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A QUARTER CENTURY OF PROGRESS IN THE THEGRY AND DEVELOPMENT
OF CRYSTALS FOR FREQUENCY CONTROL AND SELECTION

E. A, GERBER
W. Long Branch N.J.

and

R, A, SYKES
Bothlehem, Pa,

Swrmasy

4 brief history of the frequency control symposiun
is given together with a short report of the state-of-
the-art in 1947, The progress and achievemonts in the
past 25 years as presented at the varicus symposia will
be roviewed in some detail covering the following cate-
gories: synthesis and product.on of piezoolectric -at-
erials, fundamonval studies, c-ystal unit dovelopment
and ongineering, temperature ccntrol and compensation,
filters and measuremont and tect. A brief concluding
gcatomant 1111 be made as to the direction xrore future
R&D efforts may lead us,

Introduction

The first symposium was held . =
of the Squier laboratory in 24L7, 1. was attended by
personnel from the three se-vices. contractora on tne
problems of frequency conirol, and members of the sub-
panal on frequency control o' the old Researcn and Devel-
oprment Board, The purpose of th.s symposium was to
review progress on the variow. -ontracts to assist the
military in future program plarning, During the next
three meetings 1% wWas expandei to incluie others and
went to Oibbs Hall, Due to lar er attendance it moved
to Asbury park in 1951, and s..yed thore until thoe first
mecting in Atlantic City in 140, the fourteonth
sym,rosium,

conJerence room

2t us take a ook at the status in 147 as we saw
it the: . Professor Cady's boos on piezoelectricity had
been pu-slisaed. Raymond Hoasing had published his book
on advan-aments in theory, design and production during
the war ysars., In addition, through the Galvin Indusiries
and The Western Electric Comp.rny much of the manufac-
turing “echniques had beon mais available to the incustry.
From a devico standpoint plated high frequency crysial
units had bacn developod which were stable under sovere
shock and vibration, This was 3 major improvement at that
time. We hac soaled motal holasrs and the dimensioning
rules had beer established for algh frequency quartz
platos, For precision crystal units such as used in the
LORAN equipment, the 100 kHz GT had been developed.
After throo monds of operation in th: equipment, it was
stable to about . pact in X0/ per day, In retrospect,
by today's stands.-is, in 1947 tne holders loaked, high
frequency crystzl ynits aged or drifted badly and they
had high resistance at low drive levels, There was
considerablae vari.tion in resistanco with temperature and
many of them hac - swanted modes which caused actual off
frequency operatish in the equ.pnments,

Cne of the rusulte of thi. study has boon a discove
ery of the amazing aavsant of <cchnlual and other informe
ation that has bren recorded ir the proceodings of theia
symposia. Our advice to any yoang chap starting in the
business today wou’d be: go back and read the procoodings
of past symposia., Make z note of the year and the article
that 1s of particular {.-ierest and then whan yon moet a

problem in tho latosatery or in the duvelopnient of equip-
ment that rings a bull, re-cead and study those articles.
You will be surprised at the amount of time this will
savs and the amount of information you will find there.

To cover all of the developments in the past 25
years in the period assi\gnod to us this morning weuld
be: an impossible task. However, we have plcked a fow
categories vhich we think will be of intarest to most
of the people here.

Genoral

Before we go intc details of the review, it is
interesting to have a more general lock at zhe type of
papers which have beca presented during the years and
to obsarve the ups and downs in technology nmanifestea
by the nunber of papers in the various techalcal cates.
gorin3, Slide 1 shows that our symposia stirted with
a rather large of{fort i1n the synthesis of quartz and
other crystals which were candidates for froquency
control applications. As the growing of cu.tured quartz
Aas more and rore perfected, work on other crystals
stopped as you can see from the declining nmbers of
papers in this category, Then, work in atonic and mole
ecular frequency control gained momentum ani it came in
so strongly that a soparate session was arranged in
1956, The papers given at this mecting are also counted
in tho overall number of papers in this fleid. In
contrast to these two categories, the numbe: of papers
in the field of fundamental properties of c:rystals for
inatanze, resemble more a quietly flowing river and
they probably will continue to do so for so.ne timo to
comea.

Slide 2 shows a uotal of 92 articles of interest
in the various cstogories shown that were selected
from the prorevdings of the Symposiwm published since
1956, Oth.r authors might have solectad differently
and {t3 qu.te poasible not all our choices aave beon
the best since it would require considerabls study to
de a prepor selection. This slide serves oaly to show
the 1reas *hat have received the most traatarent through-
out the years 1956-1970, Much ~f the published matorial
ghown here was of course, initiatea ‘n previous symposii
of which the many contractual reports »~ tho only source
of information., For example, prior to 19§, the prin-
ciples for tho growta of quartz had been well eata-
blished, the mathematical solution to the many vibra-
tion problans in quartz plates was well undar way, the
2.5 and 5 MHz high froquency precision crys:al unit
dasigns were nearly complete, VHF crystals iad boen
developed, initial work had been started on tha use of
thermiators for temperature compensation of crystal
control oacillators, the impedance moters for measure-
ment, of frequency and resistance were under developent.
and several papors had been published on maufacturing
procodures, We will now proceed to glve sca a brief
raport of the progress in 2ach category. Mo attempt
will be made to ostablish credit but reforeace to
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individuals or institutions may be wade to more clearly
identify the subject material,

Synthesis and Materials

We will start our more detailed review with the
great success of having available today cultured quartz
whict is superior to natural quartz in many respects.
Papers on this subject were prcsented by Bell and Brush-
Clevite personnel at almost each symposium, joined later
by Sawyer Research, Two growing methods finally yielded
excellent results; the high prossure, (1200 - 1800 bar)
fastor method with NaOH solution used by Bell and Western
Electric, and t!. low pressure, (600 - 900 bar) slower
method with Na 003 solution used by Brush-Clevite-Sawyer,
Success reachea by all rescarchers was the result of
very thorough, systematic investigations, Fig, 59-17-kx
shows the results of a study of the growth rate on the
basal plane as a function of the percent fill in NaOH.
Also in 1959, success was reported in growing quartz bars
with the length parallel to Y specifically suited for
the fabrication AT cut plates as shown in Fig. 59-h62-1,
The composite nature of cultured quartz material is
vividly revealed in Fig. 65-669-p. 672 which shows three
irradiated sections cut from a Y - bar cuttured quartz.
The smoky sections are the +X and <Y growth regions and
they show slightly more internal friction than the un-
colored Z - growth material. In both natural and cul-
tured quartz, smoky color does not necessarily mean
lowered Q. If a quartz plate is cut, with a +X2 bhoundary
vraversing its active region, l~vger losses may manifest
themsolvos.

After a lull of ten years, new work on piozoelactric
crystals other than quartz has been reported, spocifi-
cally the five materials showm in Fig, 65-5-2 have boen
grown in crystalline form and their elastlic, plezoelec-
tric properties measured, Specifically, lithium niobate
and lithium tantalate look very promising, While retain-
ing the desirable features of quartz, such as high Q,
hardness and good crystalline perfection, they are char-
acterized by coupling factors whizh are about fivo times
greator than those of quartz, These propertles make
them highly suitable ror frequency control devices in
the VHF range, especially in crystal filter spplicatiors.

Fundamental Studies

Work on quartz aynthesis has awakened great interest
in the fundamental propertios of crystalline materials
and this effort has led over the years to a profound
knowledge of the lattice parametors and the influence of
imperfections on ¢ and other resonator prcperties. A
paper was given in 1957 which reported on the measure-
mont of the resonance resistance of crystal units made
from natural and synthetic quartz, between three and
nine MHz and 1.2 to LOO®K. For these and mest of the
later moasurements, a precision Sth overtone glass-
enclosed AT - cut vibrator has been used, This parti-
cular construction has been employod because its unique
design suggests that most of the measurable loss is in
the vibrator maverial and not in the mounting structure.
Fig. 57-62-6 shows tho resonance resistance of SMHz
crystal units. The location of the relaxation peaks w:s
the same for all samples tested, but the magnitude varied
zroatly. Fig. 58-84~7 shows that the absorption peak at
S0°K disappears ¢ fter X-ray irradiation, but a peak at
1000K shown in this figure derives from substitutional
Als This peak is not apparent in quartz grown on Z-cut
(Z-growth), Fig. 60-l-1 shows moasurements of the acous-
tical absorption at higher temperatures, This rising
acoustic absorption appears in thickness shear mcdes

above room temporature and peaks at 10°C but occurs
only in Z.growth quartz. This loas was first ascribed
to the formation of sodium alumimm silicate tut was
shown at the 1967 Symposium to be correlated with O in
quartz, It was also reported at that time that lithium,
used as a dopant of the growth solution, results in
significant improvements in syntheti~ quartz. It
approaches in its properties, including its frequency-
temperature behavice, the best qualivy natural quartz.
Other techniques have also been reported which can be
used to eliminate the acoustic effects caused by the
sodium-aluminum centers: X- or gamma ray irradlation, or
eloctrolysis, Tho latter wreatment has ths added benefit
of reducing the sensitivity of the reconance frequency
to ionizing radiation.

Prof. Mindlin and his &ssociates at Columbia Univer-
sity have made very important and lasting contributions
on the malhematical thesry of vibrations of crystal
plates. Fig. 67-<3+7 chows the various .ossible modes of
vibration along X) and {4 in a rotated ¥ - cut quariz
plete. All these modss Ravo overtonos and they are
coupled to varying dogreos. These formlidable vibration
problems have baen troated step by step, as reported at
the various Symposia,

It is impossible to do justice to all of Prof.
Mindlin's contributions, so we wish to focus your atten-
tion on what has been reported during the last few years,
In the case of rectangular plates with all four odges
free, solutions are not cxpressible in terms of a finite
mmbor of elementary functions, The additional compli-
cations of anisotropy and high frequency makes general
solutions even more intractuble. However a pruning of the
genoral equations considering the spucialities of the AT
cut resulted in a set that could be solved in close fomm.
This solution shown in a paper by Mindlin and Spencer
containad an additionzl family of modes - the thickness
twist overtones as shown in Fig. 67-3-2. The mode shape
cwprises phase reversals, across the width of the plate,
resulting in a twisting deformatlon across the width,
Fig. 67-3-5 shows a comparison of the ccmputed and
measured resonance frequencies of coupled thickness -
shear and flexure and thoir twist overiones for a rec-
tanguiar AT - cut plate., The agreemont betwecen theory
and exporiment is quite impressive. To identify more
completely the measured resonancas, X-ray diffraction
topographs are shown in Fig., 67-3-7. Tho fundamental
thickness shear mode (n#0, mp=l) is not shown, Directly
above this mode in frequency is the (ne2, mowl) twist
ovortone of tho thicknnss shear mode for which a topo-
graph is shown., The flexure components of displacement
are 3till visible as banding of the shear displacement.
The other 3 topographs show other wist overtones, one
symmetric overtone of thickness shear and the 36th over-
tone of flexure.

The X-ray topograpnic method was reported the first
time at the 1903 Symposium, Fig, 66-1~2 shows how power-
ful this method is, It is a frequency scan of a funda-
mental thickness sheoar AT resonator. X-ray topogranhs
were taken at several resonance frequencies, The light
sections dividing dark areas are nodes., Note the irre-
gularities in the material and strained area due to the
mounting structure,

Shockley and his coworkers of Clevite Corp, pre-
sented at the 1963 symposium a paper entitled "Energy
Trapping and related studies of multiple electrodo
filter crystals", The conclusion of this impertant paper
surnarizes thoir results in a nutshell; therefore we
quote it heve verbaily, “Performance characteristies
Af high frequercy quartz filter cwystal units can be

“The figuro mmbers indicate the year of the 7mpesium - the page or whic' the papor appears in the proceedings -

and the actual figure number for that paper.




explained in terms of existing elastic wave theory and a
cut-off frequency, which in effect coafines the vibratory
energy to a limited region surrounding tne electroded
portion of the wafer. Below the cut-off frequency,
vibratory energy decays exponentially with distance away
from the clectroded portion of the wafer. This expon-
ential decay is no‘ asscclated with dissipation but
rather acts to trap the vibratory energy within a con-
fined region, This explains the high Q values observed
for quartz resonators mounted on low Q supports and gives
a theoretical basis for the small inter-resonator coup-
ling observed on multi-resonator wafers., Application

of the principles described here should lead to sub-
stantial improvement in Q of hugh frequency filter
crystals and to further displacement in frequency of
spurious responses from their principal rosonance."

Fig. 63-86-19 shows the Q of a dot resonator as &
function of the mmber of hal! wavelengths to the plate
edgo. The experimental values agree very well with
thoory which pustulates the trapping of the oscillating
energy for a certain lower va.ue of J4L.. On the other
hand, if most of tho energy ol the shear wave is confined
to the plated poc-tion, for exarple, the rate of dJecay into
the unplated part of the cryst.l plato is rapid, thon
anhasmondc modes due to the piate boundary will be sub-
dued, The response spectrum ol a 10 MHz AT cut resonator
1s shown in Fig. 64-93-L where all anharmunic resonances
below the cut-off frequency (0 for the unplated part are
trapped within the plated par: of the plate. In Fig.
6h<93-6, ¢ s much lower (the plating thickness is
decreased) and very little trupping of anharmonic over-
tunes appears. We will discuss the importance of these
findings for filters later,

Mindlin's tremendous thecretical touls and experi-
ence camo extremely handy in coming up with a thoory for
tho phenomenon of “ersrgy trapping." Tho dispersion
curvas for thicknwas shear and flexual waves in an in-
finite platc, propagated in the X -direction is shewn
in Mg. ¢6-050+2 which demonstrates tho criticality of
the electrodo dimensions, Dimenoionless frequency is
plotted as ordinate and laterl wave nunbor as abscissa.
A dotailed study of this graph will relate the electrode
ulmansions for trapped energy resonators. The uppes
curves are the disperaion curves for Jhe uncoated and
the, loWwor onss for the coated part of the plate. To tho
left of zero, the wave numbor i3 inaginary and the waves
are non-propagating. At froquoncies butweun the tvo cut-
off frr uenclen, the thickness - shear motion in the
plated part ..o propagating, but in the unplated portion,
wo have agaln noa-propagation .o that the amplitude falls
of{ exponent.«lly outside of the plated portion., Above
the cut-off frequency of tho uiplated portion, both
waves are progagating over the entire plate. If the X -
dinension of the plating is shurt enough so that the
lateral wavelength of the first anharmonic overtono would
nave to be, roughly, two thirds the length of the plating,
the wave numbor would be high and the frequeitcy of the
farst. anharmorue overtons would be above the cut-off
froquency in tho uaplatued portion, Thon that first and
all higher oveortones would pro.igate out. The critical
length of plating, then, will e inversely proportional
to the wave number in the platud portion at the cut-off
frequency of the unplated portiun of the plate,

In 195U o paper was ypresea.ed on high precision
crystals which wore excited by slecirodos creating a
fiold parallel to the major surfaces of the plate., .inco
thes arrangement loft the nost active center part of the
plate free of coating, a highe. § resulted, bought, how-
ever, for the price uf a nigher impedance level of tha
crystal unit, The parallel - fl.eld excitation proved to
be adventageous whon the crystal was exposed to sudden
tenperature changes, Fig, €3-4,8<4 shows that the trans-
lent frequancy change is one ordor of magnitude samalier
than in the case of the perpendicular field.

Several excellent papers appeared durisg the
history of our Symposium on precise determi iation of the
temperature coefficient of the stiffness co:{fficie.l
and the frequency. A paper given in 1961 iivestigated
double rotated cuts and resulted in the int_ oduction of
a new cut., Its orientation_ according to IEZE nomen~
clature 13 0 = -34°; ¢ = 15 . Fig 61-22-6 shows that it
has about the same rinimum froquency deviat.on as the
beat AT cut, but displays a second order parabola, The
main value of these studier, however, is th: precise
determination of firat order tempersture coafficlents,
Very high precision messurements on the sama topic wer
presented at last year's Symposium, Fig. 7)-55-9 shows
the locus of the turnover {omperature measured with SMHz
high precicion AT resocnators. The scatter >f tne measured
points is seon W lie within a 5" band about the calct.
latod curve, ind ative of the angular error, and meowe
irportant, of *  homogenity of natural quartz.

Before we close our discussion on the .ore fundaw
mental properties of crystals, we want t¢ mantion meas-
urements of the influcnce of applied compressicnul forces
on the frequency of ar AT plate as a funciiin of the
azimuth as shown in Fig. 6L-L9-1, Those measurement.
started a long series of slmilar measuremer..s with many
different Lypes of forces, crystal sizes anl orientations,
reported at our Symposia after 1961, However, no final
theoretical explanation for these effects i, available
today.

Measuremont and Test

Papers in the fleld of measurement and test dealt
mainly with two topics, The CI - Meter and the 7 - nate
work. To a losser extent, bridge circuits for measuring
crystal parametera were discu.sed, and also methiods for
tasting leaks in crystal enclosures. Fig., 57-L63-3 shows
the circult dlagram of the VHF crystsl impedance meter
AN/TSM - 15, reported at the 1957 Oymposium. Compared
with the older TS ~683, it provides a circuit such that
the crystal power dissipatior is relatively independa.il
of crystal resistance, important for produc.don teating
of crystal units, This was made possitle by the low
resistanco values used in the crvstal netwo-k and the
addition of a grounded grid amplifier. A muturing circuit
to measure crystal voltage was also added, The T4 - 15
covers a frequency range from 75 to 200 MHz, The repeat-
ability of frequoncy measurcments, specifically in the
HF range, had been a problom with CI - Mete.s, specific-
ally with the TS - 330 which covers the rangs from ) to
15 MHz. This problem was due to crystal cw-ront changes
and was solved by the use of autamatic gain control.
This allowed control of power lovels from ono to ten
nicrowatts. It resulted in an improvgment of the fru-
quency repeatability from 107 to 10 As shown 1n
Fig. 61-98-£ tho twenty three da%a points huave a scatter
that rarely exceods 5107,

A compilation of all CI - Metors availuble or uader
dovolopment in 196L is shown in Fig. 6L-LW1-1, The
table is still valid tolay with the oxceptiun that the
T - 20 is replaced by the TM - 305 which ju cormercially
avoilable. Fig. 64-LL1-8 shows the advanty,e gained by
an inductively tuned CI - Mcter., We have a zonstant
stabilization factor for each frequency ban. and at the
same time, greatly roduced the mmber of necessary bands
to cover the samo overall freguency range. The prctlen
with the low froquency TJ 710 neter was the uverdrive of
good, low resistance crystals aftoer rated drive was sct
as specified through a relatively high resi.tance., The
solution was to improve the AGC and make the resistors in
the crystal network aajustable for specifiou froquency
bands.,

Turning novw to the & or transnissivh c.rcust mothod,
the fim of Rohde and Schwar 2 presentc.) in ./07 tho first
comercial version of tho transmission circilt nethou,




togevher with synthesizars to cover the frequency

range from 30 Hz to 30 MHz., Fig. 59-35L-2 siows a side
and top view of the transmission network. The two resis-
tors Ry and Ry, forming the network consist of four
deposited - cardon resistors arranged in the form cf a
star. Tae two resistors connecting the network with the
oscillator and the detector form the inner conductor of
a coaxial line. Due to this construction, it can ve
used up to very high frequencies. A phase indicator
connected to the crystal terminals facilitates tuning of
the equipment to th. crystal resonance frequency. The
phase detection technique is shown in block diagram by
Fig. 68-259-8. This forms a phase locked oscillator and
allows continuous resonance frequency measurements for
manufacture and test. A crystal measurement system
shown in Fig. 69-93-2 using an RF vector volimeter waa
described at the 1969 symposium, The vector voltmeter
test set is basically an oscillating loop containing an
amplifier, a phase shifter and the crystal in theX” -
notwork,

As in Fig 68-259-8, the phase angle across tho crys-
tal is seused hy the vector voltmeter and adjusted untll
the frequency of oscillation is of the proper value to
produce a zero phase angle across the crystal. The
vector voltmeter can be switched to measure the voltage
to ground at either probe A or probe B, As shown in
Fig. 69-93-5 these voltages can be used to find the crys-
tal resistance and drive level. The voltage readlngs
V, and Vg dstermiae the X and ¥ coordinates of a point
w‘\uch in turn determines a constant resistance line and
a constant power curve. The basic accuracy of this crys-
tal test set is about 3 to 5 parts in 10% and the
resetability error in the order of 1 to 2 parts in 10°,
Crystal resistance and drive level accuracy is in the
order of five percent.

TwWo papers, prcsented in 1969 and 1470, compared the
precision of the 7. network with those of bridges. Ome
author, comparing an admittance bridge and the GR bridge
type 1609 with the 7z rstwork, found no significant system-
atic diffeconges. The froquency resetabllity appeared
to be + 74107 in the worst case, provided that the 77 -
network was designed car+f\ully and phasu errora due o
par.sitic inductances and capacitances were compensated
for. Fig. 69-102-8 shows how tho phase exror can Le
held small and independent of the calibr.t.ing reslstance,
0n the other hand, according to the second paper, tridmes
seem to be better sulted for the measurement of the
rotional capacitance above iOMHz.

Attentlon to the proper measurement of unwantad
modes in crystals was drawn in a paper presentud in 15¢3,
The hybrid .oil bridge method shown in Fig, 63-316-1,2,3
is suitable for this purpose if proper procautions are
used, It shuws the schematic of the test circult and the
equivalent circuii of a crystal vibrator. Wier the
briJge 13 balanced the uquivalent test circulti can be
reprosents. by the lower figure and the maximum in-
gsortion voltage ratio calculated,

Tost of the seal and evaluation of the crystal unit
enclosuro i3 also an important stop in Jdeveloping and
producing qood crystal unlts, Methods for unit heme-
ticity fall into two categories; those which detect in-
ternal pressuze rise and those which depend upon tho
uctection of a trace sutwtance which pa. es through an
actual leak. Fig. 65-1.5-Tab I shows preasure rise
detectiorn methods togethe: with thalr scnaitivity,
ionizatior current method has becn empluyed for .some
time, but is now being replaced., Among the actual leak
test. methuds <hown In Fig, 45-175-Tab II the bubble
test is perhaps the sasiest and least costly. Jts
sonsitivity may be increased oy subjecting the wnits to
be tested to external helium pressure. The widely used
mixed gas backfilleg hellum mass spectrometer test can
detoct leaks of 10™*Ycc/sec, I* is excelled by the

The

radioactive tracer technique, bul the latter is economic
only for the large volune production.

Crystal Unit Development. & Engineering

Figure 57-277-2 shows the calculated variation in
G dus to the intrinsic losses in quartz as a function of
temperature and frequency. Both low and high frequency
crysial units were developed for operation in the range
of L% to 70°K. They had high Q and very low drift but
continuad effort in this direction ceased, due to pract-
ical difficulties of maintaining accurate control at
these temperatures, and because morc promising develop-
ment. sppeared possitle for high frequency crystal units
at 2,5 and § MHz at room temperature. Reducsd drive
levels and iroroved oacillator stalility were obtained
by using multi-stage gain as shown in Fig. §7-277-21.

Comparison uf different types of flaxure type
crystal unit structures is shown in 58-282-2, The XY!'
flexure wnit, while widely used in Europe for several
years, had not received much attention in this country
until presented here. It is shown that 1t has a lower
secorud order temperalure coefficient. and increased
stability with time over the other two designs. Within
the frequency and impedance limitations it does have
many advantages.

Fig. $9-Lk23-1 gives the relationship between
inmportant. characteristics of precision, moderate preci-
sion and standard crystal units prevailing at the time,
A8 cun be scen, for 100 times the stability one paid
nearly 100 times the price. While the stability of all
types has increased by today's standards the price
differential has been materislly reducod.

High frequency crystal undts were developed to
withstand high shock and vibration for use in missiles
and satellites. The performunce of production models
at S M pover d 10 hour aging period was less than
% x 107", The design of a complete oscillator .ind oven
to withstuand high shouk and vibration is shown ia Fig.
60-200-1. The variation in frequency cus to vibration
in the radial and longrtudinal modes was leas than + 1 x
10-9, An improved dosign of the crystal unit to with-
stand high acceleration rates is shown in Fig, 60-200-5.
Note the biconvex plate design. The support ribbons were
also preferontially lucatod with reference to the crystal
axes,

The noxi major step in reducing frequency drift
with time resulted frum a study of tho on-off character-
istics of precision oscillstors. Fig. 63-L~2 shows the
resulta of oven and oscillator hut down on the 2,5 Mz
oscillator, Crystal wnits processed to reduce the resi-
dual gases presont in the enclosures resulted in the
perfomance shown in Fig. é,-Li~3. As can be seen the
offects of oscillator shut-uow. ate essentially nil and
the effect of oven ashui=dow iwmvs wun reduced, A strain
relaxation of the mounting 50 «1 ¢ quartz material may
account. for the small change.

A study of many standard grsle .., froquency crystal
units subjocted to aging at high temp ra.wr: ond at
various levels of drive shows the results gi+ n in
Fig. 63-239-3 for those unito in solder saaled satul
holders, It scens obvivus that leaks had develcped in
most uniis, Those unit. sealed in glass holders gave
rosults shown in Fig. €3-289l,, Except for uue group of
catastrophic fallures the performance is goou even ut
500% drive levcls, The failuro rate of crystal units
as a group, compared witl other electronic compunents, is
shown in Fig. €4-217-Tab II and is only surpassod to
any prreat extent by nica capacitors,

It ha. long been knewn that the § of low frequency
wire mounted crystal units has been limited by the soleer
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connection. Fig. 60-302-1 shows the results of replace-
mont of the solder connection by a thermo-compression
bond. The improvement is evident in Q, particularly at
the higher temperatuces, It is obvious that losses in
the mounting system even with thick crystal plates sti1l
limit the Q of these units.

An additional improvement in parformance of crystal
units came with the introduction of cold weld enclosures,
the basic design of which is shown in Fig. 64-166-3,
Fig., 64-166-2 shows a series of outlines including tho
frequency range covered using standard size crystal
vesonator olements. Similar cold weld enclosures have
since been applied to the HC-6, HC-18, and flat-pack
configurations. A summary of the drift characteristics
of § MHz crystal units utilizing progressively improved
enclosures and processing techniques is shown in Fig.

6 ~266-13,

Once the holder problem had been solved it was
relatively easy to go the rest of the way and apply
hydrogen firing of the plece parts and vacuum baking
during lov pressure cycles in an oil frec system to
reduce the contaminating atmosphere, Fig. 66-192-3
shows the results of oven and oscillator shut-down on
erystal wdts with solder bond supports and thormocom-
pression supports that could be high temperature proces-
sed. The indications are that the change in the solder
units 1s due to sorption-desorption of residual gases
and that shown for the high temperature bondod case 1s
thermal relaxation., Crystal units shown in Fig. 68-89-
10 are in production. Typical shut down characteristics
of these units are shown in Fig. 68-89-21 and drift
characteristics in Fig, 68-89-20. Thus, there seems
1ittle need for further development of these preclsion
types to reduce drift since ultimate accuracy will be cet-
emined by atomic or molecular standards., Precision
oscillators will maintain sufficient intermediate
accuracy and future necds will require improvements in
spectral purity. Improvement in the drift rate of
general purpose type crystal units, however, is required.

While the concept of "onergy trapping" is covered
in the general subject of "Furdamental Jtuddes" there
are two interesting dovelopments that have been reported.
One is showvn in Fig. 66-103-h in which it is demonstrated
ghat after sufficient electrode deposit has been made, a
further reduction in frequency may bo obtainaed by adding
510 to the entire plate surface without changing the
conditions to trap additional modes, The othor is
shown on Fig. 70-126-13, where, by lon etch techniques,
a pattern the size of the olectrode has been etched inte
the quartz plate, This allows, in the caso of VHF
resona’ ‘a, for an adequite thickness of motal to be
deposited for an clectrode to have low resustance before
additional modes are trapped. Fig. 70-126-1L shows
clearly the resonance speclrum for different degrees of
plateback.

Throughout the Procecdings a large amount of dosign
information snd procedures can be found, For example,
the response spectrun of & Sth overtone ©1 MHz crystal
unit given in Fig. 60-67-2 resulta if too large or too
thick eloctrode is employed, Hany of whe anharmonic
modos become trapped, One procodure outlined in Fig.
#8-67-i leads to the results shown in Fig., 63-67-15,

With the mathematical theory of vibroting plutes
well establiched, together with the trappued energy con~
copt woll understood, rmost of the conventiomal crystal
wsiit designs may be obtained directly from the computer.
Az better design and more accurate constunts become
known the programs may be improved or altered to give
design information to meot more gophisticated require-
ments,

o

Temperature Contyrol and Componsation

A mmber of papers were presented on the development,
of ovens and over control, particularly on proportional
control, Also a great deal of work was carried out on
change-of-state ovens during the period when low temper-
ature operation was being considered. The fact that they
were useful only at fixed temperatures and a high state
of solution purity was necessary, led to abandomment of
this approach, Since the temperature-compensation tech-
nique has received the most attention in the proceedings,
nost of this section will be devoted to it.

L. F, Kocrner reported as early as 1955 on tempera=-
ture compensation by thermistor shunted capacitors to
reduce the frequency change of crystal units due to temp-
erature, This method introduced additional loss to the
crystal unit and was considered dandesirable zt the time.
With the increased availability of stable thermistors
and variable capacitance diodes, the former method has
received little attention, Most of the work in this area
has since been concentrated on the non-dissipative ther=
mistor-varactor approach,

An oscillator circuit employing tais principle is
shown in Fig. 64-1:87-1. A roverse biased dlode Cy is in
series with the crystal unit. A change in bias will vary
the effective capacitance of the diode with a resultant
change in frequency of the oscillator. It therefore, is
necessary to develop a voltage V_, as a function of temp-
erature to just compensate for vge normal frequency-temp~
erature characterastic of the crystal unit., This gives
rise to the term "Temperature Compensated Crystal Oscil-
lator" or TXCC for short. The circuit shown in Fig, o=
k87-? employing resistors and thermistoras will provide
most of tho voltage~temperature characteristic required
for AT type crystal units., A single thermistor .n the
shuny am nay be used if only a linear negative coef-
ficient is to b compensated, The principal problem is
then, o determine the values of applied voltage, resis-
tors and thermistors wn the compensation network needod
to reduce the deviation in frequency of the oscillator
to the required lovel, Many factors must be considered.
Fig. 64-567-18 lasts those clements that must be con-
sidored in the four categories: Crystal unit parameters,
variabl~ capacitance diodes, compensation network and
oscillator circuitry, With a greater mmber of elements
in tho componsation network the frequency change with
temperature may be reduced materially, Such a network
is shown in Fig, 65-017-2, By emplcying computer tech-
niques, since curve fitting is a prinmary problem here, a
sujtable design may be developed quickiy. Fig. &5-c17-lc
showe the rosults of successive runs to achieve reasonably
good compensation. In any case, as the temperatare r.nge
and frequency requirements are increaded, fYequency com=
pensation becomes more exnensive, It has been sugpested
that for wide temperature requirements, an onn to limit
the lover temperatwe to 0°C, for example, nirht resuit
in a more economical solution, Also a proportional
contrel oven to meet severe frequency requirements shoule
be considered,

Fig. 69<1;7+pg; 146 shows the detailed procecure for
estimating the voltage roquired for coempenvation, By
camparison of the inverse freque: cy-temperatuse charace
teristic of the cryst.l unit, the conputed shift in fyc-
quoncy with serieq capacitance and the varactor charac-
teristics 1t is posmible to detormine the required volt-
ago that musy be developed for componsation. This figuiv
also shows the use of a d.c, amplifier to pemit low
voltages to be uged, an offset voltage to take care of
initial calibr~tion as well as wring, and inductance
associated with the varactor to make 14 more linear. An
example of componsation for €1 type crystal resonators
in the frequency range of 82V to 1500 kliz 1s showr in
Fig. nv-1y?+py 197, &lso shovn is the chanpv to be
expected from a + 20 popum, sdlustment of tne frequency,




Nearly one order of improvement in frequency tolerence
is shown,

As early as 1961 compensation to two ordsrs of mag-
nitude have been possible if sufficlent complexity is
allowed for the network and computer method used. Fig.
61-297~10 shows the results of development for the
AN/URC-32 Tranceiver. Nearly as good results were
achieved over an even greater temperature range for the
S6~179A Reference Frequency Standard as shown in Fig,
61-297-11, The long term drift of these types is shown
in 61-297-12 and is congistent with their temperature
stability. Using presently available components, the
drift characteristic would be substantially reduced.

Several developments within the last two years have
shown continued improvement, 3y using a six point net-
work and successive computer calculations it is shown
that for the AN/PRC-70 tactical tranceiver the stability
shown in Fig, 70-191-3 may be achieved. For temperature
ranges resgricted to 20° centigrads a stability of one
part in 10° is possible,

There have teen many papers on oven development
including the use of Dowar flasks to reduce the power
required to maintalin control. One in particular is of
interest in that it employs an idea proposcd many years
ago. Heat is supplied directly to the quartz plate by
depositing a carbon film on the periphery including the
sensor control. Fig. 70-157-7 shows characteristics
obtained with this approach. On the average about 6 of
a watt is required at ambients as low as -L0°C., This is
about one-tenth that required for the very efficient
Dewar method, Care must be oxerclsed to design against
temperature transients since gradients within the quartz
plate can produce substantial frequency changes.

Cryatal Filters

The first symposium paper on crystal filters appeared
in 1956, It served to show tho characteristics that
could be obtained from conventional half-lattice designs
using crystal units then available. Fig. 56-339-4 shows
the attenuation obtained using 8 and L pole half-lattice
designs.

Wide bands with low distortion over the band can be
produced using inductance to incroase the separation of
the poles and zeros., Also letting some of the critical
frequencias fall outside the pass region improves the
in-band resistance in accordance with image-parameter
theory. Fig. 58-500-5 shows the attenuation of a five
crystal lattice section shunted by inductance to widen
the pass band to 150 kHz at a centar frequancy of 20 MHz,
The unwanted responses show up above the band because all
crystal units were in a single latbice structure.

In the ne<t fow years, a number of papers wereo
presented on crystal filters inclading ladder types using
equal inductance erystal units and types with doubly
resonant high frequency crystal units where the resonance
separation was controllad by the plate dimenslons.

It wasn't until several yeara later, in 1966, that the

real break-through came in crystal filter techalques.

