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INTRODUCTION

For more than fifty years means have been sought to reduce environmental-
ly induced frequency changes in crystal resonators. The search has been
pressed through theoretical and experimental studies, and has covered a very
broad range of causes.! 120* Among the more recent effects receiving con-
sideration are the force-frequency and acceleration-frequency. Frequency
perturbations are produced in thickness mode crystal resonators by acceler-
ation-induced body forces. These forces are distributed throughout the
resonator volume and vary with the acceleration direction. Ffor specific
acceleration directions the effect can be sharply reduced by changing the
points of application of the mounting supports. Even doubly rotated cuts may
be accommodated, (although the mounting design varies with cut), and for some
of these cuts the effect is further reduced below the value found for the AT
cut. When the acceleration direction is known in advance, positioning the
rescnator with respect to this direction minimizes the problem.

In high shock and vibration environments such as in helicopters, tanks,
and other vehicles, and the more moderate environments of manpack and air-
craft collision avoidance system use, accelerations occur in arbitrary dir-
ections with ensuing large frequency shifts in the crystal resonance frequen-
cy. MWhen the acceleration is arbitrarily oriented with respect to the
resonator, no crystal cut and/or combination of mounting supports can by
- themselves produce cancellations of the frequency perturbations to the extent
required, e.qg., by secure communications systems. However, by taking advant-
age of the experimental fact that the resonance frequency shift changes sign
with reversal of the acceleration direction and the fortunate happenstance
that quartz occurs in right- and left-handed pairs, composite resonators of
either discrete or stacked varieties may be fashioned having vastlv decreased
acceleration sensitivity, whatever the acceleration direction may be, with no
concomitant degradation of any of the desirable resonator properties. The
approach is applicable to doubly rotated crystals as well as singly, so that
the additional nonlinear compensation of thermal transients, etc., that oc-
curs for these cuts can be had along with acceleration hardening.

Figure 1 portrays an idealized frequency-time curve for a crystal reson-
ator, depicting frequency changes due to a number of factors. This report is
concerned with the episodes shown between times tp and t; and at t4 and ty,
namely, with the effects of vibration, shock, and crysta? attitude ("tip-
over"); these are subsumed under the name "acceleration".

ACCELERATION EFFECTS

In the static force-frequency effect,!-31 forces and moments acting on the
peripheral boundary of a crystal resonatcr serve to produce frequency changes
in the resonator. Accelerations of the crystal plate, on the other hand, pro- j
duce distributed body forces throughout the resonator volume that are communi- !
cated at the crystal boundary to the mounting supports. The stress distribu-
tion within the crystal depends not only upon the mounting points, but also
on the direction of the acceleration. Ir general, the static and dynamic ef-
fects will produce different states within the vibrator, and different fre-
quency shifts.?2-53 Some applications of the effect to realize accelerometers

* See list of references beginning on page 63.
1
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have been made,3® " but much more often the effect is highly undesirable,
and efforts to reduce trie effect nave continued for the past twenty years.> %52

Within the past five years the problem has become particularly acute, due
to exacting reguirements avising from the present and projected secure digit-
al systems for communication, command, and control, and for navigation/posi-
tion location. Fortunately, during this interval a number of advances have
come about that in combination promise a significant reduction in the acceler
ation sensitivity of crystal resonators. One of these developments is the
introduction of doubly rotated cuts.?!-23.5% Apother is the use of new sup-
port configurations.®3,55 Additioral developments will be detailed in ensu-
ing sections.

Concurrent with these developments, a nonlinear theory nas been fashioned
by Lee and his co-workers that describes the force-frequency effect, 5720
and a~celeration effects in singly rotated, rotated-Y-cut quartz plates®0,4&49
A plate theory has also been developed for doubly rotated quartz cuts.%®
Such a theory wili provide a necessary understanding of the mounting support
problem as applied to acceleration-compensated resonators.

ACCELERATION COMPENSATION

One of the most recent acceleration compensation schemes is the systems
approach of Przyjemski.*®>%*8,51 In jt, ancillary accelerometers sense the
applied acceleration components along three orthogonal directions and this
information is used to feed back a compensation signal to correct the crystal
frequency. This arrangement provides improvements of a factor twenty or so
over an uncompensated resonator, and works for arbitrary directions of appli-
ed acceleration.

Another acceleration compensation scheme is that of Gagnepain“!,53,55 and
Walls. In this arrangement, two quartz vibrators are connected electrically
in series, in the manner used long ago by Koga®7:58 to effect temperature
compensation. Now, however, the crystals are oriented so that the axes along
which the acceleration-frequency effect is greatest are antiparallel in pairs.
According to the measurements of Valdois37-32 for AT cut discs supported
along the Z' axis, the directions of greatest acceleration sensitivity are
for acceleration fields along the Y' axis, which coincides with the disc
thickness, and for fields along the 7' axis. Because the sensitivity is
least for X-directed fields, the discs are oriented so that the X axes of
both discs are parallel, and the Y' and Z' axes are antiparailel. Then com-
pensation is achieved for directions of acceleration lying in the plane nor-
mal to the common X axis. The experimental arrangement and results of Valdois
are shown schematically in Figure 2.

A configuration alternative to that of Gagnepain and Walls was proposed by
Vig,5? wherein the two paired resonators are mated in the fashion of a two-
layer stacked crystal filter,50-6% a5 seen in Figure 3. In this case the
angle between the X axes of both crystals would be zero. The acceleration-
frequency behavior would be similar to that of the discrete configuration,
but the stack would be more robust and occupy less room than two separate
vibrators.
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ENANTIOMORPHOUS CRYSTALS

Two identical crystal resonators can only be manipulated¢ so that an even
number of their respective crystal axes are antiparallel, Reversal of an
odd number requires an improper rotation. Fortunately, just such an opera-
tion is possible with quartz! The operation changes the handedness
of the crystal. The existence of right- and left-handedness in a crystal is
known as enantiomorphism. When two crystal resonators, identical except for
their handedness, are used as a pair, they may be oriented with all three
correspond1ng axes antiparallel as shown in Figure 4. Then, from the results
shown in Figure 2, where the frequency change reverses sign with reversal of
acceleration direction, paired resonators will suffer no frequency shift for
any direction of the acceleration field. This statement holds for pairs
configured as discrete vibrators, or as a composite stack. An example of
the former, for series electrical connection, is seen in Figure 5.

