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MICRO-MACHINED ANGLE-MEASURING 
GYROSCOPE 

RELATED APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 60/130,440, ?led Apr. 21, 1999, and US. 
Provisional Application No. 60/130,441, ?led Apr. 21, 1999, 
the disclosures thereof incorporated by reference herein in 
their entirety. 

BACKGROUND 

The present invention relates generally to micro 
machined sensors. 

Truly loW-cost inertial sensors have been a goal of the 
industry for many years. Until recently, the high cost of 
precision inertial sensors has precluded their use in auto 
motive applications, consumer electronics, robotics, and a 
Wide range of military applications. 

SUMMARY 

The present invention features a micro-machined angle 
measurement gyroscope. 

In one implementation, the gyroscope includes a sub 
strate; a proof mass coupled to the substrate by an isotropic 
suspension such that the proof mass can move in any 
direction in the plane of the substrate; a plurality of drive 
electrodes con?gured to cause the proof mass to oscillate in 
the plane of the substrate; and a plurality of sense electrodes 
con?gured to sense the motion of the proof mass in the plane 
of the substrate. 

According to one aspect, each drive electrode moves the 
proof mass along drive axis, and at least tWo of the drive 
axes are mutually orthogonal. 

According to one aspect, each sense electrode senses the 
motion of the proof mass along a sense axis, and at least tWo 
of the sense axes are mutually orthogonal. 

According to one aspect, the proof mass includes a rigid 
ring. 

According to one aspect, the proof-mass includes one or 
more concentric rings. 

According to one aspect, the substrate has an anchor at the 
center of the ring, and the ring is connected to the anchor by 
a one or more ?exures. 

According to one aspect, each electrode includes an inner 
electrode located inside the ring and an outer electrode 
located outside the ring. 

According to one aspect, each electrode includes a plu 
rality of comb teeth; the proof mass includes a plurality of 
comb teeth; and the comb teeth of the electrodes and the 
proof mass are adjacent. 

According to one aspect, the suspension includes a ring 
attached betWeen the proof mass and the substrate. 

According to one aspect, the substrate has an anchor at the 
center of the ring, and the suspension includes one or more 
?exures connected betWeen the ring and the anchor. 

According to one aspect, the suspension includes a plu 
rality of concentric rings attached betWeen the proof mass 
and the substrate. 

According to one aspect, the gyroscope includes one or 
more central drive electrode located near the center of the 
ring. 

According to one aspect, the proof mass, electrodes, 
suspension and substrate are micro-machined from a single 
crystal of material. The material can be silicon. 
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2 
In another implementation, the gyroscope includes a 

substrate; a proof mass suspended above the substrate by an 
isotropic suspension such that the proof mass can move in 
any direction in an oscillation plane normal to the substrate; 
a plurality of drive electrodes con?gured to cause the proof 
mass to oscillate in the oscillation plane; and a plurality of 
sense electrodes con?gured to sense the motion of the proof 
mass in the oscillation plane. 

According to one aspect, each drive electrode moves the 
proof mass along a drive axis, and the drive axes of a pair 
of the drive electrodes are mutually orthogonal. 

According to one aspect, each sense electrode senses the 
motion of the proof mass along a sense axis, and the sense 
axes of a pair of the sense electrodes are mutually orthogo 
nal. 

According to one aspect, each electrode includes a plu 
rality of comb teeth; the proof mass includes a plurality of 
comb teeth; and the comb teeth of the electrodes and the 
proof mass are adjacent. 

According to one aspect, the suspension includes one or 
more suspension units each having a ?exible beam disposed 
betWeen the proof mass and an anchor attached to the 
substrate. 

According to one aspect, each suspension unit includes a 
?exible frame attached betWeen the beam and anchor; a 
suspension tuning electrode attached to the frame; and an 
anchored electrode attached to the substrate. Abias voltage 
betWeen the suspension tuning electrode and the anchored 
electrode imposes a bias force on the beam. 

