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Design of CMOS MEMS Based on Mechanical Resonators
Using a RF Simulation Approach

Laurent Latorre, Vincent Beroulle, and Pascal Nouet

Abstract—This paper, which is mostly tutorial in nature, deals with the
design of CMOS microelectromechanical systems MEMS using standard
microelectronic computer-aided design tools. The proposed case study is
an on-chip spectrum analyzer with an electronic mixer and a mechanical
filter. Based on both analytical modeling and characterization, the filter
is described using an analog hardware description language. System level
simulations are then performed using a recently released simulation tool
that offer new possibilities regarding the analysis of multidomain, multifre-
quency designs. Presented results include periodic steady state determina-
tion, small-signal analysis and noise investigation. The simulations demon-
strate the ability of the proposed system to identify the harmonics of a 50-Hz
square-wave signal, owing to the selectivity of the mechanical filter.

Index Terms—CMOS, microelectromechanical system (MEMS), res-
onator, simulation.

I. INTRODUCTION

Microelectromechanical system (MEMS) fabrication approaches
differ depending on the technologies used for transducer manufac-
turing. When specific technologies incompatible with microelectronic
standards (i.e., CMOS) are required for mechanical part fabrication,
electronic functions are provided on a separate die using various
assembly techniques (hybrid approach). An alternative to hybrid
manufacturing is the monolithic integration of MEMS, where both
mechanical and electronic functions are located on the same die.
This leads to a significant reduction of fabrication costs, although
requirements for process compatibility usually limit performance level
and application choice. Increasing interest is given to such devices
which are intended to address large volume markets, where batch
fabrication is the only solution. However, the obtained integrated
circuits are so complex that some system-level design automation
tools are required. The latter include schematic capture, both system-
and circuit-level simulations and layout edition.

The most popular modeling approach for MEMS is based on the use
of finite elements models (FEM). These are used whenever analytical
solutions are difficult to achieve, as for MEMS with complex geom-
etry or multiple actuation modes. Such models, coupled with an FEM
simulator, provide accurate simulation results for various physical do-
mains, such as mechanical, thermal, or magnetic. The price for this ac-
curacy is a long simulation time that is particularly inopportune during
the optimization process. Moreover, FEM simulators are not yet easily
coupled with mixed-signal electrical simulators. Like the technology
computer-aided design (CAD) for transistor-based designs, FEM sim-
ulators are efficient and accurate at the device level, whereas other so-
lutions are necessary at the circuit or system level. It then becomes
necessary to deal with analytical models that may be integrated in a
microelectronic design flow in order to simulate electromechanical be-
haviors concurrently with MOS transistors described by their electrical
models. A recent feature of standard microelectronic CAD tools is the
analog HDL language. Any physical-component simulation, together
with a mixed-signal processing circuit, is thereby supported [1], [2]. In
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Fig. 1. (a) Generic -cantilever-based transducer.

electromechanical filtering.

(b) Application to

order to write an HDL model for a transducer, one should first describe
the behavior of the structure with a set of equations (similar to one of an
MOS transistor). Such a set of equations may result from finite-element
parametric analysis and interpolation [3], [4]. This is often the only
solution to handle complex systems. For simpler structures, the mod-
eling can be conducted analytically by using well-established results
from the concerned scientific fields. In this case (i.e., simpler struc-
tures), physical parameters such as technological constants or device
dimensions are directly part of equations, leading to a faster, intuitive
optimization method [5].

In this paper, we address the design flow of a monolithic MEMS
through an alternative approach to dedicated MEMS oriented tools. Our
main focus is the electromechanical part modeling and description, the
system description and the system level simulation and verification.
The studied CMOS MEMS is composed of a mechanical resonator
acting as a highly selective pass-band filter, a frequency shifter, plus
some standard analog elements for signal amplification and filtering.
Mechanical filters feature large quality factors in comparison with
standard electronic solutions [6]-[8].

