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MODELING AND SIMULATION METHODS FOR RF MEMS
VCOs

1. INTRODUCTION

1.1. Background and Motivation

The goal of the wireless industry is to lower the cost, power dissipation,
weight and size of portable transceivers. With only a very small section of a
transceiver operating in the RF range, the RF section continues to be a design
bottleneck [1]. One of the primary reasons being the level of integration in RF sec-
tions is low compared to other types of integrated circuits [2]. RF circuits mainly
require numerous off-chip components that are difficult to bring onto the chip
even in modern fabrication processes [1]. Micro electro-mechanical technology,
commonly referred to as micromachining technology offers a potential solution of
integrating these off-chip components onto silicon substrates [3]. Band-pass filters
at RF and IF, RF switches, MEMS based varactors in VCOs, through the use of
this technology have resulted in a considerable reduction in size [3].

A crucial part in the design phase of such systems is the verification of
their behavior by simulation. Although there are very sophisticated CAD tools
for integrated circuits, these tools are not applicable to the design of micro electro-
mechanical systems (MEMS) [4]. This is mainly due to the fact that MEMS based
circuits require electrostatic/mechanical analysis to verify their behavior. Coupled
simulation techniques can be employed to analyze MEMS based electronic circuits
[5], [6]. Circuit simulators have analytical models for simulating circuit compo-
nents. In the absence of accurate analytical models, a device level simulator pro-

vides the solution of device characteristics. This forms the basic idea of a coupled



device and circuit simulator. High-level models can also be used to simulate the
electro-mechanical behavior of MEMS based devices [8]. This work investigates
the application of coupled simulations and high-level modeling in verifying such

systems, in particular, MEMS based oscillators.

1.2. Prior Work

A coupled circuit and device simulator for the simulation of RF MEMS
VCOs (COSMO) was proposed in [6] and is extended in this work. COSMO is
an integration of the circuit simulator SPICE3f5 with a device simulator EM8.9.
EMS.9 is a numerical solver for electrostatic/mechanical MEMS analysis using a
meshless method [10]. This section provides an overview of the coupling method-
ology in COSMO.
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FIGURE 1.1. Coupling methodology in COSMO.

A MEMS based varactor undergoes mechanical deformation for a given
input voltage. Based on the mechanical deformation, it presents a certain capaci-

tance. EMS.9 solves for the structural deformation of the MEMS capacitors for a



given applied voltage. This solution obtained from EMS8.9 is used to compute the
capacitance of the MEMS capacitor. This capacitance is an input to SPICE3f5.
Figure 1.1 illustrates the coupling methodology in COSMO.

In [8], high-level modeling of MEMS based varactors has been discussed.
An equivalent circuit to model the electro-mechanical characteristics of MEMS

varactors was also presented.

1.3. Contributions

High-level modeling trades off accuracy for speed. This work examines the
accuracy issues and limitations of high-level models based on comparisons with
coupled simulations.

A faster simulation approach to compute the steady state of RF MEMS
VCOs is proposed. This method exploits the dynamic behavior of MEMS based
varactors to reduce the number of device calls. In comparison with a full transient
simulation, the proposed method shows a significant improvement in simulation
time.

Phase noise is one of the important performance parameters in a VCO.
In a RF MEMS VCO, in addition to the electrical noise, the mechanical noise
from the MEMS devices contributes to the overall phase noise. This work mainly
involves developing a theoretical framework to simulate phase noise in RF MEMS
VCOs.

An equivalent circuit to model the mechanical noise in MEMS based var-
actors is developed. This model can be used with the high-level models for MEMS

based varactors to simulate the phase noise in RF MEMS VCOs.



1.4. Thesis Organization

This thesis is organized into five chapters. Chapter 2 starts with a brief
overview of the working principle of MEMS based varactors. It discusses two
different macromodels for MEMS based varactors and compares their accuracy
with numerical simulations in EM8.9.

Chapter 3 discusses a faster method of simulating RF MEMS VCOs based
on periodic steady state methods. Comparisons are made with the existing sim-
ulation methods in terms of simulation time and number of device calls.

Chapter 4 presents theoretical analysis and simulation techniques to char-
acterize the effect of mechanical noise in MEMS based varactors on the phase noise
performance of RF MEMS VCOs. An equivalent circuit to model the mechanical
noise in these devices is also developed.

Chapter 5 summarizes the outcome of this work and concludes with sug-

gestions for future research.



2. ACCURACY ISSUES IN HIGH LEVEL MODELS OF MEMS
VARACTORS

2.1. Introduction

Recent developments in micromachining technology have made possible the
implementation of MEMS-based varactors. Compared with solid-state varactors,
MEMS-based varactors have the advantages of lower loss and potentially greater
tuning range. In addition to having a high Q factor and a wide tuning range, these
devices can also withstand large voltage swings, thus making them suitable for
low phase noise VCO applications [7]. An accurate way to simulate MEMS based
VCOs is by using a coupled device and circuit simulator. Coupled simulations
are time consuming and computationally expensive. Use of high-level models is
a possibility when computational speed is more important than accuracy. For
this reason, the accuracy issues of high-level models need to be determined. In
this chapter, we compare two different methods for modeling the MEMS varactor
structures. An equivalent circuit model [8] and a behavioral model are compared
with numerical simulations from an electrostatic/mechanical solver EM8.9 [10].
Accuracy issues of the high-level models are identified in the context of RF MEMS

VCOs.

2.2. Overview

2.2.1. Working principle

The functional model of an electro-mechanically tunable capacitor shown
in Figure 2.3 consists of two parallel plates. The top plate of the capacitor is sus-

pended by a spring with spring constant k, while the bottom plate of the capacitor



is fixed. When a bias voltage is applied across the capacitor plates, the suspended
plate is attracted towards the bottom plate due to the resultant electrostatic force.
The suspended plate moves towards the fixed plate until equilibrium between the

electrostatic and the spring forces is reached.

Spring constant k
Suspended plate

A @ ve)

d1+x(t)
L '

FIGURE 2.1. Functiona-l model of an electro—mechanica-lly tunable parallel-plate

capacitor with two parallel plates.

Under DC conditions, at equilibrium, the electrostatic force and the spring

force can be equated as given below (2.1)

—0.5¢,AV?

= (V)R

(2.1)

where, ¢, = 8.85415 x 107'2 F/m is the dielectric constant of air, A is the area
of the capacitor plates, d; is the separation of the capacitor plates for no applied
bias voltage, x is the displacement of the suspended plate, & is the spring constant
and V is the applied voltage.

The parallel plate capacitance Cy is given by [§]

€, A

ClV) = a2y

(2.2)

It should be noted that the suspended plate will make contact with the
bottom plate if the electrostatic force is greater than the spring force, which occurs

when x < d;/3. The voltage at which this occurs is called the pullin voltage [8].



Therefore, the maximum theoretical tuning range is 1.5:1. The pullin voltage is

| 8kd3
Ver = m (2.3)

From the above equation it can be seen that for a given nominal capacitance

given by

the pull-in voltage depends only on the spring constant, k.

2.2.2. Mechanical characteristics

The MEMS capacitor can be modeled as a mass-spring-damper system as
shown in Figure 2.2. There are two parallel plates, the top one is restrained by
a spring and damper and the bottom plate is fixed. The spring represents the
restoring force from the support of the top plate, while the damper represents
the air resistance. With no applied bias the weight and the spring force on the
top plate reach equilibrium. The damper has an effect only when the plate is in
motion [11]. The dynamics of the electro-mechanical system can be described as

follows

d*z dx
mW =+ T’E + k?l’ = Fe (24)

where, m is the mass of the suspended plate, r is the mechanical resistance due
to the surrounding gas ambient and the internal dissipation of the system, and F,
is the electrostatic driving force.

