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ADDENDUM

to

PROCEEDINGS OF THE 25th ANNUAL SYMPOSIUM ON FREQUENCY CONTROL

ThVe following cross-reference relates to figures as mentioned in the paper by Messrs. E. A. Gerber
and R. A. Sykes - A Quarter Century of Progress in the Theory and Development of Crystals for
Frequency Control and Selection - to the figures as numbered and reproduced at the end of the text.
Please insert this following Page 7.

LIST OF FIGURES
Fig. # Reference Fig. # Reference

in Text in Text
1 SLIDE Number of papers given in fields 25 64-441-8; Stabilization factor vs.

of synthesis, furdamental stud- frequency Crystal unit trans-
ies of crystals and atomic & mission test network.
molecular frequency control. 27 68-259-8; Block diagram of self tuned

2 SLIDE Number of papers in various phase detection meburing
categories selected for re- system.
view. 28 69-93-2; Block diagram of measuring

3 59-17-4; Growth rate of synthetic quartz. system using vector volt-.
4 59-462-1; Synthetic quartz-bar growth. meter.
5 65-669-pg 672; Irradiated se(,tions of synthe- 29 69-93-5; Resistance & drive level graph.

tic quartz. 30 69-102-8; Influence of design efir
6 65-5-2; Piezoelectric materials under networks on phase errors.

study. 31 63-316-1,2,3; Test circuit for measurement
7 57-62-6; Lcss peaks in natural and of unwanted modes.

synthetic quartz. 32 65-125-TabI; Rressure rise leak-detection

8 58-84-7; Loss peaks in irradiated quartz. tfethods.

9 60-1-1; Acoustic absorption at 5 MJz be- 33 65-125-TabIl; Attual leak-tedt methods.
tween -600 and 1000 C in some re- 34 57-277-2; Variation in Q with tempera-
presentative samples of synthetic ture and frequency due to
and natural quartz. intrinsic loss in quartz.

10 67-3-2; Mode shapes in quartz plates. 36 58-282-2; Flexure mode crystal unit de-
ll 67-3-5; Computed and measured resonances Is! -..

for rectangular AT-cut quartz 37 59-423-1; Paraiater and cost 'r•fibs 'of
plates. Length c/thickness b=20. crystal units.

12 67-3-7; X-ray diffraction topographs of 38 60-200-1; Oscillator for severe environ-
thickness-shear, thickness-twist m~nts.
and flexural modes in a rectangu- 39 60-200-9; Crystal unit design for high
lar AT-cut quartz plate . = 29.8. acceleration.

13 66-1-2; Topographs of modes in AT-cut 40 63-4-2; Effects of oven and osc. shut-
quartz plates. down.

14 63-88-19; Mechanical Q as a function of dis- 41 63-4-3; Effect of oven and osc. shut-
tance to diamond ground edge of down.
wafer, 42 63-289-3; Aging of metal enclosed crystal

15 64-93-4; Resonator response with rectangu- units.
lar electrode in X-direction, 43 63-289-4; Aging of glass enclosed crys-
electrode length - 1O0b. tal units.

16 64-93-6; ResonaLor response with rectangu- 44 64-217-Tabll; Comparative failure rates of
lar electrode, length 10b. representative ele ýronic com-

17 66-252-2; Dispersion curves for thickness ponents.
shear and flexure in a quartz plate. 34 60-302-1; Resistance change in solder and

18 63-248-4; Frequency change of precision crys- thermocompression bonded crys-
tal resonators due to temperature tal units.
gradient. 46 64-166-3; Cold welded quartz crystal en-

19 61-22-6; Frequency-temperature curves for closure.
AT. BT and RT-cut quartz resonators. 47 64-166-2; Crystal unit standard enclos-

20 70-55-9; Locus of turn-over temperature for ures.
AT-cuts. 48 64-166-13; Aging of metal and glass en-

21 61-49-1; Relative frequency change per unit closed 5 MHz crystal units.
of applied vadial force for AT-cut 49 66-192.3; Frequency stabilization of

resonators. precision 5 MHz crystal quartz

22 57-663-31 Simplified circuit of AN/TSM-15 units after oven shutdown.

Test set. 50 68-89-10; 5 MHz glass enclosed precision

23 61-98-6; Typical accuracy curve, 12 MHlz 3rd crystal unit.
overtone crystal unit.

24 64-A44-1; CI meters available or under do-
valopment in 1964.

- 'a -



Fig. # Refercnce Figt, Reference
in Text in Text

51 68-89-21; Effects of oven and osc. shut- 79 67-179-12; 6-resonator monolithic cryatal
down. filter.

52 68-89-20; Aging characteristics of pre- 80 67-179-8; X-ray topographs of critical
cision 5 MHz unit. frequencies of a 6-resonator

53 66-103-4; Effects of SiO dielectric tuning, filter.
54,55 70-126-13,14; Ude of ion etch techniques and 81 68-188-9; SSB narrow band HCM filter.

resultint response characteris- 82 69-76-9; Computed inband loss of mono-
tics. lithic filter.

56 68-67-3; Typical 61 MHz crystal unit re- 83 70-84-10; 8-section monolithic filter;
sponse showing trapped modes, average and standard deviation

57 68-67-4; Crystal resonator design algo- of 24 MCF out-of-band character-
rithm. istics.

58 68-67-15; 60 MHz response spectra using 84 70-84-11; Average and standard deviation
design to eliminate trapped of 24 MCF in-band characteristics.
modes. 85 68-206-6; Discriminator circuit and res-

59 64-487-1; Compensated oscillator, ponse of 3 resonator array.
60 64-487-2; Compnesation network. 86 68-206-9; Impedamce transformation of dual
61 64-487-18; Critical areas of TXCO design. resonators.
62 65-617-2; N-element compensation network. 87 68-206-10; Low frequency generator using 3
63 65-617-16; Results of successive compensa- resonator array.

tion design.
64 69-192-pg 196; Compensation design factors.
65 69-192-pg 197; Characteristics of compensated

CT-units.
66 61-297-10; Frequency-temperature charac-

teristics of the reference sig-
nal generator for AN/URC-32
transceiver.

67 61-297-11; Frequency-temperature chirac-
teristics for SG-179(XA-3) re-
fere::ce frequency'standard.

68 61-297-12; Aging for two temperature cpm-
pensation frequency standards.

69 70-191-3; Frequency-temperature charac-
teristic (computed) for a 6-
point network.

70 70-157-7; Power and transient character-
istics of directly heated crys-
tal plates.

71 56-339-4; 13 MlZ crystal filter character-
istics.

72 58-500-5; Wide band crystal filer.
73 66-266-2; Dual resonant crystal and equi-

valent circuits.
74 66-266-4; Filter characteristics of single

and tandem dual filters.
75 66-288-10; Generalized lattice and ladder

equivalent of multiresonator
crystal filters.

76 66-288-12; Normalized transmission charac-
teristic of monolithic crystal
filters.

77 66-109-6; Equivalent circuit of dual reso-
nator crystal.

78 66-309-10; Attenuation characteristics of
one section electromechanical
filters.
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A QUARTER CE117URY OF PROGRESS 0' THE THEGRY AND DEVELL)PHENT
OF CRYSTALS FOR FREQUENCY CONTROL AND SELECTION

E. A. G1,7DER
W. Long Branch N.J.

and

R. A. SYKES

Bethlehem, Pa.

~ii~aa~}problem in tho laibo a to~ry or in the deovloprient of equiip-
ment that rings a bull, ro-read and stud.,, those articles.

A brief history of the frE~quency control symposiin You will be surprised at tho amount of time this will
is given together with a short report of the state-of- save and the amount of Information you will find there.
the-art In 194~7. rhe progress and achievements in the
past 25 years as presented at the various symposia will To cover all o~f the developments in the past 25
be reviewed in some detail covering the following cate- years in the period asskgned to us this morning would
gories: synthesis and product-on of piezoelectric -.at- bt. an impossible task. Howover, we have picked a few
erials, fundameontal studies, L.*ystal unit development categories uhich we think will be of intitrc.3t to most
and engineering, temperature control and compensa~tion, of the people here.
filters end measurement and teut. A brief concluding
s'ýatomor~t till be made as to th-e direction w.-'re future General
R&D efforts nay lead us.

Before we go int~o details of the review, it Is
Introduction interesting to have a more general look at the type of

papers wh~rh have been presented during the years and
The first symposiumn was hold ,aconeorence room to observe the ups and downs in technology saanifesteca

of the Squieir Laboratory in >..1.. was attended by by tho: number of papers in the various technical cate,?
personnel from the three se ctu .. cntractora on tnu gorini, Slide I showss that our symposia stirted with
problems of frequency controiL, and members of the sub- a rather large offort in the synithesis of qiartz and
panel on frequency control of 0oe old Resuarca and Bevel- othier crystals which were candidates for fr',quencyv
opment Boord. The purpose of th-s symiposium wa.; to control applications. As the growing of ou..tured quartz
review progress on the variou., -ontractn to a.,,is.t the 4as more and more pcrfected, work on other ;rystals
military in futuro program planning. During the next stopped as you can see from the declining nmmbers of
three meetings I* was expande i too inclssie otheri and papers in this category. Then, work in atovnic andi mol-
went to Gibbs Hall. Doe to laý,,er attendance it moved ecular frequency control gained momentum ani it came, in
tW Asbury park in 1951, and s~ .yed there until the first so strongly that a separate session was arringed in
meoting in Atlantic City in ly6O, the fouxtponth 1956. The papers given at, this meeting are also counted
sym~osium. in the overall number of papers in this field. In

contrast Wo these two categories, the nunibe:- of papers
at us take a look at the status in 1)4a7 as we saw in the field of fundamental properties of c:ystals for

it the, . Professor Cady's boos~ on piezoelectric ity had insitance, resemble more a quietly flowing river and
beers pu 'lis~ied. Raymond Hels:.r~g had published his book they probably will continue to do so for so.-e tine to
on advarr-szents in theory, dee,.ign and production during Come.
the war yaars. In addition, through the Galvin Industries
and The Western E~lectric Comp.r.p-y much of the manufac- Slide 2 shows a %,'tA'. of 92 articles of interest
Wuring techniques had been maie available to tho industry, in the various c-itegories shown that were selectcd
From a devici standpoint plat.'d high frequency crysial f~rcm the proceedings of the Syrmpositum published since
units had boecn developed which were stable under severe 1956. Oth~r a-ithoro might have selected differently
shock and vib-ation. This wass major improvement at that and Its qu..tss possible not all our choices lave been
tine. We had sealed oatal holasra and the dimensioning the beoot ji~nce it would require considerabla stucy to
rules had beet established for niigh frequency quartz do a proper selection. This slide serves o-sly to show
plates. for p2'ecision crystal units such as used in the the uwoas that have received the most triat~aent throusgh-
LORAN equipment, the 100 kHz CT had been developed. oitt the years 1956-1970. Much '-! the publtiihnd material
After three monA'..s of operation in. th- equipiient, it was shown h'ere was of course, inltiat~ea 4n previous symposia
stable to about '. -aet in 109 per day. In retrospect, of uhich thq many contractual reports i,' tho~ only source
by today's standw.-.1s, in 1947 tate holders leaked, high cof information. For example, prior to Ml%$, the pr.-i-
frequency crystal. 'alts aged or driftood badly and they ciples for the growta. of quartz had been well esta-
had high resistanice at low dr-vo levels. There was blishod, the mathematical solution to the miny vibra-
considerable vartr.Aon In resistance with temperature and tion probisims in quartz plates was well unsior way, the
many of them hac * -,anted modes3 which caused actual off 2.5 and 5 Mliz high frequency precision crys;.al unit
frequency opereatesai in the equ-.2ment3. designs were nearly coiVplete, VHF crystals iad been

developed, initial work had been started on, the use of
One of the rosultv of th:1- Study has been a discov- thermistors for temperature compensation of crystal

ery of the Amazinp xanvant of 4ochnIua1 ind other inform- control oscillators, thme impedance meters f~r measure-
ation that has bi-an recorded 4r the proceedings of thrie mont of frequency and resistance were sriner development.
symposia. Our advice to any :%gig chap starting in the and several papers h~ad been published on ina tufactsirisg
busine~si today wou'd be, go W.ak and read the proceedings procedures. We will now proceed to give jCs1 a brief
of past symposia. Make ý,note of the year and the article report of the progress in -iach category. h,3 attempt
that Is of particular LiLerest, and then when you meet a will be made to estiblish credit but reference to
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individuals or institutions may be ;,ade to more clearly above room temperature and peaks at 130°C but occurs
identify the subject material, only in Z-growth quartz. This loss was first ascribed

to the formation of sodium aluminum silicate but was
Synthesis and Materials shown at the 1967 Symposili to be correlated with OH in

quartz. It was also reported at that time that lithium,
We will start our wore detailed review with the used as a dopant of the growth soli:tinn, results in

great success of having available today cultured quartz significant improvements in syntheti, quartz. It
whict is superior to natural quartz in many respects. approaches in its properties, including its frequency-

Papers on this subject were presented by Boll and Brush- temperature behavicr, the best quali~y natural quartz.
Clevite personnel at almost each symposium, joined later Other techniques have also been reported which can be
by Sawyer Research. Two growing methods finally yielded used to eliminate the acoustic effects caused by the
excellent results; the high pressure, (1200 - 1800 bar) sodium-aluminum centers: X- or gamma ray irradiation, or

faster method with NaOil solution used by Bell and Western electrolysis. The latter treatment has the added benefit
Electric, and t!e low pressure, (600 - 900 bar) slower of reducing the sensitivity of the reo'onance frequency
method with Na003 solution used by Brush-Clevite-Saw5er. to ionizing radiation.
Success reacheg by all researchers was the result of
very thorough, systematic investigations. Fig. 59-17-4* Prof. Mindlin and his associates at Columbia Univer-
shows the results of a study of the growth rate on the sity have made very imoortant and lasting contributions
basal plane as a function of the percent fill in NaOH. on the mathematical theory of vibrations of crystal
Also in 1959, success was reported in growing quartz bars plates. Fig. 67-3-,7 rhows the various )ossible modes of
with the length parallel to Y specifically suited for vibration along X1 and ( in a rotated Y - cut quartz
the fabrication AT cut plates as shown in Fig. 59-462-1. plate. All these modes lave overtones and they are
The composite nature of cultured quartz material is coupled to varying degrees. These formidable vibration
vividly revealed in Fig. 65- 669-p. 672 which shows three problems have been treated step by step, as reported at
irradiated sections cut from a Y - bar cultured quartz, the various Symposia.
The smoky sections are the +X and -X growth regions and
they show slightly more internal friction than the un- It is impossible to do justIce to all of Prof.
colored Z - growth material. In both natural and cul- Mindiin's contributions, so we wish to focus your atten-
tured quartz, smoky color does not necessarily mean tion on what has been reported during the last few years.
lowered Q. If a quartz plate is cut, with a +XZ boundary In the case of rectanguilar plates with All four edges
traversing its active region, I-rger losses may manifest free, solutions are not expressible in terms of a finite
themselves. number of elementary functions. The additional compli-

cations of anisotropy and high frequency makes general
After a lull of ton years, new work on piezoelectric solutions even more intractable. However a pruning of the

* crystals other than quartz has been reported, spocifi- general equations considering the specialities of the AT
cally the five materials shown in Fig. 65-5-2 have been cut resulted in a set that could be solved in close form.

Sgrown in crystalline form and their elastic, piezoelec- This solution shown in a paper by Mindlin and Spencer
tric properties measured. Specifically, lithium niobate contained an additional family of modes - the thickness
and lithium tantalate look very promising. While retain- twist overtones as shown in Fig. 67-3-2. The mode shape
ing the desirable features of quartz, such as high Q, c nmprises phase reversals, across the width of the plate,
hardness and good crystalline perfection, they are char- resulting in a twisting deformation across the width.
acterized by coupling; factors whi.h aret about five times Fig. 67-3-5 shows a comparison of the computed and
greater than those of quartz. rhAse properties make measured resonance frequencies of coupled thickness -
them highly buitable for frequency control devices in shear and flexure and their twist overtones for a rec-
the VHIF range, especially in crystal filter applicatiors. taniglar AT - cut plate. The agreement between theory

and experiment is quite impressive. To identify more
Fundamental Studios completely the measured resonancas, X-ray diffraction

topographs are shown in Fig. 67-3-7. The fundamental
Work on quartz synthesta has awakened groat interest thickness shear mode (n.O, m2-l) is not shown. Directly

in the fundamental properties of crystalline materials above this mode in frequency is the (nr2, m -1) twist
and this effort has led over the years to a profound overtone of the thickness shear mode for which a topo-
knowledge of the lattice parameters and the influence of graph is shown. The flexure components of displacement
imperfections on Q and other resonator prcperties. A are still visible as banding of the shear displacement.
paper was given in 1957 which reported on the measure- The other 3 topographs show other •wist overtones, one
mont of the resonance resistance of crystal units made symmetric overtone of thickness shear and the 36th over-
from natural and synthetic quartz, between three and tone of flexure.
nine MHz and 1.2 to 400°K. For these and most of the
later measurements, a precision 5th overtone glass- The X-ray topograpric method was reported the first
enclosed AT - cut vibrator has been used. This parti- time at the 19o3 Symposium. Fig. 66-1-2 show:. how power-
cular construction has boon employed because its unique ful this method is. It is a frequency scan of a i'unda-
design suggests that most of the measurable loss is in mental thickness shear AT resonator. X-ray topographs
the vibrator material and not in the mounting structure, were taken at several resorance frequencies. The light
Fig. 57-62-6 shows the resonance resistance of 5XHZ sections dividing dark areas are nodes. Note the irre-
crystal units. The location of the relaxation peaks wis giuarities in the material and strained area due to the
the same for all samples tested, but the magnitude varied mounting structure.
greatly. Fig. 58-84-7 shows that the absorption peak at
500K disappears rfter X-ray irradiation, but a peak at Shockley and his coworkers of Clovite Corp. pro-
1000K shown in this figure derives from substitutional sented at the 1963 symposium a paper entitled "Raergy
Al. This peak is not apparent in quartz groon on Z-cut Trapping and related studies of multiple electrode
(Z-growth). Fig. 60-1-1 shows measurements of the acous- filter crystals". The conclusion of tIis imprteant paper
tical absorption at higher temperatures. This rising surnaarizc: their results in a nutshell; therefore we
acoustic absorption appears in thickness shear modes quote it hore verbaily. "Performance characteristics

,,,f high froquency quartz filter crystal units can be

4The figure numbers indicate the year of the 7ymposium - the page or whic, the paper appears in the proceedirs -
and the actual figure number for that paper.



explained in terms of existing elastic wave theory and a Several excellent papers appeared duri.g the
cut-off frequency, which in effect confines the vibratory history of our Symposium on precise determi iation of the
energy to a limited region surrounding tne electroded temperature coefficient of the stiffness co.-fficie,..'
portion of the wafer. Below the cut-offi frequency, and the frequency. A paper given in 1961 i ivestigated
vibratory energy decays exponentially with distance away double rotated cuts and resulted in the int-oduction of
from the oloctroded portion of the wafer. This expon- a new cut. Its orientationoaccording to IM•E nomen-
ential decay is not aosociated with dissipation but clature is 8 - -34 0; 0 , 15 . Fig 61-22-6 3hows that it
rather acts to trap the vibratory energy within a con- has about the same minimum frequency deviation as the
fined region. This explains the high Q values observed best AT cut, but displays a second order pa:.abola. The
for quartz resonators mounted on low Q supports and gives main value of these studieo, however, is th, precise
a theoretical basis for the sall inter-resonator coup- determination of firat order temperature coafficients.
ling observed on zulti-resonat.r wafers. Application Very high prerIjisn moe.qsurenoets on the sam3 topic wer
of the principleb described here should lead to sub- presented at last year's Symposium. Fig. 7)-55-9 shows
stantial improvement in Q of tk.gh frequency filter the locus of the turnover temperature measured with 5yliz
crystals and to further displacement in frequency of high proci~iori AT resonators. The scatter ,f the measured
spurious responses from their principal resonance." points is seen tc ie w:ithin a 5" band about the calct.

lated curve. Ind ative of the angular error, and rcre
Fib. 63-88-19 shows the Q of a dot resonator as a important, of ' hcnogenity of natural quartz.

function of the number of hal:i wavelengths to the plate
edge. The experimental valued agree very well with Before we close our discussion on the iore funda-
theory which postulates the trapping of the oscillating mental properties of crystals, we want to mintion mews-
energy for a certain lower vaue of JA.. On the other urements of the influence of applied compreosional forces
hand, if most of the energy o. the shear wave is confined on the frequency of ax AT plate as A func tisn of the
to the plated portion, for exarple, the rate uf decay into azimuth as shown in Fig. 61-49-1. Those me.AsurementL
the unplated part of the cryst.,l plate is rapid, then started a long series of snmllar measuremeros with many
anharmordic modes due to the plto boundary will We sub- different types of forces, crystal sizes ani orientations,
dued. The response spectrum .Z a 10 MHz AT cut resonator repor+td at our Symposia after 1961. Howev.2r, no final
its hows, in Fig. 64-93-4 whert. •il anharrnic resonances theoretical explanation for these effects iý available
below the cut-off frequency (0 for the unplated part are today.
trapped withIn the plated part of the plate. In Fig.
64-93-6, 4, is much lower (the plating thickness is Measurement and Test
decreased)'and very little tripping of enharmonic over-
tones appears. v/o will discubý the importance of these Papers i:i the field of measuremont and test dealt
findings for filters later, mainly with two topics. The C! - Meter and the C- nat-

work. To a lessor extent, bridge circuits for measuring
Hindlin'n treaendvus theoretical toels and experi- crystal parameters were discu.sed, and also methods for

once came entremely handy in t.cminag up with a theory for tstlng leaks in crystal enc'osures. Fig. 57-L63-3 shows
the phenomenovn of "energy trapping." The dispersion the circuit diagram of the VHF crystal impedance meter
curvos for thicknoss shear and flexual waves in an In- AN/TM - 15, reported at the 1957 Eymposium. Compared
finite plate, propagated in th,. X -dUrection is shown with the older TS -683, it provide.- a circuit such that
ir, Fig. t-'5-2 which demonstrated the criticality of the crystal power dissipatior is relatively Independa•iL
the electrode dimensions. Di.xvnolonle.s frequency is of crystal resistance, important for produc ion teating
plotted as ordinate and later. wave number as abscissa, of crystal units. This was made possible by the low
A detailed itudy of this graph will relate the electrode resistance values used in the crystal netwo..k and the
aimna,eions for trapped energy resonators. The uppei addition of a grounded grid amplifier. A mt-uring cirLuit
.. rvej are tna liiper-iion curts for the uncoatod and to measure crystal voltage was also added. The TL - 15
tht. lower ones for the coated part of the plate. To the covers a frequency range from 75 to 200 MHz. The repeat-
left of zero, the wave number is Inaginuary and the waves ability of frequency measurements, specifically in the
are non-propagating. At froquencieo between the two cut- HF range, had been a problem with CI - Mete:s, specific-
off fr'.1 uencIe.,, the thickness - shear motion in the ally with the TS - 330 which covers the rane from I to
plated part .. propagating, but in the unpiated portion, 15 MHz. ThiU problem was due to crystal cL.,rent changes
u havt. again no.-propagation .o that the amplitude falls and was solved by the use of automatic gain control.
off exponent..dly outside of the plated portion. Above This allowed control of power lovels from one to ten
the cut-off frequency of the unplated portion, both microwatts. It resulted in an impro!8ment of the fre-
waves are prveagating over the entire plate. If the X - quency repeatability from 10-7 to 10 . As shown in
dimt4nion of the plating is h.hrt enough so that the Fig. 61-98-6 the twenty three data points have a scatter
lateral wavelength of the first anharmonic overtone would that rarely exceeds 5.10-9.
nave to be, roughly, two third.x the length of the plating,
the wave number would be high w.d the frequency of the A compilation of all CI - Metors avwil..ble or jnder
first anhamn.Lc overtone would be above the cut-off devolopment in 19 6 4 is shown in Fig. 6L-Ut1-l. The
frequency in the unplated portion. Then that first and table is still valid today with the oxceptivn that th,.
all higher overtonoe would provigate out. The critical T:24 - 20 is replaced by the TMi - 305 which i, corwmercially
leneth of plating,, then, wi.ll se inversely proportional available. Fig. 6L-441-8 shows the adant.4.e gainad by
to the wave number in the plated portion at the cut-off an inductively tuned CI - Mcter. We have a :onst.bnt
frequency of the unplated portinri of the plate. stabilization factor for each frequency ban,, and at the

same time, greatly rocdced the number of necessary bands
In 19,0 . paper was tresenned on high precision to cover the same overall frequency range. The problen

crystals which wore excited by slectrodos creating a with the low frequency T.3-710 meter was the .verdrivt of
field parallel to the major surfaces of the plato. .nco good, low resistance crystals after rated drIve was set
this arrangement loft the nest active center part of the as specified through a relatively high real tanc... The
plate free of coating, a highoA Q resulted, bought, how- solution was to improve the AXC and make tht resistori in
ever, for the price of a nigher impedance level of thu the crystal network aajuatable for speuif:.e. frequernt
crystal unit. The parallel - f..eld excitation proved to bands.
be adventageous when the crystil was exposed to sudden
tenperature changes. Fig. 6 3 -48- 44 shows that the trans- Turning now to tho.eZ or tranr•ilsviv: c~r .t retod,
ient frequency .hango is one order of magnitude 5nalier the firm of Rohde and 5chwaiz presentte in .i% the first
than in the case of the perpendicular field. commercial version of the transmission circkit methou,



together with synthesizers to cover the frequency radioactive tracer technique, bul. the latter is economic
range from 30 Hz to 30 MHz. Fig. 59-354-2 s.ows a side only for the large volume production.
and top view of the transtission network. The two resis-
tors RT, and H,2 forming the network consist of four Crystal Unit Development & Engineering
deposited - caroon resistors arranged in the form ef a
star. Tne two resistors connecting the network with the Figure 57-277-2 shows the calculated variation in
oscillator and the detector form the infz: conductor of Q due to the intrinsic losses in quartz as a function of
a coaxial line. Due to this construction, it can be temperature and frequency. Both low and high frequency
used up to very high frequencies. A phase indicator crystal units were developed for operation in the range
connected to the crystal terminals facilitates tuning of of 4

0
K to 70

0
K. They had high Q and very low drift but

the equipment to th. crystal resonance frequency. The continued effort in this direction ceased, due to pract-
phase detection technique is shown in block diagram by ical difficulties of maintaining accurate control at
Fig. 68-259-8. This forms a phase locked oscillator and these temperatures, and because more promisin,; develop-
allows continuous resonance frequency measurements for ment. .ppeared possiblo for high frequency cry.tal units
manufacture and test. A crystal measurement system at 2.5 and 5 MLdz at room temperature. Reduced drive
shown in Fig. 69-93-2 using an RF vector voltmeter was levels and improved .jcillator staLility were obtained
described at the 1969 symposium. The vector voltmeter by using malti-stag. gain as shown in Fig. 57-277-21.
test set is basically an oscillating loop containing an
amplifier, a phase shifter and the crystal in the Z - Comparison tif different types of flexure type
network. crystal unit structures is shown in 58-282-2. The XY'

flexure unit, while widely used in Europe for several

As in Fig 68-259-8, the phase angle across the crys- years, had not received much attention in this country
tal is sensed by the vector voltmeter and adjusted antil until presented hero. It is shown that it has a lower
the frequency of oscillation is of the proper value to secornd order tempera ure coefficient and increased
produce a zero phase angle across the crystal. The stability with tire over the other two designs. Within
vector voltmeter can be switched to measure the voltage the froquenc3 and impedance limitation.ý it doe. have
to ground at either probe A or probe B. As shown in many advantages.
Fig. 69-93-5 these voltages can be used to find the crys-
tal resistance and drive level. The voltage readings Fig. 59-423-1 gives the relationahip between
V and VB determLie the X and Y coordinate., of a point important choracteristics of precision, moderate preci-
wtlch in turn determines a constant resistance line and sion and stand.ard crystal units prevailing at the time.

a constant power curve. The basic accuracy of this crys- As ..n be seen, for 100 times the stability one paid
tal test set is about 3 to 5 parts in 10P and the nearly 100 times the price. While the stability of all
resetability error in the order of I to 2 parts in 108. types has increased by today's standards the price
Crystal resistance and drive level accuracy is in the differential has been materially reduced.
order of five percent.

High frequency crystal units were developed to

Two papers, prcsented in 1969 and lI70, compared the withstand high shock and vibration for use in missiles
precision of the IlC network with those of bridges. One and satellites. The performance )f production models
author, comparing an admittance bridgte and the GR bridge at 5 Mi fover a 10 hour aging period was less than
type 1609 with the 7r rntwork, found no significant system- , x 10" *. The design of a complete oscillator and oven
atic differences. The frequency resetability appeared to withstand hig shocc and vibration is shown in Fig.
to be + 7,lO in the worst case, provided that the '?' - 60-200-1. The variation in frequency due to vibration
network was designed car,Nftlly and phast errors due to in the radial and lonritudinal modus was less than + 1 x
par,.sitic Inductances and capacitanct5 were compensated 10-". An improved design of the crystal unit to with-
for. Fig. 69-102-8 shows how the phase error can be stand high acceleration rates is shown in Fig. 60-200-9.
held small and indepcnrdent of the calibr.ting reslatance. Note the biconvex plate design. The support ribbons were
On the other hand, according to the second paper, tridges also preferentially lcatod with reference to the crystal
seem to be better suited for the measurement of the axes.
motional capacitance above iM10z.

The next major step in reducing frequency drift
Attention to the proper measurenoe,t of unwante.d with time resulted frt a study of the on-off character-

modes in crystals was drawn in a paper presented in 19(3. istics of precision oscil-atoro. Fig. 63-L-2 shows tUe
The hybrid boil bridge method shown in Fig. 63-316-1,2,3 result, of oven and oscillator ýhut down on the 2.5 Miz
is suitable for this purpose if proper precautions are oscillator. 'rystal .ilts processed to reduce the resi-
used. It ahaws the schematic of the test circuit and the dual gases present In the enclosures resutlted in the
equivalent circul.t of a crystal vibrator. Wher the performance shown in Fig. 6.,-4.3. As can be seen the
bridge is balanced the tiquivalent test circuit can be effects of oscillator .ahut-iou,,. are essentially nil and
reprosent•t; by the lower figure and the maximum in- the effect of oven ,.hu1-dosn ,-v iveun reduced. A strain
sertion voltage ratio calculated. relaxation of the mounting w f 0 quartz material may

account for the small change.

Test of the seal and evaluation of the crystal unit
enclosure is also an Important stop in devoloping and A study of many standard grr,.;e .;, frequency crystal
producing eeood crystal units. Yethods for unit herric- units subjected to aging at high temp raerý and at
ticity fall into two categories; those whkch detect in- various levels of drive shows the rejulti gi' n in
ternal prebb.me rise and those which depend upon the Fig. 63-211-3 for those anita in .iolder soalpi .,,ytal
uctection of a trace sub,,tanct, which pa- es through an holderi. It seen, obvituus that leaks had develcped in
actual leak. Fig. 69-1.'5-Tab I shows prf noure rise most units. Those unit, sealed in glass holders gave
detection methods togetheo with their tienaitIvity. The results shown in Fig. 63-289-1.. Except for u.ie group of
ionizatioi current method has been empluyed for .iome catastrophic faillnre., the performance is gooa even at
time, but is now being replaced. Among the actual leak 500% drive Iovcls. The failure rate of crystal units
test methods Q.nown in Fig. 65-1'5-Tab II the bubble as a group, comparod witi, other telectronic compunonts, is
test is porhapt. the baslest and least costly. Its shown in Fig. 64-217-Tab II and is only surpassed to
sensitivity may be increased by subjecting the units to any ;,reat extent by nica capacitors.
be tested to external helium pressure. The widely used
mixed gas backfille" helium mas.s spectrometer test can It ha- long been Kncwn that the Q of low frequency
detect leoks of 10L'Occ/sec. 14 is excelled by the wire mounted crystal units has been limited by the solber



connection. Fig. 60-302-1 shows the results oi replace- Temperature Control and Compensation

mont of the solder connection by a thermo-compression
bond, The improvement is evident in Q, particularly at A nicber of papers were presented on the development
the higher temperatuces. It is obvious that losses in of ovens and over control, particularly on proportional
the mounting system even with thick crystal plates still control. Also a great deal of work was carried out on
limit the Q of these units, change-of-state ovens during the period when low temper.

atere operation was being considered. Tho fact that they

An additional improvement in parformance of crystal were useful only at fixed temperatures and a high state
units came with the introduction of cold weld enclosures, of solution purity was necessary, led to abandonrent of
the basic design of which is shown in Fig. 64-166-3. this approach. Since the temperature-compensation tech-
Fig. 64-166-2 shows a series of outlines including the nique has rcceived the most attention in the proceedings,
frequency range covered using standard size crystal most of this section will be devoted to it.
resonator alemcnts. Similar cold weld enclosures have
since been applied to the HC-6, HC-18, and flat-pack L. F. Koerner reported as early as 1955 on tempera-

configurations. A ssnixary of the drift characteristics ture compensation by thermistor shunted capacitors to
of 5 MHz crystal units utilizing progressively improved reduce the frequercy change of crystal units dhie to temp-
enclosures and processing techniques is shown in Fig. erature. This method introduced additional loss to the
6h-166-13. cr,;stal unit and was considered ,indesirable at the time.

With the increased availability of stable thermistors

Once the holder problem had been solved it was and variable capacitance diodes, the former method has
relatively easy to go the rest of the way and apply received little attention. Most of the work in this area
hydrogen firing of the piece parts and vacuum baking has since been concentrated on the non-dissipative ther-
during lowr pressure cycles in an oil free system to mistor-varactor approach.
reduce the contaminating atmosphere. Fig. (6-192-3
shows the results of oven and oscillator shut-down on An oscillator circuit employing this principle is
crystal units with solder bond supports and thormocom- shown in Fig. 6J-1:87-1. A reverse biased diode CV is in

pression supports that could be high temperature proces- series with the crystal unit. A change in bias will vary
sod. The indications are that tile change in the solder the effective capacitince of the diode with a resultant
units is due to sorption-desorption of residual gases change in frequency of the oscillator. It therefore, is
and that shown for tile high temperature bonded case is necessary to develop a voltage V as a function of temp-
thermal relaxation. Crystal units shown in Fig. 68-89- erature to just compennate for 19e normal frequency-temp-
10 are in production. Typical shut down characteristics erature characteristic of the crystal unit. This gives

Sof these units are shown in Fig. 68-89-21 and drift rise to the term "Temperature Compensated Crystal Oscil-
characteristics in Fig. 68-89-20. Thus, there seems later" or TXCO ror slort. The circuit shown in Fig. uh-
little need for further develorrent of these precision 487-2 employing resistors and theptdnstor., will provide
types to reduce drift since ultimate accuracy will be det- most of the voltage-temperature chara-cteristic required
ernined by atomic or molecular standards. Precision for AT type crystal units. A single thenmistor .n the
oscillator.-, will maint.tin sufficient Intermediate shunt arm 1ay be used if only a linear negative coef-
accuracy and future noeeds will require improvements in ficient is to b- conpen,;ated. The principal problem is
spectral purity. Improv(reant in the drift, rate of then, to determine the values of applied volt~age, resis-
general purpose type crystal units, howevur, is required. tore and thornistor.s in the compensation network needed

to reduce the deviation in frequency of the oscillator

While the concept of "energy trapping" is covered to the required 1lvei.. Many factor:, must be considered.
in the general subject of "Fundamenttl .1tudies" there Fig. 6)s-1.67-18 lists those elementi that must be con-
are two interesting developments that have boon reported. sidered In th( four categories: Crystal unit parameter.s,
One is shown in Fig. 66-103-is in which it is demonstrated variabl, capacitance diodes, compensation network and
that after sufficient electrodo deposit has boon made, a oscillator circuitry. With a greater muber of elementv
further reduction in frequency nay bo obtained by adding in the compensation network the frequency change with
SiO to the entire plate surfaco without changing the temperature nay be reduced materially. Such a network
conditions to trap additional modes. The other is is shown in Fig. 65-o17-2. By employing computer tech-
shown on Fig. 70-126-13, where, by ion etch techniques, niques, since curve fitting is a prinary problem hire, a
a pattern the size of the electrode has been etched into suitable design may be developed quickly. Fig. 65-c 17-1l,
the quartz plate. This allows, in the caso of VHF shows the results of successive runs to achiive reasonably
resona' %, for an adoquite thickness of motal to be good compensation. In any case, as the tenrvrtu( rnge
deposited for an olectroac to have low resistance before and frequency requirements are increaded, frt quency ton-
additional modes are trapped. Fig. 70-126-114 shows pensation becomes more ecnensive. It has bern su-iested
clearly the resonance speactna for different degrees of that for w1ido temperature requirements, an o.,n to limit
plateback. the lower temperature to 0°C, for example, aii'ht result.

in a more economical solution, Also a proportional

Throughout the Proceedings a large amount of design control oven to meet severe frequency requirerats ,311houlc
information ant procedures can be found. For example, bc considered.

the respone,o spoctrun of i 5th overtone ')l MHz crystal
unit given in Fig. 6b-67-3 res.ults if ton large or too Fig. (19-l)-p 19'6 show.3 the detailed prcehdure for
thick electrode is employed. Many of -he ntnha-nonic estimating the voltage required for ccmpenvat~on. By"
modes become tr.apped. One proe'odure outlined in Fig. comparison of the inverse freq1e: 0y-temperature •harae-
,:8-67-h leads to the results shown in Fig. 68-67-15. teristic of the cryst_1 unit, tUe computed shift in fre-

quency with s•eriet ca•picitance told the varactor charac-
With the mathematical theory of vibr,,ting plates teriatlcs it is por:ukle to detoerine the required vot-

well establizhed, together with the trapped energy con- age that must be developed for compensation. This ligu;'-

cept well understood, most of the conventional crystal also shows the use of a d.c. amplifier to permit los;
unit designst may be obtained directly from the computer. voltages to be usedi, an offset voltage to take care of
As better design and more accurate constants become initial calibr'tion as well as 'ing, and iniuctance
known the programs may be improved or altered to give associated with 'hte vwractor to maie ilt more linear. An
design informktion to meet moret sophisticated require- example of compeon.ation for (1 type crystal resonatort
ments. in the frequency range of 8,)j to 1500 kliz is showi In

Fig. hu'- -p•-p 11)7. Also shovn ia the chanp' to be
expected from a + 21 p.p.m. jdJustment of tnt, frequen(y.



Nearly one order of improvement in frequency tolerence Purposes. A stary of measured characteristics normal-
is shown. ized to a single chart are shown in Fig. 66-288-12. The

attenuation peaks shown for the dual resonator case are

As early as 1961 compensation to two orders of nag- formed by capacitive coupling from input to output term-
nitude have been possible if sufficient complexity is ir.als. The loss characteristics for the three and six
allowed for the network and computer method ased. Fig. resonator cases are monotonic as shown by the dashed and
61-297-10 shows the results of development for the dotted lines. The General Electric approach is shown in
AN/URC-32 Tranceiver. Nearly as good results were Fig. 66-309-6 -where a pair of trapped energy resonators
achieved over an even greater temperature range for the is shown with an equivalent circuit indicating coupling
50-179A Reference Frequency Standard as shown in Fig. between the resonant circuits in general terms. The
61-297-11. The long term drift of these types is shown transmission characteristics of several filters of the
in 61-297-12 and is consistent with their temperature dual resonator type for different electrode separation
stability. Using presently available components, the and hence band-width are shown in 66-309-10. The intro-
drift characteristic would be substantially reduced. duction of capacity from input to output terminals to

provide attenuation peaks was also demonstrated.
Several developments within the last two years have

shown continued improvement. By using a six point net- The final link on the monolithic filter to modern
work and successive computer calculations it is shown network synthesis was achieved as a result of investigations
that for the AN/PHC-70 tactical trancelver the stability to determine a practical equivalent circuit by W. P. Mason
shown in Fig. 70-191-3 may be achieved. For temperature and W. L. Saith. With this approach it is possible to
ranges restricted to 200 centigrade a stability of one obtain any of the Tschebyscheff, Buttorworth etc. respon-
part in i0 is possible. sos. The design of an n-pole monolithic filter could

then be obtained from the published tables of Dishall,
There have been many papers on oven development Weinberg, Zverev and others.

including the use of Dewar flasks to reduce the power
required to maintain control. One in particular is of The transmission loss characteristic of a six-pole
interest in that it employs an idea proposed many years filter is shown in Pig. 67-179-12 for both measured and
ago. Heat is supplied directly to the quartz plate by calculated points. Note the close correlation for losses
depositing a carbon film on the periphery including the up to the 60 db level. Above this level the measured
sensor control. Fig. 70-157-7 showi characteristics loss drops off due to scatter propagation. An X-ray
obtalneC- with this approach. On the average about .6 of topograph of a six pole filter is shown in Fig. 67-179-8
a watt is required at ambients as low as -40 0 C. This is showing the zeros or critical input frequencies for a
about one-tenth that required for the very effilcient shorted output. These may be looked %,pon as the funds-
Dewar method. Care must be exercised to design against nental and anharmonic overtones of the entire electrode
temperature transients since gradients within the quartz array. It is easy to distinguish the first, second, etc.
plate can produce substantial frequency changes, to the sixth nodes.

Cryatal Filters An alternative approach is to use capacitively

coupled dual resonators. The response of a four section

The first symposium paper on crystal filters appeared (8-pole) and 5 section (10 pole) filter is shown in Fig.

in 1956. It served to show the characteristics that 68-188-9. This method takes advantage of the cascading

could be obtained from conventional half-lattice designs principle and eliminates the problem of scatter propaga-

using cryst.Ll units then available. Fig. 56-339-4 shows tion and also unwanted modes.

the attenuation obtained using 8 and 4 pole half-lattice
designs. Fig. 69-79-9 shows the computed effect of resonator

Q on the in-band characteristics of an eight resonator

Wide bands with low distortion over the band can be monolithic filter. This is for a 10.7 MHz filter with

produced using inductance to increase the separation of a band-width of 3 kflz. Reasonably good response shown

the poles and zeros. Also letting some of the critical by the third curve from the bottom requires a Q of
frequencies fall outside the pass region improves the 200,000.
in-band resistance in accordance with imago-parameter

theory. Pig. 58-500-5 shows the attenuation of a five Eight pole monolithic filters, under production

crystal lattice section shunted by inductance to widen conditions for broadband multiplex show the characteris-

the pass band to 150 kHz at a center frequency of 20 MHz. tics given in Fig. 70-84-1O. The lines "ith dots give

The unwanted responses show up above the band because all the average and standard deviation for 24 filters plotted

crystal units were in a single lattice structure. against the computed loss curve. The results for the
in-band loss are shown in Fig. 70-8h-ll. This matches

In the next. few years, a number of papers were very closely the results indicatsd in a figure shown just

presented on crystal filters including ladder typos using previously by an entirely different group of authors.
equal inductance crystal units and types with doubly
resonant high frequency crystal uLnits where the resonance Three other applications of coupled resonartas have

separation was controlled by the plate dirensions, boon presented. Fig. 68-206-6 shown three resonators
adjusted to different frequencies and connected to a

It wasn't until several years later, in 1966, that the diode network to perform the function of a discriminator.

real break-through came in crystal filter techniques. This eliminatas the necessity for an additiomil modulator

-iearchers at the University of Tokyo, The Beoll Labor- to low frequencies to obtain a stable discriminator.
at< '-, and the 0enoral Electric Co. each independently Impedance transformation may be obtained as shown in

presotit., oapers at the 20th Symposium on monolithic Fig. 68-206-9 by the introduction of a capacitor with

crystal filters. The Japanese approach Ia shown in the associated retuning of the end resonator. Finally d

Fig, 66-266-2, It shows a pair of trappeo energy rosen- stable low frequency source may be derived from a three

ators with a finite separation together with an equiva- resonator array as shown in Fig. 68-206-10. The differ-

lent lattice structure for design purposes. Measured once frequency of the two end resonator controlled oscil-

transmission characteristics of single and tandom pairs lators is detected by tUe diode connected to the middle

are shown in Fig. 66-266-4. The Bell approach is shown resonator. Since all resonators are on the sane quartz

in Fig. 66-288-10 where multiple trapped energy resona- plate, temperature tracking should be much better than

tors are coupled on a single quartz plate. Both the presolection of individual crystal units.
lattice and ladder equivalents arv shown for design



• Future Dovell~ents

Now let 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. We asked a few of our the next 25 years, you wouldn't believe 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, the
quality will go up, the accuracy will go up and the price
will go down. And to summarize this picture, the price
and delivery war will be fought on the local battleground
with conventional weapons. It appears there will be
little change in basic techniques; names, languages
and acronyms will be different but fundamental concepts
will remain the same.

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 frequency source. In the digital case
we 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 the frequency
generator or clock, we need a precise 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 probably there wiill be
fewer crystal units produced for these systemd but they
will have higher accuracy.

For the higher frequencies there should be a
.material size reduction. Present 10 K1Hz crystal units
can be produced with cryJtal plates 7.5 m m in diameter
or less. At 30 1AHz, they.Jhould be 2.5 m m or less.
It is inconceivable that any of these plAtes would be
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. It is believed that if we take a
look at the progress that has been made in integrated
circuit technology and apply some of those techniques to
the present crystal design and development~s, we would be
far ahead. For example, with smaller size plates, batch
processing becomes feasible and except for final adjust-
ment, 100 vibrators can be processed from 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, wire and radio transmission systems. In the
future, there is going to be more and more use of mobile
and marine radio equipment.

With developments in acttvo solid state devices
moving in the direction of performing functions, it is
inconceivable that elements for frequency control and
selection would not follow this same trend. Some of
this has already started but presently available VXCO's
and filters resemble little the advancements in integrated
circuitry. What is envisioned is a completely intograted
series of functions such as: Frequency generators,
synthesizers, translators and modulators; narrou band
amplifiers for Szgl, AM and FM s*stem', as well as dis-
criminators for IN systems. These functional devices
should be of the -ilzo and performance to be compatible
with other functions to form a basic equipment used in a
system. So far as the other new concopos are concerned,
some of them may still be buried in the symposia proceed-
ings in a manner similar to that of Mortley's article
disclosing tths trapped energy contept published in Wire-
less World in 1951. The apple just didn't happen to drop
on the right, he d at that time. The monolithic filter
as we know it today could have boon available more than
20 years ago. Either we wore not ready for the concept
or simply did not recognize it at the time. So far as
other items in the future are concerned, we leave those
to your imagination.
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25 ATOMIC AND MOLECULAR
NO. OF FREQUENCY CONTROL
PAPERS20

SYNTHESIS

AND MATERIALS
is- FUNDAMENTAL.

-,,,/'.- ,, /
/ I/ •._/ t"

( •" 'I I I'

196i0 52 54 56 58 60 62 64 66 66 70
YEAR

Fig. . - Number of papers given in fields of
synthesis, fundametnal studies of
srystals and atomic & modular frequency
control.

CATEGORIES N!O. OF PAPERSREVIEWED

SYNTHESIS AND MATERIALS 8

FUNDAMENTAL STUDIES 22

MEASUREMENT AND TEST I 3

CRYSTAL UNIT DEVELOPMENT 26
AND ENGINEERING

TEMPERATURE CONTROL 8
AND COMPENSATION

CRYSTAL FILTERS I 5

Fig. 2 - Number of papers in various categories
selected for review.
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RATE ON BASAL PLANE VS.
PERCENT FILL IN N&OH WITH bt"•3

0 C

,oo -- -i- -•

180 -

120 -
< 0 A0 LABORATORY
\. £A PILOT PLANT

1001 I U0

- GROWTH TEMP 00 •

40 c

20 

C~~,000 ..I

2 0 --

be5 70 74 78 02 56 90
% FILL

Fig. 3 - Growth rate of synthetic
wuartz.

QUARTZ CRYSTAL BAR AS CULTURED FOR AT CUTS

..------------- -------------------- Y.AXISSL •jfME vL% w

a. PLAN VIEW

,4

z. Exrs• ',Y. AXIS

Z €Ax :. O . '"

c: END VIEW d. CRM SECTION , CROSS SECrION AFTER
= i * k LU O W H E. E.IN G ,'

I 
I

Fig. 4 - Synthetic quartz-bar growth.
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71P. I-rradIAt.d sectlons of synthetIc quartz.

PIEZOELECTRICMATERIALS SYMBOL CLASS CONSTAjm4S

LITHIUM GALLIUM OXIOE L, 00 Ol ORTHOqJiOUSIC Clv,2mm) S

LITHIUM NIOBATE LI bO TRIGONAZ. Csv(3m) 0

LITHIUM TANTALATE L1T00 3  TRIGONAL C3v(3m) S

LITHIUM ALUMINUM OXIDE YLIAlO TETRAGONAL D04(421) a

CALCIUM PYRONIOBATE Co1 mblO, MONOCLINIC CsvllSmn) S

Fia. 6 PIEZOELECTRIC MATERIALS UNDER STUDY
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0 _ BI 812.0 X 10-4

atL6 Xl00 EXP1.

,be 0113 THEORET.
* ( (X DIr(ECTION, 29d RUN, 1O Mc AT-CU'')

4 b --- MON/GROUND EDGE

* I , I I . I I I

0 5 10 15 20 25 30
d/b

Fig. 14 - Mechanical Q as a function of dis-
tance to diamond ground edge of
wafer.

' so

(0

z 40
II I

Lu•

20

100 1o FIO2 103 104 10.5
S~FRF'OUENCY IN MC

Fig. 15 - Resonator response with rectangular
electrode in X direction, electrode
length = 1Ob.
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60 . ..
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z

o

0.
I,1
w

n - , I i. ... I I I ,II I

955 975 995 1015 1035 1055 1075 1095 1115

FREQUENCY IN MC

Fig. 16 - Resonator response with rectangular
electrode, length 10b.

(s

TS F1•in

'I;

/F,

TS u THICKNESS-SHEAR
F', FLEXURE

0 5 0 0,5 1 .0 L5 2 0

Fig. 17 - Dispersion curves for thickness shear and
flexure in a quartz plate.
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EFFECT OF 1I C CHANGE AT 500 CS13 • 200 C.510

0

92

TIM IN MNUTE
Fg.- 18 I / rqec hng rcso

o 5,
>. 4 I.5 MC, n x 1, PARALLEL FIELD

o 2. 5 MC, n - 1, PERPENDICULAR FIELD
z 3w" 3. 5 MC, n -5, PERPENDICULAR FIELD
20

""I

.4.

0 5 10 15 20 25TIME IN MINUTES

Fig. 18 - Frequency change tf precision
crystal resonators due to tempera-
ture gradient.

60 1---AT--

I. AT oPTWOu AKLE
40[ 3. eT

{4 P

TEMPERATURE 10

SFig. 19 - Frequency-temperature curves for AT,
S~BT and RT-cut quartz resonators.
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35* 36.00'.

34.00'

32.o0'

U 30.00'
IL
0 28.00'
w
0 J 26.00'z

24.00' EXPERIMENTAL POINTS
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22.00' -
MINIMUM AT
ANGLE - 35* 19' 09"35" 20.00' TEMPERATURE z 32.50 C

-20 -0 20 40 60 80 100 120 140 160 180
EXTREMUM TEMPERATURE (0C)

Fig. 20 - Locus of turn-over temperature for AT-cuts.

z
R 24 -
wz

-=, ",- 8--- -- /

-16 -

-161 - tL I.
0 20 40 60 80 z100 120 140 160 180

'Ax z x
Fig. 21 - Relative frequency change per unit of

applied radial force for AT-cut resonators.
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AOJUSTEO FOR MAX 0IC0

GA•KS CURRENT AT 210 Mr we

Fig. 22 - Simplifked circuit of AN/TSM-15

i Test set.

NUMBlER, OF ME[ASUJREMEMIS
0 10 15 20,

<:: -6 INTA 2 HORP IOSI-K

ii

"SE 18 0:22

_4-0

TYP*ICAN GIGCUV

?i2 Mc3D .. CCSA

Fig. 23 SiTypiicel ciuraycuive o 2 MN/T 3rd
overton crstaent.
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FREQUENCY COVERAGE Of AN/TSMIS-
PRESENTLY -USED QUARTZ CRYSTAL (CI IVER)

TEST SETS

AN /ISM-T I
(MOD P1ERCE) I

AN/ TSM-49 I
(MOD PIERCE)I

,TS-37/TSM
C I ELT R)

AN/ SM - 20
(HEEGNER)IE

25 KC WorC T00 KC INC IONC tooC 200MC

FREQUENCY

Fig. 24 - CI mecers available or under develop-

ment in 1964.

VwgZUIu 1=C1 TA V. 1XINNMM

Is CAPACITIVE TUNTGC INDUCTIVE TUNT•G

10 BANDS - C BAND I • 150 op
14 C180T-16Opt ON IST 2 4 2" SSpf

3. 58 pf
_ T2 Ct.40.8Opf 01 NEXTG 12 4. 32 pf

C20_40pfO AT
10., C1.20-40 pf 01 LAST2 10, C, ASSUMED CONSTANT

TO, C, ASSUMED CONSTANT • T AT O01pT
AT OOT -f

4 A

2 _

8l 2 4 6810 20 81 2 4 6810 20
fRE0 MC IREO HC

CAPACITIVE TUNTNG INOUCTIVE TUNING
10 BAKOS Cl.32pf

S- 40 of ON LAST 2 ANY NUMBR Of BANDS

(C,ASSUMED CONSTANT e C ASSUMED CONSTANT

SOO4I 
AT 001 pf

81 AT 46810 20

S 2 46810 20 8o
FRED PC FRIO MC

Fig. 25 - Stabilization factor vs. frequency.
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VIBRATOR

R1 T T 1

VARIABLE
FREQUENCY =0 0- DETECTOR

OSCILLATOR

CL

CRYSTAL TEST CIRCUIT
(TRANtSMISSIONd NETWORK)

fig. 26 Crysal* unit twas~ission test netnok.

OUPUT 'AOLTAGE PHASE

Fig.27 -Bloc Edia Raofsl tuephe

detectio measrinAsytem

S 20



TUNING

CV

PHAVE VO CUTER
LEVLELCT

SHITE *0 Q 40 0 0

fl* ~ @4*an. n~ di. Xv1 roh

21R



UNCOMPENSATED
'r' NETWORK OF OLD DESIGN

•° II

PHASE
"IN

DEGRE

COMPENSATED 25 Ohm
YT' NETWORK OF NEW OESIGN

• CALIBRATING RESISTANCE '"

INFLUENCE OF DESIGN OF It NETWORK ON
PHASE ERRORS.

Fig. 30 - Influence of design of•networks
in phase errorr.

Ye
R1

RL:
4

SCHEMATIC OF TEST CIRCUIT

• w3

a•,) b) Y.- ,jWC.
-•' EQUIVALENT CIRCUIT OF CRYSTAL VIBRATOR

W{..

EQUIVALENT CIRCUIT OF TEST CIRCUIT

(C:C. ;T, IDEAL)

Fig. 31 - Test circuit for measure-
ment of unwanted modes.

L22

R22



Fig. 32 - Pressure Rise Detection Methods

Test Method .pe Unit Sensitivity

Prequency & ER All Dependent upon resonator cut
Tesla Coll Glass 5 x 10-2 to 5 Torr
Hot Wire Pirani All 5 10-2 Torr
Bead Thirmistor All 3 x 10 to 10 Torr
Ionization Current Metal 3 x 10-1 to 10 Torr

Fig. 33 - Actual Leak Test Methods

Trace
Test Method Substance Min. Detectable Leak

Bubble Test Air 10-5 std cc/sec
Bubble Test Helium 10-6 etd cc/sec
Pressurized Die Die
and Vacuum Penetrant See Note 1

Mixed gas back- Helium 10-10 std cc/see
filled Hlu 0 sdc/eAccumulation Helium 10-11 std cc/see

Accumulation Argon 10"13 std cc/Bee
Radioactive tracer Padene 10-13 std cc/sucF gas (Krypton 85) (10-10 to 10-9 std cc/sec

(and Nitrogen) go-no-go

8C - -

40

Ai

SF .34 - .Vaitini Qw tepr -r and

freqencydueto intrinsic loss in
• quartz.
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r---------...--

W OKC CRYSTfAL.

CRYSTAL OVEN

-•SK: 1O 0K SK, IOK5Io 0Av e
5 11 10 K'on AMPUPIER

0 AKS 6AK* emOAs

AVC

•"•CI CYSTA. NIETWORK CPrTOET(RMINEO FROA • *

C Fig. 35 - Mult-stage oscillator.

SA. ELECTR00E CONNE•TIONS COI/PREO

'otho I T

O AkSThO _ I M ETH OO A

Fig. 36 - Flexure mode crystal unit

designs.
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HIGH HIGH STANDARD
PRECISION PRECISION CRYSTAL UNIT

Temp. Coerf
(in 10-7/0c) 1 2 10

Q
(in 10 4 ) 100 - 200 10 - 50 5 to 20

Stability//r
(in 10-1u) 1 - 10 10 - 100 1000

Stabili ty/wA1
(in 10-8) 1 20 100

Drive Level
(in uw) 10 to 100 500 2000 to 10,00O

Pie x x x X
Prioe x to 1 - to -

a 50 100

Fig. 37 - Parameters and cost ratios of crystal
Units.

"'" i ......C'C *4kJ4 -

.91. COW

Fig. 38 -Oscillator for severe environments.
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QUARTZ PLATwe OLDE

NICKEL RIBBON-� --- WELDED

ISOe SOLOER,ý
• I-CRAZD TERMINAL

SCALE 3/1

Fig. 39 - Crystal unit design for high acceleration.

TIME IN DAYS
3 5 10 15 20,2S 3340 45 55 00 7

9FFEC ; OFTIME IN DAYS
0PATE E I I 10 20 30 40 so 60 70 80

O OV •N -
04OSCILLATOR ----

Sz OFF ON;- -

>0-W
-'. . 0

* -1 I -

Coma•.Ci 29 3 8 13 1823 283 813 1823 282 71t21705 ~~~~: 
V0-1004 

4I 011

S• •,, 'Fig. 41 - Effect of oven and osc. shutdown.

w 4

F ig. 40 - Effects of oven and osc.
Sshutdown.

aW

A 1
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1*' D I
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4 - 1- 1i
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Fig . 42 - Aging of metal enclosed crystal units.
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Fig._ 44 . 1 K. + 44 X-CUT -

£ OMPARATIVE FAILURE RATES OF REPRESENTATIVE A. A..o --M
ELECTRONIC COMPONENTS 2800 - - -

COMPONENT FAILURE RATE 2400
(% / 1000 HRS) -,,-:'OLDER

Q= 62,000CRYSTAL, QUARTZ 0.14 
-0 0 - -

DIODES 0.298
"ELECTROLYTIC CAPACITORS 0.248
MICA CAPACITORS 0.046 - -

- RESiSTORS 0.036 TO 0.140
TRANSISTORS 0.103 1200
TUBES

RECEIVING 0.942 Q 1=8,OOo
TRANSMITTING 4.29 8oo T".RMO-COMP -

MAGNETRONS 54.4 
W

A THERMO-COMR-. . 0 - 12 4 , O0 00FAILURE IN THE FIELD -IN SHIPBOARD AND QI I I20LAND-BASED EQUIPMENT o 20 40 80 80 100
TEMPERATURE IN DEGREES CENTIGRADE

Fig. 45 - Resistance change in solder
and thermocompression bonded
crystal units.

Fig. 46

COLD WELDED QUARTZ CRYSTAL ENCLOSURE

2Cu CLAD•;N -• FE"- Co,
• AL, Cu, pit Ni

S7052 GLASS FE "- Co
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QUARTZ CRYSTAL ENCLOSURE
FREQUENCY ALLOCATIONS

Lu *rWI NTSI - I OOW

Fig. 47 - Crystal unit sttdard enclosures.

-. 11

Ci 5uh1 A ETALE E S

Fig. 48 - Agigyosmtal untcand gass enclosueds5.~

cryta units.NT

! METL ECLOED INIT 2•GLASS ENCLOSED UNITS

S.• GETTERED GLASS ENCLOSED UNITS

3
29TEMKATURE BNDED0-111--4ý'METAL ENCLOSED UNITS

• 015 20 25 3

1 TIME -DAYS

Fig. 48 - Aging of metal and glass enclosed 5 M*1z

crystal units*
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OVEN
AND OSCILLATOR OFF \ ,SOLDER BONDING,IMPROVED0 3 PROCESSING

0
9- OVEN AND OSCILLATOR ON

:• 0,,~~ -3

THERMOCOMPRESSION BONDING,

< HIGH TEMPERATURE PROCESSING

I "' OFF OW

-3
T-20 r -'0 r T +10 T +20 T +30

TIME IN DAYS

Fig. 49 - Frequency stabilization of precision
5 MHz crystal units after oven shutdown.

4

C .
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FREQUENCY STABILIZATION OF BLILEY 8G61AH-5S
5MHz UNIT AFTER POWER INTERRUPTION

6-

'I
04 e-

w01

2-

ZI gI I
W .1

i*~ 0 W01 >1

T-6 T T+5 T+10 T+15 T+20
TIME IN DAYS

Fig. 51 - Effects of oven and osc. shutdown.

'Y~CE 8G6'AH-5S CRYSTAL FREOUCNCY ACDIG
ur' "-19748.5 AFT.R 6HLM

___ I I

-8 '*-,-ss,•* -,-. ', .j ---

LM T-4A% 9 -ýo N24 .CJOS5
S- 4 I ,

0 4 8 ,2 6 2n 24 28 32 - e. , 44 It.

