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Abstract — This paper presents a new dynamic and
parametric model of a capacitive micro-electromechanical
switch electro-statically actuated. It is built of elementary
eectrical equivalent-circuit blocks constructed of voltage-
controlled current sources. The model describes the non-
linear mechanical behavior of the membrane movement,
which allows the computation of the bridge capacitance. It
can be inserted as a mode to perform simulations at
microwave frequencies. All the switch parameters such as
dimensions and materials properties are adjustable.

|. INTRODUCTION

The development of micro-electromechanical systems
(MEMYS) switch and their new applications in RF requires
the development of equivalent models to be included as
single elements in circuit simulators. Some models have
been recently developed [1], [2] but they do not describe
the mechanical behavior of the membrane and the
behavior of the component at RF at the same time.
Another way is to study the complete structures by
coupled time domain mechanical — electromagnetic
methods, but they require large computational time.

The non-linear behavior of a MEMS beam has been
studied in the past [3] using non-linear voltage-controlled
current sources, to model the mechanical behavior of
mechanical resonators with commercial microwave circuit
simulation software.

In this paper, a model using mechanical/electrical
equivalencies to describe the complete behavior of a RF
micromechanical switch is presented. The model computes
the switch capacitance as a function of the different
parameters (such as membrane length, width, thickness,
initial height...) and as a function of a low frequency
voltage applied between the membrane and the bottom
electrode. This dynamic and parametric model allows both
nonlinear mechanical simulation and S parameters
simulation in commercial simulators package.

To validate the study, the model has been included in a
distributed MEMS transmission line BPSK modulator
circuit, designed by Barker and Rebeiz [6].

Il. ELECTROMECHANICAL MODEL

The membrane can be considered as a mechanica
system on which several forces are applied (Fig. 1) [4].
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Fig. 1. Dimension of the modeled switch.

The motion's equation of the membraneis:

2
mdZ= g%, @)
dt dt

where m (kg) is the mass of the membrane, z (m) is the
position of the membrane, k (N.m™) is the spring constant,
& (N.m™.s) is the damping coefficient and Fy (N) is the
non linear electrostatic force between the electrodes of the

capacitance.
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Fig. 2. Equivalent mechanical model of capacitive switch
using voltage-controlled sources. The component values are
given Tablelll.

The model is presented Fig. 2. The model uses voltage-
controlled current sources to model the equation (1). Each
current source represents one of the mechanical forces
applied on the membrane. The use of voltage-controlled
sources allows to model the different force non-linearity.
The model takes three different forces into account: the
spring force kz, the damping force &dz/dt and the
electrostatic force Fy.

The expressions of the spring constant k and the
damping constant & are depending on the switch
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dimensons and of the materia properties. The
electrostatic force depends not only on the dimensions and
on the materia properties but also on the position of the
membrane and on the voltage U, applied between the
membrane and the bottom electrode [4] and [5].

TABLE|
EQUATIONS
M echanical Eq. Model
Spring constant G, =G +Gy.
Stretch 32Ewt® 1
G, B w
2-Bp-Whwd
O lmo
Axial stress G -8o-vw 1
(S I W
2-——
[
Damping coefficient G. = LWw®
3 hos
Electrostatic force _ Wweu?
"o2An-2)
Switch capacitance G. = EWW
"
hy-z+ c
G,=-1
Beam mass C, =lwtp
c =1
Pull down voltage 8k
Vv, = h
27w

In the model, the voltage U,, which represents the speed
of the membrane, is applied at the ports of the capacitance
Cm (m F, where m is the beam mass in kg). This voltage
controls the current source |; (conductance G.j=-1 S),
which delivers a current equal to -U,. This current passes
through the capacitance C; (1 F). The voltage U,, which
represents the displacement z (um) of the membrane, is
connected to the capacitance C;. The voltage U, is related
to the current delivered by the source |_; by the equation:
_c Y. @

I71 1 dt

If 1., and C; are replaced by their values, the equation
obtained is:

_ du, ©)
Yoodt

The voltage U, controls the source |; (conductance G,
where G; is the value of the damping coefficient &), which
delivers a current equal to G;U,. This current represents
the damping force. U, controls the current source Iy
(conductance Gy, where G, is the value of the spring
constant k), which delivers a current equal to GU,. The
current |, represents the spring force. The electrostatic
force is represented by the current source Iry. This source
is a non-linear current source, controlled by the two
voltages U, and U.. The expression of the source
conductance Ggy, Which represents the electrostatic force
is given in Table I. This conductance represents the fact
that the electrostatic force depends on the displacement z
(represented by U,) and the voltage U, applied between
the membrane and the bottom electrode. The modeling of
the electrostatic force requires a current source |gq
controlled by two independent voltages. To create a such
source the circuit software must alow to create current
sources controlled by several independent voltages. For
instance, it is achievable with a SDD in the circuit
software Agilent-ADS.

The current, which passes through the capacitance C, is
equal to the sum of the currents delivered by the sources
lg, Ik, Ire @nd it is too equal to m*dU,/dt. So, the equation
obtained is:

v (4)

du
m—=—l, —l, +I

dt

which is equivalent to the equation (1).

As the mechanical equation is verified by the model, the
displacement z of the membrane can be known (thank U,)
in function of the voltage U. applied between the
membrane and the bottom electrode. The capacitance of
the switch can then be approximated using the expression
givenin Table | and full wave simulators can also be used
for this purpose. In the model, the capacitance of the
switch is represented by a charge source controlled by the
voltage U,. It can be modeled with a SDD in Agilent-ADS.

