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FIG. 3B
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REENTRANT MICROWAVE RESONANT
CAVITY ACCELEROMETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not Applicable

REFERENCE TO MICROFICHE APPENDIX
Not Applicable

FIELD OF THE INVENTION

The present invention relates generally to accelerometers,
and more particularly to high precision accelerometers con-
structed with microwave resonant cavities.

BACKGROUND OF THE INVENTION

High precision accelerometers are used for various com-
mercial and military purposes, including aircraft navigation
and missile guidance. One type of high precision acceler-
ometer known in the art is the pendulous gyroscopic
accelerometer, which is based on a rebalance mechanism.
An unbalance is created, for example by adding a pendulous
mass along a spin axis. An input acceleration creates a
torque, which is counterbalanced by a torque in the opposite
direction resulting from the rotation of the gyroscope about
its input axis. The velocity of rotation of the gyroscope is
used to determine the acceleration being sensed by the
accelerometer. While the pendulous gyroscopic accelerom-
eter can meet the performance standards required in strategic
missile applications, it is an expensive and complex device,
and has a large number of parts that require extensive
precision machining and assembly time. The pendulous
gyroscopic accelerometer is therefore not mass-producible
as a small, inexpensive device adapted for commercial
applications, and is incompatible with micromachining tech-
nologies.

U.S. Pat. No. 5,351,541 discloses a microwave resonator
accelerometer which includes a structure defining a cylin-
drical microwave resonant cavity. The-microwave resonant
cavity is bounded at one end by a flexible member. The
flexible member supports a proof mass so that the proof
mass is moveable along a sensing axis. U.S. Pat. No.
5,292,569 discloses a flexible member for use in an accel-
erometer. An input acceleration force applied to the proof
mass causes a displacement of the proof mass and the
supporting flexible member along the sensing axis. The
displacement of the flexible member changes the dimensions
of the cavity, resulting in a change in the resonant frequency
of the cavity. The shift in resonant frequency is used to
determine the acceleration force applied to the proof mass.
The microwave resonator accelerometer disclosed in U.S.
Pat. No. 5,351,541 is simpler, more rugged and much less
expensive than prior art pendulous gyroscopic
accelerometers, while meeting a comparable standard of
performance.

The acceleration-based variance in the resonant frequen-
cies of the resonant cavities in U.S. Pat. No. 5,351,541 has,
however, a low sensitivity to the displacement of the proof
mass when applied to miniaturized proof masses, ie. a
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frequency shift is not readily detectable for small displace-
ments of miniaturized proof masses. Typically, miniaturized
proof masses are less than 1 cm?® in area.

Further, the microwave resonator accelerometer disclosed
in U.S. Pat. No. 5,351,541 does not lend itself to miniatur-
ization or micromachining in general, because of its cylin-
drical shape. Cylindrically shaped cavities have fairly large
sizes at a given frequency of operation, typically about one
half the wavelength of the microwave signal at the fre-
quency of operation. If miniaturization of the cylindrical
resonant cavity accelerometer is attempted, the resonant
frequencies of the cavity become too high for reliable
detection and processing, rendering such miniaturization
impracticable with currently available electronic instrumen-
tation.

It is therefore an object of the present invention to provide
a microwave resonant cavity accelerometer that has a sig-
nificantly improved sensitivity to an acceleration, as com-
pared to prior art microwave resonant cavity accelerometers.
It is another object of the present invention to provide a
microwave resonant cavity accelerometer that can be fabri-
cated using micromachining processes.

SUMMARY OF THE INVENTION

The present invention features an improved microwave
resonant cavity accelerometer that achieves an improvement
in sensitivity by a factor of about 100 over the prior art when
applied to miniaturized proof masses that typically are less
than 1 cm? in area. In overview, the accelerometer includes
(i) a reentrant microwave resonant cavity characterized by a
nominal resonant frequency and bounded in part by a proof
mass positioned along a sensing axis, (ii) a coupler for
coupling an electromagnetic signal into the cavity substan-
tially at the nominal resonant frequency of the cavity, and
(iii) means for detecting electromagnetic energy in the
cavity and determining a frequency of the detected energy.
A displacement of the proof mass along the sensing axis in
response to an acceleration force changes the dimensions of
the cavity so as to establish a resonant frequency for the
cavity that varies as a function of the acceleration force. The
shift in resonant frequency provides a measure of the
acceleration.

A microwave resonant cavity constructed according to the
present invention includes a rigid body member, a rigid end
member, and a flexible end member. The rigid body member
is open-ended and hollow, and is disposed about a central
void region. The body member extends along a sensing axis
from a first end to a second end, and includes an electrically
conductive inner wall that bounds in part the void region.
The rigid end member extends transverse to the sensing axis,
and extends from the body member across the void region at
the first end. The rigid end member includes an electrically
conductive rigid wall that bounds in part the void region.
The flexible end member extends transverse to the sensing
axis, and extends from the body member across the void
region at the second end. The flexible member includes an
electrically conductive flexible wall that bounds in part the
void region.

A proof mass is positioned along the sensing axis, and is
supported by the flexible wall. The proof mass has an
electrically conductive outer surface that bounds in part the
void region. The outer surface of the proof mass extends
from the flexible wall toward the rigid wall. A distal portion
of the outer surface of the proof mass establishes a capaci-
tive gap between the outer surface and the rigid wall. The
capacitive gap is relatively narrow in the direction of the
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sensing axis. An annular region of the flexible wall between
the proof mass and the body member establishes an induc-
tive gap between the annular region and the rigid wall. The
inductive gap is relatively large in the direction of the
sensing axis.

The central void region bounded by the outer surface of
the proof mass, the annular region of the flexible wall, and
by the walls of the body member and the rigid end member
forms a reentrant type resonant cavity that is characterized
by a resonant microwave frequency.

