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Abstract

Electrostatic parallel-plate actuators are a common way of actuating
microelectromechanical systems, both statically and dynamically. Never-
theless, actuation voltages and oscillations are limited by the nonlinearity
of the actuator that leads to the Pull-in phenomena. This work presents
a new approach to obtain the electrostatic parallel-plate actuation volt-
age, which allows to freely select the desired frequency and amplitude of
oscillation. Harmonic Balance analysis is used to determine the needed
actuation voltage and to choose the most energy efficient actuation fre-
quency. Moreover, a new two-sided actuation approach is presented that
allows to actuate the device in all the stable range using the Harmonic
Balance Voltage.

1 Introduction

Microelectromechanical systems (MEMS) based on the electrostatic parallel-
plate actuation principle are seemingly simple to fabricate and operate (Fig. 1).
For this reason, they are the basic building block for a wide variety of sensors.
The list include accelerometers [31] and gyroscopes [21], temperature sensors
[10], gas sensors [4] and mass sensors [28] among others. The main challenge is
the nonlinearity of the parallel-plate electrostatic force that leads to the Pull-in
phenomena [8].

Several techniques, such as mechanical modifications [17], voltage patterns
[7, 23] or different electrode configurations [18] have been considered to increase
the stable static and dynamic range of actuation of parallel-plate electrostatic
actuators. However, they focus on avoiding the Pull-in problem and, in that
effort, they limit the actuation amplitude and oscillation frequency.
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The use of different frequencies in the actuation of MEMS resonators, and
their effect on the stability and sensor bandwidth has been widely analyzed
in the case of parametric excitation [9, 19, 22]. Lately, new approaches have
focused on the effect of secondary resonance [3], multiple modes of oscillation
and different frequencies [13, 14, 15, 33], or multiple harmonics [20].

Research has shown the beneficial effects of multiple harmonics on the sta-
bility and performance of MEMS resonators. Applying different frequencies to
excite multiple modes of oscillation is shown in [16] to produce large bandwidth
in the resonator response. At the same time, the fact of using the combination
of two different frequency sources allows to tune the bandwidth of the resonator
as desired.

Figure 1: An example of a fabricated beam resonator with parallel-plate elec-
trostatic actuation and sensing. The parameters of this design have been used
for simulations [8].

This paper analyzes the capability of multiple harmonic actuation in order
to improve oscillation performance, while avoiding the pull-in phenomena in
steady state. For the first time, a constructive analytical voltage harmonic
content selection algorithm is derived to freely select the oscillation amplitude
and frequency of the MEMS device.

Moreover, the presented analysis takes into account energy storage, transfer
and power dissipation in oscillatory steady-state response of electrostatically
actuated MEMS structures to finally select the most energy efficient frequency
of oscillation.

This analysis leads to the definition of a new two-sided actuation configu-
ration that allows to actuate a parallel-plate electrostatically actuated MEMS
device at any desired oscillation amplitude and frequency in the stable oscilla-
tion range.

In Section 2, the nonlinear model of the MEMS system is presented and a
concentrated parameters simplification is derived to apply Harmonic Balance.
In Section 3, Harmonic Balance is applied to derive the equilibrium equations
in steady-state oscillation. In Section 4, the Harmonic Balance Voltage is pre-
sented and its capabilities and complexity analyzed. In Section 5, the Harmonic
Balance Voltage energy consumption is analyzed to be able to determine min-
imum energy frequencies. In Section 6, a new two sided actuation approach is
presented to be able to use Harmonic Balance Voltage to freely choose the am-
plitude and frequency of oscillation in all the stable range of oscillations. And



in Section 7, final conclusions and future work are presented.

2 Nonlinear actuator MEMS model
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Figure 2: Basic scheme of a deflected beam with electrostatic parallel-plate
actuation, which is a schematic representation of most MEMS devices. Using
the Galerkin Method [24], the deformation of a beam is studied as the lumped
mass-spring-damper system in Fig. 3.

Figure 2 shows a schematic beam representation of a parallel-plate electro-
statically actuated MEMS resonator. Most MEMS resonators can be assimilated
to this representation.

Using differential equations to derive mechanical deformations, electrostatic
forces and the damping forces, the dynamics of the system can be reduced to

[1]:
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given the following boundary conditions
w(0,t) = w(L,t) =0, @'(0,t) =w'(L,t) =0,

where (%, t) is the oscillation amplitude at position Z and time ¢, N(¢) is any
axial force applied to the beam, Felec(t) is the applied electrostatic force, ¢4 is
the calculated damping constant of the system, p is the density of the beam, A
is the area of the cross-section of the beam (A =b-h, b and h are the width
and height of the section of the beam), L is the longitude of the beam, I is the
moment of inertia of the cross-section (I = bh®/12), and E’ = E/(1 — v/?) where
E is the Young Modulus and v is the Poisson ratio.

