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Accurate Simulation of RF MEMS VCO
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Abstract—A new coupled circuit and electrostatic/mechanical
simulator (COSMO) is presented for the design of low phase noise
radio frequency (RF) microelectromechanical systems (MEMS)
voltage-controlled oscillators (VCOs). The numerical solution of
device level equations is used to accurately compute the capaci-
tance of a MEMS capacitor. This coupled with a circuit simulator
facilitates the simulation of circuits incorporating MEMS capaci-
tors. In addition, the noise from the MEMS capacitor is combined
with a nonlinear circuit-level noise analysis to determine the phase
noise of RF MEMS VCO. Simulations of two different MEMS
VCO architectures show good agreement with experimentally
observed behavior. [1230]

Index Terms—Circuit simulation, coupled circuit and device
simulation, electrostatic/mechanical simulator, microelectrome-
chanical systems (MEMS) capacitor, microelectromechanical
systems voltage-controlled oscillator (MEMS VCO), noise simu-
lation, phase noise, radio frequency voltage-controlled oscillator
(RF VCO).

I. INTRODUCTION

SEVERAL computer-aided design tools for analysis and
design of microelectromechanical devices have been

developed to date based on various methodologies [1], [2].
For example, MEMCAD [3] uses ABAQUS, a commercial
finite-element method (FEM) package for the mechanical
analysis and a boundary-element method (BEM)-based pro-
gram FASTCAP [4] for the electrostatic analysis. SOLIDIS
[5] is an FEM-based tool tailored for coupled 3-D analysis of
microactuators. Surface electrostatic forces, thermomechanics,
and piezoelectric effects have been incorporated for the static
analysis and optimization of MEMS actuators. CAEMEMS
[6] is another FEM-based tool which has a process modeler
that can model MEMS-relevant process sequences; and a
device modeler that can perform finite-element simulations,
link individual devices together through appropriate matrix
operations, and perform simulations of entire mechanical
systems. Newton-based methods for strong electromechanical
coupling have been developed in [7], [8]. Efficient algorithms
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for coupled electrostatic and mechanical analysis for statics
[9] and dynamics [10] have been developed using Lagrangian
electrostatics [11]. These device level tools can be coupled with
a circuit simulator for the study of micro-electro-mechanical
systems (MEMS). A coupled circuit and device simulator can
facilitate accurate simulations of these systems even in the
absence of proper macromodels for the MEMS devices. The
behavior of different device structures can also be analyzed
without having to construct a macromodel for each structure.

Recently, different configurations of the MEMS-based ca-
pacitor have been examined for improved tuning range [12],
[13]. In addition to having a high Q factor and a wide tuning
range, MEMS variable capacitors can also withstand large
voltage swings, thus making them suitable for low phase noise
voltage-controlled oscillator (VCO) applications [14], [15].
However, the absence of an accurate model for the MEMS
variable capacitor has made it difficult to simulate the behavior
of MEMS VCOs. This results in an extremely long design cycle
or conservative design practices.

As a possible solution to these problems, a coupled circuit and
device simulator for the improved design of MEMS-capacitor-
based RF VCOs, COSMO, is presented in this paper. Coupled
simulations can efficiently simulate the tuning characteristics
and phase noise in RF MEMS VCOs. Comparisons between
simulated results and existing experimental data demonstrate
the accuracy of this approach.

The paper is organized as follows. A brief description of the
circuit and device simulators and their integration in COSMO is
presented in Section II. Three different MEMS capacitor struc-
tures and their design parameters are described in Section III. In
Section IV, the simulated tuning characteristics of a 2.4-GHz in-
ductance-capacitance (LC) cross-coupled MEMS VCO are pre-
sented. The effects of different MEMS capacitor structures and
materials on the tuning characteristics of the VCO are illus-
trated and comparisons with experimentally observed behavior
are presented. In Section V, the additional noise from MEMS-
based capacitors that contributes to the total phase noise in RF
MEMS VCOs is discussed followed by a detailed description
of the phase noise simulation technique used in this work. Sim-
ulated phase noise results of an 800 MHz single-ended Col-
pitts MEMS VCO are illustrated in Section VI and comparisons
between simulated results and existing measured data are pre-
sented. This is followed by conclusions in Section VII.

