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ABSTRACT: This paper reports on the design, testing of a low-actuation voltage Microelectromechanical systems
(MEMS) switch for high-frequency applications. In the case of micromachined antennas, which involve low voltage
signals, RF MEMS switches with low actuation voltage are required. The actuation voltage of RF MEMS switches
mainly depends on the spring constant of the switch membrane. The mechanical design of low spring-constant folded-
suspension beams is presented first, and switches using these beams are demonstrated with measured low actuation
voltage.
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I.LINTRODUCTION

MICROMACHINING and microelectromechanical systems (MEMS) are among the most promising enabling
technologies for developing low-power low-cost miniaturized RF components for high-frequency applications.
Applications such as cognitive radio system, Multiple-input multiple-output (MIMO) channels and satellite
communication need antenna with the reconfigurable parameters [1,2]. Several universities and companies have
developed RF MEMS switches [3-9] in the last decade that can be primarily classified as: 1) series or shunt; 2) fixed—
fixed membranes or cantilever beams; and 3) capacitive or metal-to-metal contact type. The main driving force behind
this major research effort is the outstanding demonstrated RF performance of the MEMS switches from dc to 100 GHz
compared to p-i-n diodes or FET transistors. RF MEMS switches are mechanical switches electronically controlled and
have near zero power consumption, low insertion loss and high isolation [10-12]. Furthermore, electrostatically driven
switches require only a few microwatts of dc power compared to several milliwatts that their solid-state counterparts
dissipate. This mechanical movement is achieved using electrostatic, piezoelectric, magnetostatic or thermal actuation.
Even though electrostatic method requires a high actuation voltage it is the most prevalent one due to its near zero
power consumption, small electrode size, thin layers and short switching time.

The lifetime of capacitive switches strongly depends on the applied actuation voltage for capacitance switches, they
experimentally observed a lifetime improvement of a decade for every 5-7-V drop on the switch pull-in voltage [15].
Consequently, reducing the actuation voltage of MEMS switches may not only broaden the range of their possible
applications, but also significantly enhance their performance.The actuation voltage of the RF MEMS switches can be
reduced so as to make it compatible with the associated control circuits by varying the spring constant, actuation area or
the gap between the switch membrane and the actuation electrode [10,13]. Lowering the spring constant by using
different geometric structures for the switch membrane can reduce the spring constant and the actuation voltage
[10,14].

In this paper, an RF MEMS capacitive switch with low spring constant operating at a low actuation voltage is presented.
II.RF MEMS SWITCHES
RF MEMS switches can be classified as capacitive or ohmic on the basis of circuit configuration and as series or shunt

based on the nature of contact. The ohmic contact switch consists of a thin metallic strip fixed at one end, suspended
over the metallic transmission line with a gap of few microns. A metallic electrode is attached between the transmission
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line and the fixed end to act as a pull down electrode and makes a direct metal —metal contact. The capacitive switch
does not involve physical contact of the conductors and hence can have low ohmic losses.

A. Capacitive Shunt Switch
Fig.1 shows a RF MEMS capacitive shunt switch consisting of a movable metal bridge, suspended at a height 'g," above
the dielectric layer on the transmission line mechanically anchored and electrically connected to ground of the coplanar
waveguide (CPW). The width of the signal line is 'W'um and the length of the switch is 'L'um. The dielectric layer is
used above the centre conductor, which is also the actuating electrode, so that the switch membrane does not come into
contact with the centre electrode during the actuated state. The DC actuation voltage is applied on the centre conductor
of the CPW (signal line), which will require a DC bias line routed to the centre conductor.

The switch can be modeled as a capacitor between central conductor and ground with the centre conductor as one
electrode, the other electrode being the switch membrane. A high down-state capacitance and a low up-state
capacitance implies high isolation in the down state and a low insertion loss in the up state, and hence is an important
parameter for the shunt switch.