An accelerometer constructed according to the present
invention includes a reentrant type resonant cavity as
described above. In a preferred embodiment, the acceler-
ometer is a dual-cavity accelerometer that includes first and
second complementary reentrant microwave cavities, each
characterized by a nominal resonant frequency. A hollow,
rigid cavity housing encloses a central void region. The
cavity housing includes a plurality of electrically conductive
inner walls bounding the central void region. A flexible,
nominally planar member extends from an inner wall of the
housing across the void region to an opposite inner wall. A
proof mass is positioned along a sensing axis, and is
disposed on and supported by the flexible member, so that
the proof mass and the flexible member divide the central
void region into a first void region extending from a first side
of the flexible member and a second void region extending
from a second side of the flexible member. An outer surface
of the proof mass bounds in part the first and second void
regions.

First and second portions of the outer surface of the proof
mass establish first and second capacitive gaps between each
portion and an electrically conductive inner wall that is
disposed adjacent to and across from the portion. The
capacitive gaps are relatively narrow in a direction of the
sensing axis. An annular inductive gap surrounds each
capacitive gap. The inductive gaps are relatively wide in the
direction of the sensing axis.

The first and second void regions form first and second
complementary reentrant microwave resonant cavities, each
cavity being characterized by a nominal resonant microwave
frequency. Preferably, the first and second reentrant micro-
wave resonant cavities are tuned to the same nominal
resonant frequency. In one embodiment, the nominal reso-
nant frequencies of the first and second reentrant cavities are
less than about 3 GHz.

One or more couplers couples an electromagnetic signal
into each cavity, substantially at the nominal resonant fre-
quency of the cavity. In one embodiment, the couplers
include coaxial leads. Upon coupling of the electromagnetic
signal into the cavity, the electric field within the cavity is
substantially concentrated within the narrow capacitive gap,
whereas the magnetic field within the cavity is substantially
concentrated within the relatively wide inductive gap.

In response to an acceleration force along the sensing
axis, the proof mass differentially changes the dimensions of
each cavity, and establishes a resonant frequency for each
resonant cavity which varies as a function of the acceleration
force. The shift in resonant frequency is measured to deter-
mine the acceleration of the proof mass.

The accelerometer includes means for detecting electro-
magnetic energy in each cavity, and for determining the
frequency of the detected energy. The means for determining
the frequency of the detected energy includes means for
discriminating, in response to a reflected microwave signal
from the cavity, a frequency shift in the resonant frequency
of each cavity.
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In one embodiment, the means for determining the fre-
quency of the detected energy includes a phase locked loop
circuit. The phase locked loop circuit may include a signal
source that generates an input microwave signal substan-
tially at the nominal resonant frequency of the cavity.
Preferably, the signal source is a voltage-controlled signal
source whose frequency may be adjusted. The phase locked
loop circuit may also include a phase discriminant circuit
that discriminates a phase shift between the input microwave
signal and a microwave signal reflected from the resonant
cavity, and generates an indicator signal representative of the
phase shift. The phase locked loop circuit may also include
a feedback circuit that feeds the indicator signal back to the
signal source. Upon feedback of the indicator signal, the
signal source generates an output signal that varies in
frequency according to the displacement of the proof mass
induced by the acceleration force. The means for determin-
ing the frequency of the detected energy may also include a
frequency counter that counts a frequency of the frequency
varying output signal, and generates digital signals repre-
sentative of the acceleration of the proof mass.

The accelerometer of the present invention may be fab-
ricated using micromachining techniques. In one embodi-
ment of the present invention, a micromachined accelerom-
eter includes a miniaturized proof mass having a surface
area less than about 1 cm?. In one embodiment, an inner
radius of each cavity is less than about 0.50 cm, and an outer
radius of each cavity is less than about 1.0 cm. In one
embodiment, a micromachined accelerometer constructed
according to the present invention is monolithic, namely the
proof mass, the rebalance electrodes, and springs are etched
upon a single substrate. In one embodiment, the monolithic
accelerometer has an in-plane structure, namely the motion
of the proof mass has a displacement vector parallel to a
planar surface of the substrate.

In one embodiment, the resolution of the accelerometer of
the present invention is about 1.1x1077 g, in 1 Hz band-
width. The sensitivity of the accelerometer is about 1.3x1077
g/Hz. An improvement in sensitivity by a factor of about 100
is thereby achieved over the prior art, for miniaturized proof
masses.

The present invention also features a method for measur-
ing an acceleration induced by an acceleration force acting
on a proof mass. The method includes the step of providing
a reentrant microwave resonant cavity having a capacitive
narrow gap and an inductive wide gap surrounding the
capacitive gap, and having a nominal resonant frequency.
The method further includes the step of coupling a micro-
wave signal into the reentrant resonant cavity substantially
at the nominal resonant frequency. The method further
includes the step of inducing, in response to the acceleration
force, a displacement of a proof mass that changes the
dimensions of the reentrant resonant cavity. The method
further includes establishing a resonant frequency of the
reentrant resonant cavity which varies as a function of the
acceleration force. The method further includes measuring a
frequency shift in the resonant frequency to determine the
acceleration of the proof mass.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of an accelerometer
constructed according to the present invention.

FIG. 2 is a cross-sectional view of a reentrant microwave
resonant cavity constructed according to the present inven-
tion.

FIG. 3(a) is a plan view of a cylindrically symmetric
reentrant microwave resonant cavity, showing the electric
and magnetic field lines formed in the cavity.
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FIG. 3(b) is a plan view of a dual-cavity reentrant
microwave resonant cavity accelerometer constructed
according to the present invention.

FIG. 4 is a cross-sectional view of a dual-cavity acceler-
ometer that includes first and second complementary reen-
trant microwave resonant cavities.

FIG. § is a block diagram of one embodiment of a readout
electronic circuit for a reentrant cavity accelerometer con-
structed according to the present invention.

FIG. 6 is a block diagram of another embodiment of a
readout electronic circuit for a reentrant cavity accelerom-
eter constructed according to the present invention.

FIG. 7 is a table of typical device characteristics for one
embodiment of an accelerometer constructed according to
the present invention.

FIG. 8 is a cross-sectional view of a micromachined
dual-cavity accelerometer.

FIG. 9 is a cross-sectional view of a micromachined
accelerometer that has flexible elements that are shielded
from electromagnetic fields.

