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Abstract

A synthesis framework for automated design of CMOS MEM S accelerometers from high-level
behaviora specifications is presented. Two approaches to synthesis are discussed. The equation-
based synthesis approach requires lumped parameter model equations to characterize the behavior
of the device being synthesized. With these equations and constraints on the device behavior, the
synthesis problem is formulated into a non-linear constrained optimization problem, where objec-
tive functions are also used to guide the search for a solution in the design space. The second
approach, simulation-based synthesis, uses a nodal simulator (NODAS) to evaluate the behavior of a
proposed design during an annealing-based search for an optimal design. This approach formulates
the synthesis problem into an unconstrained optimization problem. For both of these approaches, the
agorithms, the implementations, the results and the relative pros and cons are discussed in detail. A
comparison of synthesized designs with manual designs suggest significant optimization possibili-
tiesfor MEMS design by using CAD tools. Experimental measurements are also presented in order

to verify the synthesis results.
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|. Introduction

Traditionally, MEM S have been designed in a bottom-up manner, from sensor design to system design,
evidently due to the inherent complexity of MEMS design. However, the advent of VLSl MEMS poses the
need for a suitable CAD flow to support top-down design of MEMS. Thereisincreasing interest towards inte-
grated microsystems, like an inertial measurement unit (IMU), which use an array of similar topology devices
(like accelerometers and gyroscopes) with different behaviora specifications for enhanced performance. Cell-
level synthesis toolsin a CAD flow automate device design from high-level behavioral specifications. This
provides higher levels of abstraction, leading to a much more structured and faster approach to MEM S design.

This work focuses on investigating aternative approaches to synthesis for automated design of CMOS
accelerometers. An IMU is an example of an integrated system that can potentially make use of such synthesis
tools. Two approaches to synthesis, equation-based synthesis and simulation-based synthesis, are presented
here. Both these approaches to MEMS synthesis derive from engineering design synthesis techniques
[1][2][3][4]. Equation-based synthesis of polysilicon resonators [5] and accelerometers [6] has previously
been demonstrated, while simulation-based synthesis approach has previously been used to synthesize analog
circuitsin [8]. Thiswork extends the MEM S synthesis paradigm to a more intricate technology (CMOS sur-
face micromachining [7]), as well as for simulation-based synthesis[§].

Thefirst approach to synthesis, equation-based synthesis is highly knowledge intensive, and requires cod-
ification of designer expertise into analytical lumped parameter behaviora equationsin order to characterize a
particular device design. The second approach, simulation-based synthesis, is more flexible than equation-
based synthesis. It uses anodal ssimulator (NODAS[9]), and a suite of evaluation scripts built on top of simu-
lation runs to characterize a device design, and hence is much easier to use. Both of these approaches are
extensible to other types of cells for MEMS design, but simulation-based synthesis is more accurate and easy
to use as compared to equation-based synthesis. On the other hand, it takes much longer computing time than

equation-based synthesis.




Results from experiments and simulations demonstrate that the use of a synthesistool for cell-level design
provides significant optimization over manual design. It also allows us to explore comprehensive system

design trade-offs, and lead to system design optimization in addition to device optimization.

Thesis Organization

Chapter 2 of this thesis discusses the formulation of CM OS accelerometer design problem into a synthesis
problem. It presents the issues involved in the design of a CMOS accelerometer from a synthesis perspective.
The generic details of the synthesis strategy are also presented.

In Chapter 3, the details of equation-based synthesis are presented. The issues involved in modeling the
accelerometer behavior in terms of lumped parameter equations are discussed. The synthesis results from a
prototype tool are compared with a manual design, and finally, some insights provided by trade-off analysis
using synthesis are presented in this chapter.

Chapter 4 discusses the framework for simulation-based synthesis of CM OS accelerometers. The evalua-
tion-jigs for the nodal simulation of an accelerometer are also discussed. Finaly, the results from a prototype
simulation-based synthesis tool are presented.

In Chapter 5, a comparison of device behavior evaluation using the lumped parameter models (used in the
equation-based synthesis approach) and that using NODAS is presented in order to validate the models.
Accelerometers synthesized using equation-based synthesis approach were fabricated. Measurements from
these chips, and the conclusions to be drawn from these measurements are also presented.

Chapter 6 presents the conclusionsto be drawn from thiswork, and possible directions for further research.




1. CMOS Accelerometer Synthesis

This chapter discusses the formulation of CMOS MEMS accelerometer design into a synthesis problem.
At this point of time, most of this formulation has been done manually but, in future, in an advanced synthesis

framework, one would like to automate the process of synthesis formulation as well.

[1.1 CMOS Accelerometer Overview

The CMOS micromachining technology [7] uses a

M3 mask\A MEMS structures
0.5um three metal layer CMOS process. After the %5u M2
circuit o M1
normal CMOS foundry fabrication, an anisotropic  gjicon
substrat expo_sed
silicon

etch is used to etch away the unmasked oxide layers to

Fig.11.1: A CMOS-MEMS chip cross-section
define the sidewalls of the microstructure. Finally, an
isotropic silicon etch is performed to release the microstructures, as shown in Fig. I1.1. The top metal layer
acts as a mask for both the post-processing steps. This technology allows multiple signal routes within the
same mechanical structure. Also, the microstructures are approximately 20um above the substrate leading to

designs with low parasitic capacitance.

The topology of the accelerometer used
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Fig. I1.2: Accelerometer topology schematic




from crashing into each other. Interdigitated comb-drives are used for differentia capacitive sensing (shown
in the schematic), as well as for force feedback balancing (not shown). Each rotor finger consists of two elec-
trical nodes (using multiple routes through the plate-mass), one each for the two capacitors on the capacitive
half bridge; and the sense nodes are located on the stator fingers. This is used to create a common-centroid
configuration, which is not possible in polysilicon MEMS[12]. In order to counter out-of-plane curl mismatch
between the comb-fingers, the stator fingers are attached to a peripheral frame rather than being anchored to
the substrate. The transducer areais also limited to x-size X y-size.

The synthesis methodology discussed here uses the above-mentioned fixed topology of the sensor, and
optimally sizes the constituent elements of the sensor to meet user specifications like sensitivity, noise, etc.

The optimization of sensor topology is beyond the scope of thiswork.

I1.2 Synthesis Approach

Synthesis is usually an iterative process of search and evauation. The search algorithm provides a candi-
date solution to meet the user specifications, and the evaluation engine then provides a measure of goodness
(cost) of that solution. The aim of this iterative exercise is to find aminimal cost (best possible) solution for
the given specifications.

Therefore, the synthesis problem is equivalent to a numerical optimization problem, where the aim of opti-

mization isto find the global minima of the cost function. Then, the global optimization problem can be for-

mally stated as:
minimize  objective_function (X)
xog"
O X O Eq. (11.1)
sibjectto I<H C,. X H<u

B:non—linear (X )H

where X is vector of layout dimensions to be optimized, Cjjeq iS the linear constraint formulation matrix
and C,on-jinear 1S @n array of non-linear constraints to be met.

In this report, we will discuss two approaches to synthesis of MEMS. The first approach, equation-based

synthesis, uses a conjugate gradient-based search agorithm [13] and lumped parameter analytical equations
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[6] asits evaluation engine. Simulation-based synthesis, on the other hand, uses a stochastic search algorithm,

simulated annealing [14], and nodal ssimulation in NODAS [9] as the evaluation engine.

Variables

Experimental
Constants

tto' be ., t_kOOV(‘;” l quantitative
optimized optimized value  ,tract not
known

Fig. I1.3: Modules in Synthesis

This generic formulation of the synthesis problem into a numerical optimization problem consists of an
optimization objective, anumber of design variables and design constraints (refer Fig. 11.3). The optimization
objective guides the search for an optimal solution. For an accelerometer, the objective can be either to maxi-
mize sensitivity, minimize noise or to minimize the sensor area.

The accelerometer design is behaviorally constrained to meet the user specifications of sensitivity, noise,
cross-axis sensitivity, bandwidth and total sensor area. In addition, there are geometrical constraints that
ensure the design rule correctness and physical validity of the layout, e.g., al the sense and force comb-finger
units must fit on the plate-mass. Also, for CMOS micromachining there are constraints on gaps around differ-
ent structures based on their release characteristics, e.g., athick beam needs more space around it for proper
release as compared to a thin beam. All such constraints constitute the linear and non-linear constraint matri-
cesin Eq. (11.2).

Finally, the variable space of the synthesis problem is constituted by al the dimensions of the sensor lay-

out. This variable space can be divided into following three categories.




() design variables: these are the dimensions to be varied in order to optimize the sensor design, e.g., the
length & width of the spring beam

(b) style variables. these dimensions don't affect the sensor behavior directly and hence, have a fixed opti-
mized value for agiven topology, e.g., the optimal dimension of the gap between the rotor finger and the
frameisits minimum possible (design rule correct) value

(c) experimenta constants. these are the dimensions whose effect on the sensor behavior is not completely
quantified as yet, and so these dimensions are fixed to values that have worked in previous experimental

(manual) designs, e.g., the size of etch-holesin the plate-mass

I1.3 Design Considerationsfor a CM OS Accelerometer

The behavior of an accelerometer is characterized in terms of the following terms:

* sensitivity: the output voltage of the sensor per @uitelersion,

* noise: the minimum acceleration detectable by the accelerometer,

« offset: the acceleration required to make the output voltage zero,

* range: the maximum acceleration detectable by the device,

* Cross-axis sensitivity: the output voltage of the accelerometer purely due to forces in directions orthogo-

nal to its primary sensing axis, and

 bandwidth: the range of frequency of acceleration for which the accelerometer works.

For a good accelerometer, one would like to have a high sensitivity, a low noise, close to zero offset, a high
range, a high bandwidth, and close to zero cross-axis sensitivity. Thus, synthesiscélarometemivolves
searching the dggn space for a design that meets these characteristics as specified by the user.

The primary constituent elements of an accelerometer are: the plate-mass, the springs and the comb-fin-
gers. The design and style variables and experimental constants involved with design of each of these constit-
uents are discussed here. Also, the constraints associated with the synthesis formulation of a CMOS

accelerometer are introduced in this section.




11.3.1 Plate-mass Design

The plate-mass in a CMOS accelerometer consists of unit squares with etch holes for release. Ideally, the
synthesis methodology would like to optimize the size of these squares and mass density. However, this unit
square is chosen to have a fixed size since, the exact non-linear relationship between the size of etch holes
required to release a particular area of plate-mass is not yet determined. Plate-mass with unit squares of this
fixed size (9um wide square with 6um etch hole) has been repeatedly released in earlier experiments. In other
words, the hole size and the unit square size are experimenta constants for this formulation. Thus, the design
variables for the plate-mass are reduced to: the number of unit squares in x and y directions, referred to as
Wpmass @d Lpmass respectively (see Fig. 11.4(a)).