The Galerkin Method [24] can be used to convert the partial differential
equation, (1), into a single-degree of freedom ordinary differential equation.
This allows to deal with a mass-spring-damper concentrated parameter model
(Fig. 3) with a voltage-controlled actuation. This approach is the most popular
in the literature [5, 6, 12, 25, 26].



Firstly, the beam response is assumed to be composed of an infinite number
of oscillation modes, and consequently, the displacement w can be decomposed
in

w(z,t) = Zqz(t)éz(i’) ()
i=0

where §;(t) is the time-dependent modal displacement for the oscillation mode
7 and gigl(i) is the position-dependent modal shape.

Equation (2) can be substituted in the previously presented equation (1) to
obtain the dynamics equation for each vibration mode of the beam [24]

Mefgi- Qi+ Begpi G+ Keppi+ @i+ Kseppi G = Feppi (3)

where the effective mechanical constants for each mode of oscillation are
derived as

L
Muype = o[ Gas (4)
0

L aQAZ_ 2 . . L 8A7; 2 .
Kepri = EI/O (8;) dx—&-N(t)/O <6¢;) dz (5)

A 2 2
EA | [T (8¢ .
Kserri = ST /O <8§:> dz (6)
L/\
Befpi = éd/ pidi. (7)
0

At the same time, the electrostatic force associated with the actuator capac-
itor is defined as
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where C = E(’g—?“ (1 + 0.65%0) is the capacitance at rest using a first-order fring-
ing field correction [11], € is the dielectric constant, g, is the initial gap between
the plates, b is the device thickness, A, is the area of the plates, and V is the
applied voltage between the electrodes.

Assuming, as usual, that the system behavior is sufficiently captured by the
first mode of oscillation, the dynamic response of the beam in Fig. 2 can be
modeled by the lumped mass-spring-damper in Fig. 3, given that ¢;(¢) ~ ¢(t),
Meff,l ~ M, Keff,l ~ K, Kg,effﬂ' ~ Kg, Beff,l ~ B and Feff,l ~ F. The
consideration of higher order modes would improve the accuracy of the model,
as shown in [32], but at expense of an increase in the mathematical complexity.

Consequently, the dynamics of the system can be described by
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M{i+Bji+Kg+Ksj® = V2. (9)



This is the dynamic equation of a mass-spring-damper system with parallel-
plate electrostatic actuation and a nonlinear spring (Fig. 3).
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Figure 3: Schematics of an electromechanical system with parallel-plate actua-
tion. It includes a linear spring, a nonlinear spring and linear velocity damping.

For the Harmonic Balance formulation, it is best to work with the resulting
normalized actuation gap, g = 1 — §/g,, and once substituted into (9), the
resulting equation is

d?>g  wydg 9 3 V2
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where Cy = Gngc, fr, = 2%;, g = %ﬁ, % = %, % =w?and Kk = Kﬁ/lg", being

wy the natural frequency of the system, Q = i the quality factor and ¢ the
damping of the system.
Rearranging terms

d? nd
(7(Wg + %(Ti + wig + Kg?) +wfl+nf3ng+3ng2)gz

= fg,V? (11)

and introducing
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the equation converts to
—H(9)g” + (wp + r)g* = 3rg° + 3rg" = frg, V? (13)



3 Harmonic Balance steady-state characteriza-
tion

Equation (13) establishes the relationship between the position (gap distance
g(t)) and the voltage (actuator driving voltage V'(¢)). If the system is analyzed
in steady-state oscillation, both variables can be approximated using Fourier
series.

The gap distance can be expressed, in steady state, as

g(t) = Y Gnel"! (14)
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where G, € C is the amplitude of the n-th harmonic oscillation in exponential
form.

From equation (14), the velocity and acceleration of the gap, in steady state,
can be computed as

dg(t) — . 5 jnwt

o n:%mjan e (15)
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All the higher order terms of the position are expressed as follow
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And the H(g) term, defined in (12), becomes

H(g)= Y Aue™

n=—oo

where A, = (—w?n? +j Gwn+ w?) Gy + KT
At the same time, the input voltage is assumed to be

V(t) = i Vyelnet (20)

n=—oo



where V,, is the n-th harmonic amplitude of the voltage. This implies that the
square of the input is

o0

V(t)? = Z Bnel™t with £, = Z ‘717,—;17% (21)

n=-—o0 p=—o00

being 3,, the n-th order amplitude.
Using these definitions on equation (13) and rearranging terms, the complete
system dynamics can be represented as follows
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Equation (22) generates the following set of equations to be solved for each
harmonic:

