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   ABSTRACT

 

The rapid layout synthesis of a lateral accelerometer from
high-level functional specifications and design constraints is
demonstrated. Functional parameters such as sensitivity, mini-
mum and maximum detectable acceleration are satisfied while
simultaneously optimizing a design objective, such as device
area. The optimal synthesis tool allows exploration of microme-
chanical device and system design issues and objectives. Layout
synthesis couples optimization-based design to determine the
values of layout geometry followed with layout generation to
translate the desired device performance into a device layout.
This rapid layout generation allows for an ‘on-the-fly’ cell
library generation methodology for use in design of integrated
microsystems. In particular, the optimization-based approach to
design allows the designer to determine the crucial design trade-
offs in meeting the system-level performances, as shown by syn-
thesis results presented.
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INTRODUCTION

 

The advent of stable, VLSI-compatible MEMS fabrication
technologies has led to the development of increasingly complex
and integrated MEMS-based systems. Future systems are
expected to contain hundreds or even thousands of mixed-
domain devices. In particular, the miniaturization and batch-fab-
rication advantages of MEMS and electronics will enable the
integration of a variety of sensing systems to achieve a sensing
capability not previously possible in single devices. In these
integrated systems, the main design decisions involve the system
(

 

e.g.

 

, how many accelerometers, their range of operation, how
their raw data will be combined) rather than the device. Design
of these integrated systems requires the use of CAD tools [1] to
rapidly generate the design of each of the devices to be inte-
grated into the system as well as to allow the system-level
designer to understand the trade-offs inherent in system design
for the application of interest.

For commonly used micromechanical device topologies, lay-
out synthesis provides an automated mechanism for generating
valid layout given high-level design specifications and con-
straints as input. Due to the tight coupling between form and
function in mechanical systems, MEMS design effectively
involves both parametric design and layout design. Parametric
design involves determining the values of the design parameters
such that the device meets its performance requirements. Layout
generation involves the physical design of the masks used to fab-
ricate the design. Optimization has been used for spring/active
area trade-offs [2], and for comb drives [3]. MEMS device lay-
out generators such as [4][5] have focused on direct layout gen-
eration from physical definitions similar to module generators in
VLSI microelectronics.   The design problem is modeled as a

formal numerical optimization problem, and then solved with
powerful optimization techniques, resulting in a tool that auto-
mates the design synthesis of MEMS structures. Furthermore,
the functional model of the device and its geometrical layout
model are tightly integrated, to aid in the generation of the lay-
out parameters that completely describe the layout [6]. The pro-
cess of modeling the design problem involves determining the
design variables, the numerical design constraints, and the quan-
titative design objective. The resulting optimal synthesis tool
enforces codification of all relevant variables and constraints and
allows rapid exploration of micromechanical design issues and
objectives. 

The lateral accelerometer topology in this study has been
thoroughly analyzed [7][8][9][10] and is commonly found in
commercial inertial sensors [11]. This flexible topology is the
seed to a variety of accelerometers of different performances,
and therefore represents a good topology for synthesis. The
MUMPs process and design rules is used to constrain the design
space [12]. This synthesis methodology can be easily extended
to alternate processes (

 

e.g.

 

, iMEMS [13] and CMOS-MEMS
[14]) where the same lateral accelerometer topology has been
designed (

 

i.e.

 

, the ADXL family [11] and an integrated lateral
capacitive CMOS accelerometer [15]).

Lumped-parameter electromechanical models with three
degrees-of-freedom (in plane 

 

x

 

, 

 

y

 

 and 

 

θ

 

) have been derived to
link the physical and behavioral parameters of the accelerometer.
These models provide the evaluation capability required for
doing design, as shown in Figure 1. The optimization-based
design process iterates on the values of the design variables until
the evaluation module indicates that the design specifications are
met for the set of process/operating point parameters.