~aparchers at the University of Tokyo, The Rell Labor-
ate '»7 and the Ceneral Zlectric Co. sach independantly
presents  vapers at the 20th Symposium on monolithic
arystal filters., The Japanese approach i3 shown in
Fig, 66-266-2, 1t shows a pair of trappea energy reson-
ators with a finite separation together with an equiva-
lent lattlce structure for design purposes. Heasured
transmission characteristics of single and tandem pairs
are shown in Fig, $6-266-Ii. The Bell approach is shown
in Fig, $6-288-10 whsre wultipln trappad energy resona-
tors are coupled on a single quarts plate., Both the
lattice and ladder equivalents are shown for doalgn

purposes. A swmary of measureq characteristics normal-
ized to a single chary ave shown in Fig. 66-288-12, The
attenvation peaks shown for the dual resonator case are
formed by capacitive coupling frezr input to output tem-
irala, The logs characteristics for the three and six
resonator cases arg monotomic as shown by the dashed and
dotted lines. The Ceneral Electiric approach is shown in
Fig. 66-309-6 where a pair of trapped enorgy resonators
is shown with an equivalent, circuit indicating coupling
between the resonant circuits in general terms. The
transmission characteristics of several filters of the
dual resonator type for different electrode separation
and hence band-width are shown in 66-309-10, The intro-
duction of capacity from input to output teminals to
provide attenuation peaks was also demonstrated,

The final link on the monolithic filter to modern
network synthesis was achleved as a result of investigations
to determine a practical equivalent circuit by W. P, Mason
and W, L. Smith, With this approach it is possible to
obtain any of the ‘{schobyscheff, Butterworth etc. respon-
ses, The deslgn of an n-pole monolithic filter could
then be obtained from tho published tables of Dishall,
Weinberg, Zverev and others,

The tranamission loss charactoristic of a six-pole
filter is shown in Fig. $7-179-12 for both measured and
calculated points. Note the close correlation for losses
up to the 60 db level. Above this level the measured
logs drops off due to scatter propagation, An X-ray
topograph of a six pola filter is shown in Fig. 67-179-8
showing the zeros or critical input frequencies for a
shorted output, These may be lookod upon as the funda-
nental and anlarmonic overtones of the entire elactrode

array. It is easy to distinguish the first, second, etc.
to the sixth modes.

An alternative approach is o use capacitively
coupled dual resonators, The response of a four section
(8-pole) and $ section (10 pole) filter is shown in Fig.
68-188-9. This method takes advantage of the cascading
principle and eliminates the problem of scatter propaga-
tion and also unwanted modes.

Fig. 69-79-9 shows the computed effect of resonator
Q on the in-band characteristics of an eight resonator
monolithic filter, This is for a 10.7 MHz filter with
a band-width of 3 kHz, Reasonably good response shown
by the third curve from the bottom requires a Q of
200,000,

Eight pole monolithic fillers, under production
conditions for broadband multiplex show the characterig-
tics given in Fig. 70-84-10. The lines with dots give
the average and standard deviation for 24 filters plotted
against tho computed loss curve. The results for the
in-band loss are shown in Fig, 70-84-11, This matches
very closely the results indicatsd in a figure shown just
previously by an entirely different group of authors,

Three othor applications of coupled resonat>rs have
boon prosented. Fig. 68-206-5 shows three resonators
adjusted to different frequencies and connected to a
diodo network to perform the function of a discriminator.
This eliminates the necessity for an additionil modulator
to low frequencies to obtain a stable discriminator,
Impodanca transformation may be obtainad as shown in
Fig, 68-206-9 by tho introduction of a capacitor with
the associated retuning of the ond resonator. Finmally a
stable low frequency source may be derived from a three
resonator array as shown in Fig. 68-206-10, The differ-
once frequency of the two end rogsonator controlled oscile
lators 1s detected by tre dlode connected to the middle
resonator. Since all resonators are on tho same quartsz
plate, temperature tracking should be much botter than
presolection of individial crystal units,




Future Develispments

Now lot us take a look at the future and see what What we have just said, of course, is only an opinion
We may anticipate. First, the business picture because and if we were to tell you what really would happen in
this is easily disposed of. ¥ec asked a few of our the next 25 years, you wouldn't bolieve it!

friends what they thought about it and to one, we asked
"What is your five year plan?"™ He replied that since it
had been recently scrapped and substituted by a survival
plan he was in no position to talk, Based on what has

: transpired businesswise over the past 25 years, tho

. quality will go up, the accuracy will go up and the price
i will go down, And to swmarize this picture, the price
and delivery war will be fought on the local battleground
3 with conventional weapons. It appears thors will be

A little change in basic techniques; names, languages

3 and acronynms will he different but fundamental concepts

; will remain the same.

i Now, let us look at the technical possibilities.
What are the trends? In communications systems, we have
analog and digital systems, both of which are dependent
; upon an accurate frequoncy source. In the digital case
B ve need a clock which in many cases must be regenerated
and/or phased locked with the transmitting or a central
clock, In analog systems, in addition to tho frequency
generator or clock, we need a procise filter to select
one channel from another, With the present progress in
integrated circuitry, frequencies can be generated very
simply and synthesized to place them anywhere in the
frequency spectrum that is needed. All that is required
is one precise generator., Very probadbly thore will be
fewer crystal units produced for these systems but they
will have higher accuracy.

St i iy sy

"y
Epl v

For the higher frequencies there should be a
material size reduction. Present 10 MHz crystal units
can be produced with crystal plates 7.5 m m in diameter
or less, AL 30 MHz, they.should be 2.5 m m or less.
It is inconceivable that any of these plates would te
put in present holders, They probably will be in the
form of thin enclosures not over 30-50 mils thick and
will have beam leads. 1t is believed that if we take a
look at the progress that has been made in integrated
eircuit technology and apply some of those techniques to
the present crystal design and devolopmenys, we would bo
far ahead., For example, with smaller size plates, batch
processing becones feasible and except for finmal adjust-
ment, 100 vibratory can be processed fron a 1 inch square
plate. There should be some standardization of generator
frequencies and of crystal filters in order to rake them
off-the-shelf items for applications to digital and
analogue, wirs and radio transmission systems, In the
future, there is going 15 be nore and more uge of mobile
and marine radio equipment.

s T
il ety

With developments in active solid stats devices
moving in the direction of performing functions, it is
inconceivabla that elements for frequency control and
selection would not follow this same trend, Some of
this has already started but pregsently available VXCO's
and filters resemble little the advancements In inteprated
circwdtry, What is envisioned is a completely integrated
series of functions such as: Freoquency generators,
synthesizers, translators and modulators; narrow band
anplifiers for SsB, AM and FM systems, as well as dis-
criminators for ™ systems, These functional devices
should be of the size and performance to be compatible
with other functions to form a basic equipment used in a
system, So far as the othor new concopis are concernad,
some of them may still be buried in the symposia proceed-
ings in a manner similar wo that of Mortley's article
disclosing the trapped cnorgy conuapt pudblished i{n Wire-
1e3s World &in 1951, The appls just didn't happen to drop
on the right he.d at that tine, The monolithic filter
as we know it today could have beon available more than
20 years ago. Either we wore not ready for the concept
or simply did not reocognice it at the time., So far as
othor items in the future &re concerned, wa leavo those
%W your imagination,
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Fig. 32 - Pressure Rise Detection Methods
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HISTORY OF ATOMIC AND MOLECULAR CONTROL OF FREQUENCY AND TIME“

Norman F. Ramsey
Harvard University
Cambridge, Massachusetts

Summary

The history of atomic and molecular frequency cou-
trol will be traced from the earliest molecular beam
magnetic rsscnance experiments in 1938 through the
present.

Introduction

In discussing the history of atomic and molecular
frequency control two alternative approaches are
available. Jne is to treat all devices in parallel
on & year-by-year basis. [he other is to discuss each
alternati{ve device In su:xcessjon. It secems clear that
the latter approach i{s the best In the prasent case so
T skall adopt it but T shall meke frequent cross refer-
srnag to other devices. In following this procedure,
,* 1s clear that the first method discussed should be
the molecular and atomlc beam magnetic resonance
method, not only because historicelly it was the firat
important method but 4lso because it stimulated the
invention of the other methods and still remains one of
the most effective techniques of frequancy control.
Since the atomic Leam devices anl the hydrogen masers
at present provide tne most precise frequency and time
standards, the greatest attention will be paid to them,
but the history of the other atomic and molecular fre-
quency contral devices wi 1 be given as well.

Early History of the “nlerular Ream Resonance Method

The molec ilar beam muenetic resonance method arose
from & success ' nn of ideas of which the earliest can be
tracer ha~k to 1927, although it was rather remote from
the ide# »f regsonance. In 1927 the physicist, Sir
Char'es Darw'.n1 -- the grandson of the great evolution-
st -~ discussed the.retically the non-adiabatic transi-
tions which make it possible for an atom's angular
momentum components along the direction of & magnetic
field to be integral multiples of-h both before and
after the direction of the field is changed an arbitrary
amount. Inspired by Darwin's Jheoretical discussion,
Phipps and Stern® in 1931 performed the first experi-
ments on paramagnetic atoms passing through weak mag-
netic fields whose lirections varied capidly in space.
Guttinger” and Majorana“ developed further the theory
of such experiments. Frisch and Segré™ continued
atomic beam experiments with adiabatic and ron-adiabatic
transitions of paramagnetic atoms and found, in agree-
ment with Juttinger's and Majorana's theories, that
transitions took place when the rate of change of the
direction of the field was large or comparable to the
Larmor frequency,

wy =y Hy s (1)

which is the clascical frequency of precession of a
classical magnetized top with the same ratio y_ of
magnetic moment to angvlar momentunm. Transitisns diqd
not take place when the rate of change of the direction
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of H was small compared to the Larmor frequency. How-
ever, some of the results of Frisch and Segré wgre not
consistent with theoretical expectations. Rabi

poiuted out that this discrepancy arose from the ef-
fects T Jhe nuclear magaetic moments since some of the
transitions vere perform~d in such weak fields that
stroag or intermediate coupling between the nuclei and
the electrons prevailed. The transitions in such cir-
cumstances were quite different from those for which
the effects of the nuclear :pins could be neglected.
Rabi showed that the results of Friscu and 3egre werc
consistent with expeciations if the effects of the
nuclei were tnciuded. Rubi alsn pointed ocut that such
non-adiabatic transitions could be used to identify
tie states and hence to determine the signs of éhe
nuclear magnetic momeats. Motz and Rose,! Rabi® and
3-hwinger9 in 1937 cal.ulated the transition probabil-
fiy for molecules which passed through a region in
which the direction of the field varied rapidly.

In all of the above experiments, however, the
direction of the field varied in space and the only
time variation arose as the atoms in the atomic beam
passed through the regior. Since the atoms possessed a
Maxwellian velocity distribution, the atomic velocities
varied and the apparent frequencies of the changing
field were different tor different velocities. Fur-
thermore, the change in field direction ordinarily went
through only a portion of a full cycle. For both of
these reasons nc sharp resonance effects could be ex-
pected. Mo suggestion was maic to use an oscillatory
magnetic field, 1.e., a field that varied in time in-
stead of space so the apparent frequency would be the
same to all the atoms, independent of their velocities.
It 1s surprising that this possibility was not immedi-
ately recognized after Rabits briiliant theoretica.
paper® 1n 1937. To simplify the theoreticas analysis
Rabi assumed in 1937 that the field was actually oscil-
latory i{n time. As & conscquence the results are all
applicable to the resonance case with oscillatory
magnetic flelds even though the possibility of
actually using fields oscillatory in time was not then
recognized. Consequentiy this paper without alteration
stil) provides the fundementai theory for molecular
beam magnetic resonance experiments with oscillatory
fields, even tho the oscillatory field method was
{nvented by Rabil0,11 only a year or so after the
fundamental theoretical paper was written. Additional
armusing characteristics of this briiliant theoretical
paper by Rabi® are the absence ot a verb in the_opening
sentence and the repeated appearance of (v© + v¢) in
the equations when the irtended cxpression was
(ve + ).

Gorter!2 in 1936 had suggested that nuclear transi-
tions in solids be induced by an oscillatory field fronm
a radiofrequency oscillator. He proposed to detect the
transitions by the absorption of the radiofrequency radi-
ation and by the rise in temperature of solids subject
to such oscillatory fierlds. Although Purcell, Torrey




and Pound13 and Bloch, Hansen and Pacxurdlh in 1gh6
successfully detected the absorption of such transi-
tivns by the reaction of the radlatiop un the radiofre-
quency circuits, Gorter's experiments’ were unsuccess-
ful in 1936.

Foliowing & visit by Gorter to Columb.a University
in September 1937 in which he described his unsuccess-
ful experiments, Rabil0,ll proposed the use of &n
oscillator driven magnetic field as the transition
inducing field in a molecular beam resonance experi-
ment. Twe successful molecular beam ﬂ?vires using this
methodlgere soonlfonscructed bYIRAbi, 0,11 Zacharlns,l‘)'lY
Kusch, ™~ Kellogg ™ and Ramsey. A schematic view of
the firsti® of these i3 shown in Fig. 1. 1In these ex-
periments the atoms and molecules were leflected by a
first inhomogeneous magnetic field and ref>cussed by a
second one. If a resonance transition were induced in
the region between the two inhomogeneous fields, its
occurrence could easlly be recognized by the reduction
of intensity associated with the accompanying faflure
of refocussing. For transitions induced by the radio-
frequency field, the apparent frequency was almost the
same fer all molecuies independent of molecular veloci-
tv. As a result, sharp resonances were obtained when-
ever Eq. (1) was satisfied.

Rabi, Kellog, Zacharias and ansey‘] soon exten-
ded the method to the molecule Hp for which the reso-
unnce frequencies depended not only on Eq. (1) but aisu
on internal interactions within the molecule. The
transitions in this case occurred whenever the oscilla-
tory fleld was at a Bohr frequency for an allowed tran-
sition

hy = El - E2 (2)
For the first time they began speaking of their results
us "radiofrecuency spectroscopy.”

Molecular Beam Magnetic Resonance kxperiments

By 1733, the new molecular beam magretic resonance
method had demonstrated its usefulness sufficiently
well that it appeared to Rabl, Kellogg, Ramsey, and
Zacharias to be of possible vaiue for the definition of
standard ~wgmetic fields and for use as o time and fre-
quency standard. 1In 143+ they !iscussed these possi-
bilities with & scientist at the Rureau of Standards -
whose name is {ortunately no longer remembered -~ and
found little interest in the use of subtie molecular
beanm techniques for such practical purpuses as stan-
dards of magnetic field, time or frequency.

In most respects the molecular beam technique in
1939 was more suitable as a standard of magnetic field
than of frequency or time since the observed resonances
at that time were iargely depeandent on the externally
applied magnetic field., Frcw the point of view of fre-
quency control, it was consequently & great sgep for=
ward when in 1940 Kusch, Millman and Rabi!2»10 pipst
estendel the method to paramagnetic atoms and in par-
ticular to AF = t ] transitions of atoms where the rel-
ative orientation of the nmuc'ear and electronic mag-
netic rmoments were changed, In which case the resonance
frequencies were determined Jominantly by fixed inter-
nai properties of the atom rather than by inveractions
with an externaily app'ied magnetic field. The first
resonance measurements of the Cs hyperfine separation,
which has been so exgenslvely ugsed in frequency con-
trol, were reported1 in 19%0.

In 1941 the research with the atomic beam mag-
netic resonance method was mostily lnterrufzed by
World War II and 1id not resw e betdres 1946, In 1949
Kuseh ang Taubd? polnte s mit the possitiiity of observ~
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ing the hyperfine resonances at magnetic fields such
that the resonance ['requenry was an extremum, in

which case the freyuency to first order was independent
of the strength of the magnetic field.

In 1949 ansey18»19 invented the separated oscil-
latory field method for rolecular beam resonance for
which the oscillatory fizld, instead of being distri-
buted unifonsally throughout the transition region,
wug cuncentrated in two coherently Jiriven oscillatory
fields in shurt regions et the beginning and end of the
transition region. The theoretical shape of a resonance
curve with this apperatus is shown in Fig. 2. Ramsey
pointed out that ihig method has the following advan-
tages: (&) Vhe resonfinces are 40% narrower than even
the most favora.le Rabj resonances with the same length
of apparstus; (b} The resouances are nct broadened by
field inliomogeneties; (c) The length of the transi-
tion region ean . much longer than the wave length of
the radiation provided the two uscillatory reglons are
shiort whereas ther .re dAi7ficalties with the Rabi
methosd Jue to phase =o' [ts when the length of the oscil-
latory region is ~orju:able to the wave length;

(d8) The first order asiler shift can mostly be elim-
inated when susficlentl, stort oscillatory field regions
are used; {e) The ens’tivity of resonance meesure-
ments can be increesrd by the deliberate use of appro-
priate relative phase shifis tetween the two oscilla-
tory flelds. All of these characteristi=s are of great
value for the use of atumic beam resonance devices equip-
ment as precision frequency and tire standards, A
photograph of an early molccular bear appnratuszn
this method is showm in Fig. 3.

usiug

Atomic Beam Frequency Standards

With the above developments, it was apparent to
most molecular beamists by 19L.9 that atomic oeam
methods could be highly cffect.ve for precision fre-
quency control. However, this was less clewr to others
who then belicved that the advances in crystal frequene
¢y control techniques had beer so great that atomic
devices could not be enough better to justify the extra
cost and effort. However, in 1952 Sherwood, Lyons,
McCracken and Kusch®1,22 reported briefly on atomic
beam resonan.e research supported by the National
Bureau of Jtudards and direcucd primarily toward the
development of an atomic beam clock. A schemitic
diagram of a proposed atomic beam clock at that time is
given in Fig. b. The financial support for such work
soon dwindled due to advances in microwave spectros-
copy and the view then held by those supporting the
work that & molecular clock based on tlie microwave
absorption by armonia at its inversion frequency woull
be simpler anl more promising.

A few years later Zacharias®3:2% stimulate) ra-
neved interest in an atomic bear cestum c¢lock. His
initial concern war for an entirely new type o .esium
beam in which ultra high precision would be . btuined by
the use of =xtremely slow molecules moviug upwards iu a
vertical apparatus at such low velocitles tuat Lhey
would fall back down by the acifon of pravity. Al-
though this fountain experiment eventually faiied du»
to the unexpectedly great delficiency of the required
ultra slow molecules emerying from the source, it
stimulated Zacharias to develup and to urge others t
develop =11 engincered atomic LeAm frequency standards
uging normal atomic velocities. The fountalin experi-
ment of Zacharias illustrates the value tu wcience of
even some unsucces$ful experiments siuce the enisten-e
of this unsuccessful affort directly an: indirectly
stirlated three quite different developments: (a) The
use of conventiunal but well engineere. «tomic teams
for frcquepcy control; (b) The Jdevclopment by Ramsey
and others"@ of the stored atem technique which »wvene
tually lead to the hydropen maser ani (o’ High previe




sion resorance experiments with ultra slow neutrons.b3
The first report on an atomic beam frequency standard at
a Frequency Control Symposiun was that of Zacharias at
the Ninth Symposium in 1955 (the first report of any
kind on atomic or molecular research at a Frequency
Symposium wag a paper at the Fourth Symposium in 1950 by

. H. Dicke®” on the reduction of Doppler widths in
nicrowave absorption). Zacherias claimed a short time
stability of 1 part in 109 for his atomic cesium fre-
quency standard.

In 1955, Essen and Parry25 of the British National
Physical laboratory successfully operated the first
practical laboratory atomic cesium beam apparatus that
was extensively used as an actual frequency standard.
Their construction and effective use of this device pro-
vided a major impetus to the subsequent development of
atomic beam cesium frequency standards.

In 1956 the first commercial model of an atomic
beam frequency standard appeared on the market. This
was the National Company's "Atomichron" developed®l by
J. H. Holloway and A. Orenberg in collaboration with
J. R. Zacharias an.i later jolned by R. McCoubrey and R.
Daley. This device used Ramsey's separated Oscilliatory
field method for increased precision, a special design
of cesium oven which could be operated several years
without exhaustion, titanium pumping to permit pcrmanent
sealing off of the evacuated beam tube, und many uther
features necessary for an effective cormercial device.
A photograph of the first commercial Atomichron is
shown in Fig. 5. The development of the Atomichron was
largely supported financially by the U. 3. Signal Corps
at Ft. Monmouth though some support .ame from the Air
Force. A purchasa order Ly the Gignal Corps for a
relatively large number of Atomichrons made possible
the development of mass production techniques and im-
proved cnglneering to permit sufficfent reliebility and
reductions in price to assure commercial success.

The early atomic beam frequency standards were sub-
Ject to various frequency shifts dependent on the ampli-
tude of the radiofrequency power used and on other
veriables. To account for these results Ramsey ana-
lyzed, with the aid of a computer analysis supported by
the National Company, the various pussilile distortions
that would occur in an atomic beam resonunce. The
elimination of radiofrequency phase shifts and other
sources of distortion made possible the marked in-
ereases in accuracy that have been obtained with the
atomic beam frequency standards.

From 1956 on the atomic beam frequency stugdnrds
ieveloped rapidly. Mock.er, Beeler and Barnes©©:27 ge-
veloped an .tumlc cesium frequency standard at the
National Bur au of Standards in Bouller. uther comner-
cial organizations sach a: TRG, Bomac, Varian, and
Hewlett-Packard became involved. Many labiratories out-
side of both England ani tie United States either cou-
structed or purchased atomic beam frequency standards
including those in Canada, France, and Ucrggny and the
laboratories of Kartasch ffe® ani Bonanomi®® in Switzer-
land. Jther materials than cesium were tested for
molecular beam clocks; although thalll . and various
polyatomic molecules have gsome significant advantages
they have not yet significantly Jisplaced cesium which
is partéculnrly convenient. Reder, Winkler and

others?© at Ft, Monmouth and Markowitz at the Naval Ob-
servatory sponsored various worldewi ie studies of the
comparison of atomic clock frequencies and the aynchro-
nization of clocks. Extensive studies were malde of
other atoms such &s thallium for use in the atomi: beam
tubec and variou,; moleculs- resonances were studied for
pr3sible use {n a molecular beam electric resonance
apparatus for frequency control purposez. However,
atomic ceslum remains the most wilely used substance in
melecular or atomie beam frequency control devices,

Particularly effective atomis beam cesium clocks were
developed and sold by Hewle..-Packard which also devel-
oped a "tlying clock" particularly suitable for the
intercomparison of atomic clocks in different labora-
tories. A modern beam tube for an atomic cesium fre-
quency standard is shown photographically in Fig. 6.

In 1967, the Thirtcenth General Conference of
Weights and Measures resolved that the unit of time in
the Internatiunal System of Units should be the second
defined an follows: "The second is the duration of
9,192,631,770 periods of the rediation corresponding to
the transition between the two hyperfine levels of the
ground state of the cesium atom 133."

Microwave Absorption Spectroscopy

Microwave absorption spectroscopy had an ea§1y
start in the experiments of Cleeton and Williams 9,30
in 1934. They observed the absorption of microwave
radiation at the NH3 inversion frequency. However, re-
search on mjcrowave abs.urptian was inhibited at that
time by the lack of suitable microwave sscillators and
circuits so there was no further deveiopment of micro-
wave absorption spectros.upy until after the development
of microwave oscillators and wav guldes for radar com-
ponents in World War II. Immediately following World
War IT there was a great burst of activity in micro-
wave absorption spectroscopy. Although there were no
publications on experimeuntal microwave spectroscopy in
1945, in the single year of 1ylb6 there were 2 number of
important publications from many different_ laboratories
including reports by the following author 1, Bleaney,
Fenrose, Berlnger, l[ownes, Licke, Strandberg, Dailey,
Kyhl, Ven Vleck, Wilson, Dakin, Good, Coles, Hersh-
berger, Iamont, Watson, Roberts, Beers, Hill, Merritt
ani Walter, and in 1947 there were over GO published
papers on this subject inciuding a number of publica-
tions by Jordy and Jen aw well as those with reports
the previous year and by uthers. A typical microwave
absorption experiment at thic time is shown schemat-
fcally in Fig. 7.

Microwave absorption techniques were quickly rec-
ognized to be of potential value fur frequeancy stan-
dards. 1In 1948 a group of workers?C at the National
Bureau of Jtandards built an ammunia clock which was
completed in 139 and is shown in Fig. 8 and which
eventudlly achieved an accuracy of o part in 10°. 9.
Rossel®? in Switzerland and K. Shimoda in Japan de-
vised an improved ammonia absorption clock good to a
few parts {n 109,

The first report at a Frequency Control Symposium
pertaining to atomic and molecular frequency standards
was that of Dicke at the Fifth Symposium {n 1951 when
he delivered a report entitlied, "Reduction of the
Doppler Contribution to the Wiith of Microwave Absorp-
tion Lines." Iu the Seventh, Eighth and Ninth Symposia
he and Carver, Arditi, and others described the con-
tinuation of this work at both Princeton aud R.C.A.
with the financiel support of the Signal Corps. The
mirowave absorption stuliles svon merged with the
optical pumping techniques described in the next sec-
tion, since the intensities of the resonances were
greatly enhanced by the use of optical pumping.

Optical Pumping

The starting point of ullﬂrcseurch optical
pumping was & paper by Bittery in 1949 «nich showeu
the possibility of studying nucleug p§Ppcrtics in
optically ev:ited states. Kastier 3,34 showed the
following year that this technique could be effectively
combined with the double resonance method he and
Brossel”” had developed. Both optical pumping and
optical detection techniques serve the purpose of in-
ecreasing the signal to nolse ratio of the resonator




output signal: the optical pumping greatly enhances
the population of certain states so the signal is not
weekened by stimilated emission nearly cancelling
absorption, and the optical detection increases the
signal to noise ratio because of the lower unoise level
of optical detectors over microwave detectors.

The combination of optical pumping techniques
with the buffer ga§7method for reducing Doppler shift
developed by Dicke®! and others<! provided gas cells
of real value as frequency control devices. Although
mag; different atoms have been used in such gas cells,
Rb”! soon became the favorite in most such devices.
Extensive work in optically pumped gas calls for fre-
quency control has been done at Princeton, R.C.A.,
I.T.T., Space Technology Iaboratory, the National
Bureau of Standards, Clauser Technology Corporation,
Varian Associates, and many other cmmercial, univer-
sity and government organizations in the U. S, and
abroad. Fig. 9 shows a typical optically pumped
rubidium frequency standard.

The optically pumped gas cells have the advan-
tages of simplicity, relatively low cost, large signal
to noise ratio, and good spectral purity. Unfortu-
nately the relatively large shift in frequency due to
numerous buffer gas collisions is dependent on purity,
pressure anj temperature. As a result, the stabiiity
of rubidium gas cells over a period of several months
i3 ordinarily no better than a few parta In 1017,
These pressure shifts prevent the opticul., pumped gas
cells from being primary frequency stanlards but the
gas cells are used as frequency control devices when
tno much acruracy is not required. Resear.l is cur-
rently in progress in a number of laboratories to im-
prove the_stability of optically pumped gas cells;
Bouchiat, 3> Brossel3® ani others, for example, have
eliminated the buffer gases and as in the hydrogen
maser have used many fewer collisions with suitably
coated walls to retain the atoms and reduce the effect
of second order Doppler shift.

Molecular Yasers

In 1951 Pound, Purcell and Rumsey36 stuiied
nuclear spin systems with inverted populattions and
noted that such systems in principle were intrinsic
anplifiers rather than absorbers. The first sugges-
tions actually to use systems with ianverted populations
ns practical ampliflers and sscillutors were made at
closely the .ame time_jin 1993-1)55 and lndependen&l%
by Tounes,37 by Weber”’ and by Basov anid Proxhorov. )
The first such ampliifier war cvr~essfylly constructed
in 1955 by Sordon, Zeiger, ani Townes' and .alled a
MASER {Microwave Arnplifier by Stimulated Saiasion of
Radiation). The fdevice used inhoynogenesis elestric
flelds to focus the higher eneryy molrcu.ar Inversion
states of ammonia mole .leg in 1 mols-u'" r beam.

These moleculas then emitted conerent stiwulated
vadiation in passing throwh & ~avity tunei t> the

¢+ NHz ammoria inversion transition. A schematic dine-
grom of the first ammonia maser is shown {a ig. 10,

A report by ordsn on the qew ammomia maser vas n
major attraction at the spe~ial meeting on ntomf-~ ani
molecular resonanes sp=3ored by the Signal “orp
SngineFring laboratory ir 195F. Tn that year Rlosme
bargen*? proposed the Lhrie levpl solic rtate anser
and in 198 Townes and Sehowlow*l pointed vut tne puse
sibility »f magers at the infrared an! optical fre-
quencles,

Sirce the unrouncement of the first suc-ersful
smmenia maser in 1915 taere Liar been tremendous re-
~earch and development ativit, by c-{enttats anl
enginenes In many countries. Mraers at irnfrared or
optical frequencies (often calles lagers) have nrant
potential for freaquency -~ontrol® even thoush they have

not been used for this purpoce as yet. Furiper dis-
cussion of lasers will be deferred tou a later sec-
tion of this report. Molecular maser Jeveliopments

for the purposes of frequen:-y control svon becane
intenge and wernt in many directisns including the
search for more suitable mulecules than armonia,

the development of two cavity masers (analogous t~ the
separated oscillatory field methodl® for molecular
beums}, use uf ammonia of different isotopic compusi=
tion, etc. However, after a fow years of intense
molecular miser activity, the interest in such masers
for freguency coniroul waned since the moiecular masers
on the one hand lacked the simplicity and low cosi of
optically pumped rubicdium gas cells, and on the other
hand lacked the higi precision of either atomic cesium
beans or atomic hyrrogen masers.

Atomic Masers

In 1957 ansey?6 propogsed to increase the accuracy
of the atomic beam magnetic resonance method by retaine
ing the atoms for a much longer time between the two
separated oscillatory fields, thereby obtaining much
narrower resonances. His first thought was to confine
the atoms with inlicmogenecus magnetic flelds in a
large ring such as the circuisr tunnel of the 6 vev
Cambridge Electrcn Accelerator. However, it soon be-
came apparent that the inhomogeneous confining mog-
netic fields whica acted on the atoms for long periois
of time, would hopelessly broaden the resonances. In
fact, 1t became clear that the frequencies wonl be
much less perturbed by a cunfinement force that was
present for only & short fraction of the time even
though the force might be stronger when it was applied.
The obvious 1idt of such a davice was confinenent of
atoms in o box with sultatlly couted walls. Artnnough
many wall bounces would be required to achieve wnurked
narrowing ot the resouance by long storage time, the
first experiments involved ornly a few wuall collisions,
cince most scientists at that time believed that even
atoms in an S state would undergo hyperfine transi-
tfons at even a single wall coilision, The (irst ex-
peritents cf hieppner, Remsey &ng Fﬂclstndth? fnvolved
only & few will coliisions and the »vperiment wa: appro-
rriately ca.led & "broken alomic beam resonsnce experi-
ment." (esium atoms aud a teflon coated wail were
used in thess first experiments.

Goldent erg, Kleppner &uf m'lmsvy"h thew mide an
utomlic bear resonance apparatus which storea atoms of
cesium for a lomger time and {nvestimated alternative
wall coating rmaterials. They found that when the
storage bulb was Foated with a paraffin-like subsiance
called Paraflint™ resonances could be observed after
as many a3 200 wall collicions. It was recognized
that stonic hydropen would probably be & more svitable
atom than cesjium becsuse of the low electric polarize-
bility and the low rass of hydrogen,but cesfum could be
much more efficiently detectad than hydrogen.

h
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hicppner and Ramsey™ »'*» ‘2 therefore projotes de-

tection of the emi*ted radlation rather thun of tne
atom,  In particular, they noted that &tomg of ry rugen
in tne higher eneriy bypertine state consd be focusseu
irte a witahiy ensted storace bull by a i« pole mg-
net while ntuas §0 bue ower suBle would be defocussed.
They showed that §f such & storage bulb were sur-
rounded by 2 microwave cavit, tuned to the 1.80 Mirs
byperfine “ransition frequen.y, then maser osctilation
should orear.  In 1965, Geldenberg, Kleppner, ani
nnnﬂvyh5 corstructed ani sperated the first atomic
hyarogen maser. A photoyrapn ~f this apparaius ig
stown in Fly. 11, although the totnl microwave puwer
WE3 SMAlL -~ appro 1motels 1071F waltg -- the stabil.
f.y wus so high that the cutput was concen'rated 1u'o
AL ~xtremely narrew band with a consequently favoralle
stpnal ¢ v Llae patic .




Although the {irst hydrogen magers used wall coat-
ings, of Paraflint*® (a variety of paraffin) or of Dri-
Film = (dimethyldichlorosilane), it was soon found that
with atomic hydrogen, in contrast to cesium, teflon
coated walls gave longer storage tiggs and sm?ller fre-
quency shifts froem wall collisions. Bender*T soon
pointed out that spin exchanga collisions of hydrogen
atoms could not be neglected and might produce a sig-
nificant frequency shift but Crampton*® nnted that the
norral tuning technique would cancel out such an ef-
fect.

A commercial hydrogen maser was devel:ip.d by
Vess?t, Peters, Vanier, McCoubrey, Levine, ana Cut-
ler."9 The work was started at Bomac and successively
transferred to Varian Associates and Hewlett-Packard,
It is currently being carried on by Vessot aud d:is
associates at the Smithsonian Astrophysical Observatory
and at the Jet Propulsion laboratory. The H=)O maser
Jeveloped by Vessot and his associates is shown inFig.
12 and 13.The masers are being built chiefly for long
base line interfercmetry in radlo astronomy, which
benefits greatly from the high stability of the hydro-
gen maser. Research and development on hydrogen
maserszés carried out in the labgratories of Eﬁrtn-
schoff<¥ {n Switzerland, Audoin® und Grivet20 in
France, and in a number of other countries.59

The chiel disadvantage of the hydrogen maiser for
time and frequency control has been the existence of a
small frequency shift cdue to collisions of the atoms
with the teflon coated walls of the storage bulb. With
a 16 em. dismeter bulb this wall shift {s about two
parts in 10! and can be meAsured by using bulbs of two
different diamete: However, until recentiy the
measurements of the wall shifts have been limited to
accuracies of a few percent by variations in iifferent
wall coatings. However, Uzgiris and Ramsey™ at
Harvard have reduced the wali shift by a faci.r of ten
by the use of an atom storage vessei of ten times
larger diameter (1.5?3. In the same laboratory,
Brenner?! and Debely”* have recently Jeveloped a tech-
nique to measure the wall shift {an a single storage
bulb by changing its volume by deforming its shape.
Since a single buld {s used in this method, it is free
from the uncertainties in the non-reproducibiiity of
the wall coatings »{ ifferent bulbs., Although this
method has so far been usable on only hydrogen masers
wvith normal sized storage bulbs, it should also bHe ap-
plicable to the large storage bulbs., Zitzewita’d hag
al3o shown that st a tempersture of about 807°C the
wall shift passes through zero; It is thus possible to
aperate tne hydrogen maser at a temperature such that
the wall shift vanishes and to select this !emperature
by the deformabie bulb te<hnique. With these now
methods, it §s hoped that an absgiute B-~uracy conside
erably better than © part in 1013 can be attained.

Althush the hydrogen mager !s the most stgble
atomic zaser for long perinis of tiume, Hovxak,?
Vanier®® and others haéc developed & nigh pover optl-
cally~purped atosnic Rb > maser wnoge relatively high
output power is useful for short term stabilfity.