— Z AqOéfq + (wﬁ + Ii)CM() — 3kT0 +3K0g = fkgkﬂ()
gq——0o0
— Z Agai—q + (Wi + K)ar — 3671 + 3661 = frg,f
qg=—00
— Z Ago_1-q + (0.1,21 + K)a—1 —3k7-1 +3k0-1 = frgf-1
g=—00
— Z Agoa—_q + (wg + K)ag — 3kT2 + 3602 = frxgL02
gq——00
— Z Aga—o_g+ (Wi 4+ K)a—2 — 36T—2 + 3K0_2 = frg B2
q=—00
for n

These equations define the relationship between the gap oscillation and the
input voltage in steady state. Consequently, given an input voltage the steady-
state oscillation can be predicted. On the other way round, they can also be
used to select the voltage needed for a desired steady-state oscillation. This
voltage has been named as Harmonic Balance Voltage (HBV).



4 Harmonic Balance Voltage

4.1 Harmonic Balance Voltage definition

The introduction of the HBV allows to change the parallel-plate electrostatic
actuation paradigm in MEMS resonators. The oscillation is not defined by the
voltage, on the contrary, the voltage is fixed by the desired oscillation.

The HBV, Vipy(t), is defined as

VHBV(t)QZZ@@”M-FZ@@_MM (23)
i=0 im1

where f; is the complex conjugate of 3; and the 3; terms are calculated as
follows:

1

= @(— Z Ay ig + (W2 + K)oy — 3k + 3/1(51-) (24)
k
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Bi

Consequently, the complexity of the HBV would depend on the desired os-
cillation and the system parameters. This complexity for most common ap-
proaches is summarized in Table 1. As can be observed, a minimum of four
real-valued equations must be solved in order to obtain y to 3 for a perfect si-
nusoidal oscillation if the model does not contain a nonlinear mechanical spring.
On the other side, if the oscillation has up to three harmonics and the model
contains a nonlinear spring, the HBV is composed of 5y up to fi5.

Case \ Needed terms ‘
Linear spring (x = 0) - 1 harmonic Bo to 3
Linear spring (k = 0) - 2 harmonics Bo to B
Linear spring (x = 0) - 3 harmonics Bo to B
Nonlinear spring (x # 0) - 1 harmonic Bo to Bs
Nonlinear spring (k # 0) - 2 harmonics Bo to Bio
Nonlinear spring (x # 0) - 3 harmonics Bo to Bis

Table 1: Summary of usual system models and desired oscillation patterns, with
their corresponding number of harmonics needed in the actuation voltage, based
on HBV calculation.

4.2 Pure sinusoidal oscillation

In most practical device implementations, pure sinusoidal oscillation is desired.
The HBV allows to calculate which is the appropriate actuation voltage that
achieves the desired pure sinusoidal oscillation.

Assuming that the system evolution is a pure sinusoidal, the gap distance,
g, reduces to
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Figure 4: HBV calculation for an oscillation with damping Q = 100 and fre-
quency of 0.96w,, to obtain a static gap position of Gg = 0.9 and an amplitude
of oscillation of Gy = 0.7. a) Calculated Vigpy(t)? from §; and Equation (23).
b) HBV, Vupv(f), as square-root of a). c¢) Simulated output of the system,
where it can be observed that it satisfies the desired oscillation.

g(t) = GO + Gl sin(wt —+ ¢1) = éO + éflejwt + Gufleith

where éo = Gy, él = %eml and Cuv’,l = a is the conjugate of él.
Then, the actuation voltage is obtained using (23), and the 3; terms, assum-
ing nonlinear mechanical spring are reduced to the following equations(24):
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where |G| is the absolute value of G,,.

For a chosen oscillation amplitude, Gy and G, these equations provide the
required control action, Vipy (t). An example of the calculated actuation voltage
and the obtained oscillation is shown in Fig. 4. In the presented example, an
static gap displacement of Gg = 0.9 is desired, as well as, an amplitude of
oscillation of G; = 0.7. These features are imposed for a frequency close to
resonance, 0.96wy,, and medium damping conditions, Q = 100. Equation (23)
allows to determine the HBV, but squared, Viipv(t)?, as shown in Fig. 4a.
From this value, the actual HBV can be derived, Vv (t), by square-root of the
previous value (Fig. 4b). This value, obtained using numerical fitting tools, can
be used to generate a signal to drive the MEMS resonator. Fig. 4c shows the
simulated oscillation of the MEMS resonator model used in the example (Table
2). As can be seen, the desired static displacement and oscillation amplitude
are obtained.