Quartz is not the only enantiomorphous crystal. Any representative of
the eleven crystal classes 1, 2, 222, 4, 422, 3, 32, 6, 622, 23 and 432 exhibits
this property. These are the classes without a piane of symmetry. The
enantiomorphs bear a mirror image relationship to each other; all are non-
centrosymmetric, and hence (with the exception of class 432) are piezoelec-
tric. There is at least one representative from each of the seven crystal
systems. Berlinite, a-AtPOg (class 32) is enantiomorphous, lithium tantalate
and lithium niobate (class 3m) are not. Additional details are given in
Table 1.

Paired enantiomorphs of idealized crystals of quartz are given in Figures
6 to 10. In each case the left-hand type is on the left and the right-hand
type is on the right. In the fiqures, and in the following, it will be
convenient to use coordinate systems having the same chirality as the type
of quartz: left for 1eft—quartz, right for right-quartz. This convention
was first proposed bv Koga®" in 1929 and adopted in a 1945 report by the IRE,
following upon a pacer by Cady and Van Dyke.56 It is also used in Cady's
book.®7 The 1949 IRE standard adopted a right-hand coordinate system for
both forms®® and the latest IEEE standard has continued the convention of its
predecessor.®9 A recent paper by Donnay and Le Page’® lucidly sets forth
reasons for using two coordinate systems for enantiomorphs. Morphological
enantiomorphism appears first to have been explicitly recognized by Louis
Pasteur; the usual attribution is to Hauy who illustrated both types of
quartz, but his writings do not show that he recognized the difference. 71
The question of priority is still very much an open one.’"

The enantiomorphs discussed here correspond to what is called Brazil, or
optical, twinning in natural quartz. The other category of twinning often
present in natural quartz is Dauphing&, or electrical, twinning, where the two
forms are rotated, with respect to each other, about the 7 {or optic) axis so
that the X axes are in opposite (antiparallel) directions, but the handedness
is unaffected. Dauphine twinning may be brought about relatively easily and
involves small changes in atomic positions, whereas Brazil twinning requires
the breaking of atomic bonds and a significant expenditure of energy.7%,75
The types of twins are shown in Figure 11. Yoda proposed the use of electric-
ally and optically twinned quartz for crystal vibrators before cultured bars
attained the degree of use that they enjoy today.7¢
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Figure 6. Quartz pairs. Top: looking down +X3. Bottom: down +X;.
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Figure 12 shows three examples of cultured quartz bars, with their as-
sociated seeds. The “minor rhomb plate" is grown to facilitate cutting AT
cuts, since this cut is nearly parallel to the minor rhombohedron of the
crystal, i.e., to the faces marked "z" in Figures 6 to 10. The Y-bar is
grown from a seed with length along the Y axis; this axis is the direction
of slowest growth. The z-bar grows from a basal plane seed. Photographs of
left-handed and right-handed Y-bars are shown in Figures 13 to 20, 0dd-
numbered figures are left-quartz; even are right-quartz. These are shown as
paired enantiomorphs in Figures 21 to 24. The left-hand sample is at the
top in each figure. Right- anc left-handed cultured quartz bars ("Y-bars")
are shown as line drawings in Figures 25 and 26, respectively;’’ also indicat-
ed are the natural "r", "m", and "2z" faces, and the orientation of the AT
cut.

If a Teft- and a right-handed AT cut are oriented so vhat their axes
are respectively antiparallel, and connected electrically in series or in
parallel, then the combination becomes insensitive to acceleration fields of
arbitrary orientation, provided that the symmetry of the mountings is main-
tained.53,%5 This is the discrete configuration, where the crystal plates
are physically unjoined.

STACKED-CRYSTAL STRUCTURES

The stacked-crystal configuration came about originally for filters60-64
when used in the multimode configurction. Layered structures utilizing a
single mode have been more commonly used,’®-9< Here we discuss the stacking
of two enantiomorphous pairs with respective axes antiparallel, and operated
as a single resonator of composite form., Both crystals are of identical
design; that is, they nave identical individual frequencies, electrode
patterns, and so forth, Fiqure 27 gives the four possibie two-crystal
structures. The two on the left in the figure are conrected electrically
in series; the two on the right are in parallel electiically. The upper
two are arranged so that the electric fields in the two crystal plates are
antiparallel; the bottom two structures have electric fields that are paral-
lel in the two crystals. For the upper structures, the odd harmonics (of
the composite taken as a whole) are driven, while the even harmonics are
driven in the two lower structures. In the upper left and lower right
configurations, an insulating film or layer between the crystals is neces-
sary for operation, and large values of capacitance would be associated
therewith, to the detriment of the composite's performance. This leaves the
two configurations of Figure 28 as the simplest and most practical stacked
crrystal resonators for acceleration immunity. The structure on the left of
the figure consists of two crystal plates connected electrically in parallel,
using a common central electrode. It operates at odd harmonics of the funda-
mental frequency of the composite, i.e., at one half, three halves, etc., of
the frequency of each crystal plate operated separately.

The structure on the right side of Figure 28 is the series version of
the stack, and cperates at even harmonics. A central electrode is not even
necessary in this configuration. Provided the plates to be joined have flat
mating surfaces and are sufficiently clean of contaminants, they will adhere
due to van der Waals forces., An apparatus that can be used for this purpose
is nearing completijon,?3

16
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Figure 13. Left-handed quartz Y-bar. Twin of Figure 14,

Figure 14. Right-handed quartz Y-bar. Twin of Figure 13.
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Figure 15. Left-handed quartz Y-bar. Twin of Figure 16.

Fiqure 1o, -irhe-ba o ot esav, Twin of Figure 15.




Figure 17. Left-handed quartz Y-bar. Twin of Figure 18.

Fiqure 15. Right-handed quartz Y-bar. Twin of Figure 17.




) Figure 19. Left-handed quartz Y-bar. Twin of Figure 20.

Figure 20. Right-handed guartz Y-bar, Twin of Figure 19.




Figure 21. Twin pairs of Figure 13 (top) and Figure 14,

Figure 22. Twin pairs of Figure 15 (top) and Figure 16.




Figure 23.. Twin pairs of Figure 17 (top) and Figure 18.