Optizal Masers

Townes and Schawlow'! pointed out that misers
could be produced at infrared and optiral frequencies.
The first opticalrm\sﬁr or laser was successfully mide
from ruby by Maiman.> Subsequently there was a great
burst of aetivity in this field and lasers were made
of a wide variety of materfals and at high pulsed
pover. From the point of view of frequancy control,
the lager using & helium-neon gas mixture develioped
by Javan’~ anl his sazociastes i5 of particular inter-
est because of {ts potentianlly greater stability. As
abgolute time standards, most lasers suffer from the
most sensitive determination of the ontput freguency
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being the distance between two mirrors whilc in the
the atomic hydrogen maser, the primary determination
of frequancy is the hydrogen atom itseif with only a
relatively small amount of pulling from mistuning ~f
the microwave cavity. However, various methods for
determining the laser frequency more by the atomic
properties have been developed ard fupther improvements
are being attempted. Likewise Javan’Y and others are
naking vigorous efforts by frequency multiplication to
bridge the gap between microwave radiation ani the
optical laser frequency. WRen this is done the lasers
may provide a valusble alternate in frequency contral.
Since this has not been accomplished go far, lasers
have not yet been used for frequency control and they
are consequently discussed only briefly in this review
of frequency control devices.

Trapped Ions

Dehme1t56 in 1959 first used electromagnetic ion
traps in radiofrequency resonance studies. Since the
ions can be retained in the apparatus for very long
times, the resongnces could be very narrow by the uncer-
taiaty principle. However, so far the resonances have
been significantly broadened by the seconi order Doppler
shift arising from the ion velocities in the fon trap.
Efforts have been made to diminish the broadeniag by
Dehmelt, Major, Fortson and SchuesslersT but such
trapped ion devices have not yet provided ns stable
frequencies as the best alternative frequency standards.

Auture Prospects

Although atomic and molecular frequency control
has been a reality for a number of years, new develop-
ments are still occurring at a relatively rapid rute.
As a result it is impossible to forecast relisbly the
future developments that will lead to the most maicr
subsequant advances. For highest stabillty and repro-
ducibility the most promising prospects now appear to
be (8} further improvements in the atomic and molecular
beam methods, (b) hydrogen maser improvements by com-
binations of the new deformable bulb technique with
either the large box maser or operation at a tempera-
ture where the wall shift vanishes, (¢) improved stored
fon devices and {d) use of lasers for frequency con-
trol. However, there 2lso may be new ideas and devel-
opments that drastically improve one of the existing
techniques or lead to totally new methods of atomic or
nolecular frequency control.

*  This paper provided the basis for an {nvited talk
at the 25th Anniversary Frequency Contrcl Sympo-
sium on April 26, 1971. Since this is the first
effort ever made to present a coherent historical
account of th:s subject, omission and errors are
inevituble, The author will welcome any letters
either correcting or adding tn this record.
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ACOUSTICAL AND OPTICAL ACTIVITIY IN ALPHA QUARTZ
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Abstract

It 18 shown that a theory of elastic dielectrics, in
which the stored electromechanical energy depends on
the polarization gradient, accounts for both acoustical
and optical activity. Formulas for the acoustical and
optical rotatory powers of a-quartz are derived and the
values of new material constants appearing in them are
calculated from experimental data,

Introduction

Acoustical activity (rotation of the direction of
mechanical displacement along the path of a transverse,
elastic wave) has recently been observed by Pine [ 1]
and by Jofirin and Levelut | 2] in a-quartz. The possi-
bility of the phenomenon appears first to have been men-
tioned by Silin [3]. It was accounted for by one of us
[4] on the basis of the theory of clasticity in which the
stored energy is a function of the geadlent of the strain,
in addition to the strain., Portigal and Burstein [ 5]
found an equivalent result by assigning dependence of
the clastic stiffness on the wave vector. The purpose
of the present paper is to show that both acoustical and
optical activity are accounted for In the theory of elastic
dielectrics in which the stored electromechanical energy
is a functior of the polarization gradient [ 6] in addition
to the usual strain and polarization. It has already been
shown [ 7] that the aifferential equations of the rcsulting
thcory, rather than the equations of the classical theory
of piezoelectricity, are the correct, long wave, low
frequency limit of the finite aifference equations of a
lattice of shell model atoms if the shell-shell interac-
tion between adjacent atoms is taken into account. It
has also been shown that the polarizaticn gradient can
account [ 6] for the surface energy of deformation and
polarization and it can also account [ 7] for an anomaly
observed in measurements of electrical capacitance of
thin, dlelectric films. In the present paper, the fleld
equations are exhibited for the coupled elastic-electric-
magnetic system, the problem of shear waves along the
trigonal axis of a-quartz is solved, formulas are obtain-
ed for the optical and acoustical rotatory powers, and
numerical values of the new materlat constants, in the
formulas, are calculated from experimental data, Ess-
entially, the theory has it that the appearance of optical
activity depends on an Interaction between the polariza-
tion and the polarization gradient; the appearance of
acoustical activity depends on interactions of the strain
with both the polarization and the polarization gradient,
and {s absent if either interaction is missing — provided,
of course, that the pheremeron does not depend ¢ the
strain gradient, as assumed, tentatively, in this paper.

Coupled Elastic, Electric and Magnetic Fields

The linear vquations of an elastic, dlelectric con-
tinuum, with the contribution of the polarization gradient
taken into account, but without the copling to the mag-

netic fleld, may be written as [ 6]

(1)

where

(2)

T = sw-es L EY = -aw™/ep , B, = sw/0p,
s 1} J J \j J.l

and
w- = L 2
225PP 0P Pk

P
©ijke

+
o)

Sig S ke * Si By, 15k

ol
* GBSt 3PPk, g (3)

1
Su = -,;(u"'.l + ui,j) (4)
In (1), u {a the mechanical displacement, P,
the polarization density, E, is the Maxwel. electric
self-field, p is the mass density, % is the permittivity
of a vacuum and €41y 18 the alternating tensor. in(3),
W™ {g the stored energy density of deformation and
polarization in which by o dig, and Jjyy are con-
stants assoclated with the polarization gradient, P Rt
while ayy, f,, and erkl belong to the clagsical theory
of plezoelectricity and are related to the I.R. E. Stan-
dard [ 8] symbols for the reclprocal dielectric suscept-
ibility, y;;. the plezoelectric stress constont, €j)r and
the clastic stiffness at constant electric ficld, cl‘jikl'
according to [9]

1s

-1 -1 P
a, = N t - .
ij ‘oxu fxjk t oy el)k cUkl

a cE + \-lx e ¢ {5)
1kt o mn muy nkt’
To couple (1) to the equations of the magnetic
fleld, it is only necessary to replace the th.rd of {1} by
Lk Ek‘Jo B =0 {6
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and add the equations and the cons {tutive equations (11) reduce to

-1

LB LB 2 P
po(‘jksk'j < E -P =0, (7 T,y = 4523 * (14P1+d74Pz'3.
B, =0, 8 = oF - P
i1 (8) Ty * “ad,3 f14!:’2." 474 P13,
where By is the magnetic flux density and p, is the
magnetic permeabllity, assumed to be that of a vacuum, L _ I, P o+ P,
BV =i st X it T
It is convenlent to eliminate By by subtracting the (13)
curl of (6) from the time derivative of (7), witn the L _ A plj LT
result ' 'Ez' l'14“1,3*‘0)(11 2 Ty,
Ej.ll - Ei.h = Qo EJ + pon. (9) p
B, = d9a%2,3¢ Hn Pyt Pes Ty
The last of (1) and (8) are not independent of (7) and 32 '
(6), respectively, and may be disregarded for the pre-
sent purpose. E _ =d P,+b P ..

3 = 924%,3 7 hr 2" Oss T3

Thus, (9), along with the first two of (1): Inserting (13) in (12), we have

T,. = p(l'.n
1. i P "
©44%1,35 "T1a P 3% P 5y = el
E, ,+ E-+E =0, (10) P
i, ) ) c u +f{ P +d_ . P = ou
44 72,33 14 71,37 747,33 T P,
E, -E .= !'f + P.
Jo it L Mo J ¥o J d.. u -2 P +b P
are the fleld equations governing mechanical and electro- 741,33 17°2,3 8133
magnetic waves, coupled through the constitutive equa- -1
tons: “fav,a e Pyt B2 O
P ,
T3 gt Ser * fuiy P ey Frok d j o
) 74Y2,33% 177,53 P55 Po, 33
. = s a. P o+ P .. (11) -
By G St 2 Tk ke Tak MNP 3"olxnpz*sz“°'
E = d s +) P o+ b, P N 0 .
k k¢ ki k i)kt "L,k =
1) 1kt ) ) 81.33 «O,AOEI + popl'

which are obtained from {2, and (3).

E €4 p E,+ n P,
For & crystal of Class 32 (International) or D 2,33 0’072 o2

(Schoenflies) [10], to which a-quartz, belongs, the Now, take
constitutive equations take the form shown in Fig, I, (15)
in which x, has been taken as the trigonal axls and x;
one of the 3lgonal axes. In Fig. 1, an abridged notation u, = Al vin { (X’ - vt} u, = A, cos Q(X3 - vt),
18 used for the subscripts attached to the matertal
constants:
Pl = Bl sin l,(x3 - vt), PZ = BZ cos ;(:v(3 - vt),
11 -1, 22 ~2, 33 —13, 23 —4, 32 ~7, 31l =5, 13 —8,
12 —6, 21 —9. E, = Cl sin l,(x3 - vt), Ez = Cz cos l,(x3 - vt)
Plane Waves Along the Trigonal Axls and substitute thege functions in (14) to find

P 2
- A - B d B ,
We consider shear waves propagating along the (egq = pv 0 17 iaP2t dgghBy = 0
x3-axis; l.e., uj, Py and E; are functions of Xq and p ) 06
1
t only, but uj, P,, and E, are zero. Then the field (€ FYILA, - £,,B 4 d. 0B, = 0, )

equations {10} reduce to 1471

2 2
A - - - =
— T e i d 8AL -1 8A (b L7 ey 1B -2 LB, - € 0,

13,3 1 23,3 2 (12)
2 2. -
d”; Az - fHLAl + (b\‘_’sl> + ¢

o X182 - U8B, - Cp = 0,

L L
E, = 0,
Eg gt EJ+ B =00 By g By 4 Byt ) z
: . . o BV By + (v - 1)C, = 0,

El.33 = ‘OPOE] + popl' E¢5,33 * 'o“obl * or2 2 R
KoV By e ligryv - 1)C, = 0.
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Adding and subtracting these equations in pairs, we
have

P 2 :
(c44 - pv )(Ali AZ) + (674§ ¥ t'M)(Bl + BZ) =0,

(d74‘ ¥ f)4)(A’ B AZ) (17)

2 -1
+ (b55§ + Xy F erlg)(B1 + Bz) - (Cl + CZ) =0,
2 2
BV By 2 B) + (e pvi-1NC £ €y = 0,

Thus, there are two solutions, each correspond~
ing - circularly polarized waves [ 11, p.222] since the
amplitudes must satisfy

Al = "AZ , B1 s % Bz, Cl (18)

with either all upper signs or all lower signs. Upon
substituting (18) into (15), we see that the upper and
lower signs glve right and left circular polarization,
respectively. The velocities are obtained by setting the
determinant of the coefficients of the amplitudes in (17)
equal tr zero:

=*C2

P 2 {19)
€aq = PV dgbw iy, 0
a L % ¢ S L I N T
74 14 55 o X1 ¥ 97 =0
-1 -2
0 .
1 B Vomty

This is a quadratic equation in vZ, so that there are two
pairs of oppositely circularly polarized waves. Each
pair of such wa/es combines to produce a linearly pol-
arized wave with a rotating direction of polarization
[11, p.222). Thus, we have two cases of rotary polar-
ization, These may be identified as optical and acous-
tical by separating out first the electromagnetic part of
(19) and then the electromechanical part, The two may,
in fact, be considered scparately owing to the large
ratio of the frequencies (of the order of 105) at which
the two effects are observed.

Optical Activity

The electromagnetic part of the determinant in

(19) 18 the minor of the upper left element, Thus, the
palr of optical velocities {s given by
b g%+ (" 2
8s° * o Xp F Uy '
=0, (20)
1 u-]v.z-t
°

which ylelds the dispersion formula {compare (11},
p. 426)

2 . 2,-1
gl gy B, e b 00T (21
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where n, are the indices of refraction:

A, =c /v* (22)
and ¢ 18 the velocity of light in vacuo:
c= {¢ p )-'. (23)
Q0
From (21), we have ¢
2 -1 2 -l :
(-7 o =0T = Aot (24)
Now, define n = §(n+ + n_) and assume
|n+ - n_] < n_+n_ (25)

Then {24) becomes, approximately,

2 \2
a, == AT DT gt (26)

where go(=l,/n) 18 the wave number 1a vacuc.

The optical rotary power, in radians per uwmt
length, is given by [11, p. 222]

%op* }Lo(n_ -n,) (27)
Accordingly, from (26) and (27),
2 2 2
Sop= ~(n" = Wi p8,  (28)

is the formula for the optical rotatory power in terms of
the average {ndex of refraction, n, along the optic axis,
the wave length {n vacuo, A o(=2v7 /), the fundamental
constant ¢ and the material constant §)7( =) 32) which,
as may be seen in {3), measures the interaction bet-
ween the polarization and the polarization gradient.

A coustical Actlvity

The electromechanical part of the determinant in
{19) iIs the minor of the lower right element, so that we
have

=0

P 2
C4q PV drgb ¥y
(29)
2

dgb ¥y Pyt

-1 .
S xy Tt ‘

for the equation determining the velocitius of the two
acoustical waves, as influenced by the iasi-static
polarization and polarization gradient.

From {29),

p

2 2 2. -l
pv* ¢ 4 - ‘d74; ;th) / ‘b‘r,sL + 'ox“ ¥ 2.’17(;) (;0)




In view of (18) and the inequality of v, and v_, the
superposition of the two waves results in rotary polar-
ization (acoustical activity) with acoustical rotatory
power

= Loyl -1
OAC =2 Q(V_ = V+ )l (3l)

where w is the circular frequency.

Both waves are dispersive. At the zero frequency
(long wave) limlit, from (30} and (5),

P E

. 2 2
lim = - -
im pv, = ¢, <°£H/x“-c“. (32)

{—0

which is the result (without acoustical activity, since
v, =V_ } that would be obtained if the contribution of
the polarization gradient were omlitted, i.e., if d7 R
bgs and jj; were assu.ned to be zero. As the freque-
ncy increases from zero, the absolute velocity differ-
ence, |v+ - v_l, at first increases, so that the acous-
tical activity appears and increases, With further in-
creases of frequency, the velocity difference again
approaches zero, since

lim pv*Z — -dz /b

Lo 44 74
50 that the acoustical activity diminishes; but this is
undoubtedly beyond the range of applicability of the
continuum theory. Up to moderately large wave num-
bers, (30) and (S) give, to the first order in ¢,

(33)

55’

= o ' E
VO/V* 1% (d'H Jl7el4)cl4;/c44 (39)

where V(z) = ci;/p. In this range, the frequency is
approximately proportional to the wave number:w = vols
so that, from (31) and (34),

[} 2

= - 2
AC (d74 J”cM)chw /(ci) . (35)
Thus, at frequencies up to, say, 1010 cps, the acous-
tical rotatory power is approximately proportional to
the square of the frequency and depends on the constants
pe €14 and E , which are commonly encountered in
piezoelectricity theory, and also on the constants d
and jj7 which control the coupling of the polarization
gradient with the strain and polarization, respectively.

Application to Quartz

For a-quartz, all the quantities in the formula
(28) for optical rotatory power are known except } 70
Thus, for left-handed quartz and the sodilum D line,

OOP = «~379 radian/meter

)\0 = 5893 X 10-10 meter

n = 1.5533

[11, p.481],
{11, p.as81],
(11, p.481),

& 8.854 x 1071% furad/meser (10).

H ence,

. 2 2 2 ..2
317 * = %o /4w € (n=1)" 2 0.19 meter Z/t’:u-ad. (36)

With the value of J); known, all quantities in the
formula (35) for acoustical rotatory power are known
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except dp,. Inparticular, Pine [1] finds that the
acoustical and optical activities have opposite signs

and the acoustical rotary power along the trigonal axis
is about 220 radians/meter at one gigahertz. Thus, for
left handed a-quartz,

Ouc = 220 radian/meter (1],

W =21 X !09 radian/second {11,

p = 2.65X% 103 kilogram/meter3 [12],

CI;:M = 57.94 X 109 newton/met.erz {13},

€4 -0, 0406 coulomb/meter2 [13].
Hence,

E 2 2
d74 = OAC(C 44) /°14P‘*’ + 117014 = «174-0.0077 volt (37)

The second term, §,qe,,, s negligible in comparison
with the first, so that we may drop the dependence of
acoustical rotatory power on §j 7 and replace (35) with

QAC = d74el4 P“’Z/(Ci4)2- (39)

Thus, according to this theory, the presence of
acoustical activity in a-quartz depends on the exist-
ence of the plezoelectric stress constant ¢y yl=e ;)
and the interaction constant d.M( =d3223) between strain
and polarization gradient, whereas the presence of
optical activity depends only on the existence of the
interaction constant j)7 (=j132) between polarization
and polarization gradient.
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FIGURE 1. Constitutive relations for crystal class 32 (D3).
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EXTENSIONAL, FLEXURAL AND WIDTH-SHEAR VIBRATIONS

OF THIN RECTANGULAR CRYSTAL PLATES

P. C. Y. Lee
Princeton University
Princeton, New Jerszy 08540

Sunmary

An approximate, cne-dimensional theory is derived
for thin crystal plates or bars with narrow rectangutar
cross section, and for cases in which the stiffness
matrix of the crystal c;; referring to the plate axes
exhibits monoclinic symmetry, A set of five equations
of motions is separated into two aroups: the extensional,
width-length flexural, and width-shear motion and the
transverse shear, and width-twist motion,

Closed form solutirns of coupled extensional, flex~
ural, and width-shear vivration are obtained for thin
rectangular plate with free edges, Calculated resonant
frequencies as a vunction of length-to-width ratio of
the plate are compared with detailed measurements by
Miss D.M. Spears on +5° “«cut, quartz plates, For the
use in design, explicit . jebraic formulas for predict-
ing extensional and ttexeral frequencies arc obtained in
terms of elastic stiffnnsses, density, and width-to-
length ratio of the plates,

Introduction

Thin rectangular plates or finite bars with narrow,
rectangular cross section (Fig. 1) excited mainly in
extensional and flexural modes of vibration have been
used extensively as piezoelectric resonators in filter
circuit applications, For very low frequencies (§i <<l)
and small width-to-length ratio (b/¢<<l) of the plate,
the classical extensional equation and flexural equation
including the effects of ratary and lateral inertia
have been shown to predict resonant frequencies with
great accuracy, However, duc to the anisotropy of the
crystals, extensional and flexural modes are sometimes
strongly coupled, as occurs in the case of & X-cut,
quartz plates, Furthermore, in case of plates being
excited in higher flexural modes or with larger values
of width-to-length ratio, the effect due to the presence
of the width-shear mode becomes of more importance,
Coupled longitudinal and flexural vibrations of both
thin rectangular and parallelogram plates have been
studied extensively by Jumonji and Onoe.? tn their
analysis, approximate solutions are obtained by linear
combination of Lamb waves or solutions corresponding to
frequency branches of the Rayleigh~Lamb dispersion equa-
tion, Hence the accuracy of their approximation can be
improved by taking additional higher branches into
account,

The purpose of this paper is to formulate an approxi-
mate theory which includes extensional, flexural and
width-shear modes and allows closed form solutions to
satisfy free edge conditions, First, a set of approxi-
mate, one-dimensional piate cquations for generalized
plane stress is derived based on Mindlin's first-arder,
two-dimensional equations for crysts! plates.3 when the
stiffness matrix Cj; of the crystal referring to plate
axes exhibits monoclinic symmetry, su-h as in rotated
Y-cut, or & °X-cut quartz plates, this set of five one-
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dimensional equations is separated into two groups core
responding to ¢xtension, width-length flexu-e and width-
shear motion, and transverse shear and widtn-twist
motion., In case the crystal is plated with electrode
platings, the mechanical effect of the platings has been
taken into account,

Then closed form solutions are obtained for thin
rectangular plates with free edges, which a~e vibrating
in extensional, flexural, and width-shear modes, The
resonant frequencies are conputed as a func:ion of
length-~to-width ratio while the width of th: plate and
the electrode mass are kept at constant values, The pre-
dicted result is compared to D.M, Spears' datailed data
on +5” X-cut, quartz plates. For use in design, ex-
plicit algebraic formulas for predicting ex ensional and
flexural frequencies separately are obtaines in terms of
elastic stiffress, density, and the length-.o-width ratio
of the plates,

One-Dimensional Plate Equatiocas

Consider a rectangular plate of thichiess 2a, width
2b. and length 2¢ in the rectangular coordiaate system
(x;) as shown in Fig, 1, Mindlin's two-dimensional,
first order. stress equations of motion for crystal
plates, which take into account the first “ive lowest
vibrational modes, are:3

(0 (0) 52“1(0)
T + T = 2bp —————
1,17 13,3 NE
2, (0)
(0 (0 Ay
T + T = 2bp y
12,1 23,3 btz
2, {0)
(0) © _,. 2%
M * Taag 2bp " , (n
M, (0 ; 2%y
T T3y Ty =5

2,.(1)
(1) (W (o) 2,3 v’
Tia,r *T3303 " Ty =3 0705

wiro

a
where u;(o' are the components of the displacement and
u; are the components of the rotation in the x; direc-

tion of a plate cie?ent which is originall jaralle {o
the x; axis. Ty, 0) are stress resultants and Tij

are stress couples,

The stress=strain relations with monoc inic symmetry,
such as the case for rotated Y-cut or &° X-cut of quartz
are:
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TI((I)) = zb"E” ](0)' 9 ( ) + k ¢ 4 (u(o) (l))], plates with traction-frec faces, the state of stress is
3 3,3 ! 3 a case of generalized plane stress, The p-oper condi-
(0) _ (0) (0) (o) m tions for traction-free face conditions are
Tz = BLE ) ¢ 03 Ky (g3 ¢ w0, © (1
© () ( T” = 0, T” =0, (7
0)_ 0 0) 0 1
T|3 = becss(u o, . + k c56(u§ { + u( ))], (2) and
(o)l (o>L (u)L
T =0, T =0, T =0, (8)
0 f L | .
TI(Z) Zb[klc56(u§?{ + u(O)) + K| c66(u(o) |(I))], 12 x| = ta 3 | =ta 3 | = 3

it is seen that (7) and (8) imply that H( ' 0, Further-

J ng) 2b[k c u( ) + k3c3“ ;0; + k3 c‘m(u(o) ;l))], more for symmetric extensional and flexutal motion in

9 the X3 direction, ugo), ;”, and uéo) are assumed to be
T4 (1) ,_ 3 (1) ol - N .
e T b (Y” ul,l 3 3, 3), symmetric with respect to the x2x3plane, therefore
. 1) 2 1 1
T|(3) -2 b3 os ("§,3 . ( )), p: [ugo)’ u:(‘l)’ u§0)] sy 9%, =0, (9
where From (2) and (7), one obtains:
2 2 -
ky = n°/12 c
; 2 ’ 2 2 4172 |(?) _2 ;?; k3 El_q (“é?; * ”gl)) ’
- (e . - n 1
ky = n [c,,2 *opyy = [legym o)™+ 4 e, 177 r2liey, {10)
N My, m
Coq = Spq ~ ©20%2 %22 ¢ Psq = 1,3,4 U1 Y 33
a2 = = e Substitution of (10) into (2), integration through the
ypq <:pq chp cql*/chlo’ Pa = 1,3 (3) thickness, and utilization of’the assumption (9) ylelds
the stress-strain relations for generalized plane stress
Yeg * S5 - C§6/c66' theory:
0(0) =z 2b [C33 3(3) + k3 c;“[‘ (V (0) & V(I))J’
These equations are two-dimensional and the traction
free edge conditions at xp = tb have been accounted for, ((2)) = 2b [k3 W 2( ) + I\Z cl. (v (0) by (l)) 1, (1a)
When the thickness of the plate 2a is smal} as compared 3 3 3 3
with wave lengths and other plate dimensions, the compo- m .2 b3 (m
nents of displacement and stress can be approximated by 333 3 V33 3 3
. their average values across the thickness as defined d
e respectively by an
5 oD = 2 (eg v, 9 4 ke, M
o (n)( t) 3ok @ (0) ¢ 13 1,3 1%6Y1 1
ERRC AR TR B R (0 (0 , 2. (1)
3 (n) - " 0, =2 (k|::56 1,3t Kyceevy ) (12a)
(x45t) T == T.. (%, 5% st)dx, . (%) m 2.3 m
I 3 23 + -a 1 1 = - !
j ij 3 ¢ 3 b Y55VI 30
Hultiplying (1) by 1/2a and integrating through the where? ’
thickness, onec obtains: Yacd -¢. ¢ -
i o <:pq cpq cIp c /C'l’ \/33 V33 v”/Y”, (13)
(R (O T 3,9 = 3,4
“13.3 ' 5&2 ’ The displacement equations of motion are ostained by
2 (0) substitution of (1la) and (122) into (5):
(0)+H(0),b..a_:2__; bv)
233 *M P T S T ALY
2 o) (5) 33 V3,33 " M9 (V2,33 * V3,307 atz ’
3
§g)3 ¥ ";0) = 2bp "‘—L‘vz ’ o (0) 2 (0 (I) 2:{0)
at kc“v + ky ¢y (v )up————-’ (11b)
N n 3714 73,33 3 S Wo,33 ¢ [2
Do m 23
“3,3- %12 *H 3 2 MO -2 (0) (0 n
a a
) Vi3 ¥5,3 7 3 They v e i g ()¢ Vi)
() _ (o, (2,3 aZ.(U
33,372 "M T3P G
where, and 2.0 °F
( ( ) e ¥, W+ kyegg v, L)« | (12b)
W Lo ey Ly ) ) 55 1,33 % M1%6 V1.3 T PO
j 2a t a2 (|)
40 /(0
are the stress resultants (for n=0) and stress couples Yee V - 3b (k + k 1<
{for n=1) on the foces of the plate at xy =t a, For 55 1,33 ! 56 1,3 66 atz
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It may now be noted that the one-dimensional plate equa-
tions for generalized plane stress are uncoupled into
two sets of eqia.ions: (11a,b) governs the extension,
width-length flexure and width-shear vibrations and
(12a,b) governs the transverse shear and width-twist
vibrations. The corresponding deformations governed by
these two scts of equations are depicted in Fig. 2a and
2b respectively,

Effect of Electrode Plating

If there are thin metallic electrodes on the faces
X| = ¢ 3, the mechanical effect of the plating should be

incorporated into the plate equations ({1} and (IZ).7’8
Let upper and lower platings have thicknesses 2a' and
2a' and densities p' and p' respectively as shown in
Fog. 3. The stress equations of motion for the platings
have the same form as those for the plate (5) and (6).

For upper plating 2 ()
G, .+ H(o)' = 2b p! E-ZJ—-- etc (14;
13,3 1 6t2
where
Hfo)' = %J [Tf?)l (a') - Tf?)' (-3') 1, etc. (15)

An identical set of equations holds for lower plating
except that primes are replaced by double primes.

The continuity conditions of stress and displace-
ment at the interfaces require that

(n)! ' (n) " (n)
le (a)=T'j (a)) le (a)-Tij (a)!

(0} _ (n) (n) (8

n n)" n

v, = v, = v, n=0,1 j=1,2,3

j j j , LT | 1 &y

To avoid repetition, the following derivations are re-
stricted to only one of a set of governing equations for
plated crystal plates, since the remaining can be ob-
tained in the same manner, The stress resultant in the
x] direction acting on the faces of the crystal plate

with platings is defined as

H0) .1 (0 Cplo
R A S CH IER A C SR an
By using the definitions (6), (15) and the stress conti-
nuity conditions given in (16), the above can be ex-
pressed as:

TR N(O) Ll M(O)' L H(O)
1 1 a | v 1

(18)

Substitution of the corresponding stress equations of
motion for upper and lower platings into the last two
terms of the right hand side of (18), and use of the
displacement continuity conditions given in (16)
results in:

T T O R
22,0 (9)

2
3t
Further substitution of (19) into the first equation of
{5), ylelds one of the stress equations of motion for
plated crystal plates:

00 20 20, O L
2 (0)

3%y

|

2

(20)

3t

where R = (p'a' + p'a')/pa is the ratio of the mass of
the platings pgr unit area to the mass of crystal plate
per unit area, It can be seen that in case the thick-
nesses of the platings are extremely small as compared
to the thickness of the plate, i.e, a'/a<< 1, and
a''/a<< 1, the contribution to the stresses due to the
platinas can be neglected, In the same mainer, similar
results can be obtained for the other governing equa-
tions, Therefore the effect of platings is to increase
all the inertia terms in (5) by a factor of 1 + R,

Extension-Flexure-Shear Vibratioas

In the present section, the free, coupled vibra-
tions of extension, width-length flexure and width-shear
of a crystal plate with symmetric platings at x; = a
will be studied (Fig, 1). The free-edge conditions at
X7 = tb have been accounted for in (1) while the free-

face conditions can be satisfied by setting H|"'= 0,

for n = 0,1, To satisfy free-edge conditions at
X3 = +c, one requires

£(0)

()
33 °32

033 |x 2 . (21)

=4C

3=+c x}::c

The appropriate form of solution for {11b) in case
an alternating and uniform electric field is impressed
over the electrode platings can be written as:

3 .
0 .
vé )= b i;i Aiali sin Cix3e,wl B
3 T
v§°)= b i:i AQ, sin CixBeIUt ’ (22)
3
m, 3 jwt
V3 = Ai cos CiXBO ,

where w is the circular frequency and §), $y and ;3 are
wave numbers for modes predominant in flexure, extension
and width-shear, respectively, The dimensionless fre=
quency and wave numbers are defined by:

- w 7 2
0= =t GG (23)
l‘3 3chl¢ °
pb2(1+R)
and they are related by the dispersion relation:
“y . - = !
F(. " Iaijl 0, (a‘j = aji) (24}
where
Y 2N LA 2 s
- - )Sf, a, c3uc , a|3 L
A 22 A =2
a, = c3hb - 3(;, a3 = c33§ - 3(?, (25)
A
a1 - A

A ¢ 2 A b . A s 2
€337 ©337%3 S, Sy T S350 Y33 7 V33/3ks Cu
The roots of (24) or the dispersion curves aire shown in
Fig. 4, For (22) to be the solution of (11b), the
amplitude ratios have to satisfy

A

- A2, 22 -
o, = {0 - (@ - 8 Ty a1 300,

N . - (26)
0, = (B -3 @ -3 - 88 a2
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Substituting of (22) into the stress-strain relation
(112) and imposing boundary conditions (21),.one obtains
a set of three homogeneous algebraic equations which
govern the amolitudes A;, For these equations to have
non-trivial solutions, the determinant of the coeffi-
cients must vanish, i,e,

'bijl =0, for i,j = 1,2,3 (27)
where

C
by; = 9jcos(l; ¢

by; = FiCOS(Ci %), b3i = Ei sin

- ¢
(Ci E 3
- + (& ) = |
=Sy v @+ S ) Ty o a1 (28)
(0 + 'c‘% @) &, i=1,23

Equation (27) represents a functional relation
between the resonant frequency, {2, the width-to-length
ratio of the plate. b/c, and the mass ratio, R, and is
the frequency equation for the present problem,

It can be seen from Fig, 4 that all wave numbers,
CI, are real when > 1 and §|, Cz are real and g3 is

imaginary for <1, In order to have a real equation
corresponding to (27) for 0 < < 1, one may replace in
(22), sin g3x3 by sinh C3x3 and cos C3X3 by cosh C3x3.
all the results from (23) to (28) remain identical
except
e oF A _ A2, 224, = -3F
oy = <Ly B+ (& - 8 By, 4= 37, @0y,

(29)
=2 A =2 =4
o= @ e3dhE, B3t -8, 0,

and
- e P
bl3 * My cosh (§3 &) b23 =0, cosh (C3 )
PR PR
b33 N -C3 sinh (C3 g). (30)

Resonant Frequencies

For a +6° X-cut, quartz plate as shown in Fig, 1,
the xj-axis coincides with « e of the diagonal axes of
the quartz and the Xp-axis makes an angle of +5° witn
the trigonal axis, The values of (rotated) elastic
stiffnesses with respect to the x; axes of the plate are
obtained from Bechmann's value” with the slight modifi-
cation by R,T. Smith10 and are given in 1010 Newtons per
squate meter as follows:

ey " 8,674 ¢ )" 1,495 cI3 = 0,381 <y 1,721
€59 =10,7338 €3 ™ 0.835 S = 0,134 Cq3 ® 9.351
c3b 2-2,076 ¢ 4" 5.694 C5S = 3,664 c56 x 1,609
Ch = 6,087

and
€15 % €16 25 " 26 7 ©35 " 36 7 “us " g * O

Therefore c;j exhibits monoclinic symaetry, The resonant

frequencies of the roots of (27) are computed for a
range of values of c¢/b while the width of the plate (2b)
and the mass of electrode platings (R=0,54) are kept at
constant values, The result is plotted as shown in Fig,
5 in which the letters E, F, and WS indicate respec-
tively the pcrtion of the frequency branches corres-
ponding to predominantly extensional, flexurai, and

width-shear modes while the rumeral "n'' preceeding the
letter indicates the n th mode of a particular type,
The dots represcn‘uthe experimental data obtained by
Miss D, M, Spears't for the +5° X-cut, qua-tz plates.
The same theoretical and experimental resu ts are also
plotted in c/b and b/c coordinates in Fig, 6 since
this way of presenting the data has often been used by
previous investigators, 1,2

Algebraic Formulas

As may be seen from the results shown in Fig, 5 or
Fib, 6, the dispersion relation (24) and frequency equa-
tion (27) are very accurate in predicting .he intricate
behavior of the frequency spectrum, for they have ac-
counted for the mechanical coupling of the predominant
modes in this range of frequency, However for use in
design, simple algebraic formulas for pred cting exten-
sional and flexural frequencies separately are desirable,
To achieve this object, the coupled equations of motion
(11a,b) ar: uncoupled into extensional and flexural
equations as follows:

2 (0)
P 3%v () {0)
) 3 .
€53 v3i9 = F vl o3 =Wey vy
t
and ~2 (0)
(0) 3p 2V
2,333 7 2
Ymal At
3 (32)
L)L o) (o) 23 (o)
"33 3 Y33 Y2,33, S33 T 03 % Yi3¥a,333

€ouations (31) are obtained from (lla,h) by neglecting
the coupling terms associated with c;u, while (32} are
obtained by a sinilar procedure used by Mirdlin and
Forray.12 0f course (31) and (32) are the classical
equations for longitudinal bars and flexural beams
respectively,

The roots of the trequence equation for (31) for
bars with free ends at X3 % 3¢ are:!3

¢ . (33)
b 2

where n = 1,3,5,,,. for antisymmetric modes and n = 2,

4.6,.., for symmetric modes in x,, Insteac of using the

dispersion relation 2 2 obtained from (31},

< -
o= (3 7

the coupled E - WS dispersion relation from (24) is used,
This relation is ubta.ncd by dropping atl az; terms in

(24), and for 52 <, (T < 1, it reduces aporoximately to
% - &2
RLY)
0= (.Lc_}_‘) z. (34)

Substituting (34) into (33), one obtains

- i/
Q- (}____ixh 2y (35)
¢
or in dimensional form, with f = 4’2 and R & 0
R 2
Coo = C ,’c“u 172
e (R (35)"

Equation (35) agrees with the usal form of extensional
frequency formulal! except that the coupling ef fect

through c3h is included in 'he term c32/cu“

The frequency equation for flexural equations (32)
with free end conaitions x3 = +cis :




tan E% = + tanh =, (36)

The roots of the above transcendental equations are
approximated by

Felaen 2 (37)
where n = 1,3,5,,., for symmetric modes and n = 2,4,6,,
for antisymmetric medes in x3, Here again the coupled
F ~ WS dispersion relation is used, It is obtained
from (24) by dropping all alj terms, and reduces, for
Q<fand (F <1, to:

172 =2 o8
3173 ° 38)
3 0+ )12

Substituting (37) into (38) one obtains a frequency
formula in terms of b/c, in dimensional form and for
R %0, it can be written:

Y‘.‘: '/2 2 2
f = a (_ﬁ) (n + |/2) b/c (38)'
8 p {1+ (-’;—)z(n + 172) 2 bre) 212

Comparing the above with R, A, Sykes' experimental
formula for flexural frequencies:!
1/2 (n + 0.5)2 b_

x Y33
Fakd 2 : (39)

2 C2
where K is a coefficient determined experimentally and
its value depends on n and b/c, one sees that

1
K = *
e Ginepi@H

(ko)

The frequencies calculated by (35) and (38) are
compared with results from the coupled equation (27)
as shown in Fig, 7. 1t can be seen that these formulas
give good predictions for §2< I, As has been shown by
Onoe and Jumonji,'”? the calculated frequencies based on
classical flexural beam theory are too high as compared
to the observed values, even when the rotatory ine
ertial3 or both rotatory and lateral inertia are taken
into account,! The reason for (35) and (38) giving a
more accurate prediction is that the effect due to the
width-shear deformation has been taken into account
through the dispersion relations (34) and (38).
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Fig. 1 - Rectangular plate or finite bar
with rectangular corss section.
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Fig. 2 - Plate displacements (a) for extension,

flexure, and width-shear motion, (b)
for transverse shear and width-twist

motion.
e Electrode
“.f: z
~ P %
o
~
T E | Crystal

X
Fig, 3 - Crystal plate with
electrode platings.