According to one aspect, the proof mass, electrodes, 
suspension and substrate are micro-machined from a single 
block of material. The material can be silicon. 

According to one aspect, the gyroscope includes one or 
more tuning electrodes con?gured to adjust the frequency of 
oscillation of the proof-mass. 

Advantages that can be seen in implementations of the 
invention include one or more of the folloWing. A class of 
monolithic micro-electro-mechanical sensors capable of 
measuring an angle of object rotation is described. Imple 
mentations of x-, y-, and Z-axis gyroscopes of this class are 
described in detail. This novel class of inertial instruments 
provides accurate information about an object’s rotation in 
the form of a signal that is proportional to the angle, thus 
eliminating the necessity for integration of the output signal. 
In contrast, existing micro-electro-mechanical sensors gen 
erally provide a signal proportional to the angular rate; 
consequently, a numerical or electronic integration of the 
rate is required in order to obtain the desirable output—the 
angle. In general, integration is undesirable because it accu 
mulates errors. 

The disclosed approach sharply deviates from the com 
monly accepted concept that an angle measuring gyroscopes 
should be a shell. In fact, implementation of an uniform shell 
on micro-scale is not currently feasible due to limitations of 
micro-fabrication technologies and small signal-to-noise 
ratio.The sense area is limited by the shell’s area, so the 
signal is signi?cantly smaller compare to the signal noise). 
In the disclosed approach, an “anisotropic lumped mass 
spring system” is used instead. This approach permits the 
implementation of an angle gyroscope using micro-electro 
mechanical systems (MEMS) technology. According to this 
approach, an arbitrary shaped proof-mass suspended on a 
uniform (isotropic) suspension. This permits a signi?cant 
increase in sense capacitance, and thus achieves a large 
signal-to-noise ratio. 

Further features and advantages of the present invention 
as Well as the structure and operation of various implemen 
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tations of the present invention are described in detail below 
with reference to the accompanying drawings. In the 
drawings, like reference numbers indicate identical or func 
tionally similar elements. Additionally, the left-most digit of 
a reference number identi?es the drawing in which the 
reference number ?rst appears. 

DESCRIPTION OF DRAWINGS 

The present invention will be described with reference to 
the accompanying drawings. 

FIG. 1 depicts a gyroscope system. 
FIG. 2 depicts a Z-aXis bulk micro-machined angle mea 

surement gyroscope. 

FIG. 3 depicts one implementation of a Z-aXis surface 
micro-machined angle measurement gyroscope. 

FIG. 4 depicts another implementation of a Z-aXis surface 
micro-machined angle measurement gyroscope. 

FIG. 5 depicts an implementation of an X-aXis surface 
micro-machined angle measurement gyroscope. 

FIG. 6 depicts a suspension unit for the X-aXis angle 
gyroscope illustrated in FIG. 5. 

FIG. 7 is a block diagram showing details of a control 
module according to one implementation. 

FIG. 8 is a block diagram showing details of a quadrature 
control module according to one implementation. 

FIG. 9 is a block diagram showing details of an energy 
control module according to one implementation. 

DETAILED DESCRIPTION 

FIG. 1 depicts a gyroscope system 100. A gyroscope 101 
is coupled to a drive module 102 and a sense module 104. 
The gyroscope includes a proof mass 106 that is supported 
by a suspension such as ?eXures or springs 108. The 
suspension is isotropic (i.e., it has uniform stiffness in all 
directions in the plane of the gyroscope). The ?eXures are 
attached to a substrate 110 by anchors 112. 

