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Poisson’s ratio.
To include the effect of inductance in the actuating circuit, Eq. (3) can be modified to be

(6)

This two-lump model has captured most of the relevant effects of the electrostatically-
actuated micromachined switch. The additional parameter  allows one more degree of freedom
in fitting the simulated curves to measurements. Also, through a mixed-mode circuit simulator
[8], the lumped model can be embedded into SPICE for full transient and harmonic studies.
Finite-element simulations and more measurements are necessary to characterize stiction and
initial deformation of the switch.
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The electrical current Ie in Fig. 3 is given by

(2)

which is expanded to the parenthesized term in Eq. 3 below:

. (3)

Notice that the current is a non-linear function of the displacement and velocity of the
membrane.  Figure 4 shows the solution w(t) of the coupled ordinary differential equations (1)
and (3) which compares reasonably well with experimental measurements [1].

The two material parameters required by the model are the modulus of elasticity, E, and
the viscoelasticity coefficient, .  Values of E for certain thin films can be measured but  is
very difficult to determine.  Since it is relatively easy to control R and Vsrc, parameter extraction
can be accomplished by a least-squares fitting of the simulated transient characteristics to
measurements with varying R and Vsrc.  Figures 5 and 6 show ton as functions of Vsrc for

different values of E and  respectively.  Similar behaviour of ton with respect to R are
observed.

After the material parameters have been determined, the model can be used to perform
scaling studies of  the geometry for performance optimization.  Figures 7 through 10 show how
ton and toff change as functions of geometrical parameters such as membrane area, cantilever
length, initial gap and film thickness.  The tradeoffs between turn-on and turn-off times is
evident.  Interestingly, the membrane area and cantilever length, once past certain thresholds,
have little effect on the turn-on times.   The dynamic power dissipation can be computed  from
Ie(t) shown in Fig. 11.

III. AUGMENTED TWO-LUMP MODEL

The one-lump model can be augmented to include the effects of the membrane, gravity
and inductance as shown in Fig. 12. One lump describes the motion of the cantilever supports
whereas the other lump describes the membrane. The two equations of motion are

(4)

(5)

The additional terms to Eq. (1) are the gravitational forces,  mi g, and the last two terms on the
left-hand sides of both Eqs. (4) and (5) which describe the coupling between the membrane and
the cantilevers.  The force on the membrane as a function of deformation can be modeled by a
tensile term (cubic in w) and a bending term (linear in w) which can include the effect of
residual stress  [7]. The parameters c1 and c2 depend on the geometry of the membrane and
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NONLINEAR DYNAMIC MODELING OF MICROMACHINED MICROWAVE SWITCHES
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ABSTRACT

Nonlinear dynamic lumped models of micromachined  switches for microwave
applications have been formulated and successfully applied to analyses of transient
characteristics and geometrical scaling.  Parameter extraction through electrical
measurements is summarized.

I. INTRODUCTION

The micromachined switch [1] has great potential for microwave applications due to its
extremely low intermodulation distortion and IC backend technology compatibility.  In the past,
the switch has been modeled as a parallel plate capacitor and a linear spring at static equilibrium
[2].  3D finite element simulations have been used to examine more detailed geometrical effects
[3], but are computationaly expensive and mostly limited to static analysis.  In this paper, we
have formulated a nonlinear dynamic lumped model which models the support cantilevers and
membrane separately and includes the effects of inertia, viscoelasticity, the external actuating
circuit and residual stress.  Parameter extraction for the lumped model from electrical
measurements is described.  Scaling properties for the geometrical design of the switch are
analyzed.

II. NON-LINEAR DYNAMIC ONE-LUMP MODEL

The modern design and performance optimization of micromachined switches deviates
significantly from the simple geometry of cantilevers [4]. The electrostatic force on the top
membrane is so inhomogeneous that the approximation of a thin membrane anchored at the
periphery under constant pressure is not accurate[5].  It is more accurate and scalable to
formulate the lumped model as a rigid diaphragm suspended above a ground plate by two
cantilevers.  Figures 1 and 2 show the various geometrical parameters in the lumped model.  The
schematic of the actuating circuit is shown in Fig. 3.  To account for the inelastic behavior of the
cantilevers, the dynamic equation is given by

(1)

where  is the permittivity of free space,  is the relative dielectric constant of the thin
dielectric layer above the bottom plate, E is the modulus of elasticity, I is the moment of inertia
of the cantilever,  is the viscoelasticity constant and m is the mass of the membrane.  The first
term on the left describes the total downward electrostatic force acting on the membrane.  The
second term describes the upward force exerted by the cantilevers and is valid when the vertical
deflection is less than 30% of the cantilever length [6].  The third term captures the effects of
energy loss through cyclical plastic deformation, molecular friction and the viscosity of air in
the system via a viscoelasticity coefficient.  This damping effect will reduce the membrane
oscillation especially during switching off.
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