68

9 /
ws £ F
1.0 // //
0.5
/ WS » WIDTH-SHEAR
£« EXTENSION
F » FLEXURE
) 0 1.0 2.0 3.0
Im¢ Ref

Fig. 4 - Dispersion curves for extensional,
flexural, and width shear waves in
%3 direction in an infinite +5°
quartz plate. Equation (24).

8 osh
06}
oa}

o2

00 * é * ql - é ' 8‘ : 0
c/b
Fig, 5 - Comparison of calculated and
measured frequencies of extension,
flexure, and width-shear vibration
in a rectangular +5° X-cut quartz
plate.




3 Nt

B

F

" gogle

Pt it v a

OI4 0.8
b/¢
Fig. 6 - Comparison of calculated and measured
resonant frequencies of extension, flexure,
and width-shear vibration in a rectangular

+5% X-cut quartz plate.

1.2
10 |
7-€
12-F
[X: R 3
10~F
Q 8-€
0.6 |-
8-F
04} 3-E
6-F
o2k 4-F
[ 3
2-F
1 1 1 1
00 2 4 8 8 10

c/b

Fig. 7 - Comparison of frequencies
calculated by equations (35) and
(38) (solid lines) to those com-
puted from coupled equation (27)
(dashed lines).

69




QUARTZ CRYCTAL APPLICATIONS 1IN

DIGITAL TRANSMIGOION

Richard B. Hobrock I1
Bell Telophone Laboratoriea, Incorporated
Holmdel, NHev Jersey

The Hell Telephone Systern {3 actively engaged in the
development of an {ntegrated, nationwide digital trans-
misnion netwvork. The lant decade sav the introduction
of the firat member of thr digitnl network =« the
videly acclaimed Tl trannmisnion system. The T1 carrier
nystem provides short hau! transmipssion of (wventyefour
digitally cncoded volce clinnnels on paired cable,

S{nce {ts inceptinn, over f{ive m{llion voice channel
miles of Tl have been instnlled in the telephone plant.
An a result of this succusn, the Bell Sysntem is
currently developing a vhole hierarchy of digital
tranomission facilitien, ranging in scope from several
rb/s customer data links to several hundred Mb/s
coaxial cable, radio and mi{lli{meter waveguide oystems,

Digisnl transmisclon {8 cnaracterized by three basic
operations. Firat, sampling and coding is the method
by vhich fnceming annlog =igonals are converted into s
fcrm appropriate for transmission on digital facilities.
Second, time division multiplexing is a technique used
o combine digital signal: from a variety of sources
{nto a single higher specd pulse stream. Finally,
regeneration {s the procecs used to roconstruct a
digital signal nt regulur intervals along a digital
trancmission line. After a brief discussion of each
of these operntions we wiil consider the specific role
of quurtz crystols in the evolving digital network.,

Snmpling and coding are the two processes vhich are
used to convert analog signals such as speech or
television into digital r»rm. The steps nssociated
with this conversion arr {llustrated in Figure 1, We
begzin by bandlimiting the analog signul by paseing {t
through & lov pass filter. Then we sample the continu-
our nignal nt discrete time {ntervals. If thene samples
are tazen at regular i{ntervals and at’ twice the highest
freqaency comnonent found {n the signal, then all of
the {nformation in the menrage is contained in these
sarples, In particular, (f the samples are parsed
throaen an interpolation rilter, the original message
vill Lo recovered, This busic principle {s known an
tha sampling theorem and the samples are generally
called PAM pulses, standing for Pulse Amplitude Modu-
1ati{on., “e hLave no desire, however, to tranamit the
PAY pulnas decause we would have to maintain their
exnct amplftudes, Instond ve perform analog to digital
eonversion by encoding the amplitude of each sample
{nto a binury word of on~s and zeros, This s known

3 PCU or Pulse Coda Modulation. Of course, the length
of vhin word determines %ov faithfully we can represent
the amplitude of each anrple, Tha process of repre-
senting a continuum of vriuas wish a discrete number
¢ leyels is rnown as quentizing., The error {ntroduce!
{n the trocess (g known na quant.izing distortion and {s
a fundamental signal {mpnirment in digital tranraission,

In addition to digital terminals which convert analog
signals into digital form, a complete digitel network
requires time division rdtiplexing to interface
botween transnianion facilities which transmit digital
signais at 4ifferent rates, The basie structure of a
multiplexer and its companion demultiplexer is 1llus-
craced In Pigurs 2, The sultiplexer simply combines
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several pulse streams into & single higher speed dit
stream while the demultiplexer performs the opposite
task by separating the single high speed strean into
its original component parts.

In order to interleave these bit streams, the incoming
signals must ba synchronous. In the evolving digital
netvork, hovever, the high speed digital signals vill
not be synchronized and thus s technique ie¢ required

to nmake them appear synchronous.,” This tectnique is
known as pulse stuffing synchrouization. The basic
concept requires that the output rate of the multiplexer
be slightly groater than the sum of all the {ncoxing
rates. Additional pulses are then aided tc each of the
input streams so that the resulting aversge pulse rate
becomes fdentical tn some fixed frequency genersted by
a crystal clock within the multiplexer. The addition
and removal of these extra stuffing pilses i{s accom-
plinhed with elastic stores. These are sirply buffer
remories, typically storing several bits of information.
The READ and WRITE clocks of these stores ure indepen~
dent. 1In the multiplexer the information tits are
vritten into the synchronizer elastic store under the
control of a clock extracted from the incoring signal.
This {nformation is then read out from the store at a
s}ightly higher rate, under the c-atrol of the local
crystal clock. A comparator circuit monitcrs the
number of bits stored in memory. Whenever the storage
nears depletion, the comparator demands that a stuff or
gnp be placed in the READ clock. Cf course, the loce-
tion of this stuff or gap must be signaled to the
demultiplexer. This is normally accomplisted over a
common data channel vhich {s multiplexed along vith the
data into the output bit streaa. The receipt of the
synchronization information in the demultiplexer permits
the stuffing gaps to be removed from each chammnel. The
destuffed signals are then identical to the origiral
multiplex {nputs excert for the presence of timing
Jitter. To romove this jitter the signals are delivered
to n desynchroniter elastic store vhose READ clock has
a frequency vhich is the average of the jittered WRITE
clock. The smooth READ clock is provided ty a voltage
controlled oscillator, often a crystal oscillator,
contained {n a phase-locked loop. The loop is required
in order to slave the sxooth output clock to the
Jittered input cloek,

In addition to synchronization information vhich {ndi-
cates the location of the stuffed time slots for each
channel, it 13 also necessary Lo transmit s franing
signal so that the information may be properly Semult!l.
plexed, Yor Lhis purpose a wnique code paltern is
multiplexed along with the data. Once the porition of
this unique pattern within the pules atremr has been
fdentified by the demultiplex circultry, the individual
channels may be properly sorted.

The real payoff in digital transmission is the sability
Lo reconstruct a digital vavefore vhich has suffered
frequency dispersion and tie Impalrment of «dditive
nolse., Thia reconstruction process s known as reget.
eration snd 1L is rerformed al reguler intervals along
a digital transnisrion rowte. The basic functions



nasociated vith a regenerative repoater are shown {n
Figure 3. Thise functions are amplification and
equalization, timing extraction, and sampling and
rcgeneration, The amplificr-equalizer circuft reshapes
the incoming pulse waveforn and restores {ts ampl { tude
ro that a pulse-no pulse drcinion can be made, Oince
transmigafon through a lenyth of cable results {n
savere attenuation of the high frequency content of «
pulse vaveform, the equalization ciroult must in effect
boost the relative amplitude of the high frequency com-
ponents {n order to compensnte for the distortion
{ntroduced by the tranamis:fon medium. In practice, s
single pulse may be spread over an many as thirty time
olots and thus the equalizcr performs an extremely
{mportant function in resheping a pulse no that it is
apread over fev enough time slots to permit regeners-
tion. Some spillover does cxint, hovever, and {t {is
referred to as intersymbol interference.

Following equalization, a timing circuit {n the repeater
extracts a clock signal from the data stream so that
the equalized pulse train con be sampled and subse-
quently regenerated., This operation is normally
performed with a high Q circuit wvhich extracts a
sinusoidal component at the timing frequency. This
component {s then employed to gencrate extremely narrov
sampling pulsen vhich arc used to interrogate the data.
In some repenters a monolithic crystal f{lter is used
for timing extraction; in «thers, a phase-locked loop
is often cmployed with n vultage-controlled crystal
oscillator.

The function of the regrnecrator {tself {s to reconstruct
the received pulse train. This {n accomplished by
sampling the amplifier-cqualizer output with the narrov
pulses provided by the timing circuit, When the
amplitude of a sample excnnds a npecifird threshold or
decision level, the regenerator produces an output
pulse of prescribed amplitude and width; when the
sample amplitude {5 below the threshold, no output ic
provided.

In practice, n regeneratcr output {o never an exact
replica of the transmitted pulse train, The presence
of interference on the sicnnl at the Instunt of
regenerstion can result {n an {ncorrect decinlon and
thus a digital error. Moreover, phase jitter is intro-
duced on the output due tn imperfect timing extraction.
Thuo in a long rcpeatered span both digital errors and
timing Jitter will accumulate, These offects, however,
are quite small,

The basic functions lllustrated in Figure 3 are cummon
to all regenerative repeators. In addi{tion, automatic
gain control and adaptive equalization arc often
erployed and the transmitied signal usually containg
three or more levels, All of this implies a more
conplicated repeater.

Nov that ve understand the basic operations annociated
with 41gital transmission, {t {s natural to ask Just
wvhat are its advantages over conventional analog trann-
mission., Pirat, the avallnbility of silicon {ntegrated
circuits permits us to build very inexpensive terminals,
both coders and mutiplexera, This contrasts with the
very expansive and bulky filters associated with FiM

or Frequency Division Multiplexing, Oecond, ve require
only a very simple repeatrr plan, vhernas analog systemn
require n family of repanters diffaring in their
equal{zation capabilities, Third, through the use of
various coders and a hierarchy of digital multiplexers,
ve can intermix all kinds of signal types for trans-
mission on a single digitnal facility. Fourth, there
existys an obvious advantage in handling signals vhich
are alresdy in digital form, such es data or encrypted
speech, Pifth, there is iirect compatidbility with a
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svitched digital network, And in this decsde ve viil
see the sdvent of Lise division electronic switching
systems. Finally, and perhaps most imgortantly, once
signal has been placed in digitel form, it is rirtuadly
insengitive to any further degradation dur.:ng its tour
throuth the dfgital network,

A portion of the digital hierarchy plannes by the Bell
Byntom i {1lustrated {n Yigure U, 1t con-sins
terninals for coding annlog sources into digital signals,
sultiplexers for getting from one level of the hiersrchy
to the next, and o variety of digital transmission
facilities for carrying these signals. Prisent analog
sources include normal voice chantiels, the nev Bell
Oysten PICTUREPHONE®, a GOO voice channel YD raster-
group, and finally color television. The scurce of the
vell known T1 aignal is a Dl or D2 channel bank, The
D1 channel bank multiplexes 24 voice channzls and con-
verts them into digital form., Installatios began in
1962 and there are prearntly over sixty thousand banks
{n the field, Each unit contains a 1.5k 3z crysial
and that adds up to a 1ot of crystals, The I? chaanel
bank entered the field lust year with more than tvo
thousand banks installed. It multiplexes and converts
,0 volce channels into four Tl type signals. Each of
these units {ncorporates a 6,176 Miz crystal as s
nystem clock, At the next level of the hisrarch, ve
find a visual telephone terminal for conversting the
PICTUREPHONE signal into a T2 digital pulss strean.
This coder employs a fundamental crystel ojerating at
the T2 line frequency of 6.312 VHz. And, of course, us
PICTUREPHOKE service grovs, a fantastic nusber of
crystals vill be required for this applicatica. At the
T3 level of the hierarchy ve find two additional coders,
one for the 600 voice channel YDM mastergraup and the
other for commercial cnlor television. Both of these
coders will employ s third overtone 46.3 Miz crystal in
their syotem clocks.

Moving on to consider the multiplexers, ve find the
M1, which combines four Tl signaln into a T2 signal.
Each M2 multiplexer uses a 6,312 Miz crys-al In its
system clock., At the next level we find tae W23,
vhich combines seven T2 signals into a T3 Hulse stream.
The M23 nultiplexer contains a UE.3 Mz third overtone
crystal for {ts system clock, At the rece.ving end,
the corresponding M3 demultiplexer will e=ploy seven
crystnls in the voltage controlled oscilletcrs found
{n Lthe channel desynchronizers. These vil. be

5,312 Miz fundamental units. Above the T2 lovei, ve
presently have {n developrment M3k and MkS nultiplexers.
‘The M34 will conbline six T3 slgnals into s 282 ¥o/s
Th afpnal, vhile the 145 will conbine two 7% signals
{nto n four level 564 Mb/s signal. PF{fth cvertonc
crystals {n combinnticn with frequency doullcrs will
most likely make up the system clocks for 'oth the NN
and Mu5 transmitting termainals. In the M3 demuitle
plexers, LG.3 Miz fundamental crystials may be erployes
{n the voltnge ccatrolled onclllators asscriated with
anch of the channel desynchronisera.

Quartez crystals find application not only :r Lte ligital
terminals but in the transnisnion facilitics as well.
The Laslie digital facility s thé T1 carrier systenm
vhich operates on paired cable at 1,5k Wb, 3. Digital
ropeaters arc located at one nile interwal: with
typical lengths ranging from 10 te 25 mile:. 1n 19070
the T2 tranaaission systen will beeome avniisdle,
trananitiing 6,312 Mb/s onr palred cable. tsing & nev
lov capacitance cable, repenters will be 1 ented abmnt
every three miles with typical lengthe ransing from 30
to 200 niles, Each of these repeaters wil. ure an AT
cut monolithic crystal fiiter as a reans o extracting
a tining vave from the transnitied signal. Twen other
feeflities will carry T2 Lype slenals, In jarticular,
digits on Lk mastereroun and digils on microwave sadis,



These sxir.ing analos facilities vi!l be used to allov
rapid grovth of a connected nationvide digital netvork
to permit {rmedinte data transmissicn and PICTUREPHONE
sorvice. The terminals associated vith these
facilities vill of course require c¢rystal elooks.

At the next level of the hierarchy, known as T3, there
are no present plans for . transmission facility.
Nonetheless there vill exist an intrabuilding 1ink at
this rute with a 46,304 MHx fundamental AT out mono~
1{thic crystal filter used for timing extraction st the
rece{ving end, Above the T3 level, digital redio and
the millimeter vaveguide system vill most likely carry
282 Mu/s Th signals. The vaveguide facility will
s{multaneously carry 60 T4 channels, {mplying a cepacity
of almost a quarter of a million voica channels, Also
in development {s a T% coaxial system carrying a four
level 564 Mb/s pulse stresm, The rcpeaters in all of
these high speed systems vill probably employ phase-
locked loops for timing extraction purposes and each
of these loops will use quartz crystals i{n voltage
controlled oscillators, .
Perhaps the nost exciting applicatinan of quarte
crystalo (s found {n the evolving fully-synchronous
digital data syitem. The realization of a synchronous
system calls for the installation of ultra-stable

~ crystal oscillators in cities throughout the country.

The d{gital data system vill requirc synchronization

at the T1 level. Data signals can then be synchronously
multiplexed up to this level as shown in Figure 5.
Customer data rates of 2.4, L.8, or 9.6 Xb/s could be
conbined by a family of multiplexera into a 56 kb/s
signal, Tventy-three of thecs 56 itb/s pulue straaas,
along vith some housekeeping information, could dbe
synchronously multiplexed up to the T1 level. Thus, in
arfect, each 56 kb/s data signal would displace one of
she Algitally encoded voice channels normally essociated
with the T1 system.

In order to achieve a synchronous data network ve first
have to synchronize all of the equipment within a
sinals office, and then ve have to ret about synchrone
{zing all the offices to one ancther, In order to
gynchron{ze the ejuipment vwithin un office, ve establish
an cffice mwster clock, All system 2locks within that
office are then slaved *~ 4his offi{ce master. On a
larger scale, all orfice master clncka are then syn~
chronized to a clock chosen us & syntem master. These
clocks would be phase locked to the master by meuns of
a synchronization netvork embedded in the system. The
phasc=locked loops would cortain memory, so that in the
event of & synchronization outage, the oscillator
asntrol signal would be malntained at the same value
that gxisted at the onset of the outage, Thus, in order

to minimize the data slips vhich could be ceused dy
such an uneynchronised clock, ve require the use of
ultra-stable orystal ossillators,

Let's look at this in some more detail by considering ¢
hypothetical network as shovn in Pigure 6, Ve can
start by plasing s system master in the middle of the
countty., To this ve might slave the regional clocks
by means of & linear network. 7Yrom esch regional
center ve might distribute synchronization informstion
in star=1ike fashion to the various local offices.

A major drawback in e synchropous netvork is that pro-
vision must be made to allov the netvork to breathe;
that is, the propagation delay of signals through the
various transmission medie vill vary in time, generally
as a result of tempersture varistions, To sccommrdate
the possible differential delsy variations betveen the
timing signal and the date stream, ve must incorporate
biuffer memories or elastic stores st the end of every
duta link., For a slip free nationvide netvork operstircg
at Tl speeds, these stores become quite large, requiring
dozens of memory cells.

Another difficulty sssociated vith s synchronous network
s the vulnerability of the system to failures in the
transmission 1inks, If ve encounter a transmission
outsge in & timing link, a portion of the netvork
becomen isolated from the system mester, Yor the network
shovn in Figure G, the office cloek in any node which is
no longer receiving timing information scrves as &
master to All the clocks in the isolsted autnetwork.
Thus these subneotvork clocke are still synchronized to
one another and only treffle betvesn the subnetvork and
the main netvorx ig endangered. It {o our task to
minimize this danger.

At the instant an outage occurs, the frequency of a
subnetvork master may be offset from the system master
due to errors in the synchronization herdwere and due to
the presence of timing jitter on the synchronization
sienal. Moreover this frequency deviation can de
subsequently agaravated by oseillator drift after the
disconnoct, The frequency offsets dus td both errors
and timinz Jitter can be reduced to quite screptadle
Jevels throug: proper desimn of the phase-locked loop.
And thus, vith the in{tisl frequency offset under
control, ve need only concern ourselves vith the
frequency stabil{ty of the free running oscillator.
Using oxisiing crystal oscillator technology, ve believe
it is posnible to vithstand a synchronization outage of
several days vithout causing a slip, that is, vithowt
spilling the elastic stores at the end of the data
1inks.
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FREQUENCY CONTROL DEVICES FOR MOBILE COMMUNICATIOS

By

R. J. Nunataker
Motorola, Inc,

This paper deals with the impact of the frequency Other applications to be highlighted ‘re those
allocations upon the two-way communications in- used in single-sideband systems, I+ will be
dustry and the resulting congestion created as a further demonstrated that the applications of
result of this spectrum limiation, It briefly quartz can be used to correct related single-
delves into the changes imposed upon the two-way sideband problems.

communicat’sns supplier in both equipment and
standards to cope with this ever growing demand,
and the role that quartz crystal and the many
products produced from quartz has played in
effectively and economically aiding the designer
fn making these changes.

fo indicate <pecific applications the F.M. two-
vay communt tfon receiver and transmitter wil)

he analyzed as to the system requirements and

the problems created as a result of the conges-
tion and spectrum limitation. Those problems
walch were capable of solution through the use

of quartz products will be further expanded,

and the unique manner quartz was used to solve the
problems clearly demonstrated,
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THE CRYSTAL-CONTROLLED ELECTRONIC WRISTWATCRH

SYSTEM:

A SI-GATE CMOS-MST APPROACH

F. H. Musa and R. G, Daniels
Motorola Inc.
Semiconductor Products Division
Central Research Laboratories
5005 E. McDowell Road
Phoenix, Arizona 85008

Summary

This paper describes an electronic wrist-
watch system which utilizes a crystal-controll-
ed oscillator for & time base. A counter di-
videi the oscillator frequency down by a factor
of 216, The counter, after suitable waveshap-
ing, would drive a miniature motor to turn the
watch hands.

A monolithic (MSI) silicon-gate CMOS ap-
proach is used for the oscillator, counter, and
waveshap.ng circuitry to achieve low voltage,
low power operation. A square wave crystal-
controlled oscillator circuit is employed which
is relatively insensitive to passive component
values and thz supply voltage.

The electronics portion of the system (os-
cillator, 16 stage cuunter and output waveshap-
ing) is rcalized on a monolithic 82 « 94 mil
chip. Total active device count is 312, Ex-
cept for an oscillator trimming capacitor, the
oscillator passive components are also integra-
ted. Toial current drain for the electronics
(MSI chip) is less than & A with a 1.3 V batt-
ery and a 32 KHz crystal.

Introduction

The block diagram for a crystal-controlled
electronic wristwatch system is shuwn in Figure
1. The oscillator frequency -- controlled by a
quartz crystal -- establishues a time base for
the watch. This frequency (8 to 131 KHz) is re-
duced to a few Hertz by the counter. The coun-
ter output, after suitable waveshaping and buf-
fering, drives a miniature motor which turns
the watch hands. The counter output frequency
and necessary waveshaping depend upon the parti-
cular motor and gearing arrangement used.

Figure 2 gives typical measured battery
data tor two (wristwatch size) types of (1.6 V)
silver oxide batteries. The same data 1s given
in Figure 3 for two types of (1.3 V) mercu-y
batterics. Notice that the voltage vs. time
ctevves are very flat until just a few days be-
fore total discharge -- for all four batteries.

The low voltage, low current restrictions
on the clectronics for this system are severe;
in addition, minimum size and low cost are fac-
tors of paramount concern. To satisfy these
requirements a silicun-gate CMOS MSI approach
was chosen,

Using silicon for the MOS device gate mat-
erial can reduce the threshold voltages of bouth
n- and p-channel devices to allow operation
from a single cell battery and also reduces the
device gate to drain and gate to source capaci-
tances for lower dynamic power consumption. The
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poly silicon gate material may also te used for
cross-uncer connections.

The fabrication details for Si-gate CMOS
integrated circuits were described at the 1970
IEEE International Electron Devices Yeeting
and will not be repeated here. However, the
structural details of a Si-gate CMOS IC is de-
picted in Figure 4 for reference. Figure 5
shows typical complementary device characteris-
tics realized with this process. Threshold vol-
tages in the range 0.6 V to 1.0 V arc¢ typical
fﬁr both P and N channel devices on the same IC
chip.

Quartz Crystul

The time accuracy of the watch s dependent
on the accuracy and stability of the oscillator
frequency. Since a quartz crystal can ensure
this type of performance, it was chosen as the
frequency controlling element in the oscillator
(which is shown schematically in Figure 6). For
minimum crystal sizc the crystal frequency must
be made as high as possible. Power dissipation
in CMOS integrated circuits is almost linearly
proportional to frequency, therefore for exten-
ded battery life it is desirable that the fre-
quency be kept as small as possible. It was
found that crystal frequencies in the (8 - 131)
KHz region satisfy both of these requirements.
The NT and XY type crvstals cover th.s range ol
frequency., Figure 7 shows a photograph of a
typical NT type 65.536 KHz crystal whose dimen-
sions are 0.6 x 0.1 » 0,01 inches,

Oscillator Circuit

Figure 6 shows a circuit schematic of the
crystal controlled oscillator. It consists of
a CMOS inverter, two capacitors, one resistor
and a crystal., This circuit configuration was
chosen for the following reasons: 1) it is
amenable to monoiithic CMOS integrat.on (with
the exception of the crystal), 2§ it operates
from very low dc power supply (Vpp = 1.3 V) at
very low current dcain, 3? it producus a square
wave output whose amplitude is Vpp o-er the fre-
quency range of interest for all reasonable
values of Cq and Cy (< 50 pf).

Either Cq or 7; may be utilized to adjust
for exact frequency of oscillation. However,
since power dissipation in a CHMOS inserter is a
function uf output capacitance and a.moit inde-
pendent of input capacitance, €y is utilized
for frequency adjustments while Cp is integrated
at a fixed value. The magnitude of .he feedback
resistance (Rg) may range from 10 M- to several
hundred M.. without affecting the os.illator pur-
formance (Ipp, frequency) appreciabl,. Due to
this insensitivity, Rg may also be integrated.




Theory of Oscillator Operation

The complementary MOS inverter must be bi-
ased properly so that enough gain 1s available
to start and to sustain oscillation. This can
be done by turning either the n-channel, the p-
channel, or both MOSFETS on. It is mandatory,
however, that both the n- and the p-channel
MOSFETS turn on during one cycle. (This need
not take place simultaneously.) DC biasing is
achieved as follows: Initially, when Vpp 1s
applied, V1 and V7 (see Figure 6) are set to
ground potential %ecause C1 and Cp are much
larger than the internal MOSFET capacitances.
Q1, therefore, turns on and Q) remains off.
Current flows from drain to source in the p-
channel device charging capacitor C and finally
bringing Vg to supply voltage potential, at
which time current stops flowing. During this
transition time, Q@ might have enough gain to
start oscillation, but since g, drops to zero
at zero current, oscillations might not continue
due to the relatively short transition time. At
this point, Vy is equal to Vpp, and V4 is at
ground potential. Current, tBerefore, flows
through R¢ which charges C1 slowly (RgCq =~.1-25
m sec? to a positive potential. When Vi exceeds
the thrcshold voltage of Qp this transistor
turns on and current flows from its drain to its
source which allows Cy to discharge through Qp,
bringing V, toward ground potential. This es-
tablishes a posiitive potential between the source
and the drain of Q4. V4 increases toward Vpp at
a much slower rate than Vy decreases toward

round. 1If Vpp is greater than Vp, + Vg

%here, Vr is defined as the gate voltage Be
which the ciiannel begins to conduct), Q will
eventually turn on and equilibrium will be ach-
ieved when both Qq and Qp have equal currents
at which time Vp and V4 will be equal. Figure 8
shows how V4 and V9 vary from the time Vpp is ap-
piied. Oscillation can therefore start any time
after t4 provided that the CMOS inverter has
enough gain to start and to sustain oscillations.
Figure 9 is a photograph showing the biasing
level and also the start of oscillation.

Several techniques may be used to determine
the necessary and sufficient conditions to ini-
tiate continued stable oscillations., By utili-
zing the MOSFET low-frequency small signal equi-
valent circuit shown in Figure 10, the oscilla-
tor circuit shown in Figure 6 can be drawn as
shown in Figure 11, The short circuit admit-
tance (y) parameters for this circuit are:

Y11 = SC{ * v * gg
Yo2 = G t Yt g, * g

Yo4 8y =~ 8¢ " Y

Yip = = (v + g¢)
where 8 = 1/Rf, 8o = 1/R,,

s = (s+ jw) = complex frequency

y = admittance of the crystal in
parallel with C3

i}
y =8 Licscp + SZRCscp + s (cp + cs)

2
S7LCg + sRCs + 1

where c_ = co” s

can be expressed as a function cf th~ complsk
frequency s (s = o + jw). If &y is set equal to
zero, then a necessary and sufficient condition
for oscillation is that 4y = o should have one
pair of conjugate roots with positive real com-
ponents.

and the circuit determinant py = y4-v22 - y12Y21

0 (starting condition for oscillation)

\

[ad

frequency of oscillation (xn radians/
sec).

n

w

Only one such pair of roots should exist irn or-
der to guarantee only one frequency of oscilla-
tion.

Oscillator Performance

The most important electrical performance
parameters of the oscillator are: power dissi-
pation, frequency stability with temperature
and supply voltage, the ability to remain oper-
ational over the specified temperature range
(typically -20°C to +60°C), and the ability to
staggogyer a reasonable temperature range (10°C
to .

Unless otherwise specified all data were
measured utilizing a typical 32 KHz xy-type
crystal whose parameters appear in Table I.
Also, threshold voltage Vp as suowa in Figures
12, 15, and 10 is defined as the gate voltage
which is required to produce a 5 pa channel
current when the drain to source voltage is

1.5 volt. Table I
fs C1 L1 Co Rs Q
(KhHz)  (pf) (Kh) (pf) (Kn) --
32.767 ~.0038 ~6.25 2.G 30 40,000

Figure 12 shows the current drzin of a 32
RHz oscillator operating from 1.3 ard 1.6 volts
vs. the sum of the threshold voltages of the n-
and p-channel devices.

It is essential that the electrical per-
formance of integrated circuits be nade as in-
suensitive to variations in the integrated com-
ponents' magnitudes as possible. Figures 13
and 14 show how current drain and the frequency
of oscillation vary with the feedback resist-
ance Rg. It is apparent from these two figures
that tﬁe performance remains almost the same for
20 - Rg < 1000 M.,

Figure 15 shows how the frequency varies
with temperature for several combinations of n-
and p-channel threshold voltages. ¢£/f values
less than -50 ppm were typical for most crystals
(xx cut) tested over the temperature range 0 to
50°C, Figure 16 shows that the freqrency of os-
cillation may be adjusted by approximately 100
ppm by varying C4 from 10 to 50 pf. Measure-
ments of frequency variations with voltage
showed that the frequency changes by less than
2 ppm as Vpp varies from 1.3 to 1.2 v with nomi-
nal input and output capacitances of 25 pf.
This frequency drift with voltage has very
little effect on the watch time accuracy because
the batteries discharge totally in jast a :ew
days after their voltage begine to drop rapidly
(see Figures 2 and 3). A frequeacy Jrift of
5 ppn will result in time inaccuracy ot approxi-
mately 13 sec/month.
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Frequency Divider

The frequency divider (or counter) for
this system consists of a cascade of (binary)
toggle flip-flops each of which divides the fre-
quency by two and has a constant power/frequency
ratio of ~ 25 nW/KHz when operated from 1.3 -
1.6 V supply. Figure 17 shows the total current
drain vs. the input frequency for a Si-gate CMOS
IC counter at 1.6 and 1,3 volt supplies, (The
maxi?um input frequency at 1,3 V is about 1
MHz.

IC Chip

Figure 18 is a die photograph of a Si-gate
CMOS electronic wristwatch IC. The size of this
chip is 82 « 94 mils; the total active device
count is 312. The oscillator inverter, output
capacitance (» 20 pf - MOS) and feedback re-
sistance (~ 50 Ma) are integrated on the chip.
The oscillator input capacitance (frequency
trimmer) is connected externally. The frequency
divider consists of 16 flip-flops. The outputs
of the last few flip-flops are connected to two
Nand gates to produce two low duty cycle pulses
which are out of phase. These pulses drive the
two power Inverter buffers (2 large P channel
devices and 2 large N channel devices). The
buffers drive the motor. Because of the low
duty cycle, the average motor current is re-
duced to an acceptable level. The total current
drain for this IC is typically less than 4.0
wicroamperes with a 1.3 V mercury battery, and
a crystal with characteristics similar to those
given in Table I.
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FREQUENCY AND TIME IN AIR TRAFFIC CONTROL
AND COLLISION AVCIDANCE APPLICATIONS

Vernon I. Weihe
Electronic Systems Consultant

Introduction

Precision frequency control with highly stable
clocks plus new information system devices will be
combined, durlng this decade, to solve a number of
the more difficult problems of Air Navigation and
Traffic Control. Precision control already has been
applied to the routine operation of seversl greund
based aids (Loran, Decca, and Omega), meking ground
station synchronization less dependent on the stability
end continuity of radio links between stations. This
application will be covered later in this symposium.

