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(57) ABSTRACT

An oscillator and a method for producing an improved
oscillator that will generate an accurate frequency when
encountering a vibration. The oscillator and method uses a
crystal with minimal cross-axis coupling. Further, a first
accelerometer produced using MEMS technology is used.
The first accelerometer is positioned inside of the oscillator
so that the accelerometer accurately measures any vibration
encountered by the oscillator. The first accelerometer and the
crystal are maintained at constant temperature to minimize
phase shifts and gain variations.
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METHOD FOR ACHIEVING HIGHLY
REPRODUCIBLE ACCELERATION
INSENSITIVE QUARTZ CRYSTAL

OSCILLATORS

RELATED APPLICATIONS

This application is based on U.S. Provisional Patent
Application No. 60/558,665, filed Mar. 31, 2004.

FIELD OF THE INVENTION

The present invention generally relates to quartz crystal
oscillators for applications in systems such as precision
navigation, radar, commercial and secure communications,
space exploration, target acquisition, munitions, and missile
guidance, and, more particularly, to a method for producing
the quartz crystal oscillators that are used in these systems
such that the effects of acceleration or vibration on the
output signal of the quartz crystal oscillator in applications
is minimized.

BACKGROUND OF THE INVENTION

Stress compensated (“SC”) cut quartz crystals have been
extensively used as the resonating element in oscillator
circuits as a reliable element to generate accurate frequen-
cies. Under static conditions, i.e., an acceleration-free (vi-
bration-free) environment, a well-designed SC-cut quartz
crystal oscillator when powered will produce an output
signal at a particular carrier frequency with relatively low
sideband frequencies with respect to the carrier frequency.
However, when the same oscillator is subjected to accelera-
tion or to changes in spatial orientation, undesirable spurious
sidebands occur in the output signal. Depending on the
particular application of the oscillator, these spurious side-
bands, as well as unwanted signal noise, can translate into
overall system errors when motion and vibration are encoun-
tered. The effects on a quartz crystal resonating element of
both periodic and random acceleration (vibration) have been
well documented. However, known methods for compen-
sating for the acceleration effects have not resulted in a
sufficiently compensated crystal that can be produced with
good commercial yields with economies of manufacturing.

In addition, oscillators may be subject to changes in
spatial orientation, i.e., the oscillator may be mounted in a
vertical position inside an instrument that is positioned on a
non-vibrating platform such as a laboratory worktable. The
instrument may be moved and turned 90 degrees on its side
resulting in the oscillator changing its spatial orientation or
positioning by 90 degrees and, thus, resulting in degradation
to the oscillator’s output signal. Better techniques and meth-
ods to adequately compensate for changes in spatial orien-
tation are needed. Specifically, an apparatus and methodol-
ogy is needed that seamlessly compensates from 0 Hz (no
vibration but changes in spatial orientation) to 2000 Hz
(with sinusoidal and/or random vibration and high g-levels).
It is believed that no previously known method has ever
economically compensated for both the effects of changes in
oscillator spatial orientation, i.e., O Hz, and for higher
vibration frequencies.

What has been needed and heretofore unavailable is a
quartz crystal resonating element that both can effectively
compensate for a broad range of conditions, such as changes
in oscillator spatial orientation and periodic and random
vibration effects, and a method for fabricating the oscillator
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that is highly reproducible and permits high yields at an
optimum manufacturing cost. The present invention satisfies
these needs.