II. COUPLED SIMULATOR FOR MEMS OSCILLATOR (COSMO)

In this section, we provide a brief description of the circuit
simulator (SPICE3f5) and the device simulator (EM8.9) used in
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our work. This is followed by a description of the capacitance
computation and integration of these simulators for simulation
of circuits incorporating MEMS capacitors.

A. The Circuit Simulator: SPICE3f5

All the components in an electrical circuit (resistors, capac-
itors, inductors, transistors, diodes, and independent sources)
are described by their branch constitutive relations. These
relations when associated with Kirchoff’s conservation laws,
form nonlinear differential algebraic equations. The most com-
monly used analysis in the design of VCO’s is the time-domain
transient analysis. In this analysis, time discretization is per-
formed using an integration method, linearization is done by a
Newton–Raphson method, and the algebraic system is solved
using sparse matrix techniques. For each time step, the node
voltages are computed, time-integration is applied to capacitors
and inductors, and the Jacobian matrix for Newton’s method is
updated and solved for new values of node voltages. Newton
iterations are performed until convergence. In addition, the
local truncation error due to the time discretization is checked
to determine if the time step is acceptable in terms of accuracy.
If this error is too large, the time step is reduced and the
computation is repeated. The details can be found in [16].

B. The Device Simulator: EM8.9 [9], [10]

EM8.9 is a simulator for electrostatic MEMS analysis using
a meshless method. It employs the finite cloud method (FCM)
for mechanical analysis and the boundary cloud method (BCM)
for electrostatic analysis. FCM and BCM methods obviate the
need for complicated and time consuming mesh generation. La-
grangian descriptions are used to map the electrostatic analysis
to the undeformed geometry of conductors, thus eliminating the
need for geometry updates and re-computation of the interpola-
tion functions. The procedure for the self- consistent analysis of
coupled electromechanical devices can be summarized as fol-
lows. Electrostatic analysis using BCM is done first to compute
the surface charge density and the electrostatic pressure, which
is then used in the mechanical analysis (performed on the unde-
formed geometry by FCM) to compute the structural displace-
ment. This procedure is repeated until a state of equilibrium is
achieved. Additional details on the algorithms can be found in
[9], [10].

C. Capacitance Computation

As described above, EM8.9 solves for the structural displace-
ment of the MEMS capacitors for a given applied voltage. The
solution obtained from EM8.9 is used to compute the capac-
itance of the MEMS capacitor. The input to EM8.9 is speci-
fied in the form of the applied voltage, dimensions, geometry,
number of discrete nodes and the material properties. A set of
these input parameters defines a unique problem which is pro-
cessed by EM8.9 in three phases.

The first phase is the initialize phase which involves reading
in the input, discretization, generating nodes and memory allo-
cation. The second phase is the solve phase where the structural
displacement of each discrete element is computed along both

Fig. 1. Capacitance computation for the MEMS capacitor.

the x-axis and the y-axis and stored in the two-dimensional dis-
placement vectors and . Finally, in the update phase
the geometry and displacement vectors are updated. The solve
and update phases are repeated until convergence is reached.

The capacitance is computed after the solve phase upon con-
vergence. Since the displacement along the x-axis is small and
assuming a sufficiently large number of nodes, each discrete
element can be treated as a parallel-plate capacitor (Fig. 1)
and the incremental capacitance between each element and the
bottom plate can be computed. Finally, the total capacitance
of the MEMS capacitor can be computed by adding all the
incremental capacitances and is given by

(1)

(2)

where
permittivity of air;
area of the top plate;
number of discrete nodes along the length
of the top plate;
gap between the two plates at zero applied
voltage;
vertical displacement of the th node along
the length of the th surface of the top plate;

( corresponds to the bottom surface.)

D. Software Integration

The circuit simulator SPICE3f5 and the electrostatic/mechan-
ical simulator EM8.9 were integrated by using file processing
and system calls. A block diagram illustrating the coupling
between the two simulators is shown in Fig. 2. SPICE3 calls
EM8.9 at every Newton iteration and passes the terminal volt-
ages of the MEMS capacitor. EM8.9 computes and returns the
capacitances and the circuit matrix is updated.