The proof mass is driven into a linear oscillation by drive 
electrodes 114A,B under the control of the drive module. As 
the gyroscope system rotates about an aXis normal to the 
plane of the gyroscope, the aXis of oscillation of the proof 
mass precesses. Sense electrodes 116A,B detect the motion 
of the proof mass, and the precession of the proof mass is 
eXtracted by sense module 104. Control module 103 
receives information regarding the velocity and position of 
the proof mass from the sense module, and calculates the 
angle of rotation q) of the gyroscope. This is the angle of 
rotation of the object to which the gyroscope is attached. The 
control module also provides compensation signals to the 
drive module. 

FIG. 2 depicts a Z-aXis bulk micro-machined angle mea 
surement gyroscope 200. The gyroscope includes a proof 
mass 202 suspended on four mutually orthogonal equivalent 
?exures 204. The mass is designed in the form of two 
connected rigid rings: an inner ring and an outer ring. This 
form provides a symmetrically distributed mass with a large 
surface area to enhance capacitive drive and sense. Other 
proof mass forms can be used. 

Each of the ?exures is anchored to a substrate 206 by an 
anchor 208 located at the center of the rings. The ?eXures 
provide an isotropic suspension such that the proof mass can 
move in any direction in the plane of the substrate. In one 
implementation, the gyroscope is designed to oscillate with 
a natural frequency of 5 kHZ and with an amplitude of 2 
micrometers. 
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Each of the outer and inner rings of the proof mass is 

surrounded by four pairs of drive electrodes 210 and four 
pairs of sense electrodes 212. The drive electrodes cause the 
proof mass to oscillate in the plane of the substrate. Each 
pair of drive electrodes moves the proof mass along a drive 
aXis. The pairs of drive electrodes are arranged so that at 
least two of the drive aXes are mutually orthogonal. 

The sense electrodes sense the motion of the proof mass 
in the plane of the substrate. Each pair of sense electrodes 
senses the motion of the proof mass along a sense aXis. The 
pairs of sense electrodes are arranged so that at least two of 
the sense aXes are mutually orthogonal. The drive and sense 
aXes are separated by 45 degrees. This arrangement allows 
accurate measurement of the precession pattern. 

In another implementation, the outer and inner rings of the 
gyroscope are surrounded by 8 and 12 pairs, respectively, of 
drive and sense electrodes. The angle between outer ring 
electrodes is 45 degrees. In the inner ring electrodes each 
quadrant consists of a group of three electrodes positioned 
22.5 degrees apart. 

In other implementations, the electrodes need not be 
paired. Additionally, a single electrode can provide both 
drive and sense functions. 

In one implementation gyroscope 100 is fabricated 
according to a bulk micro-machining process. The gyro 
scope is etched out of a single crystal silicon. Other low 
dissipation single crystal materials can be used, for eXample 
quartZ or germanium. 
The effective thickness of the system can be in the 

100-micron range. This allows a thick proof mass and thick 
electrodes, thereby increasing the capacitive surface area of 
the gyroscope. 

FIG. 3 depicts an implementation of a Z-aXis surface 
micro-machined angle measurement gyroscope 300. Aproof 
mass 302 is coupled to a frame 304 by a suspension 306. The 
frame is anchored to a substrate 308 by four anchors 310. A 
plurality of combs are formed into the proof mass. Each 
proof mass comb has a plurality of comb teeth. 

The suspension is shaped to provide uniform stiffness, 
that is, isotropy of the suspension. The suspension includes 
?ve concentric rings connected with each other. The sus 
pension is attached to the frame at points that are as far as 
possible from the anchors. This reduces the stress concen 
tration in the anchor regions and minimiZes energy losses 
through the anchors to substrate. 

A plurality of sense electrodes 312A,B,C,D and differen 
tial drive electrodes 314A,B,C,D are formed into the sub 
strate. The drive electrodes initiate and sustain planar proof 
mass motion by coordinating control stimulus along two 
mutually orthogonal drive aXes. The sense electrodes detect 
proof mass motion along two mutually orthogonal sense 
aXes. The drive and sense aXes are separated by 45 degrees. 
This arrangement allows accurate measurement of the pre 
cession pattern. 
One or more combs are formed into each electrode. Each 

electrode comb has a plurality of comb teeth. The comb teeth 
of each electrode are adjacent to comb teeth of the proof 
mass. The large number of interleaved comb teeth provides 
a large capacitive surface area. 