The plate-mass is defined by M3 layer, which is always grounded. A fixed topology routing network uses
M1 and M2 to conduct signals to the rotor fingers, as shown in Fig. 11.2. The plate-mass area not being used
for routing isfilled with grounded M1 and M2, all metal layers contributing to increasing the density and low-

ering the vertical curl in the structure [15].
11.3.2 Spring Design

A serpentine spring with odd number of truss beamsis used. As shown in [16], such a spring topology has
very low cross-axis sensitivity, assuming only beam width variations. The lengths and widths of the truss and
the main beam are the design variables for this spring (see Fig. I1.4(b)). The number of truss beams is also
chosen to be a design variable in equation-based synthesis formulation (NumTrussBeamsd{35,7,9% ). How-
ever, in simulation-based synthesis, changing the number of truss beams changes the topology of the spring
(which requires a change in the simulation netlists), and hence, has been avoided ( NumTrussBeams = 5).

A very dtiff beam is used at each corner to connect the plate-mass to the springs. Inorder , ,
%N Spr

22

to ensure that this connecting beam does not affect the cross-axis properties of the serpentine 7

.

Mass

spring, a constraint is placed on its stiffness to be higher than ten times the spring stiffness (Btgg%ct

(Ky(connect beam) > 10*Ky(spring)), With the width of this beam used as adesign variable.
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Fig. I1.4 Design and Style Variables for CMOS Accelerometer Synthesis

For reduced lateral curl, the spring beams consist of all three, equally wide metal layers; though least pos-

sible metallization in the spring beams would be preferred for more flexibility.

11.3.3 Comb-finger Design

Each rotor finger has two electrical nodes as shown in Fig. 11.4(c). The primary design variables here are:

the length (Lfinger) and width (Wgtor-finger) Of the rotor finger, and the gap between the rotor finger and stator
finger (GAPfjnger). FOr maximum sidewall capacitance, all the layers (poly, M1, M2 and M3) are shorted on

each electrical node. Since, two electrical nodes have to be separated on a single mechanical finger, the pro-
cessdesign rulesfor electrical separation define the lower limit on the width of the finger. Thiswidth (4um for
a0.5um process) is equally shared by the two electrical nodes. The upper limit on finger-width is determined
by the release constraints. The maximum width of finger that can be released with minimum (design-rule cor-
rect) gap around it has been experimentally determined to be 5.7um [11].

The upper limit on length of the rotor finger is set by out-of-plane curl limitations, an unavoidable feature
of multi-layered structures. Instead of the absolute out-of-plane curl, we are limited by the relative curl in the

rotor and stator fingers. Though, the peripheral frame matches the curl between rotor fingers and stator fingers




to first order, it does not eliminate the curl mismatch completely. In the absence of the periphera frame, a
138um long rotor-finger would curl out of plane by 5um (for an average radius of curvature of 1.9mm [15]),
so that there would be no overlap between the rotor and stator fingers at the end of the rotor finger (average
thickness of stator finger ~ 5um). Thus, a limit of 120um is set for maximum rotor finger length. Further
investigations to characterize the curl mismatch relationship as afunction of finger length in the presence of a
frame, and use of this relationship in synthesis will lead to more optimal designs.

The width of stator finger (Wgator-finger): the gap between stator finger and plate-mass (G,), and the gap
between the rotor-finger and the frame (G,) are all style variables. These layout dimensions do not affect the

accelerometer behavior directly, and their minimum possible (design-rule correct) values are the optimal val-
ues for them. However, for preliminary curl match in the fingers, the stator finger width is fixed to be the

lower limit on the rotor finger width (4um for a 0.5um process).

1.4 CMOS Accelerometer Design and Style Variables

The following tables list the design and style variables for this implementation of synthesis of a CMOS
accelerometer, as discussed in the previous three sub-sections. For a graphical representation of these vari-
ables, refer Fig. 11.4 and Appendix I. The minimum and maximum values of the design variables and the opti-
mal values for the style variables are mostly determined by design rule correctness. The area limits on the
transducer are set based on the manual design in [11] (where x-size=270um and y-size=500um). The maxi-

mum width of abeam that can be released easily is 20um [17].

Table 1: Design Variablesfor a CMOS Accelerometer

Var Description V'\;'Se \D/lalalj(e
Lpeam length of spring beam 1.5um X-sizef2
Wheam width of spring beam 1.8um 20pm
Ltruss length of spring truss 2.4um y-sizel4
Whruss width of spring truss Sum 20pm




Table 1: Design Variablesfor a CMOS Accelerometer

Var Description V'\:llize \'2 ijxe
Numtrussbm* # truss beams in the serpentine spring (odd) 3 9
Lfinger length of rotor finger pm X-size/2
Wiotor-finger width of rotor finger 4m 5.7um
Gimit gap between spring and limit-stop (58] 10um
GAPfinger gap between stator & rotor fingdrsthe sensing unit 1.5um 20um
Wstrongbeam Width of the beam connecting the spring to plate-mgss um.5 10um
L pmass # unit squares in plate-massyhairection 5 y-size/(9um)
Womass # unit squares in plate-massxtairection 5 X-size/(9um)
NUMginger # sense comb fingers 1 100
NUMfinger # force comb fingers 1 100

*. not a design variable for simulation-based synthesis

Table 2: Style Variablesfor a CM OS Accelerometer

Symbol Description Value
Gtorce-comb gap between stator & rotor fingersthe force unit Gjimitt0.3um
Gepring horizontal gap between two springs at top and bottom pm 3
G, gap between rotor finger and frame in®
G, gap between stator finger and plate-mass urh.5
Watator-finger width of stator finger gm
Lsanchor length §-dimension) of the anchor to the spring 35
Waanchor width (x-dimension) of the anchor to the spring HB6
W amebeam width of beams inside the peripheral frame 32203
Gtramebeam gap between beams in the peripheral frame pirh. 2

The gap between the comb-fingers in the force comb-drives primarily affects the self-test force only. So, its

optimal value is the minimum value ensuring that the force comb-fingers don’t crash when the limit-stop is
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hit. Therefore, it is assigned a dependent value of (Gjjit + 0.3um). All other style variable values listed in

table 2 are DRC determined. Additionally, there are two important experimental constants. Square_Size, the

size of a unit squarein the plate-mass (=9um), and Hole_Sze, the size of etch hole in the unit square (=6um).

1.5 CMOS Accelerometer Synthesis Constraints

There aretwo types of constraintsin the synthesis formulation: behavioral and geometrical. The behavioral
constraints are functional constraintsto be met by the design, while the geometrical constraints are required in
order to ensure the validity of the physical layout of the accelerometer.

The synthesized design is functionally constrained to meet the user specifications of sensitivity, noise, off-
set, range, cross-axis sensitivity and bandwidth (defined in section 11.3). Due to the presence of aparallel plate
gap between comb-fingers, the displacement of the rotor finger causes an effective electrical force on the rotor
finger. Thisleadsto increased displacement of the plate-mass. This phenomenon is termed as electrical spring
softening. In order to prevent excessive electrical spring softening, a constraint is placed to keep the electrical
spring constant less than 80% of the mechanical spring constant. Also, for being able to self-test the acceler-
ometer (using force comb-drives), the self-test force is constrained to be equivaent to at least 20% of the sen-
sor range.

To prevent mode coupling, the lowest order resonant modes in x and 8 (non-primary axes) are constrained
to be away from the resonant mode in y (primary sensing axis) by at least a factor of two, i.e., {0, wg} > 20,
Another constraint ensures that the beam connecting the spring to the plate-mass does not buckle under the
residua stress of the plate-mass.

The distributed electrical force acting on the rotor finger due to modulation voltage causes the rotor finger
to bend. This can potentially cause errors in the measurement of plate-mass displacement. Therefore, the reso-
nant frequency of each individual rotor finger is constrained to be less than the modulation voltage frequency

by at least afactor of 1.5, i.€., Wfinger < Wipdulation_voltage/1-5- This constraint ensures that the response of a

11



rotor finger at modulation voltage frequency is reduced by at least 3dB as compared to its low-frequency
bending response.

A list of the behavioral constraints on a CMOS accelerometer is presented in Table 3. The functions sens,
noise, range, cross-axis sens, bandwidth, Kejec, Kmech, Wy, g, Wy, self_test_force, mass, L itical, Winger €tC.

are al functions of the design and style variables, and the analytical expressions for these functions are listed

in [6].
Table 3: Behavioral Constraintsfor CMOS Accelerometer Synthesis

Constraint Expression
Sensitivity user_spec < sens< 1V/G
Noise 0 < noise < user_spec
Range user_spec < range < 1000G
Cross-axis sensitivity 0 < cross-axis sens < user_spec
Bandwidth user_spec < bandwidth
Electrical spring softening 0< Kgee < 0.8*Kiyech
Frequency mode separation {0, wg} > 20y,
Self test-force self test_force > 0.2* mass* Range
Buckling of connect beam L connect-beam < Lcritical
Stiffness of connect beam Ky(connect beam) > 10*Ky(spring)
Resonant frequency of individual rotor finger Wmodulation voltage > 1-5* Wringer

In addition, there are geometrical constraints to be met by the accelerometer layout. The design must meet
the user specified area limitations (x-size, y-size). It must meet all process design rules for CMOS (e.g., mini-
mum Metal3 gap = 0.9um) and it must meet the relative size constraints of the constituent elements (e.g., al
the comb-fingers must fit onto the plate-mass unit). Also, the MEM S-related DRC rules [17] have to be satis-
fied e.g., specia gap constraints are required to ensure proper release of the mechanical structure and con-

straints on beam dimensions ensure reasonabl e lateral/out-of-plane curl, etc.
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A complete list of the geometric constraints is presented here:

Table4: Geometric Constraintsfor CM OS Accelerometer Synthesis

. - lower | upper
Constraint Expression bound | bound
accelerometer y-size Lpmass” Square_Size 350um | 500um
+ 2 (NUMy yssheams” Ltruss * Lsanchor)
accel erometer x-size Womass* Square_Size + 2* (Lfinger + G1+ Lsanchor) 200um | 270um
spring x-size 2*(Lpeam * Wirusd) + Gspring 50um | 270um
gap between fingers when the GAPsinger = Giimit 0.3um | 10um
limit-stop is hit
gap between horizontal beams of Ltruss - Wheam 4.5um | 10pum
the spring
spring width vs. mass+comb width | 0.5 (Wpmass* Square_Size) + Linger - Lbeam = Whruss Gspring 100pm
2
gap between spring and comb- [Lpmass™ Square_Size - 2* Werongbeam - 2% NUMgi,. 5um 50um
drive (gap around the connect- ger* (VVrotor-fi nger +2* GAPfi nger + Wstator-fi nger) -
beam) 2 Numffi nger* (Wrotor-fi nger +2* foi nger + Wstator-fin-
ger)1 2

Using the above-stated formulation of layout dimensions (variables), constraints and optimization objec-
tives, the optimization algorithm generates optimal values for the design variables. Thereafter, a hierarchical
parametrized layout generator is used to generate the layouts for the constituting elements. spring, comb-fin-

ger, plate-mass, routing, and finally for the complete accel erometer.
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[11. Equation-Based Synthesis

In this approach, lumped parameter analytical equations are used to model the behavior of the accelerome-
ter. This enables easy computation of the objective and constraint functions as well astheir derivatives. There-
fore, in this approach, the synthesis problem is formulated into a gradient-based non-linear constrained
optimization problem. The search agorithm in this approach uses multiple grid point sampling for finding ini-
tial startpoints, sequentia quadratic programming (SQP) for gradient-based opti mization and brand and bound
agorithm for handling integer valued variables. The optimization solution is finally used by a hierarchical

parametric layout generator to produce the CM OS accel erometer layout.