A somewhat more recent application is_that in the
Time/Frequency Collision Avoidance System.l This
systenm has been developed and flight tested in a form
which sgecifies a minimum acceptable stability of
1 x 1079, and a clocking accuracy within two micro-
seconds of the master. The radio frequency and the
system time are based on the zero magnetic field
ceséu? atomic resonance, defined as 9,192,631,770
Hz,<»3)

Air Traffic Control

The Alr Traffic Contvol System is a global com-
plex composed of a variety of communication, neviga-
tion, radar and other systems, representing many
generations of hardware. In ccrmon civil/military
unrestricted alrspace around the vorld, the system
provides a traffic separation service and smooths
traffic fiow for all types of alreraft, Operating
procedures and separation criteria for the global
cystem ave esteblished by the International Civil
Aviation Organization. These are upgraded in certain
high tratfic density States to suit Navional needs,

The ATC system slowly evolves under the diverse
leadership of many greups within Government and Indus-
try. At no time is there a universally accepted long
term master plan. The system's great slze and com-
plexity leave little opportunity for major changes of
a revolutionary nature. Manpower and financial
support are normally lacking to achlieve speeded
obsolescense of existing avionies and ground systems
to accommodate rapid introduction of the radicelly
new,

Heneo, it should come as no surprisc that few of
t.2 revolutionary achievements of the past decade have
found their way into the routine operations of the
system. OScxe new couponentry of the sixties has been
essimulated, but the {undamental system organizational
plans and comigurations in concept predate the infor-
nation systems era.

Personnel and organizational changes have been
male recently which appear to be improving the quality
and posture of ATC systems engineering manegement.,
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The decade of the seventies under this new leadership
and having the new electronics available should be a
period of exceptional progress.

The ATC system should be urdated to include:

1, Better data acquisition.
2. Increased use of Informetion Syssems,
3. Adoption of a data link system to augnent

vorece radio.
4, Implementation of Collision Avoiiance
Avionics.
5. Expanded use of Area Navigation.
6. Application cf satellites and
T. TIntroduction of a new microwave icanning

beam landing guidance systen.

In all of these systems precise frequency control has
a significant role to play.

ATC Data Acquirition

Since the origin of air traffic control, methods
for the acquisition of data on aircraft position,
altitude and identity have always been weak., It is
in this area that new precise frequency zontrol tech-~
nelogy moy make its greatest contribution.

Volce position reports (at times ove: very noisy
radio eircuits), ground based primary radar and radar
beacons are utilized. All of these have najor defi-
ciencies, and none of them fits well inco a global
automated system concept.

In the current system and in new elenents, being
readied for use, inherently low vandwidth functions
are being accomplished with non-essential intermediate
human interraces and with surveillance, rether than
control, concepts aad technology. For clouse-in alr
terminal reglons the deficlencies are not unacceptably
severe but for transition and, more notably in the
enroute zone, the weaknesses are very siguificant.

In the high altitude enroute zone, surveillance
type automaclion devices are inserted between the aire
craft system and air traffic control., These operate
independently and primarily process widebend noise
interspersed with some useful data. The tyctem should
process many useful sipnsls in a small fieid of noise.
Because of the indepenient nature of the ground sta-
tions, the useful sienals are processed ir random
groups fundamentally disorganized and higlly redundant.
Thus the system is less relfable and more costly than
one based on more vitional concepis. Ther, tco, the
system is landlocked while most of the earth's air-
space is over the oceans,

With state of the myt frequency controi and
clocking, it 1s feacible to provide aireraft fdentity,
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position and altitude in single systematic queues for
ony airspace, over land or sea. The data can be organ-
ized so thet one and only one signal is trensmitted in
a given time-slot and with a high ratio of signal to
noise. Noise created within the system itself caun te
essentially climinated. Such e system concept is com-
patible with bufferc of conventional information pro-
cessing systems, is more reliable and cost effective.
It also can conserve radio bandwidth.

Data Acquisition "Strawman" No. I. Let us assume
that all aircraft above the 18,000 foot level carry
the new T/F Collision Avoidance System. Each aircraft
will then transmit identity and altitude in its own
time slot once in each Lhree second EPOCH. Ko signals
by other aircraft will be transmitted in its time
interval,

Any synchronized ground station recelver within
line-of-sight range can tlen output identity, altitude
and geographic position for all aireraft, in a sequence
which is systematic, Jam free, non-rcdundant and has
a high signal to noise ratio. No ground based inter-
rogations are required,

The T/F CAS system operates in the 1600 MHz region
and propagates master fine synch signals from a single
keivarchy O Master Ground Station in each region. An
integrated avionics relay propagates time of lower
heirarchy to remote airspace over land and sea., The
clock steps down slowly in 0.05 microseconds steps to
heirarchy 40, the two microsecond (1966 feet one way
transit time) limit,

Radio frequency service allocations above and
below CAS are reserved for the mobile (up and down)
links of satellite comrunications relay system. By
proper organization CAS and the L-Band satellite system
can be linked to provide a globel all airspace pre-
cision deta acquisition and time reference system.

Progromming such a system involves:

1. The use of space deployable wide aperture
satellite antenaas,

2. Som~ communications traffic engineering, and

3. The allocaticn of CAS and satellite channels
vwhich use the same radio frequency synthesizer cireuits,

Data Acquisition "Strawman" No. II. For more than
a decade the inherent dericiencies and the limited
traffic capacivy of the Air Traffic Control Radar Bea-
con System have been well documented. Because of
exhortations not to tamper with the system relativelr
weak pleas are made for « means whereby interrogators
trigger only those alrcraft which are relevant. There
are more than 60,000 transponders in use; the planned
phase out of primary redar signal processing (for
improved system economics) will drastically increase
that number. Cver interrogation provides an excessive
rumber of replies to be processed, and both the signal
quality and the integrity of the replies are degraded.
Deterioration is greatest in areas of greatest need.

With precise timing techniques now available a
transponder can be adapted to transmit identity and
altitude standard codes on a time schedule in lieu of
interrogation. An individuel ground station, without
transmitting interrogating signals, could obtain
identity, altitude by code, range (via one woy ranging)
and azimuth (vie instantaneous D.F.). HNearby ground
stations netted to use range only could obtaln position
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via tri-lateration (Rho/Rho/Rho) using hish gain omni-
directional enteanss on 1090Miz.

The processing environment again would deal with
one and only one transmission from each aircreft in
each time slot and the transmission segueace would not
be repeated until the next time EPOCH.

The resl world side of the processor buffer would
queue aircraft on a time slot by time slot basis. The
first signel arriving in each time slot could be used
and the remainder "dumped" %o avold the need for a
larger processor or to prevent "packing" an existing
one.

In a CAS equipped aircraft the timingz control
could be supplied within the CAS/ATC/RBS system. With
data link an inhibit signal couwld reduce 3lots used
in an area to that ruquired by ATC.

Casual analysis will show that a numoer of com-
patible system design options exist withia the above
cot.zepts.

Satellite Applications?

In the near term, satellite communications (pro-
bably in L-Band) will augment, then later supplant,
HF Radio for air/ground communications on long flights
outside continental U. S. A. Automatic position
reporting to ATC and to operations will b:come avail-
able. ATC and operational messages will oe communi-
cated, Most, if not all of the traffic wils be in
digital data format, scrving information systems in
the aircraft and on the ground.

Because of recent large investments, by air fleet
operators, in inertial and doppler radar .aavigation
systems and the ability to update them with Vortac,
Loran and Omega, there is little current :nthusiasum
for satellite navigation. However, . -Sa. developments
of the seventies may modify this attitude.

Phase locked digital aata communicat.ons systems
with precise control of frequency and tim:» inherently
have within them the ability to provide accurate geo-
grophic lines or position. They also can provide
excellent means for the global propagation of very
precise time to aircraft, ships and fixed or moving
poinis ashore.

Global Timing and Omega

Ctrieggo propagates signels vwhich suffe little
attenuation as they transit Earth, held between its
sursface and the lonosphere, The Omega cormutation
scheme (Figs 1, 2) is unanbiguous and synchrenlzed to
Ur-2 with the 10 second period beginning ut 0000 hours
and repeating at 10 second intervals. Thus Omega is
not only a navigation system for air, sur:ace and sub-
merged craft but can serve as a worldwide timing system.

The basic Omega radio frequency (10.” XHz) has a
wavelength of 16 nauticel miles. With C.W phase com-
parison an ambiguity occurs each eight mi.es along the
baseline vetween stations. A second frequency (3.6
Khz) is beat with the basic to obtain 3.h KHz which is
ambrguous each 24 miles. Still a third (.1 1/3 Kiz)
{s beat to move the arbiguous lanes out to 72 nauticol
niles.




Position uncertainties can be removed by continuous
counting of lanes from point of departure, by DR, or by
obtaining a coarse fix from other aids to navigation.
But accurate time from complementary systems also can
be utilized.

In the recent CAS flight test program the master
ground station was time locked to the nearest Loran-C
master. A global master timing system to serve the
CAS systen is not yet programmed.

When the CAS master stations are tied together
via satellite or other means all airborne stations can
be within two microseconds of CAS master time. By
knowing the exact times of transmission of Omega
signals and having precise time abuard, continuous
Omega position fixes can be obtained on the basis of
the one-way propagation time from each station to the
user, Radio waves propagate at 6.18 microseconds per
mile, For lane identification:

N. Miles Microseconds
8 Lol
24 148.3
72 Lhs5.0

Thus using elther CAS or Satellite timing ships and
aireraft have a new means to resolve lane ambiguities,
or alternatively a means for resolving lane ambiguities
for a single frequency simplified Omega receiver. For
example, a simple Search and Rescue Omega receiver of
the single frequency type (0.2 Kiz) could obtain lane
resolution via a timing source, automatically, prior
to the emergency incident and use Omega alone in the
emergency mode.

A shipborne Omega with a good companion clock
could recelve time infrequently from any CAS equipped
aireraft within line of sight range or from any satel-
lite which is time referenced.

Thus whoen CAS time and synchronous satellite time
are used within a worldwide standard data acquisition
system for ATC, navigation, communication, collision
avoidance and search and rescuc are also served.

In figures 3, U, and 5 coverage for synchronous
satellites for several angles above the horizon are
shown. Probable Omega Station locations and some of
their baselines are shown in figure 5. Coverage for
the high latitudes can be supplied by satellites in
random Polar or Sun Synchronous orbit.

More Conventional Requirements for Precise
Radio Frequencies and Stable Clocks

VHF Radio and Data Link

Much of the progress made in Air Traffic Control
Systems to date has come from advances in frequency
control. The "King George" VHF voice radio communi-
cations alrborne set of World War II was channelled
at 180 KHz. In the postwar period only those channels
compatible with 200 KHz were retuined for service.
Successive equipment generatiuns used 100 KHz, then
50 KHz. The current trend is toward 25 Kiz.

Since the system is still double side be-d AM,
and still carries only a 3 KHz voice service, it is
apparent that the frequency control comnunity has not
y«t exhausted all opportunities to improve the system.

In the seventies the ATC Air/Grownd ommunications
System should be connected to National anl Inter-
national ground based data networks with automatic
switching of voice circuits (e.g. AutoVon) and auto-
matic digita) message switching (ADMS of /utoDin).
Despite more than a quarter century of discussion,
planning and eborted development, the air/ground
voice system even now lacks a dial (or tcachtone) and
does not have a telephone bell. Although many air-
craft have several channels %o the cockpit, crews are
forced to listen continuously to intercept calls.

Avionics Radio Frequency Flenning
for the Seventies

ICNI and Communications Traffic Engineeriig

Aviation is now at least five years into the
planning of new lntegrated avionies systams. Yet
radio frequency allocation planning is far behind the
hardware engineering. Integrated communication,
navigetion and information (ICNI) systems cut across
the entire gamut of ATC systems.

In ICNI centrel digital modular proc2ssing time-
shares wideband multiplexed electronics, single co-
axial cables replace large bundles of copper wire,
discrete analog and digital units of the ast are no
longer identifiable except as scnsor, curtirol aud
display points. A decrease in dependence on line-of'-
sight limited propagation paths also is planned.

But the line-of-sight limitation can be a
'blessing'. It allows the seme radio frejuency channe.
to be utilized sgain sand again. As yet t.ae sophis-
vicated type of cormunications traffic eniineering
required to implement the non line-of-sigat goal is
singularly lacking.

In this activit“ junior systems planiers, not
having learned of the "momentum of money” (i.e., the
long tenure of Jarge investments in worldsice standard-
ized hardware) seck rapid adoptiunof iacompletely
defined rovolutionary systems, while thei - more senior
partners are too insensitive to the new revointtonary
electronics. They emphasize patch on top of small
patch, and devote their efforts to shoring up obso-
lescent systems of a bygone era. Bygune oy only &
decade, but what a decade. Between the tvo gznerations
of' engineers lie many viable course Jor .ruly con-
structive astion,

Radio spectrum is the priceless "reu. estate"
upun which most avionles systems ire buils Wise use
of it is essential. Poorly planned spect.un produces
peorly configured alrborne systems.

A current challenype, not being met comprehensively,
is that of frequency channelling the bandu and services
listed below, so that a single modular raule frequency
standard and set of synthesizers can perfum all of
the functions in a way which is laeally ccmpatible
with ICNI philosophy. For aviation this challenge,
properly met, could open the way for more progress
?halr: t)u\y since the ITU Conference at Atlantic City,
1947).

In the postwar period without sound c(perational
and system judgment, aeronautics opted for VHF, AM
voice radlo and the maritime chose FM vei:e radio in
the sare bawds, For two decades they have 't been able
to cowustndentae, Operations of botn have ouffered. In
these new bands it's hoped that similar b.unders will
be avolided.




New developments requiring careful channeling
are in the following bands:

1435-1537.5 MH3 Maritime Mobile

1537.5-1542,5 MH3 Aeronautical Mobile
Marine Mibile

1542,5-1557.5 ME~ Aeronawsical Mobile

1557.5-1637.5 MH3 Aerons ¢ -l Radio Navigation

1637.5-1640 MH3 Maritime le

1640-1045 M2 Maritime Moc.is

1645-1660 MHp Aeronautical Mobile

4200-4400 MH3 Aeronautical Radio Navigation

5000-5250 Mi3 Aeronautical Radio Navigation

15.4-15.7 GH3 Aeronautjcal Radio Navigation

Collision Avoldance, Satellites, Microweve Landirg
Guidance,

To be more specific from an Avionics and ATC
viewpoint, the Collision Avoldance System is really
a flrst urgent use of T/F technique, it's the begin-
ning and not the end of a road. In time the system
will be expanded to accomplish additional needed
services,

In like manner, as indicated previously, satellite
cormunications, per se, is not an end but a beginning
of the use of communi.ations relay. Communications is
first because there is an wrgent need to place less
reliance on high fr2quency redio,

lHext comes the requirement to supplant the World
War II fixed beam localizer and glide slope and to
replace it with a Microwave Scanring Beam Landing
Guidance System capable of category III flare out to
touchdown,

From a frequency control and stable clock velw-
point a'l of these need to be compatibly organized to
ninimize redundancies of the 'afterthought' variety
and to economically justify high perfommance levels
than that which a group independent systems could
utilize, In this area light weight general aviation
aircraft must be adequately served.

Scme Current and Proposnd Allocations for the Services
noted above,

1. 1540-1560 MHz, Alrcraft reception {rom
satellite

ILS Glide Slope

Collision Aveidance System
Radio Altineters (secondary)
Aircraft transmission to

satellite

*1460-1570 Miz,
#41595-1625 Miz,
¥1630-1640 Mz,

1640-1660 Mz,

Notes: *Not apt to be in general use.
**F1 1600 Miz

F2 1605 MHz

F3 1610 Miz

Fi 1615 Mz

Lending Glide Slope Frequency Allocativn Plan
(See following chart for details)

5003-5060 DME A/G

5068-5125 DME G/.

5130,0-5249.h4 Angle C-Band
15,409.0-15,533.1 Angle Ky-Band

3. Search and Rescue (SAR) harmonics of
121.5 MHz are also applicable in 1540-1660 Mz band.
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4, LGS Frequency Allocation Plan

1
2‘/%' ﬁ% Angle G/A Angle G/A
o [TaY [e] ~ wn
g & 2 8 8 s 2 &
n "\ n n ['aY .a u: u'j\
n -
DME IME Angle Angle
Channel AfG G/A C-Band Ku-Band
1 5003 5068 5130.0 15,409.0
2 5003 5068 5130.6 15,409.9
5 5003 5068 5132.4 15,k12.6
6 5003 5068 5190.0 15,l13.5
7 5003 5068 5190.6 15,414 .4
10 5003 5068 5192.4 15,417.1
11 $006 5071 5133.0 15,4180
15 5006 5071 5135.4 15,421.6
16 5006 5074 5193.0 15,422.5
181 5057 5122 5184.0 15,571.0
19 5060 5125 5187.0 15,580.0
195 5060 5125 5189.4 15,583.6
196 5000 5125 5247.0 15,584.5
200 5060 5125 5249.4 15,588.1
Note: This LGS Frequency Allocation Plan was excerpted

from RTCA Paper 189-70/5C 117, SFDI-27 daied September
5, 1970, the Signal Format Development Tetun Report.

Recommendation

In pursuit of the above stated and imglied goals,
it is recommended that this group, whose members know
the most about frequency controls® present stesus and
ruture potential, help cognizant organizatiors to make
the best possible use of the current state of Jhe art,
and meanwhile stake ouv suitedble options fer future
progvess. Some of the cognizant organizations are:

1, FCC and IRAC; 2. FAA; 3. RTCA; 4, RICM; 5. ICAO; and

6. ITU.
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RADIUS OF “COVERAGE CIRCLE, ' DETREES
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APPLICATION OF CRYSTAL CLOCKS FOR NAVIGATION

AND TIME-ORDERED COMMUNICATIONS

Richard J. Kulpinski
The MITRE Corporation
Bedford, Massachusetts

Summary

Capabilities for position location and real time
distribution of information are essential for both
civil air traffic and military command and control
systems, Time-ordered reporting is being considered
seriousiy for distribution of information. In the
techniques and applications being pursued by the MITRE
Corporation and presented here, participants maintain
an onboard crystal clock synchronized with timing of
the reporting net. Transmissions occur automatically
based on the onboard clock.

Presented is a technique to achieve synchroniza-
tion and determine position. Time-of-arrival observa-
tions are made on signals emitted by three or more
synchroaized and located sources of signals. The pre-
dictable behavior of the error function of crystal
clocks is used to enable a more accurate solution with
time of position and synchronization than for the
initial computation. The improvement in position
accuracy is accomplished without integration of a
sequence of position estimates.

Requirements for the crystal and expected ascuracy
of the solution of position and clock synchrorization
is presented.

Introduction

Fairly well known is the fact that radicnavigation
systems involving time-of-arrival measurements are also
sources of time and frequency. The discrepancy between
the local clock and the system clock, called time off-
sel, is a variable along with position in the analytical
description of the physical situation. Solution of
time offset is available simultaneously with each solu-
tion of position. Because of noise in the measurement
process, uncertainty exists in the solution. A common
method used to reduce uncertainty due to random noise
is integration. Reduction in uncertainty depends on
the length of time over which the behavior of the pro-
cess being integrated is known functionally. For the
clock, the behavior of time offset can be described
functionally over a long interval of time. Thus, an
appreciable reduction in the uncertainty of time offset
and therefore clock synchronism is possible. The re-
ducticn in uncertainty of position from inte¢ration
varies depending upon how the aircraf. is equipped.

With onboard motion sensing and integrating instruments
the behavior of the difference between position indica-
ted by the instruments and position obtained from time-
of-arrival measurements depends on the errer characteris-
tics of the instruments and can be described functionally
over a long interval of time. However, in the absence
of such instruments, integration is based un the flight
path of the vehicle. With frequent maneuvers, the
integration interval for position is short and thus re-

duction in uncertainty of the vehicle's position is small.

This tack wae performed wunder .n.ract Xh,/ESD;
FLYEL8-21-0e0002 With the Electronics Zyatems Divisl o n
of the Alr Force Systems Corrand,

The purpose of this paper is to present the concept
that the integrated estimate of the value of time off-
set can be used to enhance appreciably the repeatable
accuracy of position even though integration of position
is not done.

Application

For the past few years, the MITRE Cornoration has
been pursuing application and technology of time-ordered
reporting for command and control. From atalyses of
operational problems, it is apparent that jeriodic broad-
casting by each unit of its current position and status
is a potential part of the system solution to problems
of both military and civilian air traffic operations.

Involved are ground units and aircraf: which
cormunicate on a time-ordered net. Once each frame each
unit reports its status-position, velocity, altitude,
identity, and other sundry information - w"tn a digitally
formatted message in an assigned message s'ot. See
Figure 1. Transmissions are broadcast; in‘ormation in
each message is available-simultaneously to ground con-
trol and airborne units.

Each unit has an onboard crystal clbck which it
maintains in synchronism with net timing. Each partici-
pant's transmission is triggered automatici1ly when the
onbeard clock.indicates that its assigned message slot
has arrived.

The requirement is for a means to determine position
and synchronize onboard clocks.

Datermination of position and synchrorization of a
Tocal clock is done by receiving signals of three or
more established sources with a known or determinable
time delay betweew transmissions., Existing systems such
as OMEGA and LORAN are applicable. The MITRE Corporation
has also configured the situation in which three or more
located and synchronized participants of the time ordered
communications net are used as sources for position and
timing.

A configuration composed of three or more sources of
ranging signals is appealing for it enables user units to
become synchronized without requiring transmissions by
these units. This allows the onboard clock to be used to
support accurate naviyation for any receiver equipped
user even though the user is not an active sarticipant of
the comnunications system.

The applicat.sn of an onboard clock to support time
ordered transmissions 1s evident. The application of the
clock to support improved navigation is not as visible.

In fact, it appears often that an onboard s/nchronized
clock is considered a burden 1f onrly position determina-
tion is required. For example, time differ:nce techmques
are lauded as enabling position determination without the
requirement for an onboard synchronized clock. Justifica-
tion for a clock is often solely for timing applications
divorced from the navigation problem., However, timing is
very much a part of navigation. In fact, for a moving
vehicle an onboard clock, synchronized from the navigation
system, enables a significantly more accurase solution
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of position than gbtained using just the time differ-
ence technique. This application alone may be ample
Justification for an onboard clock.

In the applications being pursued by The MITRE
Corporation, the onboard clock supports timing for trans-
missions in the time ordered net and improved accuracy
of position. In the specific configuration mentioned
previously in which the signals of the time ordered net
are used for ranging and dissemination of time, signals
propagate line-of-sight. Airborne units with accurate
tocation and time can be used to extend the positioning
capability and net timing to units beyond line-of-sight
of ground references. This is possible because of the
synegistic value of the clock to both timing and posi-
tion determination. The capability to extend coverage
enables two or more areas to have the same time, Using
the time ordered net, transmissions that are broadcast
by units in coverage of both areas can be received by
both without interference and with a single transmission.

Initial Synchronization and
Solution of Position

A unit accomplishkes initial synchronization or
update by noting the time-of-arrival of signals from
three or more locations relative to its local clock.
Figure 2 is a timing diagram and shows two axes: one
for sources and one for the receiver. The top axis
implies the transmission characteristic of general
purpose navigation systems--that signals are transmitted
with known periodicity and delay between transmissions.
The second axis indicates that the onboard clock has
periodicity of some specified relationship to the trans-
missions of the navigation system. The clock possibly
generates or tines a replica of the transmission pattern,
Initially the clock is likely to be out of step with the
transmissions of the navigation system., The discrepancy
between the user's clock and system timing is called
time offset. The value of this parameter is estimated
enabling the user to transmit on schedule. The observa-
tion made on each signal is the amouat of time thet
elapses between a known division of the local clock and
the receipt of the signal. When multiplied by the
velocity of propagation this becomes a measured range
It differs from the actual range because of the time off-
set of the local clock. The relationship among the
terms time offset, observed range and true range is shown
in Figure 3 and is often called pseudo ranging.

There are three unknowns. Given three observations,
a sufficient set of simultaneous equations exist:

Ql(m) = ‘/(X—-X])Z\‘(Y-Y])? - LR
02('“) = V(X-A2)2+(Y-Y2)2 - AR (1)

03(m) x V(X-)(3)2_+(Y-Y3)-21 - AR,

Figure 4 shows a graphical sclution of position and
time offset. Each dashed arc has a radius equal to the
observed range, Initially, the three arcs do not have a
comnon intersection. fhe value of time offset is the
commn increment added to each radius which results in
three arcs with a common intersection, The coordinates
of the intersection is the v.er's location.

A linearized form of equations (1), suitable for
computer solution, is presented in Appendix I. Although
only three eyuations are yiven, redundancy previded by
more than three sites can be handled usiny a least
squares approach and is also described in Appendix I,
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It is int~resting to note that the locus of points
of the intersection of pairs of arcs of Figure 4 form
hyperbolas o/ constant difference between pairs of
observed pruyugation times. Pseudo ranging, equation 1,
is related .0 the familiar time difference e2quations:

6, (m)-0, i) * \/(x-x])2+(y-v])2'- ~/(x-x2)2+(v-v2)2' o
2

0p(m)=6,0 1 = Vix-k,)2(v-v,)8 - Vix-xg)24(1-¥,)%

One way ° solving for n equations with n unknowns is by
success : elimination of variables. When this approach
is app’ o! to the variable 4R in equation (1), time
differ. .2 indicated by equation (2) results.

Be- nse of receiver noise, and systematic errors,
there s uncertainty in the observation and thus
uncer ainty in the solution. Because both of the above
sets ot ‘olution equations are equivalent, the solution
accur e of both is the same. The resulting variance in
th. « or of the solutions normalized to time-of-arrival
uncertainty is shown in Figure 5 for position, and in
Firtre 6 for time offset. The accuracy shown in Figure
5 applies aleo Tor time difference techniquss. The
im.ial solution is sufficiently accurate so that trans-
m'<sions can be made in the time ordered net without
¢xusing interference,

If time offset were known perfectly then the below
s:t of equations, called direct ranging would be
aparopriate:

NOIE V(x-x])2+(v-v])2
0 (iR = V(x-x,)24(¥-1,)? (3)
03(m)+[fR = ‘/(;;;3)—5:-(\(43)2 .

The known value of time offset is denoted a2. It 1. a
characteristic of the airect ranging approach that the
variance in the solution of position due to random un-
certainty in the observation is less than fur the solu-
tion where aR is an unknown. However to apply the
direct ranging approach an accurate estimate of AR must
be known.

It is pessible to obtain an estimate o’ AR with
small variance by solving for time offset at periodic
intervals using pseudo ranging equation (1) and then
reduce the uncertainty in the solution error by integra-
tion over a number of solution periods. The following
presents this notion,

Integration as a Means of
Reducing Solution Uncertainty

Integration or tracking is a common means of reduc-
ing uncertainty. Conceptually, there exists a sequence
of single frame solutions,

X] )(2 . .- Yn---—[FHter] R
Vl Yz—--Yn---—-Filter---Yn
SRy ARy - - eAR - - w{Filter] - - - AR,

Each sequence can be filtered with an integration interval
that is as long as the process represented Ly the sequence
can be des:cribed functionally.




With stationary receivers a good deal of integration
for position is possible., This is also true for afjrcraft
with onboard motion sensing and integrating instruments,
The behavior of the df fference between pos?t1on indicated
by the instrument and positfon obtained from time of
arrival measurements can be described functionally over
a long interval of time. However, due to cost and com-
plexity, not all aircraft carry such instruments, In
the absence of these instruments, integration of position
{s based on the flight patih of the vehicle. For aircraft,
maneuvers are frequent. Functionally describing flight
motion more complex than constant velocity is not
practical. Because constant velocity motion usually
applies only for short intervals, reduction in uncertain-
ty of position {5 likely to be small,

For the clock, a function can be written which
describes the behavior of the sequence of time offset
values cver a long interval of time, Furthermore,
clocks are available which have an acceptably low
sensitivity to accelerations caused by maneuver or
vibration. Thus, the error function of the clock can
be treated as essentially invariant to maneuvers. A
large sample size of single frame estimates of time off-
set can by used to reduce significantly the uncertainty
in the estimated properties of the clock.

Using a Priori Knowledge of Clock to
Reduce Uncertainty of Solution of Position

It 1s generally known that 1f the clock were known
a priori to be perfectly synchronized, a more accurate
solution of position would result by using direct rang-
ing, equations (3). Although a perfectly synchronized
clock 1s not a reality, the filtered estimate of the
properties of the clock can be used such that the
accuracy of estimated position improves each frame with
accuracy in the knowledge of time offset even though
integration of position estimates over time {s not done.

Figure 7 is a block diagram of a possible imple-
mentation, Each frame a solution of time offset is
obtained using just the observatfons of the frame. This
estimate 1s an input along with prior estimates to a
filter with a long integration interval. The output of
the filter, predicted to the time of the next frame, {s
treated as a priori data along with observations of the
next frame in the solution of position. One possible
algorithm {s to substitute the predicted value of time
offset from the filter output for the variable time
offset in the ranging equation. A solution of the
remaining varfables X, Y is computed as shown in the
Appendi x,

Performance

If observations and update occur at a rate of once
per second, then over a 10 minute period an appreciable
sample size of 600 would be available for filtering time
offset., The ratio of the variance of the output of the
filter to the input is about 4/n when filtering a
sequence with a constant first derivative such as would
exist when using a crystal clock., Therefore, by filter-
ing, an improvement in standard deviation of time off-
set of at least 10:1 is possible.

Figure 8 shows performance for three circumstances,
(1) initia) solution of time and position using just one
observation from each site; (2) solutfon of posfition
using filtered estimates of clock offset, and {3) solu-
tion of position ?1ven a perfectly synchronized clock.
A modest sample size of 30 is assumed for filtering
estimatas of time offsct for these curves,

The {mprovement in repeatable accuracy of position
for situation 2 relative to situation 1 increases as the
uncertainty of position that 1s computed without use of
filtered time offset increases, This {mprovement of
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accuracy is applicabie during and following a maneuver.
To obtain the sam: fmprovement by 1ntegratfon of
estimates of posftion would require a sample size about
four times the improvement in varfance. Hcwever to
validly apply such a sample size requires that constant
velocity motion be maintained during the time 1t takes
to obtain the sample size.

The dashed 1ines of Figure 8 show performance when
using an atomic stancard and 1nte?rnt1on with a sample
of 30. In such a situation the clock's osciliator is
assumed to have constant frequency over the ‘ntegration
period, and the filter 1s synthesized accordingly.
Because of this, reduction of the standard deviation of
time offset is proportional to 1/n. The accuracy of
posttion for fixed sample size 1s better with an atomic
than a crystal standard, However, the accuracy for both
will asymptotically approach that with a perfect clock as
the sample size is increased. Sample sizes of 300 and
larger are easily justified and result in 2 negligible
difference in accuracy between implementations using
atomic and crystal oscillators.

Systematic errors not treated as solution variables
cause systematic errors {n the solution relative to an
absolute reference, These are not eliminated or reduced
by integration. However, for control systems, repeatable
or relative accuracy is important. Bias or systematic
errors in the solution are not of consequerce {f they are
the same for coordinating units of the control system.

Because equations (1) and (2) are equivalent, the
same systematic error results in the solution for both
the pseudo ranging and time difference approaches. The
same error is experienced also in the direct ranging
solution, equations (3) 1f the estimate of time offset,
AR, is obtained from equations (1) and to the extent that
measurement or modeling errors are constant throughout
the integration interval. This is a comfortable conse-
quence for users of time difference and the direct rang-
{ng approaches will both be in the same relative grid.

Model of Clock Error Function

Attention is given to four items, frequency offset,
Jong-term stability, acceleration sensitivity and short-
term stability.

Error in frequency translates into an error in
measured range, Crystals are readily avaiIable with
frequency offset within one part in 10° of the nominal
frequency. Such an error will result in an error of 2
feet in measured range at 300 nin,

In the algorithm of the filter, time offset {is
modeled as changing at a constant rate. This is an
approximation of the actual behavior, The fact that the
frequency of crystal oscillators changes at a linear
rate places a quadratic term in the error function of
time offset, If the quadratic term is dropoed in the
filter equations, a reduction in computation time results.
With such a simplification, a systematic error of less
than four feet results for an integration {aterval of ten
minutes, if the long-term stability fs less than 1 part
in 108 per day. Crystals are readily available which meet
this stabflity after power fs applied for a few hours.

Acceleration of maneuvers cause the crystal's
frequancy to shift, Hitq an acceleration sensitivity of
better than 1 part in 10 olq. 3 2g maneuver for X0 seconds
results in an error in range of less than three feet,

Such sensitivity is necessary because errors as the
result of maneuvers within an integration {nterval tend
to be cumulative.

Short-term stability defines random uncertainty of
oscillator's phase. It 1m?l1es a limit to useful tntegra-
tion, HWe would be certainly fooling ocurselves 1f we
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suggested accuracy from integration better than the
inherent uncertainty in the devices themseives., Short
term stability of currently available crystal devices
does not force, in practice, a limit on integration.

Summary

An onboard crystal clock can be accurately synchron-
ized to the timing of the navigation system using
signals emitted by the navigation system. For moving
vehicles in which fruitful integration of position is not
1ikely, the onboard clock enables a marked imorovement
in repeatable accuracy of position.

The notions discussed here have been simulated.
They are now in the process of being exercised using
actual ground and airborne units in the Hanscom Testbed,
Bedford, Massachusetts.

Appendix 1

Consider the situation in which transmissions from
p sites occur %Rsentially simul tancously each frame.*

Then for the n*" frame
ey X V2HY Y Va7 2 s
0‘(?) = Vx, X]) +(Yn,Y1) +a2, AFh + ?]
' ' [ (A1)
o (m) = Vix X )2+(Y ¥ )28z 2 - iR+ N
4 np np p n p

is a set of simuvltaneous equations; where
°i(m) = measured range made on signal of ith site,
xiYi = location of ith source,

AZi = difference in altitude between source and
receiver taken from altimeter data,

xn, Yn’ AR = solution variables for receiver's posi-
tion and time offset,

N] - = = N_ = random error in time-of-arrival measure-
ment,mean zero, and variance °m2'

Linearization of equations (A-1) about an assumed
solution X3, Y,, 8Ry ysing a Taylor series expansion th
enables a solu%ion using a digital machine. For the i
row of equation (A-1) then,

xa-xi Ya'Yi
01("‘) = °i(a) + m (x-xa) + 'RTGT (Y-Ya) - (AR-ARa)

vhere
oi(a) = Ri(a) - ARa,

R(a) = x)Z s (v e sl (a)

xa, Ya’ ARa = Best estimate of solution for
X, Y, &R,
Define

8

gx = (Xg%g)/Ry(a)

Biy 2 (Ya'Yi)/Ri(a)

Do,

0, (m)-0, (2),

* This development is easily extended for the situation
in which transmissions of a group occur separated in
tima,

Then in matrix notation equation (A-1) after lineariza-
tion is

Dfl [elx By - (X-X,)
i
1
BE [ (¥-Y.) (A-3)
! |
| |
Dop epx pr -1 (AR-ARa) .

Define equation (A-3) as
De = J-DS.

If only the observations made during a frame are used as
data for the solution then a least squares solution is

xn xa
AERAE (71971 970, (A-4)
EARES

In the above, each observation is given equal weight.