FIG. 10(a) illustrates a micromachined reentrant micro-
wave resonant cavity accelerometer having an in-plane
monolithic structure.

FIG. 10(b) is a perspective view of a proof-mass
assembly, springs, and electrodes etched on a single sub-
strate.

FIG. 10(c) is an exploded view of a 5-wafer stack
accelerometer having an in-plane structure.

DETAILED DESCRIPTION

FIG. 1 shows a schematic representation of a microwave
resonant cavity accelerometer 10 constructed according to
the present invention. In overview, the microwave resonant
cavity accelerometer 10 comprises a microwave resonant
cavity 12 characterized by a nominal resonant frequency. In
the illustrated preferred embodiment, the accelerometer 10
is a dual-cavity accelerometer, having first 12 and second 13
complementary resonant cavities within a cavity housing 16.
A proof mass 14 is positioned along a sensing axis 15, and
is supported by a flexible member 18 extending between an
inner wall 26 of the cavity housing 16 and an opposite inner
wall 26. Couplers 20 couple a microwave signal, typically in
the gigahertz range, into the cavities substantially at the
nominal resonant frequency of each cavity. The microwave
signal is applied to the cavities through one coupler 20 and
exits through a second coupler 20. In response to an accel-
eration force on the proof mass 14 in the direction of a
sensing axis 15, the proof mass 14 differentially changes the
dimensions of each cavity and thereby establishes a resonant
frequency for each cavity which varies as a function of the
acceleration force.

Each cavity is coupled through couplers 20 to a means 21
for detecting electromagnetic energy in each cavity and
determining the frequency of the detected energy. The
means for detecting electromagnetic energy may include
readout electronic circuits 21, which generate signals that
vary in frequency according to the displacement of the proof
mass 14 in response to the acceleration force along the
sensing axis 15. The signals may be digitized and sent to an
information processor 88.

To improve the sensitivity of the accelerator to the motion
of the proof mass 14, an accelerometer 10 according to the
present invention includes resonant cavities 12 and 13 that
are reentrant type resonant cavities, in contrast to prior art
microwave resonant cavity accelerometers which use reso-
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6

nant cavities having a simple cylindrical shape. As discussed
in the background section of the present application, accel-
erometers using simple cylindrical cavities exhibit a poor
sensitivity to the displacement of a miniaturized proof mass.
The use of reentrant resonant cavities 12 and 13 greatly
improves the sensitivity of the resonant frequencies to the
displacement of the proof mass, typically increasing the
resolution of the accelerometer by a factor of 100 for
miniaturized proof masses.

The efficiency and resolution of the accelerometer 10 is
determined by the sensitivity of the resonant frequencies of
the cavities 12 and 13 to the displacement of the proof mass
14 in response to the acceleration force. The proportional
change in resonant frequency in response to a small change
in volume (induced by a motion of the proof mass 14 in
response to the acceleration force) of the cavity is given by:

2 2 2 2 (69)]
Aw fAV(yH —eE7)dV . fAv(yH —eE)dV

w JwuH? +eEDay 4U

where

w=resonant frequency of the cavity;

H=magnetic field in the cavity;

E=electric field in the cavity;

V=volume of the cavity;

e=dielectric constant;

p=magnetic permeability; and

U=total electromagnetic energy within the cavity at any

given time.

In order to induce a large change in resonant frequency
from a small change in cavity volume (induced by a small
displacement of the proof mass), and thereby increase the
resolution and sensitivity of the accelerometer, the magni-
tude of equation (1) must be maximized. From equation (1),
it is seen that in order to maximize Aw/w, the motion of the
proof mass must sweep out a volume within which either the
electric field or the magnetic field, but not both, is very large.
Equation (1) shows that the change in resonant frequency is
negligible if the proof mass 14 sweeps out a volume in
which the electric and magnetic energy densities are
comparable, and that there is no change in resonant fre-
quency when the proof mass 14 sweeps out a volume in
which the electric and magnetic energy densities are equal.

As well known in the art, a reentrant resonant cavity
provides separate regions within the cavity in which either
the electric field or the magnetic field, but not both, is very
large. In a reentrant resonant cavity, one or more sections of
the conducting enclosure are directed inward, thereby con-
fining the electric and magnetic fields within the cavity to
well-defined regions. Typically a protruding portion is pro-
vided within a resonant cavity that is formed by an inner
conductor whose height is a little shorter than the height of
an outer conductor. The distribution of electric field density
of the microwave energy coupled into a reentrant cavity is
greatly increased at the vicinity of the protruding portion.
Reentrant resonant cavities typically contain a narrow gap
which is highly capacitive, and a surrounding wide gap
which is highly inductive. Upon coupling of electromagnetic
energy into a reentrant cavity, the electric field within the
cavity is substantially concentrated in the narrow gap
capacitive region, while the magnetic field within the cavity
is substantially concentrated in the wide gap inductive
region.

FIG. 2 is a cross-sectional view of a cylindrically sym-
metric reentrant resonant cavity 12, constructed according to



US 6,481,286 B1

7

the present invention. An open-ended, hollow, rigid body
member 22 is disposed about a central void region 23. The
body member 22 extends along a sensing axis 15 from a first
end 24 to a second end 25. The body member 22 includes an
electrically conductive inner wall 26 that bounds in part the
void region 23. Arigid end member 27 extends transverse to
the sensing axis 15 and from the body member 22 across the
void region 23 at the first end 24. The end member 27
includes an electrically conductive rigid wall 28 that bounds
in part the void region 23. A flexible end member 29 extends
transverse to the sensing axis 15, and extends from the body
member 22 at the second end 25 across the void region 23.
The flexible end member 29 includes an electrically con-
ductive flexible wall 30 that bounds in part the void region
23.

A proof mass 14 is positioned along the sensing axis 15
and is supported by the flexible wall 30 so as to allow a
displacement of the proof mass 14 along the sensing axis 15.
The proof mass 14 can be either solid or hollow. The proof
mass 14 has an electrically conductive outer surface 31 that
bounds in part the void region 23. The outer surface 31 of the
proof mass 14 extends from the flexible wall 30 toward the
rigid wall 28, whereby a distal portion of the outer surface
31 establishes a gap 36 that is relatively narrow in the
direction of the sensing axis 15, between the outer surface 31
and the rigid wall 28. An annular region of the flexible wall
30 between the proof mass 14 and the body member 22
establishes a gap 38 that is relatively wide in the direction of
the sensing axis 15, between the annular region and the rigid
wall 28.