1%AL IN1 HOMR

Fig. 52 - Aging characteristic of precision 5 MHz
uni'3.
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Fig. 53 -Effects of SiO dielectric tuning
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50" 201%.

o 40,= ~5k"
r=3 30" 1.5-"

20-( 500"
1 0" 150"

40:
0- 0J

Typical 61 MhHz Oscillator Crystal Mode Spectra

IC

bf #

Fig. 57 Typialt l6Ocil•lATOr Crystal MLORITHr
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4, 
- .50-

S,--40" 20k -

.5k -
30- . -- .

20- 500-

SI~~~0-150-o.... •
.•o 40--

0- 0-

60 MHz Resonator Spectra Using Energy Trapping
Fig. 58 - 60 W61: response spectra using design to olllr4i to

trapped -odos.

E+C
--

Rt

TC, VSHMT
•,Rx RIx

CvI{ X TAL

Fig. 59 -Copensared oscillator.
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Fig. 61 CRITICAL AR•AS or TCXO DESIGN

1. Crystal Parameters

A. Co/C 1 ratio

B. 6f/f between LTP and UTP

SAA " > C. Turning point temperatures

b D. Frequency tolerance at specified load capacitance
L. Aging characteristics

2. Varicap

~ A. Tolerdnce of Cx at 4

B. Leakage currant
0

3. Compensation Network

A. ThermListor R0 and S tolerances

B, Resistor toleranca and T. C.

C- Ke) - . .'• .• ';T Opt. r- (3 k.•T C. Error of calculated i to required 0

(-T') kV- 'T %A7C..R,\ D. Aging of thermistors and resistors
-$,._QF,. k 0) k t,' 4. Oscillator circ-uitry

"Fig. 60 "Compenation network. A. Gain stability with temperature and time

B. Temperature coefficient of components

C. Overall Q of circuit

R'i R,2 R*3 R'N

AT, ATZ AT3  N

ST S"3

ST2 •S-2

ST 3.

Fig. 62 N-ELEMENT COMPENSATION1 NEIWORK
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40 t

25 - A -" VERSUS TEMPERATURE FOR SUCCESSIVE

20 -- COMPENSATION NETWORKS,

-z TCXO NO 3

"30

-0 -7-- .-20- -O - -O -0 -0 4 O

.--

i ~~= 
-. 

.... "-°...

-4 /5
4. 0* ~1

-2-5 -L_ 
z

- I, -,-,- - -

O.3

~-40 - - - - -

3 30- -0 0 -20 -

= .- -.- ;- , .... • ...

TEMPERATURE *

Fig. 63 - Results of successive compensation design.

U 

-

U. 6

;P . F1- POW

0

4 0

CW004 0"A** 74

Fig. 64 -Compensation design factors. Fig. 65 Characteristics of
compensated CT-units.
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PRAECU[NCY VS TEMPERATURE"FOR
RZEFERENCE SIGNAL

Gi[NCRATOR
MODEL NO S

+10 -- .. - -

NONCOMPIENSAYED

a - -I -

TICOMPENSATUED ±N1 €~PNST[

Fig 66- -Feuec- -prtr caa-,.

0

rIs.-

to +1.0

-a. NO..

FREQUENCY VS TIME

F+0t \ I

-10 0 410 +A0 +30 +40 +50 +[0 0 TEMPER R I
TEMPERATURE IN *C C MPENAATIO

FR~~rQFEQUENC STAIOAH -O D

Fig. 66 -Frequency-temperature charac- +.

teristics ofte reference *. RQCiY~AdA

liO-, MODE NO. I '
- 0- MOE NO. 11

rREQUENCV VS TEMPERATI.URE

----- FOR

""- NCONPENSATE[ -06

C-0

€O-- ------AT- -It- P-I" --. 0 
- .j€ I J PWE MAR. APR W

1- 94l

Fig. 68 - Aging for two temperatureS\ compensation frequency standards.

T 7

-#0 -40 -to 0 *to +40 +60 +40
TiMPERATURE IN 'C

Fig, 67 - Frequency-temperature charac-
teristics for SG-179(XA-3) refer-
ence frequency standard.
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THEORETICAL FREQUENCY STABILITY v
vs

TEMPERATURE
4+ .0

1 0

a.

-1.0

-40-30-20-10 0 10 20 30 40 -0-60--O -0 --

TEMPERATURE V'C ) 40 -40 0 20 40 (,,0 8so "

$ POINT NETWORK Fig. 70 - Power and transient charac-
SFig. 69 -Frequency-temperature characteristic teristics of directly heated(computed) for a 6-point network. crystal plates.

h i -8 I - I I

6•0. 
1\..

-40-30-20-50 0Y 10 20 3 0202 7

A ' ., 0
T2P 22

4 I.

icL

.40 . 0 20 40o .40 .4 0 20 40 0

KILOCYCLES R0 13MC

Fig. 71 - 13 MHz crystal filter characteristics.
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Fig.72 Sideban cstlt f:Uilter .,

.70

-60

-50

-P4~TT-R•T40

30

20

10

K Hz
-60 -8 60 -4"0 -20O 0 20 40 60 80

10.7 MHz

Fig. 74 - Filter characteristics of single and
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vit. 80 - X-ray topograph* of critical froyiencies of a 6-refootor filter.
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HISTORY OF ATOMIC AND MOLECULAR CONTROL OF FREQUENCY AND TIME*

Norman F. Ramsey
Harvard Univrrsity

Cambridge, Massachusetts

Surmmary of Hf was strall compared to the Lormor frequency. How-
ever, some of the results of Frisch and Segrý wgrc not

The history of atomic and molecular frequency con- consistent with theoretical expectations. Rabi
trol will be traced from the earliest molecular beam pofited out that this discrepancy arose from the ef-
magnetic rescnance experiments in 1938 through the fects -r nuclear magnetic moments since some of tLe
present. transitions were perform-d in such weak fields that

stro:sg or intermediate coupling between the nuclei and
Introduction the electrons prevailed. The transitions in such cir-

cunstances were quite different from those for which
In discussing the history of atomic and molecular the effects of the nuclear tpins could be neglected.

frequency control two alternative approaches are Rabi showed that the results of Frisc~i and Segre were
available. )ne is to treat all devices in parallel consistent with expectations if the effects of tht
on a year-by-year basis. rhe other is to discuss each nuclei were included. Robi also ,ointed out that such
alternative device in ia~cession. It seems clear that non-adiabatic transitions could be used to identify
the latter approach is the best In the present case so tie states and hence to determine the signs of "he
I shall adopt it but I shall make frequent cross refer- nuclear magnetic momea ts. Motz and Rose,

7 
Rabi8 and

"ea-es to other devices. In following this procedure, S3hwinger
9 

in 1937 cal.ulatcd the transition probabil-
is clear that the first method discussed should be ity for molecules which passed through a region in

the molecular and atomic beam magnetic resonance which the direction of the field varied rapidly.
method, not only because historically it was the first
important method bi.t Also because it stimulated the In all of the above experiments, however, the
invention of the other methods and still remains one of direction of the field varied in space and the only
the most effective techniques of frequency cnntrol, time variation arose as the atoms in the atomic beam
Since the atomic beam 3evices anl the hydrogen masers passed through the rcgior. Since the atoms possessed a
at present provide tne most preoise frequency and time Maxwellian velocity distribution, the atomic velocities
standards, the greatest attention will be paid to them, varied and the apparent frequencies of the changing
but the history of the other atomic and molecular fre- field were different for different velocities. Fur-
quency contrr2 lovice. wi I be given as well. thermore, the change in field direction ordinarily went

through only a portion of a full cycle. For both of
Early Histnry of the YInlerular Ream Resonance Method these reasons nc sharp resonance effects could be ex-

pected. Ito suggestion was male to use an oscillatory
The molecilar beam 'rnýnetic resonance method arose magnetic field, i.e., a field that varied in time in-

from a success'on of ideas of which the earliest can be stead of space so the apparent frequency would be the
trace( havk to 1927, alth,,ugh it was rather remote from same to all the atoms, independent of their velocities.
the idea of resonance. In 1927 the physicist, Sir It is surprising that this possibility was not immedi-
Char'es Darwni -- the grandson of the great evolution- ately recognized after Rabi's brilliant theoretica,
ist -- discussed theiretically the non-adiabatic transi- paper

8 
IW 1937. To simplify the theoretica± analysis

tions which make it possible for an atom's angular Rabi assumed in 1937 that the field was actually oscil-
momentum components along the direction of a magnetic latory in time. As a consequence the results are all
field to be integral multiples of-h both before and applicable to the resonanve case with oscillatory
after the direction of the field is changed an arbitrary magnetic fields even though the possibility of
amount. Inspired by Darwin's •heoretical discussion, actually using fields oscillatory in time was not then
Phipps tnd Stern

2 
in 1931 performed the first experi- recognized. Consequently this paper without alteration

ments oi. paramagnetic atoms passing through weak mag- still provides the fundamental theory for molecular
netic fields whose directions varied rapidly in space. beam magnetic resonance experiments with oscillatory
Guttinger. and Majoranab developed further the theory fields, even though the oscillatory field method was
of such experiments. Frisch and Segre" continued invented by RabilO,ll only a year or so after the
atomic beam experiments with adiabatic and non-adiabatic ruiuamental theorettcal paper was written. Additional
transitions of paramagnetic atoms and found, In agree- amusing charasteristics of this brilliant theoretical
ment wlth juttinger's and Majorana's theories, that paper by Rabig are the absence o0 a verb in the opening
transitions took place when the rate of change of the sentence and the repeated appearance of (v2 + v,) in
direction of the field was large or comparable to the the equations when the irtended expression was
Larmor frequency, (v2 + r

2
).

,uo . 1 , (1) Gorter
12 in 1936 had suggested that nuclear transi-

tions in solids be induced by an oscillatory field from
which is the clasrical frequency of precession of a a radiofrequency oscillator. He proposed to detect the
classical magnetized top with the same ratio 7 of transitions by the absorption of the radiofrequency rad.-

magnetic moment to anglar momentum. Transiti~ns did ation and by the rise In temperature of solids subject

not take place when the rate of change of the direction to such oscillatory fields. Although Purcell, T)rrey
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and Poundl 3 
and Bloch, Hansen and Packard in i946 ing tne h•yperfine resonances at magnetic fields such

successfully detected the absorption of such transi- that the resonance i'requenry was an extremum, in
tions by the reaction of the radiatiop or the raniofre- which case the frequenry to first order was independent
quency circuits, Gorter's experiments12 were unsuccess- of the strength of the maunetic field.
ful in 1936. In 1949 Ramsey18,19 invented the separated oscil-

Following a visit by Gorter to Colamb,a University latory field method for moJecular beam resonance for
in September 1937 in which he described his unsuccess- which the oscillatory field, instead of being distri-
ful experiments, RabilO, 1. proposed the use of an buted unifortally thrraghout the transition region,
oscillator driven magnetic field as the transition was concentrated in two coherently Ariven oscillatory
inducing field in a molecular beam resonance experi- fields in short regions at the beginning and end of the
ment. TWe successful molecular beam Oevices using this transition region. The theoretical shape of a resonance
method 8ere soonlTonstructed by.RabiiOyl Zacharlas,lolI curve with this apparatus is shown in Fig. 2. Ramsey
Kusch, Kellogg and Ramsey. A schematic view of pointed out that ýhir. method has the following advan-
the first 1 0 of these is shown in Fig. i. In these ex- tages: (a) g,-e resonances are 401 narrower than even
periment3 the atoms and molecules were deflected by a the most favorile RabJ resonan,.es with the same length
first inhomogeneous magnetic field and refo)cussed by a of apparatus: (b, The resoitances are not broadened by
second one. If a resonance transition were induced in field Inlionogene,tles; (c) Thie length of the transi-
the region between the two inhcmogeneous fields, its tion region cara t ,nuch longer than the wave length of
occurrence could easily be recognized by the reduction the radiation prol.Ied the two vsclllatury regions are
of Intensity associated with tihe accompanying failure short whereas ther .re dirfic,,ities with the Rabi
of refocussing. For transitions induced by the radio- method Jue to phase t,.'Ps when the length of the oscil-
frequency field, the apparent frequency was almost the latory region is 'o..•--able to the wave length;
same fcr all molecules independent of molecular veloci- (d) The first order n-,r.ler shift can mostly be elim-
ty. As a result, sharp resonances were obtained when- Inated 4hen su,fikienti, siort oscillatory field regions
ever Eq. (1) was satisfied. are used; (e) The ,enstivity of resonance measure-

ments can be increesed by the deliberate use of appro-
Rabi, Kellog, Zachar'as and Ramsey1 soon exten- priate relative phase shifts between the two oscilla-

dLd the method to the molecule H2 for which the reso- tory fields. All of these charactcristi.s are of great
:,ance frequencies depended not only on E1. (1) but ais,) value for the use of atomic beam resonance devices equip-
on internal interactions within the molecule. The ment as precision frequency and tire standards. A
transitions in this case occurred whenever the oscilla- photograph )f an car-ly moltcular bear apparatus2n usii,g
tory field was at a Bohr frequency for an allowed tran- this method is shown in Pig. 3.
sition

Atomic Beam Frequency Standards
4hv.-E 1 - F2 (2)

With the above developments, it was apparent to
most molecular beamists by 191.9 that atomic oeam

For the first time they began speaking of their results methods could be highly effectie for precision fre-
as "radiofreouency speptroscopy." quency control. However, this was less clcar to others

who then believed that the advances in crystal freqoen-
Molecular Beam Magnetic Resonance Experiments cy control techniques had beer so great that atomic

devices could not be enough better to Justify the extra
By lO3), the new molecular beam magnetic resonance cost and effort. However, in 1952 Sherwiood, Lyons,

method had demonstrated its usefulness sufficiently McCracken and Kusch2 l, 2 2 reported briefly on atomic
well that it appeared to Rabi, Kellogg, Ramsey, and beam resonan,e research supported by tle National
Zacharias to be of possible value for the definition of Bureau of .Iiaidards and direcuJ primarily toward the
standard -otgnetic fields and for use as a time and fre- development of an atomic beam clock. A schematic
quency standard. In I934 they !iscussed these possi- diagram of a proposed atomic beam clock at that time is
bilities with a scientist at the Rureau of Standards -- given in Fig. 1,. The financial support for such work
whose namv is fortunately no longer remembered -- ani soon dwindled due to advances In microwave spectros-
found little interest in the use of subtle molecular copy ani the ,,lew then, held by those supporting the
beam techniques for such practical purposes as stan- work that a molecular clock based on the microwave
dards of magnetic field, time or frequency. absorption by ammonia at its inversion frequency would

be simpler ani more promisinp.
In most respects the molecular beam technique in

1939 was more suitable as a standard of magnetic field A few years later Zacharias 2 3 ,21 ' stimulate] rI-
than of frequency or time since the observed resonances newed interest in an atomic bear, cesium cIocK. Mis
at that time were iargely dependent on tihe externall.v initial concern wa. for an entirely new tyne o" eslum
applied magnetic field. Frc.h, the point ol" view of fre- beam in which ultra high precision would be •btnlned by
quency control, it was consequently a greot step for- the use of extremely slow mol',cule.. moviig upwards IL, a
ward when in 1940 Kusch, Millman and Rabi 1 5 'I flrst vertical apparatus at such low velocities t,,at they
extendel the method to paramagnetic atoms and in par- would fall back down by the a,,Lion of Pravity. Al-
tlcular to AF - + I transitlons of atoms where the rel- though this fountain, experiment eventaally falied du,
ative orientation of the nuc'ear and eletronic nag- to the unexpectedly great deficiency of the required
netie mom'nts were changed, in which case the resonance ultra slow nolecules emerting from the soir~e, it
frequencies were determined dominantly by fixed inter- stimulated Zacharias to develup and to ,arge others t
nal properties of the atom rather than by interactions develop ,:ell engineered atomic beam frequent# standards
with an externaily applied magnetic field. The first using normal atomic velocities. The foutain experi-
resonance measurements of the Cs hyperfine separation, ment of Zach~arias illustrates lhe value to -cience of
which has been so ex ensively used in frequency con- even some kinsuccesful experiments si.,,e the exlsten-e
trol, were reportedlý in 19.0. of this unsuccessfual affort directly ani indirectly

stimulated three quite different deveI,,p'ents: (a) The
In 1941 the research with the atomic beam mag- use of conventional but well ongineere, ,tom•ic leams

netic resonanep method was mostly interrupted by for frequepey control; (b) The devclopiwnt by Ramsey
World Wvtr II and lid not resue befiOro 1,;46. In 191.0 and others 2 of the stored at,.m technij,,,, which 'ver-
Fusch ant Taut 17 pointel -it the possibility of observ- tually lead to the hydro#,en maser ar,i &' H! ghr prec i-



sion resorance experiments with ultra slow neutrons. 4 3  Particularly effective atoml_! beam cesium clocks were
The first report on an atomic beam frequency standard at developed and sold by Hewle..-Pa4.kard which also devel-
a Frequency Control Symposium was that of Zacharias at oped a "flying clock" particularly suitable for the
the Ninth Symposium in 1955 (the first report of any intercomparison of atomic clocks in different labora-
kind on atomic or molecular research at a Frequency tories. A modern beam tube for an atomic cesium fre-
Symposium wg a paper at the Fourth Symposium in 1950 by quency standard is shown photographically in Fig. 6.
lR. H. Dicke- on the reduction of Doppler widths irn In 1967, the Thirteenth General Conference of

microwave absorption). Zacharias claimed a short time Weights and Measures resolved that the unit of time in
stability of 1 part in 109 for his atomic cesium fre- the International System of Units should be the second
quency standard. defined as' follows: "The second is the duration of

9,192,631,770 periods of the radiation corresponding to
In 1955, Essen and Parry

25 
of the British National the transition between the two hyperfine levels of the

Physical Laboratory successfully operated the first ground state of the cesium atom 133."
practical laboratory atomic cesium beam apparatus that
was extensively used as an actual frequency standard. Microwave Absorption Spectroscopy

* Their construction and effective use of this device pro-
vided a major impetus to the subsequent development of Microwave absorption spectroscopy had an eagly
atomic beam cesium frequency standards. start in the experiments of Cleeton and Williams 9,30

in 1934. They observed the absorption of microwave
In 1956 the first commercial model of an atomic radiation at the NlH3 inversion frequency. However, re-

beam frequency standard appeared on the market. This search on microwave abs.,rptix'n was inhibited at that
. was the National Company's "Atomichron" developed2

7 by time by the lack of suitable microwave oscillators and
J. H. Holloway and A. Orenberg in collaboration with circuits so there was no farther development of micro-
J. R. Zacharias ano later joined by R. McCoubrey and R. wave absorption spectroscopy until after the development
Daley. This device used Ramsey's separatod Oscillatory of microwave oscillators and way guiJes for radar com-
field method for increased precision, a special design ponents in World War II. Immediately following World
of cesium oven which could be operated several years War I1 there was a great burst of activity in micro-
without exhaustion, titanium pumping to permit permanent wave absorption spectroscopy. Although there were no
sealing off of the evacuated beam tube, and many other publications on experimeutal microwave spectroscopy in
"features necessary for an effective com.ercial device. 1945, in the single year of 1946 there were a number of
A photograph of the first commercial Atomichron is important publications from many different laboratories
shown in Fig. 5. The development of the Atomichron was including reports by the following authors3 1

: Bleaney,
largely supported financially by the U. S. Signal Corps Penrose, Beringer, [ownes, Dicke, Strandberg, Dailey,
at Ft. Monmouth though some support .ame from the Air Kyhl, Van Vleck, Wilson, Dakin, Cood, Coles, Hersh-
Force. A purchase order ty the Signal Corps for a berger, Lamont, Watson, Roberts, Beers, Hill, Merritt
relatively large number of Atomichrons made possible and Walter, and in 1947 there were over 60 published
the development of mass production techniques and in- papers on this subject including a number of publica-
proved engineering to permit safficient reliability and tions by ýordy and den aa well as those with reports
reductions in price to assure commercial success, the previous year and by others. A typical microwave

-4 absorption experiment at this time is shown schemat-
The early atomic beam frequency standards were sub- ically in Fig. 7.

ject to various frequency shifts dependent on the ampli-
tude of the radtofrequency power used and on other Microwave absorption techniques were quickly rec-
variables. To account for these results Ramsey ana- ognized to be of potential value for frequen'uy stan-
lyzed, with the aid of a computer analysis supported by dards. In 1948 a group of workers22 

at the National
the National Company, the various possible dis ortions Bureau of Standards built an ammunia clock which was
that would occur in an atomic beam resonance.Mo The completed in 1)149 and is shown in Fig. 8 and wh)ch
elimination of radiofrequency phase shifts and other eventually achieved an accuracy of' a part in 10. J.
sources of distortion made possible the marked in- Rosse1 2 2 

in Switzerland and K. Shimoda in Japan de-
creases in accuracy that have been obtained with the visod an improved ammonia absorption clock good to a
atomic beam frequency standards, few parts in 109.

.From 1956 on the atomic beam freuency standards The first report at a Frequency Control Symposium
leveloped rapidly. Mocker, Beeler and Barnes

2 
,?7 de- pertaining to atomic and molecular frequency standards

b ped an ,t, i tuc r ,ci- frequency standard at the was that of Dicke at the Fifth Symposium in 1951 when
National Bur au of Standards in Bouller. Other comaner- he delivered a report entitled, "Reduction of the
cial organizations sach a• TRG, Bomac, Varian, and Doppler Contribution to the Wi ith of Microwave Absorp-
Hewlett-Packard became in•,olved. many labkratories out- tion Lines." In the Seventh, Eighth and Ninth Symposia
side of both England an] t,,e United States either con- he and Carver, Arditi, and others described the con-
structed or purchasel atomic beam frequency standards tinuation of this work at both Princeton a..d R.C.A.
including those in Canada, France, and 3erny and the with the financiel support of the Signal Corps. The
laboratories of Kartasch~ff•6 and Bonanomi in Switzer- mil, rowave abuorption stulies soon merged with the
land. 'Yther materials than cesium were tested for )ptical pumping techniques desAribed in the next sec-
molecular beam clocks; although thalli , and various tion, since the intensities of the resonances were
polyatomic molecules have some significant advantages greatly enhanced by the use of optical pumping.
they have not yet significantly lisplaced cesium which
is part cularly convenient. Reder, Winkler and Optical Pumping
others- at Ft. Monmouth and Markowitz 'it the Naval Ob-
servatory sponsored various world-wi I, studies of the The starting point of ull research optical
comparison of atomic clock frequencies and the aynchr,,- pumping was a paper by Bitter3n in 19149 wnich showed
nization of clocks. Extensive studies were made of the possibility of studying nuclear 3 properties in
other atom, such as thallium for use in the atomi| beam optically e\ýited states. Kastler, ) showed the
tuber -nd varlouj molecuql' resonances were studied for following; year that this technique could be effectively
p)ssible use in a molecular beam electric resonance combined with the double resonance method he and
"apparatus f-r frequency control purposes. However, Brossel 3 3 

had developed. Both optical pumping and
atomic cesidm remaims the most widely used substance in optical detection techniques serve the purpose of in-
molecular or atomic beam frequency 'ontrol devices. creasing the signal to noise ratio of the resonator



output signal: the optical pumping greatly enhances not been used for this purpose as yet. Furtner dis-
the population of certain states so the signal is not curbsion of lasers will be deferred tu a later sec-
weakened by stimrulated emission nearly cancelling tion of this report. Molecular maser developments
absorption, and the optical detection increases 'the for the purposes of frequerwy control soon became
signal to noise ratio because or the lower uoise level intense and wen't in many directions including the
of optical detectors over microwave detectors. 3earch for more suitable mulceules than a.'ronia,

the development of two cavity maserg (analogous to the
The combination of optical pumping techniques separated oscillatory field methodlt for molecular

with the buffer ga method for reducing Doppler shift beans), use uf ammonia of different isotopi.c com~pusi-
developed by Dicke7 and others27 provided gas cells tion, etc. However, after a few years of Iotense
of real value as frequency control devices. Although molecalar mtser activity, the interest In, such masers

ma different atoms have been used in such gas cells, fur frequency .onitrul waned since ttue molecular r.%sers
RbX soon became the favorite in most such devices, on the one hand lacked the simplicity and low cost of
Extensive work in optically pumped gas cells for fre- optically pumped rubidium, gas cells, and on the other
quency control has been done at Princeton, R.C.A., hand lacked the higi precijrion of either atomic cesium
I.T.T., Space Technology Laboratory, the National beams or atomic hyrrogen masers.
Bureau of Standards, Clauser Technology Corporation,
Varian Associates, and rrany other cAnmcercial, univer- Atomic Xasers
sity and government organizations in the U. S. and 6
abroad. Fig. 9 shows a typical opticrtllý pumped In 1957 Ramsey? proposed to increase the accuracy
rubidium frequency standard, of the atomic beam magnetic resonance method by retain-

ing the atomb for a munch longer time between the two
The optically pumped gas cells have the advan- separated oscillatory fielos, thereby obtaining much

tages of slirplIcity, relatively low cost, large signal narrower resonances. His first ibj)ught .as to confine
to noise ratio, and good spectral purity. Unfortu- the fatoms with inliemogone-cus magnetic fields In a
nately the relatively large shift in frequency due to large ring such as the Vi-rcUtar tunnel of 'the 6 Gev
numerous buffer gas collisions Is dependent on purity, Cambridge Electrcn Accelerator. However, it soon be-
pressure and temperature. As a result, the stability came apparent that the Inhomogeneous con~fining mag-
of rubidium gas cells over a pi'riod of several months net~c fields whic~r acted on the ata~rr, for lunag perlios
is ordinarily no better than a few parts In 101n. of time, would hopelessly broaden the resonances. Ir,
These pressure shifts prevent the optii'al,,, pumped gas fact, it benamse clear that the frequencies wo'nl be
cells from being primary frequency star lards but the much less perturbel by a cunfinement fo-ce that wans
gas cells are used as frequency control devices when present for only a short fraction of the time even
too much acruracy is not required. Perear~h is cur- though the force mir~ght be stronger when it was applied.
rently In progress in a number of laboratories to tin- The obvious lioldt of such ai device was confiner-ent of
prove the stability of optically pumped gas cells; atoms in a box with sultal Iy .outed walls. Aitnonigh
Bouchiat, 3 5 Brosse, 3 5 ani others, for example, have many wall bounces would hi required to aLnieve tatrked
eliminated the buffer gases and as in *the hydrogen narrowing of' the resoisrice by long storage time, the
maser have used many fewer collisions with suitably first experiments involved on~ly a few wrall collision~s,
coateJ walls to retain the atoms and reduce the effect since most scientists at that lime believed that oyen
of' second order Doppler shift. atoms In an 3 3tat. would undergo hyperfin.I transi-

tions at even at single wall collision, The first (,)-
Molecular V'asers poritrents of hieppnior, Rfvisey ano g.relstadt'? invc-ýIved

only a few wa~ll collisions and the -:periment wat, appro-
in 191,1 Pound, Purcell and Ramsey36 stulied priately ceded a "broken atomic beams resonan-ct experi-

nuclear spin systems with inverteil populations and mnet." Cesium atans and a tpflon coated wall were
noted that such systems in principle were Intrinsic used in theso first experitnonts.
amplifiers rather than absorbers. The first sugges- ,
tions actually to use systems with invert,!d populations Golden' erg, Kleppner fan, i isms'y" the-, md.de an
as practIonl amplifiers arl ~soillatorr were made at Catomic beafr re,'s.nerice hpptr,ýius which stuz,'oa atoms of
oclosely the ýiime trneern -A1953- 5 and Iirdependentl ~ cesium for a longier time and investigated alternative
by Townes,-l ~by Weior and by Ivisov and Prokhorov.- 9  wall coating r-atertalr. They found that when the
The first nsamplifier wars co-essNIlv constructed storage bulb) ýasj rated with a paraffin-like substance
in 1,)55 by lordon, Zeiger, ant Townes Vani .alled a called Paraflint" resonances could be observed after
MAiZEi (Micro)wav-e Amplifier by Stlr'nulatp'1 ~'la.ission of as mAny as POO wall collisions. it was recognized
Radiation). The levice used inhr'cogeneo is ele~tric that atontdc hydrujpen wiuld probably be a 'rire svitahie
fields to focus the higher enerr, mo!,,'u iar lnvertion atom thaii cesium because of' the low elr ri:! polar170-
states of ammaonia mole .1pe in 't mol-n r 'u'S eoa. bility oanl the low rAass of hydregen,but cesium could be
These molceulos then emitted c~nerent gliixnlatod such mj)re erficiently dettected than hyJroinen.
radiation in passing, through a -hvity tenet t) thne
ý. 111z assnoria inversion transition. A :hcn12dia- lhleppner and 101rrsey h )thrfoepry.5 e
gram of the first an.,Ttonia ca,;cr is rh-1w1r 1,1 11R. 10. tocti m of the emii'ted radiation rather thun of tiec
A report by ]ord,)r, on the new armsnli' maser' 4a a aix.v. In riartioular, tfi'w noted that atOms of r.,' r~gen
major attraction at the spe 'lal meefi,. 0% -omitain an i in tam hi,~her eneri~v hyperffirns~e rto ouiid be fociissca
molecular resonan.,es sp, nire Iby th.. Sig'nall -orp. wro a 1-itn'O c" ited ý,tor'ep bulb by a r'ý pole nr~g-
griginnefring Laboratory ITit ý Tr te hat ýo-ir Piot:,- '.et while at.-is io tn, -h~ skate would be defcr'ussed.
bargen 10propoz.'o' the thr~o le':rl SoIi,. rtat' .-aser They shewv~d that If' ruoh at storrrge huib were sur-
and in 19';8 Townes and .ichowlow ,1 pointed .)it n, too 0- rolinded byy a1 mirricn'vw,v'c tuisert to the 1420 ý2li
sibility if masers at the in1'r~red ant -Totial fre- lyperfine transItion' t'requ'n. y, then maser Oscilatim on
quencies. should o-r rr. it, 196,2, (cldenherg, Kieppner, anni

Ran.r'y 1,'1, ,nst-urt.e ano I vorate.) the first atosic
Sin'ce the hnrnun,ccnent of tbe first, sur'e~sfrul lv, jrogee mftzer. 'T phot'omrapmr .-f ti~is apparatLus is

arsrncnia maser in i9,' " tuier, e ir been trcrmei,doaxt re- s1 wn in Hj . 11. iilthoiagh the tol'ul microwaxe po,.er
-earch and develo;pment a 'rivit, by r-lentiatix antI wt- sir.ll -- taprr, nrat,,'i" _ watts -_ 'he stail,1-
engineors in miany 'oountril-o. Vumerr at ir.rrar-i or I-; was so hig01 that the cutipu was concen' rited il
optical frequerncies (often oall i' lasers) la',e ,reat ar. extremely narr w band urithi a consequently favoraOlr'e
potential for freq~uency -ontro'. even thoughl they have 0ignal I ,ime n'a'



Although the first hydrogen masers used wall coat- being the distance between two mirrors whil( in thu
ings'ýf Paraflint 44 

(a variety of paraffin) or of Dri- the atomic hydrogen maser, the primary determination
Film (dimethyidichlorosilane), it was soon found that of frequency is the hydrogen atom itself with only a
with atomic hydrogen, in contrast to cesium, teflon relatively small amount of pulling from mistuning if
coated walls gave longer storage tip9s and smaller fre- the microwave cavity. However, various methods for
quency shifts frcm wall collislons., Bender47 soon determining the laser frequency more by the atomic
pointed out that spin exchangt collisions of hydrogen properties have been developed and further improvements
atoms could not be neglected and might produce a sig- are being attempted. Likewise Javan)' and other3 are
nificant frequency shift but Crampton48 noted that the naking vigorous efforts by frequency multiplication to
normal tuning technique would cancel out iuch an ef- bridge the gap between microwave radiation anJ the
feet. optical laser frequency. Wlen this is done the lasers

may provide a valuable alternate in frequency controýl.
A commercial hydrogen maser was devel'.Td by Since this has not been accopplished so far, lasers

Vessnt, Peters, Vanier, McCoubrey, Levine, and Cut- have not yet been used for frequency control and they
ler.1

9 
The work was started at Bomac and successively are consequently discussed only briefly in this review

transferred to Varian Associates and Hewlett-Packard. of frequency control devices.
It is currently being carried on by Vessot and !Js
associates at the Smithsonian Astrophysical Observatory Trapped Ions
and at the Jet Propulsion Laboratory. The H--JO mser
developed by Vessit and his associates is shown inFig. Dehmelt5 6 

in 1959 first used electromagnetic ion
12 and 13.The masers are being built chiefly for long traps in radiofrequency resonance studies. Since the

base line interferometry in radio astronomy, which ions can be retained in the apparatus for very long
benefits greatly from the high stability of the hydro- times, the resonances could be very narrow by the uncer-
gen maser. Research and development on hydrogen tainty principle. However, so far the resonances have
masers~a carried out in the lab ratories of Karta- been significantly broadened by the second order Doppler
schoff in Switzerland, Audoin• and Orivet 2

6in shift arising from the ion velocities in the ion trap.
France, and in a number of other countries. 5 9  

Efforts have been made to diminish the broadening by
Dehmelt, Major, Fortson and SchuesslerS7 but such

The chief disadvantage of the hydrogen mser for trapped ion devices have not yet provided as stable
time and frequency control has been the existence of a frequencies as the best alternative frequency standards.
small frequency shift due to collisions of the atoms
with the teflon coated walls of the storage bulb. With Future Prospects
a 16 cm. diameter bulb this wall shift is about two
parts in lOll and can be measured by using bulbs of two Although atomic and molecular frequency control
different diamete . However, until recently the has been a reality for a number of years, new devlop-
measurements of the wall shifts have been limited to ments are still occurring at a relatively rapid rftte.
accuracies of a few percent by variations in lifferent As a result it is impossible to forecast reliably the
wall coatings. However, Uzgiris and Ramsey.O at future developments that will lead to the most malor
Harvard have reduced the wall shift by a fao,.,r of ten subsequent advances. For highest stability and repro-
by the use of an atom storage vessei of ten times ducibility the most promising prospects now appear to
larger diameter (l.rn. In the same laboratory, be (a) fturther improvements in the atomic and molecular
BrennerS1 

and Debelyv have recently developed a tech- beam methods, (n) hydrogen maser improvements by com-
nique to measure the wall shift in a single storage binations of the new Jeformable bulb technique wilh
bulb by changing its volume by deforming its shape. either the large box maser or operation at a tempera-
Since a single bulb is used in this method, it is free ture where the wall shift vanishes, (c) improved stored
from the uncertainties in the non-reproducibiiity of ion devices and (d) use of lasers for frequency con-
the wall coatings ,f lifferent bulbs. Although this trol. However, there also may be new ideas and devel-
method has so far been usable on only hydrogen masers opments that drastically improve one of the existing
vith normal sized storage bulbs, it should also e ap- techniques or lead to totally new methods of atomic or
plicable to the large storage bulbs. Zitzewitz&5  

has molecular frequency control.
also shown that at a temperature of about 8,))C the
wall shift passes through zero; it is thus possible to * This paper provided the basis for an invited talk
operate tne hydrogen maser at a temperature such that at the 25th Anniversary Frequency Contrcl Sympo-
the -wall shift vanishes and to select this lerperature sium on April 26, 1971. Since this is the first
by the deforrable builb te'chnique. With these new effort ever made to present a coherent historical
methods, it is hoped that an absoiute a-'urae," consid- account of ths subject, omission and errors are
erably better than , part in 1013 can be attained. inevitstble, The author will welcome any letters

either correcting or adding to this record.
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* ~A riagnat [] amagnet

Fig. 1. Schematic diagram showing the principle of the first molecular
beam resonance apparatus. The two solid curves indicate two
paths of molecules having different orientations which are not

changced during passage through the apparatus. The two dashed

curves in the region of the B- magnet indicate two paths of

molecules whose orientation has been changed in the C- region

so the refocussing is lost due to the change in the component
of magnetic moment along the direction of the magnetic field.
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Fig. 2. Theoretitl shape for separated oscillatory field resonance
pattern.
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ACOUSTICAL AND OPTICAL ACTIVITIY IN ALPHA QUARTZ
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Abstract

It is shown that a theory of elastic dielectrics, in netic field, may be written as (6]
which the stored electromechanical energy depends on
the polarization gradient, accounts for both acoustical Tij,i = pU',
and optical activity. Formulas for the acoustical and
optical rotatory powers of a-quartz are derived and the L
values of new material constants appearing in them are E ii+ E + E = 0,
calculated from experimental data. (1)

Introduction .EjkE 0

Acoustical activity (rotation of the direction of
mechanical displacement along the path of a transverse, o 1E.., + P. 0,1
elastic wave) has recently been observed by Pine [ 1]
and by Joffrin and Levelut [2) in a-quartz. The possi-
bility of the phenomenon appears first to have been men- where
tioned by Silin ( 3]. It was accounted for by one of us (2)
[4] on the basis of the theory of elasticity in which the E L L aL/
stored energy is a function of the gradient of the strain, T W wLs E .i j /i
in addition to the strain. Portigal and l3urstein [5]
found an equivalent result by assigning dependence of and
the elastic stiffness on the wave vector. The purpose
of the present paper is to show that both acoustical end PL
optical activity are accounted for in the theory of elastic N fai P P 'bjki P.
dielectrics in which the stored electromechanical energy

is a functior of the polarization gradient [ 6] in addition + cP +~ d .
to the usual strain and polarization. It has already been + ijklSij ki ijk l i j, i k)
shown 7] that the cifferential equations of the rcsulting
theory, rather than the equations of the classical theory + f...; P.I S j + j ijk PI k, j(3
of piezoelectricity, are the correct. long wave, low
frequency limit of the finite aifference equations of a
lattice of shell model atoims If the shell-shell interac- s i = yl(u J. + u. .)(4
tion between adjacent atoms is taken into account. It
has also b-en shown that the polarization gradient can In (1), u1 is the mechanical displacement, Pi is
account [ bj for the surface energy of deformation and th oaiaindniy 1 is the Maxwel. electric

accout [b]for te surace eergy f defrmatin and the polarization density, Eii I h awheeti
polarization and it can also account [ 7] for ani anomaly self-field, p is the mass density, R is the permittivity
observed in measurement. of electrical capacitance of of a vacuum and hijk is the alternating tensor, in (3),
thin, dielectric films. In the present paper, the field WL is the stored energy density of deformation and
equations are e.,hibited for the coupled elastic-electric- polarization in which btik, dijkl and are con
magnetic system, the problem of shear waves along the stants associated with th polarzaton gradient,a con-,

trigonal axis ofl -quartz is solved, formulas are obtain- while alj, ftk andck belong to the clacsscal theory
ed for the optical and acoustical rotatory powers, and of piezoelectricity and are related to the I.R.E. Stan-

numerical values )f the new material constants, in the dard [8] symbols for the reciprocal dielectric suscept-
formulas, art, calculated from experimental data. Ess- ibility, Xt the piezoelectric stress conpt, nt, eijk, and
entially, the theory has it that the appearance of optical the elastl• stiffness at constant electric fit ld, clkl,
activity depends on an interaction between the polariza- according to [9]
tion and the polarization gradient; the appearance of
acoustical activity depends on interactions of the strain a % l fu - e
with both the polarization and the polarization gradient, ij 0 Ij ijk o - ) o k ijkX
and is absent if either interaction is missing - provided,
of course, that the phercmer.on does not depend -'ithe E -1
strain gradient, as assumed, tentatively, in this paper. Ijkl oXinnenitj nkl'

Coupled Elastic, Electric and Magnetic Fields To couple (1) to the equations of the miagnetic

'he linear equations of an elastic, dielectric con- field, it is only necessary to replace the th.rd of (1) by
tinuum, with the (ontribution of the polarization gradient , 0(6)
taken into account, but without the co ipling to the mag- Uk kj
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and add the equations and the conb Qtutive equations (11) reduce to

'~jk B * , P 0' (7) iP ÷ Pl+ P2 , 3 '
k " = T32 O c44u2.3 +14 1 74

B i, 0, (8) T u -fP d P
T31 44u1. 3 14 2 74 1.3,

where Bi is the magnetic flux density and Io is the
magnetic permeability, assumed to be that of a vacuum. L f 4. 1X P +

It t o21 1 0 11 1 4 j 2.3'

is convenient to eliminate Bi by subtracting the (13)
curl of (6) from the time derivative of (7), witn the L + f -1 1 " ' r

-E2 )( F 1. 3'
r e s u l t "l2 1 "f l4 U o 2 . .4

--E ~ E+1 io3 . (9)
EEi i ( d J P0 + b P

The last of (1) and (8) are not independent of (7) and 3ý 74 u 2 3 17 1 2

(6), respectively, and may be disregarded fo.- the pre-
sent purpose. E31 d 74u,3 J17 P 2 + b 5 5 P1.3"

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

T ij,i = Pujc U f P d P

E +L +ES0. (10)P
ij, i 3 c u + f P + d p

44 u.,33 14 1,3 74 2,33 =Pu'

-. t j E '1 
0j• p + b LPEj~ii " i~ji= ,}o ÷Io'

are the field equations governing mechanical and electro- d7 4 U1  - 2J1 7 2, 3 55 1,33
magnetic waves, coupled through the constitutive equa- -1

Ptions: 1 f14 2u,3 o XlIPI + El 0.T ki+ Pk'~ki ÷ k'(14)
T ij . Cijkl Ski + fkj dkij P , k'P

74 2,33k 2J 1 7  1,3 55 2.33

E L f S +a P + j(I) 4 0 12
- Aj jkl ki ajk k jkl 1.k' + f 1 . 3  a X P + E =0,

Esd1 S. o 11J~ bk
Eii + dkjk/ Sbl + 1k 1, + E1.33 00 .. .. 0 1

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

For a crystal of Class 32 (International) or D3 E2,33 o IL oE2 + oP2"

(Schoenflies) [ 10], to which a-quartz, belongs, the Now, take
constitutive equations take the form shown in Fig. 1, (15)

in which x3 has been taken as the trigonal axis and x,
one of the digonal axes. In Fig. 1, an abridged notation u1 = A, "in • (x - vt), u 2 = A 2 coo Q(x3 - vt),

is used for the subscripts attached to the material

constants: P1  B1 s&in ý(x 3 - Vt). P 2 = B 2 cos ;(x 3 - vt),

11--1, 22 -2, 33--3, 23--4, 32 -7, i1--5, 13--8,

12 -6, .1 -9. E =C I sin ;(x3 - vt), E2 = C2 Cos ;(x3 - vt)

Plane Waves Along the Trigonal Axis and substitute these functions in (14) to find

We consider shear waves propagating along the 144 1 pv
2

I•AI " f 14 B2 + d7 4 •Bl = 0,

x 3 -axis; i.e., u1 , P1 and El are functions of x 3 and
only, but u3 , P3, and E 3 are zero. Then the field (c - rv );AZ- I1 B 4 d 74 ;B = 0, (16)

equations (10) reduce to 44 14 1

p 2 d7 4 ;2A1 - f1 4 ;A 2 + (b5;2 + 4 xl11 )B1 - 2J1 7 •B 2 - C1  0.T ,T13, 3 Pu' 1T23.,3 = Pý21 (12) 74 1 4 0 11 1 7 2

L L 0, d 4 ;
2

A 2  A + (b54 -2 +(Ixl)B2 -2Jl;B C 0,
E 31.3+ E14 El a 0. E3 2 , 3 4 E2 4 E 2  0 7 1 4 A1  5 5 t 0 11  1 7 B1  2

• 2 oVBI + (4 0oNV - I)C1 K 0,

E 1 . 3 3 a o Jo 'l o0 1P ' .1 , 3 2 + 4t22
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Adding and subtracting these equations in pairs, we where n• are the indices of refraction:
have

V' p vz)(,

(cc4 4 -pv )(AI* A) + (d7 4 , F f1 4 )(B1 "- B2) =, a * = c/v (22)

(d7 4 4 :F f1 4 )(A1 I A2 ) (17) and c is the velocity of light in vacuo:

+(b 5 5 C2 + 11 : 2j 17 )(B • B2 ) (C•* C) 0 c = (oi o' ). (Z3)

pv 2(B B2) ( v 2- )(C C 0. From (21), we have

2 l 2 -1
Thus, there are two solutions, each correspond- (n -I . (n + -J174' (24)

ing .,• circularly polarized waves [11, p. 222] since the
amplitudes must satisfy

Now, define n {(n. + n ) and assume
A, = 1-A2 - BI B2, C1 .' 2 (18)

with either all upper signs or all lower signs. Upon . + n (25)
substituting (18) into (15), we see that the upper and +- n « n< +

lower signs give right and left circular polarization,
respectively. The velocities are obtained by setting the
determinant of the coefficients of the amplitudes In (17) Then (Z4) becomes, approximately,

equal tr zero:

P Z (19) .' , - 2(n 1)2 7 (26)
c4 4 -pv d7 4  ;f 1 4  0

d 74 b5 5 a2  -I where f 0(=;In) is the wave number in vacuO.

d74 f14 5 oIl * ZJ7ý "he optical rotary power, in radians per ulat

-1 -2 length, is given by [i1, p. ZZ2]
I •o v 0

This is a quadratic equation in vZ, so that there are two OP= n 4). (27)

pairs of oppositely circularly polarized waves. Each
pair of such wales combines to produce a linearly pol- Accordingly, from (26) and (27).
arized wave with a rotating direction of polarization
[11, p.222]. Thus, we have two cases of rotary polar- 2 2 2
ization. These may be identified as optical and acous- 0OP .(, J1) o (28)

tical by separating out first the electromagnetic part of
The two may, is the formula for the optical rotatory power in terms of(19) and then the electromechanical part. tThaeagendx frerctono, lnmthaptcaxs

in fact, be considered separately owing to the large the average index of refraction, n, along the optic axis,

ratio of the frequencies (of the order of 105) at which the wave length in vacuo, X0o(=2T/o), the fundamental

the two effects are observed, constant to and the material constant J17(=J1 3 2 ) which,
as may be seen In (3), measures the interaction bet-

Optical Activity ween the polarization and the polarization gradient.

The electromagnetic part of the determinant in Acoustical Activity
(19) is the minor of the upper left elpment. Thus, the
pair of optical velocities is given by The electromechanical part of the determinant in

(19) Is the minor of the lower right element, so that we
have

6  'o XII 1 12J7

0, (20) c 4 4  d74 14

I- -2 0o (29)0 2--o
d f• 1 4  b5 5 •' •" (oIXII 1  2J17T,

which yields the dispersion formula (compare d 1 1 1,

p. 426) for the equation determining the velocitit,- of the two

acoustical waves, as Influenced by the .iasi-static

polarization and polarization gradient.
n (xl oI 7 '+ ib 65f,

2) (21) From (29),

2 p 2 2 -1
pv+ C4 4  d74 f) (b + %ll ; 2j 17) (30)

60

!4



In view of (18) and the inequality of v+ and v_, the except d 7 4 . In particular, Pine [ 1] finds that the
"superposition of the two waves results in rotary polar- acoustical and optical activities have opposite signs
ization (acoustical activity) with acoustical rotatory and the acoustical rotary power alorng the trigonal axis
power is about 220 radians/meter at one gigahertz. Thus, for

=• I 1left handed a-quartz,

AC = - +vI), (31) 0 AC = 220 radian/meter [I],
where t is the circular frequency. W = 21 X !09 radian/second I],

Both waves are dispersive. At the 7ero frequency = 2.65× 103 kilogram/meter3 [121
(long wave) limit, from (30) and (5), p E 5.65 X 10 kilog /meter [ 1).

li 2 c = 57.94× X 0 newton/meter2 113].

lim 2 P 21 E ( 44 2;0 1 44 " o 11 = c44, (32) = -0. 0406 coulomb/meter [13).1l4

which is the result (without acoustical activity, since
V+ = v ) that would be obtained if the contribution of Hence,

the polarization gradient were omitted, i.e., if d 7 4 , dE 2 2b55and J17 were assuned to be zero. As the freque- 74 AC(c 44) /e 1 4P J17 14

ncy increases from zero, the absolute velocity differ- The second term, J1 7 e1 4 , is negligible in comparison
ence, Iv+ - v 1, at first increases, so that the acous- with the first, so that we may drop the dependence of
tical activity appears and increases. With further in- acoustical rotatory power on and replace (351 with

creases of frequency, the velocity difference again

approaches zero, since 0 AC = d7 4 E1 4  2/E2
0 A =d 7'1 "/(c 4 4 ) . (39)

lim pv±Z - d 2b 5 ,. (33) Thus, according to this theory, the presence of
S004--7 acoustical activity in a-quartz depends on the exist-

so that the acoustical activity diminishes; but this is ence of the piezoelectric stress constant

undoubtedly beyond the range of applicability of the and the interaction constant d 7 4 (=d 32 2 3) between strain

continuum theory. Up to moderately large wave num- and polarization gradient, whereas the presence of
bers, (30) and (5) give, to the first order in , optical activity depends only on the existence of the

interaction constant j17 (=J1 3 2 ) between polarization
v 0 /v : (d7 4 - j1 7 e1 4 )e1 4 /c4 4  4 and polarization gradient.

2 E Refeence
where v0 - c 4 4 /p. In this range, the frequency is References
approximately proportional to the wave number:w =v 0o;, [I] A. S. P!ne, "Direct Observation of Acoustical Activ-
so that, from (31) and (34), ity in a-Quartz', Phys. Rev. El,2, 2049-2054 (1970).

0 = )e 2 /E2 [2] J. Joffrin and A. Levelut, "Mise en Svidence et
AC (74 1 7C 1 4 C 1 4 Pw ) (35) mesure du pouvoir rotatoire acoustique naturel du

quartz-a", Laboratoire d'Ultrasons, Facult6 des Scie-
Thus, at frequencies up to, say, 1010 cps, the acous- nces de Paris, forthcoming.
tical rotatory power is approximately proportional to [ 3] V.P. Slin, 'Contribution to the theory of absorp-
the square of the frequency and depends on the constants tion of ultrasound in metals", JETP (U.S.S.R.) 38,

P,1 n E whcromol noutrdip, e1 4 and c4 4 , which are commonly encountered in 977-983 (1960); 11,703-707, (1960) of Am. Phys. Soc.
piezoelectricity theory, and also on the constants d 7 4  Trans. Soviet Physics JETP.
and J17 which control the coupling of the polarization
gradient with the strain and polarization, respectively. [,4] R.A. Toupin, "Elastic Materials with Couple-Stres-

ses", Arch. Rat. liech.Anal. , 11, 385-414 (1962).
Application to Quartz [5] D. L. Portigal and E. Burstein, 'Acoustical Activity

For a-quartz, all the quantities in the formula and Other First-Order Spatial Dispersion Effects in
(28) for optical rotatory power are known except J1 7 ' Crystals:,Phys. Rev. 10, 673-678 (1968).
Thus, foi left-handed quartz and the sodium D line, [6] R. D. Mindlin,'"Polarization Gradient in Elastic

00P = -379 radian/meter [11, p.481], Dielectrics", Int. J. Solids Structures, 4, 637-642 (1968).

mp. [ 7] R. D. Mindlin, "Continuum and Lattice Theories of
k = 5893 X 10 meter 11, p. 481), Influence of Electromechanical Coupling on Capacitance

of Thin, Dielectric Films", Int.J .Solids Structures, 5,
n = 1.5533 [I1. p.481], 1197-1208(1969).

S0 8.854 X 10la furad/meter [10]. [8] Standards on Piezoelectric Crystals, 1949, Proc.Inst. Radio Engrs. 87, 1378-1385 (1949).

HI ence, (91 R. D. Mindlin, 'Lectures on Polarization Gradient

SO2 2 2 2 in Elastic Dielectrics," Int. Centre for Mechanical
P0 /4 wo(n-l) 0.19 meter /farad. (36) Sciences, Udine, Italy, 1970.

With the value of J 1 7 known, all quantities in the [10] J. F. Nye, Physical Properties of Crystals,
formula (35) for acoustical rotatory power are known Oxford, 1959.

61



[Il] R.A. Houston, A Treatise on Light, Lorgmans,
Green and Co., London, 1934.

[ 12] W. G. Cady, Piezoelectricity, McGraw-Hill Book
Co., New York, 1946.

[ 13] R. Bechmann,"Elastic and Piezoelectric Constants
of Alpha-Quartz", Phys. Rev. 110, 1060-1061 (1958.

FIGURE 1. Constitutive relations for crystal class 32 (D 3 ).
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EXTENSIONAL, FLEXURAL AND WIDTH-SHEAR VIBRATIONS

OF THIN RECTANGULAR CRYSTAL PLATES

P. C. Y. Lee
Princeton University

Princeton, New Jersey 08540

Su-imary

An approximate, one-dimensional theory is derived dimensional equations is separated into two groups cor-
for thin crystal plates or bars with narrow rectangular responding to extension, width-length flexu-e and width-
cross section, and for cases in which the stiffness shear motion, and transverse shear and widtn-twist
matrix of the crystal cij referring to the plate axes motion. In case the crystal is plated with electrode
exhibits monoclinic symmetry. A set of five equations platings, the mechanical effect of the platings has been
of motions is separated into two groups: the extensional, taken into account.
width-length flexural. and width-shear motion and the
transverse shear, and width-twist motion. Then closed form solutions are obtained for thin

rectangular plates with free edges, which a-e vibrating
Closed form solutinns of coupled extensional, flcx- in extensional, flexural, and width-shear modes. The

ural, and width-shear vioratiorn are obtained for thin resonant frequencies are conpputed as a func:ion of
rectangular platt with free edges. Calculated resonant length-to-width ratio while the width of th• plate and
frequencies as a iinction of length-to-width ratio of the electrode mass are kept at constant values. The pre-
the plate are compared w;th detailed measurements by dicted result is compared to D.M. Spears' d~tailed data
Miss D.M. Spears on +5' `-!ut, nuartz plates. For the on #5' X-cut, quartz plates.

1
; For use in dosign, ex-

use in design, explicit .. jebraic formulas for predict- plicit algebraic formulas for predicting ex ensional and
ing extensional and ttexoral frequencies are obtained in flexural frequencies separately are obtaine, in terms of
terms of elastic stiffvisses, density, and width-to- elastic stiffness, density, and the length-,o-width ratio

length ratio of the plateb, of the plates.

Introduction One-Dimensional Plate Equatiois

Thin rectangular plates or finite bars with narrow, Consider a rectangular plate of thickiess 2a, width
rectanqular cross section (Fig. I) excited mainly in 2b. and length 2c in the rectangular coordiiate system
extensional and flexural modes of vibration have becn (xi) as shown in Fig. I. Mindlin's two-dihrinsional,
used extensively as piezoelectric resonators in filter first order, stress equations of motion for crystal
circuit applications. For very low frequencies (f.<<l) plates, which take into account the first 'ive lowest
and small width-to-length ratio (b/c,-l) of the plate, vibrational modes, are:

3

the classical extensional equation and flexural equation -2u(0)
including the effects of ritary and lateral inertial T(O T(0) = 2bp
have been shown to predict resonant frequencies with II, + 13,3 )t 2
great accuracy. However, due to the anisotropy of the
crystals, extensional and flexural modes are sometimes
strongly coupled, as occurs in the case of l X-cut, T(O) T(0 p - (0)
quartz plates. Furthermore. in case of plates being 12,1 23,3 b t2
excited in higher flexural modes or with larqer values
of width-to-length ratio, the effect due to the presence (2)((O)
of the width-shear mode becomes of more importance. r + = 2hp
Coupled longitudinal and flexural vibrations of both 13,1 33,3 2 '

thin rectangular and parallelogram plates have been 2
studied extensively by Jumonji and Onoe.

2  In their To
1
) + (1) T(O) 

3

analysis, approximate solution-, are obtained by linear 1l,1 T3,3 12 3 at
combination of Lamb waves or solutions corresponding to
frequency branches of the Rayleigh-Lamb dispersion equa- 0(l) + (I) .T(O) 2 2 (I)

tion. Hence the accuracy of their approximation can be 11,) 333 2 b bp I

improved by taking additional higher branches ito 3t2

account. where ui(O) are the components of the displcement and

The purpose of this paper is to formulate an approxi- ui(1) are the components of the rotation in the xi direc-
mate theory which includes extensional, flexural and tion of a plate eienent which is originall paralleh to
width-shear modes and allows closed form solutions to the 2 axis. 

T
il are stress resultants and Tij

satisfy free edge conditions. First, a set of approxi- are stress couples.
mate, one-dimensional plate equations for generalized
plane stress is derived baeed on Mindlin's first-order, The stress-strai, relations with monoc inic symmetry,
two-dimensional equations for cryste! plates.

3 
When the such as the case for rotated Y-cut or & 0 X-cut of quartz

stiffness matrix Cl of the crystal referring to plate are:
axes exhibits monociinic symmetry, su-h as in rotated
Y-cut, or & OX-cut quartz plates, this set of five one-
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T(0 = 2bfc 1 u ,. (0 ÷ (O) + - (uO() u(I))
TI 1,I 13 3,3 k3C1 4 (u2,3 + Z 3 t) k plates with traction-free faces, the state of stress isa case of generalized plane stress. The po'per condi-

() 2b- u(0) + ; (0) + -Z u(0) + () tions for traction-free face conditions are
6

33 13, + 33u3,3 k3 c3 4 (u2 ,3  3 T0T

T(O). 0, Ti'j . 0(7)
(0)(0) (0) (0 ,TI )= o2bc5 5 (u + 13 + kC56 2,1 (2)

i3 553,1 + , 1(0 + 6c(u2,) I 2 and

T =01 0 T 1 c60)u0, T | (o 0. (8)
(0) = (b[k O + (0) 2 (0) I)2 T 12 x3 13 a = 0"T12 = bkC56(U3(l + Ul,3 + klc66(u2,I 1 u, =

3) 3 2c (0) (1) It is seen that (7) and (8) imply that H. -0. Further-"T(0)- 2b[k () - () + k c + u
3  more for symmetric extensional and flexulal motion in

3 34u,, 3 34 3,3 3 44 (u2,3  3 J the x3 direction, u(0) (1) an u("' are assu.med to be
T~~~l)~~ = ~ 3 
U 1 +y 3 3  3  u3  2n

T(If ' 2 b3 (I) (I) symmetric with respect to the x2 x plane; therefore

T () Z b3 (um I um(I), u (O) u(l), u(O)] jdx, = 0 (9)13 =3 Y55 "3,1 + 1,3I -a 31 3

-a 2 dx

where From (2) and (7), one obtains:.
2 n2/2

k2  2/12, (o) t o() - k3 Cl. (u(O) + ul)
2. 2 •1/2• U 'l = u1 3 3 3 " 1 2,3 3

k3 2(c + c 4 4  1(c 2 2 - c 4 4 )
2

+ 4 c 24h 1 /2
4

c 4 4 ' Cl1  Cl (10)

c = c u-( ) (

pq pq 2p q2  22 2 p~q = 1,3,4 U, 1  
y 3,3

p = c p,q 1,3 Substitution of (10) into (2), integration through the
Ypq pq " Lop Cq4/44 pq() thickness, and utilization of the assumption (9) yields

the stress-strain relations for generalized plane stress2 theory:
Y55 'c 5 5 - c,6/c6 6 .

Co) -=2b(c3  v (0) +k c v(0) + V
These equations are two-dimensional and the traction 3 3 c34  2 3  3

free edge conditions at x2  = ±b have been accounted for. (0) . 2b Ck C" (0) + 2 (O) + (1) (Ila)
When the thickness of the plate 2a is small as compared 32 3 34 v2, 3  k3 c 4 4 (v 2 3
with wave lengths and other plate dimensions, the compo- U( 3) 2 b3 v ,(31)
nents of displacement and stress can be approximated by 33 = b V3 3  v3 3
their average values across the thickness as defined
respectively by5 and

1(O) = 2b (c 55  1 3  + k c 5 6 v (I)
v(n) 13~ 55 "MO 1u56n)

v i(x ' t : toa j(n (X ,,teXlP
2a3,- I ). (x,3 t)ex (0) .2b ( 0 () + k2 (1) (12a)o• b(klc56vi, 3  klC6bvI )) 1a

!n) L T (n) (1) + 56 ()-

aiji (x3 ' 2a . -a T ij ( x) 1 3 1t) = V 0b 3
1 y. 0 (I)

13 3 Y551,3
Multiplying (I) by 1/2a and integrating through the where
thickness, one obtains: c = C - c l / il' 3 - '33  ' 1  1  3)b2v(0) Pq Pq "CpClCl i 3 I/I' (3

(0) . (0) = 2br, __ )q = 3,4
13,3 + 2I 2 The displacement equations of motion are oatalned by

2 (0) substitution of (Ila) and (12a) into (5):

()+ H(O .2b 2 a 2 '0)
23.3 2 2(o 2bp * (0)+ (0) + O v(0). p t ,6t (5) +33 v3 333 )334 P233 3

. (0) + H(0 ) a2 (0)

ZIO H." ,.) ,,pv3
(I) 3V 3, 3 3 v3,3 2 k c ( ( + 3v ,.