In the initial frame, X3, Ya. 4Ry is arbitrary but
close to the actual value. This may not be sufficiently
close to *he actual solution to justify absence of the
second and higher order terms of the Taylor expansion.

In such a case, the algorithm is iterated; the solution
is used as the value of Xa, Yz, ARy and equations (A-2)
to (A-4) computed again. Iteratior is stopoed when the
incremental change in the solution is small, In succeed-
ing frames, X3, Y, AR, is taken as the prior solution
predicted to the time of the current observations.

Denote AR, as the filtered value of th2 sequance of
single frame estimates of time offset. An algorithm
which uses the filtered estimate of time offset along with
observations of the next frame to give a better solution
accuracy for position is as follows. Linearization of
equation (3) gives

Doy + ARn 8 B8

Ix 1 ( ;
1 I X =X
] = ! ( n Ya) (A-5)
1 I Y -
na
Dep + R epx pr .
Define equation (A-5) as
DR = A*DP,
Then, a solution is obtained by computing
X X
n a .
=| |+ (aT)? ATor. iA-6)
Yn Ya
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TIME SYNCHRONIZED RANGING SYSTEM

(TSRS)

ROBERT M. AUGHEY
SINGER-GENERAL PRECISION, INC.
KEARFOTT DIVISION
LITTLE FALLS, NEW JERSEY

Summar

Singer-General Precision, Kearfott Division,
has developed and is currently field testing a
time-ordered precision ranging and relative
position location system identified as TSRS.
The TSRS is based on cooperative synchroniza-
tion of both time and frequency between up to
1024 LOS users to a relative time accuracy of
less than 7 nanoseconds. Additional TSRS cap-
abilities include automatic user identification
and two-way communication data link. The TSRS
is currently under field ground test and will
be flight tested under a U.S. Navy Contract in
1971.

The Kearfott Division of Singer-Genecral Pre-
cision has, under Company sponsorship,

developed@ a cooperative ranging system employing
local frequency sources and clocks which are
precisely synchronized in relative frequency

and time to a designated control station within
a community.

Kearfott identifies this system as (TSRS} a
Time Synchronized Ranging System.

A general definition of this type of equipment
is a collection of units, or subscribers,
located remotely from each other, which employ
a common relative time and frequency reference
for the purpose of sequencing events, timing
events, and determining slant range between
units.

Important system by-products of the TSRS process
include two-way data ccmmunication, unit iden-
tification, and relative position location,
where adequate ranges are available to perform
trilateration computations.

TSRS is a time-ordered system (See Figure 1) in
which a system cycle is divided inLo "N" slots,
each of which is precisely 2.62144 milliseconds
long. For the purpose of this presentation the
00 or first slot in the cycle will always be
assigned to the Control Station, although
Kearfott does incorporate a capability for
rotating Control to qualified users in the com-
munity in order to service users not in line-
of~sight of the designated Control Station.

The Control Station always transmits a “Coarse
Sync" message in slot 00, initiated at his own
To. Each user, having been previously assigned
an exclusive time slot, requests and receives
Fine Synchronization from the Control Staticr
within his own slot.

A simplified diagram of the time fcrmat for the
synchronization process is shown in (Figure 2).
For ease 0f demonstrating the relative time
relationships this illustration has divided a
slot into 10 equal units.

The Control Station transmits a Coarse Sync
message in slot 00 at his indicated T,. This
message is received by all users wiithin LOS,
each of which resets his local clock to T, on
receipt of the message. Obviously, each user
clock is now "late" with respect tc¢ ‘.he Control
Station clock by the individual propayatiorn
time from the Control Station to each user,
however, it is important to note that the
Coarse Sync transmission always establishes
relative synchronization between User and
Control to 600 microseconds or less, corres-
ponding to the approximate propagation delay
at 100 miles maximum LOS distance batween
Control and User.

For 1llustration, assume that the User of Fig-
ure 2 158 two time units in distance from the
Contrnl Station and that he has beea assigned
slot 01, immediately following the JO slot.
The User has received the C.S. message and
rescet his clock to Tg vn receipt. 10 units
12.62144 ms.) later, at the start of his
assigned 01 slot, the user initiates a Fine
Sync Request mgssage Lo the Control System.
Assuming no relative novement between the
stations, ana therefore two time un.ts for
propagation, the F.S. Request arriv:s at the
Control Station 4 units late with respect to
the Contrxol clock {two propagation uimes). tThe
Control Station aszumes that the F.§. Request
delay of 4 units is all propagation delay
(range), and 1initiat:s a Fine Sync Reply Mess-
age to the 01 User 4 time units ahead of the
end of slot 01 which arrives at the User two
time units later. The User realizes that the
F.S. Reply should have arrived exactly at the
end of slot Ol if his time was synclironized
with the Control Station, and therefore his
clock is "late" by two time units ard auto-
matically resets it to cause the start of slot
02 to be coincident with the arrival of

the F.S. Reply. The User and Contrcl clocks
are now in Fine Synchreonization and identtical
transmissions in the next and successive system
cycles can be utilized to measure slant range
between units. The actual circuit implenenta-
tion of the coarse and fine synchronization in
TSRS is somewhat more complex than thisz
simplified description and will be discussed
in more detail later.

The TSRS message structursz has been designed to
provide acquisition, time synchronization, data
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comrunication, and automaticr unit identitica-
tion., Figure 3 iilustrates the TSRS message
structures. All transmissions ars preccded by
6 bits of quieting (1.28 us./bit).

The Control Station®s Coarse Sync. transmission
in slot 00 consists of two 13 bit inverted
Barker codes followed by two 9 bic slot number
words and 144 bits available for data. One
parity bit for each 8 bits of data is incor-
porated. This transmission therefore is 248
nicroseconds maximum i length, and is the
only transmission eoccurring in slot 00.

In slot 01, the User F.S. Request transmission
consists of two 13 bit normal Barker codes
followed by 144 bits of data, resulting

ir a message length of 225 ps. maximum. The
F.S. Reply message, also in slot 01, consists
of two Barker codes, the first inverted and
the second normal, resulting in a message
length of 41 us. maximum. The combinations
of normal and inverted Barker codes, coupled
with slot assignments, serve to identify tne
User, and the entire community, the type of
message and its origin. The Coarse Sync
message is transmitted only once per system
cycle, but the F.S. Request and Fine Sync
Reply messages arc transmitted and received by
each User in his assigned slot every system
cycle.

Figure 4 is a TSRS System Block Diagram. Each
TSRS consists of a Receiver-Transmitter Unit
(RTU), a Digital Unit (DU), and a Control Dis-
play Unit (CDU). The TSRS Control Station is
shown with a computer and teletype, houwever,
these are us:d only to process TSRS range and
data for sp:cific applications such as relative
position location. Each TSRS unit is fully
implemented to perform as a User or Control
Station with the choice and slot assignments
selected by means of the CDU's.

Figures 5 and 6 are photographs of the TSRS
Receliver-Transmitter Unit. The RTU 1s housed
in a 3/4 ATR case and weighs 20 pounds. Thas
unit is an Engineering Model, bu:ilt in the lab-
oratory, and 18 not representative of final
mechanical desian., [Pigures 7 and 8 are photo-
graphs of the TSRS Digital Unit. The DU is
housed in a 1/2 ATF case and weighs 15 pounds.
This unit is representative of final TSRS
packaging and incorporates SGP's X-Y logic
cards as well as high speed, multi-layer cards
in a mechanical design proven by hundreds of
Kearfott production navigational equipments

for Militarv Aircraft,

Figure 9 i1» a photoyraph of a TSRS Submaster
{Control Station) consisting of the RTU, DU,
Cbu, Computer, and a ground unit antenna.

A block diajram of the Receiver-Transmitter
Unit 1s <hwown in Figure 10. The RTU is design-
ed to operate in the 960 to 1215 MHz ("L" Band)
range and we are currently field tescing at
1:46 MHz with a 7 MHZz BW and & 1% duty cycl:.
All R1Y functions are cuntrclled hy the DU,

for example, the tranzmitter section accepts
baseband data at a 780 KHz rate, AMIT key
saignals, and a 50 Mz .nput to the bi-phase
wmodulator. The oatput of the modulator 1s a
60 MHz cax. ter whos~. plrase is reversed by the
Qifferentially encoded ~#- a. This signal is
mixed with & 108C M'C L.0. and the upper side
pand selecved to pravide a 1140 MHz bi~phase
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modulated carrier, which is amplif.ed to a
one kilowatt level and delivered to the an~
tenna via a circulator. The transnitter is
keyed on just prior to the message and keyed
off at the end of the message, while an
opposite keying signal is simultancoucly
applied to the receiver.

An incoming message is passed through the
antenna, circulator, and protective limiter
to a down converter where the 1140 MHz bi-
phase modulated signal is mixed with an 1080
MHz L.O. providing a 60 MHz input =0 the IF
amplifier. This amplifier provides 80db of
gain by means of 9 successively cuz-off
limiter stages and exhibits nezarly constant
phase shift and group delay throughout its
dynamic range. The IF amplifier has a phase
response that is essentially insensitive to
the limiting level.

The amplified and limited 60 MHz sioaal is
split with one output delayed by one bit

(1.28 ps.). The direct ou“put and the delayed
output are then compared in the phase
detector, providing differential decoding of
the 60 MHz bi-phase information. <he result-
ant video signal is applied to & v.deo decoder
which supplies time-of-arrival (TOA) pulses,
and data to the PSRS Digital Unit.

Figure 11 illustrates the RTU Barker decoder
ir simplified form. The video output of the
phase detector is routed to a 13 b.t tapped
delay line. The Barker is a special synch-
ronizing code (13 bits for TSRS) which, when
cross-correlated with a stored sequence, can
provide a single pulse at correlatwon, the
amplitudc of which can be set by means of a
threshold detector. Both positive and nega-
tive thresholds are incorporated for TOA
pulses since TSRS uses both normal and invert-
ed Barker codes.

Figure 12 is a block diagram of the TSRS
Digital Unit. The Main Timer provides a con-
tinuous time base and reference for the unit
and when the unit is designated Cortrol its
counting length defines the slot irnterval for
the entire system.

The Main Timer operares directly at a 100 MHz
rate, derived from th: local frequency stand-
ard, using ultra high speed emitter-coupled
loaic, with multi-layer, controllec impedance,
nrinted circuit packaging. &all critical
timing fuactions are synchronously clocked,
with less critical functions clocked by a
ripple carry signal. All of the DU's key
timing signals are derived from the Main
Tircr. The Main Timer also supplies timing
cont ral for the Secondary Timer.

The Secendary Twmir provides a time base
tvtilized for time measurements and control of
a.l R *, transmissions. The :seconéary Timer
is pezivlically “miase-lucked"™ to» the Main
Timer, however, it can be st«, ed by the
appropriate T0A's *u ryovide a mrasure of time
and/or range.

The ¢lot Counter idca:ifies each TSRS slot,
and are initiaslized by the CS message from tne
Control Station during acquisition. There-
after, it advances one count every time the
Ya:n Pimer completes its timing of a ranging
slot.




The TSRS frequency source is located in the
DU. This oscillator-multiplier has output
frequencies of 20 MHz and 100 MHz. The unit
is voltage controlled, housed in a proportion-
al contgol oven and has a drift rate of

1 x 107° parts per day. Voltage contrcl of
this source is obtained from an up-down crunter
and a precision D/A converter. These elements,
coupled with measured time-errors and the
Digital Filter, form the oscillator frequercy
and phase control loop. An up-down counter is
initially set to mid-range and incremented or
decremented by a series of pulses proportional
to the measured synchronization error. fThe
gain associated with a given correction 1is
controlled by the Digital Filter and is ad-
justed by directing the correction pulse train
to varwous weighted inputs in the up-down
counter. The D/A converter closes the fre-
quency and phase control loop by supplying an
analog signal to the oscillator as a function
of the stored count.

The Digital Filter logic implements an algorithm
which smooths time, frequency, and phase
corrections. This algorithm is an approxima-
tion to a simple Kalman Fxlter (linea: filter
with time varying gains). The filter logic
accepts a measured time error and processes

it in ac¢-nrdance with the filter algorithm to
gener ~ u time correction for the Main Timer
and 1.eguency or phase corrections for the

0os. .’ "*or. The Main Timer 1s currected under
~ .xr o7 ithe filter by inhibiting or adding
. 'mts {counting by two's at the normal clock
rate) depending on the sigu of the error.

The remaining DU functions are associated with
TSRS control, date message formatting storage
and procescing, and general "housekeeping".

Figure i3 is the F.S, state diagram represent-
ing the flow of F.S. control in order to
accomplish the desired time frequency and
phase corrections.

The Dirgital Filter 1s active only in the User
TSRS, since the Control Station reference 1s
common for the entire system, and no internal
corrections are made as long as the TSRS is
operating in a "reliative" mode, although pro-
visions are incorporated to reference the
Control Station (and therefore the system)
any desired external source.

to

The User DU is initialized by thc C.S. process
previously cdescribed, and for the first up-
date (F.S. Request and Reply) the clock gain
(Kg) is one and the oscillator gain (Kg) 1s
zero. For the next four suzcessive updates
the clock gain is unity and the oscillator
gain is increased. In the following slots the
clock gain is reduced by a constant plus a
variable depending on the number of missed
updates (N) and the oscillator is reduced to
low gain. The DU will remain in thig state
until the measured time error is equal to or
less than a preset count. The DU will there-
after remain in the following state unless the
measured time error on an update exceeds the
preset count. Shouid this occur, a transfer
is made to the adjacent state and if the next
update error is equal to or less than the
preset count of the previous state, status 1is
returned to the previous state, however, 1f
the next update error is greater than 10 times
the preset count, the status 1s returned to
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the unity clock and high gain oscillator state
and the status proceeds through the state
diagram again.

For the case where the update error is greater
than the preset count but less than 10 tames
the preset count, the status is retarned to
the state where the clock gain is a constant
plus a variable based on the number of missed
updates. The TSRS Digital Filter was modeled
and simulated on an 1108 computer prior to
hardware design. Laboratory and fiald tests
of TSRS have verified system performance as
predicted by the simulacion.

Figure 14 illastrates, in simplified form, the
TSRS range measurement signal flow oetween two
cooperative units.

A message s formatted, including tae Barker
code and data, in the Digital Unit, and, at
the proper time, sent to the Receiver-Trans-
mitter Unit as a differentially encoded video
signal. This signal is used to b.-)hase
modulate a 60 MHz carrier which is zhen up~
converted to and amplified at 1140 MHz.

The radiated signal is received by <he second
unit, down-converted to 60 MiHz, amplified and
detected with the resultant video sent through
the Barker decoder.

This output consists of TOA pulse(s: and serial
data whach are sent to the Digital Unit, where
the TOA's are used to measure range, clock
error, etc., and the serial data is buffered
for transfcr to external equipment.

This Transmit-useceive process 1s reversed at
the proper time for message flow in the other
direction.

Figure 15 1s a summary of the current perfor-
nance of the TSRS indicating an opecsational
range of 100 NM, provided a line of sight path
exists. Slant range measurement accuracy is
21 feet, one sigma, based on a relazive time
synchronization accuracy of each Usar to the
control Station of 7 nanoseconds, one sigma.
The TSRS provides User identification on a
time~ordered assigned slot basis with up to
300 bits of data communication capacity between
the Control Station and each User every 2.68
seconds at a data rate ol 780 Khz.

There are many military and commerc.al applica-
tions for TSRS including:

.Relative Pcsition Location
.Navigation

.Precision Reference for Hybrid System
.Command and Control

.Emitter Location Systems

.Collision Avoidance

.Air Traffic Control
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"Piezoelectric Sensors for Use as Pollution
Detectors, Meterology Monitors and Research

Instruments.”

J. Kertzman, Oceanport. New Jersey

The ma Jor research and dynamic growth of
new industries in the '70's will be directed
toward our enviionment. Three of the msjor
areas for environmental activity will be in
Alr and Auto Polluti»n, Manufacturing Proces-
ses and New Products and Research by the U.S.
Government Laboratories, Industry and Univer-
sities to meet both requirements.

The five man made major sources of air
pollution are automobiles. mxjor industry
plants power plants, space heating and re-
fuse disposal The pollutants include carbon
monoxide hydrocartons oxides of nitrogen,
sulfur oxlides, particulates and a varlety of
other combustion and processing products.

The industries whose products and pro-
cesses are the mejor contributors to pollu-
ticn are:

Autonobile Manufacturers who will have to
redesTgn Thelr power systems or add devices to
reduce emissions. They will be responsible
for measuring and controlling the auto emis-
sions. The auto manufacturers are spending
about 400 million dollars a year on this pro-
blem. They must provide information, rscom-
mendations and possibly equipment to 60,000
new car dealers who will have to service the
vehicles.

The Petroleum Industry will have to deve-
lop and produce new fuels Eo meet the new
pollution requirements. New processes are
bteing developed and the refineries will also
te required to monitor their plants that pro-
duce these new fuels. 1In addition. the petro-
leum industry will also be recommending emis-
slon measuring equipment to their service
stations for measurement and correction pro-
cedures in the new Federal Standards. There
are 140,000 service statlions in the United
States,

Petrochemical Chemical, Chemical Pro-
cessing and other nufacturing Plants «
require modITIcatlons In Chelr process~s to
meet neWw air pollution regulations. Moni-
toring apparatus will have to meet approved
requirements which will te established by
S -ate and Federal Government Agencies.

Electric Utilities, Apartment Houses,
Hotels, OITIce Bulldlngs, E'rcﬁouses and Other
Targe Fuel Conoumers and Local and Private Re-
usSe DISposa 8%Tlons w avé to be monli-

tored to insure compliance with pollution
standards.

The inspection and enforcement of the
standards will be made by State and Local
pollution administrations. Air and auto
pollution standards will require continuous
moritoring and periodic inspections. The
State of New Jersey Environmental Protection
Agency ia enforcing a state code an air pollu-
tion. It 1s also evaluating an advanced car
inspection system which will mean 1004 car
ingpection to meet new Federal Specifications.
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An estimate of She air go]lution instru-
mentation market for 1970-1980 was presented
at the APCA meeting in June, 1970, by R.
Bertram of Esso Research and Engineering Co.
at 469 million dollars.

"Is there any simple, reliable, accurate
and precise instrument that will meet the
requirements of this vast program?” The
ansver is "no" and time is running out.

There are many prospects on the 1ist, and
geveral instruments based on old wet chemical
methods are teing used; however, the scope
of this is so large that a new type of sensor
is required.

In my opinion, a leading candidate for
2 universal pollution sensor is the coated
piezoelectric crystal. It has many outstand-
ing features such as high sensitivity. low
cost, simple instrumentation, detection of
specific compounds, reversible mass changes.
sensors that are mounted on site or remote
and the units can be adapted to simple pass-
fail indicators or controllers.

The first commercial coated quartz cry-
stal instrument was introduced in 1363 and
today 1s used worldwide as a water vapor
analyzer in 21l of the leading refinzeries
throughout the free world., It is also used in
tetrochemical, Chemical, Natural Gas, Atomic
Energy and other manufacturing and research
facilities, It has a sensltivity of 0.05 ppm
(v/v) water vapor, and it has a faster re-
sponse tc dynamic changes in water vsapor con-
centration than any other hygrometer.

Other applications of the coat:d quartz
crystal rave teen as specific detec.ors for
hydrocartons. carbon dioxide. sulfu: dioxide
and part!culates.

The linear temperature respons: and high
sensitivity of the IC crystal has b:en demon-
strated in commercial quartz crystal thermo-
meters. Demonstration of the quart: as a
meterology detector for humidity in the upper
atmosphere has also teen reported. Two
European countries are using coated quartz
crystals as humidity censors in rad.osondes.
The coated quartz cryetal has a higher sensi-
tivity for measuring tarometric pre.sure than
the present tellows used in the Wea .her
Bureau ESSA radiosondes. The present GSA re-
quirements are to 250,000 sondes/yeur. Cver-
seas requirements will double the potential.
The sondes for the weather balloons are dis-
posatble 8o the crystal detectors have to make
only one test.

Auto pollution monitors offer one of the
greatest potentials for coated crystals. In
addition to the instrumentation requirements
of car dealers =service stations, diagnostic
centers and enforcement agencies &iniost
10 milllon cars are bullt each year. There
are 80 milllon cars on the road, The possi-
btlity of using a btuilt-in ccated crystal
autc poliution menitor for individuel cars
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for indicating high emissions offers tremen-
dous potential to the crystal industry.

Although the automobile is the largest
pollutor, the effect of pollution 18 on the
individual. This raises a question whether
we need protection to exposure. Exposure to
radiation 1s monitored by individual dosime-
ters. A selective coated quartz crystal dosi-
meter has teen developed for measuring e¢xpos-
ure to hydrogen sulfide.

The challenge of this decade iz "can we
reduce our air pollution?” How we will moni~-
tor it will depend on the imagination of the
scientist. The piezoelectric sensors have
many desirable properties that can be utilized
for pollution detectors,

We will require more research and deve-
lopment on the physics and mechanics of plez-

oelectric crystals as applied to pollution
sensors,

We will need better manufacturing tech-
niques for crystals to meet pollution re-
quirements.

Yie will have to develop specific coatings
f'or pollutants,

We will need low cost intezrated circuit
oscillators and temperature controllers,

Standards must be established for ana-

lyzer accuracy, precision response and se-
lectivity.

This will results in 2 simple, efficlent
and low cost pollution analyzer that can be
adapted to speciflec requirements.
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THE STATE OF THE ART IN PIEZOELECTRIC SENSORS

W. H. King, Jr.
Esso Research and Engineering Company
Linden, New Jersey

Summary

Under carerully controlled conditions, AT cut
crystals can detect 10™1< grams of deposit. Therefcre,
it is not surprising that quartz crystal resonators of
varying descriptions are used as microbalances, This
nwaper will focus attention to the many uses of crystals
other than for filters and the control of frequency.
The list nf other uses includes the measurement of gas
d>nsity, pressure, temperature, strzip, oil vapor depo-
sition, metal film thickness, dew point, interferometry,
surface area, oxidation of elastomers, corrosion of
metal, radiosonde humidity, polymerization, viscosity,
vacuum, power, voltage, current, thermal conductivity,
and volatility of asphalt. A number of sorption detec-
tors have been developed for the measurement of parti-
cles, humidity, and hydrocarvon poliution fn the atmos-
phere. Other sorption detectors now exist wihich are
capable of detecting solvent vapors and other gaseous
constituents.

Introduction

It is well known how troublesome contamination in a
sealed quartz resonator can be when the object of the
game is stabflity. Under carefully controrled condi-
tions, AT cut crystals can detect 1071¢ grams of
deposit.l Therefore, it is not surprising that quartz
crystal resonators of varying descriptions are used as
microbalances., This paper will focus attention to the
many uses of crystals other than for filters and the
contyol of frequency. The list of other uses fncludes
the measurement of gas density, pressure,3
temperature.“ strain,”? oil vapor deposltion,6 metal film
thickness,/ dew polnt.8 interferometry,? surface area,
oxidation of elastomers,ll corrosion of metal,12 radfo-
sonde humidity,13 polymerization,!4 viscosity,
vacuum, power, volgage, current, and thermal
conducclvlty,“’»”vl and volatility of dephnlt.lq A
number of sorption detectors have been dovelopedlﬁvzo
for the measurement of particles, humiditv, and hydro-
carbon pollution in the atmosphere.2!  Other sorption
detectors now exist which ace capable of detecting sol-
vent vapors and other gaseous constituents.l

Sorption Detectors

Sorpt ion detectors are made by coating an electrode
with a material that can sorb the gas in question.
Thus, the more gas picked up, the heavier the electrode
gets and the frequency decreases. Two crystals are
used--one coated. The other {s elther sealed or un~
coated and exposed to the same gas and temperature as
the coated crystal. The audfo frequency difference is
used as the signal, Crystals without purposely applied
coatings are slightly sensitive to moisture abscorption
in the manner shown by Figure 1. The small response
shown 1s normally swamped out when a special coating is
applied to the crystal, The type of coating material
defines the performance of the detector as shown by
Figure 2. Here the relative absorption for water on mo-
lecular sieves, polymers, etc,, is shown for the low
range (0-3% relative humidity). Molecular sieves are
mest sensftive in the 0-200 ppm range. The signal ob-
tained from a detector with 20 KHz of molecular sieve
coating will be 2,000 Hz at 100 ppm. On the other end
of the scale are hygroscopic liquid coatings whose main
virtue {s good linearfty but limited responge at the
low end,

t0.

A water detector is now commercially available using
crystals coated with a hygroscopic polymer.24 For air
pollution, tw instruments using sorption detector crys-
tals are already developed. One is for ambient air hy-
drocarbon analysis where high sensitivity i; important,
and the second is for auto exhaust hydrocaroon analysis
vhere speed and simplicity are important.

Most resonators for sensing use AT cut crystals from
4 to 10 MHz of various dimensions. Sorption detectors
operate at amblent or at 50°C when constant temperature
is required. Absolute frequency 1s not very critical
since circuits usually contain two crystals which are
trimmed electrically at some known or zero condition,
One crystal is the sensor and the other a reference, The
audio beat note between the two Is the output signal, In
a typical application a sorption detector sensor will re-
celve 5 to 50 KHz of a coating over the center RF elec-
trode, The larger the amount applied, the larger the
sensicivity. The reference is nickel plated to match
+ 1 Kilz.

Sorption detectors can detect many kinds of vapors
depending on the nature of the coating materials used.
Table I shows the responses of typical units. Detectors
No. ! and 2 were designed to be used with gis chromatog-
raphy, The response speed s the order of .f) millisec-
onds, They are also linear., By employing :hese two de-
tectors and a thermal conductivity cell, one can instan-
taneously analyze the gas chromatograph effluent for
boiling goint, polarity, and concentration f eluent
vapors.l Silfca gel (No. 3) s an all=-purnose detector
because many materials are absorbed by the silica gel.
Its response is a little slower than that o. Detectors 1
and 2. Detector No. 4 is a hygroscopic polymer employed
in a commercial water detector which is especially sensi-
tive In the low range.2% Detector No. 5 is not sensitive
to water, but it is verv sensitive to many .inds of sol-
vent vapors. A leak detector was made employing this
sensor. The detector {s very useful in finding leaking
fittings on apparatus where solvents or vapor are con-
talned under pressure. Our detector is emp_oyed mainly
to find lecaks on gel permeation chromatographs a~d simi-
lar liquid chromatography equipment. The purformance of
a solvent leak detector is shown by Table IL.

Integral Heater Sensors

By modifying one RF electrode into a resistance
heater, a temperature sensitive AC or similur cut crystal
becomes a transducer and can be used to measure voltage,
current, power and thermal conductivity. In this appli-
cation the heater i{s a wide, meandering, anc closely
spaced film having a resistance of 10 ohms. The other
electrode s a normal RF clectrode, Figure 3 depicts a
typical integral heater crystal. The crystul can be AC
cut to obtain a high temperature coefficient. Typical
response to electrical current is shown {n lables IIl aund
IV. The sensor's parameters were Fr = 8924.97, ¥32 =
8932,75, Ry = 13 ohms, Co = 14 PF, and heater resistance
12,8 ohms at 25°C, AC cut, 9/.% in 0.D, flat plate, wire
clip.

The crystal microbalance has had sever.l space ap-
plications such as measuring contamination tuildup on the
exterfor of spacecraft.22 A carbon dioxide, water and
dust sensor system using crystals was recently dev-loped
for use on the 1975-76 Viking Mars lander. Tris sork is
not publlshed.23




A suifide dosimeter was developsd using a silver
electrode cryatal in a protective but poyous container.
As sulfide in the air tarnished the silver, the fre-
quency changed., I€ thiz and other possihle personal Jo-
simeters become accepted, a lgrge markat gould resule,

There {5 a potential for large-scele uses vf crys~
tals in the arveas of air pollution measurvements, radlo-
sonde balloons, anesthesiclogy, solvent alsim systems,
dogimeters and miscellaneous laboratory applicationa,

The radlosonde application could use 400,000 crys-
tals per year. Ta this application one crystal could be
used for temperature--one for humidity and a third for
prassure, All three systems have been demonstrated to
be superior to alternste ways of ssnsing these variables.
What has not been done is developing the capability of
naking 100,000 complere dispossble units iacluding radio,
multiplexer, antenna, sensors and contziner for about
$35 each, The balloon and hydrogen are separate items,
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Table 1

Typical Data Obtained with 9 MHz Sensors

Sensitivity, Hz/mol %

Temperature
No. Coating Material Hexane Benzene Water °C
1 DC-200 Silicone 011 17 50 0.1 25
E 2 1,2,3=Tris-Cyanoethioxy Propane 2.3 43 200 25
3 Silica Gel 116 426 2,000 25
4 Hygroscopic Polymer* 0.0 0.0 300,000 50
5 5 Rubbery Polymer 75 138 0.3 39
“ * Sensitivity is shown for the 10 ppm range.
4 Table I
“. Performance of a Solvent Leak Detector
b, Consisting of a Polymer Coated 9 MHz Crystal
‘ Meter Deflection
i3 Solvent Vapor Sengftivity for lpMhza/ce
ks ¢ 7
“ in Afr Hz/ppm (v’v at 25°C) % of Fu!l Scale
i < 0.000) 0.002
b ¢, 0.0013 0.02
c3 0.006 0.2
nCy 0.019 0.7
A nCs 0,064 2,9
nCq 0.30 16.
Benzene 0.50 25,
nCy 1.15 72,
Toluene 1.95 112,
nCy 4,25 303,
Ethyl Benzene 6,70 444,
o=Xylene 9.70 642,
nCq 12,50 1,000,
Trichlorobenzene 75.0 8,600,
Perchloroethylene 5.0 518.
Chloroform 0.5 38,
Tetrahydrofuran 0.4 19,
Water 0.03 0.3
b Ambient noise level is 0.1 Hz; response time is less
3 than 1 second for hexane and 5 to 9 secouds for
g trichlorobenzene.
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A ‘ Table III

s

- AC Cut Integral Heater Electrical Sensor

|

i t Heater Condition Frequency AF Power
9 i Volts Amps Kdz Hz Watts
i | 0 0 8924973 o 0
A 0.6645 0.0505 8925.994 1,021 0,032
P & 1.389 0.100 8929.465 4,49. 0.139
Y 2.097 0.1418 8934.833 9,860 0.297
‘ﬁ i 2,725 0.1735 894).181 16,208 0,472
i 3.155 0.1918 8946.103 21,:30 0.604
~i ! 3.607 0.2098 8955,039 30,066 0.842
¥ | 4.395  0.2345  8962.695 37,722 1,030

Table IV

Response_Speed of Electrica; Sensor

B L S o
‘.1‘,_"&)‘6 e g

Time Vs. Frequency after Applying 200 ma.

Seconds Frequency % Respoase Senser_Temperature

0 8924.97 0 34°C
ks 10 8940. 06 66 111
b 20 8945.97 90 141

4 30 8947.37 97 149
g 40 8947.78 100 156
50 8947,98 100 157
|

%
Db s
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EVALUATION OF CULTURED QUARTZ FOR HIGH PRECISION RESONATORS

B. Capone, A. Kahan
Air Force Cambridge Research Laboratories (AFSC)
Bedford, Massachusetts 01730

and

B. Sawyer

Sawyer Research Products
Eastlake, Ohio 44094

introduction

In an earlier paper,1 the effects of electron
irradiation on frequency and internal friction (Q~*)
were reported on oscillators fabricated from selected
natural, fast rate Z-growth L.hium nitrite and lithium
carbonate doped, Z-growth electronic grade, swept
Z-growth electronic grade, and, slow Z-growth, low
impurity quartz, Measurements were performed on
SMHz, 5th overtone, high precision AT -cut resona-
tors fabricated by Bliley Electric Co. The results
showed that after exposure to 10 MeV electrons to a
final dose of 1 Mrad(Si), swept Z-growth electronic
grade quartz exhibited the highest frequency stability
with no cessation of oscillation during irradiation.
Also, little change was noted from the pre-irradiation
internal friction spectrum. The small observed fre-
quency change was positive and in the order of 0.02
ppm. The worst of the materials possessed freque :-
cy changes up to 10 ppm and gross changes in inte.nal
friction. In all cages there was evidence for a direct
correlation between frequency deviation and chaages
in internal friction.

Tue possibility of fabricating resonators that
exhibit no frequency change or stoppage ¢' ring
irradiation from an "as grown" materia’ wanld alle-
viate the need for the expensive, poorly uinderstood,
and sometimes unreliable electro. 'a1. {sweeping)
process. This investigation concern .n evaluahion
of a cultured quartz combining severa. saproved
crystal growth features of the previousiy me~sured
quartzes.

"Premium Q Grac'Quartz

This study describes the characteristics of
"Premium Q grade" cultured quartz, from Sawyer
Research Products. Rigid controls of pertinent
growth parameters yielded material with Q values
as high as 3 x 10°, The distinguishing factors
affecting the growth of this quartz start with the
selection of good raw material, Lithium was in-
cluded in the growth solution and a slow growth rate
along with special controls on absolute temperature
and temperature gradients between the dissolving
and growth chambers wasutilized Thus, the smooth
transition without overshoot from room temperature
to operating temperature resuvlts in zn improved
heat-up sequence and an improved Join between the
feed and the new material,

Experiment
The experimental procedures for measuring in-

ternal friction and for the irradiation an fre?u(-ncy
monttoring are as oreviously discussed.! Q-
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measurements were made using a transmission tech-
nique whereby the output amplitude of the resonator
was displayed as # function of frequency.

Irradiations were performed at the AFCRL Lanear
Accelerator, (wo resonator units were sabjected to
10 MeV electcons in a 4.5 usec. pulse to a dose of
1 Mrad(Si), The oscillator frequency and amphtude was
monitored during cach pulse. The limit of accuracy
for the {requency measuring system is 0.02 ppm, After
internal friction measurements were performed from
1.2 ¢4 1009K, the dusage was increased tc 10 Mrad(S1),

Frequency Results

The accwmulated frequency offset of tt e irradiated
resonators after 1 Mrad(Si) was 3Hz or 0.6 ppm and
negative . A plot of uccumulated offset a: a function
of dose is shown in Figure 1 along with the offsets for
selected natural, lithwum doped cultured gaartz from
Western Electric, and "High Q grade" cultured yuartz
al.o from Sawyer Rescarch Products. Selected natural
quartz at this dosage has a negative offset of about
20Hz., Offsets as high as 50H. have been measured on
unselected natura) quartz in this laboratory whereos
Poll and Ridgway*” report values about 40Hz., The
acecumulated offset for Western Electric fast growth
lithium doped cultured quartz is negative and about
40Hz, and High-Q quarte exhibits a positive offset of
1814, The best material measured to date is stil)
swept electronic grade cultured quartz with a positive
frequency offset of about 0,111z or 0,02 prm. 1-

After each radiation pulse, Premium Q quartz
resonators stopped oscillating for short time periods
(10-26 seconds). Under identical experimental con-
ditions of oscillator circuit, temperature control, and
frequency monitoring techniques, neither swept elec-
tronic nor High-Q quartz oscillators storsed, low ever
a!l natural and lithium doped quartzes did cease func-
tioning for similar time periods (10-30 seconds). It s
reasonable to assume that the inclusion ot lithium in the
growth solution may contribute to the stoppage of
oscillations dvring irradiation.  Consequently,
Premium Q quartz is an improvement over all un-
treated quartz in terms of frequency stability, but not
in terms of cessation of oscillations,

Internal Friction Results

Internal friction measurements on this matori(al
indicate Q values are in the range of 2.8 t~» 3 x 10° at
normal operating temperatures ag a S5MH,, 5th over-
tone, high precision AT-cut resonator. nder the same
experimental conditions, typcal value% for similar
resonators are tn the range of 2,5 x 10”. Investigations
of internal friction from 4. 20K to 400°K j.lotted in
Figure 2 as Q'l vs temperature indicate taat the region




of High-Q extends from 170°K to 400°K and is limited
on the low temperature end cf this range by coupling
to other modes of oscillation. This coupling is
inherent to AT -cut reson?tors and is associated

with the angle of the cut, ' Measurements were termi-
nated at 400°K to prevent possible mechanical damage
to the oscillator package {solder joints, supporting
members, etc.).