The void, region 23 forms a reentrant resonant cavity 12,
characterized by a resonant microwave frequency. The reso-
nance frequency of the reentrant resonant cavity 12 can be
adjusted by varying the dimensions of the cavity, such as the
height of the narrow gap 36.

As known in the art, the narrow gap 36 formed between
the outer surface 31 of the proof mass 14 and the rigid wall
28 is highly capacitive, allowing for very large electric field
strengths to be achieved across the gap 36 when electro-
magnetic energy is coupled into the cavity through a coupler.
A high frequency electric field is concentrated within the
narrow gap 36 and is approximately uniform, so that most of
the capacitance which determines the resonant frequency of
the resonant cavity 12 is that of the narrow gap 36. The
annular wide gap 38 is highly inductive, so that the magnetic
field within the cavity is concentrated in the annular wide
gap 38 when electromagnetic energy is coupled into the
cavity. In the illustrated embodiment, the annular wide gap
has radial dimensions between r, and r,. The annular wide
gap 38 surrounds the capacitive narrow gap 36, forming an
inductive loop around the capacitive gap 36.

FIG. 3(a) is a plan view of a cylindrically symmetric
reentrant microwave resonant cavity 12, showing the elec-
tric 40 and magnetic 42 field lines that form in the cavity
when electromagnetic energy is coupled into the cavity. As
seen from FIG. 3(a), the magnetic field is perpendicular
everywhere to a plane passing through the sensing axis 15,
while the electric field lies in the plane and is directed
parallel to the axis 15. Lines of magnetic flux form circles
about the axis 15, while lines of electric flux are directed
from the outer surface of the proof mass toward an opposite
rigid wall (not showing) in FIG. 3(a). The electric field
outside the narrow gap 36 is negligible compared to the
electric field within the narrow gap 36, and tends to become
zero at the inner wall 26 of the body member situated away
from the narrow gap 36. The magnetic field is zero at the
center of the narrow gap 36, and increases from its value at
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the edge of the narrow gap 36 and reaches its maximum
value at the inner wall 26, as shown by the field lines in FIG.
3(a).

FIG. 3(b) is a plan view of an accelerometer constructed
according to the present invention. In the embodiment
shown in FIG. 3(b), the flexible element 18, as well as the
proof mass 14 and the reentrant resonant cavity, have a
circular cross-section. Driving 46 and sensing 48 electrodes
are shown to be coupled to the proof mass 14. The driving
electrodes 46 drive the electromagnetic resonances in the
reentrant microwave cavities. The sensing electrodes 48
sense the frequencies of the signals reflected from the proof
mass 14, ie. sense the new resonant frequencies of a
reentrant cavity after a motion of the proof mass 14 that
changes the configuration of the reentrant cavity.

FIG. 4 presents a cross-sectional view of a preferred
embodiment of the present invention, namely a dual-cavity
accelerometer 10 that includes first 12 and second 13
complementary resonant cavities. Also shown are the elec-
tric 40 and magnetic 42 field lines. A hollow, rigid cavity
housing 16 encloses a central void region 23. The cavity
housing 16 includes a plurality of electrically conductive
inner walls 26 bounding the central void region 23. A
flexible, nominally planar member 18 extends from an inner
wall 26 of the cavity housing 16 across the void region 23
to an opposite inner wall 26. A proof mass 14 is positioned
along a sensing axis 15, and is disposed on and supported by
the flexible member 18. The proof mass 14 and the flexible
member 18 divide the central void region 23 into a first void
region extending from a first side of the flexible member 18,
and a second void region extending from a second side of the
flexible member 18. An outer surface 31 of the proof mass
14 bounds in part the first and second void regions.

Portions 31(a) and 31(b) of the outer surface 31 of the
proof mass 14 establishes capacitive gaps 36 between each
portion and the inner wall 26 disposed adjacent to and across
from the portion. The capacitive gaps 36 are relatively
narrow in the direction of the sensing axis 15. An annular
inductive gap 38 surrounds each capacitive gap. The induc-
tive gaps are relatively wide in the direction of the sensing
axis.

The first and second void regions form first 12 and second
13 complementary reentrant microwave resonant cavities,
each characterized by a resonant microwave frequency.
Each of the first 12 and second 13 reentrant cavities are
complementarily bounded by the outer surface 31 of the
proof mass 14, so that the proof mass 14 forms a reentrant
section for each resonant cavity.

In operation, a microwave signal having a value approxi-
mately equal to the nominal resonant frequency of the
cavities 12 and 13, which preferably are tuned to the same
nominal resonant frequency, is coupled to the cavities. An
acceleration force in either direction, as indicated by arrows
57, causes a movement of the proof mass 14, which changes
the resonant frequencies of the cavities to somewhat above
or below the initial nominal resonant frequency. The proof
mass 14 sweeps out a volume entirely within a region that
contains a large E field, but a negligible H field. For a given
motion of the proof mass 14, the shift in resonant frequency
of each reentrant cavity is therefore maximized, as demon-
strated earlier in connection with equation (1).

In the dual-cavity accelerometer shown in FIG. 4, the
geometry of the two cavities is complementarily affected by
the motion of the proof mass 14. Accordingly, one cavity has
its resonant frequency increased, while the other cavity has
its resonant frequency decreased. The differential arrange-
ment of the two cavities allows for common mode error
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subtraction. The common mode error terms caused by
thermal shifts, cross axis inputs, or residual stress can be
compensated by the differential arrangement of the dual-
cavity accelerometer. The reflected signals having the new
resonant frequency is coupled back out of the cavities 12 and
13. The sensing electrodes 48 sense the two different fre-
quencies of the reflected signals, one higher and one lower
than the original nominal resonant frequency. The differ-
ences Af in the frequencies is used to determine the accel-
eration force applied to the proof mass 14, as explained
below.

