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MICROMACHINED DOUBLE RESONATOR

REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/138,1006, filed Jun. 7, 1999, the contents
of which are incorporated herein by reference.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 U.S.C. 202) in which
the Contractor has elected to retain title.

FIELD OF THE INVENTION

The invention relates to systems for isolating resonating
structures, and more particularly to a system for isolating a
micromachined resonator.

BACKGROUND OF THE INVENTION

Micromachined resonators are useful for creating light,
compact, inexpensive, and durable inertial measurement
systems, such as gyroscopes and accelerometers. Microma-
chined resonators are also finding broader application in
other equipment dependent on a sustainable vibration rate,
such as clocks. Because of their small size and light weight,
micromachined resonators are particularly suitable for aero-
space and outer space applications and it is anticipated that
the use of micromachined resonators will expand.

As with other real world oscillating systems, microma-
chined resonators invariably experience some energy loss
due to damping. For purposes of analysis, designers of
micromachined resonators have traditionally assumed that
the proof mass (m,) of an instrument was connected by a
spring (k,) to a fixed, infinite mass, as shown schematically
in FIG. 8A. A peripheral frame of the resonator, attached to
a larger base was considered to be fixed because the base
was attached to a much larger mass. The equation of motion
for a system in which a mass is connected through a spring
to an infinite mass is:

g+ k=D el @

where m, is the mass, v, is the damping factor, and k; is
the spring constant. When solved for the Q (quality)
factor of the system, the above equation yields the
following solution:

@

Applicants realized upon experimentation, however, that
the Q they measured did not correspond to that predicted by
the above equation, indicating that the vibratory system was
not as simple as previously thought. Although the frame was
rigidly attached to the base, the connection between the base
and the much larger mass was not entirely rigid. Thus, the
proper model was not that of a single oscillating mass, but
rather two separate masses and two springs as illustrated in
FIG. 8B. The behavior of such a system is expressed as two
simultaneous equations of motion, as follows:

O=my /Y

myy+ky (x-x,)=D e’ and

©)

IRty (= JHRX Y =D € ©

where m, is the proof mass, m, is the combined mass of
the peripheral frame and the base, k; is the spring
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constant of the spring system connecting the proof
mass to the base, and k, is constant of the spring-like
system connecting the base to the fixed mass. When
solved, the above two equations yield:

©)

0= (ky — my®) +y30?

Qyymmw?

Thus, traditional methods of mounting the base of a
resonator to a fixed mass, such as by glue or solder, behave
like a relatively stiff (high k,) “second spring,” leading to a
low Q factor. More importantly, the characteristics of this
effective spring cannot be accurately controlled, precluding
optimization of system parameters to maximize the Q factor
of the resonator. As shown in the solid-line curve of FIG. 9.,
which is a plot of Q vs. y, for a typical two mass system, Q
can be as low as 290, depending on the value of v,.

Additionally, prior art systems are vulnerable to vibration
and temperature fluctuations, due largely to the nature of the
connection between the base and the fixed mass to which it
is mounted. Temperature changes, due to conduction across
this connection can cause the micromachined semiconductor
resonator to alter its shape and thus decrease the accuracy of
the device.

SUMMARY OF THE INVENTION

The resonator of the invention addresses these problems
by mounting the base to the fixed mass using a third spring
system and thus mounting the base to the fixed mass through
a relatively compliant isolation spring system of low spring
constant (k,) and low damping (y,). This results in an
effective three-mass system illustrated schematically in FIG.
8C, where the relatively stiff connection (k,y,) to the fixed
mass is isolated from the motion of the resonator by the
isolation spring system. The effect of the stiff mounting to
the fixed mass is therefore minimized, greatly increasing the
Q of the resonant system. The isolation spring system also
enhances controllability of the Q through system design
because the dominant spring characteristics, which are those
of the first and second spring systems, can be accurately
controlled.

Thus, a micromachined resonator constructed according
to one embodiment of the invention includes a proof mass
suspended by a first spring structure. The first spring struc-
ture is attached to a base structure which has a plurality of
electrodes. The base structure is coupled to an external
support structure by a second spring system that serves as a
spring isolation system.