[11.1 Synthesis Algorithm

A non-linear constrained optimizer, NPSOL [13] is used for synthesis. This package uses Sequential Qua-
dratic Programming (SQP) for optimization [18][19]. Each optimization starts out by finding a point that is
feasible with respect to the bounds and linear constraints; and then involves a combination of major and minor
iterations (in order to compute the steplength and the search direction respectively). The optimization problem
is broken down into a quadratic subproblem using the gradient of the optimization objective function, and the
Hessian of the Lagrangian function (see Eq. (111.1)). This quadratic subproblem is solved using standard qua-
dratic programming (QP) techniques. This QP constitutes the minor iterations of SQP, and provides the next
search direction asits result. The mgjor iteration uses this search direction to compute a steplength that causes
a decrease in the augmented Lagrangian merit function. The contour information obtained during this
steplength computation is also used to update the Hessian of the Lagrangian optimization function. Thus, a
number of mgjor iterations on solving the sequentially modified quadratic subproblem resultsin the optimiza-
tion solution.

minimize f(X) o agrangian = L(x, 1) = ()= A ECi(i)E
g 0 i

. - U Eq.(111.2)
subject to C;(x) ) o
{ Hessian =H(x) = 02L(x, A)}
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Fig. I11.1 Flowchart for the Synthesis Algorithm

During the search for the optimal solution, non-linear constraints are added sequentially to the gradient-
based optimization. Also, in order to accommodate integer valued variables in this formulation, branch and
bound agorithm is used. Fortunately, the number of integer valued variables in our formulation is very small.
Conseguently, instead of using complicated search pruning techniques for branch and bound algorithm, we
can just evaluate al the possible combinations, and pick the least cost solution. Therefore, the depth of the
state-space/enumeration graph for branch and bound algorithm is just one, where we go from the root to all
possible enumeration/evaluation of leaf nodes (see Fig. 111.1).

With this simple implementation of branch and bound algorithm for integer valued variables, the optimiza-
tion is carried out in two steps. First, the integer valued variables are relaxed to have real values and an
approximate solution is obtained from the non-linear constrained optimization formulation. Then, an unre-

laxed optimization problem is formulated with al the integer valued variables fixed to a particular value,
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which being either the upper bound or the lower bound integer of the solution from the first optimization run.
Finaly, for all the possible combinations of integer valued variables taking the lower bound value (| x) or the
upper bound value (['x7), the unrelaxed optimization is performed; and the least cost solution is chosen.
However, gradient based optimization techniques are inherently quite sensitive to the starting solution for
the optimization as they can get stuck in aminimalocal to the starting point. Thus, in order to obtain a global
minimum rather than local minima, multiple sampling of the design variable space is done to obtain 100 start-
ing points, and the best solution of the 100 minima is chosen as the globa minimum. For all the optimization

runs, the optimal solution was usually found to be within the first 50 start-points.

[11.2 Lumped Parameter Accelerometer M odels

As a system, the accelerometer is modeled as second order mass-spring-damper (mechanical) system fol-
lowed by a capacitive transducer (see Fig. 11.2). Analytical equations in three modes (in-plane x, v, 6) for a
CMOS accelerometer system are similar to those derived for a polysilicon accelerometer system in [6].

The in-plane behavior of the serpentine springsis fully characterized using analytical models mentioned in
[16], which are within 5% of FEM simulations. The effect of spring mass on the system behavior is taken
into account usingffective mass of the spring xandy directions (using the static mode shapes).

The electrical behavior of the accelerometer is modeled as a capacitive bridge with parasitic capacitance,

(Cl_CZ)Vm

\% = Eqg. (I11.2
sense+ C1+C2+Cpara q( )

whereVy, is the high frequency modulation voltage appBedoss the bridge, ar@;, C, andCp,4 are as
shown inFig. I1.2. The parasitic capacitanc€,,) consists of the sensor layout parasitic capacitance (com-
puted during synthesis) and the input capacitance of the first gain-stage of the read-out circuit (specified by
the user as a lumped quantity). The analytical expressions for the capacitance calculation for comb-drives
have been taken from [20], which model the parallel plate as well as the fringe-field capacitances.

The noise of the system is modeled as Brownian noise of the mechanical system and the user-specified

input referrednoise of the first gain-stage of the read-out circyitf;), as in Eq. (111.3(a)). The Brownian
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mechanical noise of the accelerometer is dependent on the total mechanical damping coefficient (Byamping)

and total system mass (M), asis described in Eq. (111.3(b)).

teo — I Vn—ckt f 2
Total Noise = \/W\/ltyg + (Brownian Noise) Eq. (111.3(a))
Brownian Noise = A/4 Ij(Boltzmann (Mapsolute [Bdamping Eq (| 11 3(b))

Mot
The viscous damping experienced by the accelerometer is modeled as Couette-flow damping below the
plate-mass, Stokes-flow above the accelerometer, and squeeze-film damping between the comb-fingers [6].
For this design, squeeze-film damping usualy dominates over al other forms of damping, requiring more
accurate models [21]. Previously, it has been proposed to assume Hagen-Poiseuille flow between comb-fin-

gers for modeling sgueeze film damping [22][23]. This assumption leads to a damping coefficient given by .

Ac?

Byp D?.ZuairWED Eq. (111.4)

where, |, t and w are the length, width and thickness of the squeeze film, and p;, is the viscosity of the air.

However, for typical dimensions of comb-finger gaps (1.5um — 41m) used in CMOS accelerometer design,
this equation does not match well the model reported in [21]. The squeeze film model in [21] has been shown

to match FEM simulations within £5%, and the Hagen-Poiseuille damping model has more than 300% error

with respect to this model (s€&&g. I11.2).
So, a curve fit has been performed based on the following equations:

K
1
Beurverit 1BHpHY Ko Eq. (I11.5)

6. 1
k, = 1.18 kO = 0.13[010) = 1.563x 1(?

1
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This leads to a squeeze film model accurate to within £5% as compared to the model reported in [21] (see

Fig. I11.3). Thus, this modified lumped parameter analytical model helps in better estimation of the Brownian

mechanical noise of the sensor.
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I11.3 Synthesis Results

A prototype tool has been developed based on the synthesis methodology described in the previous sec-
tions. Layouts of CMOS accelerometers synthesized using this tool, for three different optimization objec-
tives, are presented here. The details of these designs can be found in Appendix I1. A short comparison of the
area optimization case with a manua design is also presented. Finally, the sensitivity vs. noise trade-off for

accelerometer design is discussed.

111.3.1 Noise and Sensitivity Optimization

The accelerometers presented in Fig. I11.4 have a common specification of range 25G, bandwidth 1kHz,
cross-axis sensitivity 1% and maximum allowed area of 270 x 500 (um)z. The specified area limits are based

on amanual design [11]. Additionally, the circuit noiseis specified to be 10nV/./Hz, and the input capacitance
of the circuit to be 149fF.
With a modulation voltage frequency of 2MHz, the constraint on the resonant frequency of an individual

rotor finger (wyinger) (See section I1.5, table 3) forces wyiger to be less than 1.33MHz. This constraint usually

leads to long comb-fingers in the synthesized designs.

[

(a) Gap=2.31pm w=6.83kHz K,=0.93N/m (b) Gap=1.5pm  w,=5.52kHz K\=0.57N/m

Fig. I'11.4: Accelerometers optimized for (a) minimal noise & (b) maximal sensitivity
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Synthesis with an objective to minimize noise resultsin a design shown in Fig. I11.4(a). This design has a

sensitivity specification of 0.57mV/G. The system noise predicted by the synthesis module is 50uG/ /Hz. This
design uses maximum allowed area to capture maximal mass. The highlight of this design is alarge gap (of
2.31um) between the rotor and stator fingers. This shows that for the current specifications, squeeze film
damping in the finger gaps dominates over other forms of damping, and that the Brownian mechanical noise
dominates over electrical noise. Thus, the optimal solution to minimize noise is to enlarge finger gaps, and
compensate for the reduced sensitivity with alow resonant frequency.

Fig. I11.4(b) shows the accelerometer layout optimized for maximal sensitivity of 1.996mV/G under the

noise constraint of 100uG/./Hz . The highlights of this design are: a narrow finger gap (of 1.5um) and a flex-

ible spring (Ky=0.57N/m). Both of these design choices lead to increased sensitivity (softer spring [J reduced

resonant frequency, narrow finger gap O increased sense capacitance). Due to limited area, an increase in
number of spring beams leads to decrease in plate-mass size, and hence decrease in number of rotor fingers.
Thus, the maximum allowed area places a limit on the maximum sensitivity obtainable within a particular

amount of noise.

111.3.2 Area Optimization vs. Manual Design

Fig. 111.5(a) is our reference, manually designed accelerometer [11] with sensitivity of 0.57mV/G and a

noise floor of 57uG//Hz . The remaining characteristics of this design are same as the specifications for the

noise and sensitivity optimizations above. However, the resonant frequency of the rotor finger (jnger) in the

manual design in 2.5MHz. Therefore, in order to have afair comparison, the constraint on maximum value of

Wringer Nas been relaxed to 2.5MHz for area optimization.

Synthesis for minimizing area with specifications equal to that of the manual design resultsin the design

shown in Fig. 111.5(b). This design uses a flexible spring (K,~0.631N/m as compared to the manual design
spring constant of Ky=1.6N/m), so that the sensitivity specification can be met with |east possible mass and

hence, area. However, the noise specification places alower limit on the mass, to counter which the finger-gap
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(a) K,=1.6N/m (b) Ky=0.631N/m
Mass=0.56ug Gap=1.5um Mass=0.38ug Gap=1.6pm

Fig. 111.5; () Manually designed accelerometer (b) Accelerometer optimized for minimal area

is aso dightly increased in this optimization (in order to reduce damping and hence, reduce noise). The syn-

thesized accelerometer shows a 23% area improvement over the manual design, and has the maximum
alowed noise floor of 57uG//Hz .

111.3.3 Design Space Exploration

Fig. 1.6 shows the sensitivity vs. noise trade-off in accelerometer design optimization. The designs are
optimized to minimize noise for different sensitivity values. The total system noise consists of mechanical
Brownian noise and the electrical circuit noise. The minimum noise is obtained at the sensitivity of 0.4mV/G.
The discrete jumps in the curvesis due to presence of integer valued variables.

Naively, one would think that larger mass implies larger sensitivity and lower noise. But, as shown in Fig.
I11.6, for the given sensor configuration, finger-gap dominates the noise figure rather than the mass. In order to
minimize mechanical noise, optimization tends to maximize the finger-gap (thus, reducing the squeeze-film
damping between the comb-fingers). To the right side of 0.4mV/G sensitivity, the mechanical noise dominates
over electrical noise, while to its left, the electrical noise dominates over mechanical noise (refer Eq. (111.3)).

Consequently, towards the right, higher sensitivity implies lower finger-gap, which causes higher damping
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and higher mechanical noise, leading to a higher system noise. On the other hand, to the left, decreasing sensi-
tivity implies increasing contribution of electrical noise, and since, electrical noise is dominant over mechani-
cal noisein this part of the graph, the system noise increases despite decreasing mechanical noise.