FIG. 5 is a block diagram of one embodiment of a means
for detecting electromagnetic energy in each cavity and
determining the frequency of the detected energy. In the
embodiment illustrated in FIG. §, the means for detecting
electromagnetic energy includes a readout electronic circuit
21. The readout electronic circuit 21 includes a frequency
discrimination circuit 74, which discriminates the frequency
shift between the initial nominal resonant frequency and the
new resonant frequency of each cavity. The frequency shift
becomes a pick-off signal indicative of the displacement of
the proof mass. The signal can be read open-loop, if no
precision voltage reference is available, as in radiation-
hardened applications. If a precision voltage reference is
available, the pickoff signal can be used as an error signal to
force-rebalance the proof mass.

The reentrant cavities 12 and 13 are coupled to the readout
electronic circuits 21 through the couplers 20. (shown is
FIG. 1, not shown is FIG. 5) The shapes and dimensions of
the couplers 20 depend on the location of the couplers within
the cavities, and the characteristics of the readout electronic
circuit 21. The coupler configuration is designed to maxi-
mize the microwave signals passing into and out of the
resonant cavities, while minimizing the effect of the couplers
on the resonant characteristics of the cavities. In one
embodiment, the couplers 20 are coaxial leads.

The readout electronic circuit 21 uses the fact that at
cavity resonance, microwave signals passing through a
cavity experience a rapid variation in phase and amplitude
when the frequency varies. The readout electronic circuit 21
generates signals which represent the resonant frequency of
each resonant cavity at any given moment in time, and
which vary in frequency according to the displacement of
the proof mass 14. In FIG. 5, the frequency discrimination
circuit 74 is a phase locked loop circuit 74 which phase locks
a signal source 78 to the resonant frequency of the sensor
cavity, and uses the frequency output of the signal source 78
to represent the acceleration. Preferably, the signal source 78
is a voltage controlled signal source. The voltage controlled
signal source 78 produces a microwave signal at a frequency
close to the nominal resonant frequency of the resonant
cavities. This signal is delivered to the couplers 20 and
introduced into each cavity. The signal is reflected from the
proof mass 14 in each cavity. The reflected signals from each
cavity are directed to a phase discriminant circuit 80. The
reflected signals that enter the phase discriminant circuit 80
differ in frequency from the input signal from the signal
source 78, because of the changes in resonant frequencies of
the cavities induced by the motion of the proof mass in
response to an acceleration force.

The phase discriminant circuit 80 discriminates a phase
shift between the input microwave signal and the reflected
microwave signal. The phase shift is used to adjust the
frequency output of the voltage controlled signal source 78.
The frequency shift between the input signal and the
reflected signal directly represents the acceleration force
applied to the proof mass 14. The phase discriminant circuit
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80 generates a phase discriminant base band phase shift
indicator signal, which is proportional to the phase differ-
ence between the input microwave signal and the reflected
microwave signal. The phase shift indicator signal is fed
back through a feedback amplifier 82 to the voltage con-
trolled signal source 78, thereby locking it into the new
resonant frequency of the resonant cavities. By monitoring
the change in frequency of the signal source 78 demanded
upon feedback from the feedback amplifier 82, a frequency
varying signal 84 representative of the acceleration of the
proof mass is obtained. The signal 84 varies in frequency
according to the displacement of the proof mass induced by
the acceleration force.

The readout electronic circuit 21 of FIG. 5 may further
include a digital interface circuit (not shown), which digi-
tizes the frequency varying signals 84, transforming them
into digital pulses which can be counted relative to a time
reference. A frequency counter 86 counts the digitized
signals relative to a time reference, and generates output
digital signals representing the acceleration of the proof
mass 14. The output digital signals can be stored and
processed as digital records, which are then sent to an
information processor 88 through a data bus or micropro-
cessor bus. Typically, the information processor 88 is a
microprocessor or programmed logic module that transfers
measurements to display or storage.

FIG. 6 is a block diagram of another embodiment of a
readout electronic circuit 21. In this embodiment, the reso-
nant cavities are coupled directly to a feedback amplifier 94,
so as to form. an oscillator circuit. The reflected signals from
the cavities are directed to the signal splitter 92. The output
signal from the signal splitter 92 is fed back into the cavity
through the feedback amplifier 94. When the phase shift and
gain through a resonant cavity reaches a magnitude appro-
priate for sustaining oscillation, oscillation occurs. The
signal splitter 92 sends a variable frequency counting signal,
which represents the cavity resonant frequencies at any
given moment and thus represent the acceleration of the
proof mass 14, to a frequency counter 86. The frequency
counter 86 renders a digital signal representing the accel-
eration of the proof mass 14 to an information processor 88
through a data bus or microprocessor bus.

In addition to a significantly improved sensitivity to proof
mass displacement, another major advantage of using reen-
trant resonant cavities is that the size of the accelerometer
can be reduced, allowing micromachining techniques to be
applied. As mentioned in the background, simple cylindrical
cavities typically have a size of the order of about one half
the wavelength of the microwave signal at the frequency of
operation. Since the wavelength is inversely proportional to
the frequency, if one attempts to fabricated miniaturized
version of an accelerometer having simple cylindrical
cavities, the resulting resonant frequency becomes too high
to be practically implementable. Resonant frequencies
above around 40 GHz are applied with considerable expense
and complexity.

Reentrant resonant cavities offer lower operating frequen-
cies for a given size, as compared to simple cylindrical
cavities, because of the presence of the narrow capacitive
gaps 36. In a reentrant resonant cavity, the narrow gap 36
acts as a lumped capacitor, while the annular wide gap 38
acts as an inductor. The reentrant cavity thus performs as a
resonance circuit having equivalent circuit components L
(inductance) and C (capacitance). The capacitance C is
inversely proportional to the height of the narrow gap. The
annular wide gap 38 may be considered a lumped inductance
L of value:
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L= ol 2) @

where

p=magnetic permeability;

h=height of the cavity

r,=radius of inner conductor

r,=radius of outer conductor

An approximate representation (ignoring resistive losses)
of the resonant frequency of the reentrant cavity is given by:

(ke :

where C is the capacitive loading within the parallel surfaces
of the narrow gap 36, and where the approximation has been
made that all of the capacitance that determines the resonant
frequency of the reentrant cavity comes from the capaci-
tance of the narrow gap. C must thus be large enough in
order for the resonant frequency of the cavity to be lowered.
In reentrant cavities, the narrow capacitive gaps, which have
small heights and correspondingly large capacitances, lower
the resonant frequency of the cavities.

