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Modelling, Analysis and Design of a MEMS
Resonator based Oscillator System

Kaustubh P. Padhye

Abstract— Significant progress has been made in the field of
silicon technology over the past few decades, which has enabled
chip designers to make chips smaller and integrate different
functional blocks on a single chip. However the quartz crystal, a
peripheral of the chip, which provides accurate timing reference
for the chip to operate, remains non-integral in the existing
technology. MEMS resonators, which are considered a
promising alternative for replacing quartz crystal can be
integrated on chip and also have smaller foot print on silicon. To
commercialize these MEMS resonators for electronic
applications, it is important to have an accurate electrical model
of these mechanical systems. In this paper an electrical model of
a capacitive MEMS resonator is presented. The resonator is
characterized and the dependencies of the model parameters are
studied. Further the resonator model is used to design a single
chip system in package MEMS oscillator to operate at a
frequency of 25.85 MHz. The MEMS oscillator presented in this
paper acts as stepping stone that opens the possibilities of
integrating mechanical systems along with electrical systems on a
single chip platform.

I. INTRODUCTION

Almost all modern day electronic systems need a reference
frequency to synchronize with other subsystems and systems.
The clock signal in an electronic system is analogous to a
heartbeat of a human body. Since the past few decades quartz
crystals have been providing an accurate timing and
frequency references for frequency-controlled world [1]. With
the development of new silicon technologies chips have
become smaller and more discrete components and
functionalities are being integrated on chip. The quartz crystal
remains the only non-integral component in the in the existing
technology. Researchers have tried to find a solution to this
problem by utilizing mechanical resonance phenomenon to
develop micro mechanical silicon resonators. These
resonators open up enormous possibilities to create miniature
scale wireless communication devices [2]. These devices
typically have a quality factor, which ranges from 10° to 10*
for an eigen frequency around 10 MHz [3, 4, 5]. These
MEMS resonators have been considered as an attractive
replacement for a quartz crystal due to their small size (small
footprint on silicon), potential for fabrication and
compatibility with standard CMOS and VLSI processing [6].
The MEMS oscillators satisfying the phase noise specification
for the GSM standard have already been reported [7].

However most of the MEMS oscillators developed are a two
chip oscillator design i.e. resonator is fabricated on one chip
and the amplifier is fabricated on another chip. The
availability of the existing fabrication technologies and the
introduction of new processing methods have enabled us to
develop a single chip MEMS oscillator that is presented in
this paper. To develop an electronic system consisting of a
mechanical device it is important to have an accurate
electrical equivalent model of this mechanical element, so that
further electronic circuitry can be designed based on the
electrical response of the mechanical system so as to satisfy
the functional requirements of the electromechanical system.
In this paper section Il describes the process used to fabricate
these resonators. In section 11l and section IV the modeling
and the measurements of the MEMS resonator are presented.
Section V explains the challenges of designing MEMS
oscillator based on the principle of capacitive readout and
different solutions are proposed and in section VI conclusion
from the study are discussed along with recommendations for
future work.

I1. RESONATOR DESIGN AND FABRICATION

A. Processing of SOl MEMS Resonator
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Fig. 1 Process steps for fabricating MEMS resonators on SOI wafers.

The MEMS resonators are fabricated on SOI (Silicon on
Insulator) wafers. The top layer is a 1.5 pum single crystal
silicon layer in which the MEMS resonators are fabricated.
The second layer is a 1 um insulating layer of SiO,. The third
layer is again single crystal silicon layer approximately
700um thick, which forms the substrate. The choice for this
very thin SOI device has been given in [8].

The process used to fabricate SOl MEMS resonators consists
of the following steps and is shown in Fig 1.

a. Selective doping: The top layer of silicon is
selectively doped to improve the conductivity of the
resonator and the electrodes.

b. Trench etch: Narrow trenches are etched in the SOI
using standard lithography steps.

c. Contact implantation: To improve the conductivity of
the surface where the contacts with the metal are
made a surface dope is added.

d. Aluminum deposition: Aluminum is deposited to
create bond pads and the wires.

e. SiO, or BOX etch: In this step the SiO, layer is
etched using a HF vapour.

The two designs of the MEMS resonators are shown in Fig
2. The resonators have been fabricated using the described
process flow.