4.3 Harmonic Balance Voltage complexity

The HBV allows to obtain the desired oscillation amplitude and frequency. How-
ever, that doesn’t mean that it can be easily used to drive a real device. The
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pattern can be complex, and must be converted to a number of voltage signals
ready to be delivered in an actuation set-up.

A first problem arises from HBV analysis. Depending on the desired oscil-
lation, the calculated actuation voltage from the S-equations cannot always be
reproduced as the square of a sinusoidal signal. As can be seen in Fig. 5, the
calculated voltage, Vipy(t)?, takes negative values. This means that the sig-
nal cannot be generated by squaring the input voltage V' (¢). This leads to the
impossibility to reach the desired oscillation with a classical one-sided voltage
driving scheme.

100
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-250
-300
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Figure 5: HBV calculation (Vv (t)?) for an oscillation with medium damping,
Q = 100, and low frequency, 0.8wy. It is desired to obtain a static gap position
of Gy = 0.9 and an amplitude of oscillation of G; = 0.7. This voltage is directly
obtained from the S; of the Harmonic Balance equations. As can be observed,
the signal has negative values.

Apart from that limitation, some calculated actuation voltages can also be
difficult to reproduce. No closed-form expression is available to obtain the input
voltage from Vygpy(t)?, when it has been calculated. Consequently, the final
driving voltage, Viipv (t), must be obtained by numerically solving the implicit
equations. In that case, the input signal is assumed with a predefined number
of harmonics, in order to solve the equations. In the example in Fig. 6, at least
five harmonics are needed to produce a good numerical solution for the input
voltage, while perfect reproduction is achieved with ten harmonics.

In order to analyze the complexity of the HBV in front of different system
parameters, iterative solutions have been calculated. Presented examples are
based on the device parameters from Table 2. At each step, HBV is approxi-
mated using an rsquare-error minimization technique to determine the minimum
number of harmonics needed to obtain an rsquare-error of unity. The results
are calculated on a square grid with 2 degrees of freedom: X-axis corresponds to
the static displacement (Gg) ranging from 0.7 to 1 and the Y-axis corresponds
to the oscillation amplitude (G1) ranging from 0.05 to 0.9.
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Harmonic Balance Voltage and sinusoidal fits
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=10 harmonics
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Figure 6: Sinusoidal implicit solution of the HBV for an oscillation with damping
Q = 100, a frequency of 0.96w,, a static gap position of Gg = 0.9 and an
amplitude of oscillation of G; = 0.7. The solutions obtained (1 to 15 Harmonics)
for the input voltage are compared. In the figure, the 5, 10 and 15 harmonics
solutions are almost overlapped with the calculated Vg gy curve. Consequently,
the 5 harmonics solution is already close to the calculated Vg gy, and the 10
harmonics solution can be considered almost identical.

Fig. 7 shows the number of harmonics needed to reproduce an input voltage
that obtain the desired oscillation given by the X(Gg)-Y(G1) axis. The plots
are obtained for three different frequencies (0.9wy, 0.96wy,, wy,). The plots show
the effect of selected frequency on the desired input voltage and the number
of harmonics needed to reproduce it. Same tests have been carried on for dif-
ferent damping values, but they have small effect on the voltage pattern and
complexity.

In the plots, the region on the right (red zone) indicates that the voltage
solution calculated by the harmonic balance equations is not completely positive-
valued, and consequently, the zone cannot be reached by one-sided voltage ac-
tuation (Fig. 5). The region on top (brown zone) is the area that cannot be
achieved due to the fact that the total amplitude is greater than the physical
gap. The orange areas indicate that with 10 harmonics the calculated input
voltage is not satisfactorily generated.

The plots analysis shows that with frequencies closer to natural frequency
(between 0.96 wy, and wy,), it is easier to obtain a pure sinusoidal oscillation: the
range of obtainable oscillations is wider, and large amplitudes can be achieved
with few harmonics in the input. When the desired frequencies are further
away (0.9w, and below), the range of achievable oscillations diminishes and the
difficulty to calculate the input voltage increases, as observed by the increase of
orange zones.

Based on the plots analysis, the number of required harmonics changes fol-
lowing a similar pattern when the amplitude is swept. With five or six har-
monics, most of the range can be accessed, but higher harmonics are needed to
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Parameter Value

K 13.406 N/m
Ks 3.768 - 1010 N/m3
M 5.6-1077 Kg
2o 5 - 10_6 m
A, 3.86 - 107 m?
€ 8.85-10~10
Co 6.83- 10" F
wWn 4892 rad/s
/n 0.78 kHz

B — factor = K/(Ks g?) 14.23

Table 2: MEMS resonator parameters of the fabricated design in Fig. 1, used
for the simulations.

reach larger amplitudes.