When the applied voltage exceeds the pull-in voltage, the
device is unstable and hence the simulator does not converge.
Therefore, a suitable voltage limiting scheme is used to avoid
unnecessary device calls and, hence, reduce the computational
cost.

III. MEMS-BASED VARIABLE CAPACITORS

In this section, we describe the different MEMS capacitor
structures that have been simulated using COSMO. These
MEMS capacitors are manifestations of the same functional
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Fig. 2. The COSMO simulator showing coupling between SPICE3 and EM8.9.

Fig. 3. Functional model of an electro-mechanically tunable parallel-plate
capacitor.

model as shown in Fig. 3, [12], [13]. However, their structural
differences result in varied tuning characteristics. The tuning
characteristics will be illustrated in the next section.

A. Cantilever Beams and Fixed-Fixed Beams

Cantilever beams and fixed-fixed beams are the simplest
forms of electrostatically actuated MEMS-based capacitor
structures. These structures and their deformation due to the
application of an applied voltage are shown in Fig. 4. Can-
tilever and fixed-fixed MEM devices have several potential
applications in the area of RF systems [17]: switches, tunable
capacitors, inductors, and filters. High frequency, IC compatible
microelectromechanical IF filters have been developed in [18]
based on coupled fixed-fixed beams. These beams have also
been used in the development of band pass filters with tunable
frequency and bandwidth [19]. Low loss frequency translation
(mixing) and highly selective filtering of applied electrical
signals has been demonstrated using these beams [20]. In this
work, the performance of these structures as frequency tuning
elements in RF VCO’s is investigated.

Fig. 4. Deformation due to an applied voltage for (a) cantilever beam and
(b) fixed-fixed beam capacitor.

B. Two-Parallel-Plate Capacitor With Suspension Structures

Fig. 5 shows the top view of a two-parallel-plate MEMS-
based capacitor with suspension structures [12], [15]. The sus-
pension structures are designed to obtain the required stiffness
constant and thus the desired tuning range [12]. These structures
also introduce the top plate parasitic capacitance which can
reduce the tuning range and lower the Q of the overall capacitor
[21]. Furthermore, the suspension structures are also the domi-
nant contributors of series resistance [12] which determines the
Q of the device.

C. A Wide Tuning Range Three-Parallel-Plate Capacitor

A three-plate MEMS-based variable capacitor consisting of
a suspended plate and two fixed plates is shown in Fig. 6. Since
two dc voltages and can be used to either increase or
decrease the desired capacitance , a wider tuning range can
be achieved [12]. It has been shown that the maximum theoret-
ical tuning ratio of this three-parallel-plate MEMS-based capac-
itor is 2:1 [12]. However, the variable parasitic capacitance
limits the frequency tuning range of the VCO.
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Fig. 5. (a) Top view and (b) cross-sectional view of the two-parallel-plate capacitor.

Fig. 6. Wide tuning range three-parallel-plate capacitor.

D. Lumped Element Models for the Devices

An efficient method of simulating a system consisting of dif-
ferent physical domains is by the use of lumped element equiv-
alent circuits. In the case of MEMS-based capacitors, the dis-
placement of the top plate in the mechanical domain can be rep-
resented by an equivalent capacitance in the electrical domain.
One of the advantages of coupled circuit and device simulators
is that they can readily simulate these lumped element equiva-
lent circuits and are, therefore, highly accurate and reliable. In
this work, the actual MEMS capacitor is simulated by EM8.9
and has been shown as a numerical device model in Fig. 7. The
parasitics associated with the device have been represented by
their equivalent circuit models as shown in Fig. 7. This combi-
nation of the numerical device model and the circuit models is
simulated using COSMO.

The two-parallel-plate MEMS-based capacitors are modeled
as two-terminal devices as shown in Fig. 7(a). The top plate
parasitic capacitance , the series resistance due to the
suspension structure (shown as its parallel equivalent ) and
the bottom plate parasitic capacitance are independent
of the applied voltage and, therefore, their values were easily
calculated and included in the circuit. Since the cantilever and

fixed–fixed beams do not have suspension structures, the para-
sitic capacitance and series resistance were not included in their
lumped models. The wide tuning range, three-parallel-plate
MEMS-based capacitor was modeled as a three terminal device
as shown in Fig. 7(b). Since the parasitic capacitance is a
function of the applied voltage , it is included in the model
along with the capacitance . The calculated top plate para-
sitic capacitance and the series resistance due to the suspension
structures were added in parallel to the MEMS capacitor.