B. Designs of the MEMS Resonator

Fig. 2 (a) Layout of a square plate resonator

Fig. 2 (b) Layout of a dogbone resonator

Both the designs shown in Fig. 2(a),(b) use the electrostatic
force for actuation whereas the detection principle used for
detecting the resonance signal is different for the two designs.

In case of the square plate resonator, capacitive detection is
used for detecting the resonance signal. In case of a dogbone
resonator a piezoresistive detection principle is used. The
choice for the detection principle is based on the geometry
and the design of the structure. Details about the actuation and
detection principles along with model are explained in the
next section.

1. MEMS RESONATOR MODEL

A. Lumped parameter model

Fig 3 Mass spring and a damper system used to model the MEMS resonator.

The MEMS resonator comprises of a freestanding element
(square plate or a dogbone), which can resonate in different
eigen modes. Based on the type of actuation used, a particular
eigen mode is selected. A layout of the resonator is shown in
Fig 2. To understand the operation of the resonator an
analytical model is developed where a mechanical resonator is
modeled as a mass, spring and damper system as shown in Fig
3. From the eigen mode in which the structure resonates the
eigen frequency is determined.

The equation of motion of a linear one-dimensional model of
a MEMS resonator with damping is given by

f(t) = mX(t) + bx(t) + kx(t) 1)
Where f(t) is the force acting on the mechanical system, m is
the mass of the system, k is the spring constant while b is the
damping coefficient. If f(t) is assumed to be sinusoidal it can
be written as:

f(t) = Fe! @)
Since the force acting on the resonator is sinusoidal the
displacement is also sinusoidal and is given by:

X(t) = Xe 't 3)
From equation (3) the values of X(t) and X(t)are derived
X(t) = joXe!™ and  X(t) = —0® Xe ! 4)
Substituting equation (3) and (4) in equation (1) gives
. -1
Fe 7| . k
X =— {Ja)m+b+_—} (5)
Jo Jo

From the geometry of the structure it can be approximated
that the outer end of the plate and the electrode form a parallel
plate capacitor. The resonators are actuated using an
electrostatic force. The electrostatic force applied over the gap
is given by the following equation.



dE

F=— (6)
dx

Where, E is the energy stored in the capacitor and is given by
1

E=§CV2 @)

Where, C is the value of the capacitance in farad and V is the
voltage across the plates.
Substituting equation (6) in equation (7) gives the following

1 dC(x
FoL10C),: ®)

2 dx
Applying the principle of superposition the resultant voltage
V(t) is given by
V(t) =V, +V, e ©
By substituting equation (9) in equation (8) gives the
following

g,Wh

F= %Vdcvac
Since, the term V%, is very small it can be neglected. The
term V2 provides a constant force on the resonator. This
force being steady force cannot bring the structure into
resonance. The only term, which contributes towards the
applied electrostatic force, is the combination of the V. and
V. Thus in equation (10) V2 can be approximated as follows
V? ~(2V,)V,, (11)
Equation (10) gives the electrostatic force used for actuation.
Where, w is the width of the resonator in meter, g is the width
of the transconduction gap in meter and h=1.5um is the
thickness of the SOI layer in which the resonators are
designed. &, = 8.85e-12 [F/m] is the permittivity of free space.
A parameter n is introduced which is the electromechanical
coupling coefficient of the system. It is the factor that relates
the electrical driving ac voltage (force) to the mechanical
force on the resonator. Since, the maximum displacement of
the resonator ¥, is very small as compared to the gap width g,
(x<<g) the term (g —x) can be approximated by g.

_ gWhV,
=——
g
The ac component of the electrostatic force as a result of the
applied ac voltage is given by

F=nV, (13)
For a parallel plate capacitor the voltage over the gap induces

a net negative charge on one plate and net positive charge on
the other plate since V;<Vc.

q=CV = &Wh

(9-x)
Movement of the resonator under the influence of the force
causes a variation in the gap width. This movement causes a
variation of charge q over the gap as a result current is
induced through the resonator. This is the principle of
capacitive detection. The induced current is proportional to
the velocity of the resonator and can be written as

(10)

(12)

Ve (14)

I_dq_ oCox  ox « (15)
. “oxat ot

The term n relates the velocity of the resonator in mechanical

domain to the flow of current in electrical domain.