4.3.1 Voltage generation limitations

HBV patterns are complex depending on the desired oscillation parameters.
Classical single harmonic driving voltages cannot generate those HBV patterns.
That means that single harmonic driving schemes are limited on the selection
of the desired output. Moreover, due to the nature of the electrostatic field
generated in the parallel-plate capacitor, §; terms are obtained by squaring the
applied voltage. This condition adds more limitations to the achievable patterns
in the driving force.

To understand the limitations in the generation of the driving voltage, a
general case is analyzed including a large number of harmonics. If five harmonics
are assumed in the driving voltage, it would be

V(t) _ “70 + Vlejwt + ‘77167th + ‘7262th + ‘772672th
+ f/gewwz + Vige—Sjwt + “‘/464jwt + ‘“/746—43'“»
+ “‘/565jwt + V_se—Sjwt7 (25)
where V = Vo, V; = —j%emi and V_; = j%e‘j@, being V; the applied voltage
for each harmonic.

Using these parameters definitions and equation (21), the S-terms are cal-
culated as follows
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Analyzing the equations, an important conclusion is reached. Using only the
first harmonic frequency in the input voltage, V7, one can generate up to the (5,
term. If the input voltage has a second harmonic term, V5, one can generate up
to the 84 term. And if the input voltage has up to the fifth harmonic term, Vs,
one can generate up to the 19 term. This relationship can be extended to any
input harmonic frequency term.

The number of 3; terms that can be produced squaring the input voltage can
be compared with the previously derived number of harmonics needed from the
HBYV calculation, in Table 1. Table 3 shows that only the sets of equations of the
Linear and Non-linear harmonic balance approximations with two harmonics in
the output are completely well-defined with a voltage control. In these cases,
it is possible to produce the needed f;, for the whole set of equations. In the
linear case, up to the third harmonic is needed in the input voltage, V3, and in
the nonlinear case, up to the fifth harmonic is needed in the input voltage, V5.
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In the rest of the cases, the mathematical equations are unbalanced, meaning
that it is not possible to perfectly generate the right 3; for the needed oscilla-
tion and model. At this point, it is important to notice that a perfect sinusoidal
oscillation is not mathematically possible with the available voltage actuation.
On real world, almost perfect sinusoidal oscillation is possible because in the
second harmonic oscillation case, which is well-defined, the amplitude of oscil-
lation of the second harmonic can be chosen extremely small (G2 ~ 0), what
leads to almost pure sinusoidal actuation. And this implies that the V;-terms
of the actuation voltage cancel out to leave only significant By to 85 terms for
the nonlinear spring case.

’ Case \ HBV Terms \ Voltage terms ‘
Linear spring Bo to S don’t match
1 harmonic
Linear spring Bo to B Vo, Vi, Vo, Vs
2 harmonics
Linear spring Bo to B don’t match

3 harmonics

Nonlinear spring Bo to Bs don’t match
1 harmonic
Nonlinear spring Bo to Bio Vo, Vi, Vo, V3, Vy, Vs
2 harmonics
Nonlinear spring | 5 to S5 don’t match
3 harmonics

Table 3: Comparison of the number of harmonic components needed in the HBV
calculation, based on Table 1, and the terms that can be obtained by squaring
the input voltage with one-sided actuation.

5 Minimum energy consumption

With HBV, the focus has been moved from choosing a voltage to selecting an
oscillation amplitude and frequency. The next step is to find the minimum
energy frequency for the selected amplitude. This frequency is equivalent to
the resonance frequency in the linear case. However, in the nonlinear case, this
minimum energy frequency depends on the selected amplitude and static bias.

The voltage magnitudes of the HBV give an indication of the maximum
electrical load that must be applied, but they provide no insight on the energy
consumption needed to sustain oscillation. Moreover, the needed voltage pattern
can be really complex, and in those cases, the voltage magnitudes only capture
the range of fluctuation of the signal but not its complexity.

The goal is to obtain the cheapest oscillation in energy consumption terms.
In order to evaluate the HBV energy consumption, the actual voltage driv-
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ing scheme including the voltage source must be analyzed (Fig. 8). In this
set-up, the voltage source charges and discharges the driving capacitor (elec-
trostatic transducer) with a series inductor and resistance, which is coupled to
a mechanical load that moves due to the force generated by the electrostatic
transducer [29].