In one embodiment of the invention, the second spring
structure includes at least one micromachined spring,
although in alternative embodiments, a membrane can be
substituted for the at least one micromachined spring. The
number of micromachined springs and the attachment points
of each micromachined spring is variable to control the
rigidity, damping and balance of the isolation system. In an
embodiment of the invention, the second spring structure
contains two micromachined springs positioned on opposing
locations of the base structure that couple the base structure
to the external support structure.

In an alternative embodiment of the invention, the base
structure has a rectangular frame, and the second spring
structure has two micromachined springs coupling adjacent
sides of the base structure to the external support structure.
In another alternative embodiment of the invention, the base
structure is a rectangular frame and the second spring
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structure has at least four micromachined springs coupling
each of the four sides of the base structure to the external
support structure. In yet another alternative embodiment of
the invention, the second spring structure has one microma-
chined spring coupling the base structure to the external
support structure.

Additionally, there may be two or more micromachined
spring elements in parallel coupling a point on the base
structure to a point on the external support structure. In one
embodiment of the invention, the second spring structure
comprises four sets of two micromachined spring elements
substantially parallel to each other coupling the base struc-
ture to the external support structure. In an alternative
embodiment, the second spring structure comprises four sets
of four micromachined spring elements substantially paral-
lel to each other coupling the base structure to the external
support structure.

The length and shape of the each micromachined spring
is variable to control the rigidity and damping of the
isolation system. In one embodiment, the base structure is
rectangular, and the second spring structure comprises four
micromachined springs. Each micromachined spring is posi-
tioned from a corner of the base structure, around three sides
of the base structure, to the external support structure.

The resonator with the spring isolation system can be used
in many types of inertial measurement systems, such as
gyroscopes and accelerometers. In one embodiment of the
present invention, the base structure has drive circuitry for
exciting a mode of the proof mass having a mode shape, bias
circuitry for supplying a voltage to modify the mode shape,
sensing circuitry for measuring acceleration by detecting a
change of the mode shape of the proof mass; and output
circuitry for outputting a signal indicating the acceleration.
In an alternative embodiment, the base structure has sensing
circuitry for measuring rotation by detecting a change of the
mode shape of the proof mass; and output circuitry for
outputting a signal indicating the rotation. In one embodi-
ment of the invention, the supply of electricity to the
circuitry in the base structure takes place through lead wires
coupled to at least one micromachined spring of the second
spring structure.

In an additional embodiment of the present invention,
there is at least one additional structure coupled to the base
structure, the second spring system coupling the at least one
additional structure to the external support structure. In yet
another additional embodiment, the second base is coupled
by the second spring system to a third base. The third base
is coupled to the external support structure by a third spring
system functioning as an additional spring isolation system

A more complete understanding of the present invention
can be obtained from the following detailed description and
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top plan view of a resonator having a spring
isolation system according to an embodiment of the present
invention.

FIG. 2 is a top plan view of a resonator having a spring
isolation system according to an alternative embodiment of
the present invention.

FIG. 3 is a somewhat diagrammatic perspective view of
a resonator having a spring isolation system according to
another embodiment of the present invention.

FIG. 4 is a diagrammatic perspective view of a resonator
having a spring isolation system according to yet another
embodiment of the present invention.
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FIG. 5 is a top plan view of a resonator having a spring
isolation system according to a further embodiment of the
present invention.

FIG. 6 is a top plan view of a resonator having a spring
isolation system according to a still further embodiment of
the present invention.

FIG. 7 is a schematic top plan view of a resonator having
a spring isolation system according to a still further embodi-
ment of the present invention.

FIG. 8A is a schematic representation of a resonator in
which a single movable mass is coupled to a fixed mass by
a spring structure;

FIG. 8B is a schematic representation of a resonator in
which a first movable mass is coupled to a second movable
mass by a spring structure, and the second movable mass is
coupled to a fixed mass by a second spring structure;

FIG. 8C is a schematic representation of a resonator in
which a first movable mass is coupled to a second movable
mass by a spring structure, and the second movable mass is
coupled to a third movable mass by a second spring
structure, and the third movable mass is coupled to a fixed
mass by a third spring structure.

FIG. 9 is a graph comparing the Q values of resonators
both with and without a spring isolation system according to
the invention.