IV. SIMULATED TUNING CHARACTERISTICS

A 2.4-GHz LC cross-coupled VCO [20] implemented in a HP
0.5- m CMOS technology was simulated to verify the tuning
characteristics. The schematic of the VCO circuit is shown in
Fig. 8(a). Fig. 8(b) shows the transient output of the VCO em-
ploying the two-parallel-plate capacitor. The different MEMS
capacitor structures as described in Section III were employed
for frequency tuning. An overlap area of 230 m 230 m and
an air gap of 0.75 m were used for all the structures which
results in a nominal capacitance of 0.624 pF. In order to main-
tain consistency with experimental results, pad parasitic capaci-
tances of 750 fF were added in parallel to the MEMS capacitor.
The suspension structures were designed to obtain a capacitance
tuning ratio of 1.5:1 with a tuning voltage of 3.3 V. The length
and width of the suspension structure were chosen as 100 and
20 m, respectively.

The two-parallel-plate capacitor was simulated for different
thicknesses of the top plate. The magnified version of the ca-
pacitance tuning characteristics for three different thicknesses
is shown in Fig. 9. Since the top plate is nonrigid, it contributes
to the overall stiffness constant of the MEMS capacitor. Hence,
varying the thickness of the top plate alters the overall stiffness
constant and therefore the tuning characteristics change.

The two-parallel-plate capacitor was also simulated for three
different structural materials, polysilicon/gold, aluminum, and
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Fig. 7. Lumped model of (a) two-parallel-plate and (b) three-parallel-plate capacitor.

Fig. 8. (a) Schematic and (b) transient output of the VCO.

nickel/gold. The simulated results for the different MEMS ca-
pacitor structures have been summarized in Table I.

Simulations show that the polysilicon/gold structure offers
the highest capacitance tuning ratio of 1.43:1. The aluminum
structure offers a higher frequency tuning range of 19.2%. In ad-
dition, the three-parallel-plate capacitor offers an overall tuning
ratio of 1.88:1 which is higher than the maximum theoretical
value of 1.5:1 [12], [13]. However, the frequency tuning range

of 23.28% does not maintain the same trend due to the vari-
able parasitic capacitance associated with this structure. The
tuning characteristics of the different MEMS capacitor struc-
tures have been shown in Figs. 10 and 11. Cantilever beams
show a linear tuning behavior owing to their low stiffness con-
stants which, however, results in small deflections of the top
plate at low pull-in voltages [22]. On the other hand fixed–fixed
beams are highly nonlinear with higher stiffness constants for
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Fig. 9. Capacitance as a function of voltage for different thicknesses of the top
plate.

TABLE I
COMPARISON OF DIFFERENT MEMS CAPACITOR STRUCTURES

the same beam dimensions and therefore have high pull-in volt-
ages [22]. However, the nonlinear behavior of fixed–fixed beams
and the high tuning voltage requirements make them unsuit-
able for low voltage applications. Due to these factors the can-
tilever beam capacitor and the fixed–fixed beam capacitor show
a poor tuning performance. Therefore, their characteristics have
not been illustrated.

Experimental results for the 2.4-GHz VCO, employing
the two-parallel-plate MEMS capacitor made up of polysil-
icon/gold have been presented in [15]. Table II provides a
comparison between theoretical calculations [12], [15], our
simulation results, and experimental data from [15].

Although the MEMS capacitor was designed for a nominal
capacitance of 0.6 pF, a capacitance of 1.4 pF was measured.
This is due to the top plate and bottom plate parasitic capac-
itances and high pad parasitic capacitances. As described in
Section III, these parasitic capacitances have been accounted for
in our simulations. Measured results also show a lower tuning
range at a higher pull-in voltage. This discrepancy in the tuning
range with measured results is due to residual stress [12], [22].
Since, the numerical analysis in EM8.9 does not account for
residual stress, its effect is not seen in the simulated tuning
characteristics.