This linear equation can be transformed into the frequency domain and

the transfer function between the force F, and the displacement X (s) is given by

X(s) _ 1/m
R " st 2.5




Ll L L L/
Spring § |:j Damper

- |

+

A (initial separation)

VAV AN A A A A A A A A A V4 |

FIGURE 2.2. Mass spring damper model.

where the mechanical resonant frequency w, = \/g and Qu = “2™. Figure 77
shows the transfer function on a logarithmic scale. For frequencies above w,, the
transfer function falls at 40 dB/decade. Hence the capacitor air gap is virtually
constant for input force at frequencies much larger than w,,. There is a peaking in
the transfer function at w,, which increases with higher values of Q);;. The MEMS

20

log(X(w)/F(w)) (dB)

40 dB/decade

-100

-120 I I I I I
10" 10° 10° 10 10 10 10

Frequency (Hz)
FIGURE 2.3. Frequency response of the displacement /input force transfer func-

tion.



FIGURE 2.4. Deformation in cantilever and fixed-fixed beams due to an applied

voltage.

electrostatic capacitor is voltage controlled. Hence the electrostatic driving force

F, is a function of the voltage. Substituting for F, in (2.4),

>z dr —0.56,AV?(t)
m—s- +r— + kx

et T (dy + 2(0)? (2.6)

This equation is a second order non-linear differential equation that relates the

applied voltage V' with the displacement = in the capacitor.

2.2.3. MEMS capacitor structures

2.2.8.1. Cantilever Beams and Fized-Fixed Beams

Cantilever beams and fixed-fixed beams are the simplest forms of electro-
statically actuated MEMS-based capacitor structures. These structures and their
deformation due to the application of an external bias voltage are shown in Figure
2.4. The working principle of these capacitors is based on (2.1) where, the stiffness
constant, k, for the cantilever beam capacitor and the fixed-fixed beam capacitor
depend on the dimensions of the capacitor itself and are given in (2.7) and (2.8),

respectively [11].
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and,

N
kfixed == 32EW (Z) (28)
where, F is the Young’s modulus of the material of the capacitor, and W, t, L

are the width, thickness, and length of the suspended plate, respectively.

2.2.3.2. Parallel Plate Capacitor with Suspension Structures

The top view of a MEMS based capacitor with suspension structures is
shown in Figure 2.5. The suspension structures are designed to obtain the stiffness
constant and thus the desired tuning range. The stiffness constant of a suspension
structure with length L, width W and thickness ¢ is given by (2.9) [8, 11]

" 3

From (2.9) it can be seen that the spring constant is linearly proportional
to the beam width and highly dependent on the length and thickness of the beam.
Therefore, by varying the dimension of the suspension structures, different beam
stiffnesses can be obtained for various tuning voltages. The simulated structure
had an equivalent spring constant of 44 N/m with a tuning voltage of 3.3 V. The
length and width of the suspension structure were chosen as 100um and 20um,

respectively.

2.3. High-level Models

2.3.1. Equivalent circuit model

The equivalent circuit model as presented in [8] for a tunable capacitor

with two parallel plates is shown in Figure 2.6. The mechanical domain of the
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<~—— 230 um ——>

-~ 230 un  ———>

B - . .

L —
M

Substrate

—_—

0.75 pum

<— 230 um

20 pum

Suspension structure

100 pm
FIGURE 2.5. Top view and cross-sectional view of the two parallel plate capaci-

tor.

model is based on (2.6)whose output is the displacement z(¢). The right-hand side
term %’w of (2.6) represents the electrostatic driving force and is modeled
as a current source i;y(t). The mass, m, of the suspended plate is modeled as an
equivalent capacitor while the mechanical resistance, r, is modeled as a resistor.
The transconductor G2 and capacitor Cy integrate the voltage across this parallel
RC' combination to give the output z(t). The spring constant k,, is modeled as
an equivalent transconductor in negative feedback.

For an applied voltage the mechanical domain of the model gives the dis-

placement x(t) as its output. The resultant current that flows through the capac-

itor is a function of this displacement and is given by (2.10)

i(t) = C(t)d‘g—t(t) + V(t)%@ (2.10)

The electrical domain of the model represents the electrical characteristics of the
MEMS variable capacitor. A voltage dependent capacitor and a current source is

used to model the current through the MEMS capacitor.
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2
. AV (D)
_ eA iy = — AV
Cp®= X0+ N0 2(x(t) +d 1)2
G =k C =m
_ eAV(H)  dx 1 1
ip= 2~
x+dq)? G =r  G,=C,
=] i
+
Ccp(® .
R wWo () =
ip

x(t)

FIGURE 2.6. Equivalent circuit model.

The corresponding equivalent circuit model that was implemented in

HSPICE for simulation is shown in Figure 2.7. The transconductors G; and

(G are implemented as voltage dependent current sources. Due to the presence of

nonlinear capacitances and current sources, this circuit model cannot be used as

such for Spectre simulations.

z
—~
(@]
1C
11
My
x~
x
—
>

FIGURE 2.7. Equivalent circuit model in HSPICE.
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2.3.2. Behavioral model

A behavioral model has been developed for use in Spectre simulations. The
behavioral model consists of two blocks. The first block captures the mechanical
characteristics of the MEMS capacitor using (2.4). The output of the first block
is the displacement z(t). Based on this output the second block describes the
current through the capacitor. The current is computed using (2.10). Figure 2.8

illustrates the model that is implemented using SpectreHDL.

V(t) i(t)
Block 1 2(t) Block 2 —
Computes displacement x(t) from Computes current ¢(t) from
input voltage V(1) V(t) and x(t)

FIGURE 2.8. Behavioral model.

2.4. Electrostatic/Numerical Solver

EMS.9 is a simulator for electrostatic MEMS analysis and can accurately
simulate the characteristics of MEMS varactors. EM 8.9 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 com-
plicated and time consuming mesh generation [10]. Lagrangian descriptions are
used to map the electrostatic analysis to the undeformed geometry of conduc-
tors, thus eliminating the need for geometry updates and re-computation of the
interpolation functions [10]. The procedure for the self-consistent analysis of cou-

pled electromechanical devices can be summarized as follows [10]. Electrostatic
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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 undeformed geometry by FCM) to compute the structural displacement.
The geometry is then updated and the capacitance is computed. This procedure
is repeated until a state of equilibrium is achieved.

EMS8.9 solves for the structural displacement of the MEMS capacitors for
a given applied voltage. This solution obtained from EMS8.9 is used to compute
the capacitance of the MEMS capacitor. The input to EM8.9 is specified 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 processed by EM8.9 in three phases. The first phase is the initialize phase
which involves reading in the input, discretization, generating nodes and memory
allocation. The second phase is the solve phase where the structural displacement
of each discrete element is computed along both the x-axis and the y-axis and
stored in the two-dimensional displacement vectors xdisp and ydisp. Finally, in
the update phase the geometry and displacement vectors are updated. The solve
and update phases are repeated until convergence.

The capacitance is computed after the solve phase upon convergence. Since
the displacement along the x-axis is small and assuming a sufficiently large num-
ber of nodes, each discrete element can be treated as a parallel-plate capacitor, the
incremental capacitance between each element and the bottom plate can be com-
puted [6]. Finally, the total capacitance of the MEMS capacitor can be computed

by adding all the incremental capacitances.
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FIGURE 2.9. Capacitance as a function of the stiffness constant.