 

MICROACCELEROMETER DESCRIPTION

 

The MUMPs technology chosen for this synthesis work is
well documented [12]. Accelerometer structures are formed
from a 2 

 

µ

 

m-thick layer of polysilicon deposited over a 2 

 

µ

 

m-
thick sacrificial spacer layer of phosphosilicate glass (PSG). The
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PSG contact cuts act as mechanical anchor points that fix the
microstructure to the substrate surface after the final HF release
etch is completed.

The accelerometer consists of a movable proof mass, sus-
pended by two U-shape spring beams on both sides, as shown in
Figure 2. External acceleration causes the proof mass to move
relative to the substrate, subject to restoring spring forces and the
damping provided by the motion of air around the device as
shown in Figure 3. The suspension is designed to be compliant
in the 

 

x

 

 direction of motion and to be stiff in the orthogonal
direction (

 

y

 

) to keep the comb fingers aligned. Movable comb
(rotor) fingers are attached to the proof mass. They are combined
with the fixed comb (stator) fingers to form the sensing and force
functional units. The applied voltages on the force unit causes a
net electrostatic force to pull the proof mass in the desired direc-
tion. These force fingers can be used for either self-test or force-
feedback control. The sensing fingers form a capacitive bridge,
which is modulated with voltage 

 

V

 

m

 

 during sensing. The divider
output is proportional to the difference in the capacitances, and
therefore to the proof mass position. This divider voltage passes
through a buffer (Figure 4) and is then demodulated (not shown)
to generate the final output voltage. At two ends of the proof
mass there are four small rectangular cantilever beams, which
act as limit stops on the 

 

x

 

 and 

 

y

 

 

 

displacement to prevent contact
between rotor and stator fingers.

Design variables of the microaccelerometer include the comb
drive voltage, the numbers of fingers for the sense and force
units and fourteen structural parameters as detailed in Figure 5.
This figure shows a generic differential comb drive. The number
of fingers for the force (

 

N

 

f

 

) and sense (

 

N

 

s

 

) units are independent,

as is the finger gaps (

 

g

 

f

 

 and 

 

g

 

s

 

) in each unit. The finger lengths
(

 

L

 

f

 

), widths (

 

W

 

f

 

) and overlaps (

 

X

 

o

 

) for the two units are however
set to be identical to take advantage of symmetry for minimizing
manufacturing variations. The U-spring is modeled using the
lengths of the two beams (

 

L

 

b1

 

 and 

 

L

 

b2

 

) which have a common
width (

 

W

 

b

 

) and the truss geometry (

 

L

 

t

 

 

 

and 

 

W

 

t

 

). The mass geome-
try (

 

L

 

pm

 

 and 

 

W

 

pm

 

) and the limit-stop gaps (

 

g

 

x,limit

 

 and 

 

g

 

y,limit

 

)
round up the list of design variables. Several geometric vari-
ables, such as length and width of the anchors in the comb drive
are necessary to completely define the layout but do not affect
accelerometer behavior. These variables are labelled ‘style’
parameters because they affect the stylistic look of the device
rather than the device performance. For this work, ten style vari-
ables for the accelerometer were identified [16].

The accelerometer is modeled as a mechanical system under
external acceleration (  for the 

 

x

 

direction) followed by a capacitive transducer. Off-axis transla-
tional and rotational modes (

 

y

 

 and 

 

θ

 

 directions) are also modeled
to ensure that the final design moves only in the primary (

 

x

 

)
direction. The out-of-plane modes and other higher order modes
are not included in the present synthesis implementation. The
effect of spring mass on resonance frequency is incorporated in
effective masses for each lateral mode. The maximum velocity
and total kinetic energy of the spring, from which the effective
mass is extracted, is approximated from static mode shapes. Vis-
cous damping generated by the moving proof mass in air [8] is
modeled as Couette-flow damping below the accelerometer [17],
Stokes flow above the accelerometer [9], and squeeze-film
damping between the comb fingers. The effect of etch holes [18]
on lateral damping is not included. Damping factors of the other
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Figure 2: Layout of the lateral capacitive microaccelerometer.
The black areas indicate anchors between the polysilicon
structure and the bottom layer. The rest of the structure is
suspended 2 µm above the bottom layer. The force units are
shown in a lighter shade than the rest of the structure. 
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Figure 3: Schematic of an capacitive accelerometer
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lateral modes do not enter into the design constraints, so only 