Coupling the above trade-off analysis with a parasitic capacitance-vs.-noise curve (instead of constant val-
ues) for the read-out circuit can help in exploring the sensor design as well as the circuit design together so

that, we can reach an optimal system design.

[11.4 Summary

The design and layout generation of CMOS accel erometers has been successfully automated using a syn-
thesis methodology based on lumped parameter behavioral models. The optimizations performed using a pro-
totype tool suggest significant improvements over manual designs. The trade-off analyses possible with
synthesis help understand the design issues from a system level perspective, and lead to system design optimi-

zation in addition to device design optimization.
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V. Simulation-Based Synthesis

In this approach to synthesis, the evaluation of designsis performed using nodal simulation of the acceler-
ometer in NODAS [9], while the search algorithm being used is simulated annealing [14]. With simulation-
based evaluation, it is difficult to estimate the derivatives of the objective and constraint functions. Therefore,
anon-gradient-based search algorithm, like simulated annealing has to be used in this approach. As compared
to lumped parameter equation-based evaluation, simulation-based evaluation is much easier to use since, the
designer need not re-derive anaytical behavioral equations every time the topology changes. Simulation-
based evaluation aso provides more accuracy in evaluation, and thus, is the preferred method for industrial

use.

V.1 Algorithm Description

The framework for simulation-based synthesisis as shown in Fig. 1V.1, where alayer of evaluation scripts
acts as a simulator encapsulator for design evaluation. These evaluation scripts are just data processing com-
mands written in the OCEAN environment in Cadence’s IC Design tool-set. The simulation of the CMOS
accelerometer system igniormed inNODAS [9], which is also implemented in the IC Desfggamework.

The netlists/schematics for accelerometer simuladien parametrized in terms of thesdg/optimization

Distributed Parallel
Recombinative Simulated Annealing

(optimization engine)

Parametrized

Simulation Evaluation Scripts

(OCEAN in CADENCE DFII) Layout Generators

NODAS Schematic/Netlist
& Test-Harnesses

FigurelV.1: Noda Simulation-based Synthesis Framework
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variables. The topology of the accelerometer and the synthesis formulation are same as in chapter 2. The opti-
mization solution again goes through parametrized layout generators to produce the accel erometer layout.

The search algorithm used in this framework is called parallel recombinative simulated annealing (PRSA)
[8][24]. This stochastic search algorithm is favored over gradient-based search techniques primarily because
of its empirical robustness even for highly non-linear and/or non-convex cost functions. PRSA uses a number
of paralel annealing tasks instead of a single annealing task to search for the global optimum. These parallel
annealing tasks can exchange information randomly, and, consequently, each of the parallel annealer runs a
shorter schedule. The implementation of PRSA used in this framework is called Distributed PRSA, as
reported in [8]. This implementation uses a genetic a gorithm type cross-over move between parallel annealers
in order to exchange information. It also allows the distribution of computationally expensive simulation-
based evaluations across a network of computersinstead of a single machine.

The basic synthesis problem (refer Eq. 11.1) is mapped to an unconstrained optimization problem in this

formulation. Here, we use scalar weights to weigh the objective functions ( O;(x), like sensitivity, noise ) as

well as the constraint functions ( C; (X), like total sensor area ), and create a scalar cost function COST(x). The

k k
COST(R) = § w0+ T w TR Eq. (IV.1)
i=1 j=1

minimum of this cost function is the optimal solution for the synthesis problem, and is obtained using the
PRSA search agorithm. However, assigning the weights to different constraints and objective functionsis not
a trivial task. Without appropriate weights, the optimization might converge to an extremely bad solution.
Instead of following an algorithmic approach [25], we have tried to obtain these weights just by hit and trial
for different objective functions. Consequently, these weights are not yet the optimal weights, and the synthe-
sis solutions are still under-optimized. As afuture research direction, we need to work on algorithmic attempts
to finding these weights for the unconstrained cost function formul ation.

Digtributed PRSA uses a concept of simulator encapsulation, where, alayer of evaluation scripts hides the

details of simulation-based evaluation from the search engine. This technique also helps insulate the search
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algorithm from pathological simulation cases. The data processing capabilities in Cadence’s OCEAN environ-
ment have been used for encapsulation of NODAS. This is because, given the breadth of micro-electro-
mechanical systems, we need the most generic data processing environment for encapsulation. OCEAN sup-
ports processing of all types of simulation data from NODAS through the use of evaluation scripts. However,
OCEAN processes the simulation data only when it is stored on the disk. Since, a disk operation is required
for each evaluation, the evaluation time for each candidate solutible&st of the order of 10s of seconds. A
custom evaluation environment for post-processing the simulation data [8] can avoid such disk operations.

A stochastic algorithm like PRSA performs a few thousand evaluations of candidate solutions before con-
verging to the optimal solution. This means that it takes overnight for a synthesis run even when the evalua-
tion time is close to its lower bound (of ~10-20 seconds, placed due to involvement of disk operations).
Therefore, it is absolutely essential to perform extremely time-efficient simulation of the accelerometer sys-
tem. The next section describes the test-harnesses that would normally be used for accelerometer simulation,

as well as their relatively much more time-efficient versions.

V.2 Simulation of CM OS Accelerometer

The CMOS accelerometer topology described in chapter 2 uses a differential capacitive sensing mecha-
nism. In this mechanism, two out-of-phase high frequency (~1MHz) modulation voltages are applied across
the two capacitors Land G, while the sense voltage is obtained at the common terminal, as shéwgn in
IV.2(a).

This CMOS accelerometer topology is modeled as the NODAS schematic shdvig iv.2(b). The
topology schematic ifig. 1V.2(a) shows four sensing comb-drives. In the NODAS schematic, however, the
comb-drives corresponding toG ry and Gy, py have been combined into a single comb-drive on the left of

plate-mass; and similarly the comb-drives feg G, and G, 1y are represented by the comb-drive on the

right of plate-mass. The four force comb-drives shown in the NODAS schematic are not shown in the topol-

ogy figure for the sake of clarity. The NODAS schematic has finally beeraatestinto a subcircuit symbol

25



Sense
Comb-driv

.
/
/
/
/
‘ /

Axis of
Symmetry

»
Force.
* . Comb-drive

A

Fig. IV.2(a) Accelerometer Topology Schematic

N

Plate-mass

\LimitStop

] I |
| | i L |
L} T L

Fig. IV.2(c) NODAS Subcircuit Symbol

Fig. IV.2(b) NODAS Accelerometer Schematic

Fig. V.2 CMOS Accelerometer Representations

shown in Fig. 11.2(c), for use in test-harnesses, wherethe terminals acc_{ x, y, 6} represent the input termi-
nals for acceleration, whilewi re_{ x, y, 8} represent the input-output terminals for the displacement in x, y

and 0 directions respectively.
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The distinguishing characteristics of atest-harness are its speed, its accuracy and the coverage of design-
space for which the harnessresults are valid. In a simulation-based synthesis framework, the simulations need
to be performed iteratively (or inside aloop) before the optimal solution can be reached. This makes the speed
of simulation very critical, since, with higher simulation speed, one can either perform more evaluations in the
same amount of time and thus, improve the quality of the optimal solution; or obtain the optimal solution in
lesser amount of time.

Typically, atransient analysis on a system takes a long time to reach the steady state, primarily because it
goes through all the non-linearities and varied time-constants of the system. On the other hand, it is much
faster to perform an AC analysis, where the system behavior is linearized around the DC solution. However,
since, linearization of the system behavior is only an approximation — valid for very small perturbations, AC
analysis is usually inferior to transient analysis in terms of accuracy. But, if some accuracy can be traded-off
for significant gain in simulation-speed, an AC analysis should berprdfeat least in the context of simula-
tion-based synthesis.

In an accelerometer system, the modulation voltage has a frequency of the order of 1MHz, while the dom-
inant eigenmode of mechanical system is of the order of few kHz. Thus, the mechanical part of system cannot
respond to the higfrequency modulation voltage. Consequently, the mechanical behavior of this system can
be estimated/simulated with 99% accuracy even if the sinusoid modulation voltages are replaced by their
equivalent root-mean-square (RMS) DC voltage sources. Since, this replacement is highly efficient in terms of
simulation-time without adversely affecting the accuracy, it has been used in all the test-harnesses for the
CMOS accelerometer synthesis.

Another key characteristic of a test-harness (from a synthesis perspective) is its coverage of the design
space. This is a concern because in a synthesis environment, the search algorithm can go to any part of the
design space. So, the lesser the design space for which a test-harness fails, the better the test-harness is from
synthesis perspective. For example, the eigennfredeiency of a (predominantly second order) mechanical

system can be measured in two ways: as the resonant frequency where the displacement magnitude reaches its
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peak; or as the frequency where the displacement phase crosses 90°. Normally, a MEM S accelerometer sys-
tem is under-damped so that it exhibits a resonant frequency. However, the synthesis agorithm can easily
reach a candidate solution where the system is overdamped and does not exhibit resonance. Therefore, from a
synthesis perspective, one should choose the latter test-harness. This choice might give dightly erroneous (<
5% error) measurements for systems that exhibit resonance but, provides a greater design-space coverage.

Similar principles regarding the simulation time, accuracy and design-space coverage ought to be applied
when test-harnesses are being designed for synthesis of any other system as well.

In order to characterize the behavior of an accelerometer, we need to obtain the following measures using
simulations. sensitivity, noise, range, bandwidth, offset and cross-axis sensitivity (defined in section 11.3). The

following sections discuss the detail s of the test-harnesses used for measuring these characteristics.

V.2.1 Sensitivity Simulation

Sensitivity of an accelerometer is defined as its output voltage per unit acceleration. This definition leads
to a simple harness, where one would apply a step input acceleration (of 1G), run atransient simulation and
measure the steady state sense output voltage (as shown in Fig. 1V.3). However, the transient simulation takes
along time ( ~1000 secs) to reach the steady state (because of reasons discussed in the previous sub-section),

which makes it practically impossible to run simulations inside the optimization loop.

Fig. IV.3: Nomina Transient Simulation for Sensitivity Calculation
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S0, an efficient test-harness has been created for sensitivity evaluation. As discussed previously, the modu-
lation voltages can be treated as constant voltages sources of their equivalent RMS values, as far as the
mechanical part is concerned. This allows us to partition the simulation into two parts: the mechanically cor-

rect part and the electrically correct part.

In the first part, we apply DC voltage sources of value |Vlims (=%2 V) to the modulation voltage termi-

nals, perform an AC sweep of the acceleration input in y-direction, and observe the mechanical displacement
in y-direction at wi r e_y (as shown in Fig. 1V.4(a)). The low frequency displacement is the steady state
mechanical displacement of the plate-mass for 1G acceleration in y-direction. The pre-amplifier circuit isaso
reduced to just its equivalent input gate capacitance for this simulation.