1(1) (o) +- ) b3  v3

J3,3 32 3 3 P 2

where, and 1 (2vJO) at

H~n) " •a •n)T ((-a) 3 55 ,33 5 .3 p 3(12b)H -2 0 2 (a) )2vI)

are the stress resultants (for n-0) and stress couples V () -3 b2 (k cv(0) + kc2 (11 1 P I
(for i=l) on the feces of the plate at x, t a. For Y55 a,33 t56v,3 C66v , a I
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It may now be noted that the one-dimensional plate eqja- where R = (p'a' + p'a")/Pa is the ratio of the mass of
tions for generalized plane stress are uncoupled into the platings pgr unit area to the mass of .rystal plate
two sets of eqia.ions: (llab) governs the extension, per unit area, It can be seen that in case the thick-
width-length flexure and width-shear iibrations and nesses of the platings are extremely small as compared
(12a,b) governs the transverse shear and width-twist to the thickness of the plate, i.e. a'/a<< I, and
vibrations. The corresponding deformations governed by a'/a-< I, the contribution to the stresses due to the
these two sets of equations are depicted in Fig. 2a and platings can be neglected. In the same mainer, similar
2b respectively, results can be obtained for the other governing equa-

tions. Therefore the effect of platings is to increase

Effect of Electrode Plating all the inertia terms in (5) by a factor of I + R.

If there are thin metallic electrodes on the faces Extension-Flexure-Shear Vibratiois
x= ± s, the mechanical effect of the plating should be

incorporated into the plate equations (11) and (12).7y8 In the present section, the free, coupled vibra-

Let upper and lower platings have thicknesses 2a' and tions of extension, width-length flexure and width-shear

2a" and densities p' and p" respectively as shown in of a crystal plate with symmetric platings at x, = ±a

Fog. 3. The stress equations of motion for the platings will be studied (Fig. I). The free-edge conditions at
have the same form as those for the plate (5) and (6). x2 = lb have been accounted for in (I) while the free-
For upper plating a2v(1), face conditions can be satisfied by setting I1,n). 0,

a + HI(0) ' 2b p- , i etc. (14; for n = 011. To satisfy free-edge conditions at
6,3 at 2 x3 = +c, one requires

where C(O)I (0G) 7 =(1

11(0 ) I ET '(a') - (0)' ], etc. (15) 33Ix+c 32 =+c
I 2a II I - - -

An identical set of equations holds for lower plating The appropriate form of solution for (lib) in case
except that primes are replaced by double primes, an alternating and uniform electric field is impressed

over the electrode platings can be written as:
The continuity conditions of stress and displace- o t 3

ment at the interfaces require that vJO)= b c " A sin jx t

T(n) (-a') (n) (n) " 2 i( n
vj T16 ( (0)(( b 3 A, i sin . x3 eI wt (22)

v(n) I (n' n =i

v. =v . v(n)" . ( , n Ol, j = 1,2,3 3 3 i 3

To avoid repetition, the following derivations are re- 3 i=i A o x3c
stricted to only one of a set of governing equations for where w is the circular frequency ard C1. '2 and are
plated crystal plates, since the remaining can be ob-
tained in the same manner. The stress resultant in the wave numbers for modes predominant in flexure, extension

x1 direction acting on the faces of the crystal plate and width-shear, respectively. The dimensionless fre-

with platings is defined as quency and wave numbers are defined by:

0). 1 W b 23

"((0) I T(O)' (a') - T(0)' (17) r 2 c," I/2 ' Ci ib , (23)
I 2a II II r3 4

By using the definitions (6), (15) and the stress conti- Lpb 2(l+R)j

nuity conditions given in (16), the above can be ex- and they are related by the dispersion relation:
pressed as:

' , F(O. l) - Ia. . - 0, (a..j a.j) (214),(o). 11(0) a' (0)' ("0) ,JiJ

S I "a & + I (18) where

Substitution of the corresponding stress equations of a 1  2 1 , a 12  3 a 13 = ,
motion for upper and lower platings into the last two
terms of the right hand side of (18), and use of the 2 ^ }2 - - 32 3,
displacement continuity conditions given in (16) 34 d, 2 - 3 (25)
results in: I 0 + a' ( a33  ^ A

I I a 3 3 + 3,3 a A 2 A _A k2

"2 (19) c 3 3 /k3 C, c31 4 = 3 C34/k3c414 33 V33/33 C44-

I .The roots of (24) or the dispersion curves aie shown in
at

2  Fig. 4. For (22) to be the solution of (lib), the
Further substitution of (19) into the first equation of amplitude ratios have to satisfy
(5)p yields one of the stress equations of motion for
plated crystal plates: C1  P [3 d - (A Y A2 2'1 = 1[ "( 3 "c 4 ) 2]/Oi' &2i 3C.Q'D.,

13O) a' 1301, al ,1~), 11 (0)3 34
.1 (0)+ •-a' (oi0)'•a" •()"l+'3 0I) 2b(I+R)p

S2v (0) - 2 - 3 d 3)(c3' - 3 d) . 34ý11 i 1,2,3

at 2
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Substituting of (22) into the stress-strain relation width-shear modes while the nameral "n" preceeding the
(H1a) and imposing boundary conditions (21),.one obtains letter indicates the n th mode of a particular type.
a set of three homogeneous algebraic equations which The dots represenj the experimental data obtained by
govern the amolitudes Ai. For these equations to have Hiss 0. H. Spearsk for the +50 X-cut, oua-tz plates.
non-trivial solutions, the determinant of the coeffi- The same theoretical and experimental resu ts are also
cients must vanish, i.e. plotted in Oc/b and b/c coordinates in FiJ. 6 since

this way of presenting the data has often been used by
Jb.jJ 0 0, for i,j = 1,2,3 (27) previous investilators., Y

2

where Algebraic Formulas

bi = 'icos(• S) b = oidos(. b)' b = Ii sin As may be seen from the results shown in Fig. 5 or

- c) Fib. 6, the dispersion relation (24) and f'equency equa-( b • tion (27) are very accurate in predicting .he intricate

behavior of the frequency spectrum, for they have ac-
+ A C3

Ai c34 + (a + 2) C, o. O I + counted for the mechanical coupling of the predominant
3 (28) modes in this range of frequency. However for use in

+A design, simiple algebraic formulas for pred cting exten-
(C1 1 + c 34  2 i2) i - 1,2,3. sional and flexural frequencies separately are desirable,

To achieve this object, the coupled equations of motion
Equation (27) represents a functional relation (lia,b) arz uncoupled into extensional and flexural

between the resonant frequency, V, the width-to-length ecuations as follows:
ratio of the plate. b/c, and the mass ratio, R, and is
the frequency equation for the present problem. 2()

(0) ..A~., I)= 2b 0

It can be seen from Fig, 4 that all wave numbers, c 33 v3, 3 3 = 0 2 2 0c 3 c3 v3,3 , (31)
are real when 0> I and Ci, ý2 are real and C3 is ot2

imaginary for Q< I. In order to have a real equation and 2v(O)
corresponding to (27) for 0 < 0< 1, one may replace in (0) 3P 2
(22), sin • 3x3 by sinh C3x3 and cos - by cosh c - 7 - 0~3x b csh 3x. 2 ,33 33  b2 ~t2
all the results from (23) to (28) remain identical 33
except (-(1) 2b

2  
' (0) 2(0) )b3 ' (0)

33 3 - 3 c 3 3 c 23^24) C 3 ,'2 023= -3 3U D, 3 33 T 33 v2,3, 33 3 " 3 32,333

( -2 12. (29) Eouations (31) are obtained from (ll4,b) b) neglecting
D ( 3 c2 + 3 ?) c the coupling terms associated with c64 , while (32) are
U3  3 ~33 3 34 Z13f obtained by a similar procedure used by Mirdlin and

and Forray.
12 

Of course (31) and (32) are the classical
cc equations for longitudinal bars and flexural beams

b13 cosh (Z )b b2 3 = 03 cosh (C3 b)' respectively.

b sinh (30) The roots of the trequence equation for (31) for
33 3)3 b bars with tree ends at x 3 - +c are:13

Resonant Frequencies I . n (33)D 2ý

For a +50 X-cut, quartz plate as shown ;n Fig. 1, where n -, 1,3,5,... for antisymnnetric modes and n , 2,
the xl-axis coincides with nse of the diagonal axes of 4.6.... for symmetric modes in x Insteac of using the

the quartz and the x 2-axis makes an angle of +50 witn dispersion relation L, 3' obtained from (311,

the trigonal axis. The values of (rotated) elastic 0= (-a' -

stiffnesses with respect to th5 xi axes of the plate are the coupled E - 3S dis~ersion relation from (24) Is used,

obtained from Bechmann's value with the slight modifi- This relation is obtained by dropping all a 2 j terms in
cation by R.T. SmithIO and are given in 1010Newtons per -2
squaie meter as follows: (24), and for C < I, £' - I, it reduces aparoximatelyto

A A-.2

C = 8.674 c1 2 = 1.495 c13 - 0.381 cl4 ' 1.721 = (33 . (3/)

c 2 2 =10.738 c 2 3 ' 0.835 c 24 = 0.134 c 33 ' 9.351 Substituting (34) into (33), one obtains

c 34 -- 2.076 c -4 = 5.694 c 5 5 - 3.694 c 5 6 - 1.609 A A2

c 6 6 = 6.087 2 3 1-'

and or in dimensional fora, with f u u'2 and R A 0

cl5 c 1 6 = c 2 5 = c 26 ' c 3 5 " c 36 = c4 5 ' c 4 6  0. n ( c 3 - c'34c44 1/2

Therefore c.. exhibits monoclinic synyietry. The resonant c p OW

frequencies of the roots of (27) are computed for a Equation (35) agrees with the usal form of extensional

range of values of c/b while the width of the plate (2b) frequency formula
1  

except that the couplin* effect
and the mass of electrode platings (R-0.5/) are kept at through c' is included in 'he term c
constant values. The result is plotted as shown in Fig. 34 i1cei4e r

5 in which the letters E, F, and WS Indicate respec- Th' frequency equation for flexural equatlons (32)
tively the pcrtion of the frequency branches corres- with free end conoitions x = + c isI;
ponding to predominantly extensional, flexural, and 3
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:1 -Ctan-C + tanh - , (36) 6. H. F. Tiersten, Linear Piezoelectric Platen -Vibrations, (Plenum Press, New York)t1969).

The roots of the above transcendental equations are
approximated by 7. R. D. Hindlin, Progress in Applied Mechanics,

n (pp. 73-84, Macmillan Co., (1963).
S(n + * l 2) - (37)

8. R. D. Mindlin and P. C. Y. Lee, Int. J. Solids
where n = 1,3,5,... for symmetric modes and n a 2,4,6.. Structures, 2, 125, (1965).
for antisymmetric modes in x3. Here again the coupled

F - WS dispersion relation is used. It is obtained 9. R. Bechmann, Phys. Rev., 110, 1060 (1958).

from (24) by dropping all alj terms, and reduces, for 10. R. T. Smith, personal communication.

0< and d < 1, to:
II. R. A. Sykes, Chapter VI, Quartz Crystals for

7.y. 1/2 -2 Electrical Circuits, edited by R. A. Helsing,

3 ( ) ( 2)1/2 (38) (D. Van Nostrand Co., New York)(1946).

12. R. D. Hindlin and H. Forray, Jour. Appl. Phys.,
Substituting (37) into (38) one obtains a frequency 23, 12 (1954).
formula in terms of b/c. In dimensional form and for
R & 0, it can be written: 13. Lord Rayleigh, Theory of Sound, (Dover Publi-

, 1cations, New York) (1945).S• I/2[I (n + 1/2)2 b/c2

f (133( 2 (38)' 14. R. A. Sykes, unpublished memorandum.8( + +
2

15. H. Onoe and 1I, Jumonjl, paper at Ultiasonic
Comparing the above with R. A. Sykes' experimental Symposium D5, Cleveland, Ohio, (196b).
formula for flexural frequencies:

14  (Obtained through personal communication.)

; 33• +02 2b
f - K y• 1/2T ( n 0) 2b39f-K-(l. (39)

c

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

K (I + )2 I 2b21/2 (40)S+(•)2(n +• •

The frequencies calculated by (35) and (38) are

compared with results from the coupled equation (27)
as shown in Fig. 7. It can be seen that these formulas

give good predictions for 17< I. As has been shown by
Onoe and Jumonji,1

5 
the calculated frequencies based on

classical flexural beam theory are too high as compared
to the observed values, even when the rotatory in-
ertia

1 3 
or both rotatory and lateral inertia are taken

into account.
1  

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).

Acknowleagements

The author wishes to thank W. J. Spencer, R. A.
Sykes, J. H. Armstrong, P. R. Blomster, and F. S. Welsh
for helpful discussions, miss D. H. Spears for the use
of her experimental data, and to acknowledge support of
the work by ioell Telephone Laboratories, Allentown,
Pennsylvania.

List of References

I. W. P. Mason, Journ. Acoust. Soc. Amer., 6, 246
(1935).

2. H. Jumonji and H. Onoe, Electronics and Communi-
cations In JapanpJol. 51-A, No. 3, 35 (1968).

3. R. D. Mindlin, Quart. App;. Math, 2., 51 (1961)

4. D. 14. Spears, unpublished memorandum.

5. M. A. Hedick and Y. H. Pao, Jour. Acoust. Soc.
Amer., 31, 59 (1965).

67



I 2c

XWS EF

X X

Fig. I - Rectangular plate or finite bar - 7
with rectangular corss section.

0.5 ____-

WS . WIOTH-SHEAR

T E - EXTENSION
X3 F . FLEXURE

t Xf

Extension (1v )) F Le ngth Width-Shear (v4)) I 0.0

Flxr 1) 0 M .0 O E 2.0 3.0

(a)
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(QIJARTZ CRtVIrTAL APPLICATIOWI IX

VIGITAL. THAINr14ii8tJI0ii

Richard ii. Ilobrtwk 11
Bell 'relevtons Laboratories, Incorporated

Hiolmdel, New Jersey

The Pell Telephone Slystem is actively engaged in the several pulse streame into a single highner opeed bit
development or an integral "d, nationwide digital trans- stream while the do-multiplexer performa the opposite
mission network. The last decade saw the Introduction task by separating the single high speed stream into
of the first member of thi, digital network -- the its original component parts.
widely acclaimed TI trannitission system. The TI carrier
system provides short haul transm-ission of twenty-rour In order to interleave these bit streams, the Incoming
digitally venoded voice chunnels on paired cable. signals must be synohronous. In the evolving digital
Since its Inceptio)n, over five million voice channel network. however, the high speed digital. signals will
miles of TI have been inatoalled In the telephone plant. not be synchronized and thus a technique it required
An a result of this succet'ir, the Bell System is to make them appear synchronous.y This tectnique Is
cu~rrently developing a whole hierarchy or digital known as pulse stuffing synchroadization. The basic
trmanmission facilities, "ranging in scope from several concept requires that the output rate of tte multiplemvir
Wibs customer data links to several hundred Mb/s be -slightly greater than the sum of all the Incosing
coaxial cable, rndio and milliineter waveguide systems, rates. Additional pulses are then added tc each of the

input streams so that the resulting averaeV pulse rate
Digital transmslocion is enriracterized by three basic becomes identical to isome fixed frequency generated by
operations. First, sampling and coding to the method a crystal clock within the multiplexer. Tte addition
by which incoming analog iAgaals are converted into a and removal at these extra stuffing vrdses Is accom-
rcrin appropriate for transrriisqion on digital facilities. pltnhed with elastic stores. These ame sir-ply buffer
I'#nd tiedvmo utpeigi ehiu sd ,emories. typically storing several bits of Information.
Io combinc digital signali, from a variety of sources The READ and WRITE clocks of these stores are Indepen-
into a vingle higher speed oulse strewn. Finally, dent. In the multiplexer the information tits are
rgenerat ion is the proccoa used to reconstruct a written Into the synchronizer elastic store under the

di1gitoil signsal at regular intervals along at digital control of a clock extracted from the incoving signal.
trknnmission line. After a brief discussion of each Thu. Information Is then read out from the store at a
ofI these operations we will consider the specific role slightly higher rate, under the e-.,itrol of tbe local
of juptrtz cryisrtls In the evolving digital network, crystal clock. A comparator circuit momitcrs the

numiber of bits stored in memory. Whenever the stor&"e
Zar~pling and codting are the two processes which are nears depletion, the comparator demands that a stuff or
used to co',!vrt analog aignals such as speech or Crop be placed in the READ clock. Cf course, the loca-
television Into digital fi)rm. The steps associated tion of this stuff or gap must be signaled to the
with thin conversion arr illustrated in Figure 1. We demuitiplexer. This Is normally accomplished over a
begin by bandilimiting th'- analog signal by passing it commnon data channel which is imultiplexed along with the
through a low pass filter. Then we sample the continu- data into the output bit stream. The receipt of the
our nigna~l ait discrete time intervals. If thene samples synchronization information In the demultiplexer permits
%e taken at regular interva~ls and at' twice the highest the stuffing gaps to be removed from each channel. The

rrelizency ccrissonent found in the signal. then all of destuffed signals are then Identical to the original
'h-L lnformntlon In the metseage is contained in these multiplex inputs excert fer the presence of timing
s'.rtpl'.s, In particular, If the samples are passed jitter. To remov, this jitter the signals are 6elivered

mh-," i interpolation filter, the ortginal, message to a desynchroniter elastic store whose RCAD clock has
will be~ recovered. This boisic principle is known as a frequency which is the averag of the Jitteredl VI71I
Theq is~ulirrg theorem and the samples are generally clock. The smooth READ clock is provided by a voltage
eallel PAM' pi'dsem, standing for Pulse Amplitude Modu- controlled oscillator, often a crystal oscillator,
.it Ior.. vJ ae no desir"ý, however, to transmit the contained in a phase-lockied loop. The loo; Is required
PAV frulnes beca'ime we woild have to maintain their in order to slave the smooth output clock to the

exi&it naplitudes. InstewI we perform analog to digital jittered input clock.
c,,nversIon by encoding, !h,? amplitude of each isample
fritc, n binar/ word of or-o~ and Zeros. Thin ts known Tn addition to synchronization Information which mndi-
-s PCM. or Pulse Code Modl-rition. of course, the length cates the location of the stuffed tine slots for earlh
,r this woref determines , '-. faithfully we cran represent channel% It Is also necessary to transmit a rrsaim"

ttr.- arplitude of each owiple. The process of repre. signal so that the inrormation may be properly deaullt!-
1entinO a Cor1AInUtUM Of v'. u0s with a discrete number plexed. For this purpose a unique code pattern Is
of' lev-e11 Is known aa qu'ntltzing. The error introduce'! multiplexed along with the data. (hice the position or

tn he Lrocess is known tin quantizing distortion and is this unique pattern within the pulsep strema. has been
a ltutiarAfrtsl signal imp,'drment In digital transmidssion, identified by the demultiplex circuI'~ry, the Individual

channels my be prpoerly sorted.
ns addlition to digital torrninals which conv'ert analog

signals into digital torn, a complete digital network The real payoff In digital transmisslion is the ability
reuilr'. time division mdLtiplextng to Interface to reconstruct a digtital waveflomt which has suffrel
b.-woen transmission taoS Utica which tranmidt digital frequency dispersion and tie. fpairwent of a~ditiwt

sg al t different rate"A. The baste structure of a noise#. This reemsltruction prooesa Is knova as roger.
rrillplzerand Its companion denultiplexer Is Illus- eration and It Is rerformed at regulaw in'tervals, along

trotel In Figure 2. The madtiploxer simply cosbines a digital tramntiewiron routeo. "he baste Nlutattom,



associated with a regenerat lye repeater are shown in switched digital netvolr, And in this &ecd& w# wj1i
Figure 3. Th.'se functiona ire aimplification and see tile advent of ti.. division electronic Switching

equalization, timing extrni-tion, and sampling and systems. Finally, and pe'rtap most isaortmntly. once a
rcgeneration. The amplifier-equaliser circuit reshapes signal has been placed in digital form, It is virtua3ly
the Incoming pulse waveroer and restores its amplitude insensitive to any further degradation durAig Its tour
io that a pulse-no pulse dr,.imion can be made. Dine@ throu4, the digital network.
transmission through a lenKth oi cable renulta in
severe attenuation of the high frequency content or A A portion of the digital hierarchy planned by the bell
pulse veteorm, the equalirittion circuit must in effect System is illustrated In Figure 4. It con--l-ns
boost the relative amplitude of the high frequency cor- terminals for coding analog sources Into digital sioael.,
ponents in order to compenonte for the distortion multiplexers for gotting from one level of the hierarchy
introduced by the tranamiiftlon medium. In practice, a to the next, and a variety of digital treJsansmilon
single pulse may be spread over an many as thirty time facilities for carrying these signals. Prue*nt analog
slots and thus the equalizer performs an extremely sources include normal voice channels, the nev Bell
important function in reshftping a pulse no that it is Jyatem PICTUR•E• OE a 600 voice ebannel FM master-
spread over rev enough time slots to permit regenera- group, and finally color television. The Kurce or the
tion. Some spillover does cxist, however, and it is well known Tl signal is a DI or D2 channel bank. The
referred to as intersyxibol interference, Di channel bank multiplexes 210 voice channsls and con-

verts them into digital form. Installatio. began in
Following equalization, a timing circuit in the repeater 1962 and there are presently over sixty thousand banks
extracts a clock signal from the data stream so that in the field. Each unit contains a 1.5hh VXz crysM1l
the equalized pulse train can be sampled and subse- and that adds up to a lot of crystals. The DP channel
quently regenerated. Thin operation is normally bank entered the field last year with more than two
performed with a high Q circuit which extracts a thousand banks installed. It multiplexes and converts
sinusoidal component at the timing frequency. This ý voice channels into four T1 type signals. Each of
component is then employed to generate extremely narrow these units incorporates a 6.176 Mz crystal as a
sampling pulsen which are uiied to interrogate the data. nystem clock. At the next level of the hisrarche
In some repeaters a monolithic crystal filter is used find a visual telephone terminal for converting the
for timing extraction; in -thers, a phue-locked loop PICTURE'lONE signal, into a T2 digital pulse stress.
is often enployed with tt vwltage-controlled crystal This coder employs a fundamental crystal o?erst!ng at
oscillator. the T2 line frequency of 6.312 VH1z. And, -If course-

PICTURMPNONE service grows, a fantastic number of
The function of the reg.'no,!%tor itself is to reconstruct crystals will be required for this applieas-lo. At the
the received pulse train. This In accomplished by T3 level or the hierarchy we find two additional coders.
sampling the amplifier-equrdizer output with the narrow one for the 600 voice channel 70M mastergr2up and the
pulses provided by the timinp circuit. When the other for commercial color television. Bo3h of' these
amplitude of a sample exc-"drn a npecififd threnilold or coders will employ a third overtone h6.3 Kiz crystal In
decision level, the regenerator produces an output their system clocks.
pulse or prescribed amplitude and widtih. when the
sample arplitude in below the thresholi, no output Ic Movin, on to consider the multiplexers, we find the
provided. K12, which combines four TI signals into a T2 signal.

Each 1412 nultiplexer uses a 6.312 MiIz crystal In its
In protctice, n regeneratnr output in never an exact system clock. At the next level we find te V.23,
replica of the transmitted pulse train. The premence which combines seven T2 signals into a T3 nulse stormn.
of interference on the sigaril at the inotnnt or The M23 multiplexer contains a L6.3 M/i third overtone
regeneration can result in ar, incorrect deoi'Aon and crystnl for its oyatem clock. At the rece.ving end.
thus a digital error. Moor*;over, phase ,Jitter is intro- the corresponding 14?3 demultiplexer will e.loy seven
duced on the output due to imperfect timing extraction. cryitnis in the voltage controlled oacillators found
Thus In a long repeatered 6pan both digital. erroro and In the channel decynchronizers. These vil. be
timing jitter will accumulate, These effects, however, 6. •,1. wiz fundamental wilts. Above the T3 lovel, ye
are quite small, preuently have in development HA and X15 nultiplexers.

',he M34 will coobine six T3 signals Into a 282 Mb/sThe basic functions Illustrated In Figure 3 are common 71 s!•nal, wh~le the t¢a5 will combine tw . sigals

to all regenerative repeators. In addition, automatic into a four level 564. Mb/a signal. Pifth overtone
gain control and adaptive equslization are often crystals in combinaticn with frequency &oullere Will
enmloyed and the transmitted signal usually contains moot likely make up the system clocks for 1-oth the %%V
three or more levels. All of this implies a more and M45 transmitting terminals. In the A31 denruti-
rompllcated repeater. plexers, 46.3 Y•z fundamental crystals NOy be eMIloye4

in thle voltage ec.itrolled oscillators osceliltes vith
xov that we understand tile basic operations woocisted each or the chnannt,! desynehronisers.
with digital transmission. it is natural to ask Just
what are its advantages over conventional analog trans- Quarts crystals find application not only :r. tLe IlgUtkl
mission. Firnt, the availability of silicon integrated terminals but in the transmisa•cn ftellitIts as well.
circuits permits us to build very inexpensive terminals, The tisle digital facility is thU TI carrier systen
both coderi and multiplexers, This contrast* with the which operates on paired cable at 15"I. b-s.. Dital
very exponsive and bulky filters associated with rM repeaters are located at one %ile Intervl! vilth
or Frequency Division Multiplexing. aecond, we require typizal lengths ranging from 10 te 25 %Ile.'. In 197-'
only % very simple repeater plan, whereas analog systems the T2 transmission syaten will become es'.lble,
require a family of repeat ers differing in their transmitting 6.312 Mbil ovr pailrd cable. MsINA a nev
equalisation capabilitie, Third, through the us* of low capacitance cable, repenters viii 11- l~eted mbc"t
•*srious coders and a hierarchy of digital multiplexers, every thr*P miles vith typical lengths runlug Viu 30
w, can intermix all kinds of signal types for trans- to M. miles. Each or these- repeaters wiL; we an A"
mission on a single digital facility. Fourth, there cut moolithie ertal filter as a rets 0':' e0t1r1ma-1i
exists an obvious adva.tage in handling signals which a timing wave from the trwasmittea sitpal. tim
are already in digital form, such as data or ener"ted ficlities witi carry T2 tytp siloedl, in 1i0ticul lr,
speech. Fifth, there is 1irect compatibility with a digits on Lk misterrt, antd digli• on 1lorct-fe mdiv.t
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These i %.r ýlg anelor. facllities vill be used to allow to minimize the data slips vbieb Could be aUsed 11Y
rapid Sr;vth or a connected nationwide digital network such an usynabroanlsed clock, we require the se of
to permit immediate data transmlsosin and PICTURZIIOWN ultra-stable crystal osjillators,
service. The terdinal associated vith these
facilities will of course require crystal clocks. Let's look at this in asos more detail by co•s•de•ing a

hypothetical network as shown in Figure 6. we aen
At the next level of the hierarchy, known as T3, there start by placing a SysteS master in the middle of the
are no present plans for e tranominion facility, country. To this ye might slffe the regional CIods
Nonetheless there will exist an intrabuilding link at by means of a linear network. From eh W600o2l
this rate with a 46.304 Mz fundamental AT out mono- center we might distributo synehronizitIo iAf0rMtlc.
lithic crystal filter used for timing extraction at the in star-like fashion to the various local offic•.
receiving end. Above the T3 level, digital radio ad
the millimeter vavegtuide system will most likely carry A major drawback in a synchronous netVofk Is that Pm-
282 Mb/s T4 signals. The vaveguide facility vill vision must be made to allow the network to bresthei
simultaneously carry 60 Th channels. implying a capacity that is, the propagation delay of M"llu through the
of almost a quarter of a million voice channels. Also various transmission media Vill VW in time, sMMerly
In development is a T5 coaxial system carrying a four u a result of temperature variations. To aeowdate
level 564 Mb/s pulse otrem. The repeaters in all of the possible differential delay variations betmwe the
these high speed systems vwii probably employ phase- timing signal and the data strom, W mut incorporate
locked loops for timing extraction -urposes and each buffer memoriso or elastic stores at the end of e0fy
of these loops will use qaartz crystals in voltage data link. For a slip froe natioovidv netvork oPerstilg
controlled oscillators, at Ti speeds, these stores become quite large, requiring

dozens of memory cells.
Perhaps the wost exciting applicatin of quart&
crystaLn in found in the evolving rm.aly-synchronous Another difficulty associated with a synChronous network
digital data syitem. The realization of a synchronous is the vulnerability of the system to failures in thw
system calls for the installation of ultra-stable transmission links. If we encounter a tron5daZlso
crystal oscillators in cities throughout the country. outage in a timing link, a portion of the network
The digital data system viii require synchronization beco•se isolated from the system master. For the network
at the Ti level. Data signals can then be synchronously shove in Figure 6. the office clock io any node which is
uultiplexed up to this level as shovn in Figure 5. no longer receiving timing informatioA Jee as a
Customer data rates of 2.4, 4.8, or 9.6 kb/s could be raster to all the clocks in the isolated suk•ntwork.
combined by a family of muiltiplexer3 into a 56 kb/s Thum these subnetwork clocks %" still $ynchroulfed to
simnal. veenty-three of these 56 Xb/s pulue stream, one another and only traffic between the Oubmatvos Md
along with some housekeeping information, could be the main network Ls endangered. It io our task to
synchronously multiplexed up to the Ti level. Thus, in .ninimize this danger.
effect, each 56 kb/s data signal would displace one of
the digitally encoded voice channels normally associated At the instant an outage occurs, the frequency of a
with the T1 system. subnetvork master may be offset from the system master

due to errors in the synchronization hardware an due to
in order to achieve a synchronous data network we first the presence of timing jitter on the synchronization
have to synchronite all of the equipment within a sional. Moreover this frequency deviation can be

single office, and then we have to net about synchron- subsequently aggravated by oscillator drift after the

lzine all the offices to one another• In order to disconnect. The frequency offsets due t2 both errors
'ynchronize the equipment within ar office, we establish and timino .jitter can be reduced to quite acreptabls

an office mwter clock, All syste m.locks within that levels through proper deai of the phase-locke4 loop.

off•ie are then slaved *+. this ofce master. On a And thus, with the initial frequency offset under
larger rcale, all orerice maiter cl-cka are then syn- control, we need only conrern ourselves with the
ct.ronized to a clock chosen as a syntem master. These frequency stability of the free running oscillatOr.
clookg would be phase locked to the master by means of Uping existing crystal oscillator teehnoloU, we betie e
a synchronization network embedded in the system. The it is possible to withstand a synchronization outa•e Of
phAme-locked loops would cor.tain ewnory, so that in the several days without causing a slip, that is, vit)sOut
event of a synchronization outage, the oscillator spilling the elastic stores at the end of the date
c.ntrol signal would be maintained at the Sane value links.
thot urAsted at the onset of the outage. Thus, in order
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FREQUENCY 0ONTROL DEVICES FOR MOBILE COMHUNICATIOS

By

R. J. Nunarmsker
Motorola, Inc.

This paper deals with the impact of the frequency Other applications to be highlighted ire those
allocations upon tile tw•o-way commiinications in- used in single-sideband systems, If 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 tile changes imposed upon the two-way sideband problems.
corzsunicar'jns supplier in both equipment and
standards to cope with this ever growing demand,
and the role that quartz crystal and the many
products prod-iced from quartz has played in
effectively and economically aiding the designer
in raNIing these changes.

to indicate Qpecific applications tile F.M. two-
la.y com'•uni ition receiver and transmitter will
be anal>zed as to the system requirements and
the problems created as a result of the conges-
tion and spectrum limitation. Those problems
uAich were capable of solution through the use
of quartz products will be further expanded,
and the unique manner quartz was used to solve tile
problems clearly demoistrated.
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THE CRYSTAL-CONTROLLED ELECTRONIC WRISTWATCH

SYSTEM: A SI-GATE CMOS-MSI APPROACH

F. H. lusa and R. C. Daniels
"Motorola Inc.

Semiconductor Products Division
Central Research Laboratories

5005 E. McDowell Road
Phoenix, Arizona 85008

Summary poly silicon gate material may also Le used for
cross-under connections.

This paper describes an electronic wrist-
watch system which utilizes a crystal-controll- The fabrication details for Si-gate CMOS
ed oscillator for a time base. A counter di- integrated circuits were described at the 1?70
vide hthe oscillator frequency down by a factor IEEE International Electron Devices Meeting
of 2 6. The counter, after suitable waveshap- and will not be repeated here. llowever, the
ing, would drive a miniature motor to turn the structural details of a Si-gate CMOS IC is de-
watch hands. picted in Figure 4 for reference. Figure 5

shows typical complementary device characteris-
A monolithic (MSI) silicon-gate CMOS ap- tics realized with this process. Threshold vol-

proach is used for the oscillator, counter, and tages in the range 0.6 V to 1.0 V art typical
waveshaping circuitry to achieve low voltage, for both P and N channel devices on the same IC
low power operation. A square wave crystal- chip.
controlled oscillator circuit is employed which
is relatively insensitive to passive component Quartz Cryst-l
values and the supply voltage.

The time accuracy of the watch is dependent
The electronics portion of the system (os- on the accuracy and stability of the oscillator

cillator, 16 stage counter and output waveshap- frequency. Since a quartz crystal can ensure
ing) is realized on a monolithic 82 , 94 mil this type of performance, it was chosen as the
chip. Total active device count is 312. Ex- frequency controlling element in the oscillator
cept for an oscillator trimming capacitor, the (which is shown schematically in Figure 6). For
oscillator passive components are also integra- minimum crystal size the crystal frequency must
ted. ToLal current drain for the electronics be made as high as possible. Power dissipation
(MSI chip) is less than 4 .A with a 1.3 V batt- in CMOS integrated circuits is almosi; linearly
ery and a 32 KHz crystal. proportional to frequency, therefore for exLen-

ded battery life it is desirable thai: the fre-
Introduction quency Ibe kept as small as possible. It was

found that crystal frequencies in the (8 - 131)
The block diagram for a crystal-controlled KHz region satisfy both of these requirements.

electronic wristwatch system is shown in Figure The NT and XY type crvstals cover th.s range of
1. The oscillator frequancy -- controlled by a frequency. Figure 7 shows a photograph of a
quartz crystal -- establishus a time base for typical NT type 65.536 Klz crystal whose dimen-
the watch. This frequency (8 to 131 KHz) is re- sions are 0.6 v 0.1 ý 0.01 inches.
duced to a few Heetz by the counter. The coun-
ter output, after suitable waveshaping and buf- Oscillator Circuit
fering, drives a miniature motor which turns
the watch hands. The counter output frequency Figure 6 shows a circuit schematic of the
and necessary wavushaping depend upon the parti- crystal controlled oscillator. It consists of
cular motor and gearing arrangement used. a COS inverter, two capacitors, one resistor

Pnd a crystal. This circuit configuration was
Figure 2 gives typical measured battery chosen for the following reasons: 1) it is

data tor two (wristwatch size) types of (1.6 V) amenable to monolithic CMOS integration (with
silver oxide batteries. The same data is given the exception of the crystal), 2) it operates
in Figure 3 for two types of (1.3 V) mercu-y from very low dc power supply (VDD Z 1.3 V) at
batteries. Notice that the voltage vs. time very low current drain, 3) it producos a square
ct rves are very flat until just a few days be- wave output whose amplitude is VDD o'er the fre-
fore total discharge -- for all four batteries. quency range of interest for all reasonable• values of Ci and C2 (• 50 pf).

The low voltage, low current restrictions

on the electronics for this system are severe; Either C1 or P2 may be utilized to adjust
in addition, minimum size and low cost are fac- for exact frequency of oscillation. However,
tors of paramount concern. To satisfy these since power dissipation In a CMOS interter is a
requirements a ,ilicun-gate CMOS MSI approach function of output capacitance and a.mo-t inde-
was chosen. pendent of input capacitance, C1 is utilized

for frequency adjustments while C2 is integrated
Using silicon for the MOS device gate mat- at a fixed value. The magnitude of .he feedback

erial can reduce the threshold voltages of both resistance (Re) may range from 10 M- to several
n- and p-channel devices to allow operation hundred M.. wiEhout affecting the os-illator per-
from a single cell battery and also reduces the formance (IDD, frequency) appreciabl. Due to
device gate to drain and gate to source capaci- this insensitivityj, Rf may also be iitegratci.
tances for lower dynamic power consumption. The
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Theory of Oscillator Operation and the circuit determinant Ly =_Yi-Y 2 2 - Y12 Y21
can be expressed as a function of the complex

The complementary MOS inverter must be bi- frequency s (s = r + jw). If by is set equal to
ased properly so that enough gain is available zero, then a necessary and sufficient condition
to start and to sustain oscillation. This can for oscillation is that by = o should have one
be done by turning either the n-channel, the p- pair of conjugate roots with positive real corn-
channel, or both MOSFETS on. It is mandatory, ponents.
however, that both the n- and the p-channel
MOSFETS turn on during one cycle. (This need r > 0 (starting condition for oscillation)
not take place simultaneously.) DC biasing is
achieved as follows: Initially, when VDD is w = frequency of oscillation (in radians/
applied, Vi and V2 (see Figure 6) are set to see).
ground potential because Ci and C2 are much
larger than the internal MOSFET capacitances. Only one such pair of roots should exist in or-
QJ, therefore, turns on and Q2 remains off. der to guarantee only one frequency of oscilla-
Current flows from drain to source in the p- tion.
channel device charging capacitor C2 and finally
bringing V2 to supply voltage potential, at Oscillator Performance
which time current stops flowing. During this
transition time, Qi might have enough gain to The most important electrical performance
start oscillation, but since gm drops to zero parameters of the oscillator are: power dissi-
at zero current, oscillations might not continue pation, frequency stability with temperature
due to the relatively short transition time. At and supply voltage, the ability to remain oper-
this point, V2 is equal to VDD, and V1 is at ational over the specified temperature range
ground potential. Current, therefore, flows (typically -20*C to +60*C), and the ability to
through Rf which charges Ci slowly (RfC1 =.i-25 start over a reasonable temperature range (10*C
m sec) to a positive potential. When Vi exceeds to 500C).
the thrcshold voltage of Q2 this transistor
turns on and current flows from its drain to its Unless otherwise spccified all data were
source which allows C2 to discharge through Q2, measured utilizing a typical 32 KAz xy-type
bringing V2 toward ground potential. This es- crystal whose parameters appear in Table I.
tablishes a posiLive potential between the source Also, threshold voltage Vr as sn.own in Figures
and the drain of Qi. Vi increases toward VDD at 12, 15, and lb is defined as the gate voltage
a much slower rate than V2 decreases toward which is required to produce a 5 pa channel
ground. If VDD is greater than VTn + VT current when the drain to source voltage is
(here, VT is defined as the gate voltage Rt 1.5 volt. Table I
which the ý.hannel begins to conduct), Q1 will
eventually turn on and equilibrium will be ach- fs CI LI C0  Rs Q
ieved when both Qi and Q2 have equal currents (911z) (pf) (/) (pf) (Kg) --
at which time V2 and V1 will be equal. Figure 8
shows how V1 and V2 vary from the time VDD is ap- 32.767 -.0038 -6.25 2.0 30 40,000
plied. Oscillation can therefore start any time __.7____.0038 __6.25 2. __30 __0,000

after tj provi.ded that the CMOS inverter has
enough gain to start and to sustain oscillations. Figure 12 shows the cuLrent drain of a 32
Figure 9 is a photograph showing the biasing Kiz oscillator operating from 1.3 ard 1.6 volts
level and also the start of oscillation. vs. the sum of the threshold voltages of the n-

and p-channel devices.
Several techniques may be used to determine

the necessary and sufficient conditions to ini- It is essential that the electrical per-
tiate continued stable oscillations. By utili- formance of integrated circuits be nade as in-
zing the MOSFET low-frequency small signal equi- sensitive to variations in the integrated com-
valent circuit shown in Figure 10, the oscilla- ponents' magnitudes as possible. Figures 13
tor circuit shown in Figure 6 can be drawn as and 14 show how current drain and the frequency
shown in Figure 11. The short citcuit admit- of oscillation vary with the feedback resist-
tance (y) parameters for this circuit are: ance Rf . It is apparent from these two figures

that the performance remains almost the same for
y1l sCI + y + gf 20 - Rf !5 1000 M".

=sC, + y + g + gf Figure 15 shows how the frequency varies
Y22 s • 0 with temperature for several combinations of n-
y21= g - gf - y and p-channel threshold voltages. tf/f values

less than -50 ppm were typical for crost crystals
Y2= - (y + gf) (xy cut) tested over the temperature range 0 to

50 C. Figure 16 shows that the freqiency of os-
where gf = i/Rf, g 0 = i/Re, cillation may be adjusted by approximately 100

ppm by varying C1 from 10 to 50 pf. Measure-
s (,. + jw) = complex frequency ments of frequency variations with voltage

showed that the frequency changes by less than
y - admittance of the crystal in 2 ppm as VDD varies from 1.3 to 1.2 V with nomi-

parallel with C3  nal input and output capacitances of 25 pf.
3 2 This frequency drift with voltage has very

y =s LICsC + s RC c + s (C + cs) little effect on the watch time accuracy because
S2-.s + SR- s the batteries discharge totally in jest a
s LC + sRC5 + I days after their voltage begins to drop rapidly

(see Figures 2 and 3). A frequenicy Jrift of

where c = c 3 ppn will result in time inaccuracy ot approxi-
Oil 3' mately 13 see/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
maximum input frequency at 1.3 V is about I
MHz.)

IC Chip

Figure 18 is a die photograph of a Si-gate
CMOS electronic wristwatch IC. The size of this
chip is 82 x 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
microamperes 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 AVOIDANCE APPLICATIONS

Vernon I. Weihe
Electronic Systems Consultant

ft

Introduction The decade of the seventies under this new leadership
and having the new electronics available should be a

Precision frequency control with highly stable period of exceptional progress.
clocks plus new information system devices will be
combined, during this decade, to solve a number of The ATC system should be urdated to include:
the more difficult problems of Air Navigation and
Traffic Control. Precision control already has been 1. Better data acquisition.
applied to the routine operation of several ground 2. Increased use of Information Systems.
based aids (Loran, Decca, and Omega), making ground 3. Adoption of a data link system to augient
station synchronization less dependent on the stability voice radio.
and continuity of radio links between stations. This 4. Implementation of Collision Avoidance
application will be covered later in this symposium. Avionics.

5. Expanded use of Area Navigation.
A somewhat more recent application is that in the 6. Application cf satellites and

Time/Frequency Collision Avoidance System. 1 This 7. Introduction of a new microwave scanning
system has been developed and flight tested in a form beam landing guidance system.
uhxch saeeifies a minimum acceptable stability of
1 x 1O0-, and a clocking accuracy within two micro- In all of these systems precise frequency control has
seconds of the master. The radio frequency and the a significant role to play.
system time are based on the zero magnetic field
cesium atomic resonance, defined as 9,192,631,770 ATC Data Acquisition
Hz.2,3,4

Since the origin of air traffic control, methods
Air Traffic Control for the acquisition of data on aircraft position,

altitude and identity have always been weak. It is
The Air Traffic Control System is a global com- in this area that new precise frequency control tech-

p]ex composed of a variety of communication, naviga- nology may make its greatest (ortribution.
tion, radar and other systems, representing many
generations of hardware. In ecnmon civil/military Voice position reports (at times ove." ve:y noisy
unrestricted airspace around the rorld, the system radio circuits), ground based primary radar and radar
peovides a traffic separation service and smooths beacons are utilized. All of these have najor defi-
traffic flow for all types of aircraft. Operating ciencies, and none of them fits well inso a global
procedures and separation criteria for the global automated system concept.
system are established by the International Civil
Aviation Organization. These are upgraded in certain In the current system and in new elenents, being
high traffic density States to suit National needs, readied for use, inherently low oandwidth functions

are being accomplished with non-essential intermediate
The ATC system slowly evolves under the diverse h, man interfaces and with nurveillance, ri.ther than

leadership of many groups within Government and Indus- control, concepts aad technology. For close-in air
try. At nc) time is there a universally accepted long terminal regions the deficiencies are not unacceptably
term master plan. The system's great size and com- severe but for transition and, more notably in the
plexity leave little opportunity for major changes of enroute zone, the weaknesses are very sigzificant.
a revolutionary nature. Manpower and financial
support are normally lacking to achieve speeded In the high altitude enroute zone, surveillance
obsolescense of existing avionics and groand systems type autonacion devices are inserted betw.en the air-
to accommodate rapid introduction of the radically craft syste% and air traffic control. Thfse operate
new. independently and primarily process wideband noise

interspersed with sorue useful data. The Eyctem should
_Hence, it should come as no surprisL that few of process many useful signals in a small field of noise.

tl.,. revolutionary achievements of the past decade bave Because of the indepen lent nature of the E round sta-
found their way into the routine operations of the tions, the uteful signalz are processed Ir random
system. Sexe new 'o•.ponentry of thv sixties has bper, groups fundamentally disorganized and hig.ly redundant.
essimulated, but the fundamental system organizational Thus the system is less reliable and more costly than
plans and coon ngurations in concept predate the Infor- one based on more -',tionaI concepts. Ther, fco, the
natiun systems era. system iz landlocked wkile most of the earth's air-

space is over the oceans.
Personnel and organizational changes have been

made recently which appear to be improving the quality With state of the nr+ frequoncy control and
and posture of ATC systems engineering management. clocking, it is feae'Lble to provide aircraft idertity,
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position and altitude in single systematic queues for via tri-lateration (Rho/Rho/Rho) using hi,ýh gain omni-
any airspace, over land or sea. The data can be organ- directional antennas on 1090M•z.
ized so that one and only one signal is transmitted in
a given time-slot and with a high ratio of signal to The processing environment again wouLd deal with
noise. Noise created within the system itself can te one and only one transmission from each aircraft in
essentially eliminated. Such e system concept is com- each time slot and the transmission sequence would not
patible with buffers of conventional information pro- be repeated until the next time EPOCH.
c.sssing -ystems, is more reliable and cost effective.
It also can conserve radio bandwidth. The real world side of the processor buffer would

queue aircraft on a time slot by time slot basis. The
Data Acquisition "Strawman" No. I. Let us assume first signal arriving in each time slot could be used

that all aircraft above the 18,000 foot level carry and the remainder "dumped" to avoid the need for a
the new T/F Collision Avoidance System. Each aircraft larger processor or to prevent "packing" an existing
will then transmit identity and altitude in its own one.
time slot once in each three second EPOCH. No signals
by other aircraft will be transmitted in its time In a CAS equi-pped aircraft the timin; control
interval, could be supplied within the CAS/ATC/RBS system. With

data link an inhibit signal could reduce slots used
Any synchronized ground station receiver within in an area to that required by ATC.

line-of-sight range can tlen output identity, altitude
and geographic position for all aircraft, in a sequence Casual analysis will show that a numaer of con-
which is systematic, jam free, non-redundant and has patible system design options exist within the above
a high signal to noise ratio. No ground based inter- coi.2epts.
rogations are required.

Satellite Applications 5

The T/F CAS system operates in the 1600 MHz region
and propagates master fine synch signals from a single In the near term, satellite communications (pro-
heirarchy 0 Master Ground Station in each region. An bably in L-Band) will augment, then later supplant,
integrated avionics relay propagates time of lower 11F Radio for air/gound communications on long flights
heirarchy to remote airspace over land and sea. The outside continental U. S. A. Automatic position
clock steps down slowly 1n 0.05 microseconds steps to reporting to ATC and to operations will brcome avail-
heirarchy 40, the two microsecond (1966 feet one way able. ATC and operational messages will 3o communi-
transit time) limit. cated. Most, if not all of the traffic wilA be in

digital data format, serving information systems in
Radio frequency service allocations above and the aircraft and on the ground.

below CAS are reserved for the mobile (up and down)
links of satellite coru•unications relay system. By Because of recent large investments, by air fleet
proper organization CAS and the L-Band satellite system operators, in inertial and doppler radar .navigation
can be linked to provide a global all airspace pro- systems and the ability to update them wi-h Vortac,
cision data acquisition and time reference system. Loran and Omega, there is little current ýnthusiasum

for satellite navigation. However, x a. developments
Programming such a system involves: of the seventies may modify this attitude.

1. The use of space deployable wide aperture Phase locked digital uati comrmunicat~ons systems
satellite antennas, with precise control of frequency and timý inherently

2. Som^ communications traffic engineering, and have within them the ability to provide accurate geo-
3. The allocation of CAS and satellite channels graphic lines of position. They also can provide

which use the same radio frequency ;yiathcsizcr circuits, excellent means for the global propagation of very
precise tire to aircraft, ships and fixed or moving

Data Acquisition "Strawman" No. II. For more than points ashore.
a ducade the inherent deficiencies anid the limited
txaffic capacity of the Air Traffic Control Radar Bea- Global Timing and Omega
con System have been well documented. Because of
exhortations not to tamper with the system relativel, Or,ega propagates signals which suffe - little
wea.k pleas are made for u means whereby interrogator. attenuation as they transit Earth, held botween its
trigger only those aircraft which are relevant. There su.'iface and the ionosphere. The Omega cotsautation
are more than 60,000 transponders in use; the planned scheme (Figs 1, 2) io unambiguous and synehronized to
phase out of primary radar signal processing (for Ui-2 with the 10 second period beginning &t 0000 hours
improved system economics) will drastically increase and repeating at 10 second intervals. Thus Omega is
that number. Over interrogation provides an excessive :ot only a navigation system for air, sur:'ace and sub-

=.umber of replies to be processed, and both the signal merged craft but can serve as a worldwide timing system.
quality and the integrity of the replies are degraded.
Deterioration is greatest in areas of greatest need. The basic Omega radio frequency (10.' IMIz) has a

wavelength of 16 nautical miles. With C.W phase corn-
With preci se timing techniques now available a parnson an ambiguity occurs each eight miaes along tl'e

transponder can be adapt-.d to transmit identity and baseline oetween stations. A second frequency (13.6
altitude standard codes on a time schedule in lieu of MGiz) is beat with the basic to obtain 3.14 0Lhz which is
interrogation. An individu&l ground station, without ambiguous eaeh 24 niile,. Still a third (-1 1/3 KOz)
transmitting interrogating signals, could obtain is beat tv move the ambiguous lanes out to 72 nautical
identity, altitude by code, range (via one way ranging) miles.
and azimuth (via instantaneous D.F.). Nearby ground
stations netted to use range only could obtain position
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Position uncertainties can be removed by continuous In the seventies the ATC Air/Ground ;onmmunications
counting of lanes from point of departure, by DR, or by System should be connected to National anl Inter-
obtaining a coarse fix from other aids to navigation, national ground based data networks with iutomatic
But accurate time from complementary systems also can switch~ig of voice circuits (e.g. AutoVon) and auto-
be utilized. matic digital message switching (ADMS of J.utoDin).

Despite more than a quarter century of discussion,
In the recent CAS flight test program the master planning and aborted development, the air/ground

ground station was time locked to the nearest Loran-C voice system even now lacks a dial (or tobchtone) and
master. A global master timing system to serve the does not have a telephone bell. Although many air-
CAS system is not yet programmed. craft have several channels to the cockpit, crews are

forced to listen continuously to intercept calls.
When the CAS master stations are tied together

via satellite or other means all airborne stations can Avionics Radio Frequency Planning
be within two microseconds of CAS master time. By for the Seventies
knowing the exact times of transmission of Omega
signals and having precise time aboard, continuous ICNI and Communications Traffic Engineering
Omega position fixes can be obtained on the basis of
the one-way propagation time from each station to the Aviation is now at least five years into the
user. Radio waves propagate at 6.18 microseconds per planning of new intcgrated avionics systams. Yet
mile. For lane identification: radio frequency allocation planning is far behind the

hardware engineering. Integrated communication,
N. Miles Microseconds navigation and information (ICNI) systems cut across

8 49.4 the entire gamut of ATC systems.

24 148.3 In ICNI central digital modular procassing time-
72 445-0 shares wideband multiplexed electronics, single co-

Thus using either CAS or Satellite timing ships and axial cables replace large bundles of copper wire,
aircraft have a new means to resolve lane ambiguities discrete analog and digital units of the ?ast are no
aircraftehatvey a nwmeans to resolveg lane ambiguities longer identifiable except as scnsor, cvr.trol aid
or alternatively a means for resolving lane ambiguitie display points. A decrease in dependence on line-of-
for a single frequency simplified Omega receiver. For sigtl imted Ationrpas as is pnned.
example, a simple Search and Rescue Omega receiver of sight limited propagation paths also is planned.

the single frequency type (10.2 FKiz) could obtain lane But the line-of-sight limitation can be a
resolution via a timing source, automatically, prior 'blessing'. It allows the same radio freluency channe..
to the emergency incident and use Omega alone in the :o be utilized again and again. As yet tae sophis-
emergency mode. ""icated type of communications traffic engineering

A shipborne Omega with a good conpanion clock required to implement the non line-of-sigat goal is

could receive time infrequently from any CAS equipped singularly latkJng.

aircraft within line of sight range or from any satel-
lite which is time referenced. In this aetivit- junior systems planiers, not
ii ehaving learned of the "momentum of money" (i.e., the

Thus whan CAS time and synchronous satellite tims long tenure of large investments in worldiiae standard-
a ized hardware) seek rapid adoption of incompletely_•are used within a worldwide standard data acquisition defined revolutionary systems, while t~hei' more senior

system for ATC, navigation, communication, collision partner re too syste t he new revo enior
Savoidance and search and rescue are also served.patesreooi,-zivtohenweoltoaya ar u oelectronics. They emphasize patch on top of small

n fpatch, and devote their efforts to shorin,, up obso-SIn figures 3, 4, and 5 coverage for synchronous lescent systems of a bygone era. By.gone uy only a

satellites for several angles above the horizon are dece butewhat a d e e. Bewe ne y ol a

shown. Probable Omega Station locations and some of decade, but what a decade. Between the tof generations•-• ofengineers lie many viable course- for .ruily con-
their baselines are shown in figure 5. Coverage for eruine aiony

the high latitudes can be supplied by satellites in

random Polar or Sun Synchronous orbit. Radio spectrum Is the priceless "rea_ estate"

upvn which most avionics systems ire builb Wise use
aMoe Conventional Requirements for Precise of it is essential. Poorly planned spect.•un produces

Rapoorly configured airborne systems.

VHF Radio and Data Link A current challene'e, not being met comprehensively,

Much of the progress made in Air Traffic Control is that of frequency channelling the banda, and services

Sysemuh to date progress fmadvances in frrequncy olisted below, so that a single modular ratio frequency
Systems to date ha" come from advances in frequency standard and set of synthesiLers can perform all of
cationstairbornThe "Kingset George" V voice radio communi- the functions in a way which is iueally cc mpatible
cati airborne st ofrWod War II was channelled with ICNI philosophy. For aviation this Lhallenge,
cat 180 K wz. In the postwar period only those channels properly met, could open the way for more progressScompatible with 200 KHz were retiained for service, than any since the ITU Conference at Atlantic City,

Successive equipment generations used 100 KHz, then (1947).
50 KHz. The current trend is toward 25 K10z.

Since the system is still double side bpnd AM, In the postwar period without sound (perational
and still carries only a 3 d3z voice service, i is and system Judgment, aeronautics opted foi VHF, AM

voice radio and the maritime chose FM vci-,- radio in
apparent that the frequency control community has not the , bads. For two decade. they havv A't been able
yet exhausted all opportunities to improve the system. to co:rJLrniecttt. Operations of bota have .,uffered. tn

these new bands it'o hoped that similar b-unders will
be avoided.
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New developments requiring careful channeling 4. LGS Frequency Allocation Plan

are in the following bands:

1435-1537.5 1.03 Maritime Mobile A/GAngl
1537.5-1542.5 MH3 Aeronautical Mobile 0 N o .N

Marine 10bile § 1 o2 0
1542.5-1557.5 IT_, Aeronairzical Mobile \ t' tr-
1557.5-1637.5 M13 Aerona 1 -.l Radio Navigation H r

1637.5-1640 MiH Maritime le DME DME Angle Angle-- _•.3640-1645 111 Maritime Moc..e
16-5-1660 Maertice Mobile Channel A/G G/A C-Band Ku-BendS1645-1660 HH2 Aeronautical Mobile

4200-4400 M}3 Aeronautical Radio Navigation ! 5003 5068 5130.0 15,409.O
5000-5250 Mn3 Aeronautical Radio Navigation 2 5003 5068 5130.6 15,409.9
15.4-15.7 GH3 Aeronautical Radio Navigation 5 5003 5068 5132.4 15,412.6

6 5003 5068 5190.0 15,413.5
Collision Avoidance, Satellites, Microwave Landirg 7 5003 5068 5190.6 15,414.4
Guidance. 10 5003 5068 5192.4 15,417.1

11 5006 5071 5133.0 15,418.0
To be more specific from an Avionics and AT(C 15 5006 5071 5135.4 15,421.6

viewpoint, the Collision Avoidance System is really 16 5006 5071 5193.0 15,422.5
a first urgent use of T/F technique, it's the begin- 181 5057 5122 5184.o 15,571.0
ning and not the end of a road. In time the system 191 5060 5125 5187.0 15,580.0
will be expanded to accomplish additional needed 195 5060 5125 5189.4 15,583.6
services. 196 50bO 5125 5247.0 15,584.5

200 5060 5125 5249.4 15,588.1
In like manner, as indicated previously, satellite

communications, per se, is not an end but a beginning Note: This LGS Frequency Allocation Plan was excerpted
of the use of communi.ations relay. Communications is from RTCA Paper 189-70/SC 117, SFID-27 dated September
first because there is an urgent need to place less 5, 1970, the Signal Format Development Tetin Report.
reliance on high fr.quency radio.

Recommendation
Next comes the requirement to supplant the World

War II fixed beam localizer and gl ide slope and to In pursuit of the above stated and inrlied goals,
replace it with a Microwave Scanrtng Beam Landing it is recommended that this group, whose members know
Guidance System capable of category III flare out to the mobt about frequency controls' present status and
touchdown. future potential, help cognizant organizatliors to make

the best possible use of the current state of •he art,
From a frequency control and stable clock veiw- and meanwhile stake out suitable options for future

point aI of these need to be compatibly organized to prog'ess. Some of the cognizant organizations are:
minimize redundancies of the 'afterthought' variety 1. FCC and IRAC; 2. FAA; 3. RTCA; 4. RTCM; 5. ICAO; and
and to economically Justify high performance levels 6. ITU.
than that which a group independent systems could
utilize. In this area light weight general aviation
aircraft must be adequately served. References:

Scme Current and Proposed Allocations for the Services I. Flight Test and Evaluationk of Airborne Collision
noted above. Avoidance Systcm

a. Summary Report
1. 1540-1560 Mlz, Aircraft reception from b. Vol. I and Vol. UI, Final Report

satellite
*ý1460-1570 M1z, ILS Glide Slope 2. Air Transport Time-Frequency Collisio, Avoidance

k "1595-1625 M11z, Collision Avoidance System System, ARINC Chxracteristic No. 587, Sept. 1, 1970.
*1630-1640 MHz, Radio Alti.ieters (secondamy)
1640-1660 MHz, Aircraft transmission to 3. Airborne Collision Avoidance System Development

satellite 'EEE Trannractions on Aerospace and Electronic Systems
Vol. AES-4 No. 2, Vuirch 1968.

Notes: *Not apt to be in general use.

**Fl 1600 MHz 4. Proceedings of 24th Annual Symposium or. Frequency
F2 1605 M1z Cootrol, U. S. Army Electronics Command, Fort
F3 1610 M1Iz Monmouth, New Jersey.
F4 1615 MHz

5. Journal of the institute of Navigation, Vol. 17,,•2. Landing Glide Slope Frequency Allocation Plan No3,Fl190

(See following chart for details) No. 3, Fall 1970.

