip form on low dielectric constant
RT/Duroid 5880 board. Fig. 5(a) shows the layout for the
package mounting facilitating RF signal and DC paths.
Here, short circuit via-holes are required for grounding
purposes. As the outer body of the package is served as
ground, major portion of the layout is grounded as seen in
Fig. 5(a), where the effective grounding is obtained by
drilling a sequence of nine plate-through (vias) holes. Fig.
5(b) shows the fabricated PCB with mounted MEMS
switch package and the corresponding measured S-
parameters are shown in Fig. 5(c) and (d) for the switch in
OFF and ON states, respectively. Here, the switch
performance is improved when compared to the
performance on CPW boards. The switch exhibits excellent
off-state isolation that is better than 30 dB, while the on-
state insertion loss is better than 1.0 dB throughout the
frequency range from 0.1 GHz to 2.5 GHz. The measured
return loss in on-state is better than 20 dB (15 dB) up to 0.5
GHz (2.0 GHz).

Table I compares the on-board performance of the
packaged RF-MEMS switch on CPW and microstrip
designs. It is observed that the switch exhibits superior
performance on the microstrip configuration, when
compared to the performance on CPW board throughout
the frequency range.

IV. CONCLUSION

On-board RF characterization of surface mount
packaged RF-MEMS switch is presented using two planar
configurations. PCB configurations, using high & low
dielectric constants, were fabricated in CPW and microstrip
configurations accommodating RF, DC paths and effective
grounding. The packaged switch exhibits superior
performance on microstrip configuration from 0.1 to 2.5
GHz is demonstrated.

NIMHANS Convention Centre, Bangalore INDIA 40f5

10th International Radar Symposium India - 2015 (IRSI - 15)

TABLE I : RF PERFORMANCE COMPARISON: MEMS SWITCH USING CPW
AND MICROSTRIP DESIGNS

Switch | Parameter | Frequency Measured (dB)
State (GHY) CPW Microstrip

0.4 353 453

OFF I solation 1.0 27.7 37.8

2.0 20.3 32.5

. 0.4 0.9 0.61

'”ﬁ;"” 1.0 115 0.80

ON 2.0 1.5 0.92

Return 0.4 18.2 20.5

L oss 1.0 16.8 18.5

2.0 10.8 153

This enables the direct usage of the microstrip PCB
patterns when the device is integrated in a system or for the
use of SPDT and higher switch configurations (using
several SPST switches).

ACKNOWLEDGEMENT

The authors would like to thank Dr. G. N. Rao, Director,
and P. Chakraborty, Deputy Director; M. Viswanathan,
Group Director (TFMS) of LEOS for their encouragement.
The authors also thank all the MEMS section of LEOS for
fabrication and the Thin Films Laboratory team of HMCD
(ISAC) for packaging the RF MEMS switch devices.

REFERENCES

Z. J. Yao, S. Chen, S. Eshelman, D. Denniston and C. Goldsmith,
"Micromachined low-loss microwave switches," |EEE Jour. of
Microelectromechanical Syst., vol. 8, no. 2, pp. 129-134, June 1999.
G. M. Rebeiz and J. B. Muldavin, “RF MEMS switches and switch
circuits,” |EEE Microw. Mag., vol. 2, no. 4, pp. 59-71, Dec. 2001.

C. L. Goldsmith, Z. Yao, S. Eshelman, and D. Denniston,
"Performance of los-loss RF MEMS capacitive switches", |IEEE
Microwave and Guided Wave Lett., vol. 8, no. 8, pp. 269-271,
August 1998.

L. P. Guan, J. K. O. Sin, H. T. Liu, and Z. B. Xiong, “A fully
integrated SOI RF MEMS technology for system-on-a-chip
applications,” |EEE Trans. Electron Devices, vol. 53, no. 1, pp. 167
172, Jan. 2006.

C. Goldsmith, J. Randall, S. Eshelman, T. H. Lin, D. Dennistor, S.
Chen, and B. Norvell, "Characteristics of micromachined switches at
microwave frequencies," |[EEE MTT-S Int. Microwave Symp. Dig.,
San Francisco, CA, June 1996, pp. 1141-1144.

Kim Jong-Man, Park Jae-Hyoung, Baek Chang-Wook and Kim
Yong-Kweon, “The SiOG-based single crystalline silicon (SCS) RF
MEMS switch with uniform characteristics,” J.
Microel ectromechanical Systems 13: 2004, 1036

Giridhar M S et. al., “ Design, fabrication, testing and packaging of a
silicon micromachined radio frequency microelectromechanical
series (RF MEMS) switch”, Sadhana, vol. 38 (2), Apr. 2013, pp.
297-316.

H. P. Chang, J. Y. Qian, B. A. Cetiner, F. De Flaviis, M. Bachman,
and G. P. Li, “RF MEMS switches fabricated on microwave laminate
printed circuit boards,” |EEE Electron Device Lett., vol. 24, no. 4,
pp. 227-229, Apr. 2003.

H. P. Chang, J. Y. Qian, B. A. Cetiner, F. De Flaviis, M. Bachman,
and G. P. Li, “Design and process considerations for fabricating RF
MEMS switches on printed circuit boards,” J. Microelectromech.
Syst., vol. 14, no. 6, pp. 1311-1322, Dec. 2005.

Q. X. Zhang, et. al., “RF MEMS switch integrated on printed circuit
board with metallic membrane first sequence and transferring,” |EEE
Electron Device Lett., vol. 27, no. 7, pp. 552554, July, 2006.