This displacement is then applied as a DC position/displacement source to the comb-drive (which is equiv-
aent to producing a constant change in the differential capacitances); the modulation voltages are now out-of-

phase AC sources of magnitude |V,,| (=1V); and an AC sweep is performed. The sample of AC response out-
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put at the sense+ node at the modulation voltage frequency is the steady state output voltage observed for 1G
acceleration, i.e., thissampleis the sensitivity value (with < 2% error as compared to the transient anaysis).
In addition to sensitivity, we can also measure the bandwidth, the resonant frequency in y-direction and the
quality factor (Q) of the system from the same simulation as follows:;
« bandwidth = frequency at which magnitudeyafisplacement (in the mechanically cegt part) cosses
the -3dB point

* resonant frequency«) = eigenmode frequency at which the phasg-displacement (in the mechani-

cally correct part) first crosses 90
* Q= (resonant frequency)/(bandwidth)

Thus, this harness performs only 2 AC simulations and is able to provide us four important characteristic
measurement for the accelerometer behavior (with < 2% error). This harness is approximately 50x faster than

the transient simulation harness.
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V.2.2 Range Simulation

The range of an accelerometer is defined as the maximum acceleration detectable by the sensor. An accel-
erometer isfunctional till it hits the limit-stops whereby it can move no longer. So, an alternative definition of
range is the minimum acceleration which makes the accelerometer hit the limit-stop. Therefore, idedly, one
would like to perform atransient analysis with a step acceleration input (at acc_y terminal), and iteratively
increase the magnitude of this step till the limit stop is hit by the overshoot peak of y-displacement.

A faster smulation harness uses RM S-valued DC sources at the modulation voltage terminals, which pro-
vides only the steady state displacement information; and perform a DC (logarithmic) sweep of the magnitude
of the acceleration source at the acc_y terminal, as shown in Fig. 1V.5. However, since, this harness reports
the range with respect to the steady state displacement only, the limit-stop can actually be hit at alower accel-
eration (as compared to the range reported by this harness) during the non-steady state part of sensor response.

This sweep is performed only from 1G to 1000G acceleration. If the limit stop is not hit with-in this band,
the range of the accelerometer is assumed to be 1000G. Thisis necessary because during the course of optimi-
zation, some designs might actually have a range greater than 1000G, but, such cases are hardly of any practi-

cal interest, and are assumed to have arange of only 1000G.
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Fig. IV.6: Resonant Frequenciesin x and 6 Directions

1V.2.3 Resonant Frequencies of Minor Axes (X, 0)

The term resonant frequency is being used here to represent the eigenmode frequency, where the phase of

displacement along a particular axis first crosses 90°, as described in section 1V.2. For measuring the resonant
frequency in x-direction, an AC acceleration source is applied at the acc_x termina (set x_xcel=1G,
0_xcel=0 in the schematic), and a frequency sweep is performed. The frequency at which the phase of x-dis-
placement first cross 90° is the eigenmode frequency of the system in x-direction. Similarly, for the eigen-

mode frequency in 6-direction, an AC acceleration source is applied at acc_t het a terminal (set x_xcel=0,
8_xcel=1G in the schematic), and the frequency where phase of 8-displacement first crosses 90°, is the reso-
nant frequency in 6-direction.

1V.2.4 Mechanical/Electrical Spring Constants

The spring constant of a system in a particular direction is defined as the force per unit displacement. In
order to measure the spring constant of the accelerometer system (in y-direction), a AC force source (with

magnitude Fy) isapplied at thewi r e_y terminal, asshownin Fig. IV.7. The low frequency displacement iny-
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Fig. IV.7: Test-harness for Spring Constant Calculation

directionis measured at wi r e_y, and theratio of the applied force magnitude (Fy) and this displacement is

the spring constant (Ky). If RMS voltages (DC) are applied to the modulation voltage terminals (schematic
design variable V™ = 1/./2), there is spring softening due to these voltages, and the spring constant
obtained is the effective spring constant (K, = K, — K %) We can ground the modulation voltages
(V™ = 0) to remove the electrical spring softening, and obtain the value of mechanical spring constant
(K, ™M),

IV.2.5 Cross-axis Sensitivity

The cross-axis sensitivity of an accelerometer is defined as the output voltage produced per unit accelera-
tion applied along aminor axis (in this case, y is the primary axis for sensing, and x is the minor axis). Alter-
natively, it can be defined as the ratio of displacements along the mgjor and minor axes for an acceleration
applied aong the minor axis, since, an accelerometer actually produces a voltage proportional to these dis-
placements only.

Cross-axis sensitivity can be systematic as well as random in nature. Due to complete in-plane symmetry
for this accelerometer topology, there is no systematic cross-axis sensitivity. So, random manufacturing varia-
tions along the die are the primary cause of cross-axis sensitivity. Therefore, in order to simulate cross-axis

sensitivity of an accelerometer, one can introduce some manufacturing variations (like change in beam width
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across the die) in the accelerometer schematic, apply an AC acceleration source in x direction, and measure
the low frequency displacementsin x and y directions for the modified schematic. The ratio of displacement in
y direction to the displacement in x direction is the cross-axis sensitivity of the accelerometer.

However, for the given topology of symmetric serpentine spring being used in this accelerometer design,

the cross-axis sensitivity is usualy very low (< 10'3) even for reasonabl e process variations along the die [16].
Therefore, for the sake of speeding up evaluation time, we have omitted this simulation. Nevertheless, we do

obtain the nomina cross-axis sensitivity value (without introducing any process variations) using the dis-

placement values from the simulations described in sections 1V.2.3, which is usually < 10°C.

1V.2.6 Noise

Noise is defined as the minimum acceleration detectable by an accelerometer. The mechanical as well as
the electrical parts contribute to the system noise. At present, NODAS does not have a simple way of simulat-
ing mechanical noise. One can insert equivalent noise sources for each mass element in the netlist, and then
try to simulate the minimum detectable acceleration of the system. However, in this implementation, this has

been avoided. Instead, the information from the above simulations is used to obtain the mechanical damping

coefficient value (Byamping) and the effective mass of the system in primary axis (Myeﬁ) asfollows:

eff eff

K w, [(M N 4 [k ar B :
M;ff _ Yy . Bdamping - Yy y Brownian Noise = A/ Boltzmann :fbfsolute damping Eq. (I VZ)
(w) Q M
y y

The sensitivity simulation in section IV.2.1 provides the resonant frequency (wy) and quality factor (Q) val-

ues, while the spring constant (Kyeff) is obtained from the simulation in section 1V.2.4. After obtaining the
Brownian mechanical noise value, the system noise is calculated using Eq. 111.3(a), where the noise floor of
the read-out electrical circuit has already been measured to be 10nV/./Hz at 2MHz frequency.

All the above-mentioned test-harnesses together constitute the evaluation suite for a candidate solution for

simulation-based synthesis of a CMOS accelerometer.
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V.3 Synthesis Results

The measurements on the simulations described in the previous section are performed using scripts written
in OCEAN. Sample scripts for these evaluations are listed in Appendix 111. Using Distributed PRSA, all these
simulations are distributed across a network of computersfor faster evaluation. In this section, we will discuss
some preliminary synthesis results obtained using a prototype tool implementing the simulation-based synthe-
sis strategy for a CM OS accelerometer. The details of these synthesized designs are presented in Appendix IV.

Similar to the equation-based synthesis case, the optimizationsin this approach were performed for a com-
mon specification of range 25G, bandwidth 1kHz, cross-axis sensitivity 1% and maximum allowed area of

270 X 500 (um)z. Additionally, the preamplifier circuit isas shown in Fig. 1V.2(b), and has an equivalent input

capacitance of 149fF, and an approximate noise floor of 10nV/./Hz.

The synthesis run with an objective to maximize the sensitivity of the accelerometer results in the design
shown in Fig. IV.8. This design has a sensitivity of 1.91mV/G with anoise floor of 100uG/./Hz, while theini-
tial sensitivity specification was 0.5mV/G. Also, the area of this design is 297 X 499 (um)z, while the initia

constraint on areawas 270 X 500 (um)z. This highlights another key aspect of unconstrained optimization for-

mulation, that no constraint is a hard constraint. This means that in an unconstrained optimization formula-

_,.,__-....--..
.

Gap=1.5um Ky:O.66N/m ooy:5.55kHz Gap=1.92um Ky:1.29N/m my:8.15kHz
Fig. I V.8: Sensitivity Optimization Fig. 1V.9: Noise Optimization .
g with Simulatioyn-bgsed Synthesis with Simulation-based Synthesis
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tion, we can reach a solution that does not meet a constraint within the specified limits but, is still the
minimum of the weighted cost function. Therefore, in this run, the x-dimension constraint of 270um has been
exceeded by the optimization in order to maximize the sensitivity. Otherwise, the conclusions to be drawn
from this optimization are similar to those from the equation-based synthes's. that sensitivity maximization
gains by minimizing the finger gaps, increasing the finger length, and reducing the resonant frequency (in y-
direction).

The optimization with an objective to minimize accelerometer noise results in the design shown in Fig.
IV.9. This design, similar to the design optimized using equation-based synthesis, uses larger finger gapsin
order to reduce the squeeze film damping, and consequently to reduce the Brownian mechanica noise. This

design however, has a system noise floor of 73uG/./Hz, while equation-based synthesis produced a design

with noise floor of 50uG//Hz (and the manual design has a noise floor of 57uG/ /Hz with arelaxed constraint
for wringer). This suggests the fact that the unconstrained weighted cost function used in simulation-based syn-
thesisis still not optimal, and causes the search algorithm to converge on a sub-optimal solution.

The objective to minimize the accelerometer area results in the
design shown in Fig. 1V.10. This design has an area of 264 X 432 (um)z,

which is approximately 15.5% improvement over theinitial area specifi-

cations of 270 X 500 (um)z. This optimization, similar to the equation-

based synthesis, tries to meet the sensitivity constraint by using a small
finger-gap (hence, using a large sense capacitance) and by using a flexi-
ble spring. However, in simulation-based synthesis, we cannot vary the

number of truss beams, asthisis equivalent to changing the spring topol-
Gap=1.5um K=1.19N/m w=8.8kHz
ogy, and requires a change in the simulation netlists (see section 11.3.2

Fig. 1V.10: Area Optimization

on spring design). Therefore, simulation-based synthesis is not able to with Simulation-based Synthesis

increase the flexibility of the spring (as is done by equation-based synthesis by using 7 instead of 5 truss
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beams in the spring). The spring constant using simulation-based synthesis is 1.19N/m, while equation-based
synthesis can achieve a spring constant of 0.63N/m by using more truss beams in the serpentine spring. Con-
sequently, the area optimization using simulation-based synthesis is inferior as compared to equation-based
synthesis. However, this shortcoming of simulation-based synthesis can be fixed if we use a parametric mac-
romodel for the serpentine spring [26], where the number of truss beams will just be a parameter to the spring
macromodel, and changing the number of truss beams would not introduce/remove any element in the smula-

tion netlist.

V.4 Summary

A prototype tool implementing the simulation-based synthesis approach for CMOS accel erometer synthe-
sis has been created. The encapsulation of NODAS has been done in the OCEAN environment in Cadence
Design System’s IC Design framework. OCEAN requires the simulation data to be disk-written for process-
ing, which causes the simulation-based evaluation time to be very long. It takes at least overnight to finish a
synthesis runs (with ~ 3000 evaluations). This long computation time also makes it hard to perform a trade-off
analysis (as was presented for equation-based synthesis in section 111.3.3).