5003-5060 af5 A/G
5o68-5125 DME G/A
5130.0-5249.4 Angle C-Band
15,409.0-15,538.1 Angle Ku-Band

3. Search and Rescue (SAR) harmonics of
121.5 MHz are also applicable in 1540-1660 M1z band.
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APPLICATION OF CRYSTAL CLOCKS FOR NAVIGATION

AND TIME-ORDERED COMMUNICATIONS

Richard J. Kulpinski

The MITRE Corporation

Bedford, Massachusetts

Summary The purpose of this paper is to present the concept
that the integrated estimate of the value 3f time off-

Capabilities for position location and real time set can be used to enhance appreciably the repeatable
distribution of information are essential for both accuracy of position even though integration of position
civil air traffic and military command and control is not done.
systerm. Time-ordered reporting is being considered
seriously for distribution of information. In the Application
techniques and applications being pursued by the MITRE
Corporation and presented here, participants maintain For the past few yedrs, the MITRE Corporation has
an onboard crystal clock synchronized with timing of been pursuing application and technology of time-ordered
the reporting net. Transmissions occur automatically reporting for command and control. From aialyses of
based on the onboard clock, operational problems, it is apparent that )eriodic broad-

casting by each unit of its currant position and status
Presented is a technique to achieve synchroniza- is a potential part of the system solution to problems

tion and determine position. Time-of-arrival observa- of both military and civilian air traffic operations.
tions are made on signals emitted by three or more
synchronized and located sources of signals. The pre- Involved are ground units and aircraf: which
dictable behavior of the error function of crystal communicate on a time-ordered net. Once each frame each
clocks is used to enable a more accurate solution with unit reports its status-nosition, velocity. ,Ititude,
time of position and synchronization than for the identity, and other sundry information - w~tn a digitally
initial computation. The improvement in position formatted message in an assigned message slot. See
accuracy is accomplished without integration of a Figure 1. Transmissioius are broadcast; in'ormation in
sequence of position estimates, each message is available-simultaneously to ground con-

trol and airborne uni ts.
Requirements for tho crystal and expected accuracy

of the solution of position and clock synchroiization Each unit has an onboard crrstal clock which it
is presented. maintains in synchronism with net timing. Each partici-

pant's transmission is triggered automaticelly when the
Introduction onboard clock,,indicates that its assigned ressage slot

has arrived.
Fairly well known is the fact that radic navigation

systens involving time-of-arrival measurements are also The requirement is for a means to deterivine position
sources of time and frequency. The discrepancy between and synchronize onboard clocks.
the local clock and the system clock, called time off-
set, is a variable along with position in the analytical Datermination of position and synchrorization of a
description of the physical situation. Solution of local clock is done by receiving signals ot three or
time offset is available simultaneously with each solu- more established sources with a known or determinable
tion of position. Because of noise in the measurement time delay betweei. transmissions. Exlstinc, systems such
process, uncertainty exists in the solution. A common as OMEGA and LORAN are applicable. Tho MITRE Corporation
method used to reduce uncertainty due to random noise has also configured the %ituation in which three or more
is integration. Reduction in uncertairty depends on located and synchronized participants of the time ordered
the length of time over which the behavior of the pro- communications net are used as sources for position and
cess being integrated is known functionally. For the timing.
clock, the behavior of time offset can be described
functionally over a long interval of time. Thus, an A configuration composed of three or frore sources of
appreciable reduction in the uncertainty of time offset ranging signals is appealing for it enables user units to
and therefore clock synchronism is possible. The re- become synchronized without requiring transiiisslons by
duction in uncertainty of position from inteS.-ation these un;ts. This allows the onboard clock to be used to
varies depending upon how the aircraf,. is equipped. support accurate navigation for any receiver equipped
With onboard motion sensing and integrating instruments user even though the user is not an active jarticipant of
the behavior of the difference between position indica- the comnunications system.
ted by the instruaients and position obtained from t'me-
of-arrival measurements depends on the error characteris- The applcat.jn of an onboard clock to support time
tics of the instruments and can be described functionally ordered transmissions is evident. The application of the
over a long interval of time. However, in the absence clock to support improved navigation is not as visible.
of such instruments, integration is based (n the flight In fact, it appears often that an onboard s.nchronized
path of the vehicle. With frequent maneuvers, the clock is considered a burden if only position determina-
integration interval for position is short and thus re- tion is required. For example, time difference techniques
duction in uncertainty of the vehicle's position is small, 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

This tack ,zo perfor'xmed under '-nra(t AiE,&; very much a part of navigation. In fact, for a moving
"J-.'5h the EluotrmiZa .70otvm zýD• 'ji ,, vehicle an onboard clock, synchronized from the navigation

of the Air Fur,-e Sotbnme s Corand. system, enables a significantly more accura:e solution
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of position than obtained using just the time differ- It is int.resting to note that the locis of points
ence technique. This application alone may be ample of the intersection of pairs of arcs of Figjre 4 form
justification for an onboard clock, hyperbolas o' cJnstant difference between pairs of

observed prt,o,ýtjation times. Pseudo ranging, equation 1,
In the applications being pursued by The MITRE is related ýo the familiar time difference equations:

Corporation, the onboard clock supports timing for trans-
missions in the time ordered net and improved accuracy I )2+(Yy•1 2) 2
of position. In the specific configuration mentioned 1(m)-0' 1.i) V(X-X - (X-X2) +(--Y 2)
previously in which the signals of the time ordered net (2)
are used for ranging and dissemination of time, signals 2m)- -2 2'" 32+ 2'"
propagate line-of-sight. Airborne units with accurate ? 3 2 ) Y 2  3  3)
location and time can be used to extend the positioning
capability and net timing to units beyond line-of-sight One way solving for n equations with n unknowns is by
of ground references. This is possible because of the
synegistic value of the clock to both timing and posi- success elimination of variables. When this approach
tion determination. The capability to extend coverage app to the variable AR In equation (I), time
enables two or more areas to have the same time. Usig differ'.. indicated by equation (2) results.

the time ordered net, transmissions that are broadcast Be, ":,,se of receiver noise, and systematic errors,
by units in coverage of both areas can be received by there is uncertainty in the observation and thus
both without interference and with a single transmission. uncer ,inty in the solution. Because both of the above

Ia and sets ý,f ,olution equations are equivalent, the solution
I Solution of Poiztion ancdcr, of both is the same. The resulting variance in

So o otio. ,- ,or of the solutions normalized to time-of-arrival

A unit accomplishes initial synchronization or uncertainty is shown in Figure 5 for position, and in

update by noting the time-of-arrival of signals from Fir"-re 6 for time offset. The accuracy shown in Figure
threte or morelation s rhetl--ative to itsloals clo, 5 applies al,,o for time difference techniques. The
three or more locatimng digamive to its local clockn inmi Jl solution is sufficiently accurate so that trans-
Figure 2 is a timing diagram and shows two axes: one mtsions can be made in the time ordered net without
for sources and one for the receiver. The top axis m oinq cntbemen te t
implies the transmission characteristic of general
purpose navigation systems--that signals are transmitted If time offset were known perfectly then the below

- with known periodicity and del:y between transmissions. s:t of equations, called direct ranging would be
The second axis indicates that the onboard clock has .pdrof qatin
periodicity of some specified relationship to the trans- appropriate.
missions of the navigation system. The clock possibly @ 2
generates or tines a replica of the transmission pattern. I(m)AR (x-xI)2+(Y-Yl),
Initially the clock is likely to be out of step with the
transmissions of the navigation system. The discrepancy- +(y-y2 )
between the user's clock and system timing is called 02 (m)+ _' X (3)
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 amount of time thet 03 (m)+AR = v(X-X 3 ) 2+(Y-Y 3 )2

* elapses between a known division of the local clock aud
the receipt of the signal. When multiplied by the
velocity of propagation this becomes a measured range The known value of time offset is denoted Ar. It I. a
It differs from the actual range because of the time off- characteristic of the direct ranging approach that the
set of the local clock. The relationship among the variance in the solution of position due to random un-
terms time offset, observed range and true runge is shown certainty in the observation is less than fir the solu-
in Figure 3 and is often called pseudo ranging. tion where AR Is an unknown. However to apply the

direct ranging approach an accurate estimate of AR must
There are three unknowns. Given three observations, be known.

a sufficient set of simultaneous equations exist:
It is pcssible to obtain an estimate o" AR with

small variance by solving for time offset a. periodic
01(m) =(X-X)2+c(Y-YI) - tR 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

02(m) = (x'-x2)2+(Y-Y 2) - AR (1) presents this notion.

a 2 Integration as a Means of

o3 (m) L(X-X3  +(Y-Y AR. Reduclng Solution Uncertanty

Integration or tracking is a common means of reduc-
Figure 4 shows a graphical sclutlon of position and Ing uncertainty. Conceptually, there exists a sequence

time offset. Each dashed arc has a radius equal to the of single frame solutions,
observed range. Initially, the three arcs do not have a
common intersection. fhe value of time offset is the X Y -V •-FFiter_ - - -Xn

common increment added to each radius which results in 1 2 n .
three arcs with a conmnon intersection. The coordinates Y Y - " " Yn Ft " " " n
of the intersection is the u'.er's location. 1 2 n n
S.,RI ~~AR --- R,, - -- AR

A linearized form of equations (1), suitable for AR1  2  iter - - - A n
computer solution, is presented In Appendix I. Although
only three equations are given, redundancy provided tby Each sequence can be filtered with an integiation interval
more than three sites can be handled using a least that is as long as the process represented ty the sequence
squares approach and is also described in Appendix I. can be des:ribed functionally.



With stationary receivers a good deal of integration accuracy Is applicabie during and followi nc a maneuver.
for position is possible. This is also true for aircraft To obtain the samw improvement by integration of
with onboard motion sensing and Integrating instruments, estimates of position would require a sample size about
The behavior of the difference between position indicated four times the Improvement in variance. Hcooever to
by the instrument and position obtained from time of validly apply such a sample size requires that constant
arrival measurements can be described functionally over velocity motion be maintained during the time it takes
a long interval of time. However, due to cost and com- to obtain the sample size.
plexity, not all aircraft carry such instruments. In
the absence of these instruments, integration of posi tion The dashed lines of Figure 8 show performance when
is based on the flight patu, of the vehicle. For aircraft, using an atomic standard and integration with a sample
maneuvers are frequent. Functionally describing flight of 30. In such a situation the clock's oscillator Is
motion more complex than constant velocity is not assumed to have constant frequency over the Integration
practical. Because constant velocity motion usually period, and the filter is synthesized accordingly.
applies only for short intervals, reduction in uncertain- Because of this, reduction of the standard deviation of
ty of position is likely to be 5mall, time offset is proportional to I/n. The accuracy of

position for fixed sample size is better with an atomic
For the clock, a function can be written which than a crystal standard. However, the accuracy for both

describes the behavior of the sequence of time offset will asymptotically approach that with a perfect clock as
values cver a long intervil of time. Furthermore, the sample size is increased. Sample sizes of 300 and
clocks are available which have an acceptably low larger are easily justified and result in a negligible
sensitivity to accelerations caused by maneuver or difference in accuracy between implementations using
vibration. Thus, the error function of the clock can atomic and crystal oscillators.
be treated as essential y invariant to maneuvers. A
large sample size of single frame estimates of time off- Systematic errors not treated as solution variables
set can bi used to reduce significantly the uncertainty cause systematic errors In the solution relative to an
in the estimated properties of the clock, absolute reference, These are not eliminated or reduced

by integration. However, for control systems, repeatable
Using a Priori Knowledge of Clock to or relative accuracy is important. Bias or systematic

Reduce Uncertainty of Solution of Position errors in the solution are not of consequence if they are
the same for coordinating units of the control system.

It is generally known that if the clock were known
a priori to be perfectly synchronized, a more accurate Because equations (1) and (2) are equivalent, the
solution of position would result by using direct rang- same systematic error results in the solution for both
Ing, equations (3). Although a perfectly synchronized the pseudo ranging and time difference approaches. The
clock is not a reality, the filtered estimate of the same error is experienced also in the direct ranging
properties of the clock can be used such that the solution, equations (3) if the estimate of time offset,
accuracy of estimated position improves each frame with AR, is obtained from equations (1) and to the extent that
accuracy in the knowledge of time offset even though measurement or modeling errors are constant throughout
integration of position estimates over time is not done. the integration interval. This is a comfortable conse-

quence for users of time difference and the direct rang-
Figure 7 is a block diagram of a possible imple- ing approaches will both be in the same relative grid.

mentation. Each frame a solution of time offset is
obtained using just the observations of the frame. This Model of Clock Error Function
estimate is an input along with prior estimates to a
filter with a long integration interval. The output of Attention Is given to four items, frequency offset,
the filter, predicted to the time of the next frame, is long-term stability, acceleration sensitivity and short-
treated as a priori data along with observations of the term stability.
next frame in the solution of position. One possible
algorithm is to substitute the predicted value of time Error in frequency translates into an error in
offset from the filter output for the variable time measured range. Crystals are readily gvailable with
offset in the ranging equation. A solution of the frequency offset within one part in lO of the nominal
remaining variables X, Y is cnmputed as shown in the frequency. Such an error will result in an error of 2
Appendix. feet in measured range at 300 nin.

Performance In the algorithm of the filter, time offset is
modeled as changing at a constant rate. This is an

If observations and update occur at a rate of once approximation of the actual behavior. The fact that the
per second, then over a 10 minute period an appreciable frequency of crystal oscillators changes at a linear
sample size of 600 would be available for filtering time rate places a quadratic term in the error finction of
offset. The ratio of the variance of the output of the time offset. If the quadratic term is dropoed in the
filter to the input Is about 4/n when filtering a filter equations, a reduction in computation time results.
sequence wi Lh a constant first derivative such as would With such a simplification, a systematic error of less
exist when using a crystal clock. Therefore, by filter- than four feet results for an integration interval of ten
Ing, an improvement in standard deviation of time off- minutes, if the long-term stability is less than 1 part
set of at least 10:1 is possible. in 108 per day. Crystals are readily available which meet

this stability after power is applied for a few hours.
Figure 8 shows performance for three circumstances,

(1) initial solution of time and position using just one Acceleration of maneuvers cause the crystal's
observation from each site; (2) solution of position frequency to shift, Witl an acceleration sensitivity of
using filtered estimates of clock offset, and (3) solu- better than 1 part in 10 0/g, a 2g maneuver for 30 seconds
tion of position given a perfectly synchronized clock, results in an error in range of less than three feet.
A modest sample size of 30 is assumed for filtering Such sensitivity is necessary because errors as the
estimates of time offset for these curves, result of maneuvers within an integration inte'val tend

to be cumulative.
The improvement in repeatable accuracy of position

for situation 2 relative to situation 1 increases as the Short-term stability defines random uncertainty of
uncertainty of position that Is computed without use of oscillator's phase. It imp lies a limit to useful Integra-
filtered time offset increases. This improvement of tion. We would be certainly fooling ourselves If we
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suggested accuracy from integration better than the Then in matrix notation equation (A-]) after lineariza-
inherent uncertainty in the devices themselves. Short tion is
term stability of currently available cryst3l devicesr
does not force, in practice, a limit on integration. [DOotI lix a 0 (X-X a)

Summary ,_•= i• (Y-Y a) (A-3)

An onboard crystal clock can be accurately synchron- I
ized to the timing of the navigation system using ISsignals emitted by the navigation system. For moving IDol px ap I (AR-AR•)

vehicles in which fruitful integration of position is not i
likely, the onboard clock enables a marked improvement
in repeatable accuracy of position. Define equation (A-3) as

The notions discussed here have been simulated. Do = J.DS.
They are now in the process of being exercised using
actual ground and airborne units in the Hanscom Testbed, If only the observations made during a frarne are used as
Bedford, Massachusetts. data for the solution then a least squares solution is

Appendix I [Xn EXal
Consider the situation in which transmissions from Y a=__+ (JTd)'l _ _TDo. (A-4)

p sites occur qsentially simultaneously each frame.* n a
Then for the n1" frame

2 2, AR n Ra

0 (m) = V(X- X)+(Y- Yl)+AZI 2 - ARn + N (11 1 , ,, , (A-1) In the above, each observation is given equal weight.
"0() VXn-Xp) 2 +(Yn'Yp) 2 AZp2  AR_ +
p = n p2 n py ARn + Np In the initial frame, Xa, Ya, ARa is arbitrary but

close to the actual value. This may not be sufficiently
close to the actual solution to justify absence of the

is a set of simultaneous equations; where second and higher order terms of the Taylor expansion.

1 (m) Imeasured range made on signal of 1th site, !n such a case, the algorithm is iterated; the solution
is used as the value of Xa, Ya, ARa and equations (A-2)

location of tsource, o (A-4) computed again. Iteration Is stopoed when the
XIY =ths incremental change in the solution is small. In succeed-

di esing frames, Xa, Ya, ARa is taken as the prior solution
AZ difference in altitude between source and predicted to the time of the current observations.

Sreceiver taken from altimeter data,
s i r s r vDenote ARn as the filtered value of the sequence of

X Xn' Yn' aR n solution variables for receiver's posi- single frame estimates of time offset. An algorithm
time offset, which uses the filtered estimate of time offset along with

N1 N- -p random error in tme-of-arrival measure- observations of the next frame to give a better solution
N1 - - - nr and zerror ind tim farrivale ma u accuracy for position is as follows. Linearization of

ment,mean zero, and variance m2. equation (3) gives

Linearization of equations (A-i) about an assomed
solution Xa, ' Y ARa using a Taylor series expansion th Do, + AR n B 0 0
enables a solution using a digital machine. For the i [lx ly
row of equation (A-I) then, , I (Xn-Xa

X Xa y (A-5)
oi(m) oi(a) + R (X-Xa) + (a) i - (AR" a ,aARn p 0

n- YA )]
L. n px J

where Define equation (A-5) as

oi(a) = R1la) -ARa' DR = A'DP.

R(a) =(/• )2 + (ya.Yi) 2 + AZ-, (A-2) Then, a solution is obtained by computing'"(a)Xa--Xi)" (Yn]i + A
Xa) Ya' ARa Best estimate of solution for n+ (A TA)I A TDR. 'A-6)SX, Y, AR. [nJ a]

Define References

8 ix o (Xa-Xi)/Ri(a) 1. "Study of Mets tor Synchronizing Remotely Located
a; ClocKs, National Aeronautics and Space Administra-

"- - i tion, NASA CR-738, March 1967.
SBy (Ya'Yi)/Ri(a) 2. L. Horowitz, "Direct-Ranging LORAN," Navigation,

Journal of the Institute of Navigation, Vol. 17, No.
nDoI = ojir)-ol(a). 2, Sunrmer 1970, pp. 200-204.

1 3. E. A. Gerber, R. A. Sykes, "State of the Art - Quartz
This Crystal Units and Oscillators," Proceedinqs of the:•*Thsdevelopment is easily extended for the situation IEEE, Vol. 54, No. 2, February 196 pp. 103-116.

in which transmissions of a group occur separated in --

1time.
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TIME SYNCHRONIZED RANGING SYSTEM

(TSRS)

ROBERT M. AUGHEY
SINGER-GENERAL PRECISION, INC.

KEARFOTT DIVISION
LITTLE FALLS, NEW JERSEY

Summary A simplified diagram of the time fcrmat for the
synchronization process is shown in (Figure 2).

Singer-General Precision, Kearfott Division, For ease of demonstrating the relative time
has developed and is currently field testing a relationships this illustration has divided a
time-ordered precision ranging and relative slot into 10 equal units.
position location system identified as TSRS.
The TSRS is based on cooparative synchroniza- The Control Station transmits a Coarse Sync
tion of both time and frequency between up to message in slot 00 at his indicated To. This
1024 LOS users to a relative time accuracy of message is received by all users within LOS,
less than 7 nanoseconds. Additional TSRS cap- each of which resets his'local clock to To on
abilities include automatic user identification receipt of the message. Obviously, each user
and two-way communication data link. The TSRS clock is now "late" with respect tc '.he Control
is currently under field ground test and will Station clock by the individual propagation;
be flight tested under a U.S. Navy Contract in time from the Control Station to each user,
1971. 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-

The Kearfott Division of Singer-General Pre- pending to the approximate propagation delay
cision has, under Company sponsorship, at 100 miles maximum LOS distance batween
developed a cooperative ranging system employing Control and User.
local frequency sources and clocks which are
precisely synchronized in relative frequency For illustration, assume that the User of Fig-
and time to a designated cohtrol station within are 2 is two time units in distance from the
a community. Control Station and that he has been assigned

slot 01, immediately following the )0 slot.
Kearfott identifies this system as (TSRS) a The User has received the C.S. message and
Time Synchronized Ranging System. reset his clock to To on receipt. 10 units

(2.62144 ms.) later, at the start of his
A general definition of this type of equipment assigned 01 slot, the user initiates a Fine
is a collection of units, or subscribers, Sync Request message to the Control System.
located remotely from each other, which employ Assuming no relative n.moement between the
a common relative time and frequency reference stations, ano therefore two time un-ts for
for the purpose of sequencing events, timing propagation, the F.S. Request arriv"s at the
events, and determining slant range between Control Station 4 units late with respect to
units. the Control clock (two propagation %:imes). The

Control Station ab:crmes that the F.S. Request
Important system by-products of the TSRS process delay of 4 units is all propagation delay
include two-way data communication, unit iden- (range), and initiat•s a Fine Sync Reply Mess-
tification, and relative position location, age to the 01 User 4 time units ahead of the
where adequate ranges are available to perform end of slot 01 which arrives at the User two
trilateration computations. time units later. The User realizes, that the

F.S. Reply should have arrived exactly at the
TSRS is a time-ordered system (See Figure 1) in end of slot 01 if his time was syncl.ronized
which a system cycle is divided inLo "N" slots, with the Control Station, and therefore his
each of which is precisely 2.62144 millisec-onds clock is "late" by two time units ar.d auto-
long. For the purpose of this presentation the matically resets it to cause the start of slot
00 or fi.rst slot in the cycle will always be 02 to be coincident with the arrival of
assigned to the Control Station, although the F.S. Reply. The User and Control clocks
Kearfott does incorporate a capability for are now in Fine Synchronization and identLcal
rotating Control to qualified users in the com- transmissions in the next and successive system
munity in order to service users not in line- cycles can be utilized to measure slant range
of-sight of the designated Control Station. between iunits. The actual circuit implemanta-

tion of the coarse and fine synchronization in
The Control Station always transmits a "Coarse TSRS is somewhat more complex than this
Sync" message in slot 00, initiated at hib own simplified description and will be discussed
TO. Each user, having been previously assigned in more detail later.
an exclusive time slot, requests and receives
Fine Synchronization from the Control Static- The TSRS me,,sage structure. has been designed to
within hMs own slot. provide acquisition, time synchronization, data
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communication, and Automatir unit identilicax- modulated carrier, which is amplif.ed to a
tion. Figure 3 illustrates the TSRS message one kilowatt level and delivered to the an-
structures. All transmissions are preceded by tenna via a circulator. The transmitter is
6 bits of quieting (1.28 ps./bit). keyed on just prior to the message and keyed

off at the end of the message, while an
The Control Station's Coarse Sync. transmission opposite keying signal is simultaneously
in slot 00 consists of two 13 bit inverted applied to the receiver.
Barker codes followed by two 9 bit slot number
words and 144 bits available for data. One An incoming message is passed through the
parity bit for each 8 bits of data is incor- antenna, circulator, and protective limiter
porated. This transmission therefore is 248 to a down converter where the 1140 MHz bi-
microseconds maximum in length, and is the phase modulated signal is mixed with an 1080
only transmission occurring in slot 00. MHz L.O. providing a 60 MHz input to the IF

amplifier. This amplifier provides 80db of
In slot 01, the User F.S. Request transmission gain by means of 9 successively cut-off
consists of two 13 bit normal Barker codes limiter stages and exhibits nearly constant
followed by 144 bits of data, resultinq phase shift and group delay throughout its
in a message length of 225 uis. maximum. The dynamic range. The IF amplifier has a phase
F.S. Reply message, also in slot 01, consists response that is essentially insensitive to
of two Barker codes, the first inverted and the limiting level.
the second normal, resulting in a message
length of 41 ,is. maximum. The combinations The amplified and limited 60 MHz sioaal is
of normal and inverted Barker codes, coupled split with one output delayed by one bit
with slot assignments, serve to identify tne (1.28 ps.). The direct output and the delayed
User, and the entire community, the type of output are then compared in the phase
message and its origin. The Coarse Sync detector, providing differential decoding of
message is transmitted only once per system the 60 MHz bi-phase information. The re3ult-
cycle, but the F.S. Request and Fine Sync ant video signal is applied to a v.deo decoder
Reply messages are transmitted and received by which supplies time-of-arrival (TOA) pulses,
each User in his assigned slot every system and data to the fSRS Digital Unit.
cycle.

Figure 11 illustrates the RTU Barker decoder
Figure 4 is a TSRS System Block Diagram. Each ir' simplified form. The video output of the
TSRS consists of a Receiver-Transmitter Unit phase detector is routed to a 13 b.t tapped
(RTU), a Digital Unit (DU), and a Control Dis- delay line. The Barker is a special synch-
play Unit (CDU). The TSRS Control Station is ronizing code (13 bits for TSRS) which, when
shown with a .omputer and teletype, huwever, cross-correlated with a stored sequence, can
these are us.-d only to process TSRS range and provide a single pulse at correlatLon, the
data for spocific applications such as relative amplitudc of which can be set by means of a
position loation. Each TSRS unit is fully threshold detector. Both positive and nega-
implemented to perform as a User or Control tive thresholds are incorporated for TOA
Station with the choice and slot assignments pulses since TSRS uses both normal and invert-
selected by means of the CDU's. ed Barker codes.

Figures 5 and 6 are photographs of the TSRS I'igure 12 is a block diagram of the TSRS
Receiver-Transmitter Unit. The RTU is housed Digital Unit. The Main Timer prov;.des a con-
in a 3/4 ATR case and weighs 20 pounds. This tinuous time base and reference for the unit
unit is an Engineering Model, built in the lab- and when the unit is designated Control its
oratory, and is not representative of final counting length defines the slot interval for
mechanical desicn. rigures 7 and 8 are photo- the entire system.
graphs of the TSRS Digital Unit. The DU is
housed in a 1/2 ATP case and weighs 15 pounds. The Main Timer operites directly at a 100 MHz
This unit is representative of final TSRS rate, detived from th- local frequcncy stand-
packaging and incorporates SGP's X-Y logic ard, using ultra high speed emitter-coupled
cards as well as high speed, multi-layer cards looic, with multi-layer, controller- impedance,
in a mechanical design proven by hundreds of printed circuit packaging. All critical
Kearfott production navigational equipments timing functions are synchronously clocked,
for Militarv Aircraft. with less critical functions clocked by aripple carry signal. All of the DL's key
Figure 9 x. a photograph of a TSRS Submaster taming signals are derived from the Main
(Control Station) consisting of the RrU, DU, Tirver. The Main Timer also supplies timing
CDU, Computer, and a ground unit antenna. control for the Secondary Timer.

A blot:k diajram of the Receiver-Transmitter The Secondary Timcr pro"-des a time base
Uni.t is 'iown in Figure 10. The RTU is design- Ctilizel for time measurements and control of
ed to operat*: in the 960 to 1215 MHz ("L" Band' a.l R ". transmissions. The ,,econdary Timer
"r'ange and .,e -re currently field testing at is pez;-lically "p!'ýse-locjced" t- the Main
1,40 MHz with a 7 Miz 1U1 and a 1% duty cycl?. Timer, however. it can be st.eud by the
All Rn' functions are cuotrolled hy the DU, appropriate '0OA's ., •rovide a ,,,asure of time
for exam:dle, the trann;mitter section accepts and/or rdnge.
baseband data at a 780 Kitz rate, XMIT key
signals, and a 60 MIz .nput to the bi-phase The slot Counter idc.:ifies each TSRS slot,

* mioulator. The o0Itput of the modulator is a arkd are initialized by the CS message from tne
60 %Mz cax, ier wbosw pirase is reversed by the Control Station during acquisition. There-
diffcrentially encoded -" a. This signal is after. it advances one count every time the
mixed with a 1080 MV: L.O. and the upper side '4ain Timer completes its timing of a ranging
band setected tu prwvide a 1140 MMz bi-phase slot.
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The TSRS frequency source is located in the the unity clock and high gain oscillator state
DU. This oscillator-multiplier has output and the status proceeds through the state
frequencies of 20 WIz and 100 MHz. The unit diagram again.
is voltage controlled, housed in a proportion-
al control oven and has a drift rate of For the case where the update error is greater
I x 10" parts per day. Voltage control of than the preset count but less than 10 times
this source is obtained from an up-down c~unter the preset count, the status is returned to
and a precision D/A converter. These elements, the state where the clock gain ts a constant
coupled with measured time-errors and the plus a variable based on the number of missed
Digital Filter, form the oscillator frequercy updates. The TSRS Digital Filter was modeled
and phase control loop. An up-down counter is and simulated on an 1108 computer prior to
initially set to mid-range and incremented or hardware design. LaboratorN, and fiald tests
decremented by a series of pulses proportional of TSRS have verified system performance as
to the measured synchronization error. The predicted by the simulation.
gain associated with a given correction is
controlled by the Digital Filter and is ad- Figure 14 illostrates, in simplified form, the
justed by directing the correction pulse train TSRS range measurement signal flow oetween two
to various weighted inputs in the up-down cooperative units.
counter. The D/A converter closes th, fre-
quency and phase control loop by supplying an A message is formatted, including the Barker
analog signal to the oscillator as a fuuction code and data, in the Digital Unit, and, at
of the stored count. the proper time, sent to the Receiver-Trans-

mitter Unit as a differentially encoded video
The Digital Filter logic implements an algorithm signal. This signal is used to b..-?hase
which smooths time, frequency, and phase modulate a 60 MHz carrier which is then up-
corrections. This algorithm is an approxima- converted to and amplified at 1140 mIz.
tion to a simple Kalman Filter (lineat filter
with time varying gains). The filter logic The radiated signal is received by the second
accepts a measured time error and prccesses unit, down-converted to 60 MHz, amplified and
it in ac-ordance with the filter algorithm to detected with the resultant video sent through
gener r .x time correction for the Main Timer the Barker decoder.
and .e.;Žuency or phase corrections for the
os- .-•ior. The Main Timer is currected under This output consists of TOA pulse(st and serial

• o' The filter by inhibiting or adding data which are sent to the Digital Unit, where
.;nts (counting by two's at the normal clock Lhe TOA's are used to measure range, clock

Late) depending on the sigo of the error. error, etc., and the serial data is buffered
for transfer to external equipment.

The remai•iinq DU functions are associated with
TSRS control, data message formatting storage This Transmit-,4ecuive process is reversed at
and procesing, and general "housekeeping". the proper time for message flow in the other

direction.
Figure 13 is the F.S. state diagram represent-
ing the flow of F.S. control in order to Figure 15 is a summary of the current perfor-
accomplish the desired time frequency and oance of the TSRS indicating an ope:ational
phase corrections. range of 100 NM, provided a line of sight path

exists. Slant range measurement accuracy is
The Digital Filter is active only in the User 21 feet, one sigma, based on a relative time
TSRS, since the Control Station reference is synchronization accuracy of each User to the
common for the entire system, and no internal Control Station of 7 nanoseconds, one sigma.
corrections are made as long as the TSRS is The TSRS provides User identification on a
operating in a "relatlve" mode, although pro- time-ordered assigned slot basis wi-;h up to
visions are incorporated to reference the 300 bits of data communication capacity between
Control Station (and therefore the system) to the Control Station and each User every 2.68
any desired external source. seconds at a data rate o0-t 0 K1,.

The User DU is initialized by thc C.S. process There are many military and commerLal applica-
previously described, and for the first up- tions for TSRS including:
date (F.S. Request and Reply) the clock gain
(KC) is one and the oscillator gain (KO) is .Relative Position Location
zero. For the next four su.-essive updates .Navigation
the clock gain is unity and the oscillator .Precision Reference for Hybrid System
gain is increased. In the following slots the .Command and Control
clock gain is reduced by a constant plus a .Emitter Location Systems
variable depending on the number of missed .Collision Avoidance
updates (N) and the oscillator is reduced to .Air Traffic Control
low gain. The DU will remain in this state
until the measured time error is equal to or
less than a preset count. The DU will there-
after remain in t1.e following state unless the
measured time error on an update exceeds the
preset count. Should 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 is
returned to the previous state, however, if
the next update error is greater than 10 times
the preset count, the status is returned to
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"Piezoelectric Sensors for Use as Pollution
Detectors, Meterology Monitors and Research
Instruments."

J. Kertzmran, Oceanport. New Jgrsey

The major research and dynamic growth of An estimate of the air pollution instru-
new industries in the '70's will be directed mentation market for 1970-1980 was presented
toward our environment. Three of the major at the APCA meeting in June, 1970, by R.
areas for environmental activity will be in Bertram of Esso Research and Engineering Co.
Air and Auto Pollutiorn, Manufacturing Proces- at 469 million dollars.
ses and New Products and Research by the U.S.
Government Laboratories, Industry and Univer- "Is there any simple, reliable, accurate
sities to meet both requirements. and precise instrument that will meet the

requirements of this vast program?" The
The five man made major sources of air answer is "no" and time is running out.

pollution-a'r" automobiles. major industry
plants power plants, space heating and re- There are many prospects on the list, and
fuse disposal The pollutants include carbon several instruments based on old wet chemical
monoxide hydrocarbons oxides of nitrogen, methods are being used; however, the scope
sulfur oxides, particulates and a variety of of this is so large that a new type of sensor
other combustion and processing products. is required.

The industries whose products and pro- In my opinion, a leading candidate for
ceases are the major contributors to pollu- a universal pollution sensor is the coated
tion are: piezoelectric crystal. It has many outstand-

ing features such as high sensitivity, low
Automobile Manufacturers who will have to cost, simple instrumentation, detection of

redesign their power systemgior add devices to specific compounds, reversible mass changes.
reduce emissions. They will be responsible sensors that are mounted on site or remote
for measuring and controlling the auto emis- and the units can be adapted to simple pass-
sions. The auto manufacturers are spending fail Indicators or controllers.
about 400 million dollars a year on this pro-
blem. They must provide information, recom- The first commercial coated quartz -ry-
mendations and possibly equipment to 60.000 stal instrument was introduced in 1 63 and
new car dealers who will have to service the today is used worldwide as a water vapor
vehicles, analyzer In all of the leading reflierles

throughout the free world. It is also used In
The Petroleum Industr will have to deve- ?etrochemical, Chemical, Natural Gas, Atomic

lop an& proTuce new ue ao meet the new Energy and other manufacturing and research
pollution requirements. New processes are facilities. It has a sensitivity of 0.05 ppm
being developed and the refineries will also (v/v) water vapor, and it has a faster re-
be required to monitor their plants that pro- sponse to dynamlc changes in water iapor con-
duce these new fuels. It, addition, the petro- centration than aný other hygrometer.
leum industry will also be recortunending emis-
sion measuring equipment to their service Other applications of the coat,!d quartz
stations for measurement and correction pro- cr~stal ihave been as specifiu detectors for
cedures in the new Federal Standards. There hydrocarbons. carbon dioxide. sulfur dioxide
are 140,000 service stations in the United and particulates.
States.

The linear temperature respons! and high
Petrochemical Chemical, Chemical Pro- sensitivity of the LC crystal has been demon-

ceasing and other Manufacturing Plants dill strated in commercial quartz crystai thermo-
require modifications in their processes to meters. Demonstration of the quartz as a
meet new air pollution regulations. Moni- meterology detector for humidity In the upper
toring apparatus will have to meet approved atmosphere has also been reported. Two
requirements which will be established by European countries are using coated quartz
F'ate and Federal Government Agencies. crystals as humidity censors In rad.osondes.

The coated quartz cryet3l has a higher scnsi-
Electric Utilities, Apartment Hlouses, tlvity for measuring l'arometric pre.,sure than

Hotels, Ofrice Buildings, warehouses and Other the present bellows used in the Wea.her
Large FUel Consumers ana Local and Private He- Bureau ESSA radiosondes. The present GSA re-
ruse Disposal Stitions will have to be moni- quirements are to 250.30 sondes/yekr. Cver-
toied to Insure comp iance with pollution seas requirements will double the potential.
standards. The sondes for the weather balloons are dis-

posable so the crystal detectors have to make
The inspection and enforcement of the only one test.

standards will be made by State and Local
pollution administrations. Air and auto Aito pollution monitors offer one or the
pollution standards will require continuous greatest potentials for coated crystals. In
moritoring and periodic inspections. The addition to the Instrumentation reqi, rements
State of New Jersey Environmental Protection of car dealers service stations. diagnostic
Agency is enforcing a state code on air pollu- centers and enforcement agencies almost
tion. It Is also evaluating an advanced car 10 million cars are built each year. There
Inspection system which will mnan 100ý car are 80 million cars on the road. The possi-
inspection to meet new Federal Specifications. bility of using a built-in coated crystal

autG pollution monitor for IndividuLl 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 is on the
individual. This raises a question whether
we need protection to exposure. Exposure to
radiation is monitored by individual dosime-
ters. A selective coated quartz crystal dosi-
meter has been developed for measuring expos-
ure to hydrogen sulfide.

The cho1lenge of this decade is "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 piez-
oelectric crystals as applied to pollution
sensors.

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

We will have to develop specific coatings
for pollutants.

We will need low cost integrated circuit
oscillators and temperature controllers.

Standards must be established for ana-
lyzer accuracy, precision response and se-
lectivity.

This will results in a simple, efficient
and low cost pollution analyzer that can be
adapted to specific requirements.
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TIlE STATE OF THE ART IN PIEZOELECTRIC SENSORS

W. II. King, Jr.
Esso Research and Engineering Company

Linden, New Jersey

Summary A water detector is now cotmercially available using
crystals coated with a hygroscopic polymer.

2 4 
For air

Under carefully controlled conditions, AT cut pollution, twt instruments using sorption detector crys-
crystals can detcct 10-12 grams of deposit. Therefore, tals are already developed. One is for ambient air hy-
It is not surprisiag that quartz crystal resonators of drocarbon analysis where high sensitivity i.; important,
varying descriptions are used as microbalances. This and the second Is for auto exhaust hydrocarion analysis
•)aper will focus attention to the many uses of crystals where speed and simplicity are important.
other than for filters and the control of frequency.
The list of other uses includes the measurement of gas Most resonators for sensing use AT cut crystals from
dnsity, pressure, temperature, strait, oil vapor depo- 4 to 10 MHz of various dimensions. Sorption detectors
sition, metal film thickness, dew point, interferometry, operate at ambient or at 50*C when constant temperature
surface area, oxidation of elastomers, corrosion of is required. Absolute frequency is not very critical
metal, radiosonde humidity, polymerization, viscosity, since circuits usually contain two crystals which are
vacuum, power, voltage, current, thermal conductivity, trimmed electrically at some known or zero condition.
and volatility of asphalt. A number of sorption detec- One crystal is the sensor and the other a reference. The
tors have been developed for the measurement of parti- audio beat note between the two is the output signal. In
cles, humidity, and hydrocarbon pollution in the atmos- a typical application a sorption detector sensor will re-
phere. Other sorption detectors now exist which are ceive 5 to 50 KIIz of a coating over the center RPF elec-
capable of detecting solvent vapors and other gaseous trode. The larger the amount applied, the larger the
constituents, sensitivity. The reference is nickel plated to match

+ 1 Kliz.
Introduction

Sorption detectors can detect many kinds of vapors
It is well known how troublesome contamination in a depending on the nature of the coating materials used.

sealed quartz resonator can be when the object of the Table I shows the responses of typical units. Detectors
game is stability. Under carefully controiled condi- No. I and 2 were designed to be used with gis chromatog-
tions, AT cut crystals can detect 10-12 grams of raphy. The response speed is the order of 40 millisec-
deposit,l Therefore, it is not surprising that quartz onds. They are also linear. By employing :hese two de-
crystal resonators of varying descriptions are used as tectors and a thermal conductivity cell, one can instan-
microbalances. This paper will focus attention to the taneously analyze the gas chromatograph effluent for
many uses of crystals other than for filters and the boilinglgoint, polarity, and concentration ,:f eluent
control of frequency. The list of other uses Includes vapors. Silica gel (No. 3) is an all-purihose detector
the measurement of gas density,

2 pressure.
3  

hecause many materials are absorbed by the silica gel.
temperature,

4 
strain,

5 
oil vapor deposition,

6 
metal film Its response is a little slower than that o: Detectors I

thickness,
7 

dew point.
8 

interferometry,
9 

surface area,
1 0  and 2. Deeaccor No. 4 is a hygroscopic polymer employed

oxidation of elastomers,11 corrosion of metal,
12 

radio- in a commercial water detector which is especially sensi-
sonde humidity,

1 3 
polymerization,

14 
viscosity,1

5  
tive in the low range.

24  
Detector No. 5 is not sensitive

vacuum,
1 6 

power, voltage, current, and thermal to water, but It is very sensitive to many .inds of sol-
conductivity,1

6
,17,1 and volatility of a-iphalt.

19 
A vent vapors. A leak detector was made employing this

number of sorption detectors have been developed
1

6,
2 0  sensor. The detector is very useful in finding leaking

for the measurement of particles, humiditv, and hydro- fittings on apparatus where solvents or vapor are con-
carbon pollution in the atmosphere.)

1  
Other sorption tamned under pressure. Our detector is emp-oyed mainly

detectors now exist which ace capable of detecting sol- to find leaks on gel permeation chromatographs a-d simi-
vent vapors and other gaseous constituents. 16 lar liquid chromatography equipment. The prformance of

a solvent leak detector Is shotni by Table 1.
Sorption Detectors

Integral Heater Sensors
Sorption detectors are made by coating an electrode

with a material that can sorb the gas in question. By modifying one RF electrode into a resistance
Thus, the more gas picked up, the heavier the electrode heater, a1 temperature sensitive AC or simil.r cut crystal
gets and the frequency decreases. Two crystals are becomes a transducer and can be used to meabure voltage,
used--one coated. The other is either sealed or un- current, power and thermal conductivity. Ih. this appli-
coated and exposed to the same gas and temperature as cation the heater is a wide, meandering, anc closely
the coated crystal. The audio frequency difference is spaced film having a resistance of 10 ohms. The other
used as the signal. Crystals without purposely applied electrode is a normal RF electrode. Figure 3 depicts a
coatings are slightly sensitive to moisture absorption typical integral heater crystal. The crysttol can be AC
In the manner shown by Figure 1. The small response cut to obtain a high temperature coefficient. Typical
shown is normally swamped out when a special coating is response to electrical current is shown in lables III and
applied to the crystal. The type of coating material IV. The sensor's parameters were Fr - 8924.97, F3 2 -
defines the performance of the detector as shown by 8932.75, R1 - 13 ohms, Co - 14 PF, and heatir resistance
Figure 2. Here the relative absorption for water on mo- 12.8 ohms at 25*C, AC cut, 9/.S in O.0. flat plate, wire
lecular sieves, polymers, etc., is shown for the low clip.
range (0-3% relative humidity). Molecular sieves are
Smost sensitive In the 0-200 ppm range. The signal ob- The crystal microbalance has had sever. I space ap-
tained from a detector with 20 KHz of molecular sieve plications such as measuring contamination luildup on tue
coating will be 2,000 Hz at 100 ppm. On the other end exterior of spacecraft.

2 2 
A carbon dioxide, water and

of the scale are hygroscopic liquid coatings whose main dust sensor system using crystals was recently devrloped
virtue is good linearity but limited response at the for use on the 1975-76 Viking Mars lander. Th'is tork is
low end. not published.

2 3

104



A sulfide dosimeter was developcd using a silver 19. King, W. H. Jr. and Corbett, L. W., Anal. Chem.
electrode crystal In a protective but porous container.
As sulfide in the air tarnished the silver, the fre- 20. King, V. H. Jr., Anal. Chem., 36, 1735 (1964).
quency changed. It thls and other possible personal do-
simeters become accepted, a large market could result. 21. KlRag W. H. Jr., Eivironmental Science and Technol-

ogyt L4, 1136-1141 (December 1970).
There is a potential for large-scale uses of crys-

tals in the areas of air pollution measurements, radio-. 22. NASA Tnch. Briefs 67-10205, 67-10012 (1967).
sonde balloons, anesthesiology, solvent alarm systems,
dosimeters and miscellaneous laboratory applicetiona. 23. This work was done for Martin-MariettL Corp. by the

Esso PRsearch and Engineering Co., W. H. King, Jr.
The radiosonde application could use 400,000 crys- and 0. H. Varga, Contract No. RCO-446067.

tals per year. In this application one crystal could be
used for temperature--one for humidity and a third for 24. Wont Instruxent Products, Glasgow, Delaware.
pressure. All three systems have been demonstrated to
be superior to alternate ways of sensing these variables.
What has not been done is developing the capability of
making 100,000 complete disposable units including radio,
multiplexer, antenna, sensors and container for about
$35 each. The balloon and hydrogen are separate iteats.
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Table I

Typical Data Obtained with 9 MIz Sensors

Sensitivity, Hz/mol %
Temperature

No. Coating Material Hexane Benzene Water _ C

I DC-200 Silicone Oil 117 50 0.1 25
2 1,2,3-Tris-Cyanoettiovy Propane 2.3 43 200 25
3 Silica Gel 116 426 2,000 25
4 Hygroscopic PolymerA 0.0 0.0 300,000 50
5 Rubbery Polymer 75 138 0.3 39

* Sensitivity is shown for the 10 ppm range.

Table I1

Performance of a Solvent Leak Detector
Consistinp of a Polymer Coated 9 MHz Crystal

Meter Deflection
Solvent Vapor Sensitivity for l&/cc

in Air liz/ppm (v.v at 25-C) Z of Fu!l Scale

Cl 0.000) 0.002
C2  0.0013 0.02
C3  0.006 0.2
nC4  0.019 0.7
nC5  0.064 2.9
nC6  0.30 16.
Benzene 0.50 25.
nC7  1.15 72.
Toluene 1.95 112.
nC8  4.25 303.
Ethyl Benzene 6.70 444.
o-Xylene 9.70 642.
nC9 12.50 1,000.

Trichlorobenzene 75.0 8,600.
Perchloroethy,"ene 5.0 518.
Chloroform 0.5 38.
Tetrahydrofuran 0.4 19.

Water 0.03 0.3

Ambient noise level is 0.1 Hz; response time is less
than I second for hexane and 5 to 11 seconds for
trichlorobenzene.
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Table III

AC Cut Integral Heater Electrical Sensor

Heater Condition Freruetnc AF Power

Volts Amps K•z 11Z Watts

0 0 8924.973 0 0

0.6645 0.0505 8925.994 1,021 0.032

1.389 0.100 8929.465 4,49. 0.139

2.097 0.1418 8934.833 9,860 0.297

2.725 0.1735 8941.181 16,208 0.472

3.155 0.1918 8946.103 21,130 0.604

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

Time Vs. Frequency after Applyil.g 200 ma.

Seconds Freiunc t ReSponse S~ror Temperature

0 8924.97 0 340 C

10 8940.06 66 1il

20 8945.97 90 141

30 8947.37 97 149

40 8947.78 100 156

50 8947.98 100 157
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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 measurements were riade using a transmission tech-
n anique whereby the output amplitude of the resonator

In an earlier paper.1 the effects of electron was displayed as a function of frequency.
irradiation on frequency and internal friction (Q-1 )
were reported on oscillators eabricated from selected Irradiations were performed at the AFCRL Linear
natural, fast rate Z-growth l,hium nitrite and lithium Accelerator. (wo resonator units were sabjected to
carbonate doped, Z-growth electronic grade, swept 10 MeV electrans in a 4.5 "isec. pulse to a dose of
Z-growth electronic grade, and, slow Z-growth, low 1 Mrad(Si), The oscillator frequency and amplitude was
impurity quartz. Measurements were performed on monitored during each pulse. The limit of accuracy
5MHz. 5th overtone, high precision AT-cut resona- for the frequency measuring system is 0. o2 ppm. After
tors fabricated by Bliley Electric Co. The results internal friction measurements were performed from

showed that after exposure to 10 MeV electrons to a 1. 2 t,, 400 0 K, thie dosage was increased tc 10 Mrad(Si).
final dose of 1 Mrad(Si),swept Z-growth electronic
grade quartz exhibited the highest frequency stability Frequenc Results
with no cessation of oscillation during irradiation.
Also, little change was noted from the pre-irradiation The accumulated frequency offset of ti e irradiated
internal friction spectrum. The small observed fre- resonators after I Mrad(Si) was 3Hz or 0. 6 ppm and

quency change was positive and in the order of 0. 02 negative . A plot of iccumulated offset a., a function
ppm, The worst of the materials possessed freque of dose is shown in Figure 1 along with the, offsets for

cy changes up to 10 ppm and gross changes in inte.ril selected natural, lithium doped cultured quartz from
friction. In all cases there was evidence for a direct Western Electric, and "High Q grade" cultured quartz

correlation between frequency deviation and changes alo from Sa%%ycr Research Products. Selected natural
in internal friction. quartz at this dosage ha.; a negative offset of about

20Hz. Offsets as high as 5011z have been measured on
unselected naturaq quartz in this laboratory whereas

The possibility of fabricating resonators that Poll and Ridgway' report values about 4011z. The
exhibit no frequency change or stoppage d' ring accumulated offset for Western Electric fast growth
irradiation from an "as grown" mater'a' ','wid alle- lithium doped cultured quartz is negative and about
viate the need for the expensive, poorl) -.,nderstood, 4011z, and High-Q quartz exhibits a positive offset of
and sometimes unreliable electro, 'si.. (4weeping) 1811h.. The best material measured to date is still
process. This investigation concern, x .r, evalhatioit swept electronic grade cultured quartz with a positive
of a cultured quartz combining sev.,ra. ,rproved frequency offset of about 0. 1Hz or 0. 02 ppm. 1-3
crystal growth features of the presiously ze-,sured
quartzes. After each rad.ation pulse, Premium Q quartz

resonators stopped oscillating for short time periods
"Premium Q Grar',"Quartz (10-26 seconds). Under identical experimental -on-

ditions of oscillator circuit, temperature control, and
This study describes the characteristics of frequency monitoring techniques, neither swept elec-

"Premium Q grade" cultured quartz, from Sawyer tronic nor lligh-Q quartz oscillators stonjed. 11o%% ever
Research Products. Rigid cntrols of pertinent all natural an(! lithium doped quartzes did cease func-
growth parameters yielded material with Q values tioning for similar time periods (10-30 seconds). It is
as high as 3 x 101. The distinguishing factors reasonable to assume that the inclusion o1 lithium in theaffecting the growth of this quartz start with the growth solution may contribute to the stop~page of

selection of good raw material. Lithium was in- oscillations dr'ring irradiation. Consequently,
cluded in the growth solution and a slow growth rate Premium Q quartz is an improvement over all un-
along with special controls on absolute temperature treated quartz in terms of frequency stability, but not
and temperature gradients between the dissolving in terms of cessation of oscillations.
and growth chambe-'s was utilized Thus, the smooth
transition without overshoot from room temperature Internal Friction Results
to operating temperature results in zin improved
heat-up sequence and an improve(] join between the Internal friction measurements on thit. materi, l
feed and the new mater'ial, indicate Q values are in the rang(e of 2. 8 t ip x 10 at

normal operating temperatures as a 5MIN,, ath over-
Experiment tone. high precision AT-cut resonator. I nder the ;ame

experimental conditions, typical value% for similar
The experimental procedures for measuring in- resonators are in the range of 2. 5 x 10 . Investigations

ternal friction and for the irradiation ,iq frequency of internal friction from .4. 20K to 4001K 1l.otted in
monitoring are as ,weviously discus,-ed. Q- 1  Figure 2 as Q-1 vs temperature indicate tiat the region
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of High-Q extends from 170°K to 4000 K and is limited rthr s•teristics Auove I Mrad(Si)
on the low temperature end cf this range by coupling
to other modes of oscillation. This coupling is Figurt. s,'-ws an expanded plot of frcquency off-
inherent to AT-cut resonators and is associated set of Prem:,,m ' wit;s the do-', to 5 MradSi). The
with the angle of the cut. Measurements were termi- offset levels off ?)et% een 0.7 and 0.9 x 106 Rads(Si)
nated at 400 0 K to prevent possible mechanical damage suggesting that zraturaton may be taking p)ace. After
to the oscillator package (solder joints, supporting maintaining a i')n.tant frequency output for 16 hrs. af-
memberu, etc.). ter the initial i, •acii'ticn, the dosage was increased to

3 Mrad(Si). The fr-t'eucrv deviationiq no%& changed to
At the low temperature end of the range the 50 0 K a positive direction !Ad reýached a vwlue only 0. 711z

loss peak attributed to sodium impurities is small, below the pre-irradia, ion .requency. Aftcr each pulse
there is a hump at approximately 30 0 K probably aris- the resonators stopped oc-'la ing. Recovery timesi
ing from phonon-phonon interaction, and the loss were up to 35 seconds for, *!:e resumption of oscilla-
decline from 201K to 4. 2°K is another indication of tions. Full amplitude was , ,.,ched after ' minutes.
High-Q (4 2.5 x 107 at 4. 2 K). After this irradiation Q-1 has ,)een remeaamred with

the only noticeable change beini- a further r~duction of
Figure 3 shows a comparison of the Q spectra the 50 0 K loss peak. Subsequent measurements of

of the materials compared in Figure 1. Selected frequency offset to a dosage of 10 Mi ad(Si) showed signs
natural and fast growth lithium doped quartz exhibit of partial annealing from the heating to 40 0 °K during
the high temperature tail associated with alkali im- Q- measurements. The trend, however, "as
"purities in certain positions, this tail (actually the definitely tcryard positive frequency offjet. ,pfter an
low end of the 7500 loss peak) is absent in Premium initial level region.
Q quartz and High-Q quartz. The 50 0 K loss peak is Returning to Figure 2 we see that exce.pt for t!iL
small in selected natural and fast growth lithiumdope qurtzas vel asin remum ? qart, wile almost complete elimination of th~e 50'• lot•s peak,
doped quartz, as well as in Premium Q quartz, while changes in Q'* after 10 Mrad(Si) are not ;.gnificantlyIligh-Q quartz, on bie ther hand, has a large 50i K different from the changes after I Mrad(Si). The highrloss peak. It is believed the lithium doping is temperature region of the Q- 1 spectrum was againresponsible for this reduction. The growth rate in raised slightly and the small peak near 300 K is in-tfigh-Q and Premium Q quartz was slow enough to creased very little. It is interesting to note that up toprevent the formation of te high t, mperature taib 10 Mrad(Si) no saturation of the accumulated frequency
but not slow enough to inhibit the browth of the 50 K offset has taken place.
loss peak in Iligh-Q quartz. The phonon-phonon peak
is not as pronounced in the other quartzes as In Conclusions
Premium Q. The low temperature decline found in
both Hfigh-QC and Premium Q quartz is another signa- Resonators fabricated trom Premium Q quartz will
ture of slow growth. function as high precision devices. The special pre.

Figure 3 also shows a plot of post-irradiated Q- 1  cautions taken during it6 growth to contro: tempera-
spectra. After irradiation, the internal friction of tures and starting materials has resulted in an improve-sPectr. Qmeit in the qdality of cultured quartz. Litnium dopingPremium Q quartz shows no significant changes. The a on nWsenEeti utrdqat eue
very low temperature decline i., unchanged, the small a on nWsenEeti utrdqat iue
50vK loss peak is further reduce.d ared the overall the 50 0 K loss peak and contributes to the nigh Q of the
background is just slightly abovh tec pre-irradiation material. The slow growth process eliminates the
bevlcg aturound is d fst slghwtly a them dopreidiuartin higher t-mperature alkali losses and is responsible for
level, Natural and fast growin lthium doped quartz the extremely high Q at lower temperatures. Although
develop broad loss peaks in the 2000 - 300OK tempera- the Inclusion of lithium leads to stoppage of oscillations
ture region and losses are also induced at a,'proxi- drn raitoteoealfeunyu~iivi
mately I0°K. Tthe only appreciable change in High-Q during irradiation, the overall frequency :;tsbility is
quartz is the lowering of the 50a K loss peak. next best to swept electronic grade cultured o ,artz. It

is the slight increase in background losses that is

Premium Q was developed to try to combine the responsible for the small negative frequency offset
best features of High-Q quartz and lithium doped (uring irradiations to I Mrad(Siý.
quartz namely the absence of a 50 0 K loss peak, the The high C value achieved over such a large temper-
elimination of the high temnperature tail, and the ature range indicates an approach to the practical if
preventinn of the radiation induced band in the 2000 - not the theoretical limit of Q for cultured quartz.
300 0 K temperature region. To this end the product Acknowledgement
is successful and to a degree a better radiation
hardened material than all but swept electronic grade The authors express their appreciation to 0. M.
quartz. Clark for assistance in the experimental 1.hase of 'he

investigation.
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M.ASUR MLNT OF VIBRATION MODES OF PIEZOELECT14IC RESONATORS

BY MEANS OF HOLOGRAPHY

Y. Tsuzuki, Y. Hirose, and K. Iijima
Yokohama National University

Yokohama, Japan 233

Summary Then, the reference beam was diffracted by the
hologram, and the original signal beam was

A holographic method of studying the reproduced. As a result, i-he three-dimensional
vibration modes of piezoelectric resonators reconstructed image of the resonator could be
is described. This methoc was applied to the observed at 0be initial position through the
measurement of the vibration displacement hologram. This reconstructed image could also
distributions of the length extensional mode be photographed by a camera. The picture of
and the length-width flexural mod; of rectan- the image was cor.pletely identical tith the
gular quartz plates. Fairly good agreement picture obtained directly by usual photography.
was obtained between calculp'cions and measure- Figure 2 (a) Is an example of the reconstructed
ments, and It was verified that this method can image of a resonator in a stationary state.
be applied t) t..e quantative measurement of This resonator is a 50 X-cut crystal unit for
the contour modes of vibraticn. a lattice type crystal filter, therefore, the

As an example of tiie application of this evaporated electrodes weredivided at the center.
method to vibrating objects having arelatively The two dark lines In the lower part of the
complicat.d structure, measurement was made on crystal surface in Figure 2 (a) are the shadows
the spurious modes of elect'omechanical filters of the supporting wires. Another reconstructed
made of several bending resonators coupled image of the same crystal unit is siown in
with each other. As a result, it became clear Figure 2 (b). In this case, the cr~stal plate
that there are two types of ,purious modes was excited In its fundamental length extensio-
which resemble the twist mode and the bending nal mode, and a pattern of dark frirges appe-
mode o.' a rectangular plate. Ired in the reconstructed image. Tie relation

It Is concluded from these results that between the pattern of dark fringes and the
the holographic method can ',e of great help in distribution of vibration displacement was
the vibration study of piezoelectric resonators. dtscus;sed already by Powell and Stetson.2

When a resonator Is vibrating, the signal
Introduction beam receives phase-modulation by tie periodic

change of the optical path length. The ampli-
The holographic measurement method of tude of the phase change of the sigral beam ib

vibration displacement distribution is one given by
variation of the optical Interferometric method.
The observation of the vibration modes of =)
quartz plates by means of the optical inter- r
ferometric method was made by several workers
about 40 years ago. 1 However, the adjustment where A is the wavelength of the later beam,
of the measurement setup was very delicate In 0 or 0 the angle between the direction of th
the previous method. Moreover, a resonator, v~bratign i•splacement and the inciccnt beam
used for the experiment had to have an optical or the reflected beam respectively, U(p) the
flat surface. After the invention of the gas amplitude of the vibration displacerent at an
laser, the observation of a vibrating metal arbitrary point p _,n the plate surfzce. Then,
disk having a niffuse surface was made by means the dark fringes appear on the plate surface
of a holographic cechnique by Powell and Stet- of the reconstructed image where the followin&
son, 2 and it was shown that the disadvantages equation is satisfied.
of the classical interferometric method can be
eliminated by the use of holography.