The first section discusses the principle and modeling of the mechan-
ical filter. Although most of the modeling results are not new, equations
are recalled in order to provide a full understanding of the HDL code
provided in the second section. After a presentation of the complete
system in the third section, the fourth and final section is devoted to
simulation results using a recently released CAD tool to handle multi-
frequency simulation problems.

II. MECHANICAL FILTER: PRINCIPLE AND MODELING

The mechanical filter is based on a generic cantilever device which is
presented in Fig. 1(a). It is made of a simple beam that converts the ap-
plied force F' into a bending z. The latter produces a resistance change
AR in an embedded piezoresistive polysilicon strain gauge. The gauge
resistance variation can then be converted into an electrical signal V¢
by means of a simple resistor bridge (or a Wheatstone bridge).

In this example, the beam is actuated by the Lorentz force [Fig. 1(b)],
resulting from the interaction between an electrical current Iy flowing
into the structure and a magnetic field. The external dc magnetic field

0278-0070/04$20.00 © 2004 IEEE
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Fig. 2. Typical frequency response of a low-damped, second-order filter.

is generated by a permanent magnet, simply glued onto the device
package. For signal filtering applications, the input signal Vi, is the
voltage applied across the integrated planar metal coil in which the cur-
rent I flows.

Given the resistance 7 of this coil, the electrical current Iy can be
easily calculated. The applied force is written

Vin

Iy

F= -B-We. D

A. Static Behavior

First-order modeling of the static behavior of the cantilever beam is
the well-known spring law that links the applied force I’ to the induced
bending =

F=kFk-z )

where k(N.m™") is the cantilever stiffness. The bending = causes the
gauge to stretch. Due to the piezoresistive properties of polysilicon, the
gauge resistance varies linearly with the bending as follows:

AR L¢

—— =Ty -k

i W © 3

where T is an electromechanical transfer coefficient that depends
on process parameters such as vertical dimensions and the polysilicon
gauge factor.

B. Dynamic Behavior

For dynamic behavior, the cantilever structure is modeled by a well-
known second-order mechanical system. It features a mass M, the pre-
vious spring & and a damping factor D. The response of the mechanical
system to the force F is therefore described by the differential equation

d*z d

M ¥ e —kz — DE - F. “)

The frequency response of such a system is illustrated in Fig. 2. Be-
cause of the large resonance phenomenon, it is possible to use such a
system as a band-pass filter. For low-damped systems, the filter’s cen-
tral frequency is then very close to the mechanical natural frequency,
which is defined by

_wo 1 k
fo= 2r 2z M° ®)
Another important feature of the resulting band-pass filter is the
—3-dB bandwidth. This bandwidth Aw depends on both the resonant
frequency and the quality factor as given by
wo

Q=1 ©)

C. Noise Modeling

The major source of noise in resistive strain gauges is thermal noise,
which appears as a white noise. The noise spectral density is therefore
a constant over the frequency range, given by

. . ’ V2

Vioise (f) = 4kpTR {H;} @)
where kg = 1.38 x 10722 JK ! is the Boltzmann’s constant, T" is
the temperature in Kelvin and R is the resistance in ohms.

In addition, small moving parts are susceptible to mechanical
noise resulting from molecular agitation of the surrounding gas. This
thermal-mechanical noise, which is physically equivalent to Johnson
noise in resistors, can be modeled by adding a random force generator
alongside each damper [9]. From the fluctuation-dissipation theorem
[10], the spectral density of the fluctuating force is given by

F2,..(f)=4ksTD {NT ®)
noise _H .