Preliminary synthesis results from this prototype tool again suggest significant optimization/improvement
possibilities over manual design. However, the resamscertaily inferior (sub-optimal) to those obtained
using equation-based synthesis. This suggests that the unconstrained cost function created for simulation-
based synthesis is not yet optimal, and needs to be tuned.

Another drawback of using a stochastgasch algorithm is its relom nature. The inherent randomness
involved with stochastic search algorithms results ffednt sdutions for different runs of the same optimi-
zation problem. PRSA tries to mitigate this problem by using a number of parallel runs and by frequently
exchanging information between these runs but, it cannot get rid of the randomness completely.

Nevertheless, the simulation-based synthesis approach does provide much more flexibility and accuracy to
the designer as compared to the equation-based synthesis. In this approach, the designer doesn’t need to derive

complex lumped parameter equations for the design that he/she wants to optimize, which makes simulation-
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based synthesis much more easier to use. The evaluation scripts (in OCEAN) are generic for a particular sys-
tem design, and can be used even if the designer make small changesin the system topology.

In conclusion, we believe that simulation-based synthesis will be the preferred method of design optimiza-
tion for MEM S design, primarily due to its generic nature, and ease of use. However, as of now, alot of work
remains to be done to make NODA S-based evaluation faster, and to devise a systematic strategy to convert a

constrained optimization problem in to an unconstrained one [25].
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V. Verification of Synthesis

This chapter reports our attempts on verifying the results predicted by the prototype tools (implementing
equation-based synthesis and simulation-based synthesis) for synthesis of a CMOS accel erometer. The verifi-
cation of synthesis results has been attempted in two phases.

In the first phase, we have tried to validate the lumped parameter equations for a CM OS accelerometer by
comparing the equation-based evaluation results to the evaluation results using NODAS simulation, while
NODAS simulation results have previously been verified [27].

And, in the second phase, the designs synthesized using equation-based synthesis were fabricated, and the

experimentally measured results from these designs are reported.

V.1 Lumped Parameter M odel Validation for Equation-based Synthesis

In order to validate the lumped parameter anaytical equations, the behavior of four accelerometer designs
as predicted by these equations is compared with that predicted by nodal simulationin NODAS (Table 5). The
designs being used as benchmarks in this comparison are: Manual , the manua design in [11]; Ar ea, the
design optimized for minimal area; Noi se, the design optimized for minimal noise; Range, the design opti-
mized for maximal range, and Sens, the design optimized for maximal sensitivity using equation-based syn-
thesis. As these designs were synthesized using an intermediate version of the equation-based synthesis
prototype tool, they differ from the optimal designs discussed in section I11.3. The details of these designs are
listed in Appendix V. As the table shows, most of the behavior characteristics predicted by equations match the
simulated behavior to within £10%.

The discrepancy in the calculation of resonant frequen@ynmode,Fy. o5, iS primarily because of a bug in

the moment of inertia calculation for plate-mass (with holes) in NODAS. The plate-mass model currently
being used in NODAS doesn’t account for the presence of holes inside the plate-mass for moment of inertia

calculation. Consequently, NODAS calculates larger than actual moment of inertia, resulting in lower reso-
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nant frequency. This effect is predominantly visiblein designs. Manual and Range, which have larger plate-

Masses.
Table 5: NODAS Simulation vs. Lumped Parameter Equations Comparison

F Sensi- K K E E C howe M

desgn | (IEI\-Ii\;) Q| tvity R?gge ~my | ovm) | kA (KHez) (xrf;egr; G/ 19)

(MVIG) JHzZ) K9

Manual - | 8783 | 1355 | 562 | 0535 | 343 | 1.761 | 33.7 | 33633 | 4747 |5 57.4 | 0578
Sim

Manual - | 8507 | 13.15 | 575 | 0569 | 333 1.606 | 37.684 | 39.84 | 8741 |0 56.2 | 0.562
Egn

AreaSim | 9.69 14.83 | 3.79 | 0.325 | 533 107 | 19.08 | 3319 | 437 26 103 0.29

AreakEgn | 9.27 1422 | 3.78 | 0.351 | 414 0.949 | 18.538 | 38.58 52.18 0 101 0.28

Noi seSm | 7.63 11.8 6.6 038 | 387 1.09 | 2229 29.7 4579 | 0.74 57.8 0.473

NoiseEqn | 7354 | 11.37 | 595 | 0.408 | 327 0965 | 21.96 | 338 62.74 0 59.7 0.452
RangeSm | 8.62 13.29 | 5.44 | 0.63 | 298 1756 | 35.08 | 3336 | 4797 | 0.12 56 0.598
Rangekqn | 8.12 1254 | 534 | 0.706 | 262 1.514 | 34.915 | 37.67 87.22 0 55.1 0.582

SenseSm | 6.99 1024 | 1.84 | 1.18 | 182 104 | 264 2998 | 4302 | 0.2 87.8 0.541

SenseEqn | 6.64 9.706 | 1.73 | 1.281 | 158 0.918 | 25.598 | 33.99 58.19 0 89 0.53

* . Sensitivity is measured with a modulation voltage of amplitude 1V and frequency 2MHz

The discrepancy in calculation of resonant frequency in x-direction (cross-axis direction), F,, is primarily
due to difference in the effective mass models (in x-direction) being used in NODAS and lumped parameter

equations. The spring constants from equations and NODAS (K, ) are reasonably close but, the effective mass

calculation causes the resonant frequencies to differ. The effective mass of the spring in x-direction, as
reported by NODAS is higher than the total mass of the spring. This suggests that the serpentine spring does
not resembl e its static mode in x-direction, and improved lumped models heed to be developed for estimating
its resonant frequency in x-direction.

The range estimation using lumped parameter equations assumes a linear behavior for the sensor for its
complete range. But, the accelerometer no longer behaves linearly at high accelerations close to 100G. This

causes amismatch between the range predicted by the equations and non-linear simulation.
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These designs were fabricated at the AMS foundry, and the experimental measurements from the fabri-

cated devices are listed in the next section.

V.2 Experimental Verification

The fabricated accelerometers can be tested in two possible ways:

— optical test: in this test, the accelerometers are driven using the self test force (generated by applying
voltages to the force comb-drives), and the mechanical displacement of the mass is optically measured under
the MicroVision system [28].

— electrical test: in this test, the accelerometers are driven either by mounting them on a vibration-table or
by using the self test force; the electrical signal of capacitive sensor is then amplified using an on-chip pre-
amplifier, and the output signal is observed/measured using a spectruzeafidip4395A).

The optical setup can therefore, verify just the mechanical response of the spring-plate-mass system in the
accelerometer. The electrical test setup, on the other hand, verifies the mechanical as well as the electrical
behavior of the accelerometer. For the electrical setup, some problem@semountered with mounting the
accelerometer on the vibration-table. The response of the mounting assembly was interfering with the
observed accelerometer beglma at certain frequencies. Consequently, the self test force was used to obtain
the frequency response of the accelerometers in the optical as well as the electrical test setup.

A few points are worth mentioning here. First, this was the first attempt at fabricating a CMOS MEMS
device at the AMS 0im foundry, while all the estimates of the mechanical properties used in the synthesis
formulation were based on the MEMS devices fabricated at HBEOfBundry. This can potentially induce
some difference in the expected and the observed/imeted the accelerometers. Also, residual stress gradi-
ents in this process led to unexpected curlingegdtas well asut-of-plane) for the AMS devices causing
failure and/or loss of sense capacitance. Thus, further research efforts are required to obtain better estimates of
mechanical properties of devices fabricated with AMS.

Secondly, an on-chip pre-amplifier is required to amplify the differential capacitive sense signal from the

accelerometer. However, it is impossible to estimate the gain of ¢henmplifier unless it is fabricated and
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tested separately. Simulations can provide an estimate of the pre-amplifier gain. However, due to process vari-
ations, the gain of the pre-amplifier varies significantly. Consequently, the measured output voltages cannot be
compared with the expected/simulated sensitivity values. In future, one should either put the pre-amplifier in a
feedback loop to have a good control over pre-amplifier gain, or a separate pre-amplifier must be fabricated
and tested in order to estimate its gain.

A frequency of 2MHz was used for modulation voltages in the electrical test setup. For sensitivity mea-
surements, the amplitude of modulation voltage was set to 1V; while for noise measurements, an amplitude of
2.5V (5V peak-to-peak) was used. A 1G sinusoidal acceleration (at 200Hz) was applied using the vibration
table for both these measurements. Around 2MHz, the spectrum analyzer has an inherent noise floor of
~100nV/rtHz (~ —20dRV/rtHz). The noise floor observed on most of the devices (~ -{12dB1z) was
very close to this inherent noise floor, which may cause significant errors in the measurement of noise floor of
the accelerometers. Further experiments need tcelfermed where the sense signal is demodulated and
amplified before it is measured using the spectrum analyzer. Due to this lack of precision in noise measure-
ment, it is not possible to compare the expected noise values to the measured ones.
Ar ea Accelerometer

A SEM photograph of the devic# ea is shown inFig. V.2. The resonant frequency of this accelerometer

in y-direction ¢,) was measured to be 9.15kHz using the optical test setup, which is well within 10% of the
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Fig. V.2: Ar ea Accelerometer

42



4 It e 0 i

Ba0aIn
"
L F
E 0 00am
P = =
CUBi DO
ik Tl Tupaid 130 ]
Fraquasrciy

(b) Displacement (primary axis)
Frequency Response

(a) SEM
Fig. V.3: Noi se Accelerometer

expected value (see Table 5). Unfortunately, the only chip with the working Ar ea device got damaged so that
the two modulation voltage terminals were shorted out. Consequently, the electrical behavior of the Ar ea

device could not be tested.

Noi se Accelerometer
Fig. V.3 shows a SEM photograph of the device Noi se, as fabricated at the AMS foundry. Opticaly, as

well as electrically, the resonant frequency in y-direction (F,) was verified to be 7.8kHz, while the expected

resonant frequency was ~7.5kHz. The output voltage (after pre-amplification) was observed to be 243uV/G.
The device has a range greater than 13G, which is the maximum allowed acceleration on the vibration table.
The accelerometer had a maximal signal to noise ratio (SNR) of ~43.7dBuV/rtHz for a 1G acceleration input,
as observed using the spectrum analyzer. For a 2G acceleration input, the output signal increases by 5.8dBuV.
Therefore, the output voltage approximately varies as 5.8dBuV for every 2X change in the accel eration input.

This translates to an input referred noise floor of ~5.4mG/rtHz for the device. However, as suggested earlier,

43.7

=0
Noise=2 58 :5.4m—G

JHz

this measurement could be erroneous due to the inherent noise floor of the spectrum analyzer. The ambient

noise of the test setup also contributes to the observed noise floor.
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Fig. V.4: Range Accelerometer

Range Accelerometer

The resonant frequency (F,) of this accelerometer was measured to be 8kHz optically as well as electri-

cally. The pre-amplified output voltage was observed to be 85.2uV/G. The range of this accelerometer is
greater than the maximum allowed acceleration on the vibration table (13G). Fig. V.5 shows a plot of the
dynamic linearity of this device. However, (possible) non-linearities of the pre-amplifier circuit are also cou-
pledin this plot of the amplified output voltage vs. the input acceleration. The observed maxima SNR for 1G
acceleration was ~36.4dBuV/rtHz. The output voltage varied by 6dBuV for a 2X changein the input acceler-
ation. Thus, the SNR of 36.4dBuV is equivalent to an input referred noise floor of 14.9mG/rtHz. Again, the

4y

6.0 mG

= 149—

JHz

Noise= 2

noise floor of the spectrum analyzer and ambient noise could be the reasons behind this discrepancy.