Considering the equivalence between power in mechanical

domain and the electrical domain gives

Pmech = f (t)V(t) (16)
IDelect = Vac (t) I ac (t) (17)
By relating the mechanical power to the electrical power
2
JONORAGINORERC (19
Fel” . (joXe™) = Fe! joe! X (19)
By substituting X from equation (5) we have
i k ) V2e*
F2e? ™ jom+b+— |= 2" (20)
jo)  Z(0)
Substituting equation (12) in equation (18) we have
Z(a)):iz[ja)m+b+_Lj (21)
n Jom

In case of an electrical resonance a R-L-C circuit can be
considered where the equation of impedance of the circuit is
given by

ZRLC (C()) = Rm + Ja)Lm + (22)

m
By comparing equation (18) and equation (19) equivalence
between the parameters from mechanical domain and
parameters from electrical domain is established.

b _Jim

" nt Qn’

L, =2 23)
n
2

c,=L
K

In equation (22) Q is the Quality factor of the resonator.

The above equations show how the mechanical parameters
relate to the electrical parameters. The square plate resonator
shown in Fig 2 (a) can be modeled using equation (23). Fig. 3
shows the electrical equivalent model of the capacitive
resonators. One of the advantages of the capacitive resonator
is that, there is no power dissipation in the resonator thus; it
can be used for low power applications. The resonators based
on the capacitive detection operate at high bias voltages.
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Fig. 4. Electrical Equivalent of a MEMS resonator

In case of a doghone resonator as shown in Fig. 2 (b) the

actuation principle remains the same whereas the detection
principle differs. In case of the dogbone resonator the
piezoresistive property of silicon is utilized to detect the
resonance signal. A current source is used to force a constant
current through the structure. Due to the movement of the
resonator the resistance of the resonator changes which in turn
changes the voltage over the resonator. The output signal in
case of piezoresistive detection is given by the following
equation.
V, =1, f(R) (24)
Where V, is the output signal in volts, 14 is the current forced
through the resonator and f(R) is the function that defines the
modulation in the resistance of silicon due to the movement of
the structure. The advantage of this detection principle is that
the signal level at the output is much higher as compared to
capacitive detection since, it depends on the current forced
through the structure. From equation (24) it can be seen that
by increasing the current through the resonator the resonance
signal increases at the same time the power dissipation in the
resonator increases that is the disadvantage of this detection
principle. The model of the piezoresistive MEMS resonator is
explained in more detail in [9].

IV. MEASUREMENT OF MEMS RESONATOR

A. Measurement challenges

The electrical characterization of the MEMS resonator
cannot be done in a trivial way; it requires a measurement
setup, which overcomes the following challenges.

a. The impedance of the MEMS resonators is very
high, typically above 500 kQ, which makes the
signal transmission levels low making it difficult to
measure resonance response of the device.

b. The response of the MEMS resonators is strongly
damped by gas when measured at a pressure above 1
mbar [10].

c. The parasitic impedance at resonance frequency is
low which lowers the value of resonance signal and
decreases the signal to noise ratio of the resonator.

d. MEMS resonators are measured at high bias voltages
as high as 80 V. These voltages are typically applied
over a gap of 200 nm these makes it important to
protect the rest of the circuitry from high voltage.

B. Measurement setup

The response of the MEMS resonator has been measured
using the measurement setup as shown in Fig. 5. A high dc
voltage is applied over the narrow gap to generate the
actuating force. Bias tees (protection devices) have been used
in order to protect the network analyzer from the high dc
voltages. The 1 MQ resistances prevent damage to the device
and protect the user by limiting the current when the
electrodes and the resonator get shorted. The network
analyzer is used to measure the response of the resonator.

’@7 Port 1
Pl
' |
| I<—Vacuum chamber Analyzer
e
Bias Tee Port 2
1 MQ 1 MQ

Fig. 5 Measurement setup used to measure the response of MEMS resonators

For measuring the response of a two port network such as a
resonator, which operates at high frequencies, S-parameter
measurement is preferred over other parameters like H, Y, Z
etc The main advantage of S-parameter measurement over the
other parameter measurement is that, in case of a S-parameter
measurement the ports of the network are not required to be
opened or shorted like in case of other parameters which
poses a serious practical difficulty for measuring high
frequency response of a network. More information about S-
parameter measurement can be obtained in the Appendix.