Metallic Membrane
Thick Metal Pull Down
I:Iielect}% Lower Electrode Anchor / Electrode

Anchor Switch
Contact
Substrate
(a) (b)

Fig.1(a):RF MEMS shunt switch with Fixed-Fixed membrane (b) RF MEMS shunt switch with cantilever beam

B. Actuation Mechanism
In order to actuate the switch the central conductor of the switch is dc biased with respect to ground and an electrostatic
force is induced on the beam. Given that the width of the beam is w and the width of the pull-down electrode is W
(A=Ww), the parallel plate capacitance is

_ 04
c==2 @

where g is the height of the beam above the electrode. The electrostatic force applied to the beam is found by
considering the power delivered to a time-dependent capacitance and is given by

_1 .5 dC(g) _ 1 g,AV?

Fe 2 v dg 2 g2 @
where 'ey’ permittivity of free space, 'A' area of the electrode, 'V ' the applied voltage and ' g, ' is the gap between beam
and electrode. The mechanical model of the switch consists of a bottom plate which is fixed and a top plate held by a
spring with a spring constant ‘k’. The induced electrostatic force is balanced by the stiffness of the beam Fs =k(go-g) ,
where 'g' is the instantaneous position of the beam from the original position, go is the zero bias bridge height and ' k' is
the spring constant . Therefore,
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When the voltage is increased, the electrostatic force increases and pulls the beam down towards the lower electrode
resulting in an increase in the associated capacitance. When the beam height is 2g,/3, the electrostatic force is greater
than the restoring force and the beam position becomes unstable and collapses to the down state position. This is
referred to as pull in and the voltage at which the top electrode touches the bottom electrode is called the pull- in

voltage,
Vp = 8kgg
27 €0A

A voltage greater than the a pull-in voltage is used for actuating the switch.

=k(g, —9) ©))
and

®)

II.RF MEMS SWITCHES WITH LOW ACTUATION VOLTAGE

Generally RF MEMS switches are actuated using electrostatic method which requires a high actuation voltage. But in
the case of miniature antennas like micromachined antennas which involve low signal levels, low actuation voltage is a
desirable requirement. The actuation voltage of the RF MEMS switch can be reduced by increasing the actuation area,
reducing the gap height and reducing the spring constant. Increasing the actuation area lowers the actuation voltage but
is a threat to the design of miniaturized circuits. Reducing the air gap reduces the actuation voltage but adversely
affects the switch creating a high insertion loss in the up state and low isolation in the down state. Of these parameters,
the maximum design flexibility is offered by controlling the spring constant ' k ' of the switch membrane.

IV.CHOICE OF MATERIAL

The materials that have been used in the construction of the switch are listed below

Table 1: Properties of material used

Properties Silicon Polysilicon Aluminium
Young’s Modulus 169GPa 160GPa 69MPa
Poisson’s ratio 0.29 0.22 0.35
Yield strength 70GPa - 95MPa

Silicon is used for substrate, Polysilicon for electrode and Aluminium for Serpentine beam.

V.DESIGN OF THE PROPOSED LOW ACTUATION VOLTAGE RF MEMS SWITCH

In the present work, two switch is designed for an actuation voltage of 8.5 Volt and 10.25 Volt. The CPW dimensions
for the proposed design are chosen as 50/100/50 um. The width of the beam is chosen 100 pm so that the area of the
actuating electrode (area of the center conductor), is 100 x 100 um. In the present work, a low actuation voltage of 8.5
Volt & 10.25 Volt is achieved by using a switch membrane with two appropriate serpentine structure. The switch
membrane is supported by four serpentine flexures which lower the spring constant of the switch membrane. The
serpentine spring consists of rectangular turns of conductors, referred to as meander, as shown in Fig. 2(a). One
meander consists of four adjacent beams, two vertical and two horizontal ones, the horizontal beam of length 'a’ and
vertical beam of length 'b". An 'N' meander spring will have 2N horizontal beams and 2N vertical beams.
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Fig.2(a): The structure of a typical meander flexure

In the present work the meander structure to achieve the required spring constant is found using the following equation
[13].

ke
[BN?a® +2N b2 abN@Eb+ GN+ DUN + Da
3E4, 3G,
2Na v . (2N + 1)b
Na” [ Er, )+ [ " Nb? a LB
T E (]
EL, G (6)

Total spring constant, k=4k,

The effective spring constant ks of the serpentine structure depends on the number of meanders N , horizontal beam
length ‘a', vertical beam length 'b', ‘E’ the Young's Modulus, 'v' the Poisson's ratio, 'w' the thickness, Iy = wt¥/12,

I,= tw*/12 the moment of inertia along the x axis and z axis. Shear modulus 'G' = E/2(1+v) , |, = l,+1, the polar moment
of Inertia and Torsion Constant J = 0.413l,.