Figure 24. Twin pairs of Figure 19 (top) and Figure 20,

23
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Implicit in the discussion ubeve have been assumptions that the stacked
crystal composite vibrator consists of twg crystal twins Lhat each operate
in a single mode, and tnat, when the iwc vitrators are joined, the composite
continues tn operate ir *thic manner, ‘or che sirnjgly cotated cuts (YXi) o
of quartz, including t». AT and BT cuts. 1t 15 easv to see that this will be
the case, since each vibrator is driver in a pure shegr mode by a thickness-
directed electric field. This mede ha« particie woation strictly in the plane
of the plate, so that when the twc plates are joinzd, the composite will-also
have motions in the plane of the plate; tne phase of the motions in the two
component plates wili depend on how the . iectrodes are connected. and hence,
on whether the electric fields in th: two plates are parallel or antiparallel.
The phase will dictate whether even or odd harmonics of the composite are
driven.

The most important recent development in the area of high precision fre-
quency control has been the introduction of doubly rota.ed cuts of quartz,
(in particular the SC cut), having compensation of certain nonlinear elastic
effects that otherwise cause very undesirable stress-frequency?*:9% and
thermal transient/thermal gradienr-frequency effects.”" ‘%! The definition
of singly and doubly rotated cuts is <hown in Figure 29, &tong with the loci
of zero temperature coefficient cuts for quarvtz, for the faster shear mode
("b-mode"), shown dashed, and the slower shear mode ('"c-mode"), shown as
solid lines. It is an experimentally observed fact that SC cuts are also
considerably less sensitive to the effects of acceleration (attitude, shock
and vibration) than AT cuts; the improvement may be as much as a factor of
ten. For doubly rotated crystai cuts tho three piezoelectrically driven modes
all have particle motion that is neither parallel to, nor perpendicular to,
the plate normal. It is not clear, therofore, that such plates can be used
in the stacked configuration for accelerition compensation in the manner
described above. This will now be demonstrated.

The angles specifying the particle displacement are shown in Figures
30, 31, and 32 for the "a", "b", and "c" moues, respectively, along the
upper locus seen in Figure 29; the angles are defined in Reference 54,

DOUBLY ROTATED ENANTIOMCRPHS

Both singly and doubly rotated enentiomornhs are shown in Figure 33.
It is seen that the mirror-image propert,; holds for any orientation. Assume
that a doubly rotated cut, e.g., the SC :cut, has been fashioned in both
right- and left-handed forms; also assume that the corresponding plate axes
have been simply labeled X, Y and Z (instead of double-prire axes;. Now
suppose that a portion of each plate is <onsidered to have dimensions such
that the eigenvector corresponding to the mode in question noints in the
direction from an origin "0" along a major diagonal of the rectangular
prism as seen in Figure 34. On the left is the left-handed plate {or portion
thereof), with particle motion along "0A": the motion thus has components
both along and perpendicular to the major plate surfaces. The mirror image
right-handed plate seen in the center of Fiqure 24 has particle motion along
"0B", because "0B" is the mirror image of "0A". In orader to orient the
right-handed plate so that its axes are antiparallel to those of the left-
handed plate, and thereby achieve the configuration for acceleration compen-
sation, it is only necessary to rotate tne center drawing in Figure 34 about
the Y axis unti) the rightmost drawing is reached. Then the line "OB",
seen in the right portion of the figure is exactiy in line with "0A" seen in
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the left portion of the figure. The stacking thus can take place without

any difficulty; the argument holds for all three plate thickness modes, with
the conclusion that doubly rotated plates may be stacked as readily as singly
rotated plates, and no problem of introducing additional mode coupling will
arise, provided the corresponding axes are either all parallel (two plates

of t?e same handedness) or all antiparallel (two plates of opposite handed-
ness).

Realization of acceleration compensation in the manner set forth in this
report requires the availability of quartz bars of both handednesses. Almost
all of the cultured quartz Y-bars produced today are right-handed, although
left-handed bars can be obtained on special order. For the purpose of making
doubly rotated SC cuts in the same manner as AT cuts, it is possible to grow
rotated Y-bars (“SC-cut bars") by using a seed with length in the X! direct-
ion, rotated by ¢ = 220 about the X3 axis.102,103 ppotographs of 18ft-handed
and right-handed SC-cut bars are shown in Figures 35 to 42. 0Odd-numbered
figures are left-quartz; even are right-quartz. These are shown as paired
enantiomorphs in Figures 43 to 46. The left-hand sample is at the top in
each figure. Line drawings are shown in Figures 47 to 54 corresponding to
the photographs of Figures 35 to 42, respectively. Views looking down the
+Y¥2 and -Y2 axes for both left- and right-quartz are shown in Figure 55.

Cultured guartz Y-bars ordinarily used for AT cuts can be used directly,
in place of SC-bars, to make SC cuts.10% The yield is approximately 30%
higher than with the rotated SC-bar. This possibility is brought about by
the three-fold symmetry existing about the Z axis in quartz. A Y-cut, for
example, could be made by cutting perpendicular to the Xo axis of a Y-bar.
It could also be made by cutting perpendicular to either of the two other
X2 axes spaced around the X, axis at intervals of 120°. In either of the
latter cases the area of the slices would be larger than that in the first
case. In 1ike manner, to produce SC cuts one could either rotate first
around X3 from X; by approximately 220, then make the second rotation about
the new X{ axis, or one could rotate 1200 + 220, or 2400 + 22° for the first
rotation about X3. The second choice, namely ¢ = 2620 produces a rotation
that leaves the new Xj axis only about 8% (2700 - 2620) from the original
-X> axis. One is then nearly rotating about the length of the Y-bar for the
second (¢) rotation. (Because the -X, axis is involved, the sense of the 0
rotation is reversed). Cutting in this fashion is thus nearly as efficient
as cutting ATs; one wants, however, to have the X; dimension as long as
possible. At present, approximately 40 mm along }3 is standard, and 75 to
100 mm along Xy can be readily made.

In the foregoing we have seen that it is necessary for the corresponding
axes of the quartz plates to be properly identified. In particular, it is
advantageous to have a simple method of determining the positive and
negative Xy axes of blanks. One practical and simple method is to use
chemical etching.105:106 Fgpr doubly rotated SC cuts it has been shown to
be a readily applicable and practical method.106

RING-SUPPORTED STRUCTURES

For accelerations out of the plane of the crystal plate, desensitization
of acceleration-induced frequency shifts may be partially accomplished by
use of ring-supported resonatorsl97-108 ag shown in Figure 56. The improve-
ment comes about by the alteration of the boundary conditions at the plate
35
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Figure 35. Left-handed quartz SC-bar. Twin of Figure 36.