A central drive electrode 316 is formed near the center of 
the gyroscope. The central drive electrode drives the system 
into resonance by applying signals with twice the natural 
frequency of the system. This provides a parametric eXci 
tation of the system and at the same time does not interfere 
with precession of the line of oscillation of the proof mass. 
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Feedback control is used to detect quadrature errors and 
drive the differential electrodes to compensate for these 
errors. 

Gyroscope 300 employs tWo stage control. In the ?rst 
stage the system is driven into resonance until the desirable 
amplitude is reached. Then the control is sWitched to a 
feedback stage in Which the energy level of the system is 
kept constant and quadrature is driven to Zero. 

FIG. 4 depicts an implementation of a Z-aXis surface 
micro-machined angle measurement gyroscope 400. Aproof 
mass 402 is coupled to a frame 404 by an outer suspension 
406. The outer suspension includes one or more concentric 
rings attached betWeen the proof mass and the frame. 

The frame is anchored to a substrate 408 by four anchors 
410. A plurality of combs are formed into the proof mass. 
Each proof mass comb has a plurality of comb teeth. 
A plurality of sense electrodes 412A,B,C,D and drive 

electrodes 414A,B,C,D are formed into the substrate. The 
drive electrodes cause proof mass motion along tWo mutu 
ally orthogonal drive aXes. The sense electrodes detect proof 
mass motion along tWo mutually orthogonal sense aXes. The 
drive and sense aXes are separated by 45 degrees. This 
arrangement alloWs accurate measurement of the precession 
pattern. 

One or more combs are formed into each electrode. Each 
electrode comb has a plurality of comb teeth. The comb teeth 
of each electrode are adjacent to comb teeth of the proof 
mass. The large number of interleaved comb teeth provide a 
large capacitive surface area. 
An inner suspension 416 is formed near the center of the 

gyroscope. The inner suspension includes one or more 
springs attached betWeen the proof mass and a central 
anchor 418. The central anchor is attached to the substrate. 
The use of both the inner serpentine suspension and the 
external ring suspension increases off-plane stiffness and 
provide uniform distribution of the proof-mass support. In 
one implementation, the devices described in this disclosure 
are being fabricated in Sandia National Lab’s integrated 
MEMS (iMEMS) technology. This technology provides the 
manufacturing base for integrating micromechanical devices 
With their controlling, sensing, and signal processing elec 
tronics on a single chip. Abrief description of the fabrication 
process is given here. Further details are Widely available. 

First, alignment marks are etched onto the surface of a 
Wafer in order to provide reference locations for subsequent 
processing. A shalloW trench is etched in (100 micrometer) 
silicon Wafers using an anisotropic etchant. The alignment 
marks from the top surface of the Wafer are used as refer 
ences to generate another set of alignment marks on the 
bottom surface of the trench. 

Asilicon nitride ?lm is deposited to form a dielectric layer 
on the buttom of the trench. Multiple layers of polysilicon 
and sacri?cial oXide are then deposited and patterned in a 
standard surface micromachining process. Polysilicon studs 
provide contact betWeen the micromechanical devices and 
the CMOS; the depth of the trench is siZed so that the top of 
the polysilicon stud lies just beloW the top of the trench. The 
shalloW trenches are then ?lled With a series of oXide 
depositions optimiZed to eliminate void formation in high 
aspect-ratio structures. The Wafer is subsequently planariZed 
With chemical-mechanical polishing (CMP). The entire 
structure is annealed to relieve stress in the structural 
polysilicon and sealed With a silicon nitride cap. At this 
point, conventional CMOS processing is performed. The 
backend of the process requires additional masks to open the 
nitride cap over the mechanical layer prior to release of the 
micromechanical structures. 
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In both gyroscope 300 and gyroscope 400 the drive and 