The authors applied the holographic method J0((p) - 0 k2)

to various types of resonato-rs, and verified
that this method can be of groat help in the where J. is the zero order Bessel ftnction.
vibration study of piezoelectric resonators. The amplitude of the vibration displacement,

U(p), is zero at a node, therefore, the loca-
Measurement Methed tLion of a node appears as the brightest portion

in an image independently of 01 or Er, the
The measurement method used Il Illustrated angle between the displacement direction and

In Figures I (a) and (b). First, an einlarged the Incid-,nt beam ur the reflected beam. If
laser beam wa.; projected onto a mirror and a 0 1 and or are constant all ever the surface of
resonator having a lapped surface. The ref- a plate, a pattern of dark fringes can be
lected beam from the mirrrr acted as a refe- interpreted as a dIsplacement distribution
rence beam, and a part of the scattered ref- pattern, and Un, the displacement artplitude at
lected beam from the rescn,,tor tecame a signal the location of thio nth dark fringe counted
beam. The two beams reacheol * hiyh-resolution from th-' brightest portion In the lnage, can
photographic plate as shown Ir Figure 1 (a), be cilcuilated from the following eqLation.
and the interference pattern was recorded in
the plate. The dpveloped ph)t-graphIc plate an
Is ,allpd a holoe'ran. Next, the ro-sonat r was Un= -)
remo-ved and the hologram wal pla'ed in the (21!/)tcos.i-cos~r)
initial position as shown in FIvure 1 (b).
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mechanical filters made of several binding

(4n-l)X metal resonators coupled with each o:her.
8(cosei+cosOr) (4) Figure 5 (a) is the reconstructed image of a

IS-element mechanical filter in a sta:ionary
state. The dimensions of the bendin; resona-

In Equation 3, an is the nth root of J0 = 0. tors were 70 by 4.0 by 1.7 mm. The !enter
frequency of the pass band of the filter was

Experimental Apparatus 1860 Hz, and the band width was 100 i z. On the
other side of the two resonators at phe two

The experimental setup consisted mainly ends of the filter, a ferroelectric 2eramic
of a He-Ne gas laser, a collimator, an optical wafer was attached as the electromecianical
turntable, a mirror, and a camera with a stan- transducer. Figure 5 (b) is the reconstructed
dared lens or a telephoto lens. The collimator image of the same filter showing the displace-
was used for the enlargement of the beam cross- ment distribution in the pass band. In the
section. The optical turntable was originally case of the mechanical filters, the incident
a part of an optical spectrometer, and was beam was projected frýn the perpendizular to
used for the adjustment of the direction of the filter surface so as to measure the vibra-
the incident beam upon the surface of the reso- tion displacement perpendicular to tie surface.
nator so as to obtain a distribution pattern From Figure 5 (b), it can be easily understood
of the displacement component in a particular that the resonators were coupled with each
direction. A camera with a telephoto lens of other at the nodes of the bending mole. Figures
200 mm focal length was used for taking a pic- 6 (a) and (b) are the reconstructed images of
ture of a reconstructed image from a relatively the spurious modes which appeared in the lower
long distance so as to make Or) the angle bet- side and the upper side of the pass band. From
ween the displacement direction and the reflec- the locations of the brightest portions and
ted ueam, almost constant. As high-resolution the distribution of the dark fringes, It became
photographic plates for making holograms, East- clear that these spurious modes resemtle the
man Kodak 649F plates were used. fundamental mode and the second overtone mode

of the twist vibration of a rectangular plate
Experimental Results as shown in Figure 6. It was found also that

there is another series of spurious modes which
In order to evaluate the accuracy of the resembles the bending vibration of a rectan-

measurement of the vibration displacement in gular plate. In this series, the deformation
the surface direction of the resonator, the of the filter occurs mainly by bendilg defor-
displacement distribution of a simple vibration mation of the coupling metal rods. From these
mode was measured and compared with the calcu- results, a way o rejecting spurious responses
lated distribution. The length extensional was established."
mode of a thin -18.50 X-cut quartz plate was
used as this mode is very close to an ideal Conclusion
one-dimensional vibration. The dimensions of
the quartz plate were 140.0 by 3.75 by 0.80 mm, It is concluded from the experimental
and the resonance frequency of the extensional results that the holographic measurement method
mode was 63.9 kHz. Figures 3 (a) and (b) are of vibration displacement distribution has the
the reconstructed images stowing the displace- following advantages in comparison with the
ment distributions with the ;rystal drive cur- classical optical interferometric method.
rents of 1 mA and 2 mA. The positions of the (1) The i,,- .ative measurement of the displace-
dark fringes in these images were measured ý,.d ment component distribution resolved in a
plotted in Figure 3 (c). The calculated dist- particular direction can be made on the so-
ributions are also shqn Jr. the same figure as called contour modes of vibration such as
the solid lines. A saciseactly agrecment was the extensional mode and the flexaral mode.
obtained and the estimated error was less (2) The measurement of the displacement distri-
than 5%-. bution can be made also on the vi3ration

Next, the capability of the measurement modes of the composite vibrating systems of
of the displacement component in a particular planar structures such as the ele.tromecha-
direction was examined by measuring the distri- nical filters made of several benling rezo-
bution patterns of the lengthwise displacement nators coupled with each other.
and the widthwise displacement of the second (3) It is not necessary to pol 4 sh th surface
overtone length-width flexural mode of a -18.50 of a resonator to optical flatnesi. The
X-cut plate. The dimensions of the plate were measurement can Ue made on a resonatcr with
40.0 by 3.75 by 0.80 mm, and the resonance the usual lapped surface.
frequency of the second overtone length-width
flexural mode was 32.0 kHz. The quartz plate References
was supported at the center, and the evaporated
electrodes were divided skew-symmetrically for 1. H Osterberg, "An interferometric method cf
excitation at its second overtone mode. The studying the vibrations ofan oscill•ting quartz
reconstructed images of this mode are shown In plate", J.Opt.Soc.Amer., 22, p.19 J2an. 193.)
Figures 4 (a) and (b). For the measurement of 2. R.L.Powell and K.A.Stetson,"Interferometrl.
(a) and (b), the incident beam was projected vibration analysis bywavefront recctiotruct~or'•
upon the plate surface from the length direc- J.Opt.Soc.Amer., 55, p.1539 (Dec. 19(5)
tion or the width direction respectively. In 3. Y.Hirose, Y.Tsuzuki and K.Iijima,'Measure-
Figure 4, the calculated patterns are shown ment of contour vibrations of quar.z plate tý
for comparison, and in this case also the the holographic technique", Trans.IECE of
agreement was fairly good.3 Japan, 53-A, p.322 (June 1970)

As an example of the application of the 4. Y.Tsuzuki, Y.Hirose, S.Takada and K.Iijim't,
holographic method to vibrating objects having "The holographic investigation of the spurl-
a relatively complicated structure, the mea- ous modes of the mechan.cal filter,.", Tran.
surement wac made of various modes of electro- IECE of Japan, 54-A, p.155 (March •971)
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FIG. 6 SPUR;OUS MODES OF A MECHANiCAL FiLTER

1 17



STUDY OF FREQUENCY CONTROL DEVICES IN THE

SCANNING ELECTRON MICROSCOPE

R. J. Gerdes and C. E. Wagner

Georgia Institute of Technology
Atlanta, Georgia 30332

Summary number of factors, such as energy of the incident elec-
tron beam, specimen surface topography, ant specimen sur-

Resonating quartz crystals which were actual fre- face potential. Insulators, such as quart., have second-
quency control devices were studied by a novel technique, ary electron yields which may be as high at 20 secondaries
scanning electron microscopy. During resonance various per incident 20 KV primary electron. Rapic. depletion of
modes of thickness-shear, face-shear, flexure and other electrons in the neighborhood of the specimen surface
coupled modes became directly observable in the scanning produces "charging", often positive chargir.g relative to
electron microscope (SEH). The influence of surface de- the incident electron beam. The secondary electron yield
fects on the resonance behavior of the quartz crystals for metals by comparison is much lower, friquently it is
was studied and the lattice strain associated with reso- less than 1. More favorable conditions art obtained for
nance coula be assessed. Approximate values for the the study of insulators when low (1 to 2 KV)
"amplitudes of face-shear and thickness-shear could be ob- incident beam voltages are used. Under such conditions
tained directly from the scanning electron micrographs. the secondary yield approaches approximatey I and

"charging" is generally not observed. It is of courst
The resonators consisted of SL- and AT- cut quartz understood that specimen surfaces dIscusseL in this con-

slices commonly used in frequency control devices. The text do not have the conductive ;urface film which is
quartz aurfaces did not have any conductive coating other usually applied for SEm studies of non-concucting mate-
than conventional thin film electrodes. The experiments rials.
were carried out in the vacuum of the SEM, usually 10-"
to 10"' tvrr. S,'rface topography contributes significantly to the

contrast (i.e., secondary electron yield atý a function of
When the crynrals were resonated at frequencies surface detail) usually observed on scanning electron

ranging from 265 Kllz to tS Milz characteristic patterns micrographs. But on quartz surfaces which do not show
of stark black and white contrast were obtained. Bright much surface detail at magnifications belou 5.000 x, this
areas on the scanning electron micrographs indicated the contrast mechanism is of little importance, especially
region of an antinode of displacement, whereas areas since the greater part of the present studies was con-
which appeated dark or black in the scanning electron ducted at magnifications of only 20 or 10 %. The contrast
mifrographs coincided with the nodes of displacement. observed on resonating quartz crystals is therefore not

produced by specimen surface topography but by variations
The degree of black and white contrast was affected in surface charges which are formed during resonance.

by deferts in the crystal surface and by the drive level Electrically charged surfaces significantly affect sec-
of the oscillator. Y- modulation of the secondary olec- ondary emission characteristics, as was deronstrated by
tron signal provided a suitable method of measuring con- Everhart and Nixon. This voltage contrast has been
trast as a function of drive level and of defects, particularly useful for Investigations of integrated .ir-

cults and semiconductors. The direct observation of
While the observed contrast was indicative of the electric fields with the SEN was also repozttd by Spivak

various states of electrical polarization on the c-ystal and coworkerp- who Investigated quartz and lithi'im niobnte
surfacet , details or surface topography also gave a resonators which had been coated with germanium. Gerdeq
Jirect indication of the amplitudes of displacement in and Wagner4 demonstrated that it is possible to stud:'
the case of face- and thickness-shear. The directLon and quartz crystal resonators which are actual frequency con-
range of motion of various topographical features could trol devices without any conductive surface coating. As
actually be observed in the SEN as a function of drive discussed above it is, however, advisable to utilize an
level and frequency of excitation, incident beam voltage of only I or 2 KV to avoid "charg-

ing'
Key Words

I'ltrasonic vibrational modes in quartz tzystal riso-
Starmning Electron Microscopy, Quartz Crystal Resonators, nators have also been studied by a variety af other moth-
Voltage Contrast. Vacuum. ods. The probe method' has led to information about

surface polarization of selhcted quartz crystals. L ight
Introduction optical methods' ha,. kontributed informatimi on surface

diiplaýementb of reso.nating crystals. lmag•s of strain
lhe. scanning electron microscope tSEN) provides a variatlbns along their .arious crystallogianhic uirestions

novel experimental approach to the study of piezoelectric have been produced by x-ray diifraction topagraphy.'
materials wAirh are actual frequency control devices. A
finely focus.,d electron beam Is scanned over tht specd- In the present w•,rk it is shown that qiartz resona-
men surface in a square raster and produces x-ra's, heat, tors uhich are actual frequency control devices nay be
cath~doluminescence, backscattered pr~ifary electrons and, studied in the conventional SFM without the usually rt-
In particular, secondary electrons. The usually recordcd quired specimen surfa,,, preparations. Compired to sever-
scanning elec tron microscope images are prod-iced pri- al of the abos.e mention(d methods the stadih are carried
marily by backscatttred and secondary electrons. The out in the vakluum of tlie SEIM, limited only )y thc type of
effective secondary electron yield is a function of a vacuum pumps tied In tbe micro.'ope. 1he inagt of the
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resonating quartz crystal Is obtained instantaneously sonic excltat.loii. Miring resonnoce tihe electric polarize-
In the SEM. Furthermore, quantitative analysis of the tlion Is zero at an sntinodi of displacement. Secondary
observed contrast and therefore also of strain variations electron emission from an antinods should therefore be
at the specimen surface is possible by suiLable signal abioot the same as from a crystal surtace which is not be-
processing. The possibilities of signal processing rep- Ing resonated. The bright areas are therefore the locs-
resent probably the real advantage in the use of the SEM. tions of the antinodes of displacement. The electric

polarization Is at a maximum during resonsace at a node
At high magnifications it is possible to display of displacement where during the first few cycles of

directly surface displacements parallel to the surface resonance, when the polarization Is at I'o negative maxi-
as a function of drive level various surface defects, and mum, more secondary electrons are emitted than at an
various modes of resonances. antinode. The result should be a net deficiency of elec-

trons relative to the antinodes, positive charging and a
Experimental Procedures

Conventional SL- and AZ-cut quartz crystal resona-
tors were used it these studies. The SL-cut crystal was
10 mnm x 4 mna x 0.7 mm in size. In the case of the AT-
cut resotiators the crystals consisted of circular piano-
convex quarti. slices of 1/2" diameter with an 8" radius
ei curvature for the cony a side. Annular or circular
aluminum electrodes were ,ctached to the centers of the
AT-cut crystals. In one case a thicker crystal with a
z-shaped electrode was utilized. The SL-cut resonator
was completely covered wizh Ag-Al thin film electrodes,
except for the crystal edres. The resonators 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 in a
Stereoscan SEM at I or 2 V. 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 was used throughout this study. Magnifi-
c&tions of 10 x were used, unless otherwise indicated by
a micron marker.

Figure 2. SL-cut resonator; ta) dormant, to) during
Results resonance at 455 Ilz, top portion; (c) center

portion.
(a) S1.-Cut Resonators

This type of reson',,.rs had previously been studied
by methods of x-ray diffraction topography. 8 

During
resonance at 455 Fitz the face-shear motion of this reso-
nmtoer was related to the motions of three principal
blocks as shown in Figure 1. The a and b regions had

b b a b a b

Figure 1. Location of nodes and antinodes of displace-
ment in SL-cut crystal as determined from Figure 3. SL-cut resonator wilh portion ot electrode
x-ray diffraction topography. etched away,

been interpreted as 5?tinodes of displacement In the x- lower secondary electron yield. The nodes of displacement
and y-directions, respectively, with nodes of displace- will therefore appear dark or black on the scanning eicc-
ment occurring along the crystal edges at position b. fron micrographs. This relationship between positive
The dormant resonator is 3h0mV1 in Figure 2a. The edge charging and low secondary electron yield Is consistent
of the crystal slab had not been coated with the elec- with observations by other authors."
trode material. Because of the thin-film costing, volt-
age contrast during resonance was expected only along In Figure 3 a portion of the electrode material was
the edges. Figure 2b shows the top position of the cryq- etched away and a rather complex pattern appeared during
tel during resonance at 455 lWiz, Figure 2c the center resonance. While it was expected that the partially
portion. The dark areas occurred approximately at the etched electrode would Add to the complexity of the reso-
position of b along the crystal edge of Figure 1 and, nance pattern, the occurrence of a resonance pattern Otch
therefore indicate the pcritiun of a node of displacement was different nlong the crystal edges (FIg. 2) was wur-
in agreement with the x-ray results. The same conclusion prisinp.
can also be reached from considerations of the secondary
emission behavior of the quartz surface daring ultra-
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(b) AT-Cut Resonators line somewhere close to the center of the band. Black
lines alio appear in the bright areas. Sia.ll surface

A portion of a dormant AT-cut resonator is shown irtegularities which were randomly distributed over the
in Figure 4. Figure 5 shows a 5 Miz crystal with annu- entire st,rf.ce of the resonator, appeared Lo have little
lar electrode resonated at 5.221 Miz, the lowest fre- effect oh, the positions of the bright and black bands.
quency response that could be obtained with this crystal. Thus, the image detail in these bright and black regions
The center portion sibows a node of resonance which Is seems to be directly related to the respective mode of
probably due to thickness shear, whereas flexure modes resonance which was used to excite the crystal.
probably produced the pattern outside of the annular
electrode. The white area (arrow) outlines the shape of Figure 16 was obtained through y-modulation of Fig-
the bottom electrode. This one and other micrographs ure 15. Contrast variations in the bright areas, in
show that certain features, in particular the electrode particular, stand out clearly in the micrograph.
material, visible through 1/2 mm and more of quartz. A
unique explanation for this anomalous transmission is not In Figure 17 the drive level was increased approxi-
available at present. mutely by five times compared to the drive level of Fig-

ure 15. As was to be expected, an even lovier secondary
Figure 6 is the y-modulated micrograph of Figure 5. electron yield was to be expected in the ne±ighborhood of

Bright areas in Figure 5 appeared as peaks in Figure 6. black bands, the nodes of displacement. The strong posi-
These peaks provide a direct means for quantitative con- tive charging in these areas overshadows a 1 detail that
trast determinations. Assuming that there is a direct had previously been visible. The expansion of the posi-
relationship between electric polarization and lattice tively charged areas is especially noticeal-le in the y-
strain during resonance then relative strain variations modulated micrograph of Figure 18. The wh-te lite in the
of 2 to 3 orders of magnitude can be determined across black bands appeared visible as an extended range of
the surface of the resonators. hills.

Figure 7 shows a resonance pattern (5.271 Miz) which Resonance at 5.654 Wiz produced the band structure
was apparently caused by flexure modes only. It is in Figure 19. A total of ten bands was vibible on either
interesting that these flexure modes are visible inQide side of the electrode. The tenth band was just barely
and outside of the annular electrode, recorded on the lower right hand corner of the micrograph.

The y-modulation micrograph of Figure 20 shows a number
At 5.423 HHz (Figure 8) a pattern due to thickness of interesting features. First of all the white line in-

shear is visible inside the electrode ring while flexure side the black bands are quite noticeable .as they are also
modes occurred outside of the ring. This pattern, as the in Figure 19. [hen the contrast variation,- along the
patterns ob.erved on all the other micrographs appeared surface of the neutral electrode are of grist interest.
on the SEX screen with a precision of at least a few Hz. The top electrode of this crystal (and of .ill the others
Frequently the precision of pattern appearance was used shown in this study) was grounded. The contrast observed
to tune the crystal synthesizer to one of the resonance in the SEX should therefore he uniform. Since this is
frequencies. not the case other factors, such as positioning of the

crystal specimen relative to the secondary collector grid,
In Figure 9 the crystal was resonated at 5.428 ilz were found to be critical in these experimcnts.

and the thickness shear pattern rotated through 600.
Another rotation through 450 occurred at 5.530 MHz (Fig- Discussion
ure 10). Resonance at 5.606 Kiz produces a further 450
rotation of the thickness shear pattern (Figure 11). Tne appearance of the standing wave pLttern on the

cathode ray tube of the SEH during ultrasonic excitation
In Figure 12 a surface defect on the center portion of the crystals in their various modes of resonance was

of a Kilz AT-cut crystal with circular electrode is seen instantaneous and sensitive to within a few llz, probably
at rest. In Figure 12a,b,c and d the crystal was reso- surpassing the sensitivtty of the Rohde and Schwartz
nated at 5 1I,9 and increasing drive levels. Currents of crystal synthesizer. Excitation close to cr in the
20. 30, and 40 ;;Amps were measured. During resonance neighborhood of a resonance frequency resulted either in
surface features move in the direction indicated by the no resonance pattern at all or, if the crystal had just
arrow and become elongated. As the distortion (elonga- gone through resonantc, in a pattern with coviously dimin-
tion) of a given surface feature is twice the amplitude ished contrast and with decay-like features.
of the thickness-shear motion, the amplitude of motion
can be determined. In the present case the amplitude of The various resonance patterns which -ere obtained
motion was found to be approximately 20001 - 500A at 40jA. changed characteristically from one resonance frequency
The precision of this measurement could be significantly to another. There w,,s never any doubt about recognizing
improved by the use of time-resolved microscopy. 10  

Stud- a particular pattern; thereiore, it is concluded that
ies in this area are in progress. there is a direct crrelation of the SEl patterns which

were produced by specimea surface polarization with ac-
The nicrograph in Figure 13 shows a portion oa a tual bulk-effect resonance. The positions of the nodes

i.rystal with a r-shaped electrode. rhe crystal was ob- and antinodes of polarization on the surface of tne reso-
tained from the laboratory of the late W. lanouch ,sky. nators, how,,ver, may have been effected by surface defects
Tihe devicL was a 5 MIz crystal and the pattern in Figure or the geometry of the specimen - secondary collector
13 is that of the fundamen:al mide of resonance at 4.995 arrangement.
HilZ.

Secondary electron emission in the brilht areas of
The pattern in Figure 14 was obtained at 5.205 Miz. resonating crystalb wat found to be approxi.nately tihe

Ywo black hands appeared on both sides of the electrode same as on the surface )f dormant crystals. The same or
related t, each other by a 1800 rotational symmetry similar emission in thks- areas would indicite an area of
operation. zero surface polarization and therefore an ,|ntinode ot

displacement. It follows that the black or-as are the
Figurt 15 is a micrograph of the same resonator us nodes o1 displacement. The experimental prrof for this

in Figure 14, but at resonance of 5.349 41z. Five black interpretation will be sought in the utilization o1 tire-
bands have appeared on either side of the electrode. They resolved microscopy.
seemed to be related to each other by some form of minor
operation. tit therp were numerous features which seemed Charging, generally observed on the sutface of in-
unique at a given area. The black bands have a white sulators, such a, quart. crystals, was no pV'obltm because

12C
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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 M~z.

Figure 5. AT-cut resonator with annular electrode reso- Figure 8. AT-cut resonator at 5.423 M1hz.
nating at 5.221 Mi1z.

Figure 9. AT-cut quarti: crystal during resonance at
Figure 6. Y-modulated micrograph of Figure 5. 5.418 417.
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Figure 10. AT-cut crystal during resonance at 5.530 Figu~re 13. AT-Ltac dvvi.,e with z-shaped electrode during
Miz. resonance ait 4.995 Mi? The diagonal band

is a port ioii of the 7-shaped electrode.

Figure 11. AT cit crystal during resonance at 5.606 FiI rt 14. AI-tut dev'i~t riwn~ating at 5.205 Mizl.
1Hz.

Figure 12. Surface defect on centcr portion of c ir c ula r
electrode of AT-cut crystal; (a) dormant
crystal, (b) drive tevel of 20 30 (c), and
40 14Ampsý (d) . Figurt 13.* AT-tut~rsti r- ,aitiv au t S AM117.
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Figuirt 16. Y -modAA1,.t ion mi mogrpli L i i s tmd , kirt 18. Y-modu i ion mic rograpli of resonance mode
in Figure 15. in Hxgort 17.

F1RIgur v 17. Rt' ;m,ant i qtik n,\ i ~ k
I ndxx~I. I Figmir, ' Al -cLU dinvicv rc sonaxI d at 5.65.' M117?.



incident beam voltages of I or 2 KV were used in these Ohemical bonding under a variety of experivental parame-
studies. Contamination, by comparison, was a slight ters.
problem during long periods of observation. In electron
microscopes contaminating layers are produced through The authors wish to thank W. H. Hlicklin for his help
interaction of the electron beam with the residual gases and interest in this work.
on the specimen surface. When this layer is thick
enough the conductance of the quartz surface becomes too References
high for resonance pattern to be observable. The quartz
resonators were therefore frequently cleaned in chromic 1. T. E. Everhart, 0. C. Wells and W. C. Oatley, J.
acid prior to the SEN studies. Electron. Control, I, 97 (1959).

When the SEN was used in the usual aode of operation 2. J. R. Banbury and W. C. Nixon, Scanning Electron
(frame speed of raster approximately I sec., line speed Microscope Symposium, IITRI, Chicago, '970, p. 473.
0.004 sec.) the patterns were at once visible. Recording
of the pattern with the commonly used 100 3ec. frame speed 3. R.S.G. Goosdoves, G. V. Spivak, A. E. ..ukianov,
&-d 0.1 sec. line speed, initially resulted in micro- N. V. Bicov, and G. V. Saparin, Proceedings of the
graphs with very poor contrast. Recording times of 10 Fourth National Conference on Electron Hicroprobe
sec. frame and 0.01 sec. line speed resulted in accepta- Analysis, Pasadeva, California, 1969, p. 58.
ble micrographs. Extended sojourn times of the electron
beam per unit area apparently tended to equalize varia- 4. R. J. Gerdes and C. E. Wagner, Appl. Phys. Letters
tions in surface polarization. For future work it will 18, 39 (1971).
therefore be necessary to determine quantitatively the
incident electron beam current per unit Prea and time in 5. II. Fukuyo, Bull. Tokyo Inst. Technol. Ser. A. 1,
such a way that optimum results for observation and re- 1955. Also, I. K,,)a, Y. Tsuzuki, S. N. Witt, Jr.,
cording are obtained. V. K. Woodcox, R. B. Belser, Lnd W. H. llicklin,

Signal Corps Contract No. DA-36-039 SC-78905, 1960.
Conclusions

6. C. Sauerbrey, Z. Physik 178, 457 (1964).
The scanning electron microscopes provides ani ele-

gant and fast technique for the study of resonating 7. R. A. Young and C. E. Wagner, J. Appi. Phys. 37,
frequency control devices. The appearance of the reso- 4070-4076, (1966).
nance pattern is sensitive to within a few Hz but may
even exceed the sensitivity of the crystal synthesizer 8. C. E. Wagner and R. A. Young, J. Appl. Cryst. 2,
which was used in this study. 39, (1969).

The studies are always carried out in the vacuum. 9. T. E. Everhart, Symposium on the Scann.ng Electron
The only limitations, if any, are the pumping systems Microscope, IITRI, Chicago, 1968, p. I
which are commonly used in SEN's (10-" tort). It is
therefore, in principle, possible to carry out studies 10. N. C. McDonald, G. Y. Robinson, and R. W. White,
as a function of gas adsorption or temperature while the J. Appi. Phys. 40, 4516 (1969).
resonance behavior of the quartz crystals is under obser-
vat ion.

'.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
will he significantly improved when stroboscopic methods
methods are utilized.

The various modes of motion on the crystal surface
during resonance are characteristic and easily distin-

* guished on scanning electron microgiaphs. i)des of
flexure, faces- and thickness-shear are directly observ-
able.

The possibilities of signal processing In the SEN

are especially attractive. Y-modulation provides a di.
rect method of determining quantitatively signal inten-
sities of various surface regions, and therefore vprious
degrees of surtace polarization, relative to each other.

The scanning electron microscope is unique because
it combine, a multitude of experimental capabilities
which previously had needed a variety of different in-
struments. In the present study only a f[,w of the SEM's
capabilities have been utilized, other equally impoxtant
ones have yet to be explored. These other possibilities
include Auger analysis, energy and wave length dispersive
x-ray analysis, and cathodoluminescence studies. Auger
analysis would be especially useful for studies
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 tlectrode materials and quartz
surface, gold-quartz diffusion studies, and migration be-
havior of various electrode platings under shock or other
extreme environmental conditions. Cathodoluminescence
offers interesting possibilities for the study of
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QUARTZ CRYSTAL UNITS FOR HIGH G ENVIROMOE

Marvin Bernstein
Electronic Components Laboratory
U. S. Army Electronics Command

Sam= Crystal Unit Desipn

The design of small quartz crystal units, opera- Figure 4 shows the construction of the crystal
ting at the fundamental mode frequency of 15 to 23 MHz, mount and method of bonding. A narrow strip of Cr-Au
"which will survive shock acceleration amplitudes of or Cr-Cu is evaporated along the edge of the crystal
15,000 g's and more is given. Test data on the number resonator and the support clips are pressed over this
of failures anu the pennanent frequency change as a re- composite metallic ;ayer. The Cr results in excellent
sult of various levels of shock are shown. A new adhesion to the quar z while the upper layer of pure
method of bonding the quartz resonator to the support, Au or Cu is used to cffect the electroplated bond to
using electroplated nickel films with thickness of the the supports. The f, equency of the resonators used
order of 0.5 thousandths of an inch is discussed. Pre- varied from 10 MHz to 23 MHz, fundamental tode, and
cautions in the processing of the quartz resonator are the diamreter was 0.200 inch.
shown to be necessary to avoid destruction of the reso-
nator at shock levels higher than 15,000 g's. The basic premise in -he levelopment of the high

g crystals was to use a short stiff mount and a small
Introduction diameter resonator. An initial experiment using con-

ductive epoxy cement indicated that this matorial
Test shock amplitudes for military quartz crystal lacked the necessary mechanical stability and could

units have been restricted to values of the order of not bc adequately controlled to be useful in the fab-
50 to 100 g units because of the fragile nature of the rication of these crystals. Electroplated Cu and Au
resonator. Applications in small equipments now re- bonds had been proven to be effective in the fabrica-
quire a more rugged crystal with levels in the range tion of glass enclosed crystals in this laeooratory for
of 500 to several thousand g's. In addition, equipment more than a year. Furthermore, it was known that a
has been developed 4hich must operate afte. a 15,000 g nickel sulfamate plating solution is co~mercIa~ly avail-
shock, and telemetry equipmer s used in high altitude able with certain outstanding characteristics. This
research projects require .rystsls capabl of operating solutior can plate nickel films having very low aechan-
after acceleration at greate4 than 50,000 g'-. ical stress and freedom from brittleness, cracking, or

crazing. The first experimental nickel electroplated
Experimental crystal units of the type shown in bon.ds were easily achieved and exceptionally strong.

Figure 1 nave beerh assembled in the Electronic Cormand's Pull tests showed strengths of several pounds and
Electronic Components Laboratory that have operated failure always was the result of crystal resonator
after being shocked at levels up to 29 thousand g's fracture. All of the crystals subjected to the high
with durations Qf several milliseconds. The holder is g shock tests used the holder HC-25/U and the nicKel
a standard HC-25/U encl~sure with two stainless steel electroplated bond except for tne first units construc-
supports of the type commonly used with this holder. ted in the TO-5 enclosure.
This crystal unit differs from those usually made in
this enclosure by the crystal industry only because The stainless steel ribbon supports mast be given
the meth-d of bonding is new and the resonator is some- a thin electroplated layer of Ni by means )f a strike
what smaller, plating solution which is chemically different from

the sulfamate nickel plating solution. A aseful
Relatively little evelopment has been u dertaken plating bath solution can be made with 32 junces/gal.

in the area of high g c stal units exiept for that re- of Ni C12 .6 1120 and 1 pint of HC1. This acid solution
por.ed by the Harry Diamond Laboratory and a paper to used at a bath voltage of 2-3 volts, which should
presented at the International Telemetezing Conference result in a t..,n nickel film in 10 to 15 seconds of
"(ITC). The present paper documents the continuation plating time. This file must be very thin since a
of the development reported on at ti' ITC in October thick film is stressed and will crack and peel from
1970. the supports. The solution is very corrosive and

should be immediately washed from the holder parts in
The majority of the shock wests were conducted at hot flowing water and the parts dried to protect the

the Ballistics Research Laboratory using a high g thin nickel flash.
acceleration testing method developed there. Tha
test projectile containing the crystal units is pro- After the nickel strike has been appl.ed to the
pelleu out of the gun shown in Figure 2. The gun is supports, the resonator with the Cr-Au evaporated
a 5 inLh smooth bore unit and frLm four to six ounces stripes are placed into the clip mount. Tae type of
of powder is used to accelerate the pro.ectile, at supports used in all of the high g crystal.i has been
less than 1000 g's, in the gun barrel. the Kay subminiature clip mount since the design is

such that the contact line can be located very close
The projectile is decelerated by impacting the to the edge of the resonator. The evapora~ed bond

lead targets shown in Figure 3. Each lead clock weighs stripes are approximately 0.25 am in width and the
315 pounds and th3 projectile penetrates several of the clip Js centered on the bonding stripe. IV is impor-
blocks before coming t. rest. The shock amplitude can tont that the resona.or not contact the ve tical por-
be varied b:. changing the amount of powder while chang- tion of the mount, oy pushing the resonato.e fully in-
ing tLe eha,)e of the nice tip causes a variation in the to the clip, since it will bond to this part of the
time duration of the shock, mount with a resulting strain induced into the

resonator.
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The nickel bond is achieved, us.rig the nickel sulfa- It has been observed ttat crystal resonators frequently
mate solution as purchased, at room temperature with a had small fractures leading out of the Vi tond and these
bath voltage of the order of 1.2 to 2 volts. The anodes fractures appeared to predominate at the pcint where
used in both the strike bath and the bonding bath were the clips are bonded to the resonator. It is thought
pure nickel; usually, 8 resonators were bonded at the that this is due to the very good thermal coupling be-
same time. The thickness of the nickel bond is deter- tween the Ni bond and the resonator. When the holder is
mined by the product of the current and bonding time heated too rapidly, the quartz under the bcnd expands
used. All of the units assembled for the high g tests and causes the quartz outside the Ni bond area, which is
were bonded at lJ ma per crystal unit for 90 minutes or cooler, to fracture because that quartz Is now in ten-
135 ra-minutes. With 8 crystal units, the total cur- sion. Allowing the bases to heat up slowl, in the
rent was, of course, 12 milliamperes. The time period order of 30 seconds to reach solder meltin& temperatureb,
can be shortened, with an increase in current but a has reduced the problem to some extent.
point will be reached where the plated nickel is rough
and obviously of poor quality. The bond has a thick- Test Results
ness of the order of 0.5 thousandths (12.5 microns)
with the 135 ma-minutes of plating. One test which A fairly large number of tests were conducted in
used somewhat thinner and thicker bonds was inconclu- which the crystal unita wore subjected to Ehocks of
sive in so far as a crystal failure was concerned. A 10 to 29 Kg's. Figure 5 shovs the results of a series
detailed technical report will contain the result, of of tests beginning with the first test of a 10 point
an extensive series of tests in which the bath plating mounted resonator In a 7I0-5 enclosure. This unit was
current and length of plating times were varied with bonded with conductive epoxy, and the very large fre-
the bond strength measured in each case.

5  
quency changes apparently were the result ¢f mechanical
changes in some of the bonds. After this Initial test,

Two methods of applying the electrodes to the all the remainder of the units used Ni bonds and a
resonator have been used. Some of the crystals made 2 point support. rxcept for the one test In an air gun
had Cr-Au stripes applied by evaporation and the reso- at Sandia, all tests were conducted at Ballistics Re-
nators were then mounted within the clip attachments, search taboratory in the high g lead test facility at
The nickel electroplating operation was completed and shock levels of 15 to 29 Kg. 'Figure 7 sho,.s additional
the mounted and bonded resonator cleaned. Electrodes data at the higher g levels. Some of the failures in
were then applied to the resonator by evaporation of group 9 were due to reworking of the units because of
Au and the frequency adjusted to the desired value. A holder damage sustained In an earlier test. The prin-
second method was used with good success and in this ciple cause of these failures was the initiation of
case the mounting stripes and the base plate electrode small fractures in the edge of the resonator by the too
were applied by evaporation of Cr-Au. In this method rapid heating of the base when melting t(ie solder seal.
it is important not to apply too thick a layer of Cr The data on the series of shock tests, with respect to
since the alloy of Cr and Au has a very large ohmic permanent frequency change, is shown on Pigure 8. The
loss. Figure 5 shows that the center of the base horizontal bar shows the average frequency change and
plated electrode and part of the tab are masked off the l-oiga limits are defined by the ends of the
with a lacquer material. Common nail polish is very vertical bars. There is an obvious increase in both
usexul. After allowing this material to air dry for average frequency change and the standard cevietion
a few minutes, the electrobond is made in the normal with increasing amplitude. One 3rd overtore crystal
manner. The dried nail polish is easily removed with unit, at 30 MHz, was subjected to a 22-Kg ,hock and
acetone. The units can then be cleaned and adjusted changed frequency lees than 1 part per million possibly
to frequency by either using electroplated Ni or indicating that overtone operation, with a resulting
additional evaporated metal. thicker resonator, should be used in an application

requiring a smaller change in frequency.
The visual inspection of the quartz resonator,

using a 20 X microscope, is a necessary operation. The number of units which failed at levels to
Scratched surfaces, body fractures, or chipped edges 15 Kg's was small, amounting to but 3%. Tke one failed
are all reasons for rejecting the resonator. The unit was made at a time when the condition of the quartz
defects in the quartz resonator can be made much more resonator had not previously been inspected with the
easily visible by etching the surface. The amount of microscope. At shock levels between 20 Kg's ani ,9 Kg's,
etch required is greater than that specified in 17% of the units failed. This figure is scmewhat high
MIL-C-3098, however, to clearly show all of the surface and is due in part to the inclusion of rescrators with
,'.ratches. In one experiment in which the resonator obvious defects to learn if in fact, an inspection could
was repeatedly etched, the number of visible scratches be used to eliminate potential defective resonators.
continued to increase until the lapped resonator was When a fracture occurs in the central area 3f the reso-
almost clear and the frequency at 17 MHz had increased nator, the activity is poor and the unit is an electri-
by I MHz. Even when extreme care is taken, however, cal reject. Some fractures, however, can occur in the
some resonators will break when subjected to shocks outer edges of the resonator and these crystals can be
with levels of 20 Kg's or more. Preliminary results electrically acceptable but will always bL dectroyed
of one test seem to indicate that if the resonator is the shock teat. Figure 9 shows the result af a fairly
immersed in a fluid in a high power ultrasonic cleatier deep curving scratch across the resonator which appar-
(20 KHz and 150 watts), approximately 30% of the reso- ently caused the low power level resistance to greatly
nators break. The appearance of the breaks, either increase. The possibility exists that this cest might
fairly straight cracks across the whole resonator or be useful to separate potentially defectiie units since
small fractures in the body of the resonator resemble these units occasionally fall at shock levels higher
the inoperative crystal after the high g shock. than 15 Kg's. It is important to round the resonator
There is a possibility that this means could be used carefully to avoid edge fractures; these will expand
to expand submicroscopic flaws ii the resonator and and allow edgo chips to form resulting in sarface
thus reduce the number of failures in the shock test. scratches during the lapping step. Even more important,
Crystal resonators that are fracture-free can be rade the edge fractures can expand into the quartz during
to be potential failures if care is not taken in the shock test thus causing failure.
effecting the seal between the holder cover and base.
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The two-point mounted resonator has a preferred Figure 12 shows a three point mount which results
acceleration direction as shown in Figure 10. Wnen in increased crystal resonator stiffness and an initial
accelerated in the direction away from the pins, the test indicates improved shock performance. It appears
mount supports are in tension and the resonator has to be feasible to dev elop a crystal design in Holder
maximum stiffness and fewest percentage failurea occur- HC-25, perhaps usir.g 3rd overtone units at 20 MHz,
red in the shock teats. In one test of a group of units capable of operation after being shocked at 50,000 g's.
procured from a commercial source, by the Harry Diamond
Laboratories, all units failed at 18 Kg's when accelera- Acknowledgements
ted in the directiorn marked "good".

The author wlsnes to acknowledge the enthusiastic
In the same test, three out of twelve units made help of Mr. Victor Richard, of the Ballistics Research

in the Components Laboratory failed. The principal Laboratory, for providing the use of the high g lead
difference in the commercial units was the use of a test facilities and to Mr. Tom Liss, of the Harry Dia-
small bonding spot rather than the long stripe shown mond Laboratory, for additional high g tests. The
in this figure. help of HI. Wasshausen, A. DaAgvarian, H. qpaights and

D. Boyce, of the Crystal Lab, was found to be India-
A few crystals were subjected to shocks in the pensable.

plane in which the resonator flexes and theee failed
at 10 Kg's. There was evidence that the ribbon support References
welds were inadequate since the supports rotated to a
degree that the resonators might have contacted the I. F. T. Lisa, J. F. Richardson, "Ruggedized Quartz
enclosure. Oscillator Crystals for Gun-Taunched Vehicles,"

7?M-68-23, Harry Diamond Laboratories, Washington, D. C.
Two units with 10 MHz ftLudamental frequency were 20438.

subjected to a 22-Kg shock in the direction in which
the supports flex. Both support mounts bent severely 2. 1970 International Telemetering Conference,
and the crystals became detached from tne supports but International Youndatiot, for Telcmcterlng, 19730 Ven-
did not fracture. The Cr base film was stripped from tura Blvd., Suite 7, Woodland Hills. Califrngia 9130t.
the semi-polished resonator while on the lapped reso-
nator, the Ni bond ruptured. 3. S. T. Marks, eta!, "The Development ol a H1igh

Acce'erstion Testing Technique for the Electronic
Por applications where tnere is substantial ro- InstrumentAtion of Harp Projectile Systems." Memo Re-

tatiunal forces in addition to direct accŽeleration, it port No. 1738, Ballistic Research Laboratories, Aber-
is necessary that the crystal unit be mounted as clos- deen Proving Ground, Maryland 21005.
to the axis of rotation as possible. As of the tIne
of writing this report, no data has been obtained on l4. Type SN, Sulfemato Nickel Plating Solution,
t'ie survival of these crystals in a test which included Allied Research Products, Inc., Baltimore, Maryland
rotation. The gun used at BRL, as mentioned before, is 21205.
a smooth bore unit ao no rotational forces are generated.

5. J. M. Stanley, "Nickel Electrobc¢ is," Iechnicnl
Figure 11 shows a resonator with a crack commonly Report dated July 1971. Electronic Components Labora-

found in one group of resonators that thd been pro- tory, USAr=M, Fort Monmrouth, N. J. 07703.
ceased with inadequate care. A lot of 100 rounded
resonators were obtained from an outside source and
inspection showed many with edge and body fractures
and these units wer'- discarded. The remainder were
cleaned, etched 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 again located defective resonators. The con-
tinuing loss of units occurred at test before scaling
the enclosure and after the seal was accomplished. Out
of the initial group of 100 resonators, only twenty-two
units were electrically acceptable for the shock tests.
At 15,000 9's, three out of twelve units failed while
at 29,000 g's, nine out of ten units failed. 

P
rom

this experience, it appears that possible shock test
failure cannot be eliminated by visual inspection of
the quartz resonator.

Conclusion

The design of a low cost crystal unit, capable of
surviving peak acceleration shocks of 15,000 g's at
2J milliseconds has been completed. These units, when
carefully fabricated, show catastrophic failure rates
of 3% and average frequency changes of 5 parts per
million. The electroplated nickel method of bonding'
the resonator to the mount supports has proven to be
practical, precisely controllable and extremely relil-
able. Further work in the areas of a more rugged
mount, better resonator inspeetion methods and preseal
stress testing of the crystal must be tundertaken t,.
improve the performance at chocK levels if 30,000 g's.
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AS

TEST NUMBER AND HOLDER TYPE

t2 3 4 56
TO-5 HC-25 HC-25 IIC-25 HC-25 HC-25

A 15,000 G A 15,000 0 A 15,000 G A 15,000 G A 0,800 G A 18,500 G
TEST SHOCK S40C0 SHOCK 3 M SEC

CONDITIONS 8. 20,000 G 8 20,000 G (SANDIA) ORL
CENTRIFUGE CENTRIFUGE,-. I

TEST A 4lppm N A 4ppmAV A 84ppm AV A 46ppm AV A 2lppm AV A. 46ppm AVT
RESULTS 76 ppm Ia 3.,ppm lo" 2.9ppm lo 3S5ppm Ia I Ippm Ia 4 50)pm 10,
FREOUNCT Ilppm AV 8 0 8ppnAY
CHANGE IN tOppm 10a O5ppmlo"
PARTS PER NO FAILURES 19 OUT OF 23 10 TESTED 8 TESTED 10 TESTED 13 TESTED
MILLION FAILURES NO FAILURES I FAILURE NO FAILURES NO FAILURES

IPPR)
HOLDERS BASES 155 M Hz 11.2 MHz

"I IN TEST IN TEST
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TEST NUMBER AND HOLDER TYPE

7 8 9 I It
.C-25 HC-25 HC-25 HC-25 HC-25

A. 22,000 G A. 25,000 G A. 20,000 G A. 20,000 G A. 29,000 C
TEST

CON•ITIONS BRI BRL '8RL BRL BRL

TEST A. 10 ppm AV A. 23ppmAV A. I5ppm AV A. 8ppm AV A. 23ppm AV
RESULTS 8 ppm 117 6 ppmlo 8 ppm Ia" I ppm tla 14 ppm Ila

FREQUENCY
CHANGE I0
PARTS PER tO TESTED 13 TESTED 10 TESTED 9 TESTED 10 TESTED

M NILLION FAILURES 3 FAILURES 4 FAILURES NO FAILURE 2 FAILURES

112 MHz 112 MHz 112 MHz 15.5 MHz 1.2 MHz

z 40

w 30

-17.3 MHz
r -- 15.5 MHz

w
z

U 10-'H CK±I

-" +
a 0 5,000 15,000 25,000

Su. SHOCK IN G's

PERMANENT FREQ. CHANGE AS A RESULT OF SHOCK TESTS
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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- (4) The x-ray shield requires two hand motions
ometer for x-raying quartz crystals has been in x-raying one face, and four in the x-
developed in the General Electric Mobile Radio raying two faces of each blank.
Department. This diffractometer results in
improved precision, higher productivity, and Problems Related to the Goniometer
increased profitability in the production x- Indicated by a Capability Study
raying of quartz crystal blanks. Performed in 1966

Introduction Process Control Engineering ran a process
capability study FW-22 of 1966 on one x-ray

In the 1950's the permissible shift in goniometer station. During this period unfa-
frequency of a radio transmitter was adequate- vorable statement-. had been made concerning the
ly controlled by i3 minutes of tolerance on the x-ray such as "Let's do away with x-ray'--we
ZZ' angle of an "AT" cut quartz crystal. get the same "TC" yield with x-ray as we do

without it." A look at the chart of the six
As the air waves became more crowded due operator's readines shows the basis for this

to the rapid growth of the two-way radio indus- statement. The angle readings of the six oper-
try, it became necessary for the Federal Com- ators were widely dispersed. Note particularly
munications Commission to apply more stringent that operator number 4 had no reading above the
controls. In tne early 1960's the F.C.C. tight- upper specification limit and 61% of the read-
ened the permissible transmitter shift in the ings below the lower specification limit, where-
ultra high frequency spectrum to ±2 parts per as operator number 6 had 1% of the readings un-
million. This ±2 parts per million tolerance der the lower limit and 41% above the upper
for the transmitter translated to a !½ minute specification limit.
tolerance on the ZZ' angle of the quartz crys-
tal in the exciter stage. The double crystal Pendulum Diffractometer
geniometer would require a measuring system er-
ror not exceeding 10% of this tolerance, or !3 The pendulum diffractometer was developed
seconds to be capable of satisfactorily meas- in 1969. This instrument is constructed entire-
uring crystals to this tolerance. ly of aluminum and stainless steel. The four

table legs are constructed of heavy stainless
Since the measur.ng system error of the steel tubing. The 28" X 36" X 2" thick table

goniometer exceeded t3 seconds, the "tempera- top is fabricated from a ½" stainless steel
ture coefficient" test yields for "high stab11- plate fastened on top of A 1½" thick aluminum
ity" crystals (requiring !2 parts per million plate. Two similar plates are mounted beneath
tolerance) varied between 20% and 50% during the table top at a suitable foot rest height.
1964, 1965, and 1966. A number of projects Four levelling screws are provided for level-
were undertaken to improve the low "TC" yields. ing the table.
One of these was a project to improve the pre-
cision of the x-ray goniometer. The pendulum mount is bolted to the top of

the table and consists of two carbide knife
Problems Associated with the Goniometer edges pointing upward. Mating with these kniife

edges are two carbide "V" shaped details brazed
(1) Micrometer barrel is difficult to read due to a shaft which is free to rock through ar

to the poor resolution. The smallest divi- angle. The pendulum arm is bolted to the shaft
sion is 4 minute. and hangs vertical~y downward. A micrometer

head moves the pendulum arm through the "rock-
(2) Crystal work holding fixture locates the ing angle" and a dial indicator provides the

crystal on a flat surface. This requires angle measurement reading directly in minutes
the operator's wringing the crystal onto and seconds of ZZ' angle.
the flat surface (3s two gage blocks are
wrung together)--resulting in contamina- An adjustable electronic transducer pickup
tion of the work holder and blanks. is located in parallel with the dial indicator

as an automation feature.
(3) Friction at the bearing shaft results in

error in the ZZ' angle measurement.
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Capacitance Bridge - Proximity
Shutter

The hand operated safety hood for cutting Constrast this sorting method to the one
off the x-ray beam was replaced by the proximi- whereby the operator sorts the acceptable bianks
ty shutter. The shutter is fabricated from a into one box, and the angle low and angle high
brass bar with a milled slot which allows the blanks into their respective boxes. There are
x-ray beam to pass through. The brass shutter a number of psychological factors that influence
is attached to an electrical d.c. solenoid the operator to place the blanks slightly out-
which is actuated by the capacitance bridge, side the specification limits into the accept-
The sensor for the capacitance bridge is mount- a-F box.
ed near the crystal work holding fixture.

The brass shutter and solenoid assembly Results

are mounted so that the x-ray beam passes thro- (1) A capability study comparing the pendulumugh the milled slot in the brass shutter. As diffractometer to the goniometer revealedthe operator brings her hand held work crystal the following:
to the work holding fixture, her hand is sensed
by the sensor which actuates the solenoid - (a) The pendulum diffractometer has 1/3
shutter assembly, moving the brass shutter in the measuring system error of the
the path of the x-ray beam. goniometer

(b) The intensity curve for the pendulum
The proximity shutter provides increasad diffractometer is sharper and more

productivity as it eliminates the hand motions symmetrical
required to raise and lower the metal hood. (c) The pendulum diffractometer can be

peaked by turning the micrometer head
Dial Indicator and Sorting Wheel either clockwise or counter-clockwise

with less than a t2 second difference
Several years ago I made a trip to an from the initial ZZ' angle reading.

equipment manufacturer's plant to look at a
diffractometer for quartz crystals which was (2) The repeatability in readings of ZZ' angle
offered for sale. This insttument used a large of the pendulum diffractometer is such tnat
micrometer head for moving the arm through the 95% of the readings will repeat within ±2
"rocking angle". I asked the builder of the seconds, providing the blank is not removed
instrument how an operator would read the meas- from the work holder.
ured ZZ' angle. His answer was "You read the
micrometer and then refer to a calibration (3) The improved precision of measurement in

Schart" the pendulum diffractometer allowed for
better correlation between ZZ' angle meas-

A calibration chart nay be acceptable for urement and "TC test data. The result is
laboratory studies, but it would not be suitable a 100% improvement in the "TC" test yields.• for production x-raying due to:

(4) The work station improvements due to the
(1) operator fatigue from referring to sorting wheel, proximity shutter, and MTS

chart study resulted in an average increase in
(2) large potential error in cross- productivity of 330%.

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 Conclusions
and seconds, with one second per division and
five minutes per revolution was designed for 0AP- WITH SOTI
use with the dial indicator. I W.,,.,KI[iun .FFOE FACE 100% I172 9

1A 0 segment color coded ring was attach- TWO FACE 50%

ed to the bezel of the dial indicator. The ZZ'
angle increment of each segment is equivalent 0 AVERAGE INCREASE N PRODUCTIVITY 313%
to ½ minute. a AVERAGE INCREASE IN TC YIFLO

The operator sorts crystal blanks into ½ IIRESEOPRODUTIVITYANDIMPROVED
minute increment of ZZ' angle by merely placing PRECISION RESULT IN'

the blank into the jar with the number corre-
sponding to the number on the ring indicated by HIGHER PROFITABILI
the dial indicator pointer.

Under this sorting system the operator
provides an objective sort since all ZZ' angle
increments are indicated as acceptable.
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THE CURRENT DEPENDENCY OF CRYSTAL UNIT RESISTANCE

AT LOW DRIVE LEVEL

Shunsuke NONAKA, Tasuku YUUKI and Koich HARA

Transmission Division
Nippon Electric Company

Shimonumabo, Kawasaki, Japan

Summary friction is independent of the amplitude over the
threshold, the effect of friction becomes smaller a3

M. Bornstein described that, there are certain amplitude grows larger.
kinds of AT cut quartz resonator units that their re-
sistance at such small currents as oscillator noise We could explain increassd resistance phenomena
level are larger than that observed at normal operating qualitatively. But, at this stage, we are not able to
crystal current. This largo crystal unit resistance treat the problem quantitatively. Also, we cannot
prevents the starting of oscillations. This phenomenon, explain the problem concerning the hysteresis of the
that is, the larga crystal unit resistance at such small crystal unit resistance.
current as oscillator noise level, is eliminated by
overdriving the crystal. But, the resistance is gradu- Introduction
ally ifcreased as the time elapses. This phenomenon
was observed by help of an X-Y recorder aid TS-683/TSM To the best of our knowledge, there are very few
test set. reports on nonlinearity of crystal unit resistance, such

as those by E.A. Gerber.1f and H. Bornstein 2),
For measuring the crystal unit resistance, we I. KOGA(3) and Ours(4),(5).

didn't use such active circuits as TS-683/TSM test set,
but we used such passive circuits using the transmission By measuring crystal unit resistance with active
method, circuits such as TS-683/TSM test set, H. Bernstein

showed that a combination of a thin contaminating film
As transmission method enabled us to measure crys- of oil and small particles of quartz increases crystal

tel unit resistance over a very wide range of crystal unit resistance at oscillator noise level.
current, ranging from very low levels such as noise
level of the crystal oscillator, we could observe more The authors also discovered that crystal unit re-
quantitatively the behavior of tht crystal unit re- sistance increases nt such low drive level as oscillator
sistanco at those small current. Crystal unit resist- noise level compared with that observed at normal
ance has maximum value at certain small currents, wher operating level. This ie caused by small metal parti-
there are such inhomogeneity or contamination on the cles sticking on active crystal surface. The dependency
surface of a quartz crystal plate such as scratches of the resistance on the current, caused by small ,,,.tal
made while lapping or polishing, small metal particles, particles, is eliminated by overdriving. However, if
(For example, the maximum value Is seven times larger the phenomenon concerning the overdriving of the crystal
than the resistance at larger current in a crystal is not made clear, there will be still some probability
controlled oscillator at normal crystal cu:rent.) The of resistance dependency on the current, und the oecil-
Resistance VS. Current Characteristics of the crystal lation will not start.
unit is not reproducible before being overuriven, but
it depends largely on its form of overdrive and its In this paper the examples of current dependency of
temperature. Current dependency of crystal unit re- crystal unit resistance caused by various factors, and
sisianco is completely eliminated by overdriving the the effect of overdriving are described. Then, the
crystal over the current given by mathematical formulation of current dependency of

1 is=- 0"- crystal unit resistance will be presented.
0- 10 Experimental Procedure

where, io current in mA

fr resonant frequency in Kiz Samplo Preparation
do : diameter of active surface area in mm
r capacitance ratio. Structures and frequencies of crystal units used

in this experiment are shown in Table 1. A crystal plate
Small metal particles sticking on the evaporated has gold evaporated electrodes. In the case that it was

electrodes of the crystal were eliminated Ly ovordriving desired to avoid the effects of evaporated electrodes,
the crystal over the above-mentioned currents. Thus, the crystal was held between the two concave metal
the current dependency of resistance caused by these electrodes as shown in table 1. In both cases the
particles were eliminated at the same time. The cur- crystal plates wore held in vacuum containers.
rent dependency dit not appear upon storage.S~Measuring System

To explain increased resistance phenomena we

indroduce the so-called static friction. When the The resistance and the resonant frequency of the
displacement is small, the friction does not affect the crystal unit were measured by transmission method using
movement of the crystal. When the displacement grows the passive circuit. We did not use the methods using
to a threshold amplitude, the friction suppresses the the active circuits such as CI motor. The reason we
movement of the crystal. Suddenly, as the static chose the transmission method is that, it enables us to
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measure these quantities over a very wide range of crystal unit resistances. In the former two cases there
crystal drive current. The block diagram of the measur- are inhomogeneities on the surfaces of their crystal
ing system is shown in Fig. 1. plates such as small gold particles and scratches as

shown in Fig. 6 and Fig. 7 respectively. In the latter

Experimental Results and Discussions three cases crystal plates are coated with homogeneous
thin films. There is a difference in crystal unit

Typical Current Dependency of Crystal Unit Resistance resistance between the two groups: in the former, the
change of resistance is larger, where, in the latter it

V The IRE notations of the equivalent circuit of is small.

crystal unit are used in this paper. Besides, RIO is
defined to be the minimum value of RI in the range of Overdrive
measured current.

The current dependency of crystal unit resistance
The typical data of current dependency of crystal due to small gold particles sticking on the crystal

unit resistance and ze~onant frequency are shown in plate was eliminated by overdriving it as shown in
Fig. 2. The resonant fieq:ncy of a crystal unit is Fig. 9. M.e crystal unit which was overdriven above
given by equation (1) in term~i of motional arm series the threshold current, hence, was improved in loss did
resonant frequency of it. not have such current dependency of resistance as it

used to have. Photographs in Fig. 10 show the change
fT = fs (1 + ) (1) which happened on the above-mentioned crystal plate:2 the gold particle sticking on the electrode was elimi-

1 C° 2RfsL1 nated by overdrive and a hole can be found where it had
-here, fs = R r = L, Q been. Naturally. reristance of the crystal unit, which

2xJLl Cl was overdriven, keeps its improved value for more than
a year as shown in Fig. 11.

If fs is assumed to be constant at any drive current,
the maximum change in fT in of the order of 10-8. The threshold current of circular thickness shear
Also, since fr increases as RI increase3, f 7' is sup- resonator is given appoximatoly as follow:
posed to jump at te drive currents at which Rl jumps.
But the data of Pig. 2 do not agree with these two f_2.do_
points. Therefore, Pig. 2 shows that both the crystal ITh = K r
unit resistance and its motional arm series resonant
frequency change with change Jn the drive current. where, ITh : Threshold current in mA

K : Constant obtained by experiment

This paper is intended to give a clear picture of fr : Resonant frequency in Miz

the mechanism that is thought to be directly responsible do Diameter of active area in mm

for increase of the crystal unit resistance. T : Capacitance ratio.

Causes and Phenomenon of Increase of the Crystal Unit This equation is obtained on the basis that the

Resistance small particles sticking on a crystal plate will be
eliminated when the maximum surface strain of it is

Crystal unit resistance characteristics like that larger than a certain value. K depends upon the vibra-
shown in Pig. 2 does not necessarily prevent the start- tion mode and the adhesive force between a small parti-•'• cle and crystal plate. K : 1/100 was obtaiaied experi-
ing of the oscillations. Because, the increase of
resistance is not so high. But, at low currents, the mentally for various kinds of AT cut resonators. This

resistance increases too much, and the oscillation will fact supports the fact that the small particles sticking
not build up in the oscillator with the crystal unit, on the surface of a crystal plate will be eliminated
Pig. 3. In the case of the crystal unit whose resist- when the maximum surface strain of it is larger than a
ance characteristics has amplitude suppressing effect certain value.
as shown in Fig. 4, the oscillation builds up at a lower

_•,level than the normal operating level, and keeps oscil- This equation shows that the 4hreshold current is
latingewith a stable amplitudeo smaller at lower overtone orders. In addition to this
an t s l m ufact, generally speaking, active surface area is larger

Since these characteristics are easily affected by for lower overtone orders. In order to improve the Q
the previous forms of overdrive antl temperature, there of a crystal unit, it is more effective to overdrive it
are various non-reproducible patterns of current at lower overtone frequencies. Pig. 12 confirms the

dependency of the crystal unit resistance. However, above interpretation. Crystal unit resistance at 7th
they can roughly be divided into two groups. In one overtone frequency loses its current dependency by
group, crystal unit resistance Increases monotonously as overdriving it at the same frequency. In the case of
the current decreases. Fig. 3. In the other groups, the 5th overtone frequency, the ovordriven resistance
crystal unit resistance reaches its maximum at a certain is less than the 7th one, and with the same character.
drive current within the range of the measured current
as shown in Pig. 4. Pig. 5 is a curve showing relation- Mathematical Formulation

ship between the temperature and current dependency ofIt is necessary to make it clear how current d-
crystal unit resistance. This shows that the drive
current at which a crystal unit resistance reaches its pendency of crystal unit resistance is generated. Be-
maximum, decreases as the uemperature increases. The cause, it will help us for stabilizing the resonant fro-
current dependency of resistance at high temperature quency, and also for guaranteeing the reliability of its
looks somewhat like that shown in Pig. 3. operation. Mathematical formulation of the phenomena of

small gold particle is done as the first step.
It can be concluded that there is no essential

difference between the two patterns regarding the At above the current at which the crystal unit re-
process in which the current dependency of crystal unit sistance reaches its maximum value, the product of re-
resistance is formed. sistanco change from the ope measured at normal operat-

ing current and drive current is approximately constant.
Pig. 8 shows the typical current dependency of That is, (Il - RIO) . I =const or
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Conclusion Notations used here are those shown in Pig. A-I.

1I. Small metal particles sticking on active quartz Besides, Kl, K2, K3, K4 and K are constant. The dis-

surfaces not only cause the current dependency of the placement ir. directinc •Crystall.graphic axys) is
crystal unit resistance but also they cause the current approximately given by,
dependency of the other constants.

"'U =U 0 Cos2(r-) . Sinf cos . (-)(2n-
2. There are various patterns of current dependency c2reos (dt. (A-1)

of crystal unit resistance, but there is no essential

•" difference between them.
e bStored kinetic power is given by

3. Typical current dependency of crystal unit resist-
ance can be approximately represented by T dY/2 0d/2

V, dt) !y/ ý (1-u)2 .2,rdr = K4(wuodo)
2 y (A-2)

RI = R10 + U(I - Io). 0 '-y 0/2 0 2 0

4. Small metal particles sticking on the active sur-

face of a quartz plate can be eliminated by a current This value is equal to the electric power stored in

above io z . Current dependency of inductance Ll.

resistance in these overdriven crystal units cannot ( 1 1 21 Lli2 dt =T Llx° (A-3)

appear again upon storage. 0 d

where, io: moan value of current.
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ThnU =K 12 l K W-r- i, (A-4)frdo;LY701 4fr 2do2

The maximum surface strain ISfjmax is given by,

Ismax io (-5)Isflmx-- • f,•2do3

If it is assumed that if the maximum surface strain
exceeds a certair. value, snall particles are eliminated.

That in,

If imax = coast (A-6)

or i0 =K.-f== -- (A-7)

, vhere, K const.
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Frequency Normal Operating Mode Finish

S2.2 MHz Thiciness Shear 3rd Overtone Lapped
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4.0 MHz 3rd ,, Lapped or Polished
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.'° . .

.:oot .
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Table I Sample Crystals

Synthesizer 
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Rio 1., 5F
AttenatorFrequency
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Fig. 2 Typical Data of Current Dependency of

Crystal Unit Resistance and Resonance Frequency
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Fig.5 Relationship between Temperature and
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Fig. I I Resistance Ageing of Overdriven Crystal Unit
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Fig.l 3 Current Dependency Calculated from Equation (4)
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Fig.A -1 Structure of an AT Cut Crystal plate

and its Displacement Distribution
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STANDARDS AND THE FREQUENCY CONTROL INDUSTRY

John 0. Holmbeck
Northern Engineering Labnratorles, Inc.

Burlington, Wisconsin

It will also show that the chaos caused by the lack of
Suimnary crystal standards, either commercial or military, was a

tragic handicap in the logistics of an explosively expan-
There are many important reasons why standards ding need. Both areas can benefit greatly by timely

should be formulated, understood, and used, in the action now when the technology is rapidly changing,giving
frequency control industry. Unfortunately, in the past, us a chance to accommodate these changes without the mis-
their formulation has been left to someone else, they takes of the past. One of the best ways to become femil-
have been unnoticed or misunderstood, and too often iar with standards and what they can do for us, is to par-
either misused or unused. There has even been a fear ticipate actively In their formulation and revision.
that they will retard progress or damage a hard won com-
petitive advantage. In practice, standards properly As to the desirability of standards, let us look at
conceived and applied can reduce costs, improve the a little history of our industry, and others, and then
product and leave time and effort that might otherwise consider the future.
be lost "being original" to be expended on real progress.
How much easier would it be to look up what already ex- Prior to WW2 the United States crystal industry fell
ists and would be suitable for the purpose, rather than into two basic categories:
starting from the beginning to design a new one. If we
actively participate in standardization, it can provide I. The large corporation with a crystal department
a better forum for our point of view so that things can set up primarily for supplying the needs of the parent
be done as we know they should be, rather than have company with little, if any, outside clientele.
designs and methods forced upon us by others with less 2. The small independent producer who sold mostly
knowledge of the s.,bject and less int,.rest in any single on a "one of this or two of that" basis to anyo.ie who
component, such as a crystal, could mail him between one and $100.00.

The United States is unique among developed nations The latter group ranged from the one man, strictly cus-
in having a minimum of standards imposed by government. tom operation, to the more sophisticated, a few of whom
In dealing with other countries, we often find ourselves are still in the business today. Until the war made it
at a disadvantage because of lack of familiarity with necessary, there was practically no commonication between
their standards, but they are more familiar with ours these producers, and such standardization that existed
than we are. This makes it relatively easy for them to consisted primarily of making crystal holders that would
export to us, but handicaps us in selling to them. plug into tube sockets. The situation was not very much

different in the rest of the world because crystals, out-
An explanation of the types of standards that exist side the telephothe field, were made for an infinite vari-

on both national and international levels, and the ety of applications and there seemed to be no need to
mechanisms for updating them, should improve their util- standardize, because there was little volume production
ity and make participation more widespread. A standard of a single item.
should be a tool, rather than an obstacle.