DETAILED DESCRIPTION

Although detailed illustrative embodiments are disclosed,
other suitable structures and machines for practicing the
invention may be employed and will be apparent to persons
of ordinary skill in the art. Consequently, specific structural
and functional details disclosed herein are representative
only; they merely describe exemplary embodiments of the
invention.

In one embodiment of the present invention, as shown in
FIG. 1, the system has a proof mass 10 supported by springs
12 connected to a rim 14. The rim 14 is attached to a base
plate 16 by a post 18. The base plate 16, in turn, is attached
to an anchoring base 20 by an isolation system 22, and the
anchoring base 20 is anchored, by adhesive solder or other
suitable means, to a fixed external support structure 24. The
spring isolation system 22 of FIG. 1 has four separate spring
elements 26 respectively connected to four sides of the base
place 16, and formed integrally therewith.

The structure of FIG. 2 can be modeled by a system of
three movable masses (m;, m,, m;) connected together
serially by three springs (k,, k., k3) with one of the springs
disposed between the final mass (mj3) in the series and the
fixed mass, as depicted in FIG. 8C. The equations of motion
for the modeled system are therefore as follows:

my# +y (x—x)=D e/ (6)

Mtk (=x )+ (x,-x5)=—D €/ @)
and

Mgtk (x3—x5)+s (x5)+Y503=0 8

where m, is the proof mass 10, m, is the mass of the rim
14 and the base plate 16, my is the mass of the
anchoring base 20, k, is the spring constant of the
springs 12 between the proof mass 10 and the rim 14,
k, is the spring constant of the isolation system 22
between the base plate 16 and the anchoring base 20,
and k; is the spring constant of the material used to
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anchor the base to the fixed external support structure
24. When solved, these above equations (6-8) yield the
following expression for the Q factor of the system of
FIG. 1.

2w4k2m§(k3 —wPms) + wzkgmz(—2k3 + W (my +2m3)) +

(ka = wzmz)z((ks —wimy) & @*y3)

2w kgmyys

This expression for the Q factor of a resonator of the
present invention is illustrated graphically in FIG. 9 as a
curve 82, depicted as a dashed line. The curve 82 is plotted
assuming the following typical values for the frequency,
relative masses and spring constants of the three-mass
system when the resonator is used as a gyroscope:

w=3000*27 (the frequency of oscillation is 3 kHz)

m,=0.0001

m,=0.01

m5;=0.1

k,=m,®>

k,=m,(0.1 w)? for the 3-mass system (vibration isolation

springs are soft)

k;=m;(10 w)> for the 3-mass system (the mounting is

relatively stiff)

Also illustrated in FIG. 9, for purposes of comparison, is
a solid curve 80 representing the Q-factor of the two-mass
system of FIG. 8B. Similar values were used in plotting the
curve 80, except the spring constant K, was assumed to be
equal to m,(10w)* because the mounting was assumed to be
relatively stiff, as was the third spring mounting (k) of the
three-mass system.

In both cases, the Q’s are plotted vs. the damping or loss
factor (y) inherent in the mounting method. The precise loss
factor is very difficult to control, but it is assumed that the
actual Q’s will be close to the minimums of the curves, i.e.,
a few hundred for the two-mass system (curve 80) and a few
hundred million for the three-mass system (curve 82).

Comparing the curves 80 and 82, it can be seen that the
isolation system 22 between the base plate 16 and the
anchoring base 20 dramatically improves the Q-factor of a
resonator over prior systems in which springs supporting a
proof mass are soldered, adhered, or otherwise firmly affixed
to a stationary external supporting structure. Taking the
minimum values as a worse-case scenario, the Q-factor of
the illustrated resonator is higher than the Q-factor of a
resonator of the prior design by a factor of 10°.

Thus, the present invention provides a way to isolate a
resonator by incorporating an additional spring system
whose parameters can be controlled to enhance the resonant
characteristics of the larger system. This effectively isolates
the vibrating proof mass 10 from the solder, glue, or other
substance used to attach the resonator to the external support
structure, thereby reducing the damping effect of the attach-
ing substance. The result is a substantially higher Q-factor
and a corresponding increase in the sensitivity of the instru-
ment of which the resonator is a part.