sense is done using only in-plane electrodes. The grounded 
layer of Poly 0 is placed under the structure for electric 
isolation. FIG. 5 depicts an implementation of an X-aXis 
surface micro-machined angle measurement gyroscope 500. 
Gyroscope 500 detects an angle of rotation about an aXis in 
the plane of the gyroscope. In the orientation shoWn in FIG. 
5, the gyroscope detects an angle of object rotation about the 
X-aXis. 
A proof mass 502 is suspended above a substrate 508 by 

an isotropic suspension including suspension units 506A,B, 
C,D such that the proof mass can move both in-plane and 
out-of-plane. Aplurality of combs are formed into the proof 
mass. Each proof mass comb has a plurality of comb teeth. 
A plurality of sense electrodes 512A,B, drive electrodes 

514A,B,C, and tuning electrodes 516A,B are formed into the 
substrate. Corresponding drive and sense electrodes driving 
and sensing motion along the Z-aXis are formed under the 
structure. This arrangement alloWs driving and sensing 
motion in the the y-Z plane. The drive electrodes are con 
?gured to cause the proof mass to oscillate in an oscillation 
plane. In the orientation shoWn in FIG. 5, the oscillation 
plane is the y-Z plane (that is, the plane perpendicular to the 
substrate and perpendicular to the aXis of sensitivity (the 
X-aXis)). The sense electrodes are con?gured to sense the 
motion of the proof mass in the oscillation plane. To 
accommodate drive and sense in the y-Z plane, electrodes are 
formed both in-plane and under the structure. 
The drive electrodes cause proof mass motion along tWo 

mutually orthogonal drive aXes. The sense electrodes detect 
proof mass motion along tWo mutually orthogonal sense 
aXes. One or more combs are formed into each electrode. 
Each electrode comb has a plurality of comb teeth. The 
comb teeth of each electrode are adjacent to comb teeth of 
the proof mass. The large number of interleaved comb teeth 
provide a large capacitive surface area. 

The drive and sense combs are located in the plane of the 
substrate and under the structure using a loWer interconnect 
layer. In one implementation, Poly 0 is used. In other 
implementations, other materials, such as Aluminum, are 
used. Drive and sense electrodes under the structure are 
electrically isolated from each other. The loWer electrodes 
are isolated from the substrate using loW stress nitride layer. 
The drive and sense electrodes are differential to alloW 
parallel plate drive and differential sense. In case of the 
fabrication process described (Which is used for purposes of 
illustration only), the air-gap betWeen the structure and 
electrodes is chosen to be 2 micrometers (this is de?ned by 
the distance betWeen mechanical Poly 0 and the structure). 
In this particular process this parameter is de?ned by the 
thickness of the sacri?cial oXide layer. 

Gyroscope 500 employs tWo stage control. In the ?rst 
stage the system is driven into resonance by drive electrodes 
514A,B until the desired amplitude is reached. Then the 
control is sWitched to a feedback stage in Which the energy 
level of the system is kept constant and quadrature is driven 
to Zero. 

Tuning electrodes 516 are used to compensate for fre 
quency deviation from nominal values so that motion in 
plane and out of plane is of the same frequency. 

FIG. 6 depicts a suspension unit 600. The suspension unit 
has a ?eXible beam 602 disposed betWeen the proof mass 
and an anchor 604 attached to the substrate. The beam has 
a uniform square cross-section that provides stiffness isot 
ropy of the system. 
A ?eXible frame 606 is attached betWeen the beam and 

anchor 604. The anchor is attached to the substrate. The 
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beam is designed to provide a minimal stress concentration 
on anchor 604. The beam also acts as a passive stress-release 
mechanism. 
A suspension tuning electrode 608 is attached to the 

frame. An anchored electrode 610 is attached to the sub 
strate. When a bias voltage is applied betWeen the suspen 
sion tuning electrode and the anchored electrode a bias force 
is imposed on the beam. The voltage generates an electro 
static force Which deforms the frame and changes tension in 
the suspension. The bias force is used to tune frequency of 
the system (or to control frequency shift) by changing 
tension in the suspension. This mechanism provide a ten 
sion. 