Before we got Involved In the war, the United States,
Introduction as the "arsenal of democracy", supplied equipment and

parts that had been designed and proven in other coun-
This paper will present an outline of how standa.-,:s tries, so we had to make crystals to fit their standards.

are developed, what they do (intentionally and uninten- (I u-,e the word "standards" loosely in this case.) This
tionally), and how they can be used to better advantage, was followed by our own needs when we began to re-arm.
Our industry is often forced to accept situations that Since most pre WW2 U.S. military radio communication gear
are technically unsound simply because we do not have was not of sufficiently modern design to use crystals, as
the respect of other disciFlines and do not know what much was begged, borrowed, or stolen from our commercial
authority to cite to back up our positions, and amateur fields as possible, with the result that lit-

erally hundreds of different enclosures, load capaci-
History tances and drive levels were used, where pro&:hly less

than ten could have covered all the needs nicel/. In
The standards most widely used by us now came from addition, a whole new generation of gear was quickly

the military in the 1950 era, and they have served a developed, with little thought given to standards, add-
dual role reasonably well since then, but not without Ing to the proliferation.
some disadvantages that can be overcome by action on
our part. While the roles of military and commercial Much of the "originality" came from not knowing what
standards have some 3lmilaritles, they also have some someone else was doing, a desire to have a unique product
vital differences. or a questionable "improvement". Due to the lack of idea

exchange, technical capability varied, causing new types
The history * WW2 communications will show that to spring up, simply because the manufacturer did not

much civilian gear became the nucluous of the military kn ow any other way to make the item.
systems at a tremendous saving of time, lives and money.
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When the demands of the war suddenly required huge ment manufacturer? How much better if each inquiry had
volumes of production, the government sought the guid- been answered with a copy of the standard and with a
ance of the only high volume producer of crystals who, more attractive price on the standard crystal than on a
fortunately, also had the most concentrated scientific special one. Since that field is largely governed by
and engineering team in the field - the Bell Telephone price, the U.S. manufacturers could have saved money on
System. While they did not do the whole job single- some of the horrible examples of oscillator design, cor-
handed, they did have the necessary experience in both relation troubles, specification changes and just plain
the technical end organizational phases of creating a mix-ups between customer and supplier, that occur today.
large industry. With the aid of a few other groups and There is no doubt that we could have at least delayed
individuals, they provided such additional technology as the takeover of a large part of that narket by offshore

was required to expand a few dozen small crystal shops producers. We might even have kept the production of
into volume producers, as well as creating or converting the complete gear in this country longer if some of the

a number of new ones. stumbling efforts at oscillator design and the result-
ing crystal problems, with the added costs they create,

Some of the first standardization in tie industry had been avoided. When the HC-25 and HC-18 moved into
came from the need for the crystal producer and equip- the picture, along with transistors, we missed a second
ment maker to agree on what was usable and what was not. chance to do the job.
This resulted in some "standard" test sets and test
methods that were at least reasonably similar. Much of There are numerous other areas where we could have
the technical information that was disseminated was done more, or still can. The color TV field benefitted
merely to ensure that a part made in Kansas City would greatly by one manufacturer actually setting the stan-
work in a set made in Chicago, which is really what dards in fact, if not in form. This has resulted in a
standards are all about. minimum variety of specifications and has had a great

influence on keeping most of the color TV crystal pro-

By 1945, a number of improved military crystal specs duction in this country. In any field where we hope to
had been developed that served their immediate purpose develop a mass market, early standards can infl ence the
fairly well, but they had a number of shortcomings. choice of crystals over other devices, and by keeping
There was no similarity in format, so direct comparisons costs down, can help to develop new markets.
for choosing one over another were impractical. Test
methods were "highly original" and other problems were Current Standards
plentiful. After a few years, the Armed Services Elec-
trostandards Agency was formed by the military to bring The standards that our industry currently has in this
order out of chaos. This resulted in the original ver- country came from the following sources:
slon of HIL"C-3098, which again had much guidance from
the Bell System. I. IEEE has provided the basic physics and engineering.

These include:

For the first time we had standard formats, defi-
nitions and test methods; and crystals that were de- (a) Terms and definitions
signed first so equipment could be designed around them, (b) Basic test methods
instead of the reverse. This was a system that the tube
industry had used for many years with great success. Examples of these are:

The reason that our first national standard was under IRE 076, Standards on piezoelectric crystals.
military auspices was the fact that they were the only IRE #177, The piezoelectric vibrator: Defini-
single customer served by practically every crystal manu- tions and methods of measurements. This is a docu-
facturer. Also, the volume and urgency of the require- mont that every crystal manufacturer and user can
ments usually dictated that a single class of items find most useful.
should have more than one source. IRE #178, Determination of the elastic, piezo-

electric and dielectric constants, the electro-
The manufacturers of such components as tubes, re- mechanical coupling factor.

sistors and capacitors, because their products are used IRE 0179, Measurement of piezoelectric ceramics.
in such large numbers, realized the necessity of stan- IRE #180, Definitions of ferro-electric crystal
dards as sooa, as the electronic boom began. This has terms.
worked to the advantage of everyone concerned because
it not only helped to reduce the cost of producing the These standards are currently under review for up-
item, but also the cost of using it. Many new markets dating.
for electronic equipment that developed, would never
have appeared if those industries had the lack of stan- 2. EIA has provided manufacturing standards including:
dards that prevail in our industry. Low prices don't
mean loss of profit if the cost can go down faster than (a) Holders and So'.ets
the price. Two things that bring cost down are volume
and simplification of design and production. One of the RS-192-A, Holder outlines and pin connections
greatest contributors to cost in the frequency control for quartz crystal units. Work is constantly in
field, is specifications that are not really the same progress to keep this standard up to date.
but neither are they different enough to justify two RS-16 8 -A_ Dimensional and electrical charac-
different specs. None of us, including the military, teristics defining tube and transistor sockets.
have clean hands on this score. (Includes crystal sockets.)

Let us take an example of a commercial product that (0) Production Tests
represents some real volume crystal production - the
27 MHz Citizen Band market. How many different schemes RS-186-C, Standard test methods for electronic
are in production today? How many different load re- components.
actances, drive levels and holders? How much easier
would It have been if a standard had been evolved by (c) Application Information
the crystal industry in which a single unit along the
lines of the CR-23/U, had been proposed, along with a Industrial Bulletin #6, Guide for the use of
suggested circuit and some guidance, to the CO equip- quartz crystal units for frequency control.
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3. The military has the most used and complete U.S. TC-49, which is the I.E.C. Technical Committee on
National Standards, including many of the above frequency control devices, is divided into a number of
factors, plus Article Sheets. working groups. They are:

Most of these standards have been the result of the I. Crystals and Holders
work of a few dedicated men, some of whom have served 2. Filters
In two, or even all three, of these organizations, as 3. Ovens
well as the International Electrotechnical Commission, 4. Ceramics
I.E.C. 5. Cultured Quartz

6. Measurements
Many other countries do not have exact counterparts 7. Oscillators

to our three organizations as listed above, so they rely
heavily on I.E.C. and use their documents as national Most other countries, with their government owned
standards. Due to the way our national documents come and operated telephone and radio coqunicatioi indus-
from different sources, the military has served as our tries, are much more "national standard" oriented than
single source of standards. This has led to much mis- we are. In order to live with all the standards, they
use and dilution of MIL-C-3098. The i.E.C. , hr .ver, ,ad to learn to handle them reasonably %ell. As a con-
has one set of documents that includes the work of both bequenci, while we have provided much of the technical
IEEE and EIA. While the other I.E.C. countries have leadership, their organizational experience has been

made some very valuable contributions to these documents, most helpful.
much of the information came from the United States. In
many other countries, the I.E.C. standards are used the With the dlarm that was created by the Tripartite
way we use our military specs in both military and com- Agreement, which is now expanded to Multipartite, the
mercial applications. United States government has decided to lend support

through the Commerce Department to some of these activi-
The I.E.C. has issued the following documents that ties, but it is not clear to what extent. Each industry

can be very useful because they contain information that that does not have its house in order can probably look
has come from so many sources and some of which is not forward to some government imposed "standards".
readily available elsewhere in suc= convenient form.

The Future
Publicat.on 122.1, Section I, Standard Values and

Conditions. If we all do our part supporting standards, it does
Sect;on 2, Test Conditions. not have to be an expensive proposition, and it can be

made to pay dividends. If we wait for the government to
By searching through IRE #177, EIA RS-186-C, and MIL- do it, every dollar of federal support will carry with

C-3098, you can find some, but not all, of this data. it several dollars of federal control that can be an
Some of it deals with definitiors you will possibly find obstacle in domestic as well as foreign business.
only on European specitications.

One reason for the government involvement is that
Publication 122.2, Guide to the use of Quartz part of the Multipartite proposal Is for a certification

Oscillator Crystals. plan similar to our military QPL, for components to
enter these countries. Some of them seem to feel that

This is an international edition of EIA Industrial for such a certification plan to be of any value, the
Bulletin #6. hand of national government has to be involved somewhere.

Publication 122.3 This document contains the stan- As a result of working with the various I.E.C. work-
dard outlines and pin connections of EIA RS-192-A, as ing groups, it became obvious that there would be con-
well as some information from RS-167-B, RS-168-A and siderable merit in having our national standardis work
MIL-C-3098. organized in a compatible manner. Consequently, the EIA

Engineering Working Group is now developing tack groups
Publication 283, Methods for the measurement of fre- to work in these various areas. The IEEE groups on

quency and equivalent resistance of unwanted resonances Sonics and Ultrasonics, and Frequency and Time, also
of filter crystal units. I know of no other source for have appropriate subdivisions.
this particular information.

The ideal way for I.E.C. to work is to have each
Publication 302, Standard definitions and methods of nation submit its national documents for cuvment and if

measurement for piezoelectric vibrators operating over the comments are favorable, they become the world stan-
the frequency range up to 30 MHz. This is actually an dard. If we submit ours first, they become the standard.
updated version of IRE #177. Work Is now in progress to The comments, even if they are unfavorable, can help by
extend the frequency range upword. showing up features that will make the product poor for

the export market. Another advantage of leading, is it
Publication 314, Temperature control devices for makes the less developed countries look to the United

quartz crystal units. This has no exact U.S. counter- States for the equipment to update their electronh. in-
part. It was written In Europe. Perhaps MlL-0-39021A dustry. It also helps to be oble to discuss specs with
comes as close as any, but is not as complete. The export countries, in terms of I.E.C. standaras, on type
definitions, test methods and basing standards should designations, dimensions, definitions, pin connections,
make this document very useful, and so forth.

The "Multipartite" agreement,which is forthcoming, Ohe advantage of the I.E.C. documents over our
will make It mandatory to comply with I.E.C. standards National documents is the fact that a complete set of
to ship components into the signatory countries. Most them can be obtained from one source. They include in-
countries, with any kind of electronic Industry, are formation that can be obtained partly from EIA and part-
expected to join the pact so the I.E.C. standards will ly from IEEE, besides sonie foreign Input that is not
be the "MIL specs of the export business", available from other sources. There is a need for a

frequency control designers kit in this country that
would gather all this information together between one
set of covers and could be bought as a single item.
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One reason the military specs have been so widely used
and mis-used, is the fact that such complete coverage is
provided In one document that can be ordered under one
number and you don't get the bill till April 15th.

If these documents were used as they should be, the
man hours now spent on negotiating technical details
with customers, would pay for the time needed to comment
on the standards to keep them correct and current.

There are a number of problem areas that need atten-
ticý, In the past, we had a few key people who could
always be depended upon to do what needed to be done
when nobody else would do it. This certainly got things
done, but it had a number of drawbacks. It left us with
too much of a feeling that each of us did not have to
do his part because somebody else would do It when it
became urgent. It also put too many eggs In each basket.
Because our standards were taken care of for us, we took
them for granted and, in too many cases, never knew they
existed, or at least what they provided for.

Both manufacturers and users of frequency control
devices should take a good hard look at their attitudes
and practices where standards are concerned. How often
do you actually consult RS-192-A before you make a
holder drawing? Do you ask for non-standard dimensions
when standard ones would do just as well if you knew
what they were? Do the words you use in your specs mean
the same to you as they are defined in standard "Terms
and Definitions"? How many engineers do you encounter
who refer to "series mode" or "parallel mode" crystals as
If they were as different as fundamental and overtone,
indicating that they are in need of some homework on
IRE #177, or at least EIA Bulletin #6?

There are a number of ways that you cin help your-
self and your industry.

I. Have someorn in your organization serve on EIA
and IEEE Co.wmittees. The best way is through membership,
but EIA has an alternate arrangement on which I, or any-
one else at EIA Headquarters, can give details.

2. When asked to comnent on proposals, read them
thoroughly and comment. When I see one returned "no
comment" from someone who should be interested, it is
difficult not to conclude "he did not read it", especial-
ly if it contains some obvious errors!

3. Get your comments in on time so they can be
correlated or discussed.

4. If you see a need for a standard or want to
propose one, notify the chairman of the appropriate
group.

Standards, like death and taxes, are going to be
with us, like It or not, so let us see that they are
more pleasant than death and put to better use than
taxes.

The previously mentioned documents can be purchased
from the following sources:

IRE Standards - IEEE, The Inst;tute of Electrical &
Electronics Engineers, Inc.
345 East 47th Street, New York, N.Y. 10017

EIA Publications - Electronic Industries Association
2001 Eye Street, N.W., Washington, D.C. 20006

IEC Publications - American National Standards Institbute
1430 Broadway, Nev York, N.Y. 10018
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TIME CONTROL OF FREQUENCY SHIFT KEYED

TRANSMISSIONS AT VLF

R. R. Stone, T. It. Gattis and R. C. Petit
Naval Research Laboratory

and

T. N. Lieberman
Naval Electronic Systems Command

Sunnary Operation in the CW mode is quite simple, since
all that is required is a precision referrnce for the

Since 1960, the Navy has provided pha-e stabilized carrier. Frequency shift keying (FSK) pre3ents a
transmissions from its high powered VLF communications somewhat more difficult problem. The format used for
stations as a means for rating precision frequencý tile VLF frequency shift signal is shown in Figure 2.
oscillators at remote points. Recently, emphasis has The bandwidths of the antenna s~stems at these freq-
been placed upon adding precision time reference capa- uencies are narrow and they restrict tile speed and
bilities to these transmissions, magnitude of the carrier shifts. A 50-baud, 7.0 'elc-

type code is employed. The bit lengths are 20 milli-
A system has been developed by which the point of seconds (msec) and the transition time between tile

transition of the frequency shifted signal can be stabilized points of tile carriers is 2 msec. Fifty
controlled at a precise rate and a defined time during cycle carrier shift is employed.
normal communication periods. Heans have also been
developed to permit the transmission of scheduled time To permit tile use of phase-coherent recelve~s for
signals. phase comparison at tile remote sites, it is necessary

that tile carrier being measured be continuous in'
Tile time of the frequency shift transition, tile phase, as shown on the lower portion of Figure 2.

phase coincident point between tile •'ARK and SPACE Because of the high power involved and the high Q of
frequencies and the zero crossing of the positive slope the antenna system, phase discrepancies at the point
of the "ON frequency carrier are controlled to + I of transition will produce transients which result in
microsecond of the station clock. Cesium beam rtandards high %oltage flash-overs in the transmitter. Where
and the associated clocks at the station are referenced two carriers are employed, it is necessa v that the
to the U.S. Naval Observatory via "flying clocks" or transition between thi.m occur at a point of phase
the DSCS satellite time transfer system. coincidence. Fortunately, with bit lengths of 20

msec and carrier separation of 50 cycles, phase coin-
The first installation of this system has been cidence will occur at each transition point. However,

made at station N'WC at the Harold E. IHolt Cormnunica- at tile time of the installation of the FSK system, it
tions Station at North West Cape, Australia. was not operationally feasiblb. to precisely control

tile baud rate; therefore, one of tile carriers was
This paper discusses techniques, instrumentation controlled in phase to maintain phase coincidence at

and problems involved in tile development of the system the transition point and the 31.ir carrier was phase-
for tile transmitters. Data on the operation of the controlled relative to tile reference standard. In
system at the remote receive end will bt presented and actual operation, the frequency of tile phase-controlled
discussed at a later date when tile system has been carrier is set at the station assigned frequency and
operated sufficiently lone to permit evaluation, the other carrier is offset 50 cycles either above or

* f * * * ý below the assigned frequency. At the remote receive
Since 1960 the Navy has employed its high-powered end, the on-frequency carrier is phase-stable except

VLF system as a means of rating precision frequency for propagation variations and the offset liequenc)
oscillators at remote points. The wavelengths of these carrier contains the phase variations which are
frequencies (15 KhIz, to 35 Kliz) are sufficiently long, required to compensate for the miss-timing of the
compared to variations in the length of the propagation teletype bit stream.
path, that phase tracking of the received carrier at
remote points, even after several reflections, can be The instrumentation which is now available at all
easily accomplished. Atomic standards at the trans- VLF stations is shown in Figure 3. A cesium beam
mitter provide frequency control of better than one reference standard is used to drive a divider bank
part in 1011 and permit tle rating of oscillatorloat which pruduces the frequencies needed in the synthe-
the rcceived point to better than one part in 10 . sizer and also to provide two frequencies, 50 cycles

apart, to be used by the keyer. These two frequencies
At the present time, there are seven of these are fed into a switc•h and also into a coincidence

high-powered VLF transmitters as shown in Figure 1. detector. The input key stream sets a gate which is
(A recent installation has been made, NOT, in Yosami, activated by the coincidence pulses. Tile output of
Japan.) New antenna systems are being installed in the gate in turn activates the switch in response to
Ilawaii and Annapolis. 1-ome of these stations have been tile input keying at tile phase-coincidence points
operating since the mid.1930's, at which time they between the two frequencies. The shifted output from
employed tuned circuits at the input and intermediate tile switch is converted to a sine %:ave by a locked
stages. At the present time, all stations have been oscillator and controlled in shift time by tile time
updated with broadband amplifiers and they employ constant of a servo-controlled oscillator. This
tuning only at the output/antenna. The newer system output is mixed with tie frequencies in tile synthe-
greatly simplifies the transmission of time signals. sizer to produce the VLF control frequencies oh 14
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to 36 Kllz. over are controlled at the transmitter at NWC to
better than one microsecond. These points are set

Recently, emphasis has been on controlling the manually at present, but automatic equipment is being
point of transition of the FSK signal at a precise developed. The accuracy to which the mid-point
rate and a defined time. A system has been developed transition can be extracted at the receiver is about

and was put into operation at the Northwest Cape, + 10 microseconds (,,sec). This wi.l allow the selec-
Australia (NhC) installation in January 1971. When a tion of a particular cycle since the period of the
communi'ations system is used for precision time and VLF frequencies are from 66 gsec. co 33 usec. Ex-
frequency purposes, it is necessary that the cormuni- traction of time from the cycle zero crossing should
cations aspects of the system be preserved. In the be approximately what can be obtained by phase record-
case of the VLF system, the teletype code stream carry- Ing or ± I microsecond. Control of the phase of bc'h
ing the information is generated in a remote classified carriers will also allow the use of a system somewhat
area And is "covered". Several sources of error must similar to that used by the Bureau of Standards in
be recognized and compensated for by the system. which each of the carriers can be phase tracked sep-
First, noise bursts sometimes occur on the control arately, then mixed in a coincidence r 'ctor to yield
line, proJucing extraneous bits or "hits"; second, at 20 msec. markers. It can then be cor, ad against t)•
certain times erroneous or non-tontrolled (that is local clock.
out-of-time) signals may be imposed on the line; and
third, some mistiming may occur betvaeen the keying The control of the transition of the FSK signal
stream and the precision time stream generated from the will provide time markers at 20 r ec. intervals through-
standard. out the normal communication; how-ver, for many cases,

it is necessary to periodically identify seconds,

A storage-retimer unit has been developed which minutes, and hours. The simplest method of accomplish-
overcomes these problems by storing the incoming ing this is to periodically send time signals. Fig.
teletype code stream, and reclocking the code stream 6 is a block diagram of the FSK time signal code
out at a rate synchronized to the local frequency keyer. It consists of a series of gate controlled
standard. The input and output code streams are outputs from a digital clock, such that "time" in the
identical except delajed in time. American code can be transmitted when desired.

Twenty-five liz. reversals are gated by the American
A block diagram of the unit is shown in figure time code to produce the keying signal for the FSK

four. The input section consisting of the gate, count Coherent Generator. The beginning of the time signals
to twelve and flip flop eliminates noise bursts and Is controlled manually and the shift back to normal
transients from the incoming code qtream. It is, in FSK traffic is controlled ty the one pulse per hour
effect, a low pass filter which must have a count of marker. The shift occurs oae second after the hour.
twelve before it will acknowledge a change to mark or A diagram of the code pulse is shown in Fig. 7. The
space. This circuitry quite effectively eliminates first three hundred msec. of the code consists of 20
extraneous noise bursts. The input clock generator masc. reversals. This is followed by a 70u msec,
circuitry, consisting of tie phase detector, two counts steady signal of the offset carrier. The beginning

to fourteen, and a count to sixteen, recognizes an of tue second occurs at the half transition point

out-of-time or randomly keyed signal and generates a of the start of reversals. Tie time signal which is

50 liz signal which is synchronized to the incoming produced at the remote receiver is very easily
code stream. The tracking range of tile input clock recognized by ear. Figure seven shows the time
circuitry is limited to a few parts in 10" . This signals to begin two minutes before 0430 and 1630.
prevents erroneous shifting of the incoming data and This is tile format whiih is used at NWC. Si.arting

consequent loss of synchronization in thle cuomuni- of thle signals at the half hour point was necessary
cation system. The incoming code stream is stored because communications could not be interrupted at
in the eight bit storage register and is clocked out the hiour point. It is expected however that at other
by the 50 liz standard clock pulses. It is expected VLF stations the time signals will be sent during the

that timing errors of several parts in 'O7 will occur last five minutes before the hour.
between the incoming bit stream and the itandard clock
controlled bit stream. There are approx. ately four Fig. 8 shows thie format of the American time code.
million .0 nillisecends bits in a day, t0 refore one The 29th second is omitted from every minute, and there
half of the storage or four bits will allow an off- are seconds omissions according to this table which
set of approximately I x 1O-6 . The display section indicates the minute for tile time mark. The time mark

displays the storage position of the incoming data itself is followed by a 1 second tone, or in the case

versus the outgoing data. of FSK by one second of reversals.

"Since all of the frequency and timing aspects of Several techniques are possible for the detection
the transmissions are derlved from the same reference of a frequency transition between two radio frequency
standard, it is possible to set the transmission on (RF) carriers. Two which come to mind iimmediately
epoch time relative to the station clock. A phase are the frequency discriminator which is found in many
shift servo coitrol sybtem, which is part of the comrmunication type receivers and the synchronous
frequency stabilization system, maintains the phase detector which is used in VLF Phase Tracking receivers.
of the transmitted "on frequency" carrier in a fixed Figure 9 illustrates the use of a synchronous detector
relation to the driving signal. The first step is to for identifying a frequency transition point. The RF
set the zero crossing of the positive slope of one signal from tile antenna .5 ,mplifie. and connected to
of these cycles on epoch time, illustrated in figure one input to a synchronous detector. A 24 Klhz signal
5. Tile enrer of the fiequency shift transition was synchronized to the local frequency standard supplies
chosen as tile time reference point. This point is the second input. The detector output for a locally
moved by varying the phase of the off-set frequency generated 24 Kliz reversal signal is shown in the
until it is co-incident with epoch time. The center photographs on tile left of Figure 9. Note that the
point was chosen because it can be easily set at the negative (or positive) going cycle can be estimated to
t,.ansmitter and extracted ut thle receiver by means approximately +_ 10 ,sec. The two p' ,tog:i phs oa the
of a discriminator. To date no conclusive long term right in Figure 9 show detected FSK signals received
data has been taken to determine the accuracy to which from NBA at 24 Kliz. Ohe negative going transition
the time may be extracted at the receiver. However; can be estimated to + 10 ,sec. The modulatien on tihe
the mid-transition point and the :arrier cycle cross- detected waveforms is RF which was passed through thleI153



low pass filter following the detector. It should be averaged transition time. The number of samples can
noted that the two lower photographs have been aver- be programmed to average 24, 28, 212 or 216 tran-
aged over several seconds by the oscilloscope camrera. sitions.
Even so, it would not be difficult to visually obtain
an accuracy of well within 100 aseconds directly. Figure 12 shows a sanple of the results obtained

using the receiver/discriminator output and the Time
Figure 10 illustrates the use of a frequency Signal Averager. This photograph was obtained using

discriminator for detecting the transition. The RF a locally generated 24 KHz reversal keying signal.
from the antenna is amplified and mixed with the The horizontal white line shows the spread of the
receiver local oscillator to obtain the immediate incoming transitions at the input to the time delay
frequency (IF). The IF bandwidth must be sufficiently counter. Most of the transitions occur in a 100 nsec.
wide to pass the 50 lHz offset frequency. The IF region. The tra,,sition tim8 estimate (dots shown in
signal is fed into a discriminator whose output is photograph) averaged over 29 samples has a variation
shown in the photographs in figure 10. The two photo- of approximately ± 10 useconds.
graphs on the left are for reversals from a locally
generated FSK (18.6 Kl1z) signal. The photograph in The repeatability of detecting the frequency
the lower left indicates the ability to detect a transitions of an on-the-air FSK signal from NAA (17.8
transition to approximately ± 10 usec. The photographs Kllz) is shown in Fig. 13. Using a communication
on the right show the response for a FSK signal from receiver (discriminator technique discussed earlier)
NPG 18.6 KRiz. The lower right photograph illustrates and the Time Signal-Averager, 28 transitions were
that the transition from NPG can be detected with averaged. Each 28 averaging period requires approx-
approximately the same precision as for the local,y imately 8 seconds with a psuedo-random keying signal.
generated reversal case. The two lower photographs The data shown demonstrates the ability to measure
were average over several seconds. The double pattern the frequency transitions to within + 10 microseconds.
is caused by overlapping sweeps. The receiver input The signal level of NAA transmissions are high in th.
signal levels were approximately 25 uv. Locally Washington area, but similar tests for transitions
generated signals in the I .jolt region have yielded from NBA with signal levels received at NRL of approxi-
approximately the same results as outlined above, but mately 30 microwolts have produced transiLion data in
at present no off-the-air checks have been made for the same range as those shown for NAA. Th2 deviation
signals in this region. can be further reduced by increasing the averaging

time. However, as presently constituted, without
In order to obtain the + 10 usec. accuracy needed storage capabilities, the off-set frequency shifts

to identify a cycle, some form of signal averaging is too often to permit longer averaging times.
required. An experimental FSK - Time Signal Averager
has been developed by NRL. A block diagram of the Within the next several months we expect to
unit is shown in Figure II. The unit measures the time install time control equipment at NBA (24 Kliz). On
delay between n local clock and a received transition, the basis of the results of data taken on these
and performs an average of a number of time delay transmissions the various techniques will be
measurements and synchronizes the local clock pulse to evaluated. These results and associated techniques
the average. will be published later.

The discriminator output is fed Into the transition
detector/shaper circuitry which produces a tulse for
each transition.

The 50 l1z reset/start signal to the time delay
counter circuitry causes the I MHiz counter to reset
to zero and start counting. The counter continues to
accumulate a total until a transition pulse occurs
which stops the counter, or until a 50 liz reset/start
pulse occurs which resets the counter and starts the
measurement again. If a transition pulse stops the
counter, the count is added in the digital integrator
to the previous total. This count/add sequence
continues until the number of transitions measured
equals the number ol samples desired. The following
sequence is then initiated: (a) The accumulated
total in the integrator is then loaded into the
shift register divider (SRD) circuitry, (b) A divide
signal from the Master control section causes the SRD
to divide by the number of samples taken. (c) The
computed average of the transition delay appears at
one input to the comparator circuitry. (d) A signal
"on rime" with the reset/start pulse from the master
control section causes the comparator counter to reset
to zero and start to count. (e) A gate control signal
from the master control section activates the compa-
rator circuitry. When the count of the comparator
counter equals the computed average from the SRD, a
reset pulse from the comparator resets the master
counter. The two master counter clock outputs (reset/
start and the transition time estimate) are now
synchronized ro the average transition pulse (time
marker). The t-ansition time estimate and the reset/
start pulse from the master counter have a 20 msec.
repetition rate and are offset by exactly ten msec.
The transition tine estimate is synchronized to the
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SWEDULE OF TIME AND FREQUENCY TRANSMISSIONS
ON V1F FROM U.S. NAVAL RADIO STATIONS

Noselma*
Iftaton Location F.Onacy P•tdl d Maintenance SpecIal Trlansllealons

O(Sa) Power It.

NAA Cutier. Melte 17.80 1.000 1400 to 1600 UT FS tor two hour folloodK by CW Ior one

4403819N. 67*1819W each rirday hour. Ph&". stable on 17.80 hot not on
17.85 kHlz.

NSA albha, Canal Zone 24.00 ISO 1200 to 1400 UT TIem. 8"n1a1s on CW More, from SS to 10th
each Mocday '.toute every even houw eXcep 235S to 2400

UT. FSK continuOus at'other times. Phase
stable on 24.00 but nO on 24.0S kHl.

NIX Itsl Crnek Washitooton 18.60 2SO 1000 to 1300 tr T FSK continuous except t"e minoutes before
41PI 211N. jacod Thaburday each even howoO locked key. Phalse
I2I

0
SSloW ot each =.nth tahbl. o 18.00 but not on 18.6S kilz.

NPi aleal"ll. iHawll/ 23.40 lo 1700 UT Monday F$X continuous. PhASe Stable on 23.40
to 0200 t. T'uss- but not on 23.4 kHilr.
day I atland 3rd
Mdoanday of each
month.

5S0 Atnnepolta. Md. 21.40 Is 1300 to 1800 Uit TIMe Signals from 5S to 60th minute each
each Wednesday hour. CW Morse continuOus. Phase stable.

NWC North West Cape, 22.30 1.000 0000to0300 UT FSK and CW. Phase stable on 22.30 hut
Australia each Monday not on 22.35 kHlz.
2104 3103,

114
0

09 l0O
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FREQUENCY TRANSITIONS USING A SYNCHRONOUS DETECTOR
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L------------------- ----
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HORIZONTAL SCALE IOO1,S/CM HORIZONTAL SCALE IOOmS1CM

LOCAL GENERATED FSK TRANSMISSIONS
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FSK-TIME SIGNAL EXTRACTIONS USING A DISCRIMINATOR
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OMEGA VLF TIMING

E. R. Swanson and C. P. Kugel

Naval Electronics Laboratory Center
San Diego, Cahfornia 92152

events. The concepts are developed more clearly in reference 2, where
PREFACE epoch is shown to be equivalent to the phase of a periodic function

while frequency is the derivative of phase measured in cycles. Frequency

This paper is an abridgement of NELC Technical Report or frequency stability always can be determined by periodic phase

17401 - a 143-page study done to consider application of Omega to measurements or knowledge of phase stability and relevant autocorrel 1-
timing of NASA telemetry stations. tion processes for the medium. Appropriate relations are derived in

reference 2.
Good time scales are based on regularly repeatable phenomena

SUMMARY which are as periodic as practicable. However. peridic implies that each
cycle of tile event is indistinguishable from every other cycle. Hence,

A timing site may be established by installing suitable equip- the epoch deduced from any periodic process is necessarily ambiguous
A tiingsit ma beestblihed y istalin sutabe euip by some unknown muiltiple of the period of the pro.ess. Any time

merit and selecting suitable signals for observation At the present deterination tulsiple of e perhod f hil nyime

time, a convenient choice of equipment would be a conventional navi- determination thusalso nnphessone method for epach ambignlt)

gation receiver with a whip antenna modified for signal-injection cali reuoluiwn As timing becomes more precise, anbiguity resolution

bration using a special injector and keyer Path-selection studies can problems may bcomne more severe, pirti•ularly if tile -lu.k, .are separatkdi.

be made for the specific receiving site; however, daytime measurements For example, the period of a I O-kllz vlf carrier transmission is 100 pse..

near noon on the Omega transmissions between 10 2 and 13.6 ktIz avle ly time determiation estricted to suL a transmission would

probably will prove most satisfactory Gross epoch can be established have in ambiguity ot 100 n p•c% where n is any integer. This ambiguity

by lead-edge techniques. Epoch resolution then can be employed to must be resolved by some other technique. such as comnparison with a

identify particular rf carrier periods, Once initial!y set, epoch can be second periodic process of longer period -say, 300 ,asec but which will

maintained by reliable dividers and periodic fine-epoch measurements dilter in epoch from the original I 0-kil, determination by less than

at vaiious carrier frequencies. If the signal stabilities are adequate 50,psec. The ambiguity is thus reolved to an uncertainty of some int,.-

epoch verification may be possible via signals from different stations gral multiple of the longer period. e.g., 300 in pse. The process may bc

at different frequencies. If significant differences are indicated, direct repeated .is often as necessary to rcsolve the 4.oarsest tiie scale requird.

measurements for epoch verification should be initiated Clock fie- e.g . hours,. day,., oi ycars. It is noteworthy that ambiguity resolution

quency is denved from a combination of a quality frequency standard need not he performed with sckry epoch determination. Normally,

and a periodically adjusted phase shifter The frequency error of tie some method is provided by , ilich a count oh the finc periodN mllay bt

standard is estimated by a regression of indicated epocti on time and miintained. thus obsiiting C iced for anbiguity resolution Iloweyr.

is compensated by periodic phase shift. Adjustments .ire obtained even it epoch is resolved properly initially, there is sonic inherent

from daily epoch errors derived over perhaps four propagation paths proimability that v- * , ;r couimting will octcur and hence a iiccd for a

and are. applied in accordance with an adopted adjustment procedure iucthot ot amnbiguity reoiution I urther. there is an inherent proba

Through the use of a cesium frequency standard and a 60-day regres- Wihlty of error in rcsolving epok h ambiguity and hence a need for carct'il
it occisnmnail. attention to coirse epoch Reherence 2 discusses epoch

sion to deduice frequency, maintenance of charge of epoch to better mlbigimty resolution more telmoghly ,ind stresses that ambiguity

than 3 jasec and frequency to about one part in 1012 i possible. If resolutionm errors are lailurcs inm the sense that a gross error will occur
special techniques are used, theoretical computations indicate the po.- I htt is the aLuryLci of the %% ,teiln or techhnique is unaffected by
sibihty of maintaining epoch continuously to better than I psec.' .mlnbilgmity errors although th, ehiability lay bie crit cally dependent on

dalbliguly resiituioon
l)msselnmnstion of pre• ne linie thus inpliesa periodic proces or

INTRODUCTION proceLe mand aisociaited ability hir mieasureinent One such process is
tile plmiae ot tile electric vector ott a tw radio signal If the t rlnsmlmmons

DISCUSSION OF TIME are priiperly controlledndand it Irt(quiencle and propagatlon patlls are
suitablb clhosen, properly interpieled phalts nicasulremuents imay be siltd

Time is one of tile most teiiuious concepts employed by man for for precise timing Although tarrier phase muciauremnents will be

precise measurements One unique feature distinguishing time from amlbiguous by somne integral imiiltiple of tile •arrier period, the asok iited

other units is the conceptual impossibility of building and maintaining uncertainties Inal be resolved b1) olher methods3 or by additional

a self-sufficient permanent standard Hence, while nmost standards tan trinsmnisions at duli rent freMUllnces 4

be manufactured and stored without subsequent intercomparisons of
the quantities represented, clocks must be periodically interconnpared to
maintain precise time. Maintenance of precise time is as much a problem OMILGA FORMAT DISCUSSION

of techniques for time dissemination and adjustment as it is for a prob-
lem of construction of clocks. Omega i% a viit na1 igat ion sy'stlem schcdiulcd for global iinplcinien

The concept of time includes two major subdivisions -frequency tation in tile early 1)70's I tie ,,orldwide network will employ eight

and epoch. Frequency refers to the uniformity or periodicity of the fixed ground stations to provide continuous redundant coverage any-

time scale. epoch refers to time actual location or timing of periodic, where in tile world F.ach station will develop the radiated epoch from
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a bank of four cesitum frequenc) standards so that each station may be INTERRELATION OF NAViGATION AND) TIMING
considered an cqdivoalent source of precise tInie. Since hyperbolic
navigition require- signals front a minimuni of three %tatiolts, more Using a system such ais Omiegai. inavsigationill a undiing aire

informnation will be available thin required for time dissemtinat ion to a iinextricably Interrelated Thle itavigation fixing problent using t hree %ij*
known fixed location. Inrdeed, lthe four stationis flow operating p)rovilel, lions iiay be viewed as lihe rcduction of three navigation variates (signial-;)
global coverage for time dissemination although ioto for navigation, to deduce three unknowns - latitude, longitude, anid lttme, InI COMMse

The basic navigational frequency of Omnega is 10.2 kliz. Trans- tioital navigation lthe time determination is disregarded. However, little
mission-, of approximately l-secoitd duration are timec-shared by each is itecessarily determined and. indeed. thie ltiile determination fromt the
statioin wvithin a I 0.second commuttuationl pattern Navigation receivers restiltant lix p~osition to aity of thle three stat ions mtust he ideiitu I- d or
aire eqlulipped %%,fill It conmmuitator whtichi. wvhen properly set initit ally. calit esainple. the NI:L.C synchroni/ed Omiega ninoittor at Cape Pritnce of
separate the traitsltissioits from tilte various statiolts Phase tracking of Wales. Alaska. wvas being syncliioitmed by a Naval Observatory 11% iiig
the 10 2-kill trantsmtission fromt each selected station is performed with- clock' oit 272 100)1 August I19691 Thle itoititor positioni can be dediited
lit the receiver Typically. hyperbolic navigation is; employed so that the front tile actual Omiega phase iteasuremneits of Norway. llawaii. and
phase tracks are paired anid differenced in various ways to read out New York as.
fractional cycle differentce. Laite counters accumulate iittegral cycle
crossinigs. or. alterntatively. cycle count calt be itaiittaiited by anitota* 0'5 37.2N
tion oin continuously operatiitg strip-chiart recordters After thle .ipplica- 1 680 4 V'W
11011 of propagation corrections. two or more hyperbolic lines of Position
are plot ted oit speciailly prepared itavigation chart%. Initersectiont of the

LOPSI ous he ix.Norall. afixmaybe otaitedin nde 3 ttltuis. hisindicates a poisitiont error of 0 6 ilaulIual little at a hearing of 34
LOP's~~~~~~~~~ ~ ~ ~ ~ ~ ~ IoII iefx omly i ny bandftudr3mntero. degrees, The associated frac tional cycle epodi error of lthe 10ýat .LuIMI is

Sinice thle integral lane counit is mtaintalined rather thtin iteasured. apo- found to be a delaiy ofO 56 yLYLe Simuttltaneous observatory mecaisre*
lenti of tiane identification itay arise as a result of receiver malfunction, etidctd: rcinlL i lokdlyo.4 yiI(ILIMLitieet indicate, atto fractiona etc. Allockg dllae ofsluio 4p)roblem,,rc

psveldo oaicur, satind outage. c .l l llogiiae resolveuyote tiolts probls eas of 7 psec Note that ahlthough thle velocity of light is 6 pse" per itauti~al
seldmitoccr ad uualy cat b reolvd b oter iicas sch s dad itile, the fix error was 0.6 mitle while lthe timntig error was 7 psec It is

reckoning or indepenldeitt fix. I ranlsitstuisis at two additional frcquien ofteit erronteously assunted that lulling accuracy is; directly proportiontal
cies have been included so as to provide ai method luir lane Iden tifica tion to fixing accuracy . actually the fix error call be large Mulile lthe liitle
Omega is described uit detail inireference 29. error is; ,ero.

Fachl stationt thtus wvill t raiisittt three frequiencies on a little- IDistinlctioiis between Om)iega navigatloll and tiiiiiii aire itihls not
shtared basis every 10 seconds I'lie fredtueitcies~are 10.2. 11-113, aitd tuiiaritental but only variations lit applicatioin. For exaitiple. if t iite
13 0 MDI.. aity oite of wlii th ntay lie used for nasig.itI tiol or timitnig 01l %%ere precisely kniown. thtein i inavigaition fix couild be used to obtainii
tlie is,iilaible freqiientcies. 10.2 1,1l7 has the longest period and greatest mlore, preois postititn esntiii:t Coitversely, in the case of lttlle dhisselilla-

sp~ikintg betweeit LOP's aitd hente preseint-, tile leaist ptoblrnt froit thle tioit to a fixedl location1. the posit ion ordinariy woitld be kiiown precisely
v'iewpoint offpossible ntaviga tioital lane aitbiguity or tinting epoch amnbi- aind all aivailable signals could be used to refine thle tulle est iiiiite Al-
goily 10 2 K117 is also the best calibrated of the Oiitega frequencies though t here is not .1 fuiidaieneitail difference betweein naigatvgiioit aind

I lowever. I13.o hL I wvill generally htave tile best sigital-to-iioisc ratio aind Iniiinig atpplicatioin%. there are numiterouis pract icail siffeeictics A receiser
lthe greatest repeaitability. suitable for navigaition is not itecessarily stuiiatde for t imintg itor, indeed.

lit addition to thie three frequenteles tra11isiHit t front eaic sta. % .i rekeiver suitamble for t imintg iiecessarily suitable for inivigat ion.
lion pruimarily for nlavigat ion. two additional frctuitncies are beitng con- lurther. propa~gaition correctotis aiid accuracy estItates for rit.iiga tioul
sidered f~or inttrasysteiti conttrol traitsmissions of sy iic lroniatioil ittlonilti- are itot itecessainly applicaible for ltulle dissetinttitoil or for esttimtatiiig
liont. These two I reqtieiiies %kill bie uniqlue to each stat ion andi heimcu the ituacciriy of tivsseitiittted little It niakes ito betticr senlse to aitteiipt
they fiitly be recciis ed withloiit coitinttitatioil As preseitly ens isoited io estitmate practical t intingig.ituracy front praict ita.l nav'igaitIional ao-
these control t ranismtissions will be gecerated froiitftle samue (I iiiigI curacy thtan it does to at teitpt Ito estimlate probable uncertainties ill
equtipmientt used to develop thle inavigat iontal freq tInLieS They will loitgitude knowiitg probable uniLertainty in latitude but not tile pre-
rainge trout 12 ito 13 kiltiand] eatcht station will bet a.issgncd two fre- vaiiliiigphtysics or geometry Itowever. valid estunuates oftinting capai
tquencici 250 HI/ aipairt. c g.. Trinidad nigt giIt1.in1stiiit 12 0 andt 12 250) uility tin be mnaue front proper aipplicationl of knowledge of itavigational

kliz. Uinlike tile naiivgationtal treqtieneies. they wvill 1ot be assigited signal predictability, stability. fiull correlation.
specific segnment% but niay vary within a .,oninuiitaition Lycle for trans*
imissiont of synchironitiation Intformnatioit Ilowes er. during each couti-
Inttiation :ale ci.h transnt~ision Aill U11Ai oa.t least oite sognilkiti ACCURACY OF TIME DETERMINATION TECHNIQUES
and tlte control frequieincy divisible by 100 fit %% ill occur on tite seg-
iteilt intitediatel) following the navigational tranusmussions. Possible PULSE 1 CINIQUES
formtats are shown in reference 29, togethter with a more complete
systemt descriptionuts uigttiquhv enue ornai cr e

Omeg trnsmsstrlswil bealn~stidel %urcs o prcis tie hveignifiicailt advantages oiser phase technitqtue% emrplo) Iing muilttiple
Advantages include t reqtueitcies stince there is not amnbiguity probleml except thiat assoc mated

"* Nearly continuious operation of each station wt l eeiinrt.wi.1flyb otoldb ie% tn e'"e

" Eight stations located conveniently arotiid tlte world Pulse techniqtues lack precisioll comtured with phase coiiparison it.iura[

"* Systemu synehironwiatiout procedures so that eacht station oFrhr u~ ehijcmur cai~l odsga-oni

will be tontinuously hteld to agreed iitternational litte raios ecauise Onmegai trauusinititilt 1. aitteituas systems% hawu h i gh Q iand
"* 1xtircinu range from each stationi. providintg redundancy itarrow btaitdwidth on the ordler of Ai0 11. the enivelope of the trai~nlstt
"* Proecise control of transmitted signtals ted wave form will alpproxiimiate -rising exponential of the forit OfIi
"* Staubility of the propagation nuedium I xtk)Teeatilcwl edfeetoigttoh
k, Trausniussions of five related frequencies front each iiiax I-epk)Teeatspewlledifrtoigt tliI

titme tomtstaitts in tlie traritsiiitter. * A typical rise is sliu. ii Ilt ftguire I
sttinThe rise is except ioitaily show compared 1.) tost pulse transltis.

* Availability of propagalton correctiont% %toils

I lie primlary disadvantage is that repeated imeasuiremenets at various firc-
queiteies itay hue itecessary to iititially set or to periodically verify tilte
coarse epochi. However, the necessary infomntation is avauilable froiti the
tansmtitted carrier frequencies, ttle beat frequencies, arid the Lonmlntta- -

tl~utterit *atnier uws a mvre gectirat fmint slating that the ruse is along sin espotientlal . urse
tionpattril itioe orl lrs%' of tile form tclii h~ma5 (I - MIN (tefrfncice 5)
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TABLE 1. RESULTS OP LEiA[)EDGE EXPERIMENTS.

Intercept Cycles
Lead-Edge of 10 2 k~li With Uncertainty
Date/Tinie Respect to Reference Coefficient Signal
Nov 1967 lPulsw q. Cycles Widthl, CID

03100Z-12.87 2.70.43

062245 -15.70 0.65 0.12
unimarked -16.03 0.80 0 12
032245 -16.75 0.47 0.20
022330 -16.94 0.58 0.21
131925 -17.97 1.43 0.22
211900 I -15.59 0.72 0.20

Figure 1. lljiku leading edge as recuewd at NIELC

A pulse inherently will be distorted by (dispersive elfetts) of thle is the value of the I distribution for approximately 12 degrees of
propagation medium through which it is transmitted. I hie resulting shaipe freedom and confidence limits desired Approximately 70 percent
at a remote receiver is sin general coniple\ (a good discussion is given Iin of the intercept should be within ±q while 95 percent should be with-
Stratton. ref. 6). Usually, it is neeessasr% to define the point onl the lead Iin ±2q. Thus, the miedian value of q (approximately 71 uisec) should
edge at which measurements are to be performed aind to spc4.fy hlow the approximate thie standard deviation of the intercept values (approxr-
measurements are to he interpreted before the propagation delay tail be inately 157 psec). The disagreement can be explained by thle 'widthi of
specified. Although little theoretical or c\periniental work has been the trace used in the first determination The record apparently was
done on lthe absolute predictability o1 tile Omnega lead edge. spec.ulations overexposed ýo that the indicated value was shifted slightly D~isregarding
are that the prediction problem will not be severe, owing to thle limit1ed thle first determination yields a median valuie of q of about 67 psec while
frequency Counpoltents, present In tht-~ transmmtnted Signal Further. thle lthe staindard dleviation of the intercept is reduced to 90 Pasec Although
timing capability is not Intended as a precise method and henice relatively the agreement is suifficiently close considering the various uncertainties,
crude pred-ctions canl be employed. If lthe portion of the lead edge ac- it is interesting to speculate on tlte improvement which might be possible
tually meaisured cain be Coinsidered to have an effective velocity between using better instrumentation The uncertainty coefficient reflects pri-
the group velocity and tile velocity of light, then the total range Iin thle manly variations onl the photographs and scaling errors and linearirationl
prediction unicertaint y wvould be onij about 100 pscc over typicail paths Iin the anamlysis 'q' is thus most sensitive to expserimnental technique while

No umnusuial instrummentation problems should be encountered it) thle standard deviation of tile various intercepts insst incluide itot only
making absolute ltime meaisurements with the leaid edge. The most se. experimtental errors but also daily variations in propagation. If this inter-
vere probleim is. the poorosgnal-to-noise ratio. which canl be overcome by pretation is correct, then the primary errors Iin thlt determinations musst
photographic integration Dl~elys imay be e~pected iii the antemnna be experimental rathter than propagational.
coupler andi receiver hut these cail be determined from anailysis ol the One trailing edge was also investigated Trailing edge measure-
circsuits employed and shouldl remin~n stable to lthe accuracy requiredl nuemts nominally offer the advantage of better signal-to-noise ratio Ilow-
Alternatively. .i simiple circuit canl be sonstructesl to simiulate lthe Oniegai ever. sicaling difficulties were a suibstantial source of error andl the very
pulse and lthe receiving system call lie calibrated directly low %lope possible onl thle scope display led to anl intercepi uncertainty of

VIf pulse timing has been insestigated miost recently by lDePrins I13t0 psei. More elaborate instruimnental techiniquies should lead to sub-
wt fosind au precision oii the order of l1t) pecc for a St)0-kin paithi to stantmial imiprovemient in accuracy

GBR and .m 200.pusec precision ol .i 3000-kin path to NBA Siiiilar e.- rile Omiega pulses thus offer a means of imiitg to a precision of
permuents .it NE LC have corroborated t his increae Iin pres isioii Msien the about 100 pscc, using only crude instruimental techniques. It seems
lower portion of the e\ponentiail rise i% observaible I lie e\perunent "s1.i likely that imProved Instrumuentation andi ainalysis will yield higher pie-
restricted to nieasu retilenits o1 tilie I10)2-1,111 sigiiil from I l.kiku as received c.ision
at NE LC I lie es periiemitail airramngemnent included .m rectemser to obtain an
tunlimited rf wimthin .i relat isely broaid baindvwdtti of ,ifpr[o\iiii tel1y 100 Ilit PHlASE TECHINIQUES
1 Ins bandsvidthI was t hat ol t lie available rekei er aind svilH liame somue etI-
feet onl the observed rise ,lines F ight-mimmnuite photographic In tegraition Thie accur.) y of epoch estimates determinedt from carrier phase
\% as used oms a nioriial oscilloscope disptluv Iin whichi triggeraig ussais ioni- mecasuiremenrts depends upon thle accuracy of thle predic tions for thle
plished froiii aprecision clock drisems by .u csitum lresucntN stanmdatir A nominal long-term average phase expected as well as tile temporal sta-
reference pulse wvas superimposed I ligh gaimn \s .msiusedf so that onINlithe bility of the muediummi The errors may be described isa blias andi a stant-
start of the I10 2-1,1I1 pulse was observes It "sas thleu .issuimied that thle dard deslat ionl which ..ombune to yield a typical rms timing uncertainty
voltage-tiiie relationship \%as tinicr for thle first 2 to 3 niwLe andti Ilinear Ilovseser. thet rilt timing uncertainty is m..,ginmzed to have two separate
regression .inalysis was tomuduited to estiiiiate thle starting lttne [flie coispoiients [le Wias error will not contribute to errors iii determining
anaIN Nis t reaited time as the dlepenident s .ruiable so) thit swtiutsiic l e'spres- IreuIlnens andi hence onily the standard deviation is oh imnportance
sions for the untert.iuit\ oh thie ordinate imuiertclipt .ould be used ISes en I pothI errors. how ever, will dIirectI> reflect biases III predlict ion. epoch
lead-edges uscrc analy /ed I tie results are sumniniuaied iii table I tont idence kannot be ilupros ed beyond Insulations; imiposed by predlic -

I \so oltuntim" are of spe iail initeles I lie -llutersept' columums lionl blias
Indicates tilie .mc ui'l .lu %'1 of(le lttiie deteniinlaiton I ro(iiu cauc Iiphoto- Suite modern Omlegai operat ion began in1 I 916. oser I million
graph .us koupared %%liltI a superimposed rtecrence pulse f roint . (wilcrail hours oht phase neassureiuentý s uresttly aplct cto cstuimat ing tile tiiming
Radio LI lo I I uiiit cstu~ls 98 ;A%- I I lie I-eod iif co %iiio PetJ i kit .uk inac ot Omlega liase been obtaim,ed 1 lie datai Is ise been aquiuured
interest us thle 'Iuu en ,iuis ( octlv wislln q I .h Iiit iingestinwiiit ins li priunaruls at mtonitoraing sites .ussociated wsithi ecih t rinauuutter I lie unovis
Ing its aIssoiN.ile icut out den5 c luuilit% u\ eus5,I I' tilts Iii is r5 e t 'Ahk rkt~n t t10rs confIUktinuusl rcs snr tile pha .e dufIerens e betwee snuh %1111S Ncised
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from various remote Omega transmitters and the local transmitter Sine Similar data occasionally have been recorded at NELC In Sain

the propagation from the local transmitter to the associated monitoring D)iego when the flying clock data have been available to relate the lo•,al
site is predictable,

* 
the local transmitter signal can be viewed as stable epoh to that of the Omega systei'. Other direct comparisons are .idil-

synchronized injection to the monitor receiver Hence, Omega trans- able a%' a result of flying clocks between the U.S. Naval Observatory ,and

mitting station monitors may be viewed as timing receivers Additional various Omega stations.
9

data have been acquired from propagation experiments at Wales, Alaska, Figures 2A and 2B exemplify a typical comparison between a

where a receiver using specially designed injection calibration from a long-path phase measurement and prediction. Observed phase differences

cesium standard was operated for over I year.
28 

The true epoch of the normally are made hourly with time constants appropriate for navigation.

local reference was related to the Omega system epoch by repeated 'flying Thei data are flagged to indicate measurements possibly affected by
clock' calibration.

OBSERVED PHASE DIFFERENCE (CENTICYCLES) 10.2 KHZ WALES# ALASKA *C- MAY 69
GMT

DATE 1 2 3 4 5 6 7 8 9 to It 12 13 14 15 16 17 18 19 20 21 22 23 24
N N N N N 0 0 0 0 N AV SO

I MAY 69 67 63 60 57 56 55 55 0 0.0 0.0
9 MAY 69 55 57 61 68 75 88 96 02 10 1L 13 13 12 56 55 52 53 5 11.8 1.2
10 MAY 69 54 51 61 67 74 89 01 04 09 09 tO 15 11 08 94 68 67 63 60 58 55 54 54 53 5 10.8 2.2
11 MAY 69 55 58 6Z 65 72 86 O0 tO 09 09 Il 17 14 11 98 66 68 65 60 57 55 54 54 54 5 13.2 3.6
12 MAY 69 55 54 59 64 70 86 96 07 10 12 13 11 09 03 87 65 66 63 60 57 54 53 52 5 11.0 1.4
13 MAY 69 53 55 57 61 69 78 92 97 05 09 tO to 08 98 87 57 P6O P57 P55 P55 P54 P53 P52 P52 5 8.6 1.5
14 MAY 69 P53 P54 P57 P61 P68 POO P90 P96 P99 P04 Pit P It PLO P04 P90 P68 P65 P62 P59 P56 P53 P52 P52 PSI 0 0.0 0.0
15 P'AY 69 P51 P55 P59 P63 P71 P86 P92 P92 P04. 07 06 02 02 91 88 61 61 56 53 52 49 49 46 51 4 4.2 2.3
16 MAY 69 52 54 51 61 S68 S82 88 97 02 03 05 06 05 58 52 53 50 51 53 5 4.2 1.5
17 MAY 69 52 54 56 59 66 82 91 97 05 10 14 12 11 06 85 63 63 59 55 S43 S1 52 52 52 5 10.4 3.0
18 MAY 69 53 46 $45 55 64 79 88 94 03 07 it 00 04 94 S82 S62 S63 5S3 S56 51 S5t S50 53 53 5 6.6 2.9
19 MAY &9 52 55 58 03 67 77 91 96 01 04 08 07 06 01 Sa2 60 59 58 15 51 47 47 50 S51 5 5.2 2.5
20 MAY 69 S45 50 St 53 59 73 84 94 01 03 03 03 03 98 82 66 S65 60 59 $48 53 53 S49 50 5 2.6 0.8
21M AY 69 50 48 56 56 63 77 86 90 00 05 07 06 01 94 82 61 S62 59 55 52 49 47 46 47 5 3.8 2.8
22 MAY 69 48 47 53 58 57 7Z 87 94 O 09 11 10 07 98 84 58 62 60 558 S39 4.9 50 50 51 5 7.6 3.6
23 MAY 69 53 54 57 61 66 76 92 01 06 13 15 13 09 99 79 63 63 59 56 54 53 53 52 51 5 11.2 3.2
24 MAY 69 53 56 59 63 69 S8 89 97 03 07 SO? 38 08 01 84 65 60 62 58 55 53 53 52 54 5 6.5 1.9
25 MAY 69 52 52 55 58 63 76 87 93 01 03 09 12 09 03 84 62 561 S57 54 52 S41 47 47 49 5 6.8 4.1
26 MAY 69 50 49 54 58 64 74 81 91 01 06 11 11 09 00 83 64 66 63 57 56 54 53 51 52 5 7.6 3.8
27 MAY 69 S44 53 57 62 67 77 89 98 05 07 08 15 14 04 88 62 64 62 60 58 56 55 54 55 5 9.8 4.0
28 MAY 69 56 58 61 64 6q 81 96 04 08 09 09 09 509 99 S83 65 63 61 59 58 54 48 53 51 5 8.7 0.4
29 MAY 69 47 55 58 63 61 77 89 02 09 12 15 1I 09 03 586 68 68 63 62 S36 52 51 53 53 5 11.2 2.2
30 MAY 69 51 53 56 60 0l 77 85 98 09 12 13 12 07 99 64 64 64 60 59 55 54 52 53 52 5 10.6 2.2
31 NAY 69 54 56 58 62 70 78 93 01 06 09 It 14 13 05 86 64 66 62 51) S39 52 534 46 53 5 10.6 2.9

GMr

1 2 3 4 5 6 7 8 9 10 It 12 13 14 15 16 17 18 19 20 21 22 23 24
N N N N N 0 0 0 0

19 21 20 21 20 19 21 2i 21 22 21 22 21 20 16 19 15 18 19 16 18 20 21 21
52.4 53.4 57.3 61.0 66.6 79.1 90.8 98.4 5.0 8.0 10.4 10.2 8.t 1.0 85.9 63.J 64.4 61.Z 58.0 54.9 52.8 51.6 51.3 52.1
3.2 3.4 3.7 3.7 4.5 4.6 4.6 5.1 3.4 3.0 3.4 3.7 3.5 A.3 4.2 2.4 2.4 3.1 Z.f 6.7 3.6 4.5 2.7 1.8

SWC
3 0 -Z -5 -8 -24 -45 -54 -54 -54 -54 -54 -54 -54 -48 -10 -T -4 -1 1 3 4 4 3
3 1 -2 -4 -7 -18 -39 -51 -54 -54 -54 -54 -54 -47 -23 -8 -5 -2 0 2 4 5 5 4

RMS5

5.2 5.6 5.4 4.0 4.3 3.6 8.9 L2.7 8.4 5.6 4.2 4.5 5.7 7.2 7.7 4.8 2.2 2.8 2.6 8.4 4.4 5.4 3.? 3.3

Figiii 2A

OBSCRVED PHASE DIFFERENCE (CVCLES) 10.2 KIHZ WALFS, ALASKA -C- MAY 69
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SID's (S) and PCA's (P). The last eight rows (under GMT, SWC, and FREQUENCY ESTIMATION TECHNIQUES

RMS) are, respectively,,Greenwich mean time (I• 0100Z, etc.); flags
indicating day or night periods (i.e., when the propagation path is com- As described previously. frequency estimates are best obtained

pletely sunlit or dark); number of observations (less SID's and PCA's); by making a regression of phase on time using periodic measurements of

averages (less SID's and PCA's); standard deviation (including SID's but estimated epoci. error. Usually. long-term estimates arm desihed, in which

excluding PCA's); two semimonthly sky wave corrections; and the rms case the time interval over which the regression is conducted is long with

value of the observed phase error with respect to prediction. Statistics respect to the inherent autocorrelation period of the medium. In any

are summarized in table 2, which contains a representative sampling of case, the frequency is obtained from

the quality of data to be expected, and indicates a sample standard devi-
ation of about 3.8 psec over 24 hours. n

Short paths also may be used for timing under certain conditions. 12 '01 - 6(n + I)) O
Prediction is extraordinarily difficult at short ranges where various propa- ' i (I)
gation modes may be interfering. At certain distances, however, the re- f=

sultant phase may be stable. If the nominal phase value can be determined Tn(n2 - I)

either by direct calibration or by deduction using other propagation
paths, the path can then be used for epoch measurement. An example where 0i = phase estimate at the ith interval in cycles

is the observation of Omega New York at the U.S. Naval Observatory.
Although the recorded value is about 40 psec from anticipated, the meas- T = period between measurements in seconds
urement is stable.1,t° 1

n = number of phase ineasurements

as previously given and derived in reference 2. If the epoch estimates
are made sufficiently far apart that they are uncorrelated, then the
accuracy of the frequency estimate obtained from equation (I) is derived
in reference 2 as

S°ra=t (2)
of n~~

when oai s the standard devition of epoch measurements in seconds

TABLE 2. SUMMARY O1" MEASUREMENTS.

Monitor Time Night Transition Day 24 Hours

f Site Period XMTR LOP N* RMS o N RMS o N RMS o N RMS o

Rome, Jun
New York 69 Trinidad 121) 165 268 4.34 2 38 149 5.60 2.42 285 3.63 255 702 4.37 2,46

N Aug
"69 Norway 181.696 502 7.66 377 130 7.56 2.73 632 764 3.58

SWales,
- Alaska May

69 109 5.81 3.45 30') 642 4.10 87 4.28 3.32 505 599 3.84
Ilawan 16858 -86

Oct
69 1 1 341 335 3 17 154 1506 1054 241 7.37 6.07 736 8.39 6.32

10 2 kllz I ec 5.83 3.03 6.81 371
_ _ ~ Medin j -~ LE 3.6S,,e~ao 5. 1 3.0 I 16.7 .