-

III. MECHANICAL FILTER: MODEL VALIDATION AND INTEGRATION

The use of a standard microelectronic technology for MEMS
applications presents several advantages in terms of cost or monolithic
integration. However, process parameters delivered by the CMOS
foundry, mainly concern electronic design. Fortunately these also
include back-end layer thickness which is useful for mechanical appli-
cations. In contrast, material mass-densities or Young’s modulus are
not characterized. A characterization methodology has therefore been
developed in order to measure the necessary parameters (basically %,
M, D, and gauge factor) and to validate the model of the mechanical
filter. After validation, the model is described in an analog HDL
language to be implemented in a standard microelectronic CAD tool.

A. Model Validation

The characterization methodology is based on the experimental
study of a set of specific test vehicles called “U-Shape” cantilevers,
presented in Fig. 3. This cantilever device can be actuated by a
test-probe or by using the Lorentz force, which allows both static and
dynamic characterization. The whole characterization methodology
has been reported in detail [11], along with the experimental results,
which were obtained on a set of 25 chips.

Based on test results, the unknown technological parameters have
been extracted, thus allowing for comparison between experimental
and modeled cantilever behavior. An example of such a comparison
is given in Fig. 4, where the experimental step response is used to vali-
date the second order model assumption using the overshoots envelope.
This O, envelope is calculated using the well-known relation

D

01
In N(n—l)m.

On

(C)]

The close match between experiment and theory validates the second
order system assumption for the model. Furthermore, it demonstrates
the correct values of the main filter parameters (stiffness, mass, and
damping factor).

Finally, note that the proposed model is valid for small displacements
of the cantilever end. A nonlinear mechanical behavior is observed
when the cantilever is actuated in such a way that oscillation ampli-
tude reaches about 10% of the beam length. Such conditions have been
obtained at resonance and under vacuum conditions, where damping
forces are dramatically reduced.
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Fig. 3. SEM picture of the fabricated test-vehicle (U-Shape cantilever).
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Fig. 4. Comparison of calculated and experimental cantilever step response
for model validation.

B. Model Integration in a Microelectronic CAD Tool

The model of the mechanical filter is translated into a Verilog-A
module, whose listing is given in Fig. 5. The ports are, for inputs: the
coil terminals (fa, fb) and the external magnetic field (B); and for
outputs: the strain gauge terminal (ra, rb). The bending = is added at
the module interface for debug purposes only. A default cantilever de-
sign (i.e., for one fixed dimension) is defined by initializing the model
parameters. However, it is possible to change these values before simu-
lation by editing the filter properties directly in the schematic view and
then adapting the model for various designs or operating conditions.

The filter behavior is described in the “analog” section. It includes:
1) the calculation of the Lorentz force, with a given input voltage; 2) the
differential equation set for the mechanical system; and 3) the Ohm’s
Law applied across the piezoresistive gauge. Electrical and mechanical
noise sources are also described according to (7) and (8).

IV. SYSTEM ARCHITECTURE

In order to validate the design flow for monolithic MEMS, we have
defined a minimal system including both electronics and mechanical
parts. The studied system is based on the swept frequency, super-het-
erodyne spectrum analyzer [12], whose simplified block diagram is
given in Fig. 6. The signal Vineas to be analyzed is first multiplied by
a frequency swept signal V.. The input signal is thus shifted in the
frequency domain. Each time the frequency of the mixer output V;
matches the central frequency wy of the band pass filter, an ac voltage
peak appears at the filter output. Since both the filter characteristics and
the frequency of Vi are known, the input signal spectrum can be easily
reconstructed.

This spectrum analyzer features an electronic mixer and benefits
from the high-Q mechanical filtering introduced in the previous sec-
tions.

A. Mixer

A Gilbert cell has been used to implement the mixer. As per Fig. 7,
this mixer is made of a differential amplifier stage based on T1 and T2,
with Vineas as input. Depending on the control signal Vis applied on
transistors T3 to T6, the amplifier gain can be turned from positive A
to negative —A. Although not a pure multiplier, such an architecture
provides the required frequency shift. The mixer output spectrum also
exhibits harmonic tones that result from the harmonics of the square
control signal Vis.