Figure st. “iaht-handed auartz SC-bar, Twin of Fioure 35.




Figure 37.

Fiqure 34.

Left-handed quartz SC-bar. Twin of Figure 38.

Right-handed cuartz SC-bar. Twin of Figure 37.




-

y Figure 39. Left-handed quartz SC-bar. Twin of Figure 40.

Fiqure 40. Right-handed quartz SC-bar. Twin of Figure 39.
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Ficure 41. Left-handed quartz SC-bar. Twin of Figure 42.

Ficure 42. Right-handed quartz SC-bar. Twin of Figure 41.
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Figure 43. Twin pairs of Figure 35 (too) and Figure 36.

Figure 44. Twin nairs of Figure 37 (top) and Figure 38.
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Figure 45. Twin pairs of Figure 39 (top) and Figure 40.

Figure 46. Twin pairs of Figure 41 (top) and Figure 42. %
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periphery as described at the bottom of Figure 56. Frequency shift is pro-
portional to deformation at the piate center, which is less for the ring-
supported than the conventional resonator. When the acceleration is in the
plane of the plate, one cannot make any a priori statements concerning the
magnitude of the effect, except that it will depend on the azimuth angle of
the acceleration field. The ring-supported resonator may be fabricated of
any cut. The increased insensitivity of the SC cut over the AT, coupled
with use of this structure may provide sufficient acceleration immunity in
certain applications, so that resonators of this type can be used individual-
ly. Beyond this, paired enantiomorphs, either discrete or stacked may be
used. The inverted mesa structure®2,19%,110 formed in the central region of
the plate need not be plano-plano. Either planc-convex or bi-convex forms
are desirable alternativesill»112

EQUIVALENT NETWORKS

The usual equivalent circuits used for crystals are inappropriate here
because they do not take into account the piezoelectric polarities explicit-
ly. Figure 57 shows the analog equivalent network®3 of a crystai wherein
a single mode is piezoelectrically driven. The placement of the piezo-
transformer dots and the coordinate axes identify the network as representing
a right-handed crystal. The corresponding network for a left-handed crystal
is given in Figure 58.

In Figure 59, the crystals of Figures 57 and 58 (schematized as boxes),
are shown on either side of the central mirror plane of symmetry. The net-
work representation of the reversal of the crystal axes by rotation of one
of the plates about the thickness axis is depicted in Figure 60. Attachment
of the crystals may now be made to realize either the discrete or the stacked
configuration. If the discrete configuration is to be realized, then the
following ports are shorted to indicate traction-free mechanical boundary
conditions: CD, EF, IJ, and KL. Ports AB and GH are then connected electri-
cally in series or parallel as indicated in the discussion of Figures 27 and
28.

Realization of the stacked configuration requires, in Figure 60, the
direct connection of mechanical ports CD and IJ to each other, and shorting
of ports EF and KL. The electrical ports are treated as above.

The case of a stacked, doubly rotated pair of plates is shown in Figure
61. Here all three thickness modes are excited in each plate. The rotation
of one plate about the thickness axis required for acceleration compensation
is represented by the mechanical transformers in the center if we select
minus one as the turns ratio. When two of the thickness modes can be neglect-
ed compared to the third, then the resulting network appears as in Figure 62
with the minus one ratio chosen. The inductances Tabeled L are equivalents
of electrode mass.>* Connection of terminals A to D and B to C in Figure 62
produces the parallel connection seen on the left side of Figure 28. Figure
63 shows the equivalent circuit for the situation given in Figure 62, includ-
ing the presence of the two additional, piezoelectrically undriven, thickness
modes .
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RIGHT-HANDED QUART2
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Figure 57. Network for right-handed quartz plate.
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Figure 58. Network for left-handed quartz plate.
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In order for the networks shown to simuiate the effects of an acceler-
ation field, the individual parameters must be made functions of the acceier-
ation; this can be done without any great difficulty. In the configurations
where compensation takes place, the net frequency deviation will be zero
provided the resonators forming the composite are identical in design, in
reference frequency and in mounting, The compensation described in this
reportarises from geometrical considerations regarding the crystals; it is
assumed that the boundary conditions are likewise identical; any departure
from symmetry in this regard could be expected to produce deteriorated
performance. Any misorientations due to manufacturing deviations resulting
in slight relative rotations of the plate about the common thickness (Y)
direction will couple all three thickness modes together via a mechanical
interface transformer®? with turns ratios that depart from zero as sin
where y is the small angular error, and from one as cos w.

CONCLUSION
The balanced enantioniorphous structures described in this report

possess the advantage of admitting considerable variety in design and use.
Some principal features permitted are:

e Compensation for arbitrary acceleration directions
o Discrete or stacked resonator configurations
e Singly or doubly rotated cuts
o Special mounting systems
* BYA design 53,55,113,114
* Rhomboid resonators 3!
* Ring- supported resonators 107
e Any crystal in an enantiomorphous class
e Plano-plano, plano-convex, or bi-convex plates

o Any mode type for which reversal of the acceleration field is
found to reverse the frequency shift in a single resonator

* Thickness bulk acoustic wave {BAW)
*  Contour BAW

*  Flexure BAW

* Surface acoustic wave (SAW)

* Shaltow BAW (SBAW)!157117 opr syrface-skimming bulk wave (SSBW);
see Figure 64

*  Composite resonator?!; see Figure 65
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Figure 64. Bulk wave (BY) and shallow bulk acoustic wave (SBA4) plates.
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For example, a possible combination consists of two ring-supported resonators

o Lateralll8,119 (LFTM) as well as thickness excitation (TETM)

e Series or parallel electrical connection

e Combinations ¢f the foreyoing

3

each having a plano-convex contour in the inverted mesa portion, stacked
together with ring structures abutting,

Disadvantages of these combiravions are the following:

e Difficulty of boncding or joining plates in stacked structures; {(but
see Reference 93)

e Edge mountings of circular resonators are sensitive to small
orientational errors®6,49

e Stacking misorientation errors couple plate modes®3,119

REFERENCES*

1.