 

B

 

x

 

is calculated. Linear equations for the U-spring constants are
found by using energy methods to solve for displacement under
unit load on the end of the spring [19]. Mode coupling due to
mismatches in spring geometry during manufacturing can lead
to cross-axis sensitivity. Therefore models for the coupling
spring constant (

 

k

 

xy

 

) are also derived in addition to the self
spring constants (

 

k

 

x

 

, 

 

k

 

y

 

, and 

 

k

 

θ

 

). The electrostatic force gener-
ated by the modulation voltage across the sense fingers or the
drive voltage on the force fingers can be derived as a function of
finger width, gap, structure thickness, and sacrificial spacer
thickness as in [20]. The sense unit exhibits electrostatic spring
softening, which can be obtained by differentiating the electro-
static force by the lateral displacement. This spring term is
included in series with the mechanical stiffness term in the 

 

x

 

direction. These models are general mechanical models for any
device with the layout topology of Figure 2, and form the start-
ing point for models of the design constraints described in the
next section.

 

LAYOUT SYNTHESIS

 

 

 

Design Constraints

 

Constraints on the design specifications are assigned realistic
values for synthesizing a valid accelerometer. Alternative con-
straint values can be readily assigned in the implementation. The
accelerometer behavior is different for open-loop operation com-
pared to closed-loop operation. We initially describe the open-
loop behavior.

Accelerometer sensitivity is defined as the ratio of output
voltage over the input acceleration. Combining second-order
mechanical system analysis and the algebraic voltage division
from the single-ended half-bridge capacitive sense circuit of
Figure 4, we see ,

where 

 

C

 

0

 

 is the finger capacitance and 

 

g

 

0

 

 is the finger gap when
there is no acceleration (

 

i.e.

 

, 

 

C

 

1

 

=

 

C

 

2

 

=

 

C

 

0

 

). Further electronic gain
can be added after the unity-gain buffer if needed [8][11], but is
ignored in this work. Currently 

 

C

 

para

 

 is specified by the
designer, however, a combined accelerometer/buffer synthesis
system can automatically design and extract 

 

C

 

para

 

 if necessary.
The minimum detectable acceleration is determined by the

total input-referred noise of the accelerometer, and is governed
by the Brownian (thermomechanical) noise due to random colli-
sions between the proof mass and the air molecules and by the
electronic noise from the front-end buffer circuit. Given a
designer-specified electronic noise, 

 

vn-ckt, we can compute the
total noise, and therefore the minimum detectable acceleration

(amin) by  where S is the acceler-

ometer sensitivity (Vo/aext). The Brownian noise is obtained from

 where kB is Boltzman’s constant,

T is the temperature, ωr is the resonant frequency of the acceler-
ometer, m is the effective mass of the accelerometer, Q is the
quality factor and ∆f is the range of frequencies for the input
acceleration as in [7]. 

In open-loop operation, a parallel-plate instability occurs
because the increase in mechanical restoring force is slower than

the increase in electrostatic force beyond the snap-in point. If the
acceleration is large enough to move the rotor fingers beyond
this point, the proof mass will snap into the limit stop. At equi-
librium, the restoring spring force is equal to the sum of the iner-
tial force and the electrostatic force. Solving this for acceleration
as a function of comb finger displacement leads to

. The maxi-

mum displacement form this equation is the snap-in point xsnap,
which occurs for accelerations larger than asnap, as related by the
above equation.   Accelerations larger than asnap cannot be
detected. The limit gap gx,limit is set by the maximum expected
displacement, obtained by inverting the above equation a(xmax)

