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   ABSTRACT

This paper uses MEMS circuit-level simulation to cor-
relate gyro performance measures such as zero rate output
(ZRO), linear acceleration sensitivity (Sa) and cross-axis
sensitivity (Sca) to geometrical asymmetries. Elastic and
electrostatic asymmetries in the gyroscope may arise due to
device-level manufacturing variations in beam width, comb
gap and metal mask misalignment in the CMOS-MEMS
process. Analytical equations for the non-idealities are
derived and compared with the simulation results. The anal-
yses and simulations are used to develop pointers for robust
design as well as manufacturing tolerances for limiting non-
idealities.
Keywords: manufacturing variations, CMOS-MEMS, gyro-
scope

1  INTRODUCTION

Vibratory rate microgyroscopes commonly rely on
sensing Coriolis-force-induced angstrom-scale vibrations,
and are highly sensitive to spurious oscillations arising from
geometric imperfections. Though it is commonly acknowl-
edged [1] that the coupling of the drive motion to the sense
mode needs to be as small as a few ppm, there is no compre-
hensive study in public literature of drive motion coupling,
external accelerations and cross-axis rotations. Quadrature
error arising from elastic cross-coupling has been consid-
ered in a few studies. However, in-phase coupling may also
arise in gyroscope designs with intentionally mismatched
drive and sense modes. Furthermore, robust design tech-
niques to reject width variations across different chips [2]
cannot compensate for width mismatch within a device.

Analog designers using digital processes rely on com-
monly accepted numbers for transistor mismatch [3]. How-
ever, MEMS designers lack similar published data on
variations. Through simulations and analyses, we aim to
establish the need for systematic study of mismatch in
MEMS gyroscopes, which are arguably more demanding on
the manufacturing process than accelerometers.

In this paper we focus on variations in beam width and
comb gap across the gyroscope and metal mask misalign-
ment effects. The gyroscope parameters being studied are
Zero Rate Output (ZRO), acceleration sensitivity (Sa) and
cross-axis sensitivity (Sca).

2  BACKGROUND

The gyroscope being analyzed (Figure 1) is fabricat
in the CMOS-MEMS process [4]. The gyroscope consists
two nested resonators [5]. The outer resonator is suspen
by four springs which are relatively rigid along the sensin
direction (x) and compliant along the driven direction (y).
The outer resonator is driven at resonance (at frequen

, displacement ) and the inner resonator is forced

move along with the outer resonator because the sprin
suspending the inner resonator are relatively rigid iny and
compliant inx. In the presence of an angular rate abo

the out-of-plane axis, both the resonators experience
Coriolis force inx, however, the inner resonator has a larg
displacement. The sensing mode resonant frequency (

is designed to be larger than . The relative displaceme

between the two resonators ( ) is sensed capacitiv

using differential combs.

 and   (1)

where, , , and are, respectively, the number

fingers, the lateral overlap, the gap and the vertical overl
of the sensing comb fingers and is the sum of the com

and parasitic capacitances at each sensing node. Se
 yields  for unit rotation rate.

FIGURE 1. SEM of the CMOS-MEMS vibratory z-axis
rate gyroscope [5].
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An equivalent stiffness matrix is assumed for each
spring and the overall system stiffness is obtained by sum-
mation of the individual matrices. When the four springs in
either the inner or the outer resonator are perfectly matched,
the off-diagonal terms in the overall stiffness matrix are
zero. However, width mismatch causes non-zero off-diago-
nal terms resulting in elastic cross-coupling between the
drive and the sense modes [6]. For nested resonator gyros,
unlike single proof-mass gyros, the elastically coupled dis-
placements and the Coriolis force-induced displacement are
not in complete quadrature and therefore, contribute to ZRO
and Sa. Spring stiffnesses are denoted as , etc.

where the subscripts ‘o’ and ‘i’ refer to the outer and inner
springs respectively.

In the following sections, analyses of ZRO, Sa and Sca

are presented. Behavioral simulation is performed using
NODAS [7], a library of parameterizedbeam, plate, comb
elements. Layout extraction is used to automatically obtain
the gyroscope schematic [8].