V.E. Bottom, "Note on the Anomalous Thermal Effect in Quartz Oscillator
Plates", American Mineralogist, Vol. 32, September-October 1947,
pp. 590-591.

E.A. Gerber, "Precision Frequency Control for Guided Missiles", Proc.
1st IRE National Convention on Military Electronics, Session 6, June 1957,
pp. 91-98.

£.A. Gerber, "Reduction of Frequency-Temperature Shift of Piezoelectric
Crystals by Application of Temperature-Dependent Pressure", Proc. IRE,
Vol. 48, February 1960, pp. 244-245,

A.D. Ballato and R. Bechmann, "Effect of Initial Stress in Vibrating
Quartz Plates"”, Proc. IRE, Vol. 48, February 1960, pp, 261-262.

A.D. Ballato, "Effects of Initial Stress on Quartz Plates Vibrating
in Thickness Modes", Proc. 14th AFCS, May-Jdune 1960, pp. 89-114.

E.A. Gerber and M.H. Miles, "Temperature Compensation of Piezoelectric
Resonators by Mechanical Stress", Proc. 15th AFCS, May-June 1961,
pp. 49-65.

E.A. Gerber and M.H. Miles, "Reduction of the Frequency-Temperature
Shift of Piezoelectric Resonators by Mechanical Stress”. Proc. IRE,
Vol. 49, November 1961, pp. 1650-1654.

*AFCS: Annual Frequency Control Symposium, US Army Electronics R&D Command,
Fort Monmouth, NJ 07703.




ey

(o)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

C.R. Mingins, R.&. Purry, and L.C. Barcus, "Effects of External Forces
(Transien= and Peruarent)”, Cusvrter’y Report No. i on Contract No.
DA28-042-AMC-0324G(5 ), 1 May to 31 July 1965, US Army Electronics Com-
mand, Fort Monmouth, .0 (7703,

C ». Mingins, P.Ww. Perry, and L.C. Barcus, "Effects of External Forces
(Transient and Perranent)", Quarterly Report No. 2 cn Contract No.
DA23-043-AMC-01240(F ), 1 August tc 31 October 1965, US Army Electronics
Command, Forl Mormoutl,, NO (7703,

C.R. Mingirs, R.W. Perrv ond L.C., 2arcus. "Effects of External Forces
(Transient and Pervanent)”, Cuarteriy Report No. 3 cn Contract No.
DA28-043-AM(-07240(E), 1 November 1965 to 31 January 1966, US Army
Electronics Command, Fort Monmoutfh., NJ 07702,

C.R. Mingins, P.W. Perry and {.C., Barcus, "Effects of External Forces
(Transient and Perionent;", Fina? Regort on Contract No. DA28-043-AMC-
01240(L;, = May 19€5 to 7 May 17356, uS Army Electronics Command, Fort
Monmeuthn, hLo (77075 "Transient Reactions to Stress Changes in Vib-
rating Cryate) Plateq' | Droo. POtk AFCS, April 196€, pp. 50-€9.

J.M. Ratajski. "ire Force “onsitivity of AT-Cui Quartz Crystals",
Proc. 20th AFCC, Apri? 1965, pp, 33-49,

R.W. Keyes ard F.w. Lhor. "“tross Dependence of the Frequency of
Quartz Plates”, Proc. 1EFEL, Yol. 55, finril 1567, pp. 565-566.

J.M. Ratajski, “Farce-fraguency Coefticient of Singly-Rotated Vibrating
Quartz Crystais", IBM J. Res. Dev., Vol. 12, January 1968, pp. 92-99.

P.C.Y. lLee, Y.S. Heng, and X. Markenscoff, "Elastic Waves and Vibrations
in Deformed Crystal Plates", Proc. 27th AFCS, June 1973, pp. 1-6.

P.C.Y. Lee, Y.S. Wang, and X. Markenscoff, "Effects of Initial Bending
on the Resonance Frequencies of Crystal Plates", Proc. 28th AFCS, May
1974, pp. 14-18.

P.C.Y. tee and D.W. Haires, "Piezoelectric Crystals and Electroelastic-
ity", in R.D. Mindlin and Applied Mechanics, (G. Herrmann, ed.) Per-
gamon Press, New York, 1974, pp. 227-253.

P.C.Y. Lee, Y.S. Wang, and X. Markenscoff, "High Frequency Vibrations
of Crystal Plates under Initial Stresses', J. Acoust. Soc. Am,, Vol. 57,
January 1975, pp. 95-105.

P.C.Y. Lee, Y.S5. Wang, and X. Markenscoff, "Nonlinear Effects of Initial
Bending on the Vibrations of Crystal Plates", J. Acoust. Soc., Am.,
Vol. 59, January 1976, pp. 90-96,

P.C.Y. Lee, "Some Problems in Vibrctions of Piezoelectric Crystal
Plates”, Report on the Workshop on Application of Elastic Waves in
Electrical Devices, Non-Destructive Testing and Seismology, (J.D.
Achenbach, Y.H. Pao, and H.F. Tiersten, eds.), Northwestern University,
Evanston, I11inois 60201, May 1976, pp. 442-489,




21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35,

A, Ballato, E.P. EeriNisse, and T. Lukaszek, "The Force-Freguency Effect
in Doubly Rotated Quartz Pesonators”, Proc. 31st AFCS, June 1977,
pp. 8-16.

A. Ballato, 7. iLukaszek, and L.P. EerNisse, "Force-Frequency and Other
Effects in Doubly Rotated Vibrators:, Techniral Report ECOM-4536,

US Army Electronics Command, Fort Monmouth, N2 07703, September 1977,
45 pp.

E.P. EerNisse, T. Lukaczok, a ¢ A, Sallate. "Variational Calculation
of Force-Frequency Constants of Doubly Rotated Quartz Resonators',
TEEE Trans. Sonwcs Ultrasen., Voi. SU-25, May 1978, pp. 132-138,

D. Janiaud, L. Nissim, and J.-J. Gagnepain, "Anaiytical Calculation
of Initial Stress Effects on Anisotropic Crystals: Application to
Quartz Resonators", Proc, 32nd AFCS, May-June 1978, pp. 169~179.