V. PHASE NOISE IN RF MEMS VCOS

Oscillator phase noise is a key parameter for high-perfor-
mance communication systems. In a conventional LC oscillator,
the electrical thermal noise and noise contribute to the
overall phase noise. However, in MEMS-based LC-tuned oscil-
lators, an additional noise source due to the mechanical-thermal
vibration is introduced. Vibrations of the suspended plate cause
variations in the capacitance value and hence output phase
noise.

A. Brownian-Motion-Induced Phase Noise

In addition to classical phase noise, a MEMS-based LC-tuned
oscillator introduces additional noise due to the mechanical-
thermal vibration, also known as Brownian motion, from the
variable capacitors. The displacement noise power spectral den-
sity can be computed as [21], [23]

(3)

where
= frequency of interest;

= Boltzman’s constant;
= temperature;

= damping factor;
quality factor of MEMS capacitor;

= spring constant
= mechanical resonant frequency.

For frequencies below and above , (3) evaluates the dis-
placement noise power spectral density to be
and respectively. At resonance the noise
power spectral density can be computed to be
[21]. Fig. 12 illustrates the displacement noise PSD for different
values of for a typical MEMS capacitor design. The noise
spectrum is seen to be white below and falls with a slope
of 40 dB per decade for frequencies higher than . It can also
be seen that the displacement noise decreases with an increase
in for frequencies below and above . However, peaks
appear at the mechanical resonance frequency for greater
than . In addition, the magnitude of these peaks increase
with an increase in the value of .

Random thermal vibrations of the suspended plate cause vari-
ations in the capacitance value and hence result in mechanical
thermal noise. The equivalent input current noise power spec-
tral density can be computed by observing the current that arises
from the change in capacitance due to Brownian motion. When a
signal, , is applied across the MEMS capacitor, the displace-
ment of the top plate is modulated around the DC bias displace-
ment corresponding to an applied voltage [22]. The
current noise that arises due to the change in the steady state ca-
pacitance can be expressed as a function of the displacement
noise due to Brownian motion as given by (4)

(4)
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Fig. 10. (a) Capacitance as a function of voltage and (b) frequency as a function of voltage for the two-parallel-plate capacitor.

Fig. 11. (a) Capacitance as a function of voltage, and (b) frequency as a function of voltage for the three-parallel-plate capacitor.

For a signal frequency corresponding to the oscillation fre-
quency , (4) can be simplified to obtain the current noise
power spectral density expressed as

(5)

where is the amplitude of oscillation and is
the displacement noise power spectral density. An expression
for the oscillator phase noise due to thermal noise, as given by
(6), can be obtained by employing a transfer function approach
based on a linear time-invariant (LTI) system analysis [21]. By
using the expression for the input current noise power spectral
density ((5)) and employing the transfer function approach, an
expression for the phase noise due to Brownian motion can be

obtained and is given by (7). In the phase noise expressions pro-
vided below, is the oscillator RF output power, is the
quality factor of the tank circuit and is the ratio of the tank
parasitic capacitance to the desired capacitance [21]

(6)

(7)

From (6) and (7), the theoretical phase noise profiles due to
electrical thermal noise, , and Brownian-motion,

, are plotted in Fig. 13 for a typical design con-
dition. The solid line shows the Brownian-motion-induced
phase noise and the dashed line shows the phase noise due to
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TABLE II
COMPARISON OF SIMULATED RESULTS WITH THEORETICAL

CALCULATIONS AND EXPERIMENTAL DATA

Fig. 12. Displacement noise power spectral density.

electrical-thermal noise. It is apparent that the Brownian-mo-
tion-induced phase noise is dominant for low offset frequencies.
However, this noise decreases much faster than the classical
phase noise above the mechanical resonant frequency,
kHz, and eventually phase noise due to electrical thermal noise
dominates. Peaking is observed in the phase noise profile at
the mechanical resonant frequency. These peaks will increase
as increases. Device noise has not been taken into
account here. In practice, noise results in an increased
noise level for low offset frequencies.

B. Phase Noise Simulations

COSMO handles phase noise analysis based on a nonlinear
perturbation analysis for oscillators [24]–[26]. The imple-
mented technique allows for an accurate simulation of phase
noise due to devices described either by analytical or numerical
models.