The response of the resonator is damped due to the
presence of air molecules, which lowers the Quality-factor of
the resonator [11] From experiments it has been observed that
below the pressure of 107 mbar the damping due to air
molecules is not the dominant damping mechanism. In order
to eliminate the effect of air damping the measurements have
been performed by placing the resonator in a vacuum chamber
with pressure below 10 mbar.



B. Validation of the proposed model
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Fig. 6 Measured forward transmission coefficient S,; of the resonator. Arrows
indicate different bias voltages used during measurement.
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Fig. 7 Measured forward transmission coefficient Sy, of the resonator having
different gap widths between electrode and resonator. Arrows indicate
different bias voltages used during measurement for different gap width

To validate the proposed lumped parameter model different
sets of measurements have been carried out on the resonator.
By performing different experiments the effects of change of
parameters such as dc bias voltage and variation of gap width
between the resonator and the electrodes on the S-parameters
of the resonators have been observed. These results are as
shown in Fig. 6 and Fig. 7. With the increase in the value of
the bias voltage the resonance peak increases. This effect is
due to the increase in the value of the electromechanical
coupling coefficient . Increase in n lowers the value of the
motional resistance Rm, and is in accordance with the results
predicted using the lumped parameter model. In the second
experiment two resonators having different gap width
between the electrode and the plate have been measured

keeping the electromechanical coupling coefficient constant,
it has been observed that the signal level outside resonance
peak is lowered due to decrease in the value of the shunt
capacitance Cs.

D. Parameter extraction and Electrical model of the
Resonator

S-parameters transmission
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Fig. 8 Data fit of measured and simulated for transmission parameter
magnitude response of the resonator using the electrical equivalent model
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Fig. 9 Data fit of measured and simulated for transmission parameter phase
response of the resonator using the electrical equivalent model

An electrical model consisting of the lumped parameters
has been built in an electrical simulator. The S-parameter data
is imported to the simulator and by tuning the model
parameter an optimal fit is obtained. To fit all the sets of S-
parameters components other than the motional parameters
namely Rpar 1, Rpar 20 Cpar 1. Cpar 2 @nd Cs are added. The first
four components are known as parasites. By tuning these
parasites the fits for input reflection coefficient and the output
reflection coefficient are obtained. The fifth component C; is
known as the shunt capacitance. When all the data fits are
optimized the values of the motional parameters, shunt



capacitance and the parasites are obtained. The electrical
equivalent of the MEMS resonator is as shown in Fig. 4. The
extracted values of the motional parameters are compared
with the values obtained from the finite element simulation.
Fig. 10 shows the comparison of the values of the motional
parameters obtained from the finite element simulation and
from the electrical equivalent model and their dependency on
the bias voltage.

E. Comparison of extracted parameters and the physical
parameters.

TABLE |
RESONATOR DIMENSIONS USED FOR FINITE ELEMENT
SIMULATION
Parameter Symbol  Value  Units
Resonator side length L 1615  [um]
Resonator height H 15 [um]
Transduction gap G 200 [nm]

ehgfrea smps@)=2 5996517  Surface: Total dispiacement [m | Masx 2 557
Deformarion: Displacement

-1 -0.5 o 0.5 1 o
wrgt Min o

Fig. 10 Displacement of the structure obtained from finite element simulation

The geometry of the structure has been defined in a finite
element simulator based on the values mentioned in Table.1.
From the eigen frequency simulation the eigen mode
corresponding to the eigen frequency of 25.99 MHz has been
selected. Fig. 10 shows the results of the eigen frequency
simulation. Different colours correspond to the displacement
of the elements of the structure. From the eigen frequency
simulation the total energy E stored in the structure is
obtained. Similarly the total displacement of the structure x
obtained. From the following equation the spring constant k
is obtained.

E :%k x? (25)

From the value of the spring constant and the resonance
frequency the value of the effective mass is calculated.

i~ k

4r°f}
Using the values of k and m and equation (23) the values of
the motional parameters have been calculated.