I11. STATIC BEHAVIOR

A simulation in the time domain has been done to check
the membrane mechanical behavior. It is well known that
the max displacement of the membrane switch is third of
initial height, for an applied voltage just below the pull
down voltage V, and that the membrane becomes unstable
for voltage higher or equal to V. The simulation has been
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done with a square voltage U,, where Ugy iS just below
V,. All the parameters and their values used to make the
simulations are given in Table 1. With these parameters
the computed pull down voltage V, is 11.65 V. The
simulation results are presented in Fig. 3 and Fig. 4. It is
shown, in Fig. 3, that for an initial height of 0.9 um the
membrane displacement is 0.3 um, when Uga iS applied.
The Fig. 4 shows that the membrane becomes unstable for
an applied voltage above V,,.

TABLEII
MEMS SwITCH PARAMETERS

Membrane length I 300 pm
Membrane width W 35um
Membrane thickness t 2.2 um
Membrane initial height ho 0.9um
Bottom electrode width W 100 pm
Dielectric permittivity & 3
Dielectric thickness tq 0.1um
Metal Poisson coefficient v 0.42
Metal density p 19320 kg.m*®
Metal Y oung modulus E 80E° Pa
Air viscosity | 1.8e°kg.m™s!
Biaxial residua stress o 0 Pa

The mechanical behavior of the membrane computed
with the model is just close to the real behavior showing
that rise time and fall time of the bridge are not
symmetrical. It is due to the difference between the
electrostatic force pulling the membrane down and the
restoring force pulling the membrane back up.
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Fig. 3. Transient simulations of the membrane's behavior for
asquare voltage U, with U__ just below V_ and U, equal to 0.
For z=0, the membraneisin the up state.

cmin

An S parameters simulation has been done to show the
capacitance variations as a function of applied voltage U..
The results Fig. 5 show that for a voltage going from 0 V
to 11.6 V the capacitance goes from 33 fF to 47 fF.
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Fig. 4. Transient simulations of the membrane’'s behavior for

a pulse voltage U_ just below V and just above V . For z=0, the
membrane isin the up state.

S.0E-14

456143
C(F) ]
4014

3.5E.14—]

30E-14 T T T T T T T T T T T

Uc (V)

Fig.5. Simulation of the capacitance of the switch C (F) asa
function of applied voltage U (V).

I11. DYNAMIC BEHAVIOR

A simulation in time domain with alow freguency source
and a RF source can not be done because it would take too
much time as it requires millions of points per period to
obtain aresult. But, as the model is constructed of voltage-
controlled sources, a harmonic balance simulation, widely
used in RF non-linear circuit simulation, allows to obtain
easily the output spectrum of the circuit.
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Fig.6. Distributed MEMS transmission line BPSK

modulator.

To show that the dynamic behavior can be studied, the
model isincluded in adistributed MEMS transmission-line
BPSK modulator as a single electrical element. The BPSK
modulator of the Fig. 6, studied by Barker and Rebeiz[6],
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is designed with 96 MEMS capacitive switch models and
with 97 lengths of CPW lines. The lines length is 197 um,
the substrate is 500 um of quartz (g,=3.8), W=100 pum,
G=100 um. The switch parameters are given in Table I1.
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Fig. 7. Simulated spectrum of the distributed MEMS

transmission-line BPSK modulator.

A S parameters simulation is done to obtain the low
frequency amplitude voltage, which allows to have a phase
shift of 180°. This simulation gives 11.6 V to obtain a
phase shift of 180°. Barker and Rebeiz measured a pull
down voltage Vp of 6.1 V and a modulating amplitude
voltage of 6 V to obtain a phase shift of 180°.

The difference between their measurements and the
model resultsis due to compressive stress on the beams[5].
The difference of the pull down voltage does not change
anything in the capacitance value and it has no
consequence on the RF simulation results. The harmonic
balance simulation is then done with a 0-11.6 V 1-kHz
square, as modulating signal, and RF at 35 GHz.

The spectrum of the modulator is presented Fig. 7. The
fundamental frequency is lower than the first harmonic,
and the harmonics are not symmetrical athough the
difference between the amplitude harmonic is small. The
harmonics must not be symmetrical because the rise time
and the fall time of the membrane are different. But the
difference is small because the sgquare modulating signal is
approximated and depends strongly on the number of
harmonics used in the simulation. As can be seenin Fig. 8
the approximated modulated signal causes amplitude
oscillations of the membrane displacement.

These oscillations are causing modifications of the rise
and fall time, which are not very different one to the other.
The spectrum with the harmonic amplitude is presented
Tablelll. This can be improved by using more harmonics.
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Fig. 8.  Behavior of the membrane, when a modulating signal

approximated with 30 harmonicsis applied.

V. CONCLUSION

Electromechanical model of MEMS switches has been
demonstrated with non-linear electrical equivalent sources.
It allows to predict the static and the dynamic behavior of
the membrane and to perform S parameters, transient or
harmonic balance simulations, using a single tool. The
model has been included in a BPSK modulator leading to
good results.

TABLE I
RF SPECTRUM OF THE BPSK MODULATOR
fo f—l f_3 f.5 f.7 f.g
-34.1 -3.7 -13.3 -17.9 -20.9 -23.3
fo fl f3 f5 f7 fg
-34.1 -3.8 -13.6 -18.3 -21.5 -24.1
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