= amax to solve for xmax.
Finite cross-axis sensitivity arises from the misalignment of

the package orientation [11] or from process variations (for
example, the mismatch in the etch wall of the spring beam and
truss [10]). As package misalignment cannot be synthesized, this
work only considers process variations. Under perfect matching,
layout symmetry ensures that the x displacement, hence Vo, is
not affected by acceleration in both y and z directions. However,
if there is a mismatch in the four U-springs, a y-directed acceler-
ation will cause the proof mass to be displaced in the x direction,
leading to undesired mode coupling. The spring mismatch can
be characterized as kxy. Without process variations, ,

thus there is no cross-axis sensitivity. The cross-axis sensitivity
is the ratio of the output voltage due to off-axis acceleration to
same-axis acceleration, .

A proportional-derivative compensator is used for closed-
loop operation as shown in Figure 6. Solving the transfer func-
tion to obtain the final value provides the steady-state displace-
ment, xo,steady. If the maximum expected open-loop
displacement due to amax (i.e., xmax) is less than the open-loop
snap-in point, xsnap, snap-in will not occur, so xo, steady is set to
xmax. The dc transfer function reduces to the open-loop case, and
the feedback tunes the transient response only. If xmax > xsnap,
then xo,steady is set to xsnap to prevent snap-in. This critically
damped closed-loop system increases the maximum detectable
acceleration in two ways: it eliminates displacement ringing and
also provides a steady-state feedback force when a large input
acceleration is applied.

In closed-loop feedback, the sensitivity equation (obtained
from the transfer function analysis in the steady state) is

. This

reduces to the open-loop case when xo,steady < xsnap.

S Vo aext⁄ 2mxC0 kxg0 2C0 Cpara+( )⁄ Vm= =

amin vn ckt– S⁄( )
2

a
2
n B–+=

a
2
n B– 4kBTωr mQ⁄ ∆f=

a x( ) kxx g0
2

x
2

–( )
2

2C0Vm
2

g0
2
x–( ) mx g0

2
x

2
–( )

2
( )⁄=

kxy ∞=

Scr kxx mx⁄( ) kxy my⁄( )⁄=

G0 + G1s

+
 Fin

mass-spring-damper system

               

KF

Kv

position sensor

compensatorforce transducer

Vout
xo

Ffb
VF

1

ms
2

Bs k+ +
-------------------------------

Figure 6: Analog feedback loop.
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The maximum detectable acceleration in closed-loop is
derived from the closed-loop transfer function to be

,

where  and  is the

time at which the peak value of feedback voltage (viz., )

occurs. The remaining equations of accelerometer function are
unchanged from the open-loop case.

The layout is constrained by the MUMPs design rules. Tech-
nology-driven design rules set minimum beam widths and mini-
mum spaces between structures. Maximum element lengths are
constrained to 400 µm to avoid problems with undesirable curl-
ing due to stress gradients in the structural film and possible
sticking and breakage during the wet release etch. Additional
manufacturability constraints such as buckling are added in the
form of [6]. The remaining design constraints ensure that the
derived accelerometer behavioral equations remain accurate
such as limits on spring softening, self-test force, and mode sep-
aration.

The final set of constraints include geometrical constraints
that arise from the layout topology of the accelerometer. They
are necessary for a physically valid design. Examples of such
constraints include the relationship between the sense and force
unit gaps (gs and gf) and the limit-stop gap (gx,limit).

Synthesis Algorithm
Synthesis of the microaccelerometer will result in one of two

possible outcomes. Several designs may satisfy the above con-
straints, or no designs may meet the constraints (null design
space). The goal of synthesis is to select the design that mini-
mizes an objective function and therefore may be considered
optimal. The synthesized result depends very strongly on the
choice of objective function. For the microaccelerometer, we
have encoded three different objective functions to minimize:
total active area, accelerometer noise, the normalized sum of
area and noise and a fourth to maximize: the maximum detect-
able acceleration.