E.P. EerNisse, "Rotated X-Cut Quartz Resonators for High Temperature
Applications”, Proc. 32nd AFCS, May-Jdune 1978, pp. 255-259.

it 2 A

A. Ballato, "Four-Point Mounting Corfiguration for Resonators Subjected
to Severe Environments", Technical Report ECOM-4544, US Army Electronics
Command, Fort Monmouth, NJ 07703, November 1977, 14 pp,

A. Ballato, "Force~Frequency Compensation Applied to Four-Point
Mounting of AT-Cut Resonators®, IEEE Vrans. Sonics Ultrason., Vol. SU-25
July 1978, pp. 223-226.

T. Lukaszek and A. Ballato, "Resonators for Acceleration Environments",
Technical Report DELET-TR-79-10, US Army LElectronics R&D Command,
Fort Monmouth, NJ (07703, June 1979, 33 pp.

E.P, EerNisse, "Temperature Dependence of the Force Freguency Effect
for the Rotated X-Cut", Proc. 33rd AFCS, May-June 1979, pp. 300-305.

E.D. Fletcher and A.J. Douglas, "A Comparison of the Effects of Bending
Moments on the Vibrations of AT and SC (or TTC) Cuts of Quartz", Proc,
33rd AFCS, May-Jdune 1979, pp. 300-305.

T.J. Lukaszek and A. Ballato, "Resonators for Severe Environments”,
Proc. 33rd AFCS, May-dune 1979, pp. 311-321.

A.W. Warner and D.L. White, "An Ultra-Precise Standard of Frequency",
Eleventh Interim Report on Contract DA 36-039 SC 73078 to US Army
Signal R&D Laboratory, Fort Monmouth, NJ, July 1959, 42 pp.

A.W. Warner, "Design and Performance of Ultraprecise 2.5-mc Quartz
Crystal Units", Bell Syst. Tech, J., Vol. 39, September 1960, pp.
1193-1217.

D.L. Hammond, "Frecision Quartz Pesonators", Proc. 15th AFCS, May-June
1961, pp. 125-138.

W.J. Spencer and W.L. Smith, "Precision Crystal Frequency Standards",
Proc. 15th AFCS, May-June 1961, pp. 139-155,
)




36.

37.

38.

39.

40.

41.

42.

43.

ia,

45,

46.

47.

48.

49,

50.

E.A. Gerber, "Piezecelectric Accelerometer", US Patent No. 3,348,076,
October 17, 1967.

M. Valdois, J. Besson, and J.-J. Gagnepain, "Influence of Environment
Conditions on a Quartz Resonator", Proc. 28th AFCS, May 1974, pp. 19-32.

M. Valdois, "Etude de 1'Influence d'Accelerations sur les Propriétés
des Resonateurs a Quartz", These, Universite' de Besangon, June 1974,
73 pp.

M. Valdois, "Infiuence des Conditions d'Envircnnement sur un Resonateur
a Quartz", ONERA Note Technique No. 225, Chatillon, France, 1974, 75 pp.

P.C.Y. Lee and K.-M. Wu, "“Effects of Acceleration on the Resonance
Frequencies of Crystal Plates", Proc. 30th AFCS, June 1976, pp. 1-7.

J.~-J. Gagnepain and F.L. Walls, “Quartz Crystal Oscillators with Low
Acceleration Sensitivity", Technical Report NBSIR 77 - 855, National
Bureau of Standards, Washington, DC 20234, March 1977, 15 pp.

J.A. Kusters, C.A. Adams, H. Yoshida, and J.G. Leach, "TTC's - Further
Developmental Results", Proc. 31st AFCS, June 1977, pp. 3-7.

M. Onoe, K. Furusawa, S. Ishigami, T. Sase, and M. Sato, "Quartz
Crystal Accelerometer Insensitive to Temperature Variation", Proc. 31st
AFCS, June 1977, pp. 62-70,

L. Janijaud, "Influence du Support sur 1a Sensibilite' aux Accélérations
d'un Resonateur a Quartz, C.R. Acad. Sc. Paris, t.285, Series B, 12 Sep-
tember 1977, pp. 69-72.

J.M. Przyjemski, "A Compensation Technique for Acceleration-Induced
Frequency Changes 'n Crystal Oscillators", Technical Report P-606,
The Charles Stark Draper Laboratory, Inc., Cambridge, MA 02139,
February 1978, 6 pp.

P.C.Y. Lee, K.-M., Wu, and Y.S. Wanc, "Effects of Acceleration on the
Resonance Frequencies of Crystal Plates", J. Acoust. Soc. Am,, Vol. 63,
April 1978, pp. 1035-1047.

R. Allison and S.J. Goldman, "Vibretion Effects on Close-In Phase Noise
of a 300 MHz Surface Wave Resonator Oscillator”, Proc. 32nd AFCS, May-
June 1978, pp. 66-73.

J.M. Przyjemski, "Improvement in System Performance Using a Crystal
Oscillator Compensated for Acceleration Sensitivity", Proc, 32nd AFCS,
May-June 1978, pp. 426-431,

P.C.Y. Lee and K.-M. Wu, "The Influence of Support-Configuration on the
Acceleration Sensitivity of Quartz Resonator Plates"”, IEEE Trans, Sonics
Ultrason., Vol. SU-25, July 1978, rp. 220-223.

M.M. Valdois and A.B. Dupuy, "Crystal Dscillator Compensated against
Frequency Shift Due to Acceleratior", U.S. Patent No. 4,100,512, July
11, 1978,

66




!

51. D.A. Emmons, "Accileratizn Sencitivity Compensation in High Performance
Crystal Oscillatec.s ', “Pvec. 10th P77V, NASA Technical Menorandum 80250,
Greenbelt, MDB 20777, Noverbor 15978, pp. wheo?

52. A. Warrer, B. Goldfrank. &, Meirs. anc M. Posenfeld, "Low 'g' Sensitiv-
ity Crystal Units and tovar tesiine . Prec 33rd AFCS, May-dune 1979,
pp. 306-310A.

53. R. Besson, J.-J. Gagnepaia. D, Jan‘aid, and M, Vaidois, "Design of a
Bulk Weve Quartz Resonatovw Inseasivive o Ecceleration”, Proc. 33rd
AFCS, May-June 1979, op. 337-70c5,

54. A. Ballato, "Doubly Rotates Thicirnecso, Mode Flate Vibrators”, in Physical
Acoustics: Principles and Methods. {«.P. Mason and R.N. Thurston, eds.)
Vol. 13, Chap. 5, Academic Press, XY, 1977, pp. 115-181.