Because the resonant frequency of the accelerometer 10 is
reduced for a given size of the accelerometer, lower cost
electronics may be used. For example, a CMOS or-silicon
bipolar amplifier can be used at a frequency of 1-5 GHz for
the accelerometer 10 of the present invention, whereas prior
art resonant cavity accelerometers may need to use a GaAs
amplifier at a frequency of about 18 GHz.

FIG. 7 presents a table of typical device characteristics for
one embodiment of a micromachined accelerometer con-
structed according to the present invention. In this
embodiment, the miniaturized proof mass 14 has a mass of
0.183 g, according to the table in FIG. 7. As seen in FIG. 7,
a resolution of the accelerometer of the present invention is
about 1.1x1077 g, in 1 Hz bandwidth. The sensitivity of the
accelerometer, as represented by the inverse of the scale
factor, is about 1.1x1077 g/Hz. This represents an improve-
ment in sensitivity by a factor of about 100 over the prior art,
for miniaturized proof masses.

FIG. 7 shows that a cavity resonant frequency of about 2.8
GHz can be obtained, with a cavity capacitance C of about
2.3x1077 Farads and a cavity inductance L of about 1.39
107'° Henrys. The resonant frequency is thus reduced by a
factor of about five to ten, compared to prior art microwave
resonant cavity accelerometers which typically have reso-
nant frequencies in the range of about 10-20 GHz. The size
of the resonant cavity can thus be reduced correspondingly.
As shown in FIG. 7, examples of values for the cavity
dimensions at a resonant frequency of 2.8 GHz for the cavity
may be 5.00E-03 meters for the inner radius of the cavity,
1.00E-02 meters for the outer radius of the cavity, and
1.00E-03 meters for the length of the cavity.

The accelerometer of the present invention can thus be
fabricated with a micromachining process, using silicon
micromachining and wafer bonding techniques known in the
semiconductor industry. Silicon micromachining techniques
can be used to shape silicon substrates, and to pattern thin
films of materials such as oxides and metals deposited on the
substrates. Suitable etching techniques, including wet or dry
etching, can be used. Wafer bonding techniques such as
direct silicon bonding or high temperature silicon-to-glass
bonding are utilized to bond together the wafers and the
various components of the accelerometer.
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Micromachined accelerometers offer many advantages
over conventionally machined accelerometers. A first advan-
tage is cost effectiveness and competitiveness. Microma-
chining processes benefit from economies of scale, so that
micromachined versions of the accelerometer 10 could be
mass produced with significantly lower cost, as compared
to-conventionally machined accelerometers. Batch fabrica-
tion methods permit the manufacturing of many individual
accelerometers on a single wafer assembly at one time,
greatly reducing the labor and cost of these devices.

Asecond advantage is that the effects of thermal gradients
are minimized by shrinking the size of the accelerometer 10.
The smaller size of the. accelerometer makes it easier to
keep the accelerometer isothermal, since offsets and bias
sensitivity to thermal gradients are reduced. Also, one of the
benefits of fabricating the accelerometer on a silicon sub-
strate. is derived from the high thermal conductivity of
silicon, which makes isothermal construction of the accel-
erator 10 possible in a micromachining process. Conven-
tionally machined accelerometers are typically made of
glasses such as silica or modified silica. While silicon has a
much higher thermal coefficient of expansion than quartz or
silica, it has a much larger thermal conductivity. Thus the
temperature gradient across a silicon device is smaller than
the temperature gradient across-a comparable device made
of silica.

Finally, stability and drift performance of the accelerom-
eter can be significantly improved by using micromachining
processes. Currently, a major source of error for conven-
tionally machined microwave resonant accelerometers is
long term creep and plastic deformation occurring in the
bonds between the proof mass, the flexible elements, and the
resonant cavities. Typically, polymer adhesives or metallic
bonds are used for bonding the components in a conven-
tional machining process. As time passes, such bonds are
subject to creep, plastic deformation, and hysteresis. Unlike
polymer adhesives or metallic bonds, high temperature
silicon-to-silicon or silicon-to-glass bonds used in semicon-
ductor wafer-bonding processes are not subject to plastic
deformation or long term creep, so that no plastic creep is
introduced in the interfaces between the components. Drift
and bias error are therefore minimized, and good stability
and drift performance is attained. An all silicon device may
be superior in this respect to a silicon and glass device, since
glass can deform if it is raised near the glass transition
temperature.

FIG. 8 is a cross-sectional view of a micromachined
version of a dual-cavity reentrant resonant cavity acceler-
ometer. The proof mass 14 and the flexible member 18 are
etched from the central wafers 50 and 52, which form part
of the cavity housing 16. The miniaturized proof mass 14
typically has a surface area less than about 1 cm?®. Cap
wafers 54 and 56 are bonded to the central wafers 50 and 52
using high temperature wafer bonding techniques, to com-
plete the cavity housing 16. The narrow space between the
proof mass 14 and the cap wafers 54 and 56 define the
capacitive narrow gaps 36 for the first 12 and second 13
reentrant resonant cavities. Preferably,. the heights x, and x,
of the capacitive narrow gaps are much smaller than the
height h of the first and second cavities. The space between
the inner (r;) and outer (r,) radii of the first and second
resonant cavities define the inductive wide gaps 38.

The accelerometer 10 illustrated in FIG. 8 has an out-of-
plane micromachined structure, in which the displacement
vector of the proof mass is perpendicular to a broad planar
surface of the wafers, i.e. parallel to the E-field lines shown
in. FIG. 8. As the proof mass 14 moves out of plane, in
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response to an acceleration force, the heights x, and x, are
complementarily changed, one becoming. larger and one
becoming smaller.