NELC.
San Diego, Dec
California 69 Trinidad 279.089 80 6.03 3.98 101 8.99 408 24 7.41 1.21 205 7.80 3.82

Pyramid
SRock, May
, Hawaii 69 Norway 362.385 - 574 8 75 4.43 83 8.48 476 657 8.72 4.47

Rome. Oct
New York 69 IHawaii 351.895 217 901 5.47 365 7 62 746 148 5.18 5.07 730 7 641 648

Wales. Oct
Alaska 69 New York 264 234 246 9.36 7.84 301 971 10.65 182 064 9.19 729 958 942

'Number of samples Average I7[c F5 h
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If the phase measurements are accurate to I pscc. anl accuracy of AMBIGUITY RESOLUTION PROBIABILITIES
one part in 1oll can be obtained after 2 days while a precision of 101 I2
is obtained after about 10 days and 10,13 is obtained in 2 months A Ambiguity or epoch resoluition does not have intrinsict assuiracy
plot of the anticipated precision in frequency as a function of the obser- sLhairaseristics but instead mjust be Lonsidered onl a probability basis I lie
vation period is given in reference 2 (rig. 2). relevant quiantity is the probaibility thit a Lertain epoch (3.4. 1 133 MlI/

Equation (2) applies only when the variations lin the epoch esti- etL.) canl be correctly identified within another larger but possibly anibigli.
mates are not atitocorrelated For example, seasonal changes in propaga- ous epoch interval. For cwtiuple. a use~r with only the three simple carrier
tion at X02 k~liz, if not corrected with appropriate propagation predict- signals wouid need sonic additional informatton iii order to resolve tile
ions, canl yield ant apparent frequency error of 2 X 10*12.* Obviously any ambiguity of the 1. 133 epoch Beccause such information from oilier
seasonal phase changes not removed properly by predictions will be COITelated Omega frequencies, pulse ltestlitnieus, satellite updates, eli. . iiost likely
over long perioidsa.nd will introduce frequency error Similarly if the will be j.vailable. this sciUtin vs lilt sonsentrate onl thle resolution protta-
observations times were chosen improperly and significant diurnal bility for the 3.4 kIlz.
changes were occurring. largc frequency errors could be introduced. SuLli resolution, of toursi.. will depend directly on thle abillit to

Phase stability quoted in lthe previous section. 3.8 psec, may be predist the Larrier phase delay %at the various monitor site% Assuming
uised with equtation (2) to calculate the accuraisy of frequency estimates that predistioti sap~ibtlity is soiistaintly improving andi that result-, tront
dcrived from a single daily Omega epoch measurement whlere the observa- past opiration will bc applis~ibl, to the future. %t. maiy Lotisider somec

tion time has been selcted at random. Table 3 gives results for relevant statistisal stusdies tindertaksuj to investigate; li.ii rssolutionl tIrobabihtitis
frequency staibilities. These studies arc summnarized in refereiices I 3t, 14. andi IS, which presenti

rvsults based on thousands ol hours of phlase data taken at Omlega fre-
TABLI: 3. ACC'URACY OF FýREQUJENCY ESTINIATLI) FROM quensics ait severail sites arouiid lthe globe. Although the rViuder niay ton-

REPE1ATED OMIEGA EPOCH NIMEASUREMIENTS stil lthe reference% to assess tile sigiiifisn.iie of lthe statistiss% to ths tdtat
(RANDOMI Ol1SHIIVATlON TIME). tinder consideration. tile ioveraill impression is tliat laine rvsohitton is

possible tiiider all l[till a few types of serious piropagat ion Lsviiilit ois.

rrequiinL) SItibilily Observation Duration, days spanned nutablyl. PCA iand S11) onsets .iid large diiirn,l transitions I lie abiljit it)
maintatin the d ifferetuse freit ucus y eposli unider disturbed kni~ltdlions

10.11 6 depenid% not oiily upon the behiav'ior oif tilie ionosphere. butl tl~o upoiin lite

10' 12 26 ability (it differeii reiceiver lihiiiiels to respond siiiil.trly atnd of recorded
tracks to indicate tilie %jintu little oii all frequencies Sonice ol the liiie re-

10*.1 3 133 ~solution fiiluirs toutid tin tile .ioreiiien tioiicd vi udzes possibly resulted
fromi idata. being takent onl dill cretit re~etvers andi resorders. wh is Iila

Were the obsers.t ion time fav'oraibly chosen. techluitques emiployed to is compbl sdungridhaehnerhghowtldton
elimiiiiate aiioiiiialoui data or to initroduce reduiiuldaiis would improve tile Ivei'i ii lm ita itgirst m vlit iwd ~ue
anticipated I reqeneticy stabilit) Note t hat ftixed predhictioii or instliunieiita' 1(lycieiaiii resp-onse d tphadtiOmga up eii iiterat iitibient iiiwise iiide oei

tion errors do tiot introduce errors iii frequency tyisity resin S deheva ingii iuayprodune sgraiinit'i~itly di1111 feIndit il

D~irect compaisions betw-su irequhency nucasuremnitts by flyig behisior d" urin largeiatOion tsma whidch hastigneti uosvi to fcvcsd

clock atid Irequentic estimates obtauined from long %ii pjaths have also bhvo uiglrePAosl h~iht.bclkok 1 xck

been miade by K~ugel using the spesiitlued kase of tile Otiiega mnterstation I ck sIC Of ckurruer phase in ai 4%%v minutes I his user likel vsill lie m.ii,~u

paths. "Since iueasuretuuents are maide at both ends ud these 'recipr(sal' oit distutlaiucs ".is they occur anud will tiot ssorr) aibout a1ppartnlt laiuis

paths. calibration tit reciprocal propatgationi plietioiiteua is possible Thus, lossi at hose tines I lowes r vs tioiit sumsk iddi~tional vs aoinlg veri i-

the epoch errors are (if igher qiiahty than iioriiiallv vsmild be ex peeled to korruiboraic le texssistenice tii ai d usturbantic. thie sight ol aill Larruer