3  ZERO RATE OUTPUT

3.1  Beam width variation

There are two sets of four springs as shown in Figure 2.
Mismatch within a set of four springs leads to anisoelasticity
and therefore, coupling across orthogonal directions.

Coupling of the drive into the sense mode due to relative
beam width mismatch ( ) in outer and inner springs
(Figure 2) are respectively given as:

  (2)

  (3)

and being the resonant frequencies of the outer

and inner resonators in the drive (y) direction and

. The outer springs being inherently
symmetric, the coupling from drive to sense mode is propo

tional to , whereas, in the asymmetric inner springs th

coupling is not only proportional to but is also more tha
10 times higher. Also, the gyro topology lends itself to iso
lating the drive and sense modes i.e., an

.

Design options to reduce ZRO include use of wide
beam widths to average out lithographic variations, use
symmetric springs and springs which have lowerkyy/kxx.

3.2  Comb gap variation

There is no ZRO produced by mismatch of the driv
gaps or the sense gaps, unless there is a offset in the co
position. A lateral offset can be produced by a linear acc
eration and therefore the analysis of this case is deferred
the discussion of linear acceleration sensitivity.

3.3  Mask misalignment

Mask misalignment causes: lateral curling and mod
coupling between the in-plane (x, y) and out-of-plane mod
(z). Vertical motion sensitivity of the sense combs is direct
proportional to the offset due to lateral curling. Using a pa
allel plate approximation for the sense comb capacitan
the coupled motion and the ZRO are given by:

 and   (4)

where, is the relative vertical motion in the sense comb

is the nominal vertical overlap,  is the position offset.

4  ACCELERATION SENSITIVITY

We limit our discussion below to sensitivity to accelera
tion in the sensing direction only. Unlike ZRO which ca
arise due to completely linear coupling, acceleration sen
tivity requires a nonlinear “mixer” to multiply two fre-
quency components: the drive frequency (typically a fe
kHz) and the acceleration component at DC/low frequenc
(upto 1 kHz). The drive and sense combs are the ma
source of nonlinearity being considered here. The volta
output of the differential sense combs can be written as:

  (5)

where, , is the total displacement o

the comb in the sense direction, comprised of a DC offs
term, , a sinusoidal acceleration term and a drive fr

kyyo kxxi
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FIGURE 2. Example case for beam width variation and
equation for coupling, w1 = w2 = w3≠ w4.
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quency term due to coupling. The cubic term in (5)

leads to mixing of the three components.

4.1  Beam width variation

Drive motion coupling onto the sense combs is
described by (2), (3). Comparing (5) with (1) we get two
components: the acceleration sensitivity and the accelera-
tion-squared sensitivity given by:

 and   (6)

where, is the gyro sensitivity. in the above equations

can arise due to width mismatch in the outer or the inner
springs. The Sa2 term is usually not very significant because

. However, and being strong functions

of the sense comb gap, they effectively constrain the small-

est gap that can be used by designers. Also,

implies , where is the sense mode res-

onant frequency. A lower bound on limits the overall

sensitivity of the gyroscope. Maximizing sensitivity is vital
to the gyroscope performance, particularly in circuit-noise
limited systems.

4.2  Comb gap variation

We consider two separate cases for drive comb mis-
match and sense comb mismatch.

Relative mismatch in the drive comb gaps,

between the top and the bottom combs, causes a force inx:

  (7)

where is the offset in the drive comb due to accelera-

tion in x and , are the drive voltages applied. The

outer springs are stiff in the direction, and therefore, lead

to small and an even smaller response to the above

force. Therefore, we do not elaborate on this effect.
Mismatched gaps in the two sensing combs ( being

the relative mismatch), cause a gyro response to acceleration
in the sense direction. Using (1) and (3):

 and   (8)

This effect can be reduced by increasing the mode-separa-
tion, , or the overlap length,olps. If one side of the

sense combs were anchored to the ground instead of be
attached to the outer resonator, then in (8) will be equ

to the drive amplitude and as a result the accelerati

sensitivity would be much higher. This fact underscores t
need for decoupling the drive oscillations from the sen
combs. The decoupling is facilitated by the availability o
multiple conductors in the CMOS-MEMS process.