The energy fed into the system by the voltage source is transformed into
electrostatic potential energy by the capacitor, and this energy is converted into
kinetic energy and mechanical potential energy during the oscillation. A MEMS
resonator excited at resonance by an ideal voltage source would oscillate by
itself if no mechanical dissipation would exist. However, this is not true in most
cases. In real applications, the voltage source is not ideal, it compensates the
damping losses and forces the oscillation at the driving frequency. Consequently,
continuous energy supply exists, and the goal is to minimize it.

Introducing the voltage source as an active part in the circuit, as indicated
in Fig. 8, the complete energy equation is as follows:

B(t) = SMG0° + 5Ko(0° + 1Kai(t)!
1
* 20w

where ¢(¢) is the charge accumulated in the capacitor, the capacitor capacitance

is, as expected, C(t) = & and L, is the voltage source inductance, if
20

1. .
q(t)2+§Lusq2 (26)

present.
The interest is on how the energy is exchanged in the system, what implies
studying the energy variation

DBty = M) + Ka(i(®) + Ksg (65 (1)

dt

where ¢(t) is the time derivative of the charge.
Using the dynamic equations of the coupled system (Fig. 8), obtained via
Lagrange formulation

a90(t)
Mi(t) + Bi(t) + Ky(0) + Kap®)' = 550’ (27)
Lusil(t) + s + Resd() = Vaal) (28)

and rearranging the terms in the energy variation equation

SO = (M0 + Ki0) + Kad0)' — 553 o0 0070
1
+400) (a0 + L)),



the energy variation reduces to

9 B(1) = “Bi(1)? ~ Rusd(t)? + () Vs ). (29)

And substituting the charge by the voltage and current equivalence
q(t) = C(O)V (1), ¢ = Lus(t)

the final formulation is obtained

%E(t) = —Bj(t)® — Ryslos(t)* 4 Vos (t) Lus(t). (30)

The energy variation has a part that corresponds to the energy mechanically
dissipated in the damper (B), a part that is electrically dissipated in the voltage
source and system resistance (R,s) and another part that corresponds to the
power supplied by the voltage source (Vs (t)Iys(t)).

Assuming steady-state oscillation, the energy balance in one oscillation cycle
(T = 2Z) must be zero, then from equation (30), we obtain

Te Te
L Lra—o——2 [ i)

- i R’USI’US' dt"’ i\/ Vvs 'us t t (31)
T.
and from this equation, the energy provided by the voltage source can be
isolated as

1 [T

T | Vos (t) Lvs (t)dt =

T. T.
—/ )2dt + — Roslys(t)’dt  (32)
TC o
meaning that the voltage source is used to compensate, as expected, two energy
losses: the damping of the system and the source/circuitry losses. If we could
assume that the source is ideal, all the losses would be due to the damping
of the MEMS resonator. And if the MEMS resonator could have no damping,
then, the voltage source would have zero energy balance, as the current delivered
during the charging of the capacitor would be returned during discharging.

However, in real applications the losses exist, and as the goal is to optimize
the energy consumption for sinusoidal oscillation, the actual energy losses in an
oscillation cycle must be calculated. If the oscillation is fixed to be a perfect
sinusoidal

§(t) = Yo + Y7 sin(wt) (33)
§(t) = Yiw cos(wt), (34)
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the electrical energy consumed by the voltage source is given by (32), where the
mechanical part can be solved leaving

1 [T Mwn
Elosses = = Vvs (t)]vs (t)dt =

5}2 2
T. J, 2q ¥

1 [T 2
+ = | Ruslus(t)’dt. (35)
T. Jo

Consequently, the energy consumed has two terms. The first term is pro-
portional to the square of the oscillation frequency, proportional to the square
of the amplitude of oscillation and inversely proportional to the Quality factor.
And the other one is dependant on the dissipated power in the voltage source
resistor and circuitry.

As HBYV is known, and consequently [,s = w, the estimated energy
consumption for each driving scheme can be calculated and compared.

Fig. 9 shows that the damping losses vary a lot due to the Quality factor
and the amplitude of oscillation. Once those parameters are chosen, the energy
variation is not large, for the usual range of frequencies. In the example, the
range of frequencies varies from 0.8w, to 1.2w,, the Quality-factor ranges from
10 to 1000000 and the amplitude of oscillation is fixed at 0.4g, and 0.7g,. As
expected, the damping losses are lower at low amplitudes and low frequencies.

In comparison, the electrical losses are only slightly affected by the Quality
factor, and have a strong dependency on the frequency and amplitude of oscil-
lation. Fig. 10a shows the electrical losses for an amplitude of 0.7g,, a static
bias of 0.95g, and a Quality factor ranging from 100 to 1000000. In the plot,
the three energy curves are almost overlapped. As can be observed, the electri-
cal losses define a low-energy frequency, that is associated to the resonant-like
behavior of the nonlinear system.