(26)
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Fig. 11(a) Comparison of the value of R, obtained from finite element
simulation and from parameter extraction using the electrical equivalent
model. The plot shows relative scaling of the motional parameter with bias

voltage.
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From the lumped parameter model it can be seen that the



values of motional resistance and inductance vary linearly
with the inverse square of the bias voltage whereas the values
of Cm vary linearly with the square of bias voltage. Fig.
11(a), (b), (c) show the scaling of the parameters with the bias
voltage. The linear trend observed in the plots is in
accordance with the trend predicted from the lumped
parameter model. From the figures it can be seen that the
motional parameters obtained from measurement and
simulation show a good match. Thus, from the results
discussed in the previous section and this section the electrical
equivalent model of the mechanical system is successfully
validated.

V.DESIGN OF MEMS OSCILLATOR

A. Theory of Oscillator

The MEMS resonators have been characterized and an
electrical equivalent model of the resonator discussed in the
previous section is used as a starting point for the oscillator
design. An electronic oscillator consists of mainly two
components, the amplifier and a frequency-determining
network, which are cascaded together as shown in the Fig. 12
In case of design of a MEMS oscillator the highly selective
frequency response of the resonator is used as a frequency-
determining network.

O % A, () Vo |

+ 3

Vi +

Vi

A

B (w)

Fig. 12.Block diagram of a MEMS resonator based Oscillator system. B(jo)
represents the voltage gain of the resonator while A(jo) represents the voltage
gain of the amplifier.

The configuration of a MEMS resonator based oscillator is as
shown in Fig. 11. The voltage gain of the amplifier is given
by A(jm) and that of the resonator is given by B(jw).

The closed loop voltage gain of the system is given by

v Alio)
AU = T TR G0

For oscillations to occur the loop gain of the system should be
unity and the phase shift across the loop should be 0° or a
multiple of 360°. These two conditions can be summarized in
the following equation, which is the Barkhausen criteria.

A (jo)p(jo) =1
ZA (jo)p(jo)=0°

@7)

(28)

For developing a MEMS oscillator there exist two possible
options: one based on the piezoresistive detection principle
and the other based on the capacitive detection principle.
Oscillator using the piezoresistive resonator has already been
developed whereas the oscillator using the capacitive
resonator has not yet been successfully developed. To develop
an oscillator based on the capacitive detection principle it is
necessary to overcome the following challenges.

a. The resonance signal at the output of the resonator is
very small. The signal strength is reduced further due
to the presence of the bondpad at the output of the
resonator. When such resonator is used to design an
oscillator, the input bondpad of the amplifier comes
in parallel with the output bondpad of the resonator
and lowers the resonance signal further

b. It is very difficult to develop a capacitive oscillator
since the combination Rm and Cs is extremely
critical and only at high voltage it satisfies the
necessary condition to design an oscillator. The
necessary condition for oscillation to occur in a

Co > 2 [12].
S
To overcome the challenges of developing an oscillator
based on the capacitive detection two solutions are proposed
and are explained in more detail in the following sections.

pierce topology is that the ratio

B. Two chip oscillator design

By characterizing the existing resonators the electrical
equivalent model of the resonators has been developed. To
overcome the loading of the signal as a result of the parallel
combination of the two bondpad impedances a buffer stage is
introduced. Since JFET is the simplest transistor to be
fabricated in the existing process flow of the resonators, a
buffer stage using these JFET’s has been designed and
fabricated along with the resonators. The main purpose of the
voltage buffer is to buffer the signal so that it can be
connected to the input bondpad of the amplifier. The output
bondpad of the resonator has been replaced by the JFET
buffer stage since the connection from the resonator to the
JFET buffer is made using a direct contact.