2.5. Results

Simulations were performed for the parallel plate capacitor, cantilever
beam capacitor and the fixed-fixed beam capacitor using the high-level models
and the numerical solver EM8.9. Different MEMS capacitor structures were sim-
ulated using the high-level models and the simulator EMS8.9 and their tuning
characteristics were compared. An overlap area of 230 um x 230 um and an air
gap of 0.75 um were used for all the structures which results in a nominal ca-
pacitance of 0.624 pF. As mentioned earlier the stiffness constant of the MEMS
varactor is an important design parameter since it determines the tuning ratio
of the varactor. Figure 2.9 shows the capacitance as a function of the stiffness
constant for different applied voltages. For the parallel plate capacitor the tun-
ing ratio is determined by the stiffness constant of the suspension structure given

by (2.9) assuming the capacitor plate is rigid [8]. However, the non-rigid nature
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FIGURE 2.10. C-V curves for different thicknesses.

of the suspended plate also contributes to the overall stiffness constant of the
MEMS structure. The stiffness constant of the suspended plate depends on its
dimensions. Since the length and width (area) of the suspended plate is fixed
by the desired capacitance, simulations were done for different thicknesses of the
suspended plate. Figure 2.10 shows the capacitance as a function of voltage for
different thicknesses of the parallel plate capacitor as simulated by EM8.9. It can
be observed that the capacitance tuning characteristic is affected with varying
thickness. The increase in the tuning voltage with increasing thickness can be
accounted for by the fact that the stiffness constant of the top plate and hence
the overall stiffness constant increases with thickness. The high-level models fail
to account for the thickness of the top plate and therefore its stiffness constant.
This reflects as a discrepancy between the C-V curves obtained from the model
and the EMS8.9 simulator as shown in Figure 2.11. Simulations performed by

using the high-level models show a capacitance tuning ratio of 1.45 for a tuning
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FIGURE 2.11. C-V curve for parallel plate capacitor.

voltage of 3.42V, whereas, the simulated results from EMS8.9 show a capacitance
tuning ratio of 1.43 for a tuning voltage of 3.3V with an error of 3.6%.

Another drawback of the high-level models is that they are incapable of
simulating MEMS capacitor structures such as the cantilever and fixed-fixed beam
capacitors. In the parallel plate capacitor with suspension structures the displace-
ment caused by the electrostatic force is uniform along the length of the suspended
plate. For the fixed-fixed beam and the cantilever beam capacitors, the displace-
ment of the top plate varies along its length, being maximum at the center for the
fixed-fixed beam and at the free end for the cantilever beam. Simulated results
obtained from EMS8.9 show the structural displacement along the length of the
suspended plate in Figures 2.12(a) and (b). Since the high-level models do not
account for the change in displacement along the length of the suspended plate,
the C-V curves of the cantilever and fixed-fixed beam capacitors as illustrated in

Figures 2.13(a) and (b), respectively, deviate significantly from EMS.9.
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FIGURE 2.12. Displacement of (a) cantilever beam and (b) fixed-fixed beam.
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The parallel plate MEMS capacitor structure was simulated for three dif-
ferent materials, polysilicon/gold, aluminum, and nickel/gold. The tuning char-
acteristics obtained from the model and EM8.9 show similar trends as shown in
Figure 2.14. However, an error exists between the C-V curves due to reasons

discussed earlier.

2.5.1. VCO simulations

A 1.6 GHz VCO implemented in a TSMC 0.35um CMOS technology was
simulated. The schematic of the VCO circuit is shown in Figure 2.15. The circuit
was simulated using the AHDL model in SpectreS and the coupled circuit/device
simulator (SPICE3f5/EMS8.9) [12]. The frequency tuning characteristics of this
VCO are shown in Figure 2.16. The VCO simulated with the AHDL model

shows a tuning range of 1590 MHz to 1640 MHz with a tuning voltage of 2.7 V,
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whereas, coupled simulations show a tuning range of 1580 MHz to 1640 MHz with
the same tuning voltage. The amplitude of oscillation was 2.5 V. The differences
in the curves are consistent with differences observed in the corresponding C-V
curves. It was also observed that both the AHDL model and the coupled simulator

resulted in the same amplitude of oscillation.

2.6. Summary

Comparisons between high-level models and a numerical device solver have
been presented for the simulation of MEMS based varactors. Issues related to the
accuracy of the high-level models have been identified. The high-level models do
not account for the stiffness constant of the non-rigid suspended plate and, there-
fore, an error exists in the C-V curves for higher control voltages. Simulations

performed for three different materials also show similar trends. For lower volt-
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ages, the high-level models are accurate and can be used for the simulation of RF

MEMS VCOs.
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3. PERIODIC STEADY-STATE ANALYSIS OF RF MEMS VCOs

In general, coupled simulations are very accurate but time consuming. Ef-
ficient coupling of the circuit and device simulators is required in order to reduce
the run time. The computational time bottleneck is the device simulator which
uses numerical models to simulate the device behavior. An improvement in per-
formance can be achieved by reducing the number of device calls. This section
examines issues with the simulation of RF MEMS VCOs and suggests a new

efficient simulation methodology to simulate these VCOs.

3.1. VCO Simulation Methods

In VCOs, two important specifications of interest to a designer are the
frequency tuning range and the phase noise performance. Both these design spec-
ifications are determined in the periodic steady state of the oscillator. The steady

state can be simulated using the following two approaches,
(i) Transient analysis

(ii) Periodic steady-state analysis

3.1.1. Transient analysis

A transient analysis computes the response of a circuit as a function of
time. The time interval is decomposed into small individual time intervals and
the circuit is solved for each time interval. The two important parameters for
a transient analysis are the simulation time and the time steps used during the

simulation. In general, these are determined by the following criteria.
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(i) The simulation interval is determined by the largest time constant or the

lowest frequency simulated.

(ii) The time steps that must be used are limited by the highest frequency that

a circuit processes.

If the circuit possesses a wide range of time constants, the simulation has to be
carried out for a long time with small time steps [13]. To overcome this difficulty,
periodic steady-state methods are used. These methods unlike transient analysis

only solve periodic steady-state problems.

3.1.2. Periodic steady-state analysis

Circuits with a periodic steady-state solution can be simulated using peri-
odic steady-state methods. There are time-domain and frequency-domain meth-
ods for computing the periodic steady state. The following paragraph gives a brief
overview of the time-domain method.

In the time domain, the underlying differential equations for the circuit are
solved by forcing the constraint that the solution is periodic in the steady state.
This condition is expressed as x(0) = z(7T"), where x is the vector of node voltages
and 7T is the period [14]. In shooting methods, first the circuit is simulated for
one period using some guess for the initial condition. Then the final value x(7T)
is checked with the guess for the initial value (7)) . If z(0) and x(7") are not
the same, the initial value is adjusted. The circuit is simulated again for one
period with the adjusted initial value. This process is repeated until the initial
value and the final value are in close agreement. Usually the shooting method
uses the transient analysis over one period to obtain the final value at the end of

the period. The shooting method can be viewed as a transient simulation that is
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accelerated for the circuit to approach the periodic steady-state. The acceleration
is obtained by adjusting the initial conditions at the beginning of each one-period
transient simulation.

The periodic steady-state methods are faster compared with the conven-
tional transient analysis. This work proposes a new simulation methodology using

the time-domain shooting method for the simulation of MEMS VCOs.

3.2. Simulation Method for RF MEMS VCOs

A MEMS device in a RF VCO will experience high frequency oscillation.
Here high frequencies refer to frequencies of oscillation several orders of magnitude
larger than the mechanical resonance frequency. The proposed method is applica-
ble only under this condition. Before looking into this approach, it is important

to look into the behavior of MEMS capacitors at high frequencies.

3.2.1. Dynamics

In Section 2.2.2 it was shown that MEMS actuators do not respond to
frequencies higher than the mechanical resonance frequency. It can be concluded
that in a RF VCO, the tank voltage swing does not modulate the value of the dis-
placement and hence the capacitance value. However, consider a MEMS varactor
that has a sinusoidal voltage given by Vs sinwt. The electrostatic force is given
by

~ —0.5¢4A(Vy sinwt)?

Fe= (dy + x(t))? (3:1)

Using trigonometric relations and rearranging the equation,
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—0.5¢4A
F, = V(0.5 — 0.5 cos 2ut) (3.2)

(dy + (1))

The above relation shows that the RF voltage gives a DC term, which
is equal to the mean square value of the signal voltage, and a second harmonic
term. The second harmonic term does not influence the mechanical behavior of
the actuator. However, the DC term does affect the displacement of the MEMS
actuator and changes the capacitance value.

Simulations show that the response of a MEMS parallel plate actuator to
a high frequency sinusoidal excitation is identical to a step response with a step
value that is the same as the RMS value of the sinusoidal excitation. A sinusoidal
excitation whose frequency is 1 GHz was used for the simulation. The mechan-
ical resonant frequency of the MEMS capacitor is around 30 KHz. Figure 3.1
illustrates the response of a MEMS capacitor to both sinusoidal and step inputs.
Hence, the resultant displacement in response to a high frequency signal corre-
sponds to the displacement obtained with the RMS value of the signal. It should
be noted that the settling time of the MEMS devices is in the order of tens of

microseconds.