Fig. 10b compares the electrical and mechanical losses in an example. The
total resistance is assumed to be 1 k€). As can be seen, for this value, damping
losses are similar to electrical losses in high-vacuum conditions (Q = 1000000).
Combination of both energy losses defines a low energy frequency, that is not
exactly the same that can be obtained from the electrical losses.

Fig. 1la shows the steady-state electrical energy consumption calculation
for amplitudes from 0.3g, to 0.8g, for an oscillation with a Quality factor of 100
and static bias of 0.95g,. As amplitude increases, energy consumption increases,
as expected. But at the same time, the frequency range with one-sided actuation
decreases and the minimum oscillation frequency shifts to natural frequency and
far beyond. This leads to an unexpected conclusion. In some cases, frequencies
higher than natural frequency can lead to more energy efficient system driving.

Fig. 11b shows the same system, but this time the oscillation amplitude is
fixed to 0.4g,, the Quality factor is 100 and the static gap bias is ranged from
0.9 to 0.99. The energy plots show that, for each bias, a different minimum
energy frequency exists again. The variation of the gap bias don’t produce
large frequency variations as in the previous case. There is a limitation, the
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curves show that as the bias is close to the unit (no bias), the range of feasible
frequencies gets reduced, due to the use of one-sided voltage actuation.

As a conclusion, Harmonic Balance allows to choose the minimum energy
consumption frequency of oscillation depending on the desired oscillation. And
as can be seen in the plots, the difference in energy consumption can be rele-
vant. Moreover, Harmonic Balance energy analysis is critical. Depending on the
desired oscillation amplitude, results can lead to unexpected range of energy-
efficient frequencies.

6 Full range oscillation selection

6.1 One-sided actuation limitations

In the literature, most strategies are based on one-sided actuation. Even when
the designed devices have driving electrodes in both sides [2]. This occurs when
the same driving voltage (phase-shifted) is used on both sides, just to increase
the driving force [27].

The HBV shows that the range of oscillations that can be achieved is limited
using this actuation scheme (Red zone in Fig. 7). Moreover, it forces to have
large static displacements in order to increase the amplitude of the oscillation.

The need of two-sided actuation had already been presented in [27], as a
way to guarantee no static displacement. HBV analysis extends that result and
highlights the limitations introduced by one-sided actuation in order to select
the frequency, static displacement and amplitude of oscillation.

Consequently, to be able to use the full capability of the HBV, two-sided
actuation must be implemented.

6.2 Harmonic Balance Voltage two-sided actuation

A new two-sided actuation approach is presented to overcome the limitation of
one-sided actuation, and being able to use HBV to freely choose the oscillation
in the whole feasible range. The approach is based on understanding the force
that must be generated by the V2 action, instead of trying to generate the
needed voltage. If the device, instead of being actuated just by one side as Fig.
12, is actuated by two opposite sides, Fig. 13, the total force can be reproduced
in all cases, even when Vypy(t)? is negative-valued. Consequently, it is needed
to have a two-sided actuator in the MEMS device to overcome the problem,
splitting the needed voltage between the actuators and generating the desired
driving force into the MEMS resonator.
The desired actuation force has the following form:

f
F= —’;%k V2. (36)

Assume that V2 driving voltage can be divided in Vf, its positive part, and
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V2, its absolute value negative part, giving place to
Vi=VE-V2

Assume that Vy; is applied to one side of the MEMS resonator and Vg to
the other side. And that the normalized gap in each actuator is g1 = g and
g2 = 2—g. Then, the desired force is divided between actuators in the following
way:

fe8r o Th8r 0 k8r 2
Ve = Vi — Vis- (37)
9 g9t %
The negative signs appears because forces are in opposed directions.
The key is then to select the right values for V; and Vg9 actuation voltages.
The following equations allow to calculate those values

Var =/ V2 (38)
g2,/ V2 (2—9g),/V2
Vs = p = p (39)
1

and they generate the desired force over the MEMS resonator with two-sided
actuation

2
_ /12
fkngQ_fkgk /V22_ frgy, (2 9 V=
- 2 + (

g? g 2 —g)? g

_ frgs Vf _ {18y V2

g? g2
f
= ’;;i’f(w2 —V2). (40)

This approach has been successfully tested in the simulations, as can be
shown in Fig. 14.

The new drive approach overcomes the limitations of the one-sided actuation.
HBYV two-sided actuation with separated voltage action to each electrode allows
to oscillate any MEMS resonator at any desired amplitude and bias, within
physical constrains.