In one implementation gyroscopes 300, 400 and 500 are 
fabricated according to a surface micro-machining process. 
The gyroscope is deposited in a 2-micron layer of a material 
such as silicon. The layer can be of any high Q single crystal 
material, for example quartZ or such as germanium. 

In one implementation of gyroscopes 300, 400, and 500, 
a transresistance ampli?er is fabricated on the same chip as 
the gyroscope to amplify the sense signals before they leave 
the chip. 

The angle measurement process is noW described for a 
Z-axis gyroscope. This process is easily extended to the 
x-axis case, as Will be apparent to one skilled in the relevant 
art. 

Acartesian coordinate system is de?ned for the gyroscope 
such that the Z-axis is normal to the substrate and Z-axis 
values increase in the direction of the proof mass from the 
substrate. The drive electrodes drive the proof-mass to a 
?xed amplitude linear oscillation along the x-axis. The 
initial line of oscillation de?nes an angle of rotation (1)-0. 
The sense electrodes detect the motion of the proofmass. 
The sense module determines the position (x,y) and velocity 

of the proof mass in the x-y plane. The angle of rotation 
of the gyroscope q) is given by 

2(wixy +xy) (1) 

Where (on is fundamental frequency of oscillation of the 
proof mass. 

The gyroscope control module performs four basic tasks: 
(1) initiates oscillations until the appropriate energy level is 
reached; (2) maintains the reached energy level; (3) com 
pensates for quadrature deviation from the reference straight 
line of oscillations; and (4) senses displacements and veloci 
ties in a pair of orthogonal directions. 
An ideal gyroscope oscillates along a straight line. The 

Coriolis force causes the precession of this straight line. The 
precession is detected and information about the angle or 
angular rate is extracted. HoWever, imperfections in the 
gyroscope, such as misalignment of the drive forces and 
anisoelasticity can cause ellipticity of the nominal straight 
line motion. Ellipticity of the gyroscope trajectory is unde 
sirable because it directly enters into the measurements. As 
a general rule, Zero ellipticity is desirable to achieve. A 
measure of this ellipticity is referred to as “quadrature” P. As 
an example, consider a control system for the Z-axis gyro 
scope. In this case, the “quadrature” P is given by 

(2) 

The controller Which Will not interfere With the Coriolis 
force, While compensating for the quadrature, is given by: 

(3) quadr 
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Where Y1 is a constant gain, P is quadrature de?ned by 
equation (2), ST is a skeW-symmetric matrix, q=(x,y) is a 
displacement vector. Notice, if quadrature error is Zero 
(P=0), the control (3) is also Zero. Therefore the control Will 
have no effect on an ideal system. 
A second component of the control system maintains 

constant overall energy of the system so that damping and 
other dissipative effects are compensated. The deviation of 
the actual energy level of the system from the nominal is 
given by 

m5 (x2 + yz) + (x2 + yz) (4) 

Where EO denotes the nominal energy of the system normal 
iZed With respect to the effective mass. The compensating 
controller, Which Will not interfere With the Coriolis force 
and Will force the system to maintain the nominal energy 
level, is given by: 

F (5) EnErgy=_Y2'AE'q 

Where Y2 is a constant gain that is selected to provide 
stability of the overall system according to Well-knoWn 
methods. This control force is proportional to the velocity 
and acts to cancel out the damping effects. 
An additional control can be used to match the funda 

mental frequency of the system, the average frequency is 
driven to the nominal frequency Au) by: 

(6) 

Where 00x is a natural frequency of the equivalent systems 
along the x-axis and my is a natural frequency along the 
y-axis. The compensating controller is given by: 

(7) 

Where Y3 is a constant gain selected to stabiliZe the overall 
control system according to Well-knoWn methods. 