3.2.2. Simulation approach

In the previous section it has been shown that for a high frequency oscil-
lation the MEMS capacitance value depends on the RMS voltage. If this RMS
voltage is known, a single static simulation would be sufficient to compute the
MEMS capacitance and hence the steady-state of the oscillator. This idea is used

in the proposed simulation approach. Figure 3.2 shows the simulation methodol-

ogy.
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FIGURE 3.1. Comparison between step and sinusoidal responses for a MEMS

varactor.

Initially, a DC analysis is used to compute all the node voltages. The
DC voltages corresponding to the MEMS capacitors are passed on to the de-
vice simulator and the capacitance value is obtained. Based on this capacitance
value, a periodic steady-state analysis (PSS) is run using the time-domain shoot-
ing method. If the steady-state is achieved, the RMS voltage across the MEMS
capacitor is computed. Two parameters, namely RM Sprev and RM Spresent are
defined for all MEMS capacitor instances. As the name indicates they store the
previous and current values of the RMS voltages. RM Sprev and RM Spresent are
compared to see if their difference is below a certain given value. If this difference

exceeds the prescribed value then another PSS iteration is performed to compute
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FIGURE 3.2. Flowchart of simulation method.
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the steady-state. The PSS analysis is performed iteratively until RM Sprev and
RM Spresent are close enough.

In this simulation approach at least two PSS iterations are required for
convergence. Initially both the parameters (RM Sprev and RM Spresent) are set
to zero. At the end of the first PSS iteration, RM Spresent takes the current
RMS voltage while RM Sprev still retains the initial zero value. At the end of
the next PSS iteration RM Sprev is assigned the value from the previous iteration
and RM Spresent is updated to the new value. Convergence is achieved when the

difference between RM Spresent and RM Sprev is small.

3.3. Simulation of VCOs in COSMO

In COSMO, there are two different methods for computing the steady-state
of oscillators. Both these methods use a transient analysis for the VCO simulation
but differ in the way in which the MEMS varactor capacitance is computed using
the device simulator. One of the method uses static simulations for computing the
MEMS device capacitance, while the other method uses a dynamic simulation. A
static simulation solves (2.1) for the capacitance computation, while a dynamic
simulation solves (2.6). This is the basic difference between the static and dynamic

simulation. In this section, we give a brief overview of the simulation methodology

in COSMO [6].

3.3.1. Static simulation method

SPICE3f5 and EMS.9 are integrated for static simulations by using file
processing and system calls. SPICES3 treats the MEMS capacitor device as a

numerical model. At every Newton iteration, SPICE3 computes the node voltages
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required by EM8.9 for numerical model evaluation. Then SPICE3 calls EM8.9
using the system command and passes the bias voltages and dimensions of the
MEMS capacitor through data files. In response to the call, EMS&.9 computes
the capacitance by using a static simulation and returns the capacitance value to
SPICE3 through another data file. After retrieving the necessary data, SPICE3
loads the capacitance value and updates the circuit matrix and solves the circuit
equations.

The MEMS variable capacitor is typically incorporated in a VCO circuit
and hence the voltage across it is periodic in time. This method assumes that
the device reaches its equilibrium deformed state instantaneously for an applied
voltage and the inertial terms in the mechanical equations are neglected. The
periodic nature of the voltage across the MEMS capacitor is exploited in reducing
the number of device calls. With every device call, the voltage across the MEMS
capacitor and the capacitance value obtained from the device is stored in a two
dimensional vector mcap in increasing order. If the voltage across the MEMS
capacitor during any other time step is close to a value stored in mcap by a prede-
fined value VC APTOL, the corresponding stored capacitance value is loaded and
the numerical computation associated with a device evaluation is skipped. The
table is searched using the bisection method so that the appropriate capacitance
value is found in approximately log, n iterations, where n is the number of points

in the table.

3.3.2. Dynamic simulation method

In the case of dynamic simulations, the displacement of the MEMS capac-

itor depends on the past displacement values in addition to the applied voltage
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[6]. EM8.9 is embedded in SPICE3 in the form of a subroutine for dynamic simu-
lations. This closed form of coupling is used in COSMO for dynamic simulations.
Considering that the device and circuit time constants are widely separated, this
method does not call the device simulator for every circuit time step. Rather, the
device simulator is called for every hundred or so circuit time steps and, hence,

reduces the number of device calls.

3.4. Simulation Results

3.4.1. Comparison with transient simulation methods

The simulation approach proposed in this work is much faster compared to
the static and dynamic simulation methods discussed in the previous section. A
1.6 GHz LC VCO with two MEMS devices acting as variable capacitors shown in
Figure 2.15 takes approximately 4 weeks for a simulation interval of 60us using a
dynamic simulation method. A static simulation method requires approximately
3-4 days of simulation time, while the proposed simulation approach takes about
20 minutes. The new method required just four static simulation runs or device
calls. In [6], an estimation of the number of device calls required by the static
and dynamic simulation methods is given. Consider a 1 GHz VCO with a MEMS
device that takes 20 ps to settle. Assuming that 100 time points per cycle are
needed for an accurate transient simulation, 20,000 x 100 device calls need to be
made. Although in the static simulation method there is a considerable reduction
in the number of device calls compared to a dynamic simulation, it is still high.
Simulation results in [6] indicate the number of device calls to be of the order of a
thousand. The proposed method significantly reduces the number of device calls

and hence improves the simulation time significantly.
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3.4.2. VCO simulations

A 1.6 GHz VCO as shown in Figure 2.15 was simulated to obtain the
tuning characteristics using the proposed method. Simulations were carried out
using a relative tolerance of 107%. A comparison with the results obtained from
static simulations shows good agreement as shown in Figure 3.3. The proposed
method deviates from the static simulation method by a maximum of 0.25%.
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FIGURE 3.3. VCO tuning characteristics from the static simulation and periodic

steady-state methods.

3.5. Summary

In this chapter, we observed that MEMS based RF VCOs have a wide

range of time constants. Computation of the oscillator steady-state using tran-
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sient simulations requires an excessive number of device calls. A reduction in the
number of device calls is necessary to improve the speed of coupled simulations.
Based on the dynamic behavior of MEMS based varactors, a simulation method-
ology using the time-domain shooting method has been proposed. Comparisons
with transient simulation methods show that there is a significant reduction in

the number of device calls.
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4. PHASE NOISE IN MEMS VCOs

In order to simulate and characterize the effect of noise on the performance
of an electronic circuit or system, it is important to investigate the noise sources in
the system and develop models for these noise sources [15]. This chapter presents
an overview of the mechanical noise exhibited by MEMS variable capacitors and
its effect on the VCO phase noise. A simple model is developed to characterize
this mechanical noise as a current source in the electrical domain. An accurate
phase noise analysis technique is used to simulate the noise contribution from

MEMS variable capacitors.

4.1. Overview

4.1.1. Mechanical noise

Electrostatic actuators exhibit noise due to random mechanical vibrations.
Molecules from the surrounding gas collide with the suspended plate and generate
a noise force known as Brownian noise. The fluctuating noise force has a white

spectral density given by [3]

FN =V 4]§BT’F (41)

where kg is the Boltzmann’s constant, 1" is the absolute temperature and r is the
damping coefficient. This noise force is responsible for the noisy vibrations of the

suspended plate.
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4.1.2. Displacement noise power spectral density

Consider the following equation describing the dynamics of an electrostatic

actuator
m—s +r— + kx = F, (4.2)

where F, is the input driving force. The transfer function between the displace-
ment X (s) and the input force F,(s) can be obtained from (4.2) using Laplace

transforms and is given as follows,

X(s) _ 1/m (43)
Fe(s) 2+ gos+ 1

where the mechanical resonant frequency w,, = \/g and @y = <™.