C. Single chip oscillator design

The solution proposed in the earlier design is a two-chip
system in package solution for MEMS oscillator. However a
new design for a MEMS oscillator is developed, which has
not been reported in the literature before. In this design both
the MEMS resonator and the amplifier are designed on the
same chip. This makes it a single chip system in package
MEMS oscillator. The characterization results of the previous
resonator design have been used as a reference for developing
the electrical model of the resonator. The simulation results
determine the specification for the amplifier design. The gain
of the resonator at the frequency of 25.85 MHz is — 18 dB and
the phase of the signal is 8°.
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The schematic of the designed amplifier is shown in Fig.
13. The amplifier consists of two CC-CE amplifier stages
cascaded using a capacitive coupling. The two stages are
identical. The two amplifier stages are followed by two buffer
stages. Buffer 1 is used to buffer the signal at the output of the
second amplifier stage. It feeds back the amplified signal to
the resonator. Buffer 2 is used to buffer the oscillation signal
when connected to a spectrum analyzer with a 50 Q
termination resistance. In the feedback path a decoupling
capacitance is used to isolate the amplifier from the high dc
bias voltage of the resonator.

The amplifier is designed to provide at least a gain of + 18
dB and a phase shift required to satisfy the Barkhausen
criteria

mentioned in equation (28). The frequency response of the
designed amplifier is shown in Fig. 14. From the frequency
response it can be seen that the gain of the amplifier at a
frequency of 25.85 MHz is 27.5 dB. The gain of the amplifier
is much higher than the required gain. In case of the designed
MEMS oscillator the input signal V; shown in Fig. 12 is zero.
The amplifier amplifies the noise signal from the resonator
thus; higher gain results in smaller starting time or the rise
time of the oscillations. The signal amplitude grows until the
onset of circuit non-linearities. Due to these non-linearities
the gain of the circuit decreases until |AB| = 1 and the
Barkhausen criteria for sustaining steady oscillations is
satisfied. The high Q-factor of the resonator leaves very small
design margin for

The designed module of the single chip MEMS oscillator is



as shown in Fig. 15. The area of the module is 1.7 mm? There
are two MEMS oscillator designs on the right side of the
module. On the top left side lies a resonator design for
characterization purpose and on the bottom left is the design
of the amplifier. The designed MEMS oscillator is not
optimized for phase noise or power consumption since,
functionality and proof of concept for a single chip MEMS
oscillator was assigned the highest priority.

[

Pi5EE

Fig. 15 Layout of the single chip MEMS oscillator module

VI. CONCLUSION

In this paper an electrical equivalent model of the MEMS
resonator is presented. Dependencies of different model
parameters on the frequency response of the resonator are
verified by comparing the simulation and the measurement
results. A parametric model has been developed and is used to
identify the motional parameters along with the parasitic
impedances of the resonator. The identified parameters have
been used to develop an electrical equivalent of the MEMS
resonator. This model has been used as a reference electrical
model for developing an oscillator. For the first time a single
chip MEMS oscillator based on the principle of capacitive
detection is developed which operates at a frequency of 25.85
MHz. The designed oscillator is not optimized for phase noise
or power consumption since proving functionality of a single
chip MEMS oscillator was the main focus. However, in future
the amplifier design can be improved for phase noise
performance and power consumption so as to satisfy the
stringent  specifications for wireless application. The
parametric model developed in this paper can be used as a
basic model where temperature dependence and scaling of
motional parameters can be included after analyzing the data
from corresponding measurements. One of the principle
highlights of this study has been the possibility to integrate a
mechanical system and an electrical system on a single chip
platform, which opens up enormous possibilities to integrate
MEMS devices with electronic circuitry on a same platform.

APPENDIX
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Fig. a Two-port S-parameter measurement

At high frequencies the behaviour of the signal can be
approximated by travelling waves. The principle of S-
parameter measurement can be explained from Fig. a. Two
port S-parameters are defined considering a set of voltage
waves. When a voltage wave from source is incident on a
network a part of the voltage wave is transmitted whereas a
part of the wave is reflected back towards the source due to
mismatch in impedances. Similarly incident and reflected
waves are present at the other port of the network. A set of
variables can be defined by dividing the voltage wave with
the square root of the reference impedance, the square of the
magnitudes of the new variables are the traveling power
waves. The two port S-parameter can be represented by the
following matrix equality.

(le _ (511 S12 J (al] (29)
b, Sxu S2 )\ &

The network analyzer converts the voltage ratios in terms
of the decibel ratios. Since the resonators are symmetrical
network values of S;, and S,; which are the forward and the
reverse transmission coefficients are similar. Similarly Sy; and
S,,, which are the forward and the reverse reflection
coefficient, are similar.
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