4.3  Mask misalignment

Coupling of drive motion to thez direction due to metal
mask misalignment leads to acceleration sensitivity giv
as:

5  CROSS-AXIS SENSITIVITY

Beam width and comb gap variations primarily result i
in-plane elastic coupling and forces or motion sensitivitie
Sensitivity to rotation about the drive (y) or the sense (x)
directions necessarily involves either out-of-plane elastic
electrostatic coupling or comb sensitivity to out-of-plan
motion. Therefore, in the discussion below, beam width a
comb gap variations are not being considered.

5.1  Rotation about sense direction ( )

The Coriolis force in produced for is equal to the

force produced in due to . However, since the aspe

ratio of the spring beams is about 2.5, thez resonant mode is
higher than thex resonant mode leading to reduced Coriolis
force induced displacement. Further, the sense combs
insensitive to vibrations inz unless there is a position offse
in x. The resultant output is given as:

  (9)

5.2  Rotation about drive direction ( )

If the drive motion is coupled to thez direction due to
mask misalignment, leads to a Coriolis force inx, the

sense direction. In this case the normalized sensitivity
obtained directly as a ratio of the displacements in thez and
they directions.

  (10)

6  SIMULATION RESULTS

The nominal gyro design uses 1.8µm beam widths and
comb gaps. The analysis for and suggests th
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larger gaps and larger sense mode resonant frequency will
lead to lower acceleration sensitivity. Monte-Carlo simula-
tions were done using nominal beam widths and gaps of 1.8
µm and 2.0 µm. In each case, beam widths in the eight
springs and the gaps in the four combs are assumed to be
independent, normally distributed random variables (N(w,
σ)) with common meanw, equal to the layout dimension
(1.8 or 2.0 µm), and standard deviationσ (3σ = 0.05µm).
Each Monte-Carlo analysis involves 60 transient analysis,
with the 12 randomly generated dimensions ~ N(w, σ).

The ZRO, and for the 1.8 and 2.0µm

designs are shown in Figure 3. Since the main contribution
to ZRO is most likely the asymmetric topology of the inner
springs, it is not affected by larger width and gap. This trend
is also predicted by the analytical equations. For equal drive
displacements, the nominal gyro sensitivity for the 2.0

µm design is smaller by about 35%. However, both

and have reduced significantly, as expected. The

mean and standard deviation of reduce by about

45% from 0.35 (˚/s)/g to 0.19 (˚/s)/g and from 0.28 (˚/s)/g to
0.16 (˚/s)/g respectively. The absolute reduction in is

greater than 60%. Simulations with symmetric inner springs
resulted in ZRO reduction of about 90% and greatly reduced
offsets due to lateral curling. The simulation values for
cross-axis sensitivities are about 100 times smaller than the
gyro sensitivity. Increased width and gaps do not have sig-
nificant impact on cross-axis sensitivity because, the cross-
axis sensitivity is mainly dependent on out-of-plane reso-
nant modes and comb sensitivities.

7  CONCLUSIONS

From the analysis and the simulations presented in the
preceding sections we arrive at the following conclusions
for the ZRO and Sa:
Zero Rate Output:
1. Use symmetric springs only
2. Choose spring topology and position the springs to

minimize elastic coupling
Acceleration Sensitivity:
1. Larger comb gaps are better
2. Higher sense mode resonant frequency and larger gaps

are better for reduced acceleration-squared sensitivity,

Both the above approaches lead to reduced sensitivity. Ho
ever, the acceleration rejection obtained is greater than
sensitivity loss. Further, analysis suggests that decoupling
drive vibration from sense combs can reduce linear accele
tion sensitivity significantly and potentially eliminate the
need for dual anti-phase gyroscopes. Cross-axis sensitivi
are found to be about 100 times smaller than the gyro sen
tivity and are not strongly dependent on the beam widt
and the gaps unlike the acceleration sensitivity. In summa
this methodology allows numerical trade-offs between nom
inal performance and the ability to reject non-ideal varia
tions.
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