T

The white power spectral density of the noise force Fly is shaped by the low
pass characteristics of the above transfer function. The displacement noise power

spectral density can be computed from the above transfer function as follows [3],

2

ST X(s)
X2(w) = F? R 4.4
n(w) N Fe<8) | =J ( )
Substituting (4.1) and (4.3) in the above equation we obtain,
4]€BTT‘
Xi(w) = % Y (4.5)

R = 2)? + g ]
The noise power spectral density on a log scale is shown in Figure 4.1. For
frequencies higher than the resonant frequency, the noise power spectral density
rolls of at -40 dB/dec. Further it shows peaking at the mechanical resonant
frequency w,,. Increasing (),,, concentrates the noise at w,, and reduces it elsewhere.
The electrostatic actuator is used as a variable capacitor in a VCO tank.

It is important to see how the Brownian noise transforms into phase noise in the

VCO.
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FIGURE 4.1. Displacement noise power spectral density.

4.2. Brownian Motion Induced Phase Noise

The random mechanical-thermal vibration from the variable capacitors in-
duces additional phase noise in a MEMS VCO. The vibration of the suspended
plates in an electrostatic actuator causes variation in the capacitance value which
causes frequency modulation at the VCO output. The resulting FM sidebands

around the oscillation frequency appear as phase noise which is given by [3]

X2 (fm) £\’
SG(fm)Mechanical - W <f_m> (46)

where X?2(f,,) is the displacement noise power spectral density of the suspended
plate described by (4.5), x, is the nominal air gap of the variable capacitor, N
is the number of parallel micromachined capacitors, « is the ratio of the nominal
tank tunable capacitance and its parasitics, f, and f,, are the oscillation frequency

and the offset frequency of interest, respectively.



36

Figure 4.1 shows that the displacement noise power spectral density of the
micromachined capacitor is constant below the mechanical resonant frequency,
wy, and decays at 40 dB per decade above w,. Hence, the resulting phase noise
profile in (4.6) shows a 20 dB and 60 dB per decade fall before and after the offset
frequency w,, respectively. The phase noise at w, shows peaking for different

values of (),,. Figure 4.2 shows a typical Brownian motion induced phase noise
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FIGURE 4.2. Brownian motion induced phase noise.

4.3. Noise Current Modeling

Equation (4.6) gives a good estimate of the phase noise due to the MEMS
variable capacitors. It shows how capacitor design parameters affect the VCO
phase noise and provides a design insight. However, (4.6) is not useful for simu-

lation purposes for the the following reasons:
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e The term « in (4.6), which is the ratio of the tunable capacitance and the
parasitics in the tank, cannot be defined accurately. This is because the
parasitics also include the nonlinear device capacitances which vary with

the large-signal steady state.

e Existing phase noise simulation methods require device noise to be modeled

as a current or voltage source.

This work has modeled Brownian noise as a current source in parallel with the
MEMS variable capacitor. We start out with a voltage-current equation for a
MEMS variable capacitor and derive the current noise power spectral density
based on the noise models provided in [15].

The voltage current relationship in a MEMS variable capacitor is given by

8]

where C(t) is given by

B g, A
B Lo + xsig(t) + iL‘n(t>

C(t)

(4.8)

where ¢, is the dielectric permittivity of air, A is the area of the MEMS capacitor
plates, z, is the nominal air gap of the variable capacitor, x;, is the steady-state
value of the displacement in response to an input signal V' (¢), and z,(t) is the
noisy displacement of the suspended plate caused by the Brownian motion of gas
molecules.

The MEMS variable capacitor experiences high frequency signals across its
terminals in a VCO. Section 3.2.1 shows that the swing of the VCO tank does

not modulate the displacement of the MEMS variable capacitor. Furthermore the
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steady-state displacement of the MEMS varactor in response to a high frequency
sinusoid is a constant function of time that depends on the RMS value of the
signal. Hence z,(t) in (4.8) is a constant, whose magnitude depends on the RMS
value of the signal.

Based on the above observation, let x,s = z, + 744. Rewriting the expres-

sion for C(t)

C(t) = #f;@ (4.9)

We further assume that the noisy displacement given by () is small compared
to xss and (4.9) can be written as a series expansion given by

o) = — A (1 = x"(t)) (4.10)
T (1 —+ x”_(t)> Tss Tss

Tss

Substituting (4.10) in (4.7) and rearranging, one obtains

g AdV(t)  g,A dV(t) e,A dx,(t)
T or.. dt a2 Talt) dt a2 Vi) dt

O ss ss
A o A

i(t) (4.11)

J/

ic(t) noise current(ini(t))  mnoise current(in2(t))
Equation (4.11) shows that there are two noise current terms. Figure 4.3 illus-

trates the noise model for the MEMS capacitor.

Conems = £ () () () w0

FIGURE 4.3. Noise current model for the MEMS capacitor.
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4.4. Current Noise Power Spectral Density

The objective is to derive a current noise power spectral density. The noise
current in the time domain is given by (4.11). With that equation as a starting
point we arrive at the power spectral density of the two terms and show that the

noise contribution of i,5(t) (term 2) is negligible compared to that of i,;(t) (term

1).

4.4.1. Noise contribution from term 1

The noisy current is given by

g, A

2
Tss

dv(t)

— (4.12)

2.nl (t) =

T (t)

(4.12) shows how the noisy displacement transforms into a noise current. In order
to understand the process by which Brownian noise transforms into noise current,
a noise model is derived. Using this model, the noise power spectral density is

derived.

Falt) (1) i (1)

— h(t) m(t) —

LTT System Modulator
FIGURE 4.4. Noise model describing the conversion of Brownian noise into a

noise current.

The noise model shown in Figure 4.4 consists of two blocks. Section 4.1
shows that the electrostatic actuator can be identified as a LTI system with a
low pass transfer function given by (4.3). The first block captures this low pass

characteristics of the electrostatic actuator. The Brownian noise that gives rise to
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a noisy displacement with power spectral density given by (4.5) is shaped by this
filter. The input to this block is the Brownian noise with power spectral density
given by (4.1).

The second block is modeled as a modulator whose output is given by

(4.13).
i (t) = 0 (H)ym(t) (4.13)

This block captures the time domain multiplication in (4.13). Comparing (4.12)

and (4.13), the modulating function m(t) is given by

_ g,AdV (1)
a2, dt

m(t) (4.14)

The noise model decouples the noise process into mechanical and electrical do-
mains. The first block transforms the Brownian noise, which is a mechanical force,
into noisy displacements. The second block converts the mechanical vibrations
into electrical current through a modulation function.

The noise power spectral density is defined as the Fourier transform of the
auto-correlation function [16]. Hence, we start out by deriving the auto-correlation
function of the noise process described by the above model. In [15] similar types
of noise models have been discussed and the noise power spectral density for these
is derived. We go through the derivation with some simplification to obtain the
power spectral density of the current noise.

Consider the output z,(t) of the first block. The power spectral density

(X2(w)) is given by (4.5). Since this is a LTI system the auto-correlation function

is given by the inverse Fourier transform of X?(w),

Ry(r) = 7 H{X3(w)} (4.15)
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R, (7) represents the auto-correlation function of the stationary process described
by the first block.