TABLE 2: Structural parameters of the proposed design of RF MEMS switch

Parameters Values
CPW Dimensions 50/100/50

Length of the switch membrane 300um

Width of the switch membrane 100pm
Gap height 2um

Horizontal beam length (a) 12.5um
Vertical beam length (b) 45um
Switch thickness 2.5um

The switch is designed with the structural parameters shown in TABLE 2. The other design parameters of the switch
membrane are calculated and shown in TABLE 3. Using these parameters, the meander horizontal beam length “a” and
vertical beam length “b” are chosen as 12.5 and 45 wm respectively, based on the Eqn(6).
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TABLE 3: Design parameters of the proposed design.

Parameters Values
Young’s modulus(E) 69MPa
Poisson’s ratio(v) 0.35
Shear modulas 25.55x10°
x-axis moment of Inertia(lx) 0.2x10%
z-axis moment of Inertia(lz) 1.3x10%
Polar moment of Inertia(lp) 1.5x10%
Torsion Constant(J) 0.6x107%

VI. RESULT AND DISCUSSION

Fig.3 to Fig.8 show the results of the electromechanical analysis of the proposed switch using Coventorware. Fig.5 &
Fig.8 shows the result of the pull-in analysis and the maximum possible displacement of 0.56pm is obtained for 8.5 V
& 0.67um for 10.25V respectively. Fig.4 & Fig.7 shows the deformation experienced when 8.5V & 10.25 V is applied
respectively to the central conductor of the CPW (which acts as the lower electrode), and the maximum displacement is
seen for the centre part of the switch membrane, as evident from the colour scheme.

For 1% square serpentine flexure design

Fig.3: Model of RF MEMS capacitive switch(Square Serpentine flexure)

In the fig 3, it shows the geometry of RF MEMS capacitive switch(Square Serpentine flexure).

Fig.4: Z displacement of the square serpentine flexure:Results of the Electromechanical Analysis in Coventorware
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In the fig 4, it shows the deflection of square serpentine beam after applying actuation voltage, deflection obtained is
0.56pm.

Displacement along Z axis{um)

° 2 a & 8 10
woltage(wv)
Fig.5: Pull-in characteristics of the proposed design

In the fig 5,it shows the graph of voltage vs displacement along Z axis, 8.5 Volt pull-in voltage is obtained at 0.56pum
deflection when 10 Volt was applied.

For 2™ circular serpentine flexure design

x

L=

Fig.6 : Model of RF MEMS capacitive switch(Circular Serpentine flexure)

In the fig 6, it shows the geometry of RF MEMS capacitive switch(Circular Serpentine flexure).
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Fig.7: Z displacement of the circular serpentine flexure:Results of the Electromechanical Analysis in Coventorware

In the fig 7, it shows the deflection of square serpentine beam after applying actuation voltage, deflection obtained is
0.67pum.

Displacement Z{yum)
o
W
1

T T T T
o 2 a 6 8 10 12

voltage(volt)

Fig.8: Pull-in characteristics of the proposed design

In the fig 8,it shows the graph of voltage vs displacement along Z axis, 10.25 Volt pull-in voltage is obtained at 0.67um
deflection when 12 Volt was applied.

VII.CONCLUSION

A low actuation voltage RF MEMS capacitive switch, suitable for micromachined antennas is presented. A
serpentine geometry for the flexures holding the switch membrane results in reducing the spring constant sufficiently
low as to have a pull in voltage of 8.5V for 1% design & 10.25V for 2™ design & spring constant 0.00024 N/m for 1%
design & 0.0022 N/m for 2™ design . The deflection obtained in 2™ design is maximum even though spring constant

and pull-in voltage is more than 1% design hence 2™ design is chosen for fabrication process of RF MEMS capacitive
switch.