BRIEF SUMMARY OF THE INVENTION

A quartz crystal oscillator and a method for fabricating the
same is disclosed whereby a highly reproducible manufac-
turing process is used to cost effectively yield quartz crystal
oscillators that are insensitive to acceleration and changes in
spatial orientation. According to one aspect of the invention,
the oscillator that results from the fabrication process will
exhibit nominal spurious sidebands about the reference
frequency in the presence of acceleration or vibration or in
response to changes in spatial orientation. Desirably, a
crystal with minimal cross-axis coupling is used in the
oscillator. An accelerometer, such as one manufactured
using Micro Electromechanical System (“MEMS”) technol-
ogy, is positioned inside the oscillator. As will be apparent
to one with skill in the art, an accelerometer manufactured
with some other technology (e.g., nanotechnology) that is
sufficient to keep the size of the accelerometer small enough
to fit inside the oscillator housing can also be used in
keeping with the invention. While the accelerometer can be
located anywhere inside the oscillator housing, for optimum
results it is preferable to position the accelerometer proxi-
mate to the quartz crystal resonator so that the accelerometer
will accurately measure any vibration encountered by the
crystal resonator. In the oscillator, close to constant tem-
perature is maintained at or around the crystal and the
accelerometer, which helps to minimize changes in the
acceleration and vibration response of the crystal.

According to another aspect of the invention, the oscil-
lator experiences minimal degradation in the frequency it
generates. Here, the oscillator also uses a crystal resonator
with minimal cross-axis coupling and at least one acceler-
ometer. Where only one accelerometer is used, it is attached
directly to a surface of the crystal so that it lies parallel to
one of the orthogonal axes of the crystal. Where three
accelerometers are used, each of the accelerometers is
positioned so that the axes of the accelerometers are mutu-
ally orthogonal.

According to another aspect of the invention, the position
of the crystal within the oscillator and the positional orien-
tation of the crystal may be arbitrarily selected, without
restrictions such as restrictions dictated by the size or other
dimensions of the oscillator housing or package.

According to still another aspect of the invention, the
accelerometer(s) can be attached to the crystal holder or
placed anywhere inside the oscillator housing, provided that
the accelerometer(s) are also placed as closely as possible to
the oscillator’s crystal resonator. When more than one
accelerometer is used, the acceleration axes of the acceler-
ometers must be mutually orthogonal for optimum results.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of an oscillator in which
traditional compensating techniques have been imple-
mented.

FIG. 2 is a cross-sectional view of an oscillator having
compensating devices placed on the quartz crystal housing
in accordance with one embodiment according to the inven-
tion.

FIG. 3 is a perspective view of another embodiment
according to the invention in which the compensating
devices of the oscillator are placed directly on the crystal
blank.



ClibPD

US 7,106,143 B2

3

FIG. 4 is a schematic view of three axes that are used for
placement of accelerometers according to one embodiment
of the invention.

FIG. 5 is a circuit diagram for a compensation circuit that
can be used with one or more embodiments according to the
invention in order to compensate for degradation caused by
sidebands.

FIG. 6 is a circuit diagram for another compensation
circuit that can be used with one or more embodiments
according to the invention in order to compensate for
degradation caused by sidebands.

FIG. 7A is a circuit diagram for another compensation
circuit that can be used with one or more embodiments
according to the invention in order to compensate for
degradation caused by sidebands.

FIG. 7B is a circuit diagram for still another compensation
circuit that can be used with one or more embodiments
according to the invention in order to compensate for
degradation caused by sidebands.

FIG. 8 is a graph of a typical static (at rest) phase noise
response of an oscillator according to the invention that has
not undergone acceleration.

FIG. 9 is a graph of a typical dynamic phase noise
response of an oscillator according to the invention that has
undergone random acceleration applied in the y-axis without
any compensation.

FIG. 10 is a composite graph having plots that depict the
dynamic phase noise response of an oscillator according to
the invention under both compensated and uncompensated
conditions while undergoing random acceleration that is
applied in the direction of the z-axis.

FIG. 11 is a composite graph consisting of plots of the
dynamic phase noise response of an oscillator according to
the invention under both compensated and uncompensated
conditions while undergoing random acceleration that is
applied in the direction of the x-axis.

FIG. 12 is a schematic illustration of a method according
to the invention by which a quartz crystal oscillator accord-
ing to the invention can be fabricated.

FIG. 13 is a graph of a typical static (i.e., at rest) phase
noise response of an oscillator according to the invention
that has not undergone acceleration.