Let be the steady-state solution of an unperturbed oscil-
lator and let be the steady-state solution of an oscil-
lator with perturbation. The single-sided power spectral density,

, of [25], [26] is given by

(8)

where
= frequency of interest and ;
= frequency of oscillation;

= the index of summation;
= th Fourier series coefficient of ;

= a scalar that is a function of frequency.
The single-sideband phase-noise spectrum in dBc/Hz

is given by

(9)

where is the offset frequency from the carrier.
For , the single-sideband phase-noise spectrum

in dBc/Hz can be approximated as [26]

(10)

where the scalar constant is frequency dependent. In the
general case, is given by

(11)

where is a contribution to the scalar from white noise
sources and is given by

(12)

and is the contribution to the scalar from the -th colored
noise source and is given by

(13)

where is the perturbation projection vector (PPV) [26].
The PPV is a periodic vector which serves as a transfer func-
tion from the noise sources to the scalar , and hence to the
overall phase noise power spectral density. The PPV scales the
amount of noise transferred to the scalar at each point of time.

is a state-dependent matrix that maps white noise sources
with unity power spectral density (PSD) to the system of dif-
ferential algebraic equations (DAEs) which describe a circuit.

is a state-dependent vector that maps the -th colored
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Fig. 13. Theoretical phase noise profiles of a MEMS VCO.

noise source to the system of DAEs. Thus, in order to obtain the
single-sideband phase-noise spectrum in dBc/Hz, first a
scalar ((11)) needs to be calculated using (12) and (13) fol-
lowed by computation of the phase-noise spectrum using (10).
The method to obtain the PPV and matrices and is de-
scribed in [27].

The overall flowchart of the phase noise implementation is
shown in Fig. 14, [27]. The first part of the algorithm was imple-
mented in the transient analysis routine, where all the necessary
data was collected and saved. The second part of the algorithm,
which deals with the phase noise calculation itself, was imple-
mented as a separate analysis (pnoise analysis). The sequence
of operations is as follows. First, a transient analysis is run for
a long enough time to ensure that the circuit reaches a steady
state. During transient analysis, the period of oscillation has
to be calculated. When the period of oscillation is known, a time
interval of one period has to be taken to save all the necessary
data for phase noise calculation. At each time point of this time
interval, the (capacitance) and (conductance) circuit ma-
trices have to be saved, state-dependent noise sources have to
be evaluated and the matrix (for white noise sources) and
the vectors (for colored noise sources) have to be stamped
and saved.

In order to compute the additional phase noise due to the
MEMS capacitor, the equivalent input noise needs to be eval-
uated. The values of the MEMS capacitor current noise sources
are calculated using (3) and (5). The capacitance and the
displacement are obtained from the device simulator EM8.9
[9] and the frequency of oscillation and the amplitude of os-
cillation are obtained from a transient analysis.

The phase-noise calculation routine starts with the perturba-
tion projection vector calculation (PPV) and then the scalar
is calculated. Finally, the single-sideband phase-noise spectrum

in dBc/Hz is calculated using (10). Fig. 14. A flowchart of the phase noise analysis implementation in COSMO.
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Fig. 15. VCO circuit for phase noise simulations.

VI. PHASE NOISE SIMULATION RESULTS

An 800-MHz single-ended Colpitts VCO [14], [21] imple-
mented in a HP 0.8 m CMOS technology was simulated to
validate the phase noise simulations. The schematic of the VCO
is as shown in Fig. 15. The 2.4-GHz VCO (Fig. 8) could not
be simulated for phase noise due to unavailability of design pa-
rameters. A two-parallel-plate MEMS capacitor made up of alu-
minum [21] was employed and designed for an overlap area of
200 m 200 m and an air-gap of 1.5 m to obtain a nominal
capacitance of 0.2 pF. However, due to the top plate parasitic
capacitance, a nominal capacitance of 0.5 pF is obtained. Four
of these capacitors are connected in parallel for a total nominal
capacitance of 2 pF. For a tuning voltage of 3 V, a maximum
capacitance tuning ratio of 1.5:1 can be achieved by a suspen-
sion spring constant of 3.8 N/m [21]. The mass of the suspended
top plate is taken as 100 ng corresponding to a mechanical res-
onant frequency of 30 kHz [21]. Based on this initial design,
Table III provides a comparison between simulation and mea-
surement results.