Copyright to JAREEIE WWW.ijareeie.com 8972



(1]
[2]
(3]
(4]
(5]
6]
[71
(8]
(9]

[10]
[11]

[12]
[13]
[14]

[15]

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering

(An I1SO 3297: 2007 Certified Organization)
Vol. 3, Issue 4, April 2014

REFERENCES

Christos G Christodolou, Youssef Tawk,Steven A Lane and Scott R Erwin," Reconfigurable antennas for wireless and space applications
", Proceedings of the IEEE Vol 100 No .7 ,July 2012.

Harvey S.Newmann ,"RF MEMS Switches and Applications ", 40th Annual International Reliability Physics Sympopsium ,Dallas
,Texas,2002.

R. E. Mihailovich, M. Kim, J. B. Hacker, E. A. Sovero, J. Studer, J. A. Higgins, and J. F. DeNatale, “MEM relay for reconfigurable RF
circuits,” IEEE Microwave Wireless Comp. Lett., vol. 11, pp. 53-55, Feb. 2001.

S. Duffy, C. Bozler, S. Rabe, J. Knecht, L. Travis, P. Wyatt, C. Keast, and M. Gouker, “MEMS microswitches for reconfigurable microwave
circuitry,” IEEE Microwave Wireless Comp. Lett., vol. 11, pp. 106-108,Mar. 2001.

P. M. Zavracky, N. E. McGruer, R. H. Morrison, and D. Potter, “Microswitches and microrelays with a view toward microwave
applications,”Int. J. RF Microwave Computer-Aided Eng., vol. 9, pp. 338-347, July 1999.

D. Peroulis, K. Sarabandi, and L. P. B. Katehi, “Low contact resistance series MEMS switches,” in IEEE MTT-S Int. Microwave Symp.
Dig.,vol. 1, June 2002, pp. 223-226.

Haslina Jaafar, Othman Sidek, Azman Miskam and Shukri Korakkottil, ”Design and Simulation of Microelectromechanical SystemCapacitive
Shunt Switches,” American J. of Engineering and Applied Sciences 2 (4): 655-660, 2009 ,ISSN 1941-7020 © 2009 Science Publications
Lianjun Liu ," High Performance RF MEMS Series Contact switch -Design and Simulation”, Electronic Components and Technology
Conference ,p.p 158-164 ,2007.

Jeremy B Muldavin and Gabreil .M Rebeiz ,"High Isolation CPW MEMS shunt switches - Partl:Modelling ", IEEE Transactions on
Microwave Theory and Techniques ,Vol 48,No:6,June 2000.

Gabriel M.Rebeiz and Jeremy .B.Muldavin ," RF MEMS Switches and Switch circuits "', IEEE Microwave magazine,December 2001.

Gabriel .M.Rebeiz,"RF MEMS Switches :Status of the Technology", 12th International Conference on Solid state Sensors,Actuators and
microsystems,,June 8-12,2003.

P.D.Grant and M.W.Denhoff," A Comparison between RF MEMS Switches and Semiconductor switches *, Proceedings of the 2004
International Conference on MEMS ,Nano and smart systems.

Dimitrios Peroulis, Sergio P. Pacheco, Kamal Sarabandi, and Linda P. B. Katehi, “ Electromechanical Considerations in Developing Low-
Voltage RF MEMS Switches” IEEE transactions on microwave theory and techniques, vol 51,pp. 259-269,J January 2003.

H. Pan, J.T Bernhard, V.K. Nair, Reconfigurable Single-Armed Square Spiral Microstrip Antenna Design, IEEE International Workshop on
Antenna Technology SmallAntennas and Novel Metamaterials, 2006, March 6-8, 2006,pp. 180 — 183.

C. Goldsmith, J. Ehmke, A. Malczewski, B. Pillans, S. Eshelman, Z. Yao, J. Brank, and M. Eberly, “Lifetime characterization of capacitive RF
MEMS switches,” in IEEE MTT-S Int. Microwave Symp. Dig., vol. 1, June 2001, pp. 227-230.

Copyright to JAREEIE WWW.ijareeie.com 8973