FIG. 14 is a composite graph consisting of plots of the
dynamic phase noise response of an oscillator according to
the invention under both compensated and uncompensated
conditions while undergoing random acceleration that is
applied in the direction of the x-axis.

FIG. 15 is a composite graph consisting of plots of the
dynamic phase noise response of another oscillator accord-
ing to the invention under both compensated and uncom-
pensated conditions while undergoing random acceleration
that is applied in the xy-axis direction.

FIG. 16 is a composite graph consisting of plots of the
dynamic phase noise response of another oscillator accord-
ing to the invention under both compensated and uncom-
pensated conditions while undergoing random acceleration
that is applied in the xz-axis direction.

FIG. 17 is a composite graph consisting of plots of the
dynamic phase noise response of another oscillator accord-
ing to the invention under both compensated and uncom-
pensated conditions while undergoing random acceleration
from 0 Hz to 1000 Hz that is applied in the z-axis direction.
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4
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to the drawings, wherein like reference
numerals denote like or similar elements throughout the
drawings, and more particularly to FIG. 1, a prior art
oscillator with an accelerator placed outside the oscillator
housing is shown. With such oscillators, the compensating
techniques used to minimize degradation resulting from
vibration-induced sidebands are necessarily dependent on
readings from accelerometers that are physically located at
some distance from the crystal resonator itself to measure
vibration effects. Because the accelerometers are not directly
proximate to the oscillator’s crystal resonator, the readings
from the accelerometer do not directly effect a measure of
the vibration being experience by the crystal. In these prior
art techniques, after a vibration is detected and inaccurately
measured, the compensating scheme or method has tradi-
tionally attempted to cancel out a slightly different modu-
lation waveform, or sometimes a significantly different
modulation waveform, from the actual waveform generated
by the vibration.

In FIG. 1, a prior art oscillator 100 is shown in which
traditional compensating techniques have been imple-
mented. The oscillator 100 has an oscillator housing 102
which houses the internal components of the oscillator 100.
Housed within the oscillator housing 102, a quartz crystal
resonator 104 is used as a resonator. The quartz crystal
resonator 104 includes a crystal housing 106 which houses
a crystal blank 108. The crystal blank 108 is held in place by
a crystal holder 110. The crystal holder is connected to a
plurality of pins 112. In addition, a circuit card 114 lies
within the bottom portion of the oscillator housing 102. A
portion of the circuit card 114 lies beneath the crystal
housing 106 and is connected to the plurality of pins 112.
The circuit card in some applications may be mounted in
other orientations with respect to the crystal housing.

A non-miniaturized accelerometer 120 is positioned on
the top of the surface of the oscillator housing 102 to
measure the effects of vibration experienced by the oscilla-
tor. Alternatively, the accelerometer 120 can be positioned
on a side of the oscillator housing 102. As will be appreci-
ated by those with skill in the art, in this approach, the
accelerometer 120 is simply too large to be placed within the
oscillator housing 102. What the accelerometer 120 is actu-
ally measuring then, is the vibration experienced by the
oscillator 100, and not the actual vibration experienced by
the side-band-producing crystal blank 108. The oscillator
100 and the crystal blank 108 will likely react differently to
the forces that are causing the vibration, so the accelerom-
eter 120 positioned on the oscillator housing 102 will not
provide the most accurate measure of what is being expe-
rienced by the crystal blank 108. One reason for this is that
the oscillator housing 102 on which the accelerometer 120
rests is much sturdier and, therefore, more resistant to the
forces that are causing any vibration. The forces being
experienced by the crystal blank 108, which is in a more
sensitive location inside the oscillator housing 102, thus will
be different than the forces being experienced by the accel-
erometer 120. The oscillator 100 has the much sturdier
oscillator housing 102 than the more sensitive crystal blank
108. In addition, in the prior art oscillator 100, changes in
spatial orientation of the oscillator at 0 Hz will not be
economically compensated for, as the prior art accelerom-
eters are limited to around 1 or 2 Hz, hence unable to react
to spatial changes at 0 Hz.
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