The second block in the model is a modulator with a modulating function
m(t). It should be noted that m(t) is periodic. Considering that the MEMS
capacitor is connected across the tank of the VCO, the voltage across its terminal
V (t) is periodic. m(t) given by (4.14) is a function of d‘g—it) and, hence, is periodic.
Since m(t) is periodic the second block is a periodically time varying system. For
simplicity assume V' (t) = Vi sinw,t, then m(t) is given by

€,A

m(t) = —5~WoVamp COS wot (4.16)

The auto-correlation of i, (t) is given by
Ri(t,7) = E{z,(t + 7/2)m(t + 7/2)x,,(t — T7/2)m(t — 7/2)} (4.17)
Since m(t) is deterministic, R;(t,7) can be written as
Ri(t,7) = R.(T)m(t + 7/2)m(t — 7/2) (4.18)

where R, (7) is the auto-correlation function of the stationary process described

by the first block. Substituting for m(¢) in (4.18)

g, A

Ri(t,7) = R.(T) (—wOVamp) cos wy(t + 7/2) cos w,(t — 7/2) (4.19)

It should be noted that R;(¢,7) is the auto-correlation function for a cyclostation-

ary process. It is periodic in ¢ and can be expressed as a Fourier series. Hence we

can rewrite (4.19) as a complex exponential and obtain the Fourier series coeffi-

cients. These Fourier series coefficients are called the harmonic auto-correlation
oA

2
functions [19]. For convenience let us assume k = <—wOVamp> )

2
Tss

eiwolt+T/2) e—m(m/z)) (6jwo<t—r/2> L e dwelt=7/2)

Ri(t,7) = Ry (7)k ( > > ) (4.20)
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Upon simplification,

R.(7T)k

Rz(ta T) = 4

(6jwo7— 4 e—jon 4 ej2wot 4 €—j2wot) (421)
From (4.21) the Fourier series coefficients R§"’(r) are given as follows. The super-

script n represents the coefficient of the nt* harmonic.

R (7) = BPE (7 o 7o)
R (7) = Balk (4.22)

A cyclostationary process is characterized by a time varying power spectral den-
sity SZ-(") (t,w) that is periodic in ¢ and can be expressed as a Fourier series [16].
The Fourier series coefficients Si(n) (w) are given by the Fourier transform of the

harmonic auto-correlation functions [19].
S (w) = TR (1)} (4.23)

The Fourier series coeflicients an)(w) of the time varying spectral density
SZ-(n) (t,w) are called harmonic power spectral densities (HPSDs) [19]. Applying
the Fourier transform to Rl(n)(r), the HPSDs are given by (4.24). Figure 4.5 shows
the HPSDs of the time varying power spectral density. It should be noted that

the zeroth Fourier coefficient (Si(o)

(w)) is the stationary power spectral density of

the noise source and it is termed as the time average power spectral density.

SZ-(O) (w) = kX'%(‘i_“’O) + k:X'?L(“ZHUO)

(2) _ 1. X
S (w) = kXl (4.24)

=2\ _ . X2W)
ST (w) = kX
The current noise power spectral density arising from term 1 is cyclosta-

tionary and is completely characterized by its HPSDs. [17] points out that the



43

—Wy Wo

FIGURE 4.5. HPSDs of the time varying power spectral density.

output noise of an oscillator is stationary. Hence we are interested in the time
average power spectral density.

The time average power spectral density can be obtained in a more intuitive
way. It is worth going through this alternate method. A similar method will be
adopted to obtain the noise PSD contribution of the second term. We start out

with taking a Fourier transform of (4.12).

i (W) = 502’4 3 {xn(t)%it)} (4.25)

Ss
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It should be noted that d‘g—it) is periodic and is given by % = Vamp COsw,t. Since
multiplication in the time domain corresponds to convolution in the frequency

domain, the above equation can be rewritten as,
———WoVamp [Xn(w) ® (§(w — w,) + d(w + w,)] (4.26)

where ® represents the convolution operation. The frequency domain convolution

modifies the above equation as follows,

A 1
i (W) = 5—2%%,@5 X (w — wo) + X (w + wo)] (4.27)

SS

in1(w) represents the current noise spectrum. The current noise PSD is given by,

where 77, represents the complex conjugate of 7,;. Based on the above equation,

the current noise power spectral density is as follows,

2, (w) = (#wovamp) 2 411 [be(w —w,) + X2 (w + wo)] (4.29)

SS

i2

i2,(w) is the same as SZ-(O) (w) and hence represents the time average power spectral

density. The time average power spectral density i2,(w) can be seen as an upcon-
version of the displacement noise from the baseband to the oscillation frequency.
This upconversion is due to the fact that the noisy displacement undergoes a time

domain multiplication before it appears as a noisy current.

4.4.2. Noise contribution from term 2

We follow a similar approach to obtain the time average noise power spec-

tral density from term 2. From (4.11) i,2(¢) is given by
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B g,A

inalt) = dzx,(t)

dt

V(t) (4.30)

2
Substituting for V (t) = Vi, sinw,t and taking the Fourier transform, the current
noise spectrum i,s(jw) is given by

?;4 %%Vamp WX (w) ® (6(w — wo) + d(w + wo))] (4.31)

ing (LU) =

The time average power spectral density i2,(w) is given by

; 50A ? mep 2var . N 2%v97 . 1 .\
Zw) = (5 ) 2 [l — el X —w) + o+ wl XEw+w)|  (4:32)

Figure 4.6 shows a comparison of the noise current PSDs of both the terms i, (t)

and 7,5(t) normalized to the current term i.(¢) in (4.11). It is clear that the
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FIGURE 4.6. Normalized current noise power spectral densities.

noise contribution from term 1 is dominant. For phase noise computation we can

neglect the effect of the noise arising from term 2.
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4.5. Phase Noise Calculation Technique

This work uses the nonlinear perturbation technique proposed in [17] and
[18] for phase noise computation. We will briefly describe the method and explain
how the phase noise contribution from the MEMS capacitors needs to be evaluated

using this technique.

4.5.1. Nonlinear perturbation analysis

An oscillator perturbed by a noise source experiences phase and orbital
deviation. If z4(t) is the periodic response of an unperturbed oscillator, the per-
turbed response is given by z4(t + «(t)) + y(t). a(t) is a changing time shift or
phase deviation and y(t) is termed as an orbital deviation. Jitter and spectral
spreading (Phase noise) are dependent on how «(t) spreads with time. Generally
any perturbed nonlinear system is analyzed by linearizing around the unperturbed
solution under the assumption that the resultant deviation is small. [17] shows that
the above assumption is not valid for oscillators. In fact, the phase error grows
exactly linearly with time [17].

After rigorous derivations [18] shows that the single sideband phase noise

spectrum is given by (4.33)

L{wy) = 101logy, ( woClem) ) (4.33)

m2wic?(wp) + w2,
where w, is the oscillation frequency, w,, is the offset frequency and c(w,,) is a

scalar quantity that gives the contribution of all the noise sources to the phase

noise spectrum. c(wy,) is given by (4.34)

c(wm) = cw+ Y _ [Vom[*Snm(f) (4.34)

m=1
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where ¢, is the contribution of white noise sources. The second term in (4.34) gives
the total contribution of M colored noise sources. Sy, (f) is the power spectral

density of the m*" colored noise source. ¢, and Vj,, are defined as follows.

Cow = %/0 vl (1) By (24(7)) B (24 (7))vy (1)dr (4.35)

1 /7
Vom = ?/ VL (T) Bemn (z5(7))dT m=1,..., M. (4.36)
0

v1(7) is called the perturbation projection vector (PPV). The PPV is a periodic
vector which serves as a transfer function from the noise sources to the scalar ¢ and
hence to the overall phase noise power spectral density [20]. B, (zs(7)) is a state
dependent matrix that maps white noise sources with unity PSD to the system of
differential algebraic equations (DAEs). B, (zs(7)) is a state dependent vector
that maps the m”* colored noise source to the system of DAEs. In general, B,, and
B, capture the modulation of white and colored noise sources in the large-signal

steady-state.

4.5.2. Simulating Brownian motion induced phase noise

The current noise spectral density given by 72, (w) is a colored noise source.
Consider the following equation which gives the contribution of colored noise

sources to the scalar quantity c.

M
Com = Z Vom|?Snm(f) m=1,...,M. (4.37)
m=1

Snm(f) denotes the colored noise spectral density. It is important to emphasize

the fact that the current noise spectral density given by 72, (w) cannot be directly

2

used in the above equation for phase noise computation. 2,

(w) has a bandpass
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characteristic and this phase noise analysis technique cannot handle bandpass
noise sources [18].