B. A. Cetiner et. al., "Monolithic integration of RF mems switches
with a diversity antenna on pcb substrate”", |EEE Trans. Microw.
theory and techniques, Vol. 51, no. 1, pp. 332-335, Jan. 2003.

(1]

(2]
[3]

(4]

(3]

(]

(7]

(8]

(9]

(10]

[11]

15-19 December 2015



Vamsk K. Velidi received the M. Tech
and Ph. D degrees in RF & Microwave
Engineering from the IIT-Kharagpur,
India in 2008 and 2012, respectively.
In 2011, he joined the ISRO Satellite
Centre, Bangalore, as an Engineer in
the Communication Systems Group,
where he is working on the design and development of
high performance passive components for various
Spacecraft and ground applications. He has authored/co-
authored around 42 papers in journals and conferences. His
current research interests include CAD/experimental
characterization of passive microwave circuits using
planar/waveguide/substrate-integrated-waveguide and
semiconductor technologies. = He received the ‘IEEE
Publication/Patent Award-2014" in Journal Category from
IEEE Bangalore Section. He is nominated and shortlisted
for the ‘Innovative Student Project Awards-2013’ at the
Ph.D level by Indian National Academy of Engineering
(INAE), New Delhi, India. He is serving in the review
board of international journals IEEE TMTT & MWCL,
IET-MAP, ETRI, and Elsevier-AEUE. Since 2015, he
serves as the Editor Board Member for Int. Jour. of RF and
Microwave Computer-Aided Engineering.

M. S. Giridhar graduated with a B Sc.
degree in Physics from Riua College,
Mumbai University and M Sc. from IIT-
Madras in 1993 and 1995, respectively.
He obtained his PhD degree from the
Raman Research Institute, Bangalore in
@il 2000. From 2001 to 2003 he held a
Postdoctoral position at the College of Optical Sciences at
the University of Arizona, USA. He joined the MEMS
section of ISRO's Laboratory for Elelctro Optic Systems,
Bangalore in 2003. His research interests are in silicon
micromaching, various aspects of RF MEMS device
development.

R. Islam received his M Sc in Physics
in 1989, M. Tech in Materials Science
and Engineering in 1991 and Ph. D in
Compound Semiconductor thin films in
1996 from IIT Kharagpur. He joined
LEOS, in 1995 and since then working
on packaging and characterization of
phototran51stor Light emitting diode, PIN diodes and solar
cell. He is presently involved in design of different MEMS
devices and development of various critical processes for
indigenization of MEMS products. He received

K. Suryanarain Rau memorial award for the year 2006
from Indian Society for Advancement of Materials and
Process Engineering (ISAMPE). Presently, he is leading
the MEMS Section at the Laboratory for Electro Optic
Systems, ISRO.

A. V. G. Subramanyam, obtained his
B.Tech (ECE) in 1994 from JNT
University, M.Tech (Microwave
Electronics) in 1996 from Delhi
University, and Ph. D degree in 2015

x

NIMHANS Convention Centre, Bangalore INDIA

5of 5

10th International Radar Symposium India - 2015 (IRSI - 15)

from IIT Kharagpur. He joined Department of Electronics
(present DIT) and worked as Scientist from 1997-1999 in
Directorate of Standardization Testing and Quality
Certification. Since 1999, he is with Communication
Systems Group of ISRO Satellite Centre, Bangalore. He
was Deputy Project director for GSAT-16 project and
Project Manager for Meghatropiques, GSAT-2&3 projects.
Currently he is heading Passive Systems Section and
involved in design and development of high performance
passive devices for various spacecraft and ground
applications. He is a member of the team that received
‘Team Excellence Award-2013° of ISRO for his
contribution in the communication systems design of Mars
Orbiter Mission. His interests include high power
waveguide components and microwave miniature
components using Waveguide, PCB and MEMS
technologies. He has published 28 technical papers in
various conferences and journals.

V. V. Srinivasan obtained his M.Tech
degree in Microwave Electronics from
Delhi University, India, in 1986. He
joined the Communication Systems
Group of ISRO Satellite Centre,
Bangalore in 1986 and currently
saveo ST heading the Antenna & Passive
Systems Division. His area of work is in phased array
antennas, microstrip antenna arrays, large ground station
reflector antennas, feeds for ground systems etc. He has
published more than 70 technical papers in various
conferences and journals. He served the IEEE Bangalore
section in various capacities and Chaired the section in
2010 and 2011. He is a recipient of National Research
Development Corporation (NRDC), India award in 1998
for a novel antenna feed development and IETE’s Prof. S.
N. Mitra Memorial Award in 2002. He is a member of the
team that received ‘Team Excellence Award-2007" of
ISRO for his contribution in the design of IDSN-32 &
Phased Array Antenna and also ‘Team Excellence Award-
2013’ of ISRO for his contribution in the communication
systems design of Mars Orbiter Mission.

Y. Mehta obtained his B.E
(Electronics) from Shri GS Institute of
Technology and Science, Indore, Devi
Ahilya Vishwavidyalaya, Indore in
1977. He joined Communication
Section of ISRO Satellite Centre,
Bangalore in January 1979. He has
designed and developed S-band TT&C
Transponder for IRS series of satellites and C-band
Telemetry transmitter for various GEO Missions. Presently
he is heading the Communication Systems Group as Group
Director. He is the recipent of Astronautical Society of
India (ASI) Award-2011 for his contribution in Spacecraft
and related technologies. He is the team leader of the team
that received ‘Team Excellence Award-2013” of ISRO for
his contribution in the communication systems of Mars
Orbiter Mission.

15-19 December 2015



	Index

	Session1

	Author Index