Sens e Accelerometer

This design had very thin spring beams, minimum comb-finger gaps, and very long comb-fingers for max-
imal sensitivity (refer Appendix V). These features coupled with the unexpected curling in the AM S process
led to failure of al the Sense accelerometers that were released. Consequently, the behavior of the Sense

accelerometer design could not be tested.
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V.3 Summary

The comparison between evaluation of designs using lumped parameter equations with that using nodal
simulation in NODAS proves the validity of the equations used in equation-based synthesis of the CMOS
accelerometer. The fact that at least the mechanical part of the experimental results matches the synthesis pre-
dicted behavior within £10% proves that the use of lumped parametric equations/nodal simulations is a rea-
sonable approximation to finite element methods for analyzingl@arometer belvédor. However, as is clear
from the electrical verification part of the experimental results, curling of CMOS MEMS devices alters the
transdeer behaviosignificantly, and needs to be understood/quantified better in order to improve synthesis.
The synthesis results should be used with caution in the absence of appropriate curling information.

Also, no conclusion could be drawn regarding the accuracy of synthesis results. Due to lack of information
about pe-anplifier gain, the sensitivity predictions could not be verified; while due to lack of precision/
shielding in the experimental setup, the noise predictions could not be compared with the measured results.
Any experiments in future must be planned very carefully to take care of the above-mentioned problems.

Thus, the synthesis methodology has been shown to work for a CMOS accelerometer. It can actually auto-
mate the translation of high level behavioral specifications into working silicon, but, nothing can be concluded

about the accuracy of synthesis results as of now.
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V1. Conclusions & Future Work

This work demonstrates that the synthesis paradigm actually works for a CM OS accel erometer. It can suc-
cessfully translate high level behavioral specifications into a working piece of silicon with considerably less
human effort as compared to a manual design. The synthesized devices when fabricated using awell charac-
terized process match their predicted behavior reasonably well. The synthesis results also suggest significant
optimization possibilities in the design of a CMOS accelerometer over manual design. The trade-off analyses
possible using a synthesis tool provide useful insightsinto system behavior, and lead to system design optimi-
zation in addition to the cell being synthesized. The simulation-based synthesis framework makes use of a
library of MEMS elements to synthesize a CM OS accelerometer. Thus, in this framework, there is no need to
generate complicated lumped parameter equations for a new micro-electro-mechanical system, providing new

opportunities to synthesize other frequently used MEMS cells as well.

Future Work

The experimental verification of synthesis results requires further efforts, especially, for the electrical
behavior of the accelerometer. Simulation-based synthesis, though flexible, more accurate and easy to use, is
not yet in its optimal state. The encapsulation of NODAS using OCEAN scripts is unnecessarily and exces-
sively time consuming (because of disk-operations involved), and needs to be improved upon. Also, we need
to implement a systematic strategy to find the optimal weights for the constraints and objective functions, in
order to formulate an un-constrained optimization problem for simulation-based synthesis.

This synthesis framework can easily be extended to synthesis for other frequently used MEMS cells like,
resonators, gyroscopes, etc. For this purpose, the process of identifying the design variables and geometric
constraints for a system can aso be automated. Further work aso needs to be done to optimize device/system
design in the face of manufacturing variations. Another possible direction of research is mixed-domain syn-

thesis, i.e., to optimize the micro-electro-mechanical sensor as well asits circuits together, as a system.
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Appendices

. CMOS Accelerometer Layout
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This figure shows atypical CMOS accelerometer layout, the constituent elements of this layout, and some
style variables (listed but not shown in chapter 2, table 2).
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|I. Equation-based Synthesis Results
Table 6: Design Variablesfor Designs Synthesized using Equation-based Synthesis

DesignVar Noi S(E) 2;)’; rr]ni zed opt?rﬁ?;égvété o AreaDC()agtg:i zed Manual Design
Lpeam (M) 126.1 126.1 125.26 122.4
Wheam(HM) 1.8 1.8 1.8 2.1
Lpuss(HM) 7.7 6.3 6.3 6.6
Wi yes(HM) 5 5 5 5.1
NUMY ysspearms 5 7 7 5
Lfinger(HM) 87.6 110.1 46.26 54.9
Wrotor-finger (HIM) 5.7 5.7 5.65 5.7
Giimit (M) 2 0.9 131 1.2
GAPfjger (M) 2311 15 1.61 15
Warongbearn(HM) 10 5.15 1.83 3
L pmass 35+4* 33+4" 21+4* 35+4*
Womass 6+4* 1+4* 15+4* 13+4*
NUMfinger 10 11 7 10
UMY ger 1 1 1 3

*, 4 squares are used for routing in the plate-massin x aswell asy direction

NOTE: All the dimensions listed in the context of equation-based synthesi s are center-to-center dimensions.
In the evaluation of designs listed below, primary axis of the designsistermed x instead of y.

[1.1 Evaluation of Noise-Optimized-Design using Lumped Parameter M odels

mass(mxeff): 0.505923 (ug) mass(myeff): 0.542122 (ug) mass(lthetaeff): 5.90283e-18
spring -- Kxeff: 0.931882 (N/m), Kxmech: 0.943855 (N/m), Kxelec: 0.0119724 (N/m)
spring(Ky): 16.9554 (N/m), spring(Ktheta): 6.8134e-07 (UN*um)

resonant frequency -- fx(mechanical): 6874.41 (Hz) fx(effective): 6830.67 (Hz)
resonant frequency(fy): 28146.8 (Hz) resonant frequency(ftheta): 54072.5 (Hz)
quality factor: 6.62464damping factor: 3.27763e-06 (N*S/m)

Couette Bx: 1.25661e-07 (N*S/m) Squeeze Bx: 3.15197e-06 (N*S/m)

Brownian noise floor: 46.9894 (ug/rtHz)

Parasitic cap due to circuit: 1.86e-13 comb sensing cap: 3.19917e-14

sensitivity: 0.57 (mv/Q)

bandwidth: 10570.5 (Hz)

(49)



noise: 0.501577 (mg)
range: 343.254 (g)
cross-axis sensitivity: 1e-07 %

0 < acc_xsize = 423 <500

0 < acc_ysize = 270 < 270

0 < uSpring_ysize = 268.2 < 270

0.3 < gsfinger - gxlimit = 0.3 < 20

4.5 < |Itruss - wbeam = 5.9 < 20

-16.5 < wpmass/2 + Irfinger -lbeaml-wtruss-gylimit-wmstop/2 =-16.5 < 250
5 < gap between uspring and finger = 5.09889 < 250

0 < kxelec/kxmech = 0.0126845 < 0.8

0.57 (mv/g) < sensitivity = 0.57 (mv/g) < 0.627 (mv/g)

0 (mg) < noise = 0.501577 (mg) < 1 (mg)

25 (g) < range = 343.254 (g) < 1000 (g)

0 < cross-axis sensitivity = 1e-09 < 0.05

100 (Hz) < bandwidth = 10570.5 (Hz) < 100000 (Hz)

0.2 < self_test_force/(mxeff*fRange*9.8) = 0.312656

0 < 2.0*Ibeam?2/Icrit = 0.182323 < 1

0.666667 < (fy - fx)/fy = 0.75732 < 1

0.666667 < (ftheta - fx)/ftheta = 0.873676 < 1

0 < 1.5*resonant_frequency_X_comb-finger/(Modulation Voltage Frequency) = 0.724236 < 1
0 < (Kx_Stiff_beam - 10*Kxeff_spring)/Kx_stiff beam = 0.9809 < 1

0 < x-dir-size/MaxSize =1<1

[1.2 Evaluation of Sensitivity-Optimized-Design using Lumped Parameter Models

mass(mxeff): 0.474415 (ug) mass(myeff): 0.526123 (ug) mass(lthetaeff): 6.11685e-18
spring -- Kxeff: 0.570032 (N/m), Kxmech: 0.630812 (N/m), Kxelec: 0.0607797 (N/m)
spring(Ky): 7.25202 (N/m), spring(Ktheta): 2.83395e-07 (UN*um)

resonant frequency -- fx(mechanical): 5803.57 (Hz) fx(effective): 5516.9 (Hz)
resonant frequency(fy): 18685.8 (Hz) resonant frequency(ftheta): 34257.6 (Hz)
quality factor: 1.5805damping factor: 1.04048e-05 (N*S/m)

Couette Bx: 1.20803e-07 (N*S/m) Squeeze Bx: 1.0284e-05 (N*S/m)

Brownian noise floor: 89.2817 (ug/rtHz)

Parasitic cap due to circuit: 1.86e-13 comb sensing cap: 6.83979e-14

sensitivity: 1.99615 (mv/Q)

bandwidth: 7957.28 (Hz)

noise: 0.894221 (mg)

range: 107.749 (g)

cross-axis sensitivity: 1e-07 %

0 < acc_xsize = 405 < 500

0 < acc_ysize = 270 < 270

0 < uSpring_ysize = 268.2 < 270

0.3 < gsfinger - gxlimit = 0.6 < 20

4.5 < Itruss - wbeam = 4.5 <20

-16.5 < wpmass/2 + Irfinger -lbeaml-wtruss-gylimit-wmstop/2 =-16.5 < 250
5 < gap between uspring and finger = 6.7 < 250

0 < kxelec/kxmech = 0.0963516 < 0.8

0.5 (mv/g) < sensitivity = 1.99615 (mv/g) < 1000 (mv/qg)
0 (mg) < noise = 0.894221 (mg) < 1 (mg)

10 (g) < range = 107.749 (g) < 1000 (qg)
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0 < cross-axis sensitivity = 1e-09 < 0.05

100 (Hz) < bandwidth = 7957.28 (Hz) < 100000 (Hz)

0.2 < self_test_force/(mxeff*fRange*9.8) = 3.90078

0 < 2.0*Ibeam?2/Icrit = 0.280648 < 1

0.666667 < (fy - fx)/fy = 0.704754 < 1

0.666667 < (ftheta - fx)/ftheta = 0.838958 < 1

0 < 1.5*resonant_frequency_X_comb-finger/(Modulation Voltage Frequency) = 0.458473 < 1
0 < (Kx_Stiff_beam - 10*Kxeff_spring)/Kx_stiff beam = 0.830179 < 1

0 < x-dir-size/MaxSize = 0.9864 < 1

[1.3 Evaluation of Area-Optimized-Design using Lumped Parameter Models

mass(mxeff): 0.376654 (ug) mass(myeff): 0.428072 (ug) mass(lthetaeff): 2.61118e-18
spring -- Kxeff: 0.63057 (N/m), Kxmech: 0.643606 (N/m), Kxelec: 0.0130359 (N/m)
spring(Ky): 7.30067 (N/m), spring(Ktheta): 1.58146e-07 (UN*um)

resonant frequency -- fx(mechanical): 6579.05 (Hz) fx(effective): 6512.08 (Hz)
resonant frequency(fy): 20784.9 (Hz) resonant frequency(ftheta): 39168.4 (Hz)
quality factor: 6.36846damping factor: 2.41994e-06 (N*S/m)