FIG. 9 illustrates one embodiment of a micromachined
accelerometer of the present invention, in which no electro-
magnetic field is present at the flexible elements 18. The
surfaces of the inner walls 26 of the cavity housing, as well
as the outer surface 31 of the proof mass 14,.are entirely
coated with a high conductivity metal. Preferably, the high
conductivity metal is silver or copper, .with a little amount
of gold to prevent corrosion. Because the outer surface 31 of
the proof mass 14 acts as a reflecting surface for microwave
energy coupled into the cavity, the outer surface 31 must be
coated with metal. The flexible element 18 supporting the
proof mass 14, however, must have zero plasticity. Because
the metals that coat the surface 31 of the proof mass and the
inner walls 26 exhibit plastic deformation, these metals are
preferably not present on the flexible element 18. The
flexible element 18 must consequently be shielded from the
electromagnetic fields. In FIG. 9, the flexible element 18 is
cut from one of the central proof mass wafers 50 or 52,
before bonding, and is thereby shielded from the electro-
magnetic fields.

FIG. 10(a) illustrates one embodiment of a microma-
chined reentrant cavity accelerometer in which the acceler-
ometer has an in-plane monolithic structure. Because of the
monolithic structure, all constituent components of the
accelerometer 10 in FIG. 10(a), including proof mass 14,
springs 58, rebalance electrodes 60, drive electrodes, 46, and
sense electrodes 48, are etched from a single central sub-
strate 62. Unlike the accelerometer shown in FIG. 8, which
has an out-of-plane structure so that the motion of the proof
mass 14 is transverse to the planar surface of the substrate,
the proof mass 14 in FIG. 10(¢) moves in the plane of the
planar surface of the silicon substrate. The proof mass may
move. in either direction as indicated by the arrows 57,
thereby changing the heights of the capacitive gap regions
36.

FIG. 10(b) shows a perspective view of the proof mass
assembly etched. from the central wafer 62. The electrodes
are metallic electrodes formed from metal interconnects that
are deposited on the substrate. The proof mass 14 is fabri-
cated as a suspended silicon’structure. Preferably, a wet
etching step is used to release a portion of a substrate
material from the substrate and to create a suspended
structure having a void between the released portion and the
substrate. The top and bottom surfaces of the proof mass 14
are suspended to be substantially parallel to the planar
surface. of the substrate. At both ends of the proof mass 14
are etched the capacitive narrow gaps 36 of the resonant
cavities.

FIG. 10(c) is an exploded view showing all the wafers of
a 5-wafer stack used to fabricate a micromachined acceler-
ometer having an in-plane structure. An inductive loop 38 is
etched from wafers 62, 64, and 66, and circles each capaci-
tive narrow gap 36. Cap wafers 68 and 70 are bonded to the
wafers 64 and 66, completing the accelerometer. The wafers
are bonded together using wafer bonding techniques known
in the art, including but not limited to eutectic metal
bonding, silicon fusion bonding, or bonding using glass-frit.

The in-plane structure shown in FIGS. 10(a)-10(c) offers
several advantages over an out-of-plane structure, as shown
in FIG. 8. The in-plane structure allows for built-in damping
and rebalance electrodes to be disposed far from the reso-
nant cavities. Also, the in-plane structure allows for inde-
pendent variation of parameters such as mass of the proof
mass, spring-constant, rebalance electrodes, and microwave
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cavity size. The in-plane structure thus allows for a simpler
fabrication process, compared to the out-of-plane micro-
wave accelerometer.

While the invention has been particularly shown and
described with reference to specific preferred embodiments,
it should be understood by those skilled in the art that
various changes in form and detail may be made therein
without departing from the spirit and scope of the invention
as defined by the appended claims.

What is claimed is:

1. A microwave resonant cavity, comprising:

a. an open ended, hollow, rigid body member disposed
about a central void region and extending along a
sensing axis from a first end to a second end, said body
member including an electrically conductive inner wall
in part bounding said void region;

b. arigid end member extending transverse to said sensing
axis and from said body member across said void
region at said first end, said end member including an
electrically conductive rigid wall in part bounding said
void region;

c. a flexible end member extending transverse to said
sensing axis and from said body member across said
void region at said second end, said flexible end mem-
ber including an electrically conductive flexible wall in
part bounding said void region;

d. a proof mass positioned along said sensing axis and
supported by said flexible wall,

(1) wherein said proof mass has an electrically conduc-
tive outer surface in part bounding said void region,
and

(i) wherein said outer surface extends from said flex-
ible wall toward the rigid wall, whereby a distal
portion of said outer surface establishes a relatively
narrow gap in the direction of said sensing axis and
between said outer surface and said rigid wall, and

(iii) wherein an annular region of said flexible wall
between said proof mass and said body member
establishes a relatively wide gap in the direction of
said sensing axis between said annular region and
said rigid wall,

said void region forming a reentrant resonant cavity, said
cavity being characterized by a resonant microwave
frequency.

2. A microwave resonant cavity accelerometer, compris-

ing:

A. a microwave resonant cavity including:

a. an open ended, hollow, rigid body member disposed
about a central void region and extending along a
sensing axis from a first end to a second end, said
body member including an electrically conductive
inner wall in part bounding said void region;

b. a rigid end member extending transverse to said
sensing axis and from said body member across said
void region at said first end, said end member
including an electrically conductive rigid wall in part
bounding said void region;

c. a flexible end member extending transverse to said
sensing axis and from said body member across said
void region at said second end, said flexible end
member including an electrically conductive flexible
wall in part bounding said void region;

d. a proof mass positioned along said sensing axis and
supported by said flexible wall,

(i) wherein said proof mass has an electrically con-
ductive outer surface in part bounding said void
region, and
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(i) wherein said outer surface extends from said
flexible wall toward the rigid wall, whereby a
distal portion of said outer surface establishes a
relatively narrow gap in the direction of said
sensing axis and between said outer surface and
said rigid wall, and

(iii) wherein an annular region of said flexible wall
between said proof mass and said body member
establishes a relatively wide gap in the direction of
said sensing axis between said annular region and
said rigid wall, and

said void region forming said resonant cavity, said
cavity being characterized by a nominal resonant
microwave frequency,

B. a coupler for coupling an electromagnetic signal into
said cavity substantially at said resonant frequency, and

C. means for detecting electromagnetic energy in said
cavity and determining the frequency of said detected
energy;

wherein a displacement of the proof mass along said
sensing axis in response to an acceleration force
changes dimensions of the cavity so as to establish a
resonant frequency for the cavity which varies as a
function of the acceleration force.