B. Filter Performance

Quality factors greater than 100 have been measured on fabricated
cantilevers featuring a 8.9-kHz resonant frequency [11]. This leads
to a filter bandwidth in the 100 Hz range, which is a good perfor-
mance in comparison with integrated electronic filters. Fig. 8 com-
pares the quality factor of such a cantilever operating in air and under
vacuum conditions. In vacuum, the beam-damping factor is drastically
reduced, and a quality factor of about 4000 has been observed. The
corresponding —3 dB bandwidth is then approximately 3 Hz, making
such a filter suitable for highly selective filtering applications.

V. SYSTEM-LEVEL SIMULATIONS

As previously mentioned, analog HDL languages allow us to de-
scribe multidomain systems with a microelectronic CAD tool. As long
as the device is defined using a consistent unit system, the electrical
simulator handles real numbers regardless of their physical signifi-
cance. For this reason, a voltage generator can be used to emulate
various stimuli such as magnetic field input. Note that the Verilog-A
language authorizes the definition of various disciplines (kinematic,
magnetic. . .) for clarity of the written code.

A second specificity of our system relates to the multifrequency
domain. The mixer inputs receive signals of different frequencies.
In addition, the settling time of the mechanical filter, when operated
under vacuum conditions, is in the range of several hundreds of
milliseconds, while the resonator oscillates at about 10 kHz. The
simulation time step should then be kept small enough to accurately
simulate transient response (with respect to the oscillation frequency)
over a long time frame (with respect to the settling time). Calculating
transient steady-state for such a resonator thus requires unacceptable
simulation time. Finally, traditional simulators perform small-signal
analysis around a dc operating point, which is not adequate for the
study of transfer functions that include frequency shifts.

In order to validate the proposed spectral analyzer and to demon-
strate the efficiency of mechanical filtering, we have chosen to analyze
the spectrum of a 50 Hz square-wave signal applied to the Viyeas input.
Among the required system level analyzes and verifications, three are
not possible (or are time consuming) in a classical electrical simulator:

* a periodic steady state analysis, to measure the selectivity of the
system;
e a periodic small-signal analysis, to retrieve the spectrum of the
input signal;
* a periodic noise analysis, to evaluate the system resolution.
Therefore, we used the recently released Spectre-RF simulator that
supports small-signal analysis of multifrequency systems and more
generally, of any periodically time-varying system, such as mixers or
switched-capacitor filters, regardless of their operating frequencies
[13]. The simulator comes with an analysis suite, that includes: peri-
odic steady state (PSS), which can speed up the steady-state calculation
for systems having large settling times; periodic ac (PAC), periodic
transfer function (PXF), and periodic noise analysis (PNOISE), which
performs small-signal analysis based on a periodically time-varying
operating point.
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// Cantilever Module Definition

965

module Cantilever(fa, fb, B, ra, rb, z);

input fa, fb; electrical fa, fb;

input B; magnetic_2 B;

output ra, rb; electrical ra, rb;

output z; kinematic z;

// High-level Design Parameters

parameter real K = 2.4; // Spring constant
parameter real M = 7.5e-10; // Mass

parameter real D = Te-7; // Damping factor

parameter real Lc = 500e-6; // Cantilever Length
parameter real Wc = 100e-6; // Cantilever Width
parameter real Rf = 5; // Coil resistance
parameter real Rj = le3; // Gauge nominal resistance
parameter real Tgf = 32; // (DR/R) in 1/Newton unit

// Nodes declaration

real DRj;
kinematic FORCE_EXT;
kinematic BEND;
kinematic v VELOCITY;

// Behavior description
analog
begin

// Ohm’s law in the actuating coil

V(fa, fb) <+ Rf * I(fa, fb);

// Lorentz Force
F(FORCE_EXT) <+ I(fa,fb)

* Wc * T(B);