Couette Bx: 1.03005e-07 (N*S/m) Squeeze Bx: 2.31693e-06 (N*S/m)

Brownian noise floor: 54.233 (ug/rtHz)

Parasitic cap due to circuit: 1.86e-13 comb sensing cap: 1.67748e-14

sensitivity: 0.57 (mv/Q)

bandwidth: 10074.2 (Hz)

noise: 0.57 (mgQ)

range: 207.343 (g)

cross-axis sensitivity: 1e-07 %

0 < acc_xsize = 297 <500

0 < acc_ysize = 268.313 < 270

0 < uSpring_ysize = 266.513 < 270

0.3 < gsfinger - gxlimit = 0.3 < 20

4.5 < Itruss - wbeam = 4.5 <20

-16.5 < wpmass/2 + Irfinger -lbeaml-wtruss-gylimit-wmstop/2 =-16.5 < 250
5 < gap between uspring and finger =5 < 250

0 < kxelec/kxmech = 0.0202545 < 0.8

0.57 (mv/g) < sensitivity = 0.57 (mv/g) < 0.627 (mv/g)

0 (mg) < noise = 0.57 (mg) < 0.57 (mg)

25 (g) < range = 207.343 (g) < 1000 (g)

0 < cross-axis sensitivity = 1e-09 < 0.05

100 (Hz) < bandwidth = 10074.2 (Hz) < 100000 (Hz)

0.2 < self_test_force/(mxeff*fRange*9.8) = 0.453317

0 < 2.0*lbeam2/lcrit=1<1

0.666667 < (fy - fx)/fy = 0.686692 < 1

0.666667 < (ftheta - fx)/ftheta = 0.833741 < 1

0 < 1.5*resonant_frequency_X_comb-finger/(Modulation Voltage Frequency) = 0.857936 < 1
0 < (Kx_Stiff_beam - 10*Kxeff_spring)/Kx_stiff beam = 0.687575 < 1

0 < x-dir-size/MaxSize = 0.7704 < 1

[1.4 Evaluation of the Manual-Design using Lumped Par ameter Models

mass(mxeff): 0.562122 (ug) mass(myeff): 0.601229 (ug) mass(lthetaeff): 4.82039e-18
spring -- Kxeff: 1.60616 (N/m), Kxmech: 1.63333 (N/m), Kxelec: 0.0271692 (N/m)
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spring(Ky): 37.6836 (N/m), spring(Ktheta): 1.45406e-06 (UN*um)

resonant frequency -- fx(mechanical): 8579.19 (Hz) fx(effective): 8507.54 (Hz)
resonant frequency(fy): 39845.6 (Hz) resonant frequency(ftheta): 87412.8 (Hz)
quality factor: 5.74671damping factor: 5.22866e-06 (N*S/m)

Couette Bx: 1.53583e-07 (N*S/m) Squeeze Bx: 5.07508e-06 (N*S/m)
Brownian noise floor: 53.4156 (ug/rtHz)

Parasitic cap due to circuit: 1.86e-13 comb sensing cap: 3.05746e-14
sensitivity: 0.569312 (mv/Q)

bandwidth: 13148 (Hz)

noise: 0.562295 (mg)

range: 332.961 (g)

cross-axis sensitivity: 1e-07 %

0 < acc_xsize = 423 <500

0 < acc_ysize = 267.6 < 270

0 < uSpring_ysize = 261 < 270

0.3 < gsfinger - gxlimit = 0.3 < 20

4.5 < Itruss - wbeam = 4.5 <20

-16.5 < wpmass/2 + Irfinger -lbeaml-wtruss-gylimit-wmstop/2 =-14.1 < 250
5 < gap between uspring and finger = 4.55 < 250

0 < kxelec/kxmech = 0.0166343 < 0.8

10 (mv/g) < sensitivity = 0.569312 (mv/g) < 11 (mv/g)

0 (mg) < noise = 0.562295 (mg) < 1 (mg)

25 (g) < range = 332.961 (g) < 1000 (g)

0 < cross-axis sensitivity = 1e-09 < 0.05

100 (Hz) < bandwidth = 13148 (Hz) < 100000 (Hz)

0.2 < self_test_force/(mxeff*fRange*9.8) = 1.24323

0 < 2.0*Ibeam2/Icrit = 0.627306 < 1

0.666667 < (fy - fx)/fy = 0.786488 < 1

0.666667 < (ftheta - fx)/ftheta = 0.902674 < 1

0 < 1.5*resonant_frequency_X_comb-finger/(Modulation Voltage Frequency) = 1.84393 < 1
0 < (Kx_Stiff_beam - 10*Kxeff_spring)/Kx_stiff beam = 0.69988 < 1

0 < x-dir-size/MaxSize = 0.978 < 1
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1. OCEAN Scriptsfor Simulation-based Evaluation

[11.1.a Sensitivity Simulation: mechanical part

simulator(’'spectre)

design( "/tmp/vishal/siml/netlist/netlist")
resultsDir( "/tmp/vishal/sim1")
delete('save )

analysis('ac ?start "100" 7?stop "1M" ?save "selected” ?oppoint "no" ?annotate " )
save('v "wire_y")

desVar("Wrfinger" 5.7u)

run()

selectResult( 'ac)

disp = value(vm("wire_y") 'freq 100)
printf("RESULT= %L \n" disp)

wn = cross(vp("wire_y") 90 1 "falling")
printf("RESULT= %L \n" wn)

BW = bandwidth(vm("wire_y") 3 "low")
printf("RESULT= %L \n" BW)

Q = value(vm("wire_y") 'freq wn)/disp
printf("RESULT= %L \n" Q)

[11.1.b Sensitivity Simulation: comb-drive/electrical part

simulator(’'spectre)

design("/tmp/vishal/simlb/netlist/netlist")

resultsDir( "/tmp/vishal/sim1b" )

delete('save )

modelFile( '("/afs/ece.cmu.edu/usr/vishalg/mems/models/spice.n91x.model" "))
analysis('ac ?start "500K" ?stop "5M" ?save "selected” ?oppoint "no" ?annotate "™ )
save('v "outl")

desVar("Wrfinger" 5.7u)

run()

selectResult(ac)

sensitivity = value(vm("outl”) 'freq 1M)

printf("RESULT= %L \n" sensitivity)

[11.2 Range Simulation

simulator(’'spectre)

design( "/tmp/vishal/sim2/netlist/netlist")
resultsDir( "/tmp/vishal/sim2")
delete('save )

analysis('dc ?dev "I83" ?param "dc_value" ?start "10" ?stop "10k" ?save "selected” ?write "™

?homotopy "source" ?annotate " )

save('v "wire_y")

desVar("Wrfinger" 5.7u)

run()

selectResult( 'dc)

if((range = cross(getData("wire_y") -LimitStop 1 "falling"))==nil) range=10kK t)
printf("RESULT= %L \n" range)
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I11.3 Fgy gy Simulation

simulator(’'spectre)

design( "/tmp/vishal/sim4/netlist/netlist")
resultsDir( "/tmp/vishal/sim4")
delete('save )

analysis('ac ?start "1k" ?stop "5M" ?save "selected" ?oppoint "no" ?annotate ™ )
save('v "wire_x" "wire_theta" "wire_y")
desVar("Wrfinger" 5.7u)

desVar("X_xcel" 10)

desVar("Theta_xcel" 0)

run()

selectResult( 'ac)

fx = cross(vp("wire_x") 90 1 "falling")

deltaX = value(vm("wire_x") 'freq 10)

deltaY = value(vm("wire_y") 'freq 10)
crosens = deltaY/deltaX

desVar("X_xcel" 0)

desVar("Theta_xcel" 0.005)

run()

selectResult( 'ac)

ftheta = cross(abs(vp("wire_theta")) 90 1 "rising")
printf("RESULT= %L\n" fx)
printf("RESULT= %L\n" ftheta)
printf("RESULT= %L\n" crosens)

[11.4 Spring Constants Simulation

simulator(’'spectre)

design( "/tmp/vishal/sim3/netlist/netlist")
resultsDir( "/tmp/vishal/sim3")
delete('save )

analysis('ac ?start "1" ?stop "10" ?save "selected" ?oppoint "no" ?annotate " )
save('v "wire_y")

desVar("Wrfinger" 5.7u)

desVar("Vmrms" 0)

run()

selectResult( 'ac)

disp = value(vm("wire_y") 'freq 10)

kxmech = 1le-9/disp

desVar("Vmrms" 1)

run()

selectResult( 'ac)

disp = value(vm("wire_y") 'freq 10)

kxelec = 1e-9/disp

kxelec = kxmech - kxelec

printf("RESULT= %L \n" kxmech)
printf("RESULT= %L \n" kxelec)

(54)



V. Simulation-based Synthesis Results

Table 7: Design Variablesfor Designs Synthesized using Simulation-based Synthesis

DesignVar Noise Opti mized Sensi tivity . Area Op.ti mized
Design Optimized Design Design
Lpeam (HM) 112.3 135 114.4
Wheam(HM) 1.8 1.8 1.8
Luss(UM) 4.98 4.85 7.21
Wi yes(IM) 10 5 8.76
NUMy; sheams 5 5 5
Linger(HM) 110 110 93.6
Wrotor-finger (HIM) 5.7 5.7 5.7
Giimit (M) 1.54 1 0.95
GAPfinger (HM) 1.92 15 15
Wetrongbeam(HM) 7.91 7.7 10
L pmass 38 40 30
Wormass 5 8 8
NUMi yger 15" 19* 15+
UK ger 4 3 1

*. Numgsinger Sense fingers constitute one comb-drive on each side of the plate-
mass, as shown in Fig. 1V.2(b)

NOTE: All dimensionslisted in context of Simulation-based Synthesi s are edge-to-edge dimensions (because
NODAS assumes its element parameters to be edge-to-edge dimensions).

(55)



V. Accelerometers Fabricated with AM S

Table 8: Design Variablesfor Designs Fabricated & Tested

DesignVer e S(E)gggrr? e Optisrﬁ?igvl:i)tgsi gn A reaDC()eEs)itgr?i i Opti rﬁine%geg gn
Lpeam (M) 124.9 124.9 124.9 124.9
Wheam(HM) 1.8 1.8 1.8 2.1
Liuss(UM) 6.8 6.3 7.4 6.8
Wiy yes(IM) 5 5 5 6.3
NUMY ysspearms 5 5 5 5
Lfinger(HM) 110.1 110.1 110.1 56.1
Wrotor-finger (HIM) 5.7 5.7 8.7 5.7
Giimit (M) 15 0.9 1.3 1.0
GAPfinger (HM) 2.9 15 1.6 15
Wetrongbeam(HIM) 6.4 10 1.83 4.8
L pmass 36+4** 36+4"" 16+4** 36+4**
Wormass T4r 1+4r 1+4x 13+4**
NUMfinger 10 10 5 12
UMY ger 1 3 1 1

* . This design was optimized with an objective to maximize range of the accelerometer. However,
usually CMOS accelerometers have a good range (> 100G) so that this objective is not of much

importance, and hence, has not been discussed in chapter 3.

** 4 squares are used for routing in the plate-massin x aswell asy direction
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