The enumeration of design constraints and objectives allows
us to mathematically model the design problem as an optimiza-
tion problem. The set of all acceptable designs is determined by
the region in the design space where all the constraints are met:
the feasible region. The design objective functions guide the
optimization to the best design within the feasible region. This
non-linear optimization problem can be solved using standard
off-the-shelf solvers [21]. Evaluating the cost function involves
using the lumped-element macromodels to determine the extent
to which the design constraints are met, for the current values of
the design variables. This cost function has multiple minima due
to the complex non-linear characteristics of the individual equa-
tions in the lumped-element macromodel.

A gridded numerical optimization algorithm efficiently solves
for the global minimum of the objective function. The use of a
starting grid eliminates the need to provide good starting points
to the gradient based optimization. This starting grid is obtained
from a design-of-experiments style approach to partitioning the
multivariate design space. Since some of the design variables are
integer, a branch-and-bound approach to solving for the mixed
integer and non-linear design variables is used.

RESULTS AND DISCUSSION
For visualization of the synthesis results, a parameterized

module generator similar to the Consolidated Micromechanical
Element Library (CaMEL) software [4] was used. It provides
CIF output when given accelerometer layout parameters. Etch
holes for the proof mass are used at 30µm intervals to ensure
release. 

Selected highlight results from the synthesis tool are pre-
sented below. These results share common specifications for the
electronic noise in the buffer (vn-ckt) of 10nV/rtHz; the maxi-
mum area allowed of 700µm by 700µm; the parasitic capaci-
tance (Cpara) of 120fF; and the sense unit modulation voltage
(Vm) of 2.5V.

The first synthesis result considers the accelerometer under
open-loop operation. One of the most important design metrics
for an accelerometer is its noise performance. Minimizing the
total acceleration noise inevitably leads to a large proof mass,
which for surface-micromachined processes means large areas.
Therefore, the first experiment minimizes the normalized combi-
nation of accelerometer area and noise, allowing trade-offs
between these two performance metrics. Three accelerometers
synthesized for different sensitivities, with noise < 0.1mg/rtHz
and range > 10 g are shown in Figure 7. Increasing sensitivity
requires increasing either or both the finger length or the number
of fingers. Since the number of fingers is an integer variable, as
we increase the specified sensitivity, the optimization chooses to
first increase finger length (thereby reducing the proof mass
width) until the noise-area trade-off allows it to increase the
number of sense fingers. In particular, doubling the sensitivity
from Figure 7(a) to (b) adds a comb finger, and increases the fin-
ger length from 250µm to 268µm. Further increases in sensitiv-
ity to 30mV/g leads to the addition of more than 20 comb
fingers, with finger lengths reducing to 226µm. As the proof
mass length increases, it effectively acts as if its a larger weight
on the minimization of the accelerometer width, which explains
the reduction in finger lengths. This example highlights the
importance of selecting a design objective that best matches the
desires of the designer. Once such an objective is chosen, the
synthesis tool can be used to trade-off between the various
design goals.

 Synthesis enables a deeper understanding of the design space
by allowing the designer to compare different topologies.
Figure 8 compares the synthesized layouts of open-loop and a
closed-loop accelerometer maximized for range (maximum
detectable acceleration). In both cases, common specifications
included a 20mV/g sensitivity, and noise < 0.1 mg/rtHz. In open-

amax VF p, α2
KV G0 G0e

α t p–
– α G0 αG1–( )t pe

α t p–
–( )( )⁄=

α B G1KFKV+( ) 2m⁄= t p G1 αG1 G0–( )⁄=

VF p,

(b) 10mV/g sensitivity

(a) 5mV/g sensitivity

(c) 30mV/g sensitivity
Figure 7: Synthesized minimal area and noise accelerometers 



loop, only a single force-unit finger is used for self-test. The
force feedback helps increase the range from 21g to 151g.
Increasing the number of feedback fingers requires that the
sense-unit finger lengths increase to maintain the 20mV/g sensi-
tivity specification, thereby reducing the proof mass width —
the noise doubles, but is still within the specified engineering
constraint.