All three of the above controls compensate for manufac 
turing defects and electrostatic interferences. The distin 
guishing feature of these controls is that they do not interfere 
With the measured Coriolis signal While performing the 
assigned tasks. 

FIG. 7 is a block diagram shoWing details of a control 
module according to one implementation. The control mod 
ule includes a quadrature control module 702 to compensate 
for quadrature, and an energy control module 704 to com 
pensate for energy losses. Each module receives the position 
(x,y) and velocity of the proof mass from the sense 
module. Each module provides a pair of outputs: one for the 
x-axis and one for the y-axis, in the case of a Z-axis 
gyroscope. The outputs for each axis are summed and fed to 
the drive module. 

Quadrature control module 702 provides x-axis quadra 
ture output Fxq and y-axis quadrature output Fyq. Energy 
control module 704 provides x-axis energy output and y-axis 
energy output Eye. Summer 706A adds x-axis outputs Fxq 
and PM to produce output Fx, Which is provided to the drive 
module. Summer 706B adds y-axis outputs FM and Eye to 
produce output Fy, Which is provided to the drive module. 

FIG. 8 is a block diagram shoWing details of a quadrature 
control module according to one implementation. A multi 
plier 802A multiplies x and y. A multiplier 802B multiplies 
x and A summer 804A takes the difference to produce a 
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quadrature signal that is fed to a loW-pass ?lter 806. The 
?ltered quadrature signal is passed through a stabilization 
loop including constants K1 and K2, integrator 808, and 
summer 804B. The output of the loop is passed through a 
skeW-symmetric projection to produce tWo signals. A mul 
tiplier 810A multiplies the loop output by X to produce 
X-aXis quadrature output Fxq. A multiplier 810B multiplies 
the loop output by y to produce y-aXis quadrature output Fyq. 

FIG. 9 is a block diagram shoWing details of an energy 
control module according to one implementation. Multipli 
ers 902A,B,C,D square each of X, y, X, y, respectively. A 
summer 904A adds X2 and y2. The result is multiplied by (n2 
at 905. The result is fed to summer 904C. A summer 904B 

adds X2 and y2. The result is fed to summer 904C. A summer 
904D takes the difference betWeen the output of summer 
904C and E0. The result is fed to a loW-pass ?lter 906. The 
?ltered quadrature signal is passed through a stabilization 
loop including constants K3 and K4, integrator 908 and 
summer 904E. The output of the loop is passed through a 
skeW-symmetric projection to produce tWo signals. A mul 
tiplier 910A multiplies the loop output by X to produce 
X-aXis energy output Fxe. A multiplier 910B multiplies the 
loop output by y to produce y-aXis energy output Fye. 

While various implementations of the present invention 
have been described above, it should be understood that they 
have been presented by Way of eXample, and not limitation. 
It Will be apparent to persons skilled in the relevant art that 
various changes in form and detail can be placed therein 
Without departing from the spirit and scope of the invention. 
Thus the present invention should not be limited by any of 
the above-described eXample implementations, but should 
be de?ned only in accordance With the folloWing claims and 
their equivalents. 
What is claimed is: 
1. Amicro-machined angle measurement gyroscope com 

prising: 
a substrate; 
a proof mass coupled to the substrate by an isotropic 

suspension such that the proof mass can move in any 
direction in the plane of the substrate; 

a plurality of drive electrodes con?gured to cause the 
proof mass to oscillate in the plane of the substrate; and 

a plurality of sense electrodes con?gured to sense the 
motion of the proof mass in the plane of the substrate. 