As shown in Fig. 15, in terms of electrical energy consumption the two-
sided actuation is always more energy demanding. But as has been seen in
the energy analysis, the combination of electrical losses and damping losses can
lead to working points where two-sided actuation can be interesting. Moreover,
the range of feasible frequencies with one-sided actuation becomes very narrow
(Fig. 11) for some desired amplitudes of oscillation. And other amplitudes are
not even achievable, what leads to the necessity of two-sided actuation.
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The use of HBV two-sided actuation allows smooth operation of the res-
onator in a large range of amplitudes and frequencies. This opens a new area
of research to develop new control algorithms for the stable oscillation of the
MEMS resonators.

The main drawback of two-sided actuation is that real-time position feedback
is needed in order to generate the appropriate actuation voltage. However,
this can be overcome with known techniques as Electromechanical Amplitude
Modulation (EAM) [30].

7 Conclusions

The typical use of a sinusoidal driving voltage signal with only the first harmonic
always generates outputs with first and second harmonic components, due to
the nonlinear nature of the parallel-plate electrostatic actuator. The existence
of the V2 term leads to a nonlinear response, with the possibility of non-pure-
sinusoidal responses. Moreover, the desired static bias and oscillation amplitude
cannot be chosen, as they are fixed by the magnitude of the input voltage.

A perfect sinusoidal output can only be achieved with an input signal with
the appropriate form and number of harmonics. As desired amplitude increases,
the number of needed harmonics also increases. Although a closed-form analyt-
ical solution has not been obtained, the combination of HBV calculations and
the use of numerical solution allows to choose the right input signal to reach
the desired oscillation in most of the available oscillation range. Examples show
the viability under changes of damping and frequency of oscillation.

The use of Harmonic Balance Voltage to choose the desired oscillation am-
plitude and frequency breaks the usual concept of resonant frequency associated
with a fixed sinusoidal driving with a DC load plus and AC load. Now, any
combination of oscillation amplitude and frequency is possible. And for each
amplitude of oscillation a minimum energy frequency can be selected. The only
constrain is the ability to apply the calculated voltage. Some voltages can-
not be generated with one-sided actuation, but this can be achieved using the
introduced HBV two-sided configuration.

Consequently, the introduction of the Harmonic Balance Voltage leads to a
new paradigm on how actuating parallel-plate electrostatically actuated MEMS
resonators.

Two concerns raise from the Harmonic Balance Voltage approach, and must
be addressed in future research. Harmonic Balance Voltage is based on steady-
state oscillation, so transient evolution to reach the desired oscillation must
be appropriately selected to avoid AC pull-in. And HBV should be readily
calculated in order to be applied on a real device.

These concerns lead to the necessity of proposing a new control strategy
where the controller should be able to produce the desired frequency components
for the driving voltage, adapt them to the desired amplitude and bias, and ensure
the stability of the oscillation at minimum energy consumption. All these, while
it should avoid AC pull-in.
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Figure 7: Number of harmonics needed to reproduce HBV using a nonlinear
spring model. Selected damping is Q = 100 and different frequencies are tested:
a) 0.9wy, b) 0.96wy, c) wy.
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Voltage source

Figure 8: Electrical coupling of the electromechanical system including the volt-
age source, based on [29].
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Figure 9: Energy losses due to mechanical system damping for three different
Quality-factors and two different oscillation amplitudes, for the MEMS res-
onator values in Table 2.
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Figure 10: a) Electrical energy losses for three different Quality-factors, an
oscillation amplitude of 0.7g, and a static bias of 0.95g,, for the MEMS resonator
values in Table 2. Curves for Q = 1000 and Q = 1000000 are overlapped. b)
Comparison of the magnitude of the electrical losses and the damping losses.
System analyzed for an oscillation amplitude of 0.7g,, a static bias of 0.95g,
and a high-vacuum Quality factor (Q = 1000000).
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Figure 11: Steady-state electrical energy consumption curves based on the cal-
culated HBV for fixed damping at Q = 100. a) The static bias is fixed at
0.95g,, and the desired amplitude of oscillation ranges from 0.3g, to 0.8g,. b)
The desired amplitude of oscillation is fixed at 0.4g, and the static bias is varied
between 0.9g, and 0.99g,.

28



I
—>
+

@ vl
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Figure 13: Schematic MEMS resonator with two driving ports (Vi and V).
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Figure 14: HBV generation to oscillate the system with a damping of Q = 100,
at natural frequency, with a static gap position of Gg = 1 and an amplitude of
oscillation of Gy = 0.5. a) Viapv(t)? b) HBV two-sided voltages Vy; and Vgo. c)
Resulting simulated gap oscillation with the desired pattern.
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Figure 15: Energy consumption curve adding two-sided range to the HBV one-
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Amplitude of desired oscillation 0.7g, with 0.95 gap bias.
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