The process by which Brownian noise transforms into a current noise is
cyclostationary. [17] and [18] adopt a modulated stationary noise model for cyclo-
stationary noise generators. The noise model developed in the previous section
shows that the i, () is a result of the modulation of z,(¢). The modulation func-
tion is given by m(t) which is a function of the large-signal steady-state of the
VCO. For colored noise sources the vector B,,, captures the large signal modula-

tion. Hence m(t) becomes B, in Eq. (4.36) which can be rewritten as follows,

[ -
Vomems = 7 /0 o (F)m(r)dr (4.38)

The above formulation is used in (4.37) to evaluate the noise contribution of
MEMS capacitors. Sy, (f) in (4.37) will be the same as the displacement noise

power spectral density in (4.5). Eq.(4.37) can be formulated as,

M
Cemems — Z |‘/Omems|2X2(f) (439>
m=1

Hence Eq.(4.39) can be used in (4.34) and subsequently in (4.33) to compute the

phase noise contribution of the MEMS capacitors.

4.6. Equivalent Circuit Model for Brownian Noise

In Section 2.3, high-level models to simulate the electro-mechanical behav-
ior of MEMS varactors were discussed. However, these models do not account for
the mechanical noise and, hence, they cannot be used to simulate the phase noise
performance in RF MEMS VCOs. This section develops an equivalent circuit to
model the Brownian noise in MEMS varactors. Consider a simple RLC series

circuit as shown in Figure 4.7.
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C Vout

A}
/1

FIGURE 4.7. A RLC series circuit.

The transfer function v,y /vy, is given by,

Vout (5) sL
= —=C (4.40)
Vin($) <= +R+sL
Rearranging we get,
boue(s) _ 76 (4.41)

vin(s)  $2+ st + 7
Equation (4.41) has a frequency characteristic which is similar to the trans-

fer function (4.3) that shapes the Brownian noise Fly. Let us assume that the

R, L, C parameters are chosen in such a way that % = S—L and w? = % Substi-

tuting the relations in (4.41),

Vout (S ) w121

= (4.42)
. 2 Wn_ 2
Vin(s)  $*+ S5t wy
Substituting s = jw in (4.42) and squaring the magnitude,
2 2 2
Vout (W) W
Vin (W) T |2 sEn 12 [o=se (4.43)
wm Qm n
4
w
- n (4.44)
2 2)\2 4 (“nw)2
(2 =2 1 (22)
Rearranging the squared transfer function we get,
2
ou 1
Vout(w) | _ (4.45)
Vin (W)

2
(-%) "+ 4]
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The above expression captures the frequency characteristics of the displacement

noise power spectral density. Comparing Eqs. (4.45) and (4.5), we find that they

4k‘BT’I‘

2. This factor is same as that of

differ by a constant factor given by C,.,s =
thermal noise in a resistor with an equivalent resistance given by R., = ;5. Hence,
the displacement noise power spectral density can be modeled as a thermal noise
source shaped by the transfer function given by (4.45). Figure 4.8 shows the
equivalent circuit to model the displacement noise in MEMS varactors. The noise
voltage across R., is given as an input to the noise shaping RLC series circuit
through a voltage controlled voltage source (VCVS) with unity gain. It should be
noted that the resistor R in the noise shaping RLC series circuit is made noiseless

for simulation purposes.

R L
e

R, vevs

AY
/1

FIGURE 4.8. Equivalent circuit to model the displacement noise.

This equivalent circuit model can be added to the behavioral model de-
scribed in Section 2.3.2 to account for the mechanical noise in the MEMS varac-
tor. Figure 4.9 shows how the equivalent circuit model can be used along with
the AHDL behavioral model to account for the mechanical noise. The output of
the equivalent circuit model has a noisy component of current due to the injected
noise voltage x,(t). It can be easily verified that this noise component of current
has a power spectral density which is the same as i2,(w) in (4.29). Figure 4.9
shows that simulated output noise from the equivalent circuit model matches well

with the analytical expression in (4.29).
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z(t)
Block 1 vevs o (t) + a(t) Block 2

i(t) +in(t)

Output has a noise current
component i, (t)
Xn(t)

(Output of the noise model)

FIGURE 4.9. Behavioral-circuit model.
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FIGURE 4.10. Output current noise of the equivalent circuit model.

4.7. Simulation Results

Phase noise simulations were performed on an 800 MHz single-ended Col-
pitts VCO implemented in a HP 0.8 uym CMOS technology, using the techniques
and models described in the previous sections. The Colpitts VCO as shown in
Figure 4.11 uses four identical MEMS variable capacitors each with an overlap
area of 200 pm x 200 pm and an air-gap of 1.5 ym. The different simulation
approaches used to evaluate the phase noise contribution of the MEMS capacitors

are described as follows.
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FIGURE 4.11. Colpitts VCO.

Proposed technique : In Section 4.5, a simulation technique to evaluate the
Brownian motion induced phase noise using the non linear perturbation
analysis, was proposed. The proposed technique uses the non-linear pertur-
bation analysis implemented in SPICE3f5 [20] for phase noise computation.
Eqgs. (4.38) and (4.39) were used to evaluate the noise contribution of the
MEMS capacitors.

Spectre simulations using current noise source : Phase noise simulations

of the Colpitts VCO were performed using the Spectre Pnoise analysis. A

noise current source with a power spectral density that is the same as 2, (w)
is used to model the mechanical noise in MEMS capacitors. Figure 4.11

illustrates the simulation setup. This simulation basically injects the current



53

noise power spectrum (4.29) of the MEMS capacitor, into the oscillator and
observes the resultant phase noise. For phase noise simulation, this approach
uses a noise file with values computed using Eq. (4.29) . Eq. (4.29) is derived
based on the assumption that the voltage across the MEMS capacitor is a
pure sinusoid. The Colpitts oscillator in Figure 4.11 has very low distortion
and hence the oscillation waveform is close to a pure sinusoidal signal. We

use this method for validating the simulation techniques (1) and (4).

(3) Noise behavioral model simulations : This technique uses the noise model
shown in Figure 4.4, to inject the current noise power spectrum into the
oscillator. The noise model was implemented in SpectreHDL and phase
noise simulations were performed using the Spectre Pnoise analysis. This
simulation was performed to show that technique (2) is consistent with the

noise analysis presented in Section 4.4.1.

(4) FEquivalent circuit model : In Figure 4.9, a high-level model for MEMS var-
actors that takes into account the mechanical noise was presented. Spectre

simulations were performed using the model to compute the phase noise.

Figure 4.12 shows phase noise results using the different simulation approaches.
They show similar trends and match the theoretical phase noise profile shown in
Figure 4.2. The different simulation approaches agree well with each other. The
simulation techniques (2) and (3) validate the phase noise simulations using the

proposed technique and the equivalent circuit model.
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FIGURE 4.12. Phase noise computed using different simulation approaches
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4.8. Summary

A phase noise simulation technique to account for the mechanical noise
in MEMS varactors is discussed in this chapter. The Brownian noise in MEMS
varactors is modeled as an equivalent noise current source in the electrical domain.
A detailed mathematical analysis is used to derive the power spectral density of
the current noise source. Based on the analysis, it was found that the equivalent
current noise is cyclostationary in nature. Considering that the output noise of an
oscillator is a stationary process, [17], [18], only the time average power spectral
density of the current noise is accounted for in the phase noise analysis. Finally,
an equivalent circuit model that can be used along with the behavioral model
to account for the Brownian noise is presented. Simulations using the proposed
simulation technique, and the equivalent circuit model are in good agreement with

simulations in Spectre.
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5. CONCLUSIONS AND FUTURE WORK

This work has explored the application of coupled simulation techniques
and high-level models for the simulation of RF MEMS VCOs. A circuit model and
a behavioral model for MEMS based varactors are discussed and their accuracy
issues are identified, based on comparisons with numerical simulations. A faster
simulation technique based on the time-domain shooting method is proposed for
the computation of the periodic steady state in oscillators. This method exploits
the dynamic behavior of MEMS based varactors to reduce the number of device
calls and improve the simulation time. A phase noise analysis technique to account
for the mechanical noise in MEMS varactors is presented. In order to account
for the mechanical noise in high-level models, an equivalent circuit to model the
Brownian noise is developed.