55. R.J. Besson, "Quartz Crystal and Superconductive Resonators and Oscil-
lators", Prcc. 10th PTTI, NASA Technical Memorandum 80250, Greenbelt,
MD 20771. November 1978, np. 1G1-122,

56. P.C.Y. Lee and ¥.-M., Wy, "Couplea Resonancesin Doubly Rotated Crystal
Plates". Presented 3t 33rd AFCS, May-vune 1979,

57. 1. Koga, "MNotes on Piezoelectric Quartz Crystals", Proc. IRE, Vol. 24,
March 1936, pp. 510-531.

58. D.A. Venn and G.}. Arrn’d, Jr., "Dual-Crystal Operation for Improved
Frequency Stability witn Varying Temoervature". NRL Report 3892, Naval
Research Laboratory, Washincteon, 9C, November 1953, 10 pp.

59. J. Vig, USAERADCOM, Fort Monmouth, NJ 07703, orivate communication,
January 1978,

60. A. Ballato, "Transmission-Line Analoags for Stacked Piezoelectric
Crystal Devices”. Proc. 26th AFCS, June 1572, pp. 86-91.

61. A. Ballato and T. lLukaszek, "A Novel Freguency Selective Device: The
Stacked-Crystal Fitter", Proc. 27th AFCS, Jure 1973, pp. 262-269,

62. A. Baliato and T. lLukaszek, "Stacked-Crystal Filters", Proc. IEEE, Vol.
61, October 1973, pp. 1493-1496,

63. A. Ballato, H.L. Bertoni, and T. Tamir, "Systematic Design of Stacked- é
Crystal Filters by Microwave Network Methods", TEEE Trans., Microwave )
Theory Tech., Vol. MTT-22, January 1974, pp. 14-25, ’

64. C.M. Stearns, S. Wanuga, S.W. Tehor, and A. Kachelmyer, "Multi-Mode |
Stacked Crysta?! Filter", Proc. 31st AFCS, June 1977, pp. 197-206. ;

65. 1. Koga, "Piezoelectricity aru [ts Apnlications™, J. Inst, Electr.
Eng. Jpn, July 1923, pp. 49-47,

66. W.G. Cady and K.S. Van Dyke, "Proposed Standard Conventions for Express-
ing the Elastic and Piezoelectric Properties of Night- and Left- Quartz",
Proc. IRE, Vol. 30, Noverber 1542, pp. 495-499,

67




67.

68.

69.

70.

.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

W.G. Cady, Piezoelectricity. McGraw-Hill, New York, 1946; Dover, New
York, 1964.

"Standards on Piezoelectric Crystals, 1949", Proc. IRE, Vol. 37,
December 19429, pp. 1378-1395.

"IEEE Standard on Piezoelectricity", Standard 176-1978, IEEE, New York,
September 1978, 55 pp.

J.D.H. Donnay and Y. Le Page, "The Vicissitudes of the Low- Quartz
Crystal Setting or the Pitfalls of Enantiomorphism", Acta Cryst.,
Vol. A34, July 1978, pp. 584-594,

J.D.H. Donnay, McGill Univ., Montreal, PQ), Canada H3A 2A7, private
communication, December 1978,

M.J. Buerger, Harvard Univ., Cambridge, MA 02138, private communication,
December 1978.

C.J. Schneer, Univ. New Hampshire, Durham, NH 03824, private communi-
cation, January 1979.

R.E. Newnham and L.E. Cross, "Tailored Domains in Quartz and Other
Piezoelectrics", Proc. 30th AFCS, June 1976, pp. 71-77.

T.L. Anderson, R.E. Newnham, and L.E, Cross, "Coercive Stress for
Ferrobielastic Twinning in Quartz", Proc. 31st AFCS, June 1977, pp.
171-177.

H. Yoda, "Quartz Crystal Units Utilizing Twinned Natural Raw Quartz".
Presented at 15th AFCS, May-June 1961, printed separately, 8 pp.

C.B. Sawyer, "Progress in Engineering Cultured Quartz for Use by the
Crystal Industry", Proc. 13th AFCS, May 1959, pp. 462-476.

W.E. Newell, "Face-Mounted Piezoelectric Resonators", Proc. IEEE, Vol.
53, June 1965, pp. 575-581.

W.E. Newell, "Ultrasonics in Integrated Electronics", Proc. IEEE, Vol.
53, October 1965, pp. 1305-1309.

Clevite Corporation Staff, Piezoelectric Technology Data for Engineers,
Piezoelectric Division, Clevite Corporation, Bedford, Ohio 44146,
1965, 45 pp.

J. van Randeraat, Ed., Piezoelectric Ceramics, Electronic Components
and Materials Division, N.V. Philips' Gloeilampenfabrieken, Einhoven,
The Netherlands, June 1968, 118 pp.

T.F. Hueter and R.H. Bolt, Sonics, Wiley, New York, 1955, Sec. 4.12,
pp. 136-146.

R. Holland, "The Linear Theory of Multielectrode Piezoelectric Plates",
1966 WESCON Convention Record, Vol. 10, Part 3, Paper 3/3, 15 pp.

68




Ny AT L IVE R T TR T T T ey e

B i

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95,

g6.

97.

98.

£.P. EerNisse, "Resonances ©T One-Dimensional Composite Piezoelectric
and Flastic Structures ', [TEL Tedans, Sonics Litrason., Vol. SU-14,
April 1967, pp. 59-¢7.

E.K. Sittig, "Transmizsion Parameters of Thickness-Driven Piezoelectric
Transducers Arranged in Multilaycr Configurations", IEEE Trans. Sonics
Ultrason., Vol. SU-14, CGctober 1367, pp. 167-174,

E.K. Sittig, A.W, Warner, and H.D. Cook, "Bonded Piezoelectric Trans-

ducers for Frequencies bayond 100 iHz", Uitrasonics, Vel. 7, April
1969, pp. 108-112.

0.M. Stuetzer, "Piezoeleciric Pulse anc Jode Generators”, IEEE Trans.
Sonics Ultrason., Vol. SU-14, April 1967, pp. 75-88.