Equations (3) and (5) show that the noise in the MEMS ca-
pacitor is a function of the oscillation frequency and the me-
chanical resonance frequency . Therefore, in order to ensure
valid comparisons between the simulated phase noise and that
obtained from measurements, it is important that and be
the same for both cases. Hence, the tank parasitic capacitance

was increased to obtain a simulated oscillation frequency
of 721 MHz and a higher value for the mass of the MEMS ca-
pacitor was taken to obtain a simulated resonance frequency of
20 kHz.

From (5) it can be seen that the noise from the MEMS capac-
itor also depends on the capacitance of the MEMS capacitor.
In order to validate the simulated phase noise, it is important to
compare the simulated capacitance of the MEMS capacitor with
experimental data. Fig. 16 shows the capacitance of the MEMS
capacitor as a function of the tuning voltage as obtained from
COSMO simulations and measurements [21]. It can be seen
from Fig. 16 that the simulations agree with measurements to
within 7%.

TABLE III
COMPARISON BETWEEN SIMULATION RESULTS AND MEASUREMENT RESULTS

BASED ON THE SAME INITIAL DESIGN (! = 30 kHz, ! = 800 MHz)

Fig. 16. Capacitance as a function of the tuning voltage of the MEMS
capacitor used for phase noise simulations.

Fig. 17 shows the simulated phase noise spectrum of the
modified MEMS VCO. The contribution of the individual noise
sources is also illustrated. These trends are in agreement with
the theoretical phase noise profile as discussed in Section III
(see Fig. 13). Device noise has been taken into account in
these simulations. At low offset frequencies, noise domi-
nates, and therefore, the phase noise of the MEMS VCO shows
a 30 dB per decade fall. For frequencies higher than the me-
chanical resonant frequency of 20 kHz, the electrical-thermal
noise dominates and the phase noise shows a decay of 20 dB per
decade. At an offset frequency equal to the mechanical resonant
frequency, the phase noise is enhanced due to the peaking in
the mechanical–thermal noise PSD at mechanical resonance.

Analysis of (3) and (5) shows that the only way to suppress
the additional phase noise contributed by the MEMS capacitor is
by increasing [21]. However, it has also been shown that at
the mechanical resonance frequency the phase noise is enhanced
due to the increased . The measured output power spectrum
of the VCO under consideration (Fig. 15) reveals two main side-
band peaks occurring at 20 kHz away from the carrier [21]. The
simulated phase noise spectrum for different values of has
been shown in Fig. 18. It can be seen that the peaks occur at the
mechanical resonance frequency, i.e., at 20 kHz offset from the
carrier. It can also be observed that the magnitude of these peaks
increases with an increase in . Furthermore, from Fig. 18 it
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Fig. 17. Simulated phase noise spectrum (Q = 1) of the MEMS VCO and contribution of the different noise sources.

Fig. 18. Simulated phase noise spectrum (Q = 1; 5; 15) of the MEMS VCO.

can be seen that a noise enhancement of 15 dB is obtained for
which is in agreement with experimental data [21].

Table IV provides the simulated values of the total phase
noise for different values of . An improvement in phase
noise can be seen for increasing for low offset frequencies.
However, as the offset frequency gets higher, the dependence of
phase noise on reduces. It can be seen from Table IV that
there is good agreement between the simulated results and ex-
perimental data.

VII. CONCLUSION

A new coupled circuit and device simulator, COSMO, has
been presented for the design of low-phase noise RF MEMS

VCOs. The simulator was successfully used for a wide variety
of MEMS capacitor structures, ranging from the simplest can-
tilever and fixed-fixed beam capacitors to the novel and recent
three-parallel-plate, wide tuning range MEMS capacitor. The
effect of different structural materials for the MEMS-based ca-
pacitors on the overall performance of the MEMS VCO has also
been presented. A simulation method to accurately simulate the
phase noise of RF MEMS VCOs has been described. Simulated
results have been compared with experimentally observed be-
havior. The observed discrepancies can be attributed to com-
bined effects of parasitic capacitances and residual stress. The
simulator provides accurate results and can be used for the im-
proved design of RF MEMS VCOs.
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TABLE IV
SUMMARY OF PHASE-NOISE SIMULATIONS AND COMPARISON

WITH MEASURED DATA
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