2. The gyroscope of claim 1, Wherein each drive electrode 
moves the proof mass along a drive aXis, and at least tWo of 
the drive aXes are mutually orthogonal. 

3. The gyroscope of claim 2, Wherein each sense electrode 
senses the motion of the proof mass along a sense aXis, and 
at least tWo of the sense aXes are mutually orthogonal. 

4. The gyroscope of claim 3, Wherein the proof mass 
comprises a rigid ring. 

5. The gyroscope of claim 4, Wherein the proof mass 
comprises one or more concentric rings. 

6. The gyroscope of claim 4, Wherein the substrate has an 
anchor at the center of the ring, and the ring is connected to 
the anchor by one or more ?eXures. 

7. The gyroscope of claim 6, Wherein each drive and sense 
electrode includes an inner electrode located inside the ring 
and an outer electrode located outside the ring. 

8. The gyroscope of claim 3, Wherein 
each drive and sense electrode includes a plurality of 
comb teeth; 

the proof mass includes a plurality of comb teeth; and 
the comb teeth of the drive and sense electrodes and the 

proof mass are adjacent. 
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9. The gyroscope of claim 1 Wherein the suspension 

comprises a ring attached betWeen the proof mass and the 
substrate. 

10. The gyroscope of claim 9, Wherein the substrate has 
an anchor at the center of the ring, and the suspension further 
comprises one or more ?eXures connected betWeen the proof 
mass and the anchor. 

11. The gyroscope of claim 1 Wherein the suspension 
comprises a plurality of concentric rings attached betWeen 
the proof mass and the substrate. 

12. The gyroscope of claim 11, further comprising one or 
more central drive electrodes located near the center of the 
rings. 

13. The gyroscope of claim 1, Wherein the proof mass, 
drive and sense electrodes, suspension and substrate are 
micro-machined from a single crystal of material. 

14. The gyroscope of claim 13, Wherein the material is 
silicon. 

15. A micro-machined angle measurement gyroscope 
comprising: 

a substrate; 
a proof mass suspended above the substrate by an isotro 

pic suspension such that the proof mass can move in 
any direction in an oscillation plane normal to the 
substrate; 

a plurality of drive electrodes con?gured to cause the 
proof mass to oscillate in the oscillation plane; and 

a plurality of sense electrodes con?gured to sense the 
motion of the proof mass in the oscillation plane. 

16. The gyroscope of claim 15, Wherein each drive 
electrode moves the proof mass along a drive aXis, and the 
drive aXes of a pair of the drive electrodes are mutually 
orthogonal. 

17. The gyroscope of claim 16, Wherein each sense 
electrode senses the motion of the proof mass along a sense 
aXis, and the sense aXes of a pair of the sense electrodes are 
mutually orthogonal. 

18. The gyroscope of claim 17, Wherein 
each drive and sense electrode includes a plurality of 
comb teeth; 

the proof mass includes a plurality of comb teeth; and 
the comb teeth of the drive and sense electrodes and the 

proof mass are adjacent. 
19. The gyroscope of claim 15, Wherein the suspension 

comprises one or more suspension units each having a 
?eXible beam disposed betWeen the proof mass and an 
anchor attached to the substrate. 

20. The gyroscope of claim 19, Wherein each suspension 
unit further comprises: 

a ?eXible frame attached betWeen the beam and the 

anchor; 
a suspension tuning electrode attached to the frame; and 
an anchored electrode attached to the substrate; Wherein 
a bias voltage betWeen the suspension tuning electrode 

and the anchored electrode imposes a bias force on the 
beam. 

21. The gyroscope of claim, 15 Wherein the proof mass, 
electrodes, suspension and substrate are micro-machined 
from a single block of material. 

22. The gyroscope of claim 21, Wherein the material is 
silicon. 

23. The gyroscope of claim 22, further comprising one or 
more tuning electrodes con?gured to adjust the frequency of 
oscillation of the proof mass. 

* * * * * 