R.F. Mitchell and M. Redwood, "Frequency Response of a Distributed
Piezoelectric Source of Scound", Electron. Lett,, Voi. 4, March 1968,
pp. 107-109.

R. Holland and E.P. EerNisse, Design of Resonant Piezoelectric Devices,
M.I1.T. Press, Cambridge, MA, 19€9, Sec. 2.4, pp. 89-95.

0.1. Bolef and M. Menes, “Measurement of Elastic Constants cf RbBr, RbI,
CsBr, and CsI by an Ultrasonic cw Resonance Technique", J. Appl. Phys.,
Vol. 11, June 1960, pp. 1010-1017.

T.R. Sliker and D.A. Roberts, "A Thin-Film CdS-Quartz Composite
Resonator", J. Appl. Phys., Vol. 38, April 1967, pp. 2350-2358.

D.A. Roberts, D.J. Koneval and T.R, Sliker, "Alterrnate Approaches to
High Frequency Filter Crystals", Proc. 21st AFCS, April 1967, pp. 83-
114,

R.J. Ney and E. Hafner, "Continuous Vacuum Processing System for
Precision Quartz Crystal Units", Proc. 33rd AFCS, May-June 1979,
pp. 368-373.

E.P. EerNisse, "Quartz Resonator Frequency Shifts Arising from Electrode
Stress", Proc. 29th AFCS, May 1975, pp. 1-4.

E.P. EerNisse, "Calculations on the Stress Compensated (SC-cut) Quartz
Resonator', Proc. 30th AFCS, June 1976, pp. 8-11.

R. Holland, "Nonuniformly Heated Anisotropic Plates: 1II. Freauency
Transients in AT and BT Quartz Piates", Proc. IEEE Ultrason. Symp.,
November 1974, pp. 592-598,

J.A. Kusters, "Transient Thermail Compensation for Quartz Resonators",
IEEE Trans. Sonics Ultrason., Voi. SU-23, July 1976, pp. 273-276.

J.A. Kusters and J.G. Leach, "Further Experimental Data on Stress and
Thermal Gradient Compensated Crystals', Proc. IEEE, Vol. 65, February
]977, pp . 282"284 .

B e L T



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

m.

1na.

13.

114,

A. Ballato and J.R. Vig, "Static and Dynamic Frequency-Temperature
Behavior of Singly and Doubly Rotzted, Over Controlled Quartz
Resonators", FPrec. 3Znd AFCS, May-June 1978, pp. 180-188.

A. Ballato, "Static and Dynamic Frequency-Temperature Characteristics
of Quartz Vibrators", Technical Report DELET-TR-79-8, US Army Electron-
ics R&D Command, Fort Monmoutn, NJ (7703, April 1979, 28 pp.

A. Ballato, "Static and Dynamic Behavior of Quartz Resonators”, IEEE
Trans. Sonics Ultrason., Vol. SU-25, July 1979, pp. 299-306.

D.R. Kinloch, Sawyer Research Products Inc., Eastlake, OH 44094,
private communication, January 1977,

N.C. tias, Motorola Inc., Carlisie, PA 17013, private communication,
November 1978.

R. Ward, Coloradc Crystal Corp., toveland, CO 80537, private com-
munication, July 1979.

P. Suda, A.E. Zumsteg, and W, Zingg, "Anisotropy of Etching Rate for
Quartz in Ammonium Bifluoride", Proc. 33rd AFCS, May-Jdune 1979, pp.
359-363.

R. Brandmayr, R. Filler, and J. Vig, "Etching Studies on Quartz",
Proc. 33rd AFCS, May-June 1979, pp. 351-358.

G.K. Guttwein, A. Ballato, and T.Jd. Lukaszek, "VHF-UHF Piezoelectric
Resonators", U.S. Patent 3,694,677, Patented 26 September 1972.

A. Ballato and J.R. Vig, "Advances in the Stability of High Precision
Crystal Resonators”, Proc. 11th PTTl, Greenbelt, MD 207771, November
1979, in press.

D.R. Curran and D.J. Koneval, "Factors in the Design of VHF Filter
Crystals', Proc. 19th AFCS, April 1965, pp. 213-268.

T.J. Lukaszek, "Mode Control and Related Studies of VHF Quartz Filter
Crystals", IEEE Trans. Sonics Ultreson., Vol. SU-18, October 1971,
pp. 238-246.

M. Nakazawa, "Analysis of Vibratioral Mode in Concaved Quartz Crystal
Plate with Probe Method", Paper of Technical Group on EA 76-43. The
Institute of Electronics and Commurication Engineers of Japan, pp. 23-
28, 1976.

M. Nakazawa and S. Wakui, "On the Crooved AT-cut Quartz Crystal",
submitted to J. Inst. Electr. Comm. Eng. Jpn.

D.L. Hammond and L.S. Cutler, "Crysztal Resonators", U.S. Patent
3,339,091. Patented August 29, 19¢7.

L.S. Cutler and D.L. Hanmond, "Crys<tal Resonators", Reissue 26,707
of U.S. Patent 3,339,091. Reissuec November 4, 1969,

70




"

115.

116.

-

117.

118.

120.

- ———. ., . e —————

A. Ballato and T.J. Lukaszek, "Shallow Bulk Acoustic Wave Devices",
1979 MIT Digest, pp. 162-164. IEEE Catalog No. 79CH1439-9 MTT-S.

T.J. Lukaszek, A. Ballato, K.H. Yen, and R.S. Kagiwada, "SAW and
SBAW on Doubly Rotated Cut Quartz", Proc. IEEE Ultrason. Symp.,
September 1979, in press.

A. Ballato and T. Lukaszek, "Shallow Bulk Acoustic Waves - Progress
and Prospects", IEEE Trans. Microwave Theory Tech., Vol. MIT-27,
December 1979, pp. 1004-1012.

A. Ballato, "Transmission-Line Analogs for Stacked Piezoelectric
Crystal Devices", Proc. 26th AFCS, June 1972, pp. 86-91.

A. Ballato, "Transmission-Line Analogs for Piezoelectric Layered
Structures", Technical Report ECOM-4413, U.S. Army Electronics Command,
Fort Monmouth, NJ 07703, May 1976, 259 pp.

A. Ballato, "Resonators Compensated for Acceleration Fields", Proc.
33rd AFCS, May-June 1979, pp. 322-336.

71 FM-616-80