// Mechanical Noise Power Spectral Density

F(FORCE_EXT) <+ white noise

// Differential equation set
Vel (VELOCITY)
Pos (BEND) <+
Pos (BEND) <+ -
Pos (BEND) <+ -

// Change in gauge resistance
DRj = Rj * Tgf * (Lc/Wc)

// Ohm’s law in the gauge
V(ra, rb) <+ (Rj + DRj) * I(ra,

// Johnson Noise in the Gauge
V(ra, rb) <+ white noise

// Outputs bending for debug

Pos (z) <+ Pos (BEND);
end
endmodule
Fig. 5. Verilog-A description of the cantilever used as a mechanical filter.
A%
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Fig. 6. Simplified spectrum analyzer block diagram.

Regarding the test bench considered in the following, the mechanical
filter features a 9-kHz resonant frequency and —3-dB bandwidth of
3 Hz. This corresponds to a realistic device of 500 x 160 pm, packaged
under vacuum.

A. PSS Analysis

The PSS analysis computes the system steady-state in both time and
frequency domains. In our case, a single 9.05-kHz signal is applied
on V4. Once mixed with the analyzed 50-Hz square-wave signal, the

(4 * 1.38e-23 * 300 * D,

<+ ddt (Pos (BEND)) ;
(1/K) *F (FORCE_EXT) ;
(D/K) *Vel (VELOCITY) ;
(M/K) *ddt (Vel (VELOCITY)) ;

(4 * 1.38e-23 * 300 * R ,

"Mech Noise" );

* K * Pos (BEND);

rb) ;

"Gauge noise" );

main frequency components at the filter input are then located at 9 and
9.1-kHz. The PSS analysis enables us to study the output spectrum of
the system (Fig. 9) and to demonstrate the rejection of the 9.1-kHz
component, thus verifying the selectivity of the filter. As a result of
the selective cantilever filtering, the 9.1-kHz tone is 30 dB below the
9-kHz tone. This attenuation is consistent with the characterized fre-
quency response of the mechanical filter presented in Fig. 8 (vacuum
condition).

This analysis could also be performed using standard electrical-sim-
ulation analysis, which consists of a transient analysis, plus a FFT of
the output signal. However, the multifrequency domain implies that the
steady-state be reached before performing the analysis. For this reason,
the transient analysis should be performed over a long time period to
reach the steady-state. Simulation times may then increase drastically.

Regarding simulator convergence, it is worth noting that the
integration method should be chosen carefully for low-damped system
transient simulation. In this case, an integration algorithm based on
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Fig. 7. The Gilbert cell based switching mixer.
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Fig. 8. Measurement of cantilever quality factors for operation in air and under

vacuum conditions.
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Fig. 9. PSS analysis result. Spectrum of the output signal.

A4 pad

trapezoidal approximations gives good results with respect to the
experiment. This is not the case when using the Euler integration
method.

B. PAC Response (PAC Analysis)

The PAC analysis consists of a multifrequency analysis. In our
case, we performed a small-signal analysis at the mixer input Vi
while the square signal Vineas was applied at a constant 50-Hz
frequency. For this analysis, no dc point, but a whole transient

«: hormenic="
hormenic="—=1": harmcnic="

10 _ni

-2¢

(d8)

-3¢

-6¢ 1 L )
8.5K 8.9K 9.3K 9.7K

freq ( Hz )

Fig. 10. PAC analysis result (Xaxis = output frequency).

period of 20 ms was considered. Transfer functions (similar to
standard ac analyses) were then computed for each harmonic of the
50-Hz signal (i.e., for each n X Frynd, with Fryna = 50 Hz, and
n = [—Nmax,--.,—2,—1,1,2, ..., 7max]. Note that this analysis has
no experimental equivalent since the 50 Hz harmonics are considered
separately.