At the low temperature end of the range the 50°K
loss peak attributed to sodium impurities is small,
there is a hump at approximately 30°K probably aris-
ing from phonor-phonon interaction, and the loss
decline from 20°K to 4. 2°K is another indication of
High-Q (v 2.5 x 107 at 4. 2°K).

Figure 3 shows a comparison of the Q'1 spectra
of the materials compared in Figure 1. Seiected
natural and fast growth lithium doped quartz exhibit
the high temperature tail associated with alkali im-
purities in certain positions, this tail (actually the
low end of the 750° loss peak) is absent in Premium
Q quartz and High-Q quartz. The 50°K loss pesak is
small in selected natural and fast growth lithium
doped quartz as well as in Premiurn Q quartz, while
High-Q quartz, on the other hand, has a large 50°K
loss peak. It is believed the lithium doping is
responsible for this reduction. The growth rate in
High-Q and Premium Q quartz was slow enough to
prevent the formation of the high t- mperature tai
but not slow enough to inhibit the ,rowth of the 50K
loss peak in High-Q quartz. The phonon-phonon peak
is not as pronounced in the other quartzes as in
Premium Q. The low temperature decline found in
both High-Q and Premium & quartz is another signa-
ture of slow srowth.

Figuce 3 also shows a plot of post-irradiated Q‘l
spectra. After irradiation, the internal friction of
Premium Q quartz shows no significant changes. The
very low temperature decline 1.’ unchanged, the small
509K loss peak is further reduced ard the overall
background is just slightly above the pre-irradiation
level, Natural and fast growth hthium doped quartz
develop broad loss peaks in the 2000 - 3009K tempera-
ture region and losses are also induced at anproxi-
mately 10°K, The only appreciable change s High-Q
quartz is the lowering of the 509K loss peak.

Premium Q was developed to try to combine the
best features of High-Q quartz and lithium doped
quartz namely the absence of a 509K loss peak, the
elimination of the high temperature tail, znd the
prevention of the radiation induced band in the 200° -
3009K temperature region. To this end the product
is successful and to a degree a better radiation
hardened material than all but swept electronic grade
quartz,

Chor stteristics Avove ! Mrad(Si)

Figure » sh~ws an expanded plot of frequency off-
set of Premium 2 witii the do~ to 5 MradSi). The
offset levels off hetween 0.7 aud 0. 9 x 105 Rads(Si)
suggesting that saturauon may be taking place. After
maintaining a ~anstant frequency output for 16 hrs. af-
ter the initial i1 aciution, {he dosage was mereased to
3 Mrad(Si). The fveuency deviations now changed to
a positive direction . reached a volue only 0. THz
below the pre-irradiasior requency. After each pulse
the resonators stopped o"c-\aling., Recovery times
were up to 35 gseconds fov *hie resumption of oscilla-
tions. Full amplitude was - =rched after { minutes.
After this irradiation Q’l hzs neen remeasured with
the only noticeable change beiny a further reduction of
the 500K loss peak. Subsequem measurerments of
frequency offset to a dosage of 10 M1 2d{Si) showed signs
of i)artxal annecaling from the heating to 490°K during
Q! measurements. The trend, howeves, «as
definitely tc'vard positive frequency offsety after an
initial level region.

Returning to Figure 2 we see that except for the
almost comvlete elimination of the 507K loss peak,
changes in Q™% after 10 Mrad(Si) are not s.gnificantly
different from the changes after 1 Mrad(Si). The high
temperature region of the Q‘l spectrum was again
raised slightly and the small peak near 309K is in-
creased very little. It is interesting to note that up to
10 Mrad(Si) no saturation of the accumulated frequency
offset has taken place,

Conclusions

Resonators fabricated trom Premium Q quartz will
function as high precision devices. The special pre-
cautions taken during its growth to contro! tempera-
tures and starting materials has resulted 1n an improve-
ment 1n the quality of cultured quartz. Lithium doping
as found 1n Western Electric Cultured quartz reduces
the 509K loss peak and contributes to the nigh Q of the
material., The slow growth process eliminates the
higher temperature alkali losses and is responsible for
the extremely high Q at lower temperatures. Alchough
the tnclusion of lithium leads to stoppage of oscillations
during irradiation, the overall frequency :stability is
next best to swept electronic grade cultured o-artz. It
ig the slight increase in background logses that is
responsible for the small negative frequency offset
during irradiations to 1 Mrad(Si).

The high Q value achieved over such a large temper-
ature range indicates an approach to the practical if
not the theoretical hmat of Q for cultured quartz.
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Summary

A holographic method of studying the
vibration modes of piezoelectric resonators
1s described. This methoc was applied to the
measurement of the vibration displacement
distributions of the length extensional mode
and the length-width flexural mocd: of rectan-
gular quartz plates. Fairly gocd agreement
was obtained between calculacions and measure-~
ments, and it was verified that this method can
be applied t, t..e quantative measurement of
the contour modes of vibraticr.

As an example of the application of this
method to vibrating objects having arelatively
complicat.'d structure, measurement ways made on
the spurtous modes of electromechanical filters
made of several bending resonators coupled
with each other. As a result, it became clear
that there are two types of <pyurious modes
which resemble the twist node and the bending
moce os a rectangular plate.

It is concluded from these results that
the holographic method can e of great help in
the vibration study of plezoelectric resonators.

Introduction

The holograpnic measurement method of
vibration displacement distribution is one
varlation of the optical interferometric method.
The observation of the vibration modes of
quartz plates by means of the optical inter-
ferometric method was made by several workers
about 40 years ago. However, the adjustment
of the measurement setup was very delicate in
the previous method. Moreover, a resonator
used for the experiment had to have an optical
flat surface. After the invention of the gas
laser, the observaticn of a vibrating metal
disk having a «1ffuse surface was made by means
of a_holographic technique by Powell and Stet-
son,< and it was shown that the disadvantages
of the classical interferometric method can be
elimipated by the use of holography.

The authors applied the holographic method
to various types of resonators, and verified
that this method can be of great help in the
vibration study of plezoelectric resonators.

Measurement Methed

The measurement method used {3 illustrated
in Figures 1 (a) and (b). First, an enlarged
larer beam was projected onto a mirror and a
resonator having a lapped surface. The ref-
lected beam from the mirrvor acted a3 a refe-
rence veam, and a part of the scattored ref-
lected beam from the rescaator became a signal
beam, The two beams reachel 1 hirn-resolution
photographic plate as shown ir Flgure 1 (2a),
and the Interference pattern was recorded In
the plate. The developed photographic plate
is 2alled a hologpram. HNext, the Presonat- r was
removed and the hologram was plated in the
inftial position as shown In Figure 1 (b).

Then, the reference beam was diffracted by the
hologram, and the original signal beam was
reproduced. As a result, the three-dimensional
reconstructed image of the resonator could be
observed at the initial position through the
hologram. This reconstructed image could also
be photographed by a camera. The picture of
the image was completely identical with the
picture obtalned direcviy by usual rhotography.
Figure 2 (a) §s an example of the reconstructed
image of a resonator in a stationary state.
This resonator is a 5° X-cut crystal unit for
a lattice type crystal filier, therefore, the
evaporated electrodes were divided at the center.
The two dark lines in the lower part of the
crystal surface in Figure 2 (a) are the shadows
of the supporting wires. Another reconstructed
image of the same crystal unit 15 stown in
Figure 2 (b). 1In this case, the crystal plate
was excited in its fundamental length extensio-
nal mode, and a pattern of dark frirges appe-
ared In the reconstructed image. Tre relation
between the pattern of dark fringes and the
distribution of vibration displacement was
discugsed already by Powell and Stetson.?2

When a resonator is vibrating, the signal
beam receives phase-modulation by tre periodic
change of the optical path length. The ampli-
tude of the phase change of the sigral beam iso
given by

¥(p) = g% (ccs91+coser) 11§+)) (1)

where A 1s the wavelength of the lacer beam,

6, or 6 the angle between the direction of th
vibratign 1tsplacement and the incicent beam
or the reflected beam respectively, U(p) the
amplitude of the vibration displacerent at an
arbltrary point p n the plate surfece. Then,
the dark fringes appear on the plate surface
of the reconstructed image where the following
equation is satisfled.

Jole(p)} = 0 12)

where J, is the zero order Bessel function.
The amplitude of the vibration displacement,
U(p), 1s zero at a node, therefore, the loca-
tion of a node appears as the brightest portion
in an lmage independently of 64 or €,, the
angle between the displacement direction and
the incident beam or the reflected team. If
03 and 8, are constant all cver the surface of
a plate, a pattern of dark fringes can be
interpreted as a dlsplacement distribution
rattern, and U,, the displacement anplitude at
the location of the nth dark fringe counted
from the brightert portion in the inage, can
be calenlated from the fellowing equation.

a
U, = n

€3)
(2a/2)\cos6 +cos8y)
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In Equation 3, a, is the nth root of J,= 0.

Experimental Apparatus

The experimental setup consisted mainly
of a He-Ne gas laser, a collimator, an optical
turntable, a mirror, and a camera with a stan-
dared lens or a telephoto lens. The collimator
was used for the enlargement of the beam cross-
section. The optlecal turntable was originally
a part of an optical spectrometer, and was
used for the adjustment of the direction of
the incident beam upon the surface of the reso-
nator so as to obtaln a distribution pattern
of the displacement component in a particular
direction. A camera with a telephoto lens of
200 mm focal length was used for taking a pic-
ture of a reconstructed image from a relatively
long distance so as to make 6,, the angle bet-~
ween the displacement direction and the reflec-
ted veam, almcst constant. As high-resolution
photographic plates for making holograms, East-
man Kodak 649F plates were used.

Experimental Results

In order to evaluate the accuracy of the
measurement of the vibration displacement in
the surface direction of the resonator, the
displacement distribution of a simple vibratioc
mode was measured and compared with the calcu-
lated distribution. The length extensional
mode of a thin -18.5° X-cut quartz plate was
used as this mode 1is very close to an ldeal
one-dimensional vibration. The dimensions of
the quartz plate were 40.0 by 3.75% by 0.80 mm,
and the resonance frequency of the extensional
mode was 63.9 kHz. Figures 3 (a) and (b) are
the reconstructed images srowling the displace-
ment distributlons with the crystal drive cur-
rents of 1 mA and 2 mA. The positions of the
dark fringes In these images were measured «..d
plotted in Figure 3 (c). The calculated dist-
ributions are also sh.wn jr. the same figure as
the solid lines. A sacisi'actly agreement was
obtained, and the estimated error was less
than 5%.3

Next, the capability of the measurement
of the dlsplacement component in a particular
direction was examined by measuring the distri-
bution patterns of the lengthwise displacement
and the widthwise displacement of the second
overtone length-width flexural mode of a -18.5°
X-cut plate. The dimensicns of the plate were
40.0 by 3.75 by 0.80 mm, and the resonance
frequency of the second overtone length-width
flexural mode was 32.0 kHz. The quartz plate
was supported at the center, and the evaporated
electrodes were divided skew-symmetrically for
excltation at its second overtone mode. The
reconstruc.ed images of this mode are shown in
Figures 4 (a) and (b). For the measurement of
(a) and (b), the incident beam was projected
upon the plate surface from the length direc-
tion or the width direction respectively. In
Figure 4, the calculated patterns are shown
for comparison, and in thls case also the
agreement was fairly good.3

As an example of the application of tte
holographic method to vibrating ubjects having
a relatively complicated structure, the mea-
surement wac made of varlous modes of electro-

mechanical filters made of several banding
metal resonators coupled with each ozher.
Figure 5 (a) 1s the reconstructed imige of a
k-element mechanical filter in a stacionary
state. The dimensions of the bendinz resona-
tors were 70 by 4.0 by 1.7 mm. The :enter
frequency of the pass band of the filter was
1860 Hz, and the band width was 100 4z. On the
other side of the two resonators at §-he two
ends of the filter, a ferroelectric :eramic
wafer was attached as the electromecianical
transducer. Flgure 5 (b) 1s the recsnstructed
image of the same filter showing the displace-
ment distribution in the pass band. In the
case of the mechanical filters, the incident
beam was projected fr.m the perpendi:zular to
the filter surface so as to measure the vibra-
tion displacement perpendicular to tne surface.
From Figure 5 (b), it can be easily understoocd
that the resonators were coupled with each
other at the nodes of the bending mole. Figures
6 (a) and (b) are the reconstructed lmagec of
the spurious modes which appeared in the lower
side and the upper slde of the pass pand. From
the locations of the brightest portisnc and
the distribution of the dark fringes, 1t became
clear that these spurlous modes resemtle the
fundamental mecde and the second overtone mode
of the twist vibration of a rectangular plate
as shown in Figure 6. It was found also that
there is another serles of spurious modes which
resembles the bending vibration of a rectan-
gular plate. In this series, the deformation
of the filter occurs mainly by bendiqg defor-
mation of the coupling metal rods. From these
resuits, a way of rejecting spurious responses
was established.

Conclusion

It is concluded from the experimental
results that the holographlc measurement method
of vibration displacement distribution has the
following advantages in comparison with the
classical optical interferometric method.

(1) The 4.~ .ative measurement of the displace-
ment compunent distribution resolved in a
particular direction can be made on the so-
called contour modes of vibration such as
the extensional mode and the flexiral mode.

(2) The measurement of the displacemsnt distri-
bution can be made also on the vioration
modes of the composite vibrating systems of
planar structures such as the ele:tromecha~
nical filters made of several beniing reso-
nators coupled with each other.

(3) It 1s not necessary to pol*sh th surface
of a resonator to optical fiatness;. The
measurement can be made on a resoaatcr with
the usual lapped surface.
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STUDY OF FREQUENCY CONTROL DEVICES IN THE
SCANNTING ELECTRON MICROSCOPE

R. J. Gerdes and C. E. Wagner

Georgia Institute of Technology
Atlanta, Georgia 30332

Summar

Resonating quartz crystals which were actual fre-
quency control devices were studied by a novel technique,
scanning clectron microscopy. During resonance various
modes of thickness-shear, face-shear, flexure and other
coupled modes became directly observable in the scanning
electron microscope (SEM). The influence of surface de-
fects on the resonance behavior of the quartz crystals
was studied and the lattice strain associated with reso-
nance coula be assessed. Approximate values for the
amplitudes of face-shear and thickaness-shear could be ob-
talned directly from the scanning electron micrographs.

The resonators consisted of SL- and AT- cut quartz
slices commonly used in frequency control devices. The
quartz gurfaces did not have any conductive coating other
than conventional thin film electrodes. The cxperiments
were carried out in the vacuum of the SEM, usually 10°¢
to 107 torr,

When the crystals were resonated at frequencies
ranging from 265 KHz to 15 Miz characteristic patteras
of stark black and white contrast were obtained. Bright
areas on the scanning clectron micrographs i{ndicated the
reglon of an antinode of displacement, whereas areas
which appeated dark or black in the scanning electron
micrographs cofncided with the nedes of displacement.

The degree of black and white contrast was affected
by deferts in the crystal surface and by the drive level
of the oscillator. Y- modulation of the secondary elec-
tron signal provided & suitable method of measuring con-
trast as a function of drive level and of defects.

While the observed contrast was fadicative of the
various states of electrical polarfzation on the cystal
surfacee, details or surface topography also gave a
Jirect indication of the amplitudes of displacement in
the case of face- and thickness-shear. The direction and
range of moti{cen of various topographical features could
actually be observed in the SEM as a function of drive
level and frequency of excitation,

Key Words

Scanning Electron Microscopy, Quartz Crystal Resonators,
Voltage Contrast, Vacuum,

latroduction

Lhe scanning electron microscope (SEM) provides a
novel experimental approach to the study of plezoelectric
waterials which are actual frequency control Jevices. A
finely focused clectron beam is scananed over thc speci-
men surface in a square raster and produces x-ravs, heat,
cathydoluminescence, backscattered primary electroas and,
in particular, secondary clectrons. The usually recorded
scanning electron microscope images are produced pri-
mar{ly by backscattered and secondary electroas., The
effective secondary electron yield 1s a function of a

number of factors, such as energy of the incident elec-
tron beam, specimen surface topography, anc specimen sur-
face potentfal. Insulators, such as quart:, have sccond-
ary electron yields which may be as high as 20 secondarfes
per incident 20 KV primary electron, Rapic depletion of
clectrons in the neighborhood of the specimen surface
produces "charging", often positive chargirg relative to
the incident clectron beam, The secondary electron yield
for metals by comparison is much lower, froquently it is
less than 1. More favorable conditions are¢ obtained for
the study of i{nsulators when low (1 to 2 Kv)

incident beam voltages are used. Under such conditions
the seccondary yield approaches approximate.y 1 and
""echarging" 1{s generally not observed. It 18 of coursc
understood that specimen surfaces discussec in this con-
text do not have the conductive sucvface film which is
usually applied for SFM studles of non-concucting mate-
rials.

Svrface topography contributes significancly to the
contrast (i.e., secondary clectron yteld as a function of
surface detall) usually observed on scanning eclectron
micrographs, But on quartz surfaces which do not show
much surface detail at magnifications below 5,000 x, this
contrast mechanism {s of little importance, especially
since the greater part of the present studies was con-
ducted at magnifications of only 20 or 10 », The contrast
observed on resonating quartz crystals is therefore not
produced by specimen surface topography but by varifations
in surface charges which are formed during resonance.
Electrically charged surfaces significantly affect sece
ondary emission characteristics, as was deronstrated by
Everhart® and Nixon®, This voltage contrast has becn
particularly useful for investigations of integrated oir-
cuits and semiconductors. The direct obscrvation of
electric fields with the SEM was also reportcd by Spivak
and coworkers® who fnvestigated quartz and lithinm nfobate
resonators which had been coated with germsnium. Gerdes
and Wagner* demonstrat(d that it 1s possible to studv
quartz crystal resonators which are actual frequency con-
trol devices without any conductive surface coating. As
discussed above it is, however, advisable to utilize an
fncident beam voltage of only I or 2 RV to aveid "charg-
ing".

Ultrasonic vibrational modes in quarte viystal roso-
nators have also been studled by a variety >f other meth-
ods. The probe method' has led to information about
surface polarization ot selucted quarcz crystals, Light
optical methods” have contributed informatise on surface
divplacemeats of resonating «rystals., Imag:s of strain
variations along their various crystallogtashic afrections
have been produced by s-ray diffraction topsgraphy.”

In the present work it {s shown that qiartz resona-
tors which are actual trequency control devices may be
studied in the conventional SFM without the usually rc-
quired specimen surface preparations. Compired to sever-
al of the above mentfoncd methods the studios are carrted
out in the vacuum of the SEM, linfted only oy thc type of
vacuum pumps used (n the micro-cope. The inagt 5f the
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resonating quartz crystal {s obtained instantancously
In the SEM. Furthermore, quantitative analysis of the
ohserved contrast and thecrefore also of strain varfations
at the specimen surface is possible by suitable signal
processing. The possibilities of signal processing rep-
resent probably the real advantage in the use of the SEM,

At high magnifications it {s possible to display
directly surface displacements parallel to the surface
as a function of drive level various surface defects, and
various modes of resonances,

Experimental Procedures

Conventional SL- and A7-cut quartz crystal resona-
tors were used ir these studifes. The SL-cut crystal was
10 mm x 4 mm x 0.7 mm in size. 1In the case of the AT-
cut resouators the crysts!s consisted of circular plano-
convex quartz slices of 1/2" diameter with an 8" radius
of curvature for the conv:x side, Annular or circular
aluminum electrodes were =ttached to the centers of the
AT-cut crystals, 1In one case a thicker crystal with a
z-shaped electrode was utilized., The SL-cut resonator
wag completely covered with Ag-Al thin f{lm electrodes,
except for the crystal edues, The resonatocrs were driven
by a Rohde and Schwartz crystal synthesizer or a crystal
impedance meter at levels ranging from 2 to approximately
10 milliwatts, The experiments we:e carried out {n a
Stereoscan SEM at 1 or 2 XV, In order to obtain magni-
fications as low as,10 x the specimen tilt mechanism had
been removed from the specimen stage. The emissive mode
of operation wus used throughout this study. Magnifi-
cotions of 10 x were used, unless otherwise indicated by
& micron marker.

Results

(a) SL-Cut Resonators

This type of reson’ cors had previously been studied
by methods of x-ray diffraction topography.® During
resonance at 455 KHz the face-shear motion of this reso-
nator was related to the motions of three principal
blocks as shown in Figure 1. The a and b regions had

b 'Y b [} b s b
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¥igure 1. Location of nodes and antinodes of displace-

ment in SLe-cut crystal as determined from
x-ray diffraction topography.

been fnterpreted as astinodes of displacement in the x-
and y-directions, respectively, with nodes of displace-
ment occurring along the crystal edges at position b.

The dormant resonator {s zhown in Pigure 2a. The edge

of the crystal slab had not been coated with the elec-
trode material, Because of the thin-film coating, volt-
age cuntrast during resonance was expected only along

the edges. FPigure 2b shous the top position of the crya-
tal during resonance at 455 KHz, Figure 2c the center
portion, The dark areas occurrved approximately at the
position of b along the cryatal edge of Figure 1 and,
therefore indicate the pcaftion of a node of displacement
in agreement with the x-ray results, The same conclusion
can algo be reached from considerations of the secondary
emiss{on behavior of the quartz surface during ultra-

sonte excltation, During resonance the electric polariza-
tion Iy zero at an antinode of diuplacement, Secondary
electron em{nsfon from an antinode should therefore be
about the same as from a crystal surface which {s not be-
ing resonated, The bright arcas are therefore the locas-
tions of the antinodes of displacement, The electric
polarizatfon {s at a maximum during resonsice at 8 node
of displacement where during the first few cycles of
resonance, when the polarization is at {*s negative max{-
mum, more sccondary clectrons are emftted than at an
antinode, The result should be a net deficlency of elec-
trons relative to the antinodes, positive charging and &

SlL-cut resonator; (&) dormant, (b)
resonance at 455 KHz, top portion;
portion.

Figure £, auring

(¢) center

Figure 3.

SLecut resonator with portion ot electrode
etched away,

lower sccordary clectron yield, The nodes of displacement
will therefore appear dark or black on the scanning elcc-
tron micrographs, This relationship hetween positive
charging and low sccondary elcctron yield {s consistent
with observations by other authors."

In Figure 3 a portion of the clectrode material was
ctched away and a rather complex pattern appcared during
resonance, While it was expected that the partially
etched electrode would add to the complexity of the reso-
nance pattern, the occurrence of a reronance pattern which
was different along the crystal edges (Fig. 2) was sor-
prising.



{b) _AT-Cut Resonators

A portion of a dormant AT-cut resonator 1is shown
{n Figure 4. Figure 5 shows a 5 MHz crystal with anau-
lar eclectrode resonated at 5,221 Miz, the lowest fre-
quency response that could be obtained with this crystal.
The center portion shows a node of resonance which fis
probably due to thickness shear, whereas flexure modes
probatly produced the pattern outside of the annular
electrode. The white arca (arrow) outlines the shape of
the bottom electrode. This one and other micrographs
show that certain features, in particular the electrode
material, visible through 1/2 rm and more of quartz. A
unique 2xplanation for this anomalous transmission is not
available ar present.

Figure 6 {s the y-modulated micrograph of Figure 5.
Bright areas in Figure 5 appeared as peaks in Figure 6,
These peaks provide a direct means for quantitative con-
trast determinations. Assuming that there is a direct
relationship between electric polarization and lattice
strain during resonance then relative strain variations
of 2 te 3 orders of magnitude can be determined across
the surface of the resonstors,

Figure 7 shows a resonance pattern (5.271 Miz) which
was apparently caused by flexure modes only. It {s
{ateresting that these flexure modes are visible ineide
and outside of the annular electrode.

At 5.423 Mz (Figure 8) a pattern due to thickness
shear is visible {nside the electrode ring while flexure
modes occurred outside of the ring., This pattern, as the
patterns obrerved on all the other micrographs appeared
on the SEM screen with a precision of at least a few Hz,
Frequently the precision of pattern appearance was used
to tuae the crystal synthesizer to one of the resonance
frequencies.

In Flgure 9 the crystal was resonated at 5.428 MHz
and the thickness shear pattern rotated through 60°,
Another rotatfon through 450 occurred at 5,530 Miz (Fig-
ure 10). Rcsonance at 5,606 Miz produces a further 45°
rotation of the thickness shear pattera (Figure 11).

In Figure 12 a surface defect on the center portion
of a Miz AT-cut crystal with circular electrode is seen
at rest. In Figure 12a,b,¢ and d the crystal was reso-
nated at 5 Miz and increasing drive levels. Currents of
20, 30, and 40 pAmps were measured. During resonance
surface f{eatures wmove {n the directfon indicated by the
arrow and become elongated. As the distortion (elonga-
tfon) of a given surface feature is twice the amplitude
of the thichness-stiear motion, the amplitude of motion
can be determined. Ie the preseant case the amplitude of
motion was found to be approximately 2000 + 5004 at 40pA.
The precision of this measurement could be significantly
improved by the use of time-resolved mlcroscopy.‘° Stud-
ies I{n this area are in progress.

The micrograph in Figure 13 shows a portion o: a
crystal with a z-shaped electrode, The crystal was ob-
tafned trom the laboratory of the late W. lanouch rsky.
The device was a 5 Miz crystal and the pattern in Figure
13 is that of the fundamental mode of resonance at 4,955
Mz,

The pattern in Figure 14 wa: obtafned at 5.205 MHz,
Two black bands appeared on both sfides of the electrode
related tc each other by a 180° rotational symmetry
operation,

Plguce 15 {8 a micrograph of the same resonator us
in Figure l+, but at resonance of 5,349 Miz. Five black
bands have appeared on either side of the clectrode, They
seemed to be related to each other by some torm of minor
operation, But there were numerous features vhich secmed
unique at a givea area. The black bands have a white

line somevhere close to the center of the hand, Black
lines alao appear in the bright areas. Smill surface
irtegularities which were rendomly distributed over the
entire svriace of the resonator, appeared o have little
effect orn the positions of the bright and black bands,
Thus, the image detsil 10 these bright and black regions
seems to be directly related to the respective myde of
resonance which was used to excite the crystal,

Figure 16 was obtained through y-modu:ation of Fig-
ure 15. Contrast variations {n the bright areas, in
particular, stand out clearly in the micrograph.

In Figurc 17 the drive level was increased approxi-
mately by five times compared to the drive level of Fig-
ure 15. As was to be expected, an even lover secondary
electron yield was to be expected in the neighborhood of
black bands, the nodes of displacement, The strong posi-
tive charging in these areas overshadows a 1 detail that
had previously been visible, The expansiou of the posi-
tively charged arcas i{s espectally noticeahle in the y-
modulated micrograph of Figure 18, The wh.te liue in the
black bands appeared visible as an extended range of
hills.

Resonance at 5.654 MHz produced the band structure
in Figure 19, A total of ten bands was visible on either
side of the electrode. The teanth band was just barely
recorded on the lower right hand corner of the micrograph.
The y-modulation micrograph of Figure 20 shows a number
of interesting feetures. First of all the white linc fin-
side the black bauds are quite noticeable us they are also
in Figure 19, ‘Then the contrast variation. along the
surface of the neutral clectrode are of great interest.
The top electrode of this crystal (and of all the others
shown {n this study) was grounded. The contrast observed
in the SEM should therefore be untform, S:ince this is
not the case other factors, such as positioning of the
crystal specimen relative to the secondary collector grid,
were found to be critical in these experimcnts,

Tne appearance of the standing wave puttern on the
cathode ray tube of the SEM durlng ultrasonic excitation
of the crystals in their various modes of resonance was
instantaneous and sensitive to within a few Hz, probably
surpassing the sensitivity of the Rohde and Schwartz
crystal synthesizer, Excitation close to ¢r in the
neighborhood of a resonance frequency resulted efther ion
no resonance pattern at all or, if the crystal had just
gone through resonance, {n a pattern with coviously dimin-
{shed contrast and with decay-like features.

The various resonance patteras which were obtained
changed characteristically from one resonance frequency
to another. There was never any doubt about recogniziag
a particular pattern; theretore, it {s concluded that
there is a direct corrclation of the SEM patterns which
were produced by specimea surface polarization with ac-
tual bulk-effect resonance. The positions 2f the nodes
and antinodes of polarfsation on the surfac: of the reso-
nators, however, may have been effected by surface defects
or the geometry of the specimen - secondary collector
arrangement.,

Scecondary electron emission {n the bright areas of
resonating crystals wa: found to be approxiaately the
ssme as on the surface >f dormant crystals. The same or
similar emission in these arcas would indicite an area of
zevo surface polarization and therefure an antinode ot
displacement., It follows that the black arGas are the
nodes ot displacement, The experimental priof for this
interpretation will be sought {n the uti{lization ot time-
resolved microscopy.

Charging, generally observed on the su-face of in-
sulsators, such as quarts crystals, was no problem because
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Figure 4, Dormant AT-cut resonator. Top half of micro-
graph shows portion of electrode, bottom half
portion of quartz surface. Figure 7. AT-cut resonator at 5.271 Miz.

S,
&

Figure 5. AT-cut resonator with annular electrode reso- Figure 8. AT-cut resonator at 5.423 MHz,
nating at 5,221 Miz,

,\\}

Figure 9. AT-cut guartz crystal during rescnance at
Figure 6, Y-modulated micrograph of Figure 5. 5.418 Miz.
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Figure 10, AT-cut crystal during resonance at 5.530 Figure 13, AT-cut device with z-shaped electrode during
Miz.

resonance at 4.995 Mhz.  The diagonal band
is a portion of the z-shaped electrode.

Figure 11, AT-cut crystal during resonance at 5.606 Figure 4.
Miz.

Figure 12, Surface defect on center portion of circular
electrode of AT-cut crystal; (a) dormant
crystal, (b) drive ievel of 20 30 (¢), and
40 pAmps (4). Figure 15, AT=cut crestal roescarting at 5,349 Mz,
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fncident beam voltages of 1 or 2 KV were used in these
studfes. Contamination, by comparison, was a slight
problem during long periods of observation. In electrom
microscopes contaminating layers are produced through
fateraction of the clectron heam with the residual gases
on the specimen surface. When this layer is thick
enough the conductance of the quartz surface becomes too
high for resonance pattern to be observable. The quartz
resonators were therefore frequeantly cleaned in chromic
acid prior to the SEM studies.

When the SEM was used {n the usual mde of operation
(frame speed of raster approximately i sec., line gpeed
0.004 sec.) the pattezns were at once visible. Recording
of the pattern with the coxmonly used 100 sec. frame specd
and 0.1 sec. line speed, initially resulted in micro-
graphs with very poor contrast. Recording times of 10
sec, frame and 0,01 sec. line speed resulted {n accepta-
ble micregraphs. Extended sojourn times of the electron
beam per unit area apparently tended to equalize varia-
tions In surface polarfzation. For future work it will
therefore be necessary to determine quantitatively the
incident electron beam current per unit erca and time in
such a way that optimum results for observation and re-
cording are obtalned.

Conclusions

The scanning electron microscopes provides au ele-
gant and fast technique for the study of resonating
frequency control devices. The appearance of the reso-
nance pattern is sensitive to within a few Hz but may
even exceed the sensitivity of the crystal syathesizer
which was used in this study.

The studies are always carried out in the vacuum,
The only limitations, {f any, are the purping systems
which are commonly used in SEM's (10°% torr). It is
therefore, in principle, possible to carry out studies
as a function of gas adsorption or temperature while the
resonance behavior of the quartz crystals is under obser-
vation,

“he amplitudes of face-shear and thickness-shear in
SL- and AT-cut crystals can be measured directly from
the motion of surface structures. These measurements
wiil be significantly improved when stroboscepic methods
methods are utilized,

The varfous modes of motion on the crystal surface
during resonance are characteristic and castily distin-
guished on scanning electron microgiraphs, Mydes of
flexure, faces- and thickness-shear are directly observ-
able.

The possibilities of signal processing in the SEM
are especially attractive. Y-modulation provides a di-.
rect method of determining quantiratively signal inten-
sities of various surface regions, and therefore various
degrees of surtace polarization, relative to cach other.

The scanning clectron microscope is unique because
it combines a multitude of experimental capabilities
which previously had needed a variety of different in-
struments., In the present study only a fow of the SEM's
capabilities have been utilized, other equally important
ones have yet to be cexplored. These other possibilities
{nclude Auger analysis, energy and wave length dispersive
x-ray analysis, and cathodoluminescencc studies. Auger
analysis would be especially useful for studles
of the resonance behavior of quartz crystals as a func-
tion of gas ads~rption. X-ray fluorescence analysis
would be a useful technique for the study of bonding
characteristics between ¢ lectrode materials and quartz
surfacc, gold-quartz diffusion studies, and migration be-
havior of varfous electrode platings under shock or other
extreme eavironmental conditions, Cathodoluminescence
nffers {nteresting possibflities for the study of

10.

chemical bonding under 8 variety of expericeatal parame-
ters.,

The authors wish to thank W. H., Hicklin for his help
and interest in this work.
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QUARTZ CRYSTAL UNITS FOR HIGH G ENVIRONMENT

Marvin Bemmstein
Electronic Components Laboratory
U, S. Army Electronics Cormand

Summary

The design of small quartz crystal units, opera-
ting at the fundamental mode frequency of 15 to 23 MHz,
which will survive shock acceleration amplitudes of
15,000 g's and more is gilven. Test data on the number
of fallures anu the penmanent frequency change as a re-
sult of various levels of shock are shown. A new
method of bonding the quartz resonator to the support,
using electroplated nickel films with thickness of the
order of 0.5 thousandths of an inch is discussed. Pre-
cautions in the processing of the quartz reeonator are
ghovn to be necessary to avoid destruction of the reso-
nator at shock levels higher than 15,000 g's.