Instead of a two-point comparison, a complete Pareto curve
can be obtained, as shown in Figure 9. The curve was generated
by minimizing noise for several fixed values of sensitivity, with
range > 10g for all the designs. This curve allows the designer to
determine the optimum device design from system constraints.
As the required sensitivity increases, the number of sense fingers
and the length of the fingers increases. Since the total accelerom-
eter width is limited to 700µm, the increased finger length
implies reduced proof mass width, which increases the total
accelerometer noise. Since the designer tends to look for a high-
sensitivity low-noise design, one option can be to use electronic
buffers to boost sensitivity. Coupling the curve in Figure 9 with a
gain-noise plot for a buffer can lead to the optimal system
design.

In addition to manufacturing-oriented constraints such as
buckling, used for all the synthesis runs, a cross-axis sensitivity
specification was used to highlight the trade-off between noise
and cross-axis sensitivity shown in Figure 10. Both the acceler-
ometers were synthesized for 10g range and 5mV/g sensitivity.

The noise increased from 18µg/rtHz to 54µg/rtHz, but the cross-
axis sensitivity reduces from 0.27% to 0.004%. The proof mass
width reached its maximum limit in Figure 10(a) and the fingers
were fattened to further minimize noise. Cross-axis sensitivity
arises due to tether beam width (Wb) variations. The synthesis
module accepts beam width variations (0.2µm was used for
these results), and effectively increases beam widths to minimize
the effect of the variation; in this case Wb increased from 2.95µm
to 4.55µm. This increased tether beam width raises the cross-
axis stiffness (kxy) by two orders of magnitude, thereby reducing
cross-axis sensitivity. Since the self spring constant, kx, is pro-

portional to Wb
3, the beam lengths of the U-spring have to be

increased to contain the increase in kx (which affects both Scr

and S). The geometric layout constraint that links the U-spring
beam lengths with the proof mass width effectively forces the
proof mass width to be minimized. In the end the spring constant

(a) (b)

Figure 8: Synthesized layouts of (a) open-loop and (b) closed-
loop accelerometers maximized for range.
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kx increases from 0.7N/m to 1.3N/m, and mass decreases from
1.2µg to 0.48µg. The resulting increase in resonant frequency
requires increasing C0 (by increasing the number of fingers) to
maintain the desired sensitivity of 5mV/g.

The synthesis methodology uses lumped-parameter models
for the effective spring constants and effective masses in the pri-
mary, off-axis, and coupling modes of the accelerometer. The
accuracy of these lumped-parameter models for several synthe-
sized accelerometers via finite-element analysis has been veri-
fied. Each synthesized accelerometer was modeled using 8-node
plane stress element, to determine all in-plane stiffness and
modes. Curves showing the comparison of the lumped-parame-
ter models used in the synthesis and the finite-element models
are shown in Figure 11. The curves are for the primary mode and
the cross-axis mode, due to their use in the major engineering
design specifications for the accelerometer. For the primary
mode, the analytic stiffness and frequency models used in the
synthesis are accurate to within 5% of finite-element simulation.
For the cross-axis mode, the cross-axis stiffness arising from
mismatch in the widths of the beams in the four U-springs has a
6% accuracy with respect to finite-element analysis.

CONCLUSIONS
Synthesis algorithms have been successfully applied to auto-

matic layout of surface-micromachined accelerometers. A pre-
requisite for synthesis is a set of lumped-parameter models that
adequately link device behavior with physical design variables.
One important benefit of creating synthesis tools is that it forces
the codify of every design variable and design constraint which
then becomes reusable information. Optimal synthesis enables
exploration of the entire design space given specific user-speci-
fied constraints, as has been shown with the accelerometer
example.

Once a mature structured design methodology is established
for surface-micromachined MEMS, the synthesis techniques
may be extended in the future to general parameterized designs.
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Figure 11:Comparison of predicted spring stiffness, resonant
frequencies in the primary direction of motion (a).  Predicted
spring stiffness coupling between y and x mode (b).
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