The results of a PAC analysis are shown in Fig. 10. The z axis
represents the specified input frequency range (Vis), which has
been set from 8.5 kHz to 9.5 kHz. A number of 5 input sidebands
(nmax = D) were analyzed (in order to limit the simulation time to
few minutes). The obtained curves are interpreted as follows: when
mixed with the Vieas fundamental tones (+50 Hz), the maximum
output signal is found at input frequencies of 8.95 kHz (harmonic “1”)
and 9.05 kHz (harmonic “—1”); when mixed with Vj,c,s third order
harmonics (£150 Hz), the maximum output signal is found at input
frequencies of V. at 8,85 kHz (harmonic “3”) and 9.15 kHz (harmonic
“—3"); and so on. Transfer functions for even order harmonics (i.e.,
+100 Hz for n = %2, £200 Hz for n = *4...) were computed as
well and give results far below the —60-dB lower limit of the y axis.

This simulation qualitatively verifies that the proposed system per-
forms the required spectrum analysis. Indeed, the Vineas signal spec-
trum can be easily extrapolated from the PAC results, by summing up
all the harmonic contributions and shifting down the spectrum by 9 kHz
(the band-pass filter cutoff frequency).

If the output frequency is selected for the PAC «x axis instead of the
input frequency, the result represented in Fig. 11 is obtained. Only
9-kHz tones are observed, as expected after mechanical filtering. It
again appears that the system response is maximal for the fundamental
50-Hz tone. Next are the 50-Hz third-order harmonic (150 Hz) and the
fifth-order harmonic (250 Hz). Let us use this simulation result to quan-
titatively evaluate the spectrum retrieval.

Assuming a square-wave S of amplitude 1, attenuations of the suc-
cessive harmonics are given by the Fourier transform

4

S(t) = (10)

SHIN

= 10
T;) ;'n, +) 1 cos [2.7(2n + 1) fruna 1]

7

where n denotes the harmonic index. For » = 1 (150 Hz), an atten-
uation of 1/3 corresponds to approximately —10 dB and for n = 2
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Fig. 12. PNOISE analysis result: noise spectral density in the system-output
signal.

(250 Hz), an attenuation of 1/5 corresponds to approximately — 14 dB.
According to Fig. 11, simulation results comply with theory.

C. PNOISE

The PNOISE analysis is a small-signal analysis that computes noise
effects, taking into account both folding, aliasing, and frequency-con-
version phenomenon. In our case, the 1/ f noise generated by the mixer
is translated in the frequency domain by the Vineas signal and its har-
monics, before being shaped by the filter-transfer function. This is pre-
cisely the result verified by PNOISE analysis, which computes the
noise spectral density of the system-output signal (Fig. 12). This anal-
ysis may therefore be used by system designers to evaluate the resolu-
tion of the system with respect to the signal to noise ratio.

VI. CONCLUSION

In this paper, we have presented the use of a standard microelectronic
CAD tool to implement the design flow of a MEMS. The system
used to illustrate the methodology is a spectrum analyzer based
composed of a mechanical filter and an electronic mixer for frequency

sweep purposes. The first step of the design approach consists of
characterizing the mechanical device to produce a parameterized
model that can be described in an analog HDL language such as
Verilog-A. The mechanical device can then be handled as a classical
parameterized cell independently of the physical nature of the cell
inputs. This allows multidomain simulations using a SPICE-like
simulator. The second contribution of this paper is the illustration of
the recently released Spectre-RF simulator that supports small-signal
analysis for multifrequency systems such as mixers regardless of
their operating frequencies. Several analyses were performed on the
spectrum analyzer to validate the spectral analysis of a low-frequency
(50 Hz) square-wave signal. Based on small-signal periodic ac analysis
results, the square-wave signal harmonics separated by only 100 Hz
were identified with a very good resolution, as a result of the
selectivity of the mechanical filter.

Finally, the use of a standard microelectronic CAD tool for MEMS
design has been validated. Such a design methodology is currently used
in our laboratory for the design of MEMS, including a magnetic field
sensor for navigation systems [14].
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