One use of the resonator of the present invention is in a
gyroscope, accelerometer or other form of sensor, as
explained in U.S. Pat. No. 5,894,090, titled “Silicon Bulk
Micromachined, Symmetric, Degenerate Vibratory
Gyroscope, Accelerometer And Sensor And Method For
Using Same”, and U.S. patent application Ser. No.
09/502403, entitled “Inertial Sensor And Method Of Use”,
the contents of which are hereby incorporated by reference
in their entirety. Inertial sensors of this type typically have
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6

a resonating element in the form of a proof mass suspended
from a rim by spring structures constructed to have a given
vibrational mode. Drive circuitry rocks the proof mass about
a rocking axis which passes through its defined center, and
bias circuitry supplies a voltage to modify the mode shape.
Sensing circuitry measures acceleration and/or rotation by
detecting changes of the mode shape of the vibrating proof
mass. Output circuitry generates a signal indicating accel-
eration on a specific degree of rotation.

Other resonating structures, both symmetrical and non-
symmetrical, can be substituted for the proof mass structure
of FIG. 1. Also, the proof mass 10, the springs 12 and the rim
14 of the resonator of FIG. 2 can all be made of a monolithic,
micromachined body of crystalline silicon or other suitable
material. In addition, the base plate 16, the isolation spring
system 22, and the anchoring base 20, can all be formed
from a single, monolithic body of crystalline silicon, quartz,
or other suitable material, utilizing any of a variety of
well-known patterning techniques. By way of example, but
not limitation, such techniques include plasma etching,
reactive ion etching, wet etching and laser processing.
Alternatively, any of the listed bodies can be fabricated from
a plurality of discrete components joined together to have
the desired vibrational and conductive characteristics. In any
case, the base plate 16, the isolation spring system 22 and the
anchoring base 20 typically include metallized surface
regions providing paths for electrical signals passing
between the base plate and the anchoring base to drive the
proof mass and convey sensed information.

Many alternative embodiments of the resonator are envi-
sioned with different configurations of the spring isolation
system of the present invention, a few of which will now be
discussed. As described above, FIG. 1 illustrates a spring
isolation system 22 having four unitary springs 26, each of
which originates in the middle of one side of the square base
plate 16. Each spring has a pair of principal legs 28
extending substantially parallel to the adjoining sides of the
base plate 16.

An alternative embodiment, shown in FIG. 2, is similar to
the embodiment of FIG. 1 but has two separate spring
elements, 30 and 32, which are parallel to each other, in
place of such spring element 26 of FIG. 1. Also shown in
FIG. 2 are clectrical leads 34, similar to the leads described
in conjunction with FIG. 1, on top of 30 and 32, and parallel
to them.

Another alternative embodiment, illustrated in FIG. 3, is
also similar to the embodiment of FIG. 1 but has four
parallel spring elements, 36—42, in place of each spring
element 26 of FIG. 1. Each set of four parallel spring
elements has one 90 degree bend and is attached to a
projection 44 at the center of one side of the base plate 16.

FIG. 4 shows only a series of spring elements 50, 52, 54
and 56 of an additional embodiment of the present invention.
These four spring elements are nested with each other and
extend from first ends 58 that connect to respective corners
of the base plate 16 of a resonator (not shown), and a second
end 60 that connects to a corner of the anchoring base 20
(not shown). Each spring element attaches to the base plate
16, extends parallel to three sides of the base plate 16, and
then attaches to the anchoring base 20. This configuration
provides four separate isolation springs, but is also relatively
compact.

FIG. 5 illustrates an embodiment of the resonator of the
invention having only two spring elements 22 in the spring
isolation system. The two spring elements 22 are identical to
the corresponding elements of the embodiment of FIG. 1,
and attach to opposite sides of the resonator base plate 16.
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FIG. 6 depicts a somewhat different embodiment having
a single spring element 62 extending directly from the
middle of one side of the square base plate 16 to the middle
of the closest side of the square anchoring base 20.

FIG. 7 shows yet another embodiment of the invention
having a single spring element 64 connected to the base plate
16 of a resonator. A first end 66 of the spring element is
connected to the center of one side of the square base plate
16. From the end 66, the spring element extends entirely
around the outside of the base plate 16, remaining parallel to
the sides of the base plate, and joins the anchoring base 20
at a side of the anchoring base corresponding to the side of
the base plate 16 to which the spring element 64 is attached.