Introduction

Test shock amplitudes for military quartz crystal
units have been restricted to values of the order of
50 to 100 g units because of the fraglle nature of the
regonator. Applications in small equipments now ree-
quire a more rugged crystal with levels in the range
of 500 to several thousand g's. In addition, equipment
has been developed which must operate afie. a 15,000 g
shock, and telemetry egulpmer 8 used in high altitude
research projects requlre (rystals capabl. of operating
after acceleration at greate: than 50,000 g's.

Experimental crystal unite of the type shown in
Figure 1 nave heen assembled in the Electronic Cormand's
Electronic Components Lahoratory that have operated
after being shocked at ilevels up to 29 thousand g's
with durations uf several millisecouds. The holder is
a standard HC-25/U enclusure with two stainless stecl
supports of the type commonly used with this holder.
This crystal unit differs from those usually made in
this enclosure by the crystal industry only because
the meth.d of bonding ie new and the resonator .s some-
vhat sualler.

Relatively little -evelopment has been u dertaken
in the areca of high g ¢ 3tal units exfept for that re-
porved by the Harry Diamond Laboratory* and a paper
presen&ed at the Intemutional Telemetering Conference
(ITC).© The present paper documents the continuation -
of the development reported on at t+ ITC in October
1970.

The majority of the shock tests were conducted at
the Ballistics Research Laboratory using a hégh g
acceleration testing method developed there.” Th»
test projectile containing the crystal units is pro-
pelleu out of the gun shown in Figure 2. The gun is
a 5 inchi smooth bore unit and frum four to six ounces
oI powder is used to accelerate the projectile, at
less than 1000 g's, in the gun barrel.

The prujectile is decelerated by impacting the
lead targets shown in Pigure 3. Each lead olock weighs
315 pounds and thz projectile penctrates seversl of the
blocks before coming tu rest. The shock amplitude can
be vuried by changlag the amount of powder while chang-
ing thLe shupe of the nose tip causes a varlatiop in the
time duration of the shock.

Crystal Unit Desi

Figure b4 shows the construction of the crystal
mount and method of bonding. A narrow strip of Cr-Au
or Cr-Cu is evaporated along the edge of the crystal
resonator and the support clips are pressed over this
composite metallic Jayer. The Cr results in excellent
adhesion to the quar z while the upper laysr of pure
Au or Cu is used to ¢ffect the electroplatad buynd to
the supports. The f'equency of the resonators used
varied from 10 MHz to 23 MHz, fundamental node, and
the diareter was 0.200 inch.

The basic premise in :he lJevelopment 5f the high
g crystals was to use a short stiff mount and & small
diesmeter resonator. An initial experiment using con-
ductive epoxy cement indicated that this material
lacked the necessary mechanical stability and cculd
not be adequately controlled to be useful in the fab-
rication of these crystals. Electroplated Cu and Au
bonde had been proven to be effective in the fabrica-
tion of glass enclosed crystals in this lacoratory for
more than a year. Furthermore, it was knc+n that a
nickel sulfamate plating solution is commercial\‘.ly avail-
able with certain outstanding characteristics.,” This
solutior can plate nickel films having very low mecharn-
ical stress and freedom from brittleness, cracking, or
crazing. The first experimental nickel elsctroplated
bords were easily achieved and exceptionally strong.
Pull tests showed strengths of several pounds and
fallure alvays vas the result of crystal rssonator
fracturc. All of the crystals subjected to the high
g shock tests used the holder HC-&‘S/U and the nickel
electroplated bond except for tne first units construc-
ted in the TO-5 enclosure.

The stalnless steel ribbon supports must be given
a thin electroplated layer of Ni by means of a strike
plating solution which is chemically different from
the sulfamate nickel plating solution. A aseful
plating bath solution can be made with 32 sunces/gnl.
of Ni Cl, .6 0 and 1 pint of HCL. This acid solution
L& used at a bath voltage of 2-3 volts, which should
result in a t.in nickel film in 10 to 15 asconds of
plating time. This film must be very thin since a
thick film is stressed and will crack and peel from
the supports. The solution is very corrosive and
should by immediately washed from the holder parts in
hot flowing vater and the parts dried to protect the
thin nickel flash.

Atter the nickel strike has been appl.ed to the
supports, the resonator with the Cr-Au evaporated
stripes are pleced into the clip mount., Tae type of
supports used In all uf the high g crystals has been
the Kay subminlature clip mount since the Jesign is
such that the contact line can be located very close
to the edge of the resonator. The evapora.ed bond
stripes are approximetely 0.25 mm in width and the
clip J5 centered on tlie bonding stripe. I% is impor-
tant that the resona.or not contact the ve ‘tical por-
tion of the mount, vy pushing the resonator fully in-
to the clip, since it will bond to this part of the
mount uith a resulting strain induced into tne
resonator.
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The nickel bond is achieved, us.ng the nickel sulfa-
mate golution as purchased, at room temperature with a
bath voltage of the order of 1.2 to 2 volts. The anodes
used in both the strike bath and the bonding bath were
pure nickel; ususlly, 8 resonators were bonded at the
same time. The thickness of the nickel bond is deter-
nined by the product of the current and bonding time
used. All of the units assembled for the high g tests
wvere honded at 1% ma per crystal unit for 90 minutes or
135 ra-minutes., With 8 crystal units, the total cur-
ren% was, of course, 12 milliamperes. The time period
can be shortened, with an increase in current but a
point will be reached where the plated nickel is rough
and obviously of poor quality. The bond has a thick-
ness of the order of 0.5 thousandths (12.5 microns)
with the 135 ma-minutes of plating. One test which
used somewhat thinner and thicker bonds was inconclu-
sive in so far as 8 crystal fallure was concerned. A
detajled technical report will contain the result. of
an extensive serles of tests in which the bath plating
current and length of plating times were_varied with
the bond strength measured in esch case.

Two mevhods of applying the electrodes to the
resonator have been used, Some of the crystals made
had Cr-Au stripes applied by evaporation and the reso-
nators were then mounted within the clip attackments.
The nickel electroplating operation was completed and
the mounted and bonded resonator cleaned. BElectrodes
vere then applied to the resonator by evaporation of
Au and the frequency adJjusted to the desired value. A
second method was used with good success and in this
case the mounting stripes and the base plate electrode
vere applied by evaporation of Cr-Au. In this method
it 1s important not to apply toco thick a layer of Cr
since the alloy of Cr and Au has a very large ohmic
loss. Figure 5 shows that the center of the base
plated electrode and part of the tab are masked off
with a lacquer material. Common nall polish is very
useyul. After allowing this material to air dry for
a few minutes, the electrobond is made in the normal
manner. The dried nall polish 15 easily removed with
acetone. The units can then be cleaned and adjusted
to frequency by elther using electroplated Ni or
additional evaporated metal.

The visual inspection of the quartz resonator,
using a 20 X microscope, is a necessary operation.
Scratched surfaces, body fractures, or chipped edges
are all reagsons for rejecting the resonator. The
defects in the quartz resonator can be made much more
easily visible by etching the surface. The amount of
eteh rejuired is greater than that specified in
MIL~C-3098, however, to clearly chow all of the surface
ecratches. In one experiment in which the resonator
vas repeatedly etched, the number of visible scratches
continued %o increase until the lapped resonator vas
almosty clear and the frequency at 17 MHz had increased
by L MHz. Even vwhen extreme care is taken, however,
some resonators will break when subjected to shocke
with levels of 20 Kg's or more. Preliminary results
of one test oeen to indicate that if the reconator is
immersed in a fluid in & high power ultrasonic cleauer
(20 KHz and 150 vatts), approximately 30% of the reso-
nators break. The appearance of the breaks, elther
fairly strailght cracks across the whole resonator or
small fractures in the body of the resonator resemble
the inoperative crystal after the high g shock.

There is & possibility that this means could be uged
to expand submicroscopic flavs in the resonator and
thus reduce the number of failures in the shock tast.
Cryatal resonators that are fracture-free can be rade
to be potential failures if care is not taken in
effecting the seal between the holder cover and base.
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It has been observed trat crystal resonators frequently
had small fractures lesding out of the Ni tond and these
fractures eppeared to predominate at the pcint where

the clips are bonded to the resonator. It is thought
that this is due to the very good thermal coupling be-
tween the Ni bond and the resonator. When the holder {s
heated too rapidly, the quartz under the bcnd expands
and causes the quartz outside the Ni bond erea, which is
cooler, to fracture because that quartz i{s now in ten-
sion. Allowing the bases to heat up slowly, in the
order of 30 seconds to reach solder melting temperatures,
has reduced the problem to some extent.

Test Results

A fairly large number of tests were conducted in
vhich the crystal units were subjected to thocks of
10 tc 29 Kg's. Figure § shows the results of a series
of tests beginning with “he first test of & 10 point
mounted resonator Jn a TO-5 enclosure. This unit vas
bonded with conductive epcuxy, end the very large fre-
quency changes apparently wvere the result cf mechanical
changes in some of the bonds. After this initial test,
all the remainder of the units used Ni boncs and e
2 point support. ¥xcept for the one test !n an sir gun
at Sandia, all tests vere conducted at Ballistics Re-
search Taboretory in the high g lead test facillty at
shock levels of 15 to 29 Kg. Figure T shovs additional
data at the higher g levels. Some of the failures in
group 9 were due to reworking of the units because of
holder damage sustained In an earlier test. The prin-
ciple cause of these falluresc was the initlation of
srall fractures in the cdge of the resonater by the too
rapid heating of the base when melting the solder seal.
The dats on the series of shock tests, witl respect to
permanent frequency change, is shown on Figure 8. The
horizontal bar shovs the average frequency change and
the l-signa limite are defined by the ends of the
verticol bars. Therc is an obvious increate in both
average frequency change and the standard ceviation
with increasing anmplitude. One 3rd overtore crystal
unit, at 30 MHz, wvas subjected to a 22-Kg thock and
changed frequency lecs than 1 part per million possibly
indicating that overtone operation, with e resulting
thicker resonator, should be used in an application
requiring a smaller change in frequency.

The number of units which falled at levels to
15 Kg's vas small, amounting to but 3%. Tre one failed
unit vas made st a time vwhen the condition of the quartz
resonator had not previously been inspectec with the
microscope. At shock levels between 20 Kg's anl 79 Kg's,
17$ of the units failed. This flgure is scmewhat high
and is due in part to the inclusion of rescrators with
obvious defects to learn {f in fact, an inspection could
be used to eliminate potential defective resonators.
When a fracture occurs in the central area >f the resc-
nator, the activity is poor and the unit is an electri-
cal reject. Some fractures, however, can occur In the
outer cdges of the resonator and these crystals can be
electrically acceptable but will always bu lestroyed .
the ghock test. Plgure 9 shows the result >f a fairly
deep curving oscratch across the resonator which appar+
ently caused the low pover level resistance to greacly
increase. The posaibility exists that this cest might
be useful to separate potentially defectlse units since
these units occasionally fail at shock levels higher
than 15 Xg's, It is important to round the resonator
carefully to avold edge fractures; these will expand
ard allov edge chips to form resulting in sarface
scratches during the lapping step. Even more lmportant,
the edge fractures can cxpand into the guartz during
the shock test thus causing failure.




The two-point mounted resorator has a preferred
acceleration direction as shown in Figure 10. Wnen
accelerated in the direction avay from the pins, the
mount gupports are in tension and the resorator has
maximum stiffness and fewest percentage fellures occur-
red in the shock tests. In one test of a group of units
procured from a commerciel source, by the Harry Dicnmond
Taboratories, all units failed at 18 Kg's when accelera-
ted In the directior marked "good”.

In the same test, three out of twelve units made
in the Components Laboratory failed. The principal
difference in the ccrmercial units was the use of a
small bonding spot rather than the long stripe shown
in this figure.

A few crystals were subjected to shocks in the
plane in which the resonator flexes and thesa failed
at 10 Kg's. There was evidence that the riblLon support
velds were inadequate since the supports rotated to a
degree that the resonators might have contacted the
enclosure.

Two units with 10 MHz fuadamental frequency were
subjected to a 22-Kg shock in the direction in which
the supports flex. Both support mounts bent severely
and the crystals became detached from the supports but
did not fracture. The Cr base film was gtripped from
the semi-polished resonator while on the lapped reso-
nator, the Ni bond ruptured.

For upplications where there ie substantial ro-
tational forces in addition to direct acceleration, it
is necessary that the crystal unit be mounted as close
to the axis of rotation as possidble. As of the time
of writing this report, ro data has been obtained on
tlic survival of these crystals i{rn a test which included
rotation. The gun used et BRL, as mentioned before, !s
a smooth bore unit 30 no rotational forces are generated.

Figure 11 shows a resonator with a crack commonly
found in one group of resonators that had been pro-
cessed with inadequate care. A lot of 100 rourded
resonators were obtained from an outside source and
{nspection showed many with edge and body fractures
end these units were discarded. The remainder verc
cleaned, ctched and again inspected under a 20 X micro-
scope and additional resonators with cause for rejection
were found. Upon plating and mounting the good units,
inspection agaln located defective resonators. The con-
tinuing loss of units occurred at test before scaling
the enclosure end after the seal was accomplished. Out
of the initial group of 1CO resonators, only twenty-two
units were electrically acceptable for the shock tests.
At 15,000 g's, three out of twelve units failed while
at 29,000 g's, nine out of ten units fa:led. From
this experience, it appears that possible shock test
fatlure cannot be eliminated by visual inspection of
the quartz resonator.

Conclusaion

The design of a low cost crystal unit, capable of
surviving peak acceleration shocks of 15,000 g's a'.
2} milliseconds hns been completed. These unlts, when
carefully fabricated, show catastrophic faflure rates
of 3% and average frequency changes of § parts per
million. The electroplated nickel method of bonding
the resonator to the mount supports hae proven to be
practical, precisely controllable and extremely rell-
able. Further work in the areas of a more rugged
mount, better resonstor inspection methods and presssl
stress testing of the crystal must be undartaken to
improve the performance at shock levels »f 30,000 g's.

Figure 12 shows & threc point mount whLich resulis
in increased crystal resonator stiffnecss ard an initial
test Indicates improved shock performance. It appears
to be feacible to deveiop a crystal design in Holder
HC-25, perhaps usirg jrd overtone units at 20 Mz,
capable of operation after belng shocked at 50,000 g's.
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USING A PENDULUM DIFFRACTOMETER

TO IMPROVE PRECISION OF X-RAYING

QUARTZ CRYSTALS

Gerald E.

Nemetz

General Electric Company

Lynchburg, Virginia

Summary

A new design pendulum suspension diffract-
ometer for x-raying quartz crystals has been
developed in the General Electric Mobile Radio
Department. This diffractometer results in
improved precision, higher productivity, and
increased profitability in the production x-
raying of quartz crystal blanks.

Introduction’

In the 1950's the permissible shift in
frequency of a radio transmitter was adequate-
ly controlled by #3 minutes of tolerance on the
22' angle of an "AT" cut quartz crystal.

As the air waves became more crowded due
to the rapid growth of the two-way radio indus-
try, it became necessary for the Federal Com-
munications Commission to apply more stringent
controls. In tne early 1960's the F.C.C. tight-
ened the permissible transmitter shift in the
ultra high frequency spectrum to %2 parts per
million. 7This &2 parts per million tolerance
for the transmitter translated to a tk% minute
tolerance on the 22' angle of the quartz crys-
tal! in the exciter stage. The double crystal
goniometer weuld reguire a measuring system er-
ror not exceeding 10% of this tolerance, or i3
seconds to be capable of satisfactorily meas-
uring crystals to this tolerance.

Since the measur.ng system error of the
goniometer exceeded :3 seconds, the "tempera-
ture coefficient” test yields for "high stab:l-
ity" crystails (requiring 22 parts per million
tolerance) varied between 20% and 50% during
1964, 1965, and 1966. A number of projects
were undertaken to improve the low "TC" yields.
One of these was a project to improve the pre-
cision of the x-ray goniometer.

Problems Associated with the Goniomcter

(1) Micromecter barrel is difficult to read due
to the poor resolution. The smallest divi~-
sion 1is % minute.

(2) Crystal work holding fixture locates the
crystal on a flat surface. This requires
the operator's wringing the crystal onto
the flat surface (a2s two gage blocks are
wrung together)--resulting in contamina-
tion of the work holder and blanks.

(3) Friction at the bearing shaft results in
error in the ZZ' angle measurement.
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(4) The x-ray shield requires two hand motions
in x-raying one face, and four in the x-
raying two faces of each blank.

Problems Related to the Goniometer
Indicated by a Capability Study
Performed in 1966

Process Control Engineering ran a process
capability study FW-22 of 1966 on one x-~ray
goniometer station. During this period unfa-~
vorable statements had heen made concerning the
x~-ray such as "Let's do away with x-ray"--we
get the same "TC" y:ield with x-ray as we do
without a1t." A look at the chart of the six
operator's readings shows the basas for this
statement. The angle readings of the six oper-
ators were widely dispersed. Note particularly
that operator number 4 had no reading above the
upper specification limit and 61% of the read-
i1ngs below the lower specification limit, where-
as operator number 6 had 1% of the readings un~
der the lower limit and 41% above the upper
specification limit.

Pendulum Diffractometer

The pendulum diffractometer was developed
1n 1969. This instrument is constructed entire-
ly of aluminum and stainless steel. The four
table legs are constructed of heavy stainless
steel tubing. The 28" X 36" X 2" thick table
top is fabricated from a %" stainless steel
plate fastened on top of a 1%" thick aluminum
plate. Two similar plates are mounted beneath
the table top at a suitable foot rest height.
Four levelling screws are provided for level-
ing the table.

The pendulum mount is bolted to the top of
the table and consists of two carbide knife
edges pointing upward. Mating with these knife
edges are two carbide "V" shaped details brazed
to a shaft which 1s free to rock through ar
angle. The pendulum arm 1s bolted to the shaft
and hangs vertically downward. A micromecter
head moves the pendulum arm through the "rock-
ing angle" and a dial indicator provides the
angle measurement reading directly in minutes
and seconds of 22' angle.

An adjustable electronic transducer pickup

is located 1in parallel with the dial indicator
as an automation feature.
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Capacitance Bridge - Proximity
Shutter

The hand operated safety hood for cutting
off the x-ray beam was replaced by the proximi-
ty shutter. The shutter is fabricated from a
brass bar with a milled slot which allows the
X-ray beam to pass through. The brass shutter
is attached to an electrical d.c. solenoid
which is actuated by the capacitance bridge.
The sensor for the capacitance bridge is mount-
ed near the crystal work holding fixture.

The brass shutter and solenoid assembly
are mounted so that the x-ray beam passes thro-
ugh the milled slot in the brass shutter. As
the operator brings her hand held work crystal
to the work holding fixture, her hand is sensed
by the sensor which actuates the solenoid -
shutter assembly, moving the brass shutter in
the path of the x-ray beam.

The proximity shutter provides increasad
productivity as it eliminates the hand motions
required to raise and lower the metal hood.

Dial Indicator and Sorting Wheel

Several years ago I made a trip to an
equipment manufacturer's plant to look at a
diffractometer for quartz crystals which was
offered for sale. This instrument used a large
micrometer head for moving the arm through the
"rocking angle". I asked the builder of the
instrument how an operator would read the meas-
ured 2Z' angle. His answer was "You read the
micrometer and then refer to a calibration
chart".

A calibration chart may be acceptable for
laboratory studies, but it would not be suitable
for production x-raying due to:

(1) operator fatigue from referring to
chart

(2) large potential error in cross-
referencing

(3) slow method

A four inch diameter dial indicator which
has .010 per dial revolution was selected, and
the length of the pendulum arm was calculated
to provide an angle measurement of five min-
utes per revolution of the dial indicator. A
special scale which reads directly in minutes
and seconds, with one second per division and
five minutes per revolution was designed for
use with the dial indicator.

A 10 segment color coded ring was attach-
ed to the bezel of the dial indicator. The 22°'
angle increment of each segment is equivalent
to % minute.

The operator sorts crystal hlanks into %
minute increment of 22' angle by merely placing
the blank into the jar with the number corre-
sponding to the number on the ring indicated by
the dial indicator pointer.

Under this sorting system the operator
provides an objective sort since all 22' angle
increments are indicated as acceptable.
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Constrast this sorting method to the wne
whereby the operator sorts the acceptable bianks
into one box, and the angle low and angle high
blanks into their respective boxes. There are
a number of psychological factors that influence
the operator to place the blanks slightly out-
side the specification limits into the accept-

able box.
Results

(1) A capability study comparing the pendulum
diffractometer to the goniometer revealed
the following:

(a) The pendulum diffractometer has 1/3
the measuring system error of the
goniometer

(b) The intensity curve for the pendulum
diffractometer is sharper and more
symmetrical

(c}) The pendulum diffractometer can be
peaked by turning the micrometer head
either clockwise or counter-clockwise
with less than a t2 second difference
from the initial 22' angle reading.

(2) The repeatability in readings of 22' angle
of the pendulum diffractometer is such tnat
95% of the readings will repeat within 2
seconds, providing the blank is not removed
from the work holder.

(3) The improved precision of measurement in
the pendulum diffractometer allowed for
better correlation between 22' angle meas=-
urement and "TC" test data. The result is
a 100% improvement in the "TC" test yields.

(4) The work station improvements due to the
sorting wheel, proximity shutter, and MTS
study resulted in an average increase in
productivity of 330%.

Conclusions
OLOD RATE PAESENT RATE IXPECTIO RATL 7
SEFORE NIS WITH I OVEAENTS WITH SORTING WntfL
ONE FACE 100% 1 256%
TWO FACE 0% 2% 189%
® AVERAGE INCREASE IN PRODUCTIVITY 30%
® AVERAGE INCREASE IN ~TC* YIFLD 100%

® INCREASED PRODUCTIVITY AND (MPROVED
PRECISION RESULT IN

RIGHER PROFITABILITY
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THE CURRENT DEPENDENCY OF CHRISTAL UNIT RESISTANCE
AT LOW DRIVE LEVEL

Shunsuke NONAKA, Tasuku YUUKI and Koich HARA

Transmission Division
Nippon Electric Company
Shimonumabe, Kawasaki, Japan

Summary

M. Bernstein described that, there are certain
kinds of AT cut quartz vesonator units that their re-
sistance at such small currents as oscillator noise
level are larger than that observed at normal operating
crystal current. This large crystal unii resistance
provants the starting of oscillations., This phenomenon,
thav is, the largs crystal unit resistance at such small
current as oscillator noise lovel, is eliminated by
overdriving the crystal, But, the resistance is gradu-
ally ibcreased as the time elapses. This phenomenon
¥a3 observed by help of en X-Y recorder aad TS-683/TSM
test set.

For measuring the crystal unit resistance, we
didn’t use such active circuits as TS-683/TSM test set,
but we used such passive carcuits using the transmission
method.

As transm:ssion method enabled us to measure crys-
tal umt resistance over a very wide range of cxystal
current, ranging from very low levels such as noise
level of the crvstal oscillator, we could observe morc
quantitatively the behavior of the crystel unit re-
sistance at those smnll current. Crystal unit resist-
ance has maxamum value at certain small currents, vher
there are such inhomogeneity or coataminaticn on the
surface of a quartz crystal plate such as scratches
made while lapping or polishang, small metal particles.
(Por exumple, the maximur value 1s seven times larger
than the resistance at larger current in a crystal
controlled oscillator at normal crystal cusrent.) The
Resistance VS, Current Characteristics of the crystal
unit is not reproducible before being overdriven, but
1t depends largely on 1ts form of overdrive and its
tomperature. Current dependency of crystal unit re-
si1svance 18 completely eliminated by overdriving the
crystal over the current given by

R S © 7T 74
20=100 VT
where, i, : current in mA
fr : resonant frequeucy in Miz
dy ¢ dismeter of active surface area in mm

y : capacitance ratio.

Stall metal particles sticking on the evaporated
electrodes of the crystal were eliminated Ly overdriving
the crystal over the above-montioned currents. Thus,
the current dependency of resistance caused by these
parvicies were eliminated at the samo time. The cur-
rent dependency dit not appear apon storage.

To explain increagsed resistance phenomena we
indroduce the so-called static friction. When the
displacemont 13 small, the friction doos not affect the
movement of the crystal. When the displacement grows
to a throshold amplitude, the friction suppresses the
movement of the crystal, Suddenly, as the static
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friction is independent of the amplitude over the
threshold, the effect of friction becomes smaller as
amplitude grows larger.

We could explain increas:d resistance phenomena
quelitatively. But, at this stage, we are not able to
treat the problem quantitatively. Also, we cannot
explain the problam concerning the hysteresis of the
crystal unit resistence.

Introduction

To the best of our knowledge, there are very few
reports on nonlinearity of crystal unit res%stance, such
as those by E.A. Gerber(l and M. Bernstein 2%

1. KoGA(3) ana ours(4),(5),

By measuring crystal unit resistanco with active
circuits such as TS-683/TSM test set, M. Bernstein
showed that a combination of a thin contaminating film
of oil and small particles of quartz increases crystal
unit resistance at oscillator noise level.

The authors also discovered that crystal unit re-
sistance increases at such low drive level as oscillator
noise level compared with that observed at normel
operating level. This it caused by small metal parti-
cles sticking on active crystal surface, The dependency
of the resistance on the current, caused by small uotal
particles, is eliminated by overdriving. However, if
the phenomenon concerning the overdriving of the crystal
18 not made clear, there will be still some probebility
of resistance dependency on the current, und the oscil-
lation will not start.

In this paper the examples of current dependency of
crystal unit resistance caused by various factors, and
the cffect of overdriving are described. Then, the
mathomatical formulation of current dependency of
crystal unit resistance will be presented.

Experimenta' Procedure

Sample Preparation

Structures and frequencies of crystal units used
in this experiment are shown in Table 1. A crystal plate
has gold evaporated electrodes. In the case that it vas
desired to avoid the effects of evaporated electrodes,
tho crystal was held betwoen the two concave metal
eloctrodes as shewn in table 1. In both cases the
crystal plates were held in vacuum containers.

Measuring System

The resistance and the resonant frequency of the
crystal unit were measured by transmission method using
the passive circuit, ¥e did not use the methods using
the active circults such as CI metor. The reason ve
chose the transmission method is that, it enables us to




measure these quantities over a very vide range of
crystal drive current. Tre block diagram of the measur-
ing system is shown in Pig. 1.

Experimental Rosults and Discussions

Typical Current Dependency of Crystal Unit Resistance

The IRE notations of the equivalent circuit of
crystal unit are used in this paper. Besides, Rjo is
defined to be the minimum value of R} in the range of
measured current.

The typicel data of current dependency of crystal
unit resistance and rosonant frequency are shown in
Fig. 2. The resonsnt fiequincy of a crystal unit is
given by equation (1) in term; of motional arm series
resonant frequency of 1t.

3 T
fr = £53 (1 +'2’-62') (1)
c 2nf gL
1 sbl
,\'here, fS=_——7 r=‘_.’ Q=——__ .
2nf1101 “1 R

If fy is assumed to be constant at any drive current,
the maximum change in £7 is of the order of 10-8,
Also, since f7 increases as R) increases, f 7' is sup-
posed to jump at tho drive currents at whick R] jumps.
But the data of Pig. 2 do not agrece with these tvo
points. Therefore, Fig. 2 shows that both the crystal
unit resistance and its motional arm series resonant
frequency change with change in the drave current.

This paper is intended to give a clear picture of
the mechanism that is thought to be diroctly responsible
for ircrease of the crystal unit resistance.

Causes and Phenomonon of Increase of the Crystal Umit
Resistance

Crystal umit resistance characteristics like that
showvn in Pig. 2 does not necessarily prevent the start-
ing of the oscillations. Because, the increase of
resistance is not so high. But, at low currents, the
rosistance increases too much, and the oscillation vill
not build up in the oscillator with the crystal umit.
Pig. 3. 1In the case of the crystal umt whose resist-
ance characteristics has amplitude suppressing effect
as shown in Pig. 4, the oscillation builds up at a lover
level than the normal operating level, and keeps oscil-
lating vith a stable amplitude.

Since these characteristics are easily affocted by
the previous forms of overdrive anl temperature, there
are various non-reproducible patterns of current
dependency of tho crystsl unit resistance. However,
they can roughly be divided into two groups. In one
group, crystal unit resistance increases monotonously as
the current decreases. PFig. 3. In the other groups,
crystal unit resistance reaches its maximum at a certain
drive current within the range of the measured current
as shown in Pig. 4. Pig. 5 is a curve shaving relation-
ship between the teomperature and curront dependency of
crystal unit resistance. This shows that the drive
current at which a crystal unit resistance reaches its
waximum, decreases as the vemperature increases. The
current dependency of resistance at high temperature
looks somevhat like that shown in Pig. 3.

It can be concluded that there is no essential
difforence betveen the twvo patterns regarding the
process in which the current dependency of crystal umit
resistance is formed.

Pig. 8 shows the typical current depondency of
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crystal unit resistances. In the former two cases there
are inhomogeneities on the surfaces of their crystal
plates such as small gold particles and scratches as
shown in Pig. 6 and Pig. 7 respectively. In the latter
three cases crystal plates are coated with homogeneous
thin films. There is a difference in crystal unit
resistance between the two groups: in the former, the
change of resistance is larger, where, in the latter it
is small.

Overdrive

The current dependency of crystal unit resistance
due to smsll gold particles sticking on the crystal
plate was elimnated by overdriving it as shown in
Pig. 9. T.e crystal unit which was overdriven above
the threshold curront, hence, was improved in loss did
not have such current dependency of resistance as it
used to have. Photographs in Fig. 10 show the change
which happened on the above-mentioned crystal plate:
the gold particle sticking on the electrode was elimi-
nated by overdrive and a hole can be found where it had
been. Naturally. recistance of the crystal unit, which
was overdriven, keceps its improved value for more than
e year as shown in PFig. 1l1.

The thresheld current of circular thickness shear
regsonator is given app.oximately as follow:

2,342
ITh: K - :‘/r—;d—o-
r
, where, ITh Threshold current in mA
K Constant obtained by experiment
fr Resonant frequency in Miz
do : Diameter of ective area in mm
v : Capacitance retio.

(Refer to Appendix) (2)

This equation is obtained on tho basis that the
small particles sticking on a crystal plate will be
eliminated when the maximum surface strain of it is
larger than a certain value. K depends upon the vibra-
tion mode and the adhesive force between a small parti-
cle and crystal plate. K = 1/100 vas obtained experi-
mentally for various kinds of AT cut resonators., This
fact supports thoe fact that tho small particles sticking
on the surface of a crystal plate will be eliminated
when the maximum surface strain of it is larger than a
certain value.

This equation shows that the *hreshold current is
smaller at lover overtone orders. In addition to this
fact, generally speaking, active surface area is larger
for lover overtonv orders. In order to improve the Q
of a crystal unit, it is more effective to overdrive it
ot lower overtone frequencies. Pig. 12 confirms the
above interpretation. Crystal unit resistance at 7th
overtone frequency loses its current depondency by
overdriving it at the same frequency. In the case of
the 5th overtono frequency, the overdriven resistance
is less than the 7th one, and with the same character.

Mathematical Pormulation

It is necessary to make it clear how current de-
pendency of crystal unit resistance is generated. Be-
cause, it will help us for stabilizing tho rosonant fre-
quency, and also for guarantecing tho roliability of its
operation. Mathomatical formulation of the phenomona of
small gold particle is done as the first step.

At above tha current at which the crystal unit re-
sistance reaches its maximum value, the product of re-
gistance change from the ope measured at normal operat-
ing current and drive current is approximately constant.
Thet is, (R} - R1g) - I = const or

F i o s
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v ;
R = Ryo + 3 V(I = To) i3)

, where, Ry : Crystal unit resistance observed at
normsl operating current

Vo : Constant counter electromotive force

I : Drive current

Io : Current at vhich crystel resistance
gots its taximal value.

WI-1)= jo , I<I,

1, 1>1,.

Pig. 13 shows the behavior of R) VS. drsve current
represented by equation (3). The strain (S) at the
point where the gold particle is, increases and when it
reaches the 3o level, the pulsating force :2) is exorted
on the crystal surface in the same direction as of the
friction. This process is repeateld in every oycle, and
is represented as follow:

g3
‘. fpoa(s-so), atzo (0
0 ’ 4?5 <0
at

Calculating mean vslue of dissipated energy in a cycle,
the equation similer to equation (3) ecan be obtained
easily.

This shows that the current dependency of crystal
unit resistance is caused by such pulsating force
ropresontod by equation (4).

It vas shown that the materials which cause this
nonlinear term are small particles of electrode metal,
those of quartz, or ebrasive and oxl film sticking on
active crystal surface. Besides, tvin crystals and
cracks existing locally seem to have the same character-
istics in generating nonlinear term as ti.ese small
particles.

The process responsible for generating of non-
linear term is not known clearly yet, but there are two
probabilities: the dependency of crystal unit resist-
ance may bo the rosult of the nonlinear force which is
gonerated in friction, collision or viscocity between
these materials and the crystal surfaces, or it may be
froz. the nonlinearity betveen stress and strain in the
crystal plate due to these forces.

Conclusion

1. Small motal particles sticking on active quartz
surfaces not only cause tho current dopendency of the
crystal unit resistance but also thoy cause the current
dependency of the other constants.

2. There are various pattorns of current dependency
of crystal unit resistance, but there is no essential
difference botween thom.

3. Typical current dependency of crystal unit resist-
anco caen be approximately ropresented by

A {
R} = Ryo + 1? U1 - 1) .

4, Small metal particles sticking on the active sur-
face of o quartz plate can bo eliminated by a current

fx2,g 3

above ig = T%a e . Current dependency of

resistanco in these overdriven crystal units cannot
appear again upon storage.

Acknowledgement

¥e aro deeply indebted to many persoas for the help
received from them, and specially wish to extend our
sincere appreciation to Prof. H. Pukuyo of the Tokyo
Institute of Technology and Prof, M. Onoe of Tokyo
University for their constant guidance, Pr. I. Kogs of
the KDD Research and Development Laboratory and Mr. K.
Jumonji of the Electrical Communication Laboratories,
NIT for their advice end their discussion or this study.
Also, lot us thank Mr. Hongo, Assistant Mangor end the
othor members of our Crystal Group of Development
Department, Transmission Division of The Nippon Electric
Company, who, without their help it was not possible to
write this paper. It is a pleasure to thank M. Jam for
helping translation.

References

(1) E.A. Gerber "WHF Crystal Grinding"
Electrenics Vol 27, No. 3
pp 101 ~ 103, March, 1954
(2) M. Bernstein "Increasod Crystal Unit Resist-
ance at Oscillator noise
lovels." Proc. 2lst Anrucl
Frequency Control Symposium
(3) 1. KoGAa "Anomalous Vibration (Activity
Dips) in AT-Cut (R1) Plates"
The Transactions<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>