Much work remains to be done in the phase noise simulation of RE MEMS
VCOs. The phase noise analysis technique presented in this work is applicable
for two parallel plate MEMS capacitors. The same approach can be extended for
cantilever and fixed-fixed beams. Numerical simulations of MEMS based varactors
involve discretizing the surface of the beams into distinct nodes. In case of the
cantilever and fixed-fixed beams, each of these discrete elements can be modeled
as a parallel plate capacitor. Hence, the proposed simulation technique can be

used for each of these discrete elements to compute the overall phase noise.
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APPENDIX A. AHDL code

A.1. AHDL code for MEMS capacitor

// Spectre AHDL for ahdlmemsmodel, blockl
module blockl ( xn, xp, vn, vp) (epi,A,dl,m,r,k,kb,T)
node [V,I] xn;
node [V,I] xp;
node [V,I] vn;
node [V,I] vp;
parameter real epi = 0.0000000000088589312;
parameter real A=0.000000040000;
parameter real dl1 = 0.00000150;
parameter real m =0.0000000001;
parameter real r=0.00002/10;
parameter real k = 3.8;
parameter real kb=1.32e-23;
parameter real T=300;
{
node [V,I] tem;
analog {
V(tem) <- dot(V(xp,xn));
V(xp, xn) <- -0.5%epixAxV(vp,vn)*V(vp,vn)/(k*(dl + V(xp,xn))*(dl +
V(xp,xn))) - mxdot(V(tem))/k - rxV(tem)/k ;
+
}

// Spectre AHDL for ahdlmemsmodel, block2, ahdl
module block2 ( outn, outp, vinn, vinp, xinn, xinp)
(epi,A,dl,m,r,k)

node [V,I] outn;

node [V,I] outp;

node [V,I] vinn;

node [V,I] vinp;

node [V,I] xinn;

node [V,I] xinp;
parameter real epi = 0.0000000000088589312;
parameter real A =0.000000040000;
parameter real d1 = 0.00000150;

parameter real m =0.0000000001;
parameter real r = 0.00002/10;
parameter real k =3.8;
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{
node [V,I] temv; node [V,I] temx;
analog {
V(temv) <-dot(V(vinp,vinn))=*0.000000001;
V(temx) <- dot(V(xinp,xinn));
I(outp,outn) <- epixA*V(temv)*1e9/(V(xinp,xinn)+dl) +
epi*A*V(vinp,vinn) *V(temx)/((V(xinp,xinn)+d1) *(V(xinp,xinn)+d1));
}
}

A.2. AHDL code for noise behavioral model

// Spectre AHDL for RLC series circuit
//AHDL Code to model the equivalent circuit noise model

module white_noi(outn, outp) (kb, T, r, k)
node [V,I] outn;
node [V,I] outp;

parameter real kb = 1.32e-23;

parameter real T = 300;

parameter real r =1.95e-6 ;

parameter real k=3.8;

{

node [V,I]

temv,diff;

analog {

V(outp,outn) <- $white_noise( 4xkb*T*r/(kxk) , "sourcel" );

}

}

// Spectre AHDL to model Brownian noise

module white_noi(outn, outp) (kb, T, r, k)
node [V,I] outn;
node [V,I] outp;
parameter real kb = 1.32e-23;
parameter real T = 300;
parameter real r =1.95e-6 ;
parameter real k=3.8;
{
node [V,I] temv,diff;
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analog {
V(outp,outn) <- $white_noise( 4xkb*T*r/(kxk) , "sourcel" );
}
}

// Spectre AHDL code for the periodic modulation
//in the noise model
module block2 ( outn, outp, vinn, vinp, xinn, xinp)
(epi,A,dl,m,r,k)
node [V,I] outn;
node [V,I] outp;
node [V,I] vinn;
node [V,I] vinp;
node [V,I] xinn;
node [V,I] xinp;
parameter real epi = 0.0000000000088589312;
parameter real A =0.000000040000;
parameter real dl1 = 0.00000150;
parameter real m =0.0000000001;
parameter real r = 0.00002/10;
parameter real k =3.8;
{
node [V,I] temv;
node [V,I] temx;
analog {
V(temv)<-dot (V(vinp,vinn))*0.000000001;
V(temx) <- dot(V(xinp,xinn));
I(outp,outn) <- epixA*V(temv)*1e9/(V(xinp,xinn)+dl);
}
}

APPENDIX B. Spice netlist

B.1. MEMS equivalent circuit model

*mems equivalent circuit model-HSpice netlist

.op
.options post CAPTAB numdgts=10 vabstol=1le-15
vl 4 0 sin(0 1 1e9)
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*VCCS for electrostatic force
gin 1 0 CUR="0.5%8.8541e-12%230%230%v (4,0)*v(4,0)/((v(6,0)-0.75)*
(v(6,0)-0.75))°

*mass as capacitor
cl 10 0.6e-9

*damping as conductance
rqg 1 0 6.84e3

*integrator
gin2 2 0 1 0 1le-6
c2 2 0 le-6
r2 2 0 100T

e6 6 0 vcvs 2 0 1eb

*Restoring force as VCCS
gin3 0 1 POLY(1) 2 0 0 44

*Current components in MEMS capacitor
c3 4 0 C="8.8541e-12%230%230e-6/(0.75-v(6,0))’ CTYPE=1
gind 0 4 CUR=’8.8541e-12%230%230*v(1,0)*v(4,0)/((v(6,0)-0.75)*(v(6,0)-0.75))’

.tran 0.01n 50u
.plot tran v(6,0)
.print tran v(6,0)
.end

B.2. Colpitts Oscillator
* colpitts oscillator

vdd vdd 0 3.3

Lb vdd 1 8.2n ic=1m

Rp vdd 1 850

Cp 10 3.16p

Cdum 1 ctrl 1u

Rdum ctrl O 1e6

nl ctrl 0 Nx w=200u 1=200u dg=1.5u
n2 ctrl 0 Nx w=200u 1=200u dg=1.5u



n3 ctrl 0 Nx w=200u 1=200u dg=1.5u

n4 ctrl 0 Nx w=200u 1=200u dg=1.5u

M1 1 2 out O cmosn w=360u 1=0.8u ad=864p as=864p pd=724.8u
ps=724.8u

M2 out 3 0 O cmosn w=300u 1=0.8u ad=720p as=720p
pd=604.8u ps=604.8u

M3 3 3 0 0 cmosn w=30u 1=0.8u ad=72p as=72p

pd=148.8u ps=148.8u

Cl1 1 out 1p

C2 out 0 4p

Ibias vdd 3 1.5m vbias 2 0 2.7

.op

.options post reltol=le-4 vabstol=le-7 iabstol=1e-13
gmin=1e-13 rforce=1

.model Nx N simtype=2 captype=2 gqm=15 pullin=10 km=3.4
mass=2.15e-10 tstep=0.01n +tpxelem=81 tpyelem=5 bpxelem=81
bpyelem=5 tpthick=1u bpthick=1u

.tran 1n 20u 0 100p UIC

.pnoise v(out) 721Meg 100 10Meg dec 10 15

.print tran v(out)

.end

B.3. LC Oscillator
*[.C oscillator

vdd 1 0 2.7

11 1 2 3.84n IC=1m

rpl 1 2 325.2

12 1 3 3.84n

rp2 1 3 325.2

cpl 2 4 0.6p

cp2 3 4 0.6p

nl 2 4 Nx w=295u 1=295u dg=0.75u

n2 3 4 Nx w=295u 1=295u dg=0.75u

vetrl 4 0 2.4

M1 2 350 n w=100u 1=1u ad=132p as=132p pd=222.4u ps=222.4u
M2 326 0 n w=100u 1=1u ad=132p as=132p pd=222.4u ps=222.4u
cc 5 6 10p

1d1 5 7 10n 1d2 6 8 10n

rdl 7 0 390 rd2 8 0 390
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cl0 7 0 35p c20 8 0 35p

.0p

.steady act auto 0.625e-9 100 le-6 uic 1

.print steady v(2)

.model Nx N simtype=3 captype=3 tstep=0.le-6
maxiter=10 pullin=3.3

qm=10 +
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