In a further embodiment, the spring element(s) between
the base plate 16 and the anchoring base 20 may be a
semi-continuous membrane. Additionally, the spring ele-
ment may consist of both passive micromachined elements
and active controls having electrical components that vary
the amount of damping in response to the sensed behavior of
the resonator. In an additional embodiment, the anchoring
base 20 can be connected to one or more additional bases
and the spring isolation system can be connected to the one
or more additional bases. In another embodiment, the spring
isolation system may connect to an external mass, and that
external mass may have one or more additional spring
isolation systems attaching the anchoring base 20 to another
external mass. In such cases, the presence of a spring
isolation system attached to the base causes any uncontrol-
lable changes in the damping of the external mass coupling,
caused by glue or solder for example, to be lower than it
otherwise would be.

The shape and composition of the spring elements 22 are
also variable to control the rigidity and damping of the
isolation system. The locations of attachment to the base
plate 16 and the anchoring base 20 are also variable to alter
rigidity and balance. The preceding description has been
presented with reference to the presently preferred embodi-
ments of the invention shown in the drawings. Workers
skilled in the art and technology to which this invention
pertains will appreciate that alteration and changes in the
described processes and structures can be practiced without
departing from the spirit, principles and scope of this inven-
tion. The scope of the invention is to be determined by the
claims supported by this application and their equivalents,
rather than the foregoing description.

What is claimed is:

1. A micromachined resonator mountable to an external
support structure comprising:

a proof mass suspended by a first spring structure;

a base structure to which the proof mass is coupled, the

base structure including a plurality of electrodes; and

a second spring structure coupling the base structure to

the external support structure.

2. A micromachined resonator according to claim 1
wherein the second spring structure comprises a microma-
chined spring.

3. A micromachined resonator according to claim 1
wherein:

the base structure comprises a rectangular frame; and

the second spring structure comprises two micromachined
springs coupling opposite sides of the base structure to
the external support structure.
4. A micromachined resonator according to claim 1
wherein:
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the base structure comprises a rectangular frame; and

the second spring structure comprises two micromachined
springs coupling adjacent sides of the base structure to
the external support structure.
5. A micromachined resonator according to claim 1
wherein:

the base structure comprises a rectangular frame; and

the second spring structure comprises at least four micro-
machined springs coupling each of the four sides of the
base structure to an external support structure.
6. A micromachined resonator according to claim 1
wherein:

the base structure comprises a rectangular frame;

the second spring structure comprises one micromachined
spring coupling the center of one side of the base
structure to the external support structure.
7. A micromachined resonator according to claim 1
wherein:

the second spring structure comprises at least one spring
element set having at least two micromachined spring
elements substantially parallel to each other coupling
the base structure to the external support structure.

8. A micromachined resonator according to claim 2 fur-
ther comprising electric lead wires coupled to the microma-
chined spring of the second spring structure.

9. A micromachined resonator according to claim 1
wherein:

the base structure comprises a rectangular frame;

the second spring structure comprises four microma-
chined springs wherein:
each spring structure is coupled at a first end to a corner
of the base structure; and
each spring is positioned around three sides of the base
structure; and
each spring is coupled at a second end to the external
support structure.
10. A micromachined resonator according to claim 1
wherein the second spring structure comprises a membrane.
11. A micromachined resonator according to claim 1
wherein the plurality of electrodes comprises:
drive circuitry for exciting a mode of the proof mass
having a mode shape;
bias circuitry for supplying a voltage to modify the mode
shape;
sensing circuitry for measuring acceleration by detecting
a change of the mode shape of the proof mass; and
output circuitry for outputting a signal indicating the
acceleration.
12. A micromachined resonator according to claim 1
wherein the plurality of electrodes comprises:
drive circuitry for exciting a mode of the proof mass
having a mode shape;
bias circuitry for supplying a voltage to modify the mode
shape;
sensing circuitry for measuring rotation by detecting a
change of the mode shape of the proof mass; and
output circuitry for outputting a signal indicating the
rotation.