3. An accelerometer according to claim 2, wherein upon
coupling of said electromagnetic signal into said cavity,
electric field within the cavity is substantially concentrated
within the relatively narrow gap, and magnetic field within
the cavity is substantially concentrated within the relatively
wide gap.

4. An accelerometer according to claim 2, wherein the
means for detecting electromagnetic energy includes means,
responsive to a reflected microwave signal from the cavity,
for discriminating a frequency shift in the resonant fre-
quency of the cavity.

5. An accelerometer according to claim 2, wherein the
means for determining the frequency of said detected energy
comprises a phase locked loop circuit.

6. An accelerometer according to claim 5, wherein the
phase locked loop circuit comprises:

a signal source for generating an input microwave signal

substantially at the nominal resonant frequency;

a phase discriminant circuit for discriminating a phase
shift between the input microwave signal and a micro-
wave signal reflected from the resonant cavity, the
phase discriminant circuit generating an indicator sig-
nal representative of the phase shift; and

a feedback circuit that feeds back the indicator signal to
the signal source;

wherein upon feedback of the indicator signal, the signal
source generates an output signal that varies in fre-
quency according to the displacement of the proof mass
resulting from the acceleration force.

7. An accelerometer according to claim 6, further com-
prising a frequency counter for counting a frequency of the
output signal, and for generating digital signals representa-
tive of the acceleration of the proof mass.

8. An accelerometer according to claim 6, wherein the
signal source is a voltage-controlled signal source whose
frequency is adjusted upon feedback of the indicator signal.

9. An accelerometer according to claim 2, wherein the
coupler comprises a coaxial lead.

10. An accelerometer comprising:

a. a reentrant microwave resonant cavity having a nomi-

nal resonant frequency, the reentrant cavity including a
capacitive gap and an inductive gap;
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b. a coupler for coupling to the cavity a microwave signal
substantially at the resonant frequency;

c¢. a proof mass constructed and arranged so as to change
dimensions of the reentrant cavity in response to an
acceleration force on the proof mass and so as to
establish a resonant frequency for the reentrant cavity
which varies as a function of the acceleration force; and

d. means for detecting electromagnetic energy in the
cavity and determining the frequency of the detected
energy.

11. An accelerometer, comprising:

A. first and second complementary microwave resonant
cavities, the cavities comprising:

a. a hollow, rigid cavity housing enclosing a central
void region, the cavity housing including a plurality
of electrically conductive inner walls bounding the
central void region;

b. a flexible, nominally planar member extending from
an inner wall across the void region to an opposite
inner wall; and

c. a proof mass positioned along a sensing axis, the
proof mass being disposed on and supported by the
flexible member so that the proof mass and the
flexible member divide the central void region into a
first void region extending from a first side of said
flexible member and a second void region extending
from a second side of said flexible member, an outer
surface of the proof mass in part bounding said first
and second void regions;

wherein first and second portions of the outer surface of
the proof mass establish capacitive gaps between
each portion and an inner wall disposed adjacent to
and across from said portion, the capacitive gaps
being relatively narrow in a direction of said sensing
axis; and

wherein an annular inductive gap surrounds each said
capacitive gap, said inductive gaps being relatively
wide in a direction of said sensing axis;

said first and second void regions forming first and
second complementary reentrant microwave reso-
nant cavities, each said cavity being characterized by
a nominal resonant microwave frequency;

B. a coupler for coupling to each said cavity a microwave
signal substantially at the nominal resonant frequency
of each said cavity; and

C. means for detecting electromagnetic energy in each
said cavity and determining the frequency of the
detected energy;

wherein the proof mass differentially changes dimensions
of and establishes a resonant frequency for each said
resonant cavity which varies as a function of an accel-
eration force along the sensing axis.

12. An accelerometer according to claim 11, wherein the
nominal resonant frequencies of the first and the second
cavities are the same.

13. An accelerometer according to claim 11, wherein an
inner radius of each said cavity is less than about 1.5 mm,
and an outer radius of each said cavity is less than about 10
mm.

14. An accelerometer according to claim 11, wherein a
resolution of the accelerometer, measuring an acceleration in
g per frequency shift in Hz and representing a sensitivity of
the accelerometer to the acceleration of the proof mass, is
less than about 1.3x1077 g/Hz.
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15. An accelerometer according to claim 11, characterized
in that the accelerometer is fabricated using a micromachin-
ing technique.
16. An accelerometer according to claim 11, wherein the
nominal resonant frequencies of the first and second cavities
are less than about 3 GHz.

17. An accelerometer according to claim 15, wherein the

accelerometer comprises a single substrate having a proof ,,

mass, a plurality of electrodes, and springs etched thereon,
and wherein a displacement vector of the proof mass is
parallel to a planar surface of the substrate.

18. An accelerometer according to claim 15, wherein the
proof mass has a surface area less than about 1 cm?.

19. A method for determining an acceleration, the method
comprising:

15
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providing a reentrant microwave resonant cavity having a
capacitive gap and an inductive gap surrounding the
capacitive gap, and having a nominal resonant fre-
quency;

coupling a microwave signal into the reentrant resonant
cavity substantially at the nominal resonant frequency;

inducing, in response to an acceleration force, a displace-
ment of a proof mass along a sensing axis that changes
dimensions of the reentrant resonant cavity;

establishing a resonant frequency of the reentrant resonant
cavity which varies as a function of the acceleration
force; and

measuring a frequency shift in the resonant frequency of
the resonant cavity to determine the acceleration of the
proof mass.