D~iscrepancices betweein fretpiveny estimates tismuig a i1(tl*d regression aini pa s Iri. ks niovinug dowuiss.1ls Sumuu~ltiieouusl 11iig1it lead tilie usr I0

- ~~~~short-termi 12-3 day) meaisuremieiit% by flyiiig clock v\%ere less thaii one 'Aispec I lit\ equipment. aiid stome auddit ionail lies ks oiildt hk .lati:d ill

part titi 1012 filue discrepantises aire believed dute Piuitaiilly to uiitertainlues the inioitlor is oi i the sunlit tivle of lthe eairth. all paths .rk prirtiall kuilitl

lii thle sliort-terini ueiurmit i ex perimental oiiiplikitions raither andh woild recit it) a disturb ians 'I lie dilI, rixit ci lit th rcj~lun l ion lsilii-

Itiantilte raltho determiiiiatioii gitishes s lock failure front ati SIDI. as somne tuailis vskill lie at fec ted more

Although ou little interest at a tiiiing site lit konlttiuotus operaiti~ii. thiati others
techniques also a's .usailable to iiiake shtort-term lirequietus estimaite% such It possible epoch loss Jliring disltrbaintes san he av oided, or if

as might be nctdt,o i% ain em~niegisy resultiiig Ifroni gross iialttuiiclills lii least resongiced . there still rcemiains thle problem oit predis tionti crors

this case. nuairiiisare niade tiler ai diirat ion short vs itil respect to during undisturbed timei I % iicniutly. if thle 10 2 1,1I1 arrit r phiase s.m-

thle alt tcorrelat tou period of the propagat ion intiidttiii As showni in not lie tired is ted to wit hini 5t0 ss. thle korret. I 10 2 laicl satutilut hc i. stat-

reference 2, we iiiight expect to ble aible tot obtain f requieticy est imtates bl0ised However. such datai vs oiild not be of use lor fiiie cptos I et inia-
acurtetoaou oe ar Oit 0)li nit 2 inii tusin a prpaaion lion bui could still lie used to resolve tile A4 epoch Pirovided thle 13 6.-

aecuir te ti abot oitepart n I i IS to20 usng prpagkiliIs Iihiai has a suitmilairly gross Predict ion error 0 .io of I le smine sigii
path stable to I pwive Wright nmade direct nueashireniiieiit using Oimega Loing patti mieasuiremients bettw cci the Omegaz stationi% ili~idiae t hat lteIs
signals received lii Austin, Texas. to deduc~e tile ass iracy of shuort-termu directioii. if not tile tmagnitnude (if prediction error bias teiids to be
velocity estittiates i2 Although Wright's interest \%it lii deihucing thle similar oti all freiqiencies. Possihule excepitioins are poirr pathis. which only
velocity atid lie imade ito iientioni it the ac utracy lint frequieiicy estinia recenitly have received the attention thley, warrantit -9- aiid equatoiaol
tion. the two are equivalent. since piropagatioin in general 20.21

Note that there are: two separate anid distinct nueed, for vposLh
V =(m (3) resolution at a timiiiig site - inittiluaition atid verification. When first

testabilshed. tilie timinttg site ititist deteriiine crude epoch For examiple-.

where A0 is phase change iii cycles this' initiail epoch determninat itn itt thle 3.44.1,11 t 294 jisec) period fronti
10 2. atid 13 6bkhhz iiasitreiiients must rely onl propagatioin preclictioll,

is waveleiugth however, thle iiiitial nieasureiientut can be tiaide over se'veratl propat, -tioti
X i waelegthpaths dhirinug stable periods so .ts to mnuittttie !Ihe effects of predictiotn

errors Since the probability ofa.n epoch c'ror iii a daytime mieasure
atid t is time sepairationticbtweeii ltim rvatt oiis titetit over a single path is less thini I W.I. lt.-~ probabiluitty ot oblutiniiig tile

Since Wright obtatined 0 2 knot during the daiy aiii (15 kniot at night for samtie epiochi error over wievrail pathivtinder stabls' conditions should K~

a I 5-mnitutte observation -,pan, the utbsersed phase cliaiges titlst have vanishinugly smiall. Otice tile eposh has beeni set initittally, soulittiiluvis

been 0 35 aiid 091 ceitticycle, i e . 0 3 and 0 7 uses., respectiv~ely TIe maueet a emd nian ciulpei ndfeet l oiv if
torcq~ndi fequncyestmat% ie tus ccuateto bou S 1' 1 0 rTherefore, subsequent epoch %vrilications need not 1,e' degraidedt1 i

D~irect measuremetits thus show' a better capajbility lbr short-term fre. a 24-timr cpabdictity fror% beptici vitise attitor freistabishuitctis I titakitisu,
quency mieasuiremient thitn tindicated in reference 2a 1-urLpbltfoepc rittonrrclbilnn % til f
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the probkazbulty the i trestmewoluldib n nearly a ge.sin edd ao wiher rgesso sphaeduepohat hnd waiin theriodsibtwerval chadI
dlmfsfeone masremetril smfl va7ue. would tehaiqe yi'eldedcthve rseond in mn

me2zpritsbigepoyd astoe betestimae. Byi dorexmaninploe.i apc agree-kz cph phaskka ie epoehent time In tof thei pat time it-ra
carent whae rdeh rbblt of 0 rci niaepd, reshoudluionksne no .4kzba thoi
wilmeafored unde, r 67 rginaexacodtions If wce the pcul esrobabiity of ccc = phase corcto apledrn tt + Interva
thinrrte bepoc resotimtwon is vatstly reducd Dasrin the dayst peisd pos-
thbe to. reduc t the probmablty wofl core naly.-o136i r g esolutione a hre = fraequepcy rad iatend ove theth interval

fromt 0w9 o098wie reducin the probability of epc eouin ince orrctoideti

wlbefreunemagnlcniin.Hwvrtieprobability of erro ca beas fute reduced.lidduig il nera
Sinrrctepc thesoluionis resoluto reducedit Duing te priariy, toth high posto-4 tae htteeoc hteitd ttm a

pripagation padceths. probabiltyn on cporrcth02t.I resolution usI;esrmet lob th frequenracy rhadite oveI rdud byh iterval ucydfii
fon differto fre98enhiles oedifredngth pathsawilit gencoralyresut idntai- cbtente oa lc-lsphs hfe .irhntu.4~ h
eicessive nuombe 13tof faiu5. 1howeven, flther pasreemeat srqirem],nts no =etet r ntervale Thlfqengt dferneihgvnb

ifresaidult pferredctin berrorstaer removed. teacrc nIcreaino ~ ~+6tt
the c leaureent coveroltwon searaepalths migh be adequariyte or teon- qai )saesta ieeohta eitda iet a

torn aiong o p haset erfica ution s Ifth dioarsen fepoh s ndiatdas querstione svrc tcnlicre by cestrir ti, tandard Iore eic In serted trom perfict efereancd
able. athen epatsoc trpig nth resolution usin misurements ovraomlsptsoa be over i tu ilatc pntes,ýkl~. rd~db lt rq~i)df
maldifee nt Oth rwie.u ~ the epoc wud eiffrnpah wied bytenusrall adjustmei nt c i ):wcltl udJ ikilipaesilrsmidii.Ai h
nxcessireinumber If aisroeures roeduesi the npnabe ofmeasureme'nts no ele.1 negare tie 01th e esiaefeln requek ifrncsgvencby ol .o
requireadwie toajstilliyielding a r s ctaknt numbrin faofreblael peiodndpe-cciutin'srttineva
(lent ua obs e diations efrrorsae personnelda. n the a c lcurcan coelations must=ft+ f

cgiethe poasu iblen implicationseopa large pahdisgrt e aequaen in r epohei- fmateetntdbyalatsursegsioofpsentm.
mtiune. olvrfcto fIlecas oc sidia da usin hr If no adutmentanward frei ung y made e fo r o th pnerfect frequ rency

ablev.itc ore retard dependingn onsreet overlu comio offtht call poitv ore till 1ituv
made.s Otewie liee estimat terld b veife is coiute froml phaejhitetaduentnt

mesrmaentennc ot propedrtiie re quires ph u br oed ire suby whichthe ituls 6to r emo tve of l ielaeuu estium ei. festur . ieregressio oline wil
repquire o hlte local yildc ingb a djs tediica tos numbe r sfreain elw it \t'rii a sre post nsg t h fse tdtle idi on0 h w
dceent observations Of oi~ A p erestoinl', makrbing tletlc ultin iigqipmust tru i Sad i ocinet h

6l'tmaylie stiatedby leat suare rere wilt rfpaeut in some.
mile.If noadjusmentwas I-ing ade of corihetn req encty

or~~~~~~~~~~~~~~~~~~~a~ reoer eirtutte tutemInit otl~C r igcmlstlis liiI isar despending toi re wh Iserhro itdhis ofisen wabyiie rngtv
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our ieferne~i georretio equ ipomenta pa Inpt cattl 1K fti n oili % tru I is e iged it) uerpisnoe !tiat% tero cud I 1 tiven ( Iby itra
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0 t mvarries inversely with noise and directly with oscillator stabil- S, pointer. W., Contract N00OO24.67C-l4I6;OMEtGA Teclinrest Note 17.
TholopftiImuimitndd ~ ' lna t'toiioro For Standard Time adFeucybOMEGA. December

iy, as exece Th ltoomin'o sitne o niaetelna 196 .9
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TIME DISSEMINATION CAPABILITIES OF THE OMEGA SYSTEM'9

Lowell Fey
Time and Frequency Division
National Bureau of Standards

Boulder, Colorado 80302

Summarv

The Omega VLF navigation system affords an need to record and time all of their communication
opportunity to disseminate time synchronization rignals traffic. Another use is when laige amounts of test data
which could serve two classes of users: those who need are recorded and later the results correlated in time
precise timing and those who need time-of-day informa- among a number of locations. Sometimes this requires
tion in the form of a time code. This paper discusses both coarse and fine timing such as for missile and
p.ecise timing us- in ternis of carrier pulse timing, satellite tracking.
n.ultiple frequency techniques for carrier cycle ambi-
guity resolution, and Omega system capabilities in the For these uses it is not sufficient just to have
microsecond region. For use where unattended auto- special timing marks to identify the beginning of longer
matic timing is needed, a time code giving second, time subdivisions such as WWV's double seconds ticks
nuizute, hour, and day number information could serve which identify occurrence of the beginning of a minute.
a variety of needs. These are described along with It is necessary to provide additional information to tell
ch'Aracteristics and constraints of such a code imposed which minute is beginning.
by the existing navigation format. The paper concludes
with desirable receiver characteristics and develop- Serial Time Code
ment requirements for these two timing uses.

A special tin," code which can meet this need and is
Key Words: Multipla frequency timing; Omega applicable to Omega is the serial time code.

time code; precise time re.-eiver; precise timing; time Such a code can give the necessary timing information,
code receivers; VLF timing. repeating and updating it at a fixed rate appropriate to

the timing requirements. The most well-known
examples of such codes are the so-called IRIG codes.
IRIG stands for Inter-Range Instrumentation Group,It is aevays difficult to find out who timing consisting of representatives from various missile

customers are and what they reilly need. But, if they ranges and tracking stations. This group has devw ped
need precise timing, this implies that they are already and standardized a number of codes suitable for ditfer-
working in a rather sophisticated technological area. ent timing purposes. 2 All IRIG codes use pulse width
They probably have some high quality equipment or encoding in binary form to convey timing information.
money to buy it; they have made some effort to hyearn They are transmitted either as a d-c signal level shiftabout possible solutions to their problems; and they tend or as amplitude modulation of a carrier. The mostto know when to ask nelp of either or both of the time well-known examples use ;"iary coded decimal form
dissemination agencies in this country: The U. S. Naval and are not difficult to re', by eye. An example, IRIG
Observatory or the National Bureau of Standards. No II, is shown in Fig. 1. It has a frame length of I min-
present system, WWV-WWVH, WWVB included, hai, the ute with I pulse per second index markers. Wide index
worldwide, contin,,ius availability time code potential pulses represent a binary one and narrow pulses a binary
of the Omega s-- m. Some problems exist in adapting zero. In addition, extra wide pulses are used as position
a time code to ,jmega's existing format, but these can identifiers to help identify the elements of the code within
be overcome, the code Crame. Since the frame is 1 minute long the

code only gives time to the nearest minute. The time toAn Omega Time Code which the code refers is the beginning of the code frame.

On the other hand, we know of the . xistence of a
number of requirements lor low acz:uracy timing which When such a time code is recorded on a separate
needs not only seconds but also minutes, hours, days, track along with data on magnetic tape it greatly sim-
and perhaps years, and which is available continuously plifies the recovery of data. If one wishes to examine
and automatically. - The users for this se-"ice are data for a specific time it is possible to locate this time
harder to identify because timing, though esbential, is with a device called a tape sesrch unit. If a particular
not such a central part of their problem. This type of type of phenomenon needs to be examined, a computer
use generally is to time the occurrenc., of events which unit, in con unction with a tape search unit, can identify
are recorded on permanent media such as strip charts all events of a given class on a tape. Then these events
or magnetic tape. Often the events occur at rando-i can be reexamined in detail at low speed if desired.
times--for instance, seismic activ.ty and other geo-
physical phenomena. Sometimes comm,n-i atton centers

SContribution of tne National Bureau of Stan~iards,
not subje< t to (opyright.
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If the time code is recorded directly on a strip a time code broadcast. Now we see that as a starting
chart recording along with other phenomena, the code point in designing such a code, we have twelve 10-second
can be decoded by eye with a little practice. An example Omega frames to construct a time code frame 2 nanutes
might b-- i recording of phase difference between two long. Each 10-second frame has 5 out of 8 consecutive
oscillators. A time code could be added at the edge of approximately 1-second segments available. The first
the recording using an event marker giving time refer- of these has been reserved for receiver synchronization
ence. purposes and will therecare transmit this same frequency

"every frame. Tlis leaves 4 segments, appropriately the
It is also possible to use time code decoders, or right number to transmit one decimal digit in binary form.

readers, to convert the code ýo an on-line digital time Z-f the 12 time code 10-second frames in the 2 minute
display when desired. Such a display will update the tih.e code frame, the first needs to be used to idctify
time reading once for each received time code frame-- the beginning of the time code frame and distinguish it
that is, once per minute in the examples cited of IRIG. from the 3-minute conmmunication frame. The remaining
Or, it can be provided with its own tityie base which is 11 frames are available to provide a time code. A
synchronized by means of the time code, but may be straightfor xard form of this code then is: minutes,
updated more often according to requirements. 2 frames; hours, 2 frames; days, 3 frames; and years,

2 fram-s; leaving 2 frames unspecified. This format is
The type of time code just discussed is the result showr in Fig. 3. This time code format would seem to

of designing the code around a given kind of timing need. provide the information needed by the anticipatcd usero.
It may be generated and decoded using conventional
digital logic circuit techniques. It is well suited for It would not be necessary for all 8 Omega trans-
transmission over hard wire or high signal-to-noise mitters to transmit a time code for worldwide r-ception.
radio circuits, These codes are now generally available Eight Omega stations are planned because a navigatur
on missile ranges and other extensive operations must be able to receive at le.,st 3 stations simultaneously
requiring timing. IRIG H will also become available on to determine his position. A time user need only receite
a 100 liz AM subcarrier of the NBS 1lF stations, WWV one station to determine time. The number and location
and WWVH, starting July 1, 1971.3 A somewhat similar of transmitters needed to provide sufficient coverage for
though non-standard type of time code has been available a time code are uncertain, but perhaps 3 would be
from the NBS uO kHz station, WWVB. Coverage of all adequate. If only I station is so equipped the North
these services is limited to small regions of the world Dakota station would provide very good coverage of tl,c
and is interrupted due to changing radio propagation United States.
conditions.

Before discussing receiving techniques, the subject
We feel that a uniform world-wide 24-hour a day of time scales and the relation of an Omega time scale

time code service could be provided which would benefit to existing tinie scales lhould be nmentioned. Beginning
a much larger group of users than now tan receive tinm January 1, 1972 all tiint and frequency broadcasts in
codes broadcast by NBS. The Omega k 1,F navigation countries supporting tht International Telecommun-ta-
system, presently being niad" operational by the U. !. tions Union will changt from the present uffst t frtquency
Navy and which will ultimately have eight transmitters to exact atonic frequteny and the rc sulting atomic tinic
located throughout the world, has the notential to meet bale will be coordinated inernationally bl the Inter-
these requirements. Therefore, we are explorin4 the n.,tional Bureau of Time located in Paris. It %All get
possibilities for sharing a time code broadcast from out of step with earth time (UTCI at the rate of about
Omega along wvith its navigation service broadcast. Such I second per year. To prevent this, I-second 'steps'
a code cannot be one of sonic six IRIG -odes because of will be made in the new atomic time scale so that this
the constraints imposed by the existing Omega format, scalo will never depart from UTC by more than about
which is shown in Fig. 2. To be noted here is that the 0.7 second. Since the steps are I second and the itual
navigation frequencies, 10.2, 03.6, and 11.3 kliz are time signals are I-seýond ticks, these steps merely
broadcast on three consecutive time segments in turn amount to relabeling the ticks %hich are broadcast.
"from each Omega transmitter. This is shown by dotted This relabeling of seconds would not interfere with
crosshatching in Fig. 2. (The vertical crosshatching in systems requiring timing which e, crate with a I-second
this figure indicates the basic unique frequency trans- basic period. The Omega transmission format,
mission slot for each station.) Each Omega time frame however, h,.s a 10 second basic period; to remain in
is 10 seconds long and contains 8 segments, thus each step with the UTC system, its format would have to
segment occupies 1.25 seconds on the average. In shift by 1,1!0 the basic period every time a I-second
practice the segments are of slightly unequal length and step tuoh pla,, . Thin. Aould contribute nothing to the
are sel.arated by 0.2 second when transmission occurs. navigation use; on the other hand it would most cer-
We see that there are 5 unused segments (including tainly jeopardize its performance. Theitfort, thf
unique frequency slots) which are available in turn trom Onuga navigation foriiat will operate on a purc ato,ii
each transmitter. These segments have been reserved scale wý,Lh no step and this will necessarily 'it true of
for interstation data exchange. The method used will be any tint scale it disscminatc,. The Oii,, ga Navigation
Frequency Shift Keying (FSKJ using a different pair of System is already in limited oupiation anti thrrt foot
unique frequencies at each station. Since there are 8 has its own time scale now operating on th offstt frt -
stations this makes 16 unique frequencies in all. A pair quency. Changirg to 4tom : fr-equenc) onr anuary I,
from a given station will be separated by 250 liz. Most 1'"72 will be disruptive -..nough for the system without
of these frequencies will be between 12 and 13 khiz. The also r, setting signal phases to conform to tht it a intt r -

Srequired data exchange rate 's sufficiently low that the iiatiotnul time scale. Thus, the ticks fron, this kalh
Omega Planning Office and NBS have tentatively agreeýd and those of the Onria atomic time scah will not coiln-
that 2 minutes out of every 5 wi!l be made available t,.r cide. This fact will not particularly affect the uieful-

ness of an Omega time code broadcast since user, will
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not be concerned with differences of less than a second After relating a zero crossover of the 250 Hz to
anyway. Precise timing users, however, will need to a carrier cycle by the procedure just described, the
know the constant difference between the two scales. next step in reducing ambiguities would be to relate the

approximately 1-second Omega segment time markers

Precise Timing Uses to a cycle of the 250 Hz. This must be done by deter-
mining the time of arrival of these segment pulses to

The Omega system can be used simultaneously for better than half the period of 250 Hz, that is 2 ms. Work
precise time dissemination and time code dissemina- at NBS and NELC indicates that this may be done.
tion. The multiple frequency techniquc for precise
time recovery, essentially the same as that for •iavi- Identification of the time of occurrence in seconds
gational use, has been discussed extensively5' , but and mhiutes, etc., of Omega segment pulses may be niade
will be mentioned again briefly, with the aid of some other source of coarse timing such

as WWV time announcements, or it could be made from

For this use, it is necessary to determine the an Omega time code. In that case Omega would provide

phases of two or more received frequencies. The fre- a self-contained worldwide timing capability offering a

quencies have beer, arranged so that by taking diff- range of timing from coarse to precise.

erences between them, lower and lower derived
frequencies can be obtained and their phases also Receivers

determined. These lower frequencies then constitute
timing signals with wider and wider ambiguity spacing. To make such a tim~ng system usable, much
If time fluctuation of the phase of a given (lower) fre- development of a Omega time code receiver must take
quency is smaller than half the period of a higher place. A receiver capable of giving both precise tirning
frequency, a given cycle of the higher frequency can and of decoding the time code could consist of a number
be identified with a zero crossover of the lower fre- of modules. The precise timing portion must be capable

quency. This method can be employed to proceed of phase locking to the several carrier frequencies
step by step from an easily identified lower frequency which are employed. Its ci-cuits must be phase stable
such as the Omega approximately 1-second segments and a method must be provi ed to relate the phases of
all the way to the carrier frequency. In this way a the incoming signals to the local time scale. Probably
time dissemination system with timing stability cor- the most promising way of doing thij is by a calibration

responding to the phase stability of the carrier may be technique whereby replicas of the in~oming signals are
obtained, typically a few microseconds from day to clay generated from the local clock and then injected into the
for Omega. If propagation delay can also be deter- receiver front end or antenna. The receiver then
mined, then the system could have an accuracy as well becomes a comparison or null detecting device and
as a stability of a few microseconds. Portable clocks precise knowledge of its phase shifts are unnecessary.
provide this possibility for such propagation delay
"measurement. Theoretical delay preidictions may also For determining the time of arrival of the carrier
be used, with lower timing accuracy. pulses with sufficient accuracy to identify a period of

250 Hiz, some pulse averaging is necessary if conditions
The number of cyc.le identification steps nec- are noisy. This could be done by photographic integra-

essary to identity a carrier .ycle in skuh a systen, a, tion or signal processing. Another way of solving this
to first order, determined by the ni,. nitude of the problem, described by Baltzer, 8 consist- of first
carrier phase fluctuations%. As treto•n.y tfifferences loering the difference frequency from /50 11z. to 50 lIz
are taken to get lower frequenctes. the magnitude of by looking for simultaneous zero crossing of the two
the phase fluctuations, exprebst d ii trattions of a uniquc frequencies and one of the navigation frequencies.
period, are preserved. This reduction in ambiguity by a factor of five relaxes

the pulse timing accuracy requirement from 2 micro-
We saw that the difference frequency fluctuations seconds to 10 microseconds.

must be less than half the period of the higher fre-
quency for cycle identification. Thus, if day-to-day For using the time code, the receiver must be
averages for carrier fluctuations are 1/20 of a half capable of recognizing the presence or absence of
period, (about 2.5 microseconds is typical of Omega) signils during each of the 4 timt code segments which
a step with a ratio of a lower to higher frequency of occur during an Omega 10-second frame. Since signals
20 may be used. from different Omega stations can be separated by as

little as 50 lIz, the filtering problem may be severe.
Since the Omega format is already fixed, only Once the signals are obtained from the two nique fre-

certain frequency ratios are possible. The 250 Hlz quencies they may b( rt corded directly on tape or strip
separation of the unique frequencies is the lowest diart along &ith data Ium phenonmcna being studied. Or,
direct difference obtainable. With this frequem y a if a time display is dt .ir d the logic problem uf dlecwding
ratio of 40.8 is required to get to the carrier Ire- theni is as straightf.r%,ard as %itl, any conventiunal tinte
quency of 10.2 ktiz in one step. This single step code decoder. W( btlie,: these .arious deveiopments
would probably suffice for carrier cycle identification are ne,'dedi rioreovt i, tl, y are %elil ,itlhn the prt sent
over low fluctiation paths such as Hlawaii to Boulder. state of technologv and c .t ivad to the imost ne,.rly
Where two steps are required, the Omega (ormat universal timint, -eceiver yet Y,roduced.
permits the ratios of 13.6 and 3, or 5.33 and 7.75, to
identify carrier cycles of 10.2 kliz. rh, additionai
navigation frequencies of 13.6 kliz or II 1/3 kilz
would be used in this case.
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Conclusions
J•IIII C*.lhO * ~~I@.ae I1I IS ISIV II - • II. ~QISC ,iI

In summary, this paper proposes an opportunity 8 :... ,,. ....
for using the Omega VLF navigation system for both
low and high accuracy time users. Implementation for ,r c~., ' ,ico- . . . .
time of day needs is suggested by means of an NBS- , ,
Omega time code (minutes, hours, days, and years) ,,
compatible with the existing Omega format. Precise
timing is available through the multiple frequency tech-
nique for carrier cycle ambiguity resolution. The-, , .
advantages of Omega timing are attractive, and if / ., - , ,-
receiver and developmental techniques can be resolved, "
many timing requirements can be met throughout the L..... [ r"" "
world. .- , . ,'< ,
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USE OF LORAN-C OVER LAND
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Summary
Loran-C was designed as an over-the-sea radio-

The accuracy of radio timing systems depend upcn navigation system, and the deployment of the Loran-C
being able to predict the time delay for a signal to chains was arranged so that their principal service
propagate between a transmitter (where the time is areas were always seaward. The Loran-C system
known) and a receiver (where the timing information is involves pulsed 100 kHz transmissions in which a
needed). The precision of these systems depends on specific cycle within the pulse is identified. The band-
the repeatibility or stability of the systems, which width of the system (nominally 20 kHz) is great enough
includes, of course, the stability of the propagation so that the pulse rise time is Aufficiently fast to
medium. isolate the part of the signal propagating by ground

wave from the parts of the signal propagated via the
Tic Loran C navigation system is known for its ionosphere. For precise position determination it is

capability to pr vide high precision for both navigation only necessary to calculate the phase delay of the very
and timing. This results from the high stability of low stable ground wave transmitted 100 kHz signals from
frequency signals propagating along the ground, and the various transmitters in the chain to the rereiver.
because the ground wave part of the Loran C signals If we can use a homogeneous, smooth sphere to
can be temporally separated from the more variable represent the earth the delays are readily determined
and less predictable sky wave part. by calculatiig the phase velocity, including the dif-

fraction corrections, for waves propagating "along a
Correction factors are rcddily calculated to improve geodetic of a spherical surface having a speciried con-

accuracy where the path is smooth and homogeneous djLtivity and dielectric constant. Since a smooth
(over sea water, for example). However, new measure- homogeneous sphere model is a good characterization
ments, made to assess errors in accuracy over irregu- of the earth for paths over sea water, Loran has work-
lar and/or inhomogeneons terrain have led to new and ed successfully for man,/ years and has provided very
interesting results that must be taken into account accurate positioning in the designated service areas.
when the Loran C system is used for timing accuracy
when the propagation paths involved are over rough In recnt years, Loran-C has turned la,,dward.
terrain. In particular the installation of the station at Dana,

Ind. (together with the transmitters at Cape Fear,
1) The 100 KHz ground wave signals are slowed by N. C. , and Jupiter Inlet, Fla.) now permits coverage

the rough terrain. To take this effect into account for southeastern USA, and a 4 station chain provides
would require an additional correction to the phase coverage over land areas in Southeast Asia. The
velocity equivalent in magnitude to the secondary phase propagation paths are often over mountainous iegions
correction factor calculated for smooth homogeneous with variable conductivity. The question arises, then,
land paths. what happens to Loran accuracy when the waves propa-

gate over irregular and inhomogeneous terrain' Our
2) Measurements of the leading edge of the Loran- laboratory, under the auspices of the U.S.A.F., is

C pulse, which represents the pulse energy trans- trying to answer this question.
mitted by ground wave, show a phase modulation which
is highly dependent on local terrain features. Thus, To bring the results of our current tests into per-
phase errors of several tenths of a microsecond can spective it is useful to review some of the basic
occur depending on which cycle of the pulse is "smooth earth" results. The smooth caitit diffraction
referenced. corrections are shown in Fig. 1. These curves were

calculated by Johler, I' ellar and Walters 2 , (also see
3) In mountainous terrain, the amplitude of the Johler ar . Berry 2) and represent the difference

signal can vary by as much as 15 decibels w s receiver betgeen the an tual phase that would be measured at a
locations are changed by a few as iles, wdile the phre ei gbven distance and the phase that would have been
discrepancy (the difference between observed and pre- measured if the %%ave has traversed the pati, at tiwe
dieted values of phase) can vary by up to a micro- speed of light (in a niedium with refractive index
second from site to site. tj - 1.000,050 to 1.000,250). The curves are pars.

rnetric in earth conductivity. Generally speaking the
higher the conductivity, the smaller the cornection.
The characteristic behavior at qhort distances results
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from near field effects, but once beyond a couple of the results of some calculations by Johler and Berry2

hundred kilometers from the transmitter the rate of for the case of a 2 km high Gaussian shaped ridge. The
change of phase is very nearly a linear function of assumed earth conductivity is . 005 mhos/meter, and
distance and can be characterized by the slope of the the results in Fig. 4 show the effect of the ridge
curve in units of :xsec/km. At low conductivities, normalized to the values that would have been calclilat-
however, there is a "turn around" in the curves. This ed for a smooth earth with the same conductivit 7 . The
feature is better portrayed in Fig. 2, where the slopes top of the hill is located 160 km from the tra.smitter.
of the curves in Fig. 2 are shown as a function of In the vicinity of the hill relatively large changes in
earth conductivity. Conductivity is shown on the both phase and amplitude occur. At a considerable
abscissa and ircreases to the left. The slope in- distance from the hill, however, the fields do not
creases with der:reasing conductivity, reaching a quite recover and return to the values they would have
maximum for a conductivity of about 0. 001 mhos/meter. had in the absence of the ridge.
For lower conductivities the slope again decreases.
The physical reason for this is that at low con- Figure 5 is an artist's visualization of how these
ductivities the earth begins to react to the waves lik,ý. effects would impact on Loran navigation accuracy.
a dielectric sphere, rather than as a conducting sphere, The black lines are the lines of position that would be
and the behavior of the waves changes accordingly. laid down over a smooi' homogeneous earth. The
Note that the maximum value is about 0. 0065 gs/km. white lines portray what might be expected in the
For a smooth earth with .005 inhos/meter conductivity presence of irregular and inhomogeneous terrain. In
the slope is approximately 0. 0042 pLs/km. Thus, the mountains a considerable amount of "warp" is
referenced to a . 005 mhos/meter smooth homogeneous generated by the effect of the terrain on the signals.
earth, the maximum difference in slope should not Far from the mountains, the black and white lines do
exceed 0. 0023 pis/km, (or 2. 3 gs in 1000 kin). not quite coincide because the wave fields never return

to their original, unperturbed values. Also shon is a
Figure 3 shows some of the same information that geologic fault. Calculations show that inhomogeneities

appeared in Fig. I, but it is plotted against a linear in earth conductivity cause perturbations quite similar
scale to better highlight the line-ar dependence of to those created by terrain irregularities. Since
phase correction on distance. Also shown is the terrain irregularities and conductivity inhoinogeneitics
dependence of the nhase correction on lapse rate, the usually occur together it is hard to experimentally
rate of change of refractive index with height. The separate out the effects of one from the other.
lapse late can be accounted for in the calculations
through the incorporation of an "effective earth'b Under the auspices of the USAF the Institute for
radius". The curves for a = 0.75 correspond to the Telecommunication Sciences of the O'Yice of Tele-
well known effective 4/3 earth radius, while the communications, undertook experiments to test these
curves for a = I correspond to a zero lapse rate. effects. They were undertaken in two stages. The
Thus changes in weather can change the secondary first stage was designed to evaluate the long range
phase correction factors. The effect is small, how- effects, and the second stage, still in progress, was
ever, (amounting to at mosst only a few tenths of a to examine the local effects. For the first stage a
microsecond at reasonable distances even under C-131 aircraft was equipped with a specially modified
extreme weather changes). For .005 mhos/meter NIRN-85 navigation set which permitted the comparison
earth, for example, the slope changes from . C042 of the phase of the 100 kHz signal received from a
pis/krn for Ce = 0.75 to .0049 ps/km for a = 1. Thu,,, given transmitter with the phase of a 100 kHz signal
even though the effect is small, extreme weather aboard the aircraft that was derived from a rubidium
variations could account for a variation of about 20 standard. In addition, the aircraft was equipped with
percent to 25 percent in the slope of correction factor a mapping quality aerial camera so that the actual
curve. (In the data that follows the correlation of position of the aircraft could be determined accurately.
chanpes of slope with weather changes has not been Figure 6 shows the three flight profiles flown during
investigated.) the tests. All profiles were repeated several times,

usually at a height of 7000 it above sea level. The
When the 100 kHz ground wave signal propagate in E-W path over N, Carolina-Tennessee and the N-S

irregular terrain, the phase and amplitude of the path over Pennsylvania were along geodetic lines inter-
signals can be significantly perturbed, particularly in secting the transmitting station at Cape Fear, N. C.
the vicinity of the terrain feature. Figure 4 portrays The E-W path over W. Virginia-Maryland %%as along
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a geodetic intersecting the station at Dana, Id. that we first we-t to each site. We shall use the

numbers to identify the sites in the figures that follow.
Figures 7, 8, and 9 show typical results from the Note that the altitude in the area varies from about

flights. The abscissa in each case shows the distance 2200 ft to about 6800 ft above sea level and that the
from the referenced transmitter (Cape Fear for the maximum horizontal distance involved is only about
N. Carolina -Tennessee and the Pennsylvania flight Z 5 km.
profiles, Dana for the Maryland-W. Virginia flight
profile). The uppermost curve shows the terrain alti- Figure II shows the tracing of the front end of the
tude along the geodetic under the flight profile. The Loran pulse produced by the timing receiver. The
straight line in the middle curve corresponds to the short horizontal section indicates the position of the
specified geodetic and the line that wanders about it "sampling point", i.e. , the zero crossing in the pulse
shows the actual flight plan. The p!ans for the experi- locked onto by the receiver to provide a phase refer-

iment included a requirement that the aircraft stay ence. The receiver also has an amplitude strobe
within 1/4 mile of the specified flight profile, but it which occurs 1/4 cycle prior to the sampling point.
was only rarely that we succeeded in achieving this The chart on which the pulse was drawn is driven by a
gnal. In most flights, the airplane was sometimes inverter but one second time ticks derived from the
more than a mile from tbe designated path so that it receiver "00 kHz were recorded on'the chart and usad
was not possible to correlate small scale variations to insure that the chart speed was constant.
on the data with identifiable land features. The lower-
most curve in each figure shows the phase change, When the zero crossings (both positive going and
normalized to the smooth homogeneous earth model negative going) of these tracings were scaled and plotted
values for an earth with 0. 005 mhos/nieter conductivity. on a chart with a common scale, we were surprised to
The slope for t' - smooth earth case is 4.18 tSs/ find that the length of the first 3 cycles of the pulse
Megameter (a Megameter equals 1000 kin). The slopes varied from site to site. Figures 12, 13, and 1.1 show
observed for the N. Carolina-Tennessee, Pe:ansylvanma, the results for the three signals from Cape Fear, Dana,
and the Maryland-W. Virginia flights, obtained by and Jupiter. The vertical bars indicate the position
least squares fit, are in excess of this by .. 61 gs/Mm, of the zero crossings. The scales were reormalized to
4. 21 gs/Mm, and 4. 53 4s/Mm, respectively. These be equivalent to 30 tis for the longest trace. The results
values far exceed the values that could be predicted for were sorted longest on top, shortest on bottom, so that
any value of earth conductivity using smooth earth the trend appears clearly. Note that the order of the
theory. Thus, it appears that the rough terrain does site numbers differ between figures. Thus, the effect
indeed slow the waves. Of course, these data were is different at a given site for each of the three signals
taken at an altitude of 7000 ft above sea level. There and cannot be simply related to characteristics of tie
"is some indication in the data that there is an altitude sites alone. This phase modulation on the pulses is
eifect, but nevertheless, the effect is real and un- undoubtedly due to radio energy that is scattered by
doubtedly accounts for much of the time difference the rough terrain which interferes with the signals that
discrepancy observed in Loran lines of position in come directly from the transmitter.
inland service areas.

This interpretation becomes more credible if we
To examine local terrain effects we chose an look at the amplitude and phase characteristics of the

extremely rugged area of the Appalachian range. The signals. Ft-ures 15 and 16 show the amplitude and
area is near Asheville, N. C. and includes Mt. phase of the Dana signals as a function of site position.
MitchL.l, the highest point in eastern U.S. A. The Here the sites are ordering in sequence according te
instrumentation originally on the C -131 is now aboard their distance from the Dana transmitter, but normal-

a an Air Force helicopter and we will intensively cover ized so that the closest site is set to zero. In Fig. P;~
a relatively small area in order to map the scale and the open circles connected by tne light lines show the
magnitude of the local anomolies In support of this variation in amplitude. There is an excursion o,
effort, .%e made ground-based measurements using almost 30 (lB in signal strength at different sites with-
Loran timing receivers with a cesium standard for in a distance interval over which smooth earth theory
a reference, would predict less than I dB change. Tile squares

connected by heavy lines indicate the elevation of th,
Figure 10 shows the area in which the ground- various sites. There appears to be a correlation

based data were taken. The black dots identify the between amplitude and elevation, and statistid al
15 locations used. These are numbered in the order evaludtion indicat. s that for these 15 data points the

173

1*



correlation is significant. References

Figure 16 shows the variation in phase difference 1. Johler, J. R., W. ,1. Kellar, and 1L. (. Walters,

from site to site. The quantity (6 phase) plotted is (1956), Phase of the low radio freqtieicy
related to the, difference between observed phase %nd ground wave, NBS Circular 573 (U1. S. (4ovel1-
the phase predicted on the basis of snuooth earth theory mett Printing 01)fice, 1, ashington, 1. C 2,.i12).
%a ith 0. 005 rehos/nicter conductivity. It differs from
observed less predicted phase by an arbitrary constant 2. Johler, 1. R. , and I . A. Berry (19(7), Loran-1)
?so thati lie v, riatirn in A phase from site to site is of plase corrections over iiihomogeiieous,

significance here. Note that a phase varies by as irregular terrain, ESSA Tech. Rept. IER ;r'-
nim •h as 3 lis over relatively sinall im reinental II SA 56 (LT. S. Government Printing Office,
dibtance. Contrary to the amplitude results, this \.,.shington, I). C. 20402).
variation is i)t significantly correlated %% ith elevation.

Ilhese data indicate that without prp'per calibration

the phase of the l~oran signals proepagatinig over land
caii differ from predicted values by i, few niic rosecondh,

and tl'at the dlist repancy can be attributed to rough and/
(Or inhomnogeneous terrain. The discrepancies can be
separated into those attributible to long range propa-
gation effects, and those' ascribable to local effects.
The former (an readily be corrected through simphl
but bystematic area calibration. The latter is more
dliffi( ult. But the phase and amplitude variations

sho% n in the last two figures can h1 vii ed from the
point of vie%% of holography, jo that %% i1 adequate data

the tave-fronts can be rvt onst ructed and the source of

scatter in, located. With this information we should be

able to predict propagation effects nim It more accurate -

ly than we can now, and hopefully provide time via Loran
with microsecond, or subnicrosecond, accuracy.
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ONE-WAY TIME DISSEMINATION FROM LOW ALTITUDE SATELLITES

L. J. Rueger
The Johns Hopkins University

Applied Physics Laboratory
Silver Spring, Maryland

Summary. programs have provided this type of time
signals: ANNA, GEOS, DODGE, TIMATIGN, AND

Geodetic and navigation satellites oper- TRANSIT. Of these, all are in the category
ate in coordinate and time systems that per- of low altitude (<1000 n. mi. mean alti-
mit accurate dissemination of time to any tude) except DODGE which is slightly below
number of ground based sites. Time Recovery synchronous altitudes. Each system provides
from these satellites requires the calibra- time signals from the precisioa oscillt. or
tion of the satellite time scale, the cali- that are used to modulate the RF carriers.
"bration of the passive ground based receiver
systems and the calculation of the propaga- The geometry of this system is shown
tion time for the signals to travel from in Figure 1. In order to synchronize times
the satellite to the rece.vers. This paper t , t 2 , and frequencies f,, f2 at two
will discuss technology and capability for ground sites via signals received from the
time synchronization to simultaneously spacecraft's time system t3 , f3 , it is
observed events, and for precision time essential to know the positions of Site 1,
dissemination from an orbiting clock to Site 2 and the spacecraft. The distances
any passive receiving site on the globe. Site =t-to-Satellite

Introduction (XI -X3 )' +(y, -y,)T +( I z -z ).
Introduction Site 72-to-Satellitoe

The use of radio signals to disseminate '(x,-x )" 4 (y2-ya)' +(z,-z,)
time dates back to 1905 when the Navy must be known quantities to account for the
initiated time broadcasts to calibrate propagation time from the spacecralt to
chronometers in ships. Since that time, each Site. In the case of fixed sites and
various radio links have been provided geodetic or navigational satellites, thes-
from terrestrial stations lor both mlli- dlistances are a part of the information
tary and civilian services. As the accuracy av'ilable from either the survey or navi-
of these time signals available at the gatioii ce.T.putat.ons performed in the normal
transmitting stations improved, the errors use cf the satellite.
associated with the propagation medium
became the dominate error fo:r paths in Obviously, a specific event in the
excess of several hundred miles. Catellite that can be observed at both

oite I and Site 2 is the most direct
The advent of artificial satellites process lor- synchrotnl-dng sites 1 and 2.

with active transmitters opened new tech- For satellites at 600 n. mi. altitudes
nology to reduce propagation errors, by above the earth, this mode of operation
permitting line-of-sight propagation on applies for sites separated by less than
very high frequency links.' The properties 3500 it. mi.
of the propagation medium using the
satellite-to-ground radio link contribute. At greater separations of ground sites,
less than 1 microsecond to the measured the satellite is not simnultaneously visible
error.a Other error sources, such as un- and therefore events obtervable at eachcertainties in tihe signal path lengths, SILO must be related to che tim•e system

station locations, and bandwidth/power carried in the satellh) s 3 observed by a
relations become the dominant effects. !ixed station on the ground. Relativistic

shifts of the time base ill tlhe spacecraft
In this paper, I will discuss how are very small if the orbits are circular.

these effects are handled and how stations
beyond simultaneous line-of-sight to a The computation of the radio path olength
single satellite can be synchronized in is complicated bucause the spacecraft post-
time - up to any global separation. tLion is best described as simpl,. Kepler

motion in inertial space while the posti,%.:-:,
Sytem Configuration of the receiving sitos are best descr~bed

in earth-fixed coordinates rotating in
The systems to be considered are a inertial space. Foi tunately, these distance

family of low altitude satellites which are determined in the navigation and geode-
provide one-way time dissemination to tic survey calculations and are readily
passive receiving stations by carrying available for time delay corrections.
precision clocks. Several satellite
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Epoch Markers for signals to travel from the satellite
to the point in the instrumentation where

Each satellite time system provides an the measurement is macwe. The timing signals
unambiguous event every few minutes to re- are transmitted at the sa .llite in synchro-
solve timing ambiguities associated with nism with UTC. Every user must determine
the high frequency modulations needed for the propagation time from the satellite
precise time rcsolution. For example, the through his receiving equipment. The cali-
TRANSIT program generates a coarse time bration ground station *s put in step with
signal every 2 minutes, and a high resolu- UTC by Naval Observatory time transfers for
tion time signal every 10 milliseconds. The epoch setting and is maintained in step by
high resolution signal is a phase modula- monitoring of a Naval Observatory controlled
tion with a 90% rise time of 1 microsecond. reference radio signal.
All time signals including thle RF carriers
are derived from the same stable reference In order to time synchronize globally-
oscillator. remote stations, each station must have a

clock or time system capable of holding
The Transit system requires a self-con- below an allowable error over the interval

sistent time and frequency but there are between opportunities to get calibrated
operational advantages to relating this satellite signals. For low-altitude, polar
time system to other global timing systems, satellites, global coverage is possible
namely, UTC. Fc- the functional self- every 12 hours from a single satellite. How-
consistency needs of the present doppler ever, with 5 satellites the typical interval
navigation program, the time must be main- is two hours. The remote site call reduce
taWned to better than 2 milliseconds through- Lite probable time synchronization errors by
out tile system. The g-odetic work, which using multiple observations. The multiple
supports and establishes the geodetic re- observatiop:s can be made in several ways,
ference structure to the navigation system, for example; several times during a single
can justify time being maintained to better pass of the satellite, or from successive
than 200 microseconds. passes from various satellites or from

successive passes from the same satellite
Now that you understand these basic but using a long span of time. The syste-

scientific and operational program require- matic errors and biases vary with each of
ments, I want to show you thle timing pro- these observational methods.
vided in the NAVSAT Program.

"'able I is a list of factors that
The time base or clock rate is generated must be taken into account in effecting

in the satellite by an integer division of a tý...e transler Irom one terrestrial station
the primary oscillator frequency. Normali- to another via low altitude satellites. The
zation te UTC time is accomplished by de- most significant factor in the satellite
lotion of 10 microsecond steps in the clock in.trumentation is the drilt in the reference
rate to compensate for the predicted crystal oscillator that drives the satellite clock-
oscillator aging determined by prior measure- ing system. The must elfort required for
ments. The deletion of 10 microsecond steps each time transfer computation is the deter-
is controlled from the ground by observing mrination of the propagation path delay that
the accumulation of clock error and program- goes %ith each epoch measurement. In gee-
ming a pattern of 10 microsecond adjustments detic and navigation satellite programs,
to occur throughout the clay to steer the these computations can be made with great
clock error to zero This pattern is do- precision. The most significant factor in
termined an(l reset once per day in each the receiver performance is calibration of
satellite. tile receiver delays and minimization of" ~signal .jitter due to noise.

In Figure 2 is shown the epoch error
relative to UTC as measured for the constel- In geodetic and navigation satellite
lation of 5 satellites for January, February programs, the transmitter power has been so
1971. The error is rarely greater than low that narrow band phase-lecked receivers
50 asee. The satellites of the present have been required to obtain reliable signal
design could be held to about 10 atec. reception. This factor has dictated rela-
error by changes in tle prediction and tively low modulation frequencies and con.-
conte"il procedures used to operate the s.quently limited the epoch resolution in
system. tile receiving ins trumen tation.

Time Transfer Time Disseminating Satellites

The data shown in Figure 3 indicates Design choices that were made in some of
the error for time transfers for two the low altitude satellite programs shall
widely separated passive stations using now be identified.
non-directional antennas. The err,,r is
made up of ground equipment error, satellite Tile ANNA satellite was part of a pro-
clock error in 107 minutes and computed gram to evaluate simultaneously several
propagation delay error. Tile calibration nakigatiun techniques: rangte rate doppler,
of the satellite time scale to UTC re- microwave transponder ranging, and optical
quires (a) the measurement of signals re- angle tracking on a star background. The
ceive' at a ground station whose clocks ANNA satellite (1962-65) marker epochs
are in stop with UTC, and (b) computing were coherent with the RF carriers and no
or moasuring tile p:opagation time requi.red attempt was made to synchronize to UTC.



Epoch was identified by phase reversal of global basis now and will be available for
the square wave modulating function near some considerablf. time into the future, so
the end of the timing burst. Figure 4 I shall describe in more detail the system
shows time difference data taken from this characteristics and the instrumentation in-
satellite using high gain antennas. The volved in time transfer.
data is shown without and with correction
for slant range. The corrected data shows Orbit
a measurement resolution of about 100 micro-
sec. The satellites are in circular polar

orbits 600 n. miles above the earth. Nominal
Table I spacing of the orbit planes of 450 at the

Factors to be Included in Satellite equator requires 4 satellites in service.
Time Transfer Analysis Precession of the orbital planes with time

has changed this nominal spacing, and 5
:. Satellite Subsystem satellites have been put into service to

a) Epoch Marker Fq"•erator increase the availability of global access
*Reference Oscillator Drift for navigation.

Frequency and Time Translation
Circuits Configuration

Modulator Time Jitter
b) Transmitter Time Delay Stability. Figure 7 shows one of the present opera-

2. Radio Path and Satellite-to-User Geometry tional satellites. It is much smaller than
*a) Computation of Satellite Position vs. the others described, and can be launched on

Time in Earth Fixed Coordinates. one of the smallest launch vehicles. It
b) Determination of Receiver Position vs. weighs about 112 pounds deployed in orbit.

Time in Earth Fixed Coordinates. Power is provided by solar cells and re-
c) Corr ction for Ionospheric Refraction chargable storage batteries. Gravity stabi-

of the Radio Wave Propagation Path. lization permits the use of a directional
d) Correction for Tropospheric Refraction circularly polarized antenna.

of the Radio Wave Propagation Path.
3. Terrestrial Receiving Subsystems Block Diagrnm

*a- Calibration of Receiver Delays.
b) Jitter in Signal from Noise. Figure 8 is a block diagram of the
c) Resolution Uncertainty in Epoch satellite. An oven controllc•, 5th overtone

Decision Logic. crystal oscillator drives a multiplier chain
d) Dynamic Signal Tracking Bias. to provide coherently related RF carriers
e) Clock Comparison Circuit Error. at 150 and 400 Mllh. The same source is
f) Station Clock Drift. divided down to provide timing signals at

*Most significant. even two minute marks.

The GEOS satellite (Figure 5) was part Orbital Data
of a NASA-sponsored geodetic program and The RF carriers are modulated with
still provides timing signals for synchro- digitally encoded data describing the
nization of remote tracking stations. You orbital path od the satellite bns a functhon
can see the same types of systems as carried of time. This data is provided from groutd
on the ANNA; doppler, microwave transponder, support facilities and transmitted to the
flashing lights and laser reflectors. Tim- satellite memory storage for use as it pro-ing was provided by phaseceeds in its orbit. The same ground faci-carriers, as shown in Figure 6. The epoch lities recover the satellite transmitted
is recovered by detection of the sudden signals and measure the doppler shift, the
phase reversal of the modulation. oscillator frequency and satellite epoch.

This data is used to predict the futureiThe GEOS time system has a time nc~fial!- orbital path of the satellite and to program

zation with a capability to hold 1 minute
epoch markers to within + 10 microseconds the satellite clock epoch.

of a prescribed system reoference. Timing The predicted orbital path is strongly
of remote stations to better than 50 micro-seconds of UTC has been achieved with this dependent on the earth's gravitational jield.

Over the last 10 years, c.'tensivo efforts
system. have bee.i made to measure this function by

The TIMATION satellite program is a observing satellites from fixed stations well

Navy-sponsored low altitude system using spaced around the globe.
ranging for navigation. The timing perfor- One of the important tasks related to
mance of this system is not available for•idissemination to this conferenIce, this set of fixed tracking stations is
docstation time synchronization to a common

The NAVSAT satellite program is a epoch.
Navy-sponsored operational navigation system Tracking Station Timing
that is used by submarines and ships in
providing all-weather global high accuracy Satellite time signals have been used
navigation fixes. As a secondary function to measure the epoch variations in the net-
each satellite transmits timing epochs which work station alocks. The RMS timing residuals
are normalized in scale and are calibrated to for all the stations in the network for April
UTC by a ground support network. This is an 1970 are shown in Figure 9. Only two of
operational system readily available on a these 330 and Ill have atomic quality
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reference stanc=ards, and the superb perfor- viding nearly atomic reference oscillator
mance of these stations is clearly seen. stability to orbiting crystal oscillators
This data differs from the early histograms and retaining the long service chardcteris-
shown because the station clock error is the tic of crystal oscillators
dominant effect seen here and all satellite
clock drift has been removed. When the day comes to orbit atomic

standards, this device provides the vernier
Timing Receiver frequency adjustment to set the time to any

convenient system rate and to normalize out
The operators in one of these stations the differences between standards of the

built a special purpose receiver primarily same generic design.
for recovering time signals from the NAVSAT
satellites and ignoring the usual doppler For the immediate future, this design
data needed for navigation. This instrument makes possible time transmissions with
can provide the raw data for epoch setting better than 1 nanosecond epoch settability.
a remote station clock, but must have propa-
gation path lengths provided from an outside References
source. Figure 10 identifies the engineering
design parameters. These units are commer- 1. TG-459, "Precision Time and Frequency
cially available from a small private company. Applications in the TRANSIT and ANNA

Satellite Programs", L.J. Rueger,
Orbiting Oscillator Stability Dec. 1962, APL/JHU Technical Document.

o2. TG-1086, "Global Timing Systems of Nano-
The stabi'ity of the"oscillator in one second Accuracy Using Satollite Referenced'

of the orbiting NAVSAT satellites is shown E. F. Osborne, Oct. 1969, APL/JIIU
in Figure 11. It changed frequency by about Technical Document.
1 x 10-9 in 100 days servic2. The long term 3. "Proceedings from Precise Time and Time
drift rate is about 1 part in 1011 per day. Interval Strategic Planning Meeting",
The short tern (several seconds) stability Naval Observatory Dec 1970 Vol. 1.
"is also about 1 part in 1011.

Incremental Pnase Shifter

A program. has been authorized to develop
another series of satellites to follow the
present NAV6AT. One of the items planned for
this series is an improved way of normalizing
time to the UTC standard. A device called an
incremental phase shifter has been developed
to take the output of a frequency drifting
oscillator and normalize the frequency to a
prescribed value. The frequency transfer
function is exactly predictable by digital
logic circuitry whose function can be pro-
grammed by ground station radio commands. The
range of adjustment will cover the 5 year
aging range of a crystal oscillator and
progresses smoothly over the entire range in
8 x 10-13 steps.

The logical block diagram of the device
is shown in Figure 12. The basic principle
employed is to introduce the 5 MHz signal into
a delay line system of 200 - 1 nanosecond
steps, and take the oztput of an digitally driv-
on commutator switch that cyclically scans the
delay line. The number of parts required are
reduced by building the 200 steps from two
units--one with 8 steps of 25 nanoseconds
each, and the other with 25 steps of 1 nano-
second each. In this way 31 switches (25+8)
does the job of 200, The switch arm is
advanced to each position at a rate deter-
mine" by ground command. The ground command
sets the number of 5 Mltz cycles of the
satellite oscillator that must be generated
between each step advance of the switch.

Based on the measured satellite oscillator
aging rate, a predicted rate can be program-
med for correction including 2nd and 3rd order
rates of change.

Future

This technology opens the way for pro-
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0FIGURE 9

DIS'tSIWTIO( OF APL TWIU:0 REZSIDUAL EiS FOR

SATELLITE 1967-92A, 1-30 APRIL 1976

tat- * RgMS (Milliseconds)
tilo .01 .02 .03 .04. 05 .06 .07 .08 ..9 .10 .11 .12 .13 .14 .13 Total

008 2 1 2 3
013 1 2 2 4 1 10

014 10 7 1 1 is

016 5 11 14 17 8 52 1 2 1 66

019 3 20 21 11 4 1 1 63

020 4 4 3 1 14

103 7 6 5 1 19

106 3 1 7 4 4 2 23

111 20 3 23

112 1 4 12 3 1 23

115 1 6 7 2 16

1it 2 6 3 2 1 1 17

121 3 5 3 3 2 18

330 18 16

700 1 1

733 12 1 * 13

765 1 2 & 4 2 3 1 16

766 1 1 4 2 $

695 2 1 1 3 2 "9

896 12 II 8 6 45

$ 898 4 3 6 6 4 1 1 1 26

911 • 2 7

*0.15 qr over.

FIGUP.R 10
FIGURE 11

NAVIGATION SATELLITE TIME RE.COVRY RECEIVER SATELLITE 30M30
FREOUENCY HSTORY

1. FIRST MODEL: A is second ras * -115 dbc S1G1•/A1O15E - 6 db 16

2. 5ECON)D MODXL: 3 iP second ras %1 -115 dbe SICGAL/HOIE3 - 3 db &I X 10-9

3. OPERATING FrMQUENCY. 400 ;duz - so Ppm (*2 X 10-' DOPPLER) 12 .

4. INFORMATION BANDWIDTH OF PHASE LOCKED LOOP: 15 Htz

5. OUTPUT: IVA5 - 10 VOLTS WITH 0.2 Ij second RISE TINE 5
EVERY 2 NINUTES

6. SIZE: 3j" PANEL SPACE; 19" RELAY RACE WIDTH;: 15 POUNDS 4-

7. POWER: 10 WATTS 0 60 -

8. OAST: ABOUT $ 2500 IN QUIANTITIES OF TEX 0
220 240 260 280 300 320

DAY OF YEAR 1970

.. .. .... ..... ..

Figure 12 - locresantal Phase
Shifter Sylate
Block Diarra ,



TIME TRANSFER BY DEFENSE COMMUNICATIONS SATELLITE

J. A. Murray, D. L. Pritt, L. W. Blocker, W. E. Leavitt and P. M. Hooten
Naval Research Laboratory

Washington, D. C.

and

W. D. Goring
Naval Electronic Systems Command

Washington, D. C.

Summary The planned time-distribution system will place
Observatory-controlled, precise reference clocks at

Time pulses are effectively passed from one satellite communications (SATCOM) terminals in key
Def,'nse Co'r=unications satellite terminal to the other areas ksee Figure 1). Further distribution will be
as specified points on the high-speed pseudo-random accomplished by short-range technique,,.
codes used by the coammunitations moderas at the sta-
tions. If the specified points of the codes used in A clock maintained at a SATCOM location near the
both directions of transmission occur- at approximately Observatory will be disciplined by the Observatory
the same time, propagation time between terminals is standard through comparisons over a direct microwave
effectively cancelled in a relatively simple computa- link or by carrýing clocks regularly from the Observa-
tion or electronic process to yield the time differ- tory to the terminal. The clock maintained at the
ence between clocks. Interpolation methods have been distant SATCOM facility will be updated periodically
developed, however, to permit the time transfer to be by comparisons through the DSCS satellite. Since the
made when the specified points are not contemporane- clocks at the two terminals are held to a nearly
ous. constant rate by atomic frequency standards, they need

not be compared continuously, but time transfers may
A modem designed specifically for time transfer be made daily, weekly, or monthly, depending upon the

service at stations not equipped with suitable modems stability of the clocks, the availability of the
has been developed at NRL. This tine transfer modem satellite link, and the required time accura.y.
employs a pseudo-random code which operates at a 10
Mlhz bit rate and cycles once each 810 microseconds. UIe of the satellite system, however, is not
Ambiguities are resolved by inverting the phase of the unidirectionally beneficial. The time-reference
code for one code cycle at prearranged times, such as equipment i¶.y be used to considerable advantage by the
once per minute. The NRL modem has been used experi- SATCOM terminals in their synchronization procedures.
mentally via satellite between a pair of Maryland
stations. Other experimental transfers were made Basically, the time-transfer system is not
between Maryland and IHawaii using the communications required to insert signals or disturb the operation of
modems of the DCA stations, station equipment iV the terminals are equipped with

AN/URC-55 communications mouems. The synchronizing
The experiments have produced vertlied accuracies signals shown being injected into the modems (see

in the order of 0.1 microseconds. It i; telieved that Figure 2) are used only to aid in modem synchroniza-
an increasel in accuracy Ill result from a planned tion and are not reouired for the time transfer. All
increase in resolution of the measuring equipment. signls required by the time-transfer unit aze avail-
Confirmation of this increase, however, will be diffi- able at test points on the modem.
cult because alternate precise time transZer methods
are not generally available. The basis of the tilne comparisons is the trans-

mission and reception of well-defined signals that may
Time Transfer Via Satellite be recognized at the transmitter and receiver. These

signals are available as recognizable points In the
During the past year, communications satellites high-speed pseudo-random code streams generated by the

have been successfully employed by the Naval Research AN/URC-55 comnmunicatlons modems used at a number of the
Laboratory (NRL) for precise long-distance clock SATCO1 stations. In order to avoid interference in
comparisons (or time transfers). It has been demon- the internal processes of the modems, no effort is made
str~ted by these experiments that Defense Satellite to control the code strea'n. The transmitted signal as
Communications System (DSCS) contains the potential generated by the modem is therefore compared with the
for making the accurate Naval Observatory time refer- local clock instead of being controlled by it.
ence economically available to many vital areas of the
world and can substantially reduce the expensive The transmitter section of each modem generates
transportation of calibrated atomic clocks to distant a code stream (see Figure 3) and a code generator in
locations. the receiver section of the modem at the other station

matches the stream as received. It is possible, then,
Under sponsorship of the Naval Electronics to extract from each modem certain recognizable code

Systems Command and with the cooperation of the generator states, or "ticks" (designated "all-one's"
Observatory and the Defense Communications Agency in the diagram), that can be treated as though they
(DCA), techniques have been produced for using certain were very short pulses transmitted by one modem and

DSCS links in a noninterfering manner, and time trans- received by the other. The tick at the receiver is
fers have been made'on an experimental basis. Use of delayed, of course, by the amount of time it takes the
DCA facilities on an operational basis is currently signal of the transmitting station to travPl up to the
being implemented. satellite and down to the receiver at r' ciher
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station. In addition to the transmit tick and receive be used. In this case, the ticks of the two stations
tick, each modem provides a "monitor" tick that might pass through the satellite at widely separated
corresponds to the reception of its own transmit tick times and the motion of the satellite between the two
after a round trip to the satellite and back. passages could produce an unacceptable error in the

time transfer.
Time-Transfer Techniques

To compensate for this eLzor, the range measure-
Two methods of time. transfer have been used. In mants may be interpolated in the first method. For

the method shown in Figure 4, each station measures the second method, an Interpolation procedure has also
the time (Tl or T2 ) required for a round-trip to the been worked out. Although it is inconvenient to use
satellite and return. (Time interval measurements are the interpolation procedures, they apparently add
shown as doubled line segments in the timing diagram.) little to the inaccuracies of the time transfer.
At the same time, station 1 compares its transmit tick
with its own clock to obtain the time interval measure- Experimental Results
ment tl, and station 2 compares the corresponding
receive tick with its own Llock to obtain the measure- In February 1970, the initial time-transfer tests
ment t 2 . By using half the sum of the two double were run between the SATCOM stations at Brandywine,
range measurements .l and I, the time of flight from Maryland, and Ft. Dix, New Jersey, to prove the feasi-
station I to station 2 is 3etermined and, in effect, bility of using the pseudo-rardom code s.rsam. Further
is then added as a correction to the receive tick at teats were later run between Brandywine and the SATCOrI
station 2. The difference between the transmit facility at lale•.,no, Hawaii. Figure 7 shows a quite
reading at station I and the corrected receive read- consistent grouping of results for that test. (The
ing at station 2 is the difference AC between the single reading approximately 0.7 psec away from the
station I and station 2 clocks. After the pair of mean could have resulted from a misread counter.)
time-interval measurements, tj and rl recorded at Much o. the spread (approximately 0.3 •sec) may be
station I or the interval measurerencs t 2 and T2  attributed to lack of resolution in the measuring
recorded at station 2, are comaunicated to the equipment, since the least significant digit of each
opposite station, the clock difference AC may be counter was 0.1 psec. Somewhat better results were
determined by the formula shown at the bottom of the obtained on a smaller sample later during the same
figure. test period.

In the second timLe.transfer method (see Figure In a still later series of tests a swall sample
5), each station measures its own transmit tick with of measurements yielded a standard deviation of less
respect to Its clock and also measures the tick than 0,1 psec. A group of measurements made by
received from the other station with respect to the ilt.rrpolation disagreed with the group made with
same clock. (The transmit measurements are desig- synchronized modems by leas than 0.1 "sec, During the
nated by the doubled line segments I and III, while same period, a time transfer made by physically
the receive measurements are designated 11 and IV. transporting a clock to Hawaii and back to Maryland
The time interval measurements made at station I are disagreed with the satellite ime transfer by approxi-
I and II, while the measurements made at station 12 are iAtely 0.3 psec. The clock transport, however, was
III and IV.) If the sum of measurements at one station faot ideal because of a relatively large rate offset in
is subtracted from the sum of the measurements taken the portable cloth an, omea delay in making the
at the other station, the result is toice the differ- Lomparlson after its return to Maryland. In spite
ence between tile two clocks. For this method, of these shortcomingb, it appears that satellite time
identical equipment and procedure. are umployed at traa.,fois tray be relied on for an accuracy of 0.5 psec
the two stations. Range measurements, per 30, arc or bcttCr. ruture rests are expected to yield a more
not made, since the total range from one station to accurate picture of it- performance. The measuring
the other is involved in each station's nmasurements equipment is Lurrently bing updated to a resolution
which are subtracted to obtain the clock difference, of 10 ns for these tests.
C2 - C1 given by the formula just above the timing
diagram. DiiferentLai time dclays between transmitting and

receiving terminal equipment produce small fixed time
Time Transfer Unit: offsets, Sntne the individual contributions of the

various station components are small and are compi-
A time-transfer unit (see Figure 6) has been cated b) frequency conversions, it may be difficult to

designed as an interface to operate automatically in atialyze them indIvidually. Instead, it will probably
the latter method and yield a single reading at each be necessar) to mtake overall station comparisons to
station. The differ-nce between clocks is simply the determine the absolute accuracy of the satellite time
difference between the numhers produced at the two transfers. It is expected that the effects of the
stations. differential delays will prove to be leas than 0.1

usec.
With either time-transfer me;hod, however, it ts

necessary to tran.-mit data from one station to the Time-'Transfer Modem
other Ln order to make the clock-difference determina-
tion. This is normaily done through the order wlre A iodem ItLunded specifically fur time transfers
between stations. between terminals not equipped with communications

wudems has been designed and constructed. This modem

The two methods are valid, in general, only if employs a pseaudo-randvm code that operates at a 10-Mhlz
the transmitted ticks from both stations arrive ut the bit sate and has a komplete code cycle length of 819
sattllite at nearly the same time, This is ensured if tSecs as shown in Figure 6. Since the xecognizable
the modems of the two stations have made a tick )tart, all-ona's Lventa recur once each 819 ,sec& other in-
an easily accomplished procedure when accurate loeat formation mrast bn etnanmitted by the modem to identity
clocks are available. Although provisions have been whicla alI-ona's event is the intended time tick, As
ma•de in the trme-tuansfer unct for making tick start seen, thi transmittet reapunda to an initiating pulse
with the accurate clocks of the time-trensfer system, by reversuig the plastc of the --ode throughout the next
under sOMe ciC-uilstancas, such a start might not code cycle. The all-one's event that terminates that
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cyc'e is the designated tick. At tile receiver, the phase-reversal detector of tile receiver detects the
all-ene's event that occurs at the end of the phase change, and its filtered output gates the designated
reversal is similarly recognized as the tick. all-one's pulse from the code generator to represent

the received tick. The phase-reversal detector
Time transfers are made by initiating time ticks consists of a slow-acting locked oscillator and phase

at prearranged times, such as the beginning of etch detector to compare the internediate-frequency signal
minute. The transmitted and received ticks produced with the oscillator.
by the time-transfer modem at each station ari pro-
vided to the time-transfer unit, which perforos the The time-transfer modem (Figure 10) has been
necessary time-interval measurements, operated in the presence of interfering pseudo-random

or frequency-modulated signals 20 db stronger than the
Because of the comparatively low relative veloci- desired signal. Range measurements were made at

ty of DSCS satellites, it is not necessary for the lielemano, Hawaii, under normal conmunications condi-
signals of both stations to reach the satellite at tions with the modem power reduced approximately 15
precisely the same time. In fact, a I-second to 20 db below the station communications channel
difference in arrival time produces a time-transfer power. It is possible, therefore, to use the modem
error in the order of only 0.1 psec. Therefore, the in many cases without serious interference to normal
only requirement for control of the trattsmissions is communications.
that they be launched within a fraction of a second
of each other. When the time-transfer modem is used, Results of Time-Transfer Modem Experiments
this requirement is satisfied if the clocks at the two
stations agree within a fraction of a second because Time transfers have been made between the small
the designated tick occurs less than 2 milliseconds Brandywine TSC-54 transportable terminal and the
after the init._ting pulse. Waldorf, Maryland, NRL satellite communications

fcility using the time transfer modem (see Figure
A simplified diagram 'llustrating the transmission I ). Although the dIstaiuce between sites is an on-

and reception processes of the time-transfer modem is impressive 10 miles, the test was useful boch to check
shown in Figure 9. The lower section is the trans- out the modem and to evaluate the accuracy of time
mitter, which produces a pseudo-random bi-phase modu- transfers in general.
lated 70-Milz signal. The code stream polarity (hence
the polarity of tile modulated output signal) is re- The total propagation (-istances actually involved
versed for one code interval after the comannd pulse were as large as those for more widely separated
is received. The polarity inversion sequence circuit terminals, and satellite motion and other factors were
also produces the gated all-one's pulse that consti- believed to be typical. The advantage of using near-
tutes the transmit-time tick. Station frequency by terminals is that the accuracy of the time transfer
converters translate the 70-Mliz signal to X-band for can be checked reliably.
transmission to the sitellite.

Aftc-" the time transfer was completed, the trick
The X-band signal relayed by the satellite is containing the Brandywine clock was driven to Waldorf

converted down to 70 MHz for the modem's receiver and the clocks were compared directly. Figure 12 shows
section shown in the upper portion of the diagram. the result of the satellite comparisons. The spread
It is prevented from receiving the time tick of its is typical of transfers made at other locations.
own transmitter by transmitting a different code from
each station. The receiver at station I, for example, The direct comparison made at Waldorf indicated
uses the station 2 transmitter code and, therefore, a clock difference of C.6 usec. This would indicate
ignores the station I tra,,smitter. a 0.15 psec discrepancy with respect to the average

of the satellite transfer readings. However, the
Range measurements may be made by using a common disagreement may actually be less than that. The o.6

transmit and receive code at one station. The receiv- ,sec figure w5as based on a single reading, but a series
er then responds to the local transmitted signal after of clock comparisons made after returning both clacks
its round trip to the satellite. The time interval to the Laboratc.! about one hour later, indicated
from the transmit tick to the receive tick then that the clocks were more nearly 0.7 psec apart and
corresponds to the double-range propagation time. that the discrepancy might have been less than 0.1 us.

In the receiver, the local conversion oscillator it can be readily concluded that the accuracy of

is bi-phase modulated with the same code that modu- satellite time transfer is within the ability of our

laced the received signal. After the two codes present equipment to discern. An improvement in reso-

have been aligned by a searching process, the high- lution cbtained by using a higher cou,ting rate in the
speed phase inversions of the received signal are time-transfer unit is expected to yield greater
accompanied by corresponding phase inversions of accuracy. But it will be most difficult to prove

the local oscillator. The intermediate-frequency because equal or bettet rethods are not available.

output of the modulator, therefore, is a constant-
phase signal except for the occasional phase-inverted Immediate Applications of Technique
code cycle that precedes a time tick. With equipment already developed it ir practicable

Any misalignment of the code modulation of the to provide Observatory time to within a small fraction
received signal and the local oscillator results in an of a microsecond to a number of strategically situated
amplitude change at the intermediate frequency. By areas. (Figure 13).
controlling the rate of the receiver code generator to
maintain peak intermediate-frequency amplitude, the An operational time-transfer link was established
receiver code generator's alA-l's pulses may be con- on February 15 betwwen Brandywine, Md. and lielemano,
sidered to represent accurately the all-l's pulses of Hawaii. A second link was completed between Hawaii
the received signal. and Guam shortly afterwards. This link is regularly

activated by "blind" modem starts at precisely pre-
When the phase of the rcceived signal '.s inverted arranged times while the llawaii station maintains

for a whole code cycle t2 ddsignate the time tick, the normal communications with another station.
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A station at Camp Roberts, California now makes
regular blind-start time transfers with the Brandy-
wine teryninal while the latter is in coemunica'lion
with Hawaii. Within a few weeks another operational
time transfer link will be established between Ft.
Dix, N. J. and Laudstuhl, Germany. Ft. Dix will be
referenced back to the Observatory by way of blind-

Sstart comparisons with Brandywine.

• These trunk-lines will soon be augmented by other
links using existing communications modems where they
are available and the time transfer modem where they

* •are not.
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TIME REFERENCE SERVICE VIA SATELLITE
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LONG TERM ACCURACY OF TIME COMPARISONS VIA TV RADIO RELAY SYSTEMS

By

S. Leschiutta

Instituto Elettrotecnico Nnzionale

This paper deals with the time comparison method For long term timekeeping, the instability of
that is based on TV synchronization pulses. This the delay along the radio links is obviously
method was proposed by J. Tolman et al. and was a major source of errors. In 1969 a research
successfully tested in Czechoslovakia. In more on this subject was initiated in Italy. It is
recent years experiments of a larger extent were still in progress. Some of its preliminary
performed in Europe and in the U.S. Furthermore, results are given here.
such a method is a routine operation for standard
time laboratories that compare their time scales. Once a week two Laboratories, the Institute
The time comparison is between the read of counters Elettrotecnico Nazionale (lIEN) in Turin aaid
that are located near different clocks, Each the Institute Superiore e Telecomunicazioni
counter is started by the "second" of the. local (ISPT) in Rome, are comparing their standard
clock but is stopped by the same field synchro- clocks. They use TV signals transmitted via
nizing pulse of a TV transmission, as it is a microwave link, that has a length of about
received at the clock location. 742 km, with 8 relay stations.
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PRECISION AND ACCURACY OF REMOTE SYNCHRONIZATION

VIA PORTABLE CLOCKS, LORAN C, AND NETWORK TELEVISION BROADCASTS*

David W. Allan, B. E. Blair, D. D. Davis, and H. E. Machlan

Time and Frequency Division
National Bureau of Standards

Boulder, Colorado 80302

Summary Introduction

A comparison among three precise timing centers Time and frequency dissemination via television
in the United States has been conducted for more than has received muich attention during the past four years.
one year using three different synchronization methods. Even though some very impressive results have already
The timing centers involved were the United States been obtained using television, 1-6 it seems still to be a
Naval Observatory (USNO) in Washington, D. C. , pioneer field. In this paper we compare television with
Newark Air Force Station (NAFS) in Newark, Ohio, and two other state-of-the-art methods of time and frequency
the National B3ureau of Standards (NBS) in Boulder, dissemination- -Loran-C and portable clocks--and
Colorado. The three methods were cesifrn beam porta- evaluate some precision and accuracy capabilities of
ble clocks; Loran-C transmissions from Cape Fear, each.
North Carolina, and Dana, Indiana; and ABC, CBS, and
NBC network television broadcasts common to the The television method is readily available, very
three timing centers. inexpensive, and within the majority of the continental

United States it is a common source for many users.
Cesium beam portable clocks have the capability Loran-C, being well established and well known for its

of accurately and precisely synchronizing remote clocks precision and accuracy, 7,8 has been chosen to compare
to within 0. 1 1gs. This portable clock method, which with the television system. Portable clocks are used
appears to be one of the most accurate currently avail- as a reference be5uuse of their preci.3ion and accuracy
able, is used for comparison purposes. for remote synchroni zation--one of the best techniques

yet available. 9 The p-table clocks referred to in this
The Loran-C data involved a 3500 km '(2180 miles) paper are principally U.ose of the United States Naval

ground wave path--the longest Loran-C ground wave Observatory (USNO). We will exclude many other
path that has been studied with the precision and accu- interestinq areas such as VLF and satellite as these
racy reported herein. The long-term precisionachieved have already been covered in some detail. 16-12
via Loran-C between the three remote precise timing
centers was better than 2 ps. The accuracy is limited There are three fundamental aspects of time which
by the 10 ps ambiguity involved in identifying the proper can be disseminated via these methods. The first is
cycle of the 100-kHz pulse train, time interval which can be related to frequency--fre-

quency being the inverse period of an oscillation. The
The precision of maintaining remote clock second aspect is that of date or clock reading which has

synchronization using network telovision, broadcasts often been called epoch. We prefer the use of the word
was measured to be [30 ns day"1/2] T1/ 2 over the date because epoch has alternate meanings that could
range of T from 7 days to about 200 days, but with lead to confusion. Often we have a master clock, and
definite accuracy limitations caused by such factors as we wish to communicate its date or time by some tech-
occasional network re-routing of the television signals. nique to a slave station located elsewhere. The third

aspect is simultaneity- -the practical application of
An upper limit of the long-term frequency stabilities which is clock synchronization, i. e., two clocks have

among the references used at the three timing centers the same reading in some frame of reference.
were measured or inferred. Typically the reference at
each center was composed of an ensemble of cesium In principle, if we had perfect clocks, we could
beam frequency standards. The relative stabilities synchronize them once and they would remain synchro-
measured for sample times of the order of three months nized forever. There are two basic reasons in practice
were a few parts in 10". why the synchronization does rot persist. First of all,

systematic problems such as frequency drift, frequency
Key Words, Cesium beam standards, Frequency offset, and environmental effects on equipment often

standards, Loran-C, Portable clocks, Time synchro- cause time dispersion. These must be analyzed and
nization, TV timing. solved at each particular location. Secondly, there are

different kinds of noise, or what we might call non-
deterministic kinds of processes, that affect these time
and frequency centers or communication systems.
These processes are perhaps a little better classified
and more universally present than some systematic
effects. We will discuss and apply some useful statis-
tical measures for the time and frequency dlsperuion of

*Contributlon of the National Bureau of Standards, not the dissemination systems In question.
subject to copyright.
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Most of the data analyzed in this paper were taken and with Jr f_ 1 c, - 11 > 1. 10, 13 For a more detailed
by other people, and we wish to acknowledge the fine explanation o6 the N, T, and T dependence, the relation-
work and careful data taking and reporting of the person- ship between p and ct, and the relationship between the
nel at the Bureau International de lH1Kure (BIH), the frequency domain and time domain coefficients, A and
Neuch~tel Observatory (ON), the U. S. Naval Observa- a, see Refs. 14 and 15.
tory (USNO), and the Newark Air Force Station (NAFS),
as well as of the personnel in addition to the authors at A very useful time domain measure of frequency
the National Bureau of Standards (NBS). stability, which has been recommended by the IEEE

subcommittee on frequency stability, 14 is defined as
Methods of Analysis follows:

It is often the case that data are taken at a constant
repetition rate with a period of sampling, T; and each ory ( (Cr y (N = 2, T = T, T, fB) . (5)
data point is an average over a time r called the sample
time. Let the total number of data points taken in a
continual data set be M. Further, for every measure- This measure has some very convenient experimental
ment system there is a high frequency cut-off usually and theoretical characteristics. For example, with M
called the measurement system bandwidth, ft, such
that noise at frequencins greater than fB wille attenu- values of an estimate of ay(r) is:
ated and non-relevant. In the past it has been common
practice to compute the standard deviation as a statis-
tical measure of such a data set: -1( M-I1 /

%std.dev. ""M[ [ (zi " •)z]J1 (l)

thwhere
where z. denotes the ith data point and z denotes the

average of all M of the z.. For most of the noise proc- xi+i - xi
esses that ire pertinent in time and frequency, it has yi T (7)
been shown that 0 std. dev. depends upon M, T, r and
fB' 13-15 and all of these parameters should be noted

for each experiment. We have found it convenient to
use the Allan variance: 13-15 and the interval between cach discrete time measure-

nment x. is r. Also once a (r) has been calculated, the
time dispersion may be est'nated by simply calculating

(a 2 (N,(2) the product (r) a r . .) This estimate is good

a (a (N, T, T, fB )) for white noise FM but is'approximately a factor of 1. 3

too optimistic for flicker noise FM and is approximately
a factor of 1. 7 too pessimistic for flicker noise PM with

where the angle brackets denote the expectation value, respect to an optimum prediction routine. 16

If N = M, then eq (2) is exactly the expectation value of
Sthe squared standard deviation. An operational measure of time dispersion is

(a (2, T, T, fa)). This has the nice physical interpre-
For many pertinent noise processes, we have found tation that it is a measure of the time dispersion at a

that a power law spectral density is a good model, i. e , time T after synchronization. The sample time 1 in
this case is usually constrained by the measurement
system to be I/(2 rf ), and this measure has a smaller

S (f) = Awf (3) range of corvergence, i. e. , Ct > -1 unless properly
y normalized (see bias function B2 in Ref. 15)

The above statistical measures will be used to
where f is the Fourier frequency and A is the intensity calculate the precision for the data used in this paper
of the noise process, Throughout this paper y denotes From these analyses we will draw some conclusions re-
the fractional frequency deviations, x denotes the time garding the relative precision of the 1hree time and
deviations, and so y is proportional to the derivative of frequency dissemination techniques herein discussed,
x. Further, it has been shown that if N, f_, and the i. e. , network television, Loran-C, and portable clocks
ratio r T/r are held constant, then a, is equal to Accuracy, on the other hand, may be define-' as follo vs
aT'1 with• for frequency it is the confidence with which a trequwnecy

is known with respect to the currently defined resonance

,- - 3 -<3 <a% I in cesium 133; and for time it is the confidence with
vwhich a date is known with respect to a reference tinme

a/l=(4) scale such as UTC(BIIl).
-Z a>l
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Time and Frequency Stability of Network TV Similarly, any laboratory can compare their clocks
to the UTC(USNO) and UTC(NBS) scales through a

Description of TV Line-10 Timing System duplicate reception-recording system once their clock
has been set to within 17 ms of either of the above, and

After the work of Tolman and others,1'5 the TV the propagation path has been calibrated. (As the
line-10 system was developed by NBS as a passive period of one modular TV frame is about 33 ms, it is
means of comparing precision clocks, remotely located necessary to resolve ambiguity at the receiving site to
but periodically tied to common broadcasts from an about 17 ms. ) NBS distributes the line-10 daily meas-
originating network. 6 An overview of the system is urements in terms of UTC(NBS) in the Monthly NBS
shown in Fig. 1. These broadcasts originate from the Time Service Bulletin. 18 The USNO distributes line-10
New York City studios of any or all of the three com- data in terms of UTC{(USNO-MC) in the weekly Series "1
mercial TV networks (ABC, CBS, and NBC). The Time Services Bulletin. 19 These publications will
originating networks incorporate independent atomic publish future changes, modifications to the TV system,

frequency standards (rubidium) to stabilize their trans- or other factors affecting a user in the field.
missions. The New York signals, broadcast without
auxiliary time coding, traverse varied and long paths at Advantages of line-10 timing include 1) simplicity
microwave frequencies. This relay system is a chain and minimum cost of comparison equipment; 2) low
of broadband radio links encompassing the continental cost of maintaining synchronization with long range
United States at line-of-sight distances of some 40 to 60 precision of better than 10 ps; 3) no effect on regular
km between repeaters. The microwave relay system TV networks and with no external cost to user; 4) three
carrying over 95% of the U. S. intercit' television pro- TV networks with atomic clock references provide re-
grams is known as the TD-2 system. 17 At a terminating dundancy and backup data in case one TV channel shows
station, such as an affiliate local transmitter, the a microwave reroute; and 5) a method for simultaneuus

microwave signal from the applicable repeater stationis maintenance of ps synchronization of several clocks
converted to a video signal and re-transmitted by VHF diversely located within the service area of a common
or UHF (commercial TV) to a local service area. transmitter, without regard to national programming.

Reception points of such broadcasts for our data were These advantages must be tempered by such factors as
the U. S. Naval Observatory (USNO), Washington, D. C. - 1) microwave paths can be interrupted without notice;
Newark Air Force Station (NAFS), Newark, Ohio; and 2) there is limited simultaneous viewing time of nation-
the National Bureau of Standards (NBS), Boulder, wide network programs; 3) present network distribution
Colorado. does Pot allow common programming with west coast

transmission lines, although local synchronization from

This version of TV timing uses line-10 of the odd a common transmitter can be effected; 4) system is not
field in the 525-line system M as a passive transfer compatible with tape delayed programs, and 5) the
pulse. 3,6 This pulse occurs during the blanking re- system ambiguity is 33 ms. (Note that time-of-day is
trace interval between successive fields; line-10 was "ambiguous" to one (lay.)
chosen for timing as it is the first horizontal sync pulse
following the equalizing and vertical sync pulses and Stability of the USNO, NBS TV Path
therefore is easy to identify with simple logic circults.
Figure 2 shows a typical equipment alignment for The TV paths being considered are from two to four
line-10 synchronization. Almost any type of television thousand kilometers in ltngth. The particular problem
receiver, black and white or color, is eiiitable for mentioned above of an occasional TV network re-route
reception of the signals used for timing. The auxiliary will cause an effective change in the delay. So it is
equipment required can cover a broad range of specifi- highly advantageous to use all three networks so that
cations, but typically would include'a line-10 synchro- such a change can rt-adily be identified. Conveniently,
nized pulse generator (available at a cost or about $165), we do have three networks so that outliers and delay
a digital counter-printer (about 0. 1 ls resolution), and changes are easily recognized. During the analysis
a clock whose frequency is known to an accuracy of a period studied, which was from 25 June 1969 to 30
few parts in 10" and which has an output of I pulse per December 1970, there were only about two network
second (I pps). A functional block diagram of the delay changes per year per network, so it is not a
line-10 identification circuitry is shown in Fig. 3. serious inconvenience. The television time measure-

ments using the line-10 method wore made at 2025 UT,

The timing system employed to collect the data used 2026UT, and 2027 UT (one hour earlier during Daylight
in this paper works as follows: At the same date, to an Savings Time) on NBC, CBS, and ABC, respectively and
accuracy which is much better than the 17 ms needed, nominally every work day at each of the three labora-
counters are started at all laboratories with a I pps tories.
tick from their local reference atomic clocks. Near
this time a line-lO horizontal sync pulse is broadcast Figure 41 is a plot of the fractional frequency
from one of the New York City originating TV trans- stability, ay (r) versus the sample time 7 in days for
mitters. After diverse delays through both common and the TV paths between Washington, D. C. and Boulder,

separate microwave links, the sync pulse--received by Colorado, for each of the three networks (this assumes
the laboratories at different times due to the delay and the reference time scales are negligible). An ensemble
clock differences--stops the corresponding counters, of commorcial cesium beam frequency standards and
The difference, then between each pair of counter dividers to generate atomic time (AT) were used at
readings at any two receiving laboratories, remains each location as the I pps tim,' reference, i. e ,
constant except for instabilities in the propagation delay AT(USNO-MEAN) and AT(NBS). 2 0 - 2 3 The dashed line
and/or instabilities or relative frequency offsets among in Fig. 4 corresponds to flicker noise phase modulation
the reference atomic clocks, and appears to be a reasonable model for the fluctuations
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between Washington, D. C., and Boulder, Colorado. Cal- 0. 07 for ABC, CBS, and NBC respectiv,dy. The circles
culating the time dispersion, a(rr) for the dotted line are the stability for the NBS, NAFS TV path with weights
gives the following equation:1 4  of 0. 29, 0. 36, and 0. 35 for ABC, CBS, and NPC re-

spectively.

a loge212, The slope indicated by a = 0 is probably the noise
ax(T) = 62 ns [6 + 3 loge(2Ir•B) - (8) of the TV line-10 time transfer system, but the type of

noise is unexpected, i. e. , white frequency FM or
random walk of phase noise. Calculating X(T) = 1-r (T)
gives: y

where T is in seconds; fB for a color TV is about
3. 2 MHz. a (T) = (0. 13 Its day-1/2)-rI/2 (10)

x
The fractional frequency difference, y, between

AT(USNO-MEAN) and AT(NBS) calculated over the
period of analysis was: where 7 is in days. An explanation of this random walk

-13 of phase noise could be some step changes in the delay
"4. 48 X 10 via ABC for which there was no accounting."V -

•AT(USNO-MEAN)" 'AT(NBS) -13= 4. 43 x 10 via CBS Note that the stability gets worse for r larger thanVAT(NBS) 13 100 days with a maximum at r equal to about 1/2 year

14. 56 X 10" via NBC. for both the squares and the circles. This part of the
(9) stability plot is probably due to a seasonal or annual

effect on the time reference cesium standard at NAFS.

The precision of these measurements is about -3 X 10'4 Wiener Filtering of TV Data
as may be seen from the stability measured at
T = 224 days. In Fig. 6 the dashed line representative of a = 0

(whitenoise FM) appears to be a good model for the
Since there are three essentially indcpendent net- instabilities in the TV data over the two paths me.ttioned

works, they can be combined optimally by weighting
each one inversely proportional to its variance. We above, If one can assume that the dashed line repre-

chose the variance at " z 7 days, since it has the best sentative of a = -2 (random walk of frequency noise) is

confidence, to calculate the weights of 0. 52, 0. 38, and a good noise model for the cesium beam reference
0. 10 for ABC, CBS, and NBC, respectively. This ii standard, then it has been shown that a Wiener filter

optimum in the sense of giving a minimum variance, may be applied to the data. It,2 4 Assuming that the

and it should be noted that these coefficients need to be a = 0 process is noise and the a = -2 process is signal,

calculated for each pair of receiving laboratories or i. e. . we wish to have a best estimate of the behavior of

effectively for each TV path. The squares in Fig. 4 the cesium referenc', as observed through the noise of

represent the stability using this optimum weighting the TV line-10 time transfer system, then the filter

procedure. The squares in Fig. 5 show the time fluc- takes on a very simple form, i. e. , an exponential. We

tuations of the weighted three network TV data between mean by best estimate a minimum mean squared errortuatonsof he eighed hre neworkTV atabeteen for the signal (['•(t) - s(t)]) 2 where 6(t) is the true
USNO and NBS as measured each Wednesday. Each of bor of the sium b rere standarda

these points represents a 40s avevage. A one second behavior of the cesium beam reference standard and

measurement gives almost as good precision, but the s(t) is the Wiener filtered estimate.

averaging allows one to recognize outliers. The inter-
val between the measured line-lO horizontal sync pulses The models for the noise and signal are.
is 1. 001s and hence there is a walk betv'eeni a standard
1 pps and the line-10 pulee of I ms per second (modulo (f) A 0 0

33 ms). This is easily accounted for in the counter y(noise) Af(
printer system shown In Fig. 2.

TV and Cesium Beam Stability at NAFS and

The same line-10 TV network method was employed Sy (f) M B f" (
as outlined above at Newark Air Force Station (NAFS) y(signal) (12)
in Newark, Ohio. Their time reference was a com-
mercial cesium beam frequency standard and clock.
Both USNO and NBS data were used to study the path respectively, and the form of the NVener huter for the
stability between Washington, D. C. , and Newark, Ohio, discrete case is as follows:
and between Boulder, Colorado, and Newark, Ohio, over
the periods from 24 Septemnbev 1969 to 16 December 1970 i i-j
and from 17 September 1969 to 30 December 1970- X. e -

respectively. x" = (13)

Figure 6 shows the fractional frequency stability
a (r) for both paths using all three TV networks
o~timally weighted. The squares are the stability for
the USNO, NAFS TV path with weights of 0. 36, 0. 57,
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where represented by the dashed line seems to be -- reasonable
model at a level of:

Ai (14) -1/2 1/2
21r F14a x(Z, T,1., fB= (30ns day- )T 1 (17)

and ý is normalized to the same units as i and j, i. e., with T having a range from 7 days to about 200 days.
days, weeks, etc. A convenient recursive filter that
approximates eq (13) is: For comparison we analyzed the same data to

determine or (r) a T a C(T):

x1 - xi+ A (15)

-1/2 - 1/2a x(T) = (46ns day )rI, (18)

For the signal and noise processes given by eqs 11 and
12, using Ref. 14, C takes on the value

where T is in days. Using Refs. 14 and 15, the
w TI theoretical ratio of a (7') to a (2, T, T, f ) may be cal-S(16) x x B bculated for white noise FM as equal to 2f = 1. 414,

whereas the experimental value from eqs (17) and (18)
is 1. 5. For either equation the dispersion is less than

where T is the value of T corresponding to the inter- I ps after one year.

cept of tde dashed lines in Fig. 6. For these particular
data sets, 4 had values of 7 weeks and 9-1/4 weeks for Time and Frequency Stability of Loran-C
the Washington, D. C. to Newark, Ohio, and the
Boulder, Colorado to Newark, Ohio, paths respectively. Stability of USNO, NBS Loran-C Path

The dots in Fig. 7 are the weighted three network The circles in Fig. 5 represent the time difference
values measured each Wednesday for each of the above fluctuations AT(NBS) - AT(USNO-MEAN) via a 3,500 km
two paths. The solid lines are the result of an appli- Loran-C path going from Cape Fear, North Carolina, to
cation on these data of the Wiener filter given by eq 13 USNO and to Dana, Indiana, and from Dana, Indiana, to
with the sum being taken over about 1-1/2 time constants, Boulder, Colorado. Dana, Indiana is phase controlled to
i. e. , the past 10 and 14 values respectively for the above within 0. 2 gis with respect to Cape Fear using as the
two paths. Note the slope of one part in 1013 and the phase reference point Warner Robins AFB in Georgia. 2 6

strong correlation between the two paths both before and The circles represent the Loran-C measurements as
after filtering, made every fifth day. The triangles are the USNO port-

able clock trips between USNO and NBS lVrth a reported
Time Dispersion of Optimum Processed TV Data accuracy of (late transferral of 0. 1 As. I

Taking the difference between the two solid lines in The circles in Fig. 10 are the fractional frequency
Fig. 7 gives us a filtered estimate of time fluctuations stability, ay (T) for the Loran-C data plotted in Fig. 5.
between AT(USNO-MEAN) and AT(NBS). If we now apply The circIes yin Fig. 11 are an estimate of the time
a Wiener filter to the TV line-10 data plotted in Fig. 5, dispersion, a C()a T y (Cr7) for the same data. The
we have a direct path filtered estimate of the same squares in Fig. I. areythe same estimate of time
fluctuations. Taking the difference between these two dispersion for the TV line-10 data shown in Fig. 5.
estimates leaves as a resldual the filtered noise of the
TV line-10 time transfer system and thz associated Stability of European and Atlantic Loran-C Paths
measurement equipment. This residual is plotted in
Fig. 8. Note, the data fall within a very sensitive Some data were made available at the courtesy of
vertical range of d: I s. The Wiener filter applied to the Neuch~tel Observatory (ON) using Loran-C to com.
the USNO, NDS path 1 I assumes that the instabilities of pare two cDmmercial cesium standards located at ON
the TV line-10 time transfer system are characterized each against UTC(BIH) and UTC(USNO). Given a set of
by flicker noise PM(ax = 1, see Fig. 4), and that the measurements between three independent standards.
signal, AT(USNO-MEAN) - AT(NBS), is limited by the stability of each may be estimated.
flicker noise FM(a = -1) at a level for a (T) of about
I X 10-13. The latter assumption, thougK inconsistent Using this approach, while realizing that part of the
with the 3 X 10-14 value of a (C) from Fig, 4, was Loran.C path is common to the two ON cesium standards,
based on two reasonb: first,yfrequensy changes of this an estimate of a (7) was made for the USNO, ON path
order have been observed between.3i'e two scales (see acrobs the NortlYAtlantic and to Neuchatel, Switzerland,
Fig. 5, November, 1970); and v"cond, the filter has a represented by the pluses (+) in Fig. 10. Similarly an
similar time constant to tlu- other two paths, estimate of a (r) was made for the BIH, ON Loran-C

path and are 7epresented by the triangles (A) in Fig. 10.
When the data bi Fig. 8 are analyzed using the time It is interesting that the much longer Atlantic Loran-C

dispersion me.fure previously discussed, we get the path from USNO to ON is more stable than the USNO,
results shcrvý in Fig. 9. The white noise FM model NBS continental Loran-C path.
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Loran-C and TV Stability via BIH Short-Term Frequency Stability of TV, Loran-C. and
Portable Clocks

The BIH maintains the International Atomic Time
Scale IAT(BIH). This scale is based on a weighted set of It is often desirable to have available a reference
the atomic time scales of the major laboratories of the standard frequency for calibrating the frequency of a
world which keep such scales and which have a date clock, or of a frequency counter, etc. In color television
communication link to the BIH via Loran-C or TV. broadcasting, a color "subcarrier" of 63/88. 5 MHz

(3.58 ... MHz) is transmitted on the VHF or UHF signal.
Using the data published by the BIH in Circular-D, It is used as a reference signal in the color television

we performed a stability analysis of the time scale data receiver to demodulate the chrominance sidebands.
for these major laboratories versus the BIH. The four Since the major U. S. networks generate the color sub-
most stable time reference laboratories were chosen in carrier with rubidium frequency stzndards, this color
order to see the instabilities in the Loran-C system awnd subcarrier may be used as a reference standard frequency.
the results are plotted in Fig. 12. It should be noted that Frequency stability measurements of the color subcarriers
IAT(BIH) is dependent upon each of the contributing time of all three major U. S. networks (originating in New York)
scales, hence the stabilities shown are nominally have beer made at thc NBS laboratories in Boulder. 2 4

optimistically biased. In most cases it appears that the overall measurements

system is capable of resolving the 3. 58 ... MHz time
The atomic time scale of the Physikalisch- (phase) differences to less than 10 nanoseconds. This

Techniscne Bundesanstalt (PTB) is communicated to the corresponds to determination of frequency difference of
BIH via European TV and Loran-C from Braunschweig, about one part in 1011 in 17 minutes. NBS designed
Federal Pepublic of Germany, to Paris, France. The instrumentation both to synthesize the output of a 1 or
Royal Greewich Observatory (RGO) is in Herstmonceux, 5 MHz local frequency standard to 3.58 ... MHz and to
England. compare phases of the local synthesized signals to the

received subcarrier frequency. A plot of the stability
It is interesting to note the comparable stabilitiet, of some of the best data received in Boulder, Colorado,

of the four laboratories ev'-n though they are located at are represented by the squares marked CBS in Fig. 13.
greatly different distances over the carth. The white Typically the stability was a factor of two or three times
noise FM is typical of cesium beam frequency standards worse than this. The Dana, Indiana Loran-C stability as
but for much smaller T values and at much lower levels, monitored in Boulder, Colorado, is represented by the
This noise is apparently nominally representative of the circles, and the portable clock stability by the triangles.
Loran-C and TV instabilities as observed at the DIH
except for the NBS data which is more nearly repre- It is interesting to compare the relative stabilities
sented by flicker noise PM. The white noise FM again (precision) of the three methods for a sample time, T, of
implies step changes in delay for which there is no about 200 s. The values of or (T) are about 1 0 "i0, 10 -•i,
accounting. 4 X 10"x1 for Loran-C TV coyor subcarrier, and cesium

portable frequency standard, respectively. The TV color
Time Accuracy of TV Line- 10. Loran-C, and Cesium subcarrier provides a very inexpensive and precise
Portable Clocks method for frequency calibration. The accuracy of a

measurement in all three cases is limited by the accu-
The ordinate shown in Fig. 5 for the TV line- 10 racy of the reference standard employed as well as by the

system, for the Loran-C, and for the portable clocks precision of the measurement. To improve the usefulness
is arbitrary since over these paths only the portable of the TV color subcarrier method it would be an easy
clocks have accurate date transferral capabilities. For matter for NBS to publish daily measurements of the
the paths being considered both the TV line- 10 system absolute frequencies of the three networks' rubidium gas
and Loran-C need a path delay calibration in order to cells.
maintain sub-microsecond synchronization. Loran-C Figure 13 also shows for comparison purposes the
delays can often be calculated to better than I p.s for p re data di scu ssed comparing pu rpo ses and

.•areas within ground-wave coverage. For the TV line- 10 prvosdtdscsecmainATUN ME )adsyste teth h deyay bereadily te To AT(NBS) via Loran-C and via TV line-10 time transferSsystem the path delay may be readily calculated to system The circles at the right are the stabilities via
within abcut I ps only when both rezmeving points are system the ires at the right are the stabilities
line-of-sight to the same TV transmitter. On the other Loran-C and the squares at the right are the stabilitieb
hand, the cycle ambiguity for Loran-C can be 10 ps
whereas it is only 33 ms for the TV line-10 system. Conclusions
This means that the cycle ambiguity could be removed
very easily on the TV line-10 system using WWV The three network TV line-10 systems properly
whereas the 10 ps ambiguity of Loran-C can be more filtered may be used in a large majority of the United
difficult to remove. States to keep clocks synchronized to within an rms

Figure I 1 shows the time dispersion characteristics precision of:

for cesium beam portable clocks presently available. -1 /2 - 1/2
Note that the dispersion degrades to be that of either TV M() = (46 ns day (19)
or Loran-C for 7 values of a few weeks. For portable
clocks T may be interpreted as the time since the last with T at least in the range from 7 days to about 200 days.
date calibration. It is obvious for this and other reasons The clocks are assumed to have been synchronized pro-
that portable clock trips should be made quickly for the viously. The TV color subcarrier may be used as a
best accuracy in date communication, frequency referanc , with a precision capability of:
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S(3.5 x 3o0-10 3•/3 /3 (20) 7. P. I,. Pakos, "Use of the Loran-.C System for
Time and Frequeancy Disaeminatloin, " Proc. of the
?.3rd •Anual Sympoaium on Frequency Control,

where T has at least the range of values from Ft. Momrouth, N.J., 6-8 M-ay 1969, pp. 236-247.

10s 2; T 2006s.
8, L. D. Shapiro, "Time Synchro" i-ation from

The long-term fractional frequency stability of LorarsC," IEEE Spentrum, Vol. 5. No. 8,
Loran-C and the three network TV line-10 bysterns are August 1968, pp. 46-55.
comparable with the Loran-C stability at a level of about:

9. L. N. Bodily and L. C. Hyatt, 11 Flying Clock'

(y2/ -2/3 Comparisons Extended to East Europe, Africa, and•y(rJ (1.9 )kI0" day2) 'r= (21) .Astralia," Hewlett-Packard J,, Vol. 19, No. 4,
December 1967, pp. 12-20.

where T has at least the range from I day i T S 200 days
Both systems provided precision capabilities of a few 10. D. W. Allan a-d J. A. Barnes, "Some Statistical
parts in 1014 for sample times of one-half year and longer Properles of LF and VLF Propagation." AGARDand with rms time dispersions of less than I gis after one Pro c. o. 3P and Freqtency
year. Conf, Prec. No. 33, Phase and Frequency

Instabilities in Electromagnetic Wave Propagation,
(Proc. AGARD/EPC 13th-Syrnp., Ankara, Turkey,
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METHODS OF LOCAL TIME AND FREQUENCY TRANSFER

D. H. Phillips, R. B. Phillips, J. A. Bowman, and J. J. O'Neill
Naval Research Laboretory

Washington, D. C.

Summary 5061A cesium beam 208 located at the Waldorf Microwave

Space Research Facility of the Naval Research Labora-

Several methods of local time and frequency tory. The top graph shows the frequency offset from

transfer have been experimentally utilized by the 1 August 1970 to 9 March 1971 where full scale is 6

Naval Research Laboratory during the past year. Re- parts in 1012. The lower graph shows the standard

suits have shown that several of the methods such as deviation in nanoseconds of a I day averaging time of

the microwave link and T.V. time transfer have great readings taken every 3 hours and full scale is 32 nano-
promise. Cable can provide accurate time and frequency seconds.
transmission for short distances such as the Laboratory.
A disciplined time and frequency standari (DTF) with The nicrowave link has yielded nanosecond phase
built-in memory logic and a high qualit) crystal is resolution, tick jitter of 22 nanoseconds tick to tick

being developed an6 could serve as the terminus of a or average error over I mindte of 5 nanoseconds, and

microwave or T.V. link. The hydrogen maser was used time transfer to better than 0.1 microsecond. Advan-

as a transfer standard to make cross checks for vaLious tages of the microwave link are:

standards and between the 4arious techniques for time
transfer. Total evaluati.n shows tie coml.i'ration of a. epoch time is transmitted without large

all these techniques yieLdinE a time and frequency unknown delay

distribution net of hi*'. accuracy to serve as a base b. wide bandwidth enables high precision crans-

for navigation, timeke.ping, end commv. icatio%:s. mission
c. small delay in equipment (0.4 microsecond)

Introduction d. simplicity of repair and operation
e. low transmitter power required due to point

This paper is concerned with -several of the tech- to point operation with large antenna gain
niques used to transfer time and frequency in a local

area. First the individual systems will be described T.V. Time Transfer
and then a deacription of techniques for the utilization
of the systems into a complementary time transfer net- Figure 5 shows another promising technique of

work will be given. Results have shown that several of T.V. time transfer as reported in a paper last year at
the methods have great promise and can rest the needs the Symposium by J. L. Jesperson.

3 
A cooperative

of the user to exceedingly high accuracies, experiment involving the Naval Research Laboratory, tie
U.S. Naval Observatory, the National Aeronautics and

Microwave Link Space Agency, National Bureau of Standards, and WTTG,
Metromedia Television in Washington, D.C. has been

One of the most promising methods is a microwave conducted ctilizing a time code receiver designed by

link as shown in Figure I and reported on last year at Dick Davis of the National Bureau of Standards and
the Frequenzy Control Symposium by D. Phillips, R. built by Astro Engineering, Boulder, Colorado. T.V.

Phillips, and J. O'Neill.
1  monitoring of a cesium beam at WTTG was carried out by

Naval Research Laboratory from June 10, 1970 to January

Additional experiments have been carried out such II, 1971 to test the reliability and accuracy of the
as higher accuracy achieved with the transmission of a system. With a good antenna the system yielded nano-
5 MHiz maser derived signal as shown in Figure 2. Full second resolutions and proved reliable over this period
scale is 100 nanoseconds. This shows a resolution of of time.
I nanosecond - and it was noted that the phase noise

was less than 100 picoseconds. Figure 6 shows a traveling van which was outfitted
at Naval Research Laboratory to conduct moving experi-

Portable microwave gear shown in Figure 3 was used ments which required portable AC power. A time transfer
to demonstrate four other links. The beam width of the experiment was conducted by personnel from the U.S.
antennas is two degrees. Another experiment accomplish- Naval Observatory, Naval Research Laboratory and the

ed and in operation is the remote controlling by the University of Virginia. The van, equipped with T.V., /

Naval Research Laboratory of power split between two time code receiver, antenna system with amplifiers and

microwave links utilizing the same transmitter at the cesium beam traveling clock, was driven to the Leander

U.S. Naval Observatory. This allows one to make opti- McCormick Observatory on Fan Mountain (elevation

mum utilization of the microwave system. approximately 1800 ft.) on July 10, 1970. A signal
was received and reliable readings of a delay of

The microwave links have been utilized for the 613.385 asec were obtained indicating a calculated
comparison of remote clocks with UTC (USNO), the U.S. distance of 114.34 statute miles. The distance cal-

Naval Observatory's computed average of about 16 select- culated from coordinates was 114.8 statute miles.
ed cesium beam clocks.

2  
Figure 4 is supplied by the If we assume the distance calculated from coordinates

U.S. Naval Observatory and yields the fractional frequen, is correct the delay was less than it should be by

cy offset and sigma values for the Hewlett Packard 0.46 statute miles or the clock in the van was ahead
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by 2.47 psec. Clock comparisons before and after Figure Ii shows the next month's data and illus-
indicated the clock in the van was 3.0 + 0.1 psec trates how useful this information was for setting and
ahead of the clock at WTTG. This gave ' closure maintaining a remote clock's tine.
within 0.6 1sec. If two T.V. stations' signals were
locally synchronized and then received by equipment Stabilization of Color Burst Frequency
of this type, rho rho navigation of high accuracy
would be possible for a moving vehicle in the metro- A meeting of the T.V. Networks and FCC on August
politan area. Advantages of the T.V. link are: 11, 1970 at WT"G yielded a need in the TV industry

for precise frequency and phase control of the
a. wide spread distribution of time due to wide 3.5795454 MHz signal utilized in color T.V. receivers

coverage of T.V. to phase lock a crystal oscillator in the T.V. set.
b. use of digital circuits make complex approach Precise measurements have been and are being made at

feasible Naval Research Laboratory to determine the changes in
c. economical for user frequency and phase of the color subcarrier frequency
d. portability of several T.V. channels. Figure 12 shows the color

T.V. sets and the cable T.V. transmission system
Cable presently in use since the termination of active T.V.

transmission in January.
Figure 7 shows, the network of cable used at

Naval Research Laboratory for the transfer of maser Figure 13 shows a phase recording of WTTG Metro-
derived frequency signals around the Laboratory. The media Television's Color Burst Frequency vs. Maser
green line is RG 223 double jacket, double shielded (NRL). Full scale is 279 nanoseconds. One can see
cable run in telephone ducts and used to transfer the easily the change between black and white and color.
maser derived 100 kllz signal around the Laboratory. The line near the middle of the chart represents
Each building has an isolation amplifier. The blue black and white operation where essentially no phase
line is 3/8" styroflex and is used to transfer the information is available. The line further on the
maser derived 5 MHz signal. The rei line is 7/8" right represents color information and illustrates
styroflex and is used to transfer a maser derived stabilized color burst frequency.
1 M1z signal and a I ppa signal from NRL's clock
algebraically o.ded together. For dissemination of Figure 14 shows WTOP's color burst frequency vs.
highly accurate time the use of styroflex or other Maser (NRL). Full scale is 279 nanoseconds. The
phase stable cable is recosmmended. Cable can provide data from 9 a.m. to 10 a.m. shows the i•]or burst
accurate time and frequency transmission for short frequency going low by 3.9 parts in 10 and the data
distances such as the Laboratory. from 11:30 a.m. to 11:50 a.m. shows the color burst

frequency going high by 7.2 parts in l0l.
Correlation Using Transfer Standard

Figure 15 shows WTOP's color burst frequency vs.

All standards involved in the various time trans- Maser (NRL). WTOP's local color burst frequency was

fer techniques are phase recorded with respect to the derived from the cesium beam standard at WTTG vhich
hydrogen maser (Naval Research Laboratory's frequency had been sat on frequency in October 1970 as previous-
standard). This allows cross-checks to be made for ly shown in Fig. 10. The line from 4 p.m. to 6 p.m.
the various standards and between the various tech- shows very stable and accurate transmission of local
niques for time transfer. The Naval Research Labora- color burst frequency. The data from 1.30 p.m. to
tory's hydrogen maser is sent to the U.S. Naval 4:00 p.m. shows the frequency offset of the network
observatory via microwave link and provides a base frequency standard. Full scale is 279 nanoseconds.
line of low noise and high purity against which other The stabilization of carrier frequency is a prime
standards can be phase compared. Figure 8 shcws a goal once standard frequencies are available to ihe
phase recording of Naval Research Laboratory's two T.V. station. Fringe areas receiving two stations
hydrogen masers beating against each other. Full would have minirwi interference if the two stations
scale is 700 picoseconds and each small block is 14 were closely synchronized.
picoseconds. From 4 p.m. to 6 p.m. for 5 minute
sampling the data yields a frequency ditference of Disciplined Time and Frequency Standard
3.2 parts in 1015 and a standard deviakon of 3.5
parts in 1014. This demonstrates the low noise char- Figure 16 shows a model of a dSlciplined time and
acteristic of the hydrogen maser signals. 9:equency standatl . r) being developed under contract

tor the haval Research Laboratory by Frequency Elec-

Since this high purity signal is also available tronics, Inc. This standard will be readily portable,
throughout the Naval Research Lab ýatc , standards contain built-in memory logic, and contain a high
in the Laboratory can be correlat'd with high accuracy quality crystal oscillator.
to the computed average of the U.S. Naval Observatory.
Figure 9 illustrates local synchronization fcr the Figure 17 shows that the DTF will be of modular
Laboratory. construction. Many uses presently are visualized for

such a standard; for example, the terminus of a
Figure 10 illustrates data utilizing the maser microwave or T.V. link. Another application of thle

as a transfer standard, the microwave link and the IYIF is when the uszr is separated from a precision
T.V. link. Three standards, the Cesium beam at WTTG standard by a cable. The DTF functions as s clean
via T.V. link (*), the U.S. Naval Observatory's Master up oscillator when the cesium beam and cable are
Clock via microwave link, and the cesium beam 236 functioning properly. When either the cesium beam
serving as Naval Research Laboratory's station clock or cable fails, the DTF continues oscillating at the
(+) were phase recorded against NRL's hydrogen maser. last available frequency - its drift at this point

The maser was common to all and could be subtracted determined by a high quality crystal.
out and thus the Cesium beam at UTT1 and cesium beam
236 could be plotted against the U.S. Naval Observa- Conclusions
tory's master clock. On October 27, 1970 a C field
adjustment was made to the cesium at WtrG to set it on After examining these various methods of time
with tihe master clock. transfer it was concluded that they are complementary
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as shown in Figure 18. The results have shown that
a user of precision time does not necessarily need a

* highly precise clock in his lab to maintain precision
tire. A less precise clock could be kept on time by
the use of one of the described tive transfer tech-
niques. The combination of all these techniques yields
a time and frequency distribution network of high
accuracy to serve as a base for navigation, time-
keeping, and communications.
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IbrNERNATIONAL COORDINATED CLOCK TIME

AND THE COMING IMPROVEMENTS IN THE SYSTEM "UTC"

6. M. R. Winkder
U. S. Naval Observatory

Washington, D. C.

Abstract Any two clocks, even tht best, diverge on the
average, at least with the iquare root of the observa-

Clock time is defined by epoch and rate. Refer- tion interval. In additior, modern atomic clocks have

ence to an atomic resonance produces a local or "prop- operatcl, uninterrupted, only a few years. At the
er" atomic time scale. For all practical purposes, it U. S. N&.val Observatory, we define clock time (both

is necessary to consider the following complications: UTC and A.1) as a computed avwrage of the readings of
a group of independently operating cesium beam clocks.

I. Clock Dispersion. One clock does not define a Procedures have been established to insure that clocks
time scale. A procedure must be given to construct a can be added or replaced, i4eally, without introducing

¶ time scale without dependence on particular clocks. On steps in time or rate. We feel that this is a great

the non-local level this requires COORDINATION. improvement over tle procedures used from the begin-
ning (1956) and it is a methed which can be extended

2. Relativity. Space-time geometry is not over any set of timekeeping centers as was proposed by

strictly Euclidic. This necessitates the concept of a B. Guinot. It is the only method which allows the
"coordinate" time vs. proper time with the concept of production of a most uniform clock time with maximum"1"origin." reliability locally and, with some degree of degrada-

tion due to the effects of measurement delay times and

3. Linkage to other time scales, particularly to noise upon the "control loop", it also allows the pro-

UT. This requires a further compromise with unpre- duction of an improved internationally coordinated

dictable adjustments. time.

Many users are represented by various organiza- At this point it becomes clear that there is a
tions with interests and/or responsibilities in time- significant practical difference between the operation

keeping: of a modern atomic clock and a frequency standard.
Since the atom cannet be observed without eny distur-

a. The scientific unions under ICSU and bances and errors, it turns out that one has a choice:
UNESCO: IAU, IUGG and URSI.

b. The treaty organizations: CCIR (ITU), a. To keep the disturbances small but constant,
CIIPM (Treaty of the Hater). or

c. The "Executive Agent" Bureau: BIl. b. To determine the disturbances frequently in
a process of calibration.

_ Their functions are discussed. Coming improvements,
upon which these groups have decided, will be the a. represents the operation of a clock; b. represents
dropping of the "offset," one second step adjustment . frequency standard. In our experience the interests
and a "AUT" code to be implemented 1 January 1972. of timekeeping (unifurmity, reliability, redundancy)
Details are given, require procedure a. Procedure b. is necessory to

determine the "true" frequency of the atoms of interest
(cesium, thallium, hydrogen, etc.). In the past we

Clock Time have adjusted the basic frequency for clock time
operations very infrequently. For instance, the

D. H. Sadler, 1. H. Nautical Almanac Office, has avwrage frequenLy used since 1968 has not been changed

proposed the more general use of this term in order noticeably at the U. S. Naval Observatory. All im-

to provide a clear and necessary distinction between provements introduced affected merudy the random walk
time as defined by a sequence of events in relation to of the "Mast-t Clock" used (reference (1)). It is

a theory (ET, UTO, etc.) and clock time which is de- clear from suet experience that one can today derive
rived in a process of integration. Time is determined time scales approaching a uniformity of about 100

after the fact; clock time is directly available. nanoseconds in 100 days (lO") using ordinary but well

Time is uniquely determined with low precision; clock selected commercial cesium beam clocks, properly

time is available with very great precision but it operated, as a "relerence assembly" without knowing

cannot be defined without some degree of arbitrari- where the actual frequency of cesium is within one

ness. Nevertheless, clock time has always been the part in 1012.

vehicle for coordination of activities and the mea-
surement of all other "times". We are here only
interested in clock time. Time enters our picture, Coordinated Coordinate Time

however, In relation to users' needs and acceptable
tolerances. Because of random walk, all clocks diverge from a

mean time scale. In addition, the intercomparison
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between distant clocks cannot be done continuously, 2. The transversal Doppler effect (Lorentz
and the delays and the measurement (phase) noise Transformation).
involved degrade the unifsrmity of an average of
widely spatially distributed clocks. A good compromise The frequency of a moving clock is increased by a
is a hierarchy of coordinated clocks, all of which must relative amount of approximately
make small adjustments from time to time in order to
remain within specified tolerance limits of the system. -F ( - 1 2)

The group tolerances can be smaller the further
down one goes Into the "local" level. At the present where &ý is the difference in gravitational potential
time we experience the naed for about four (4) such and c Is the velocity of light. This amounts to about
levels: the international level (BIll, level (1)); the 1.1 part in 1013 for an altitude difference of I km
National Time Services, level (2); which, in turn, is at rest. If the clock moves in a jet plane at 10 km
composed of a series of major time using and dis- altitude and at a speed (v) of 1000 km per hour, the
tribeting centers, level (3); and finally the user effect is about + 6 x 10-13 due to both terms. Our
clock level which is often structured even further, present flying clock operations are just st the point
The National Time Services should be responsible for where these small corrections will have to be applied.
coordination of activities. Currently our coordinated The effect can be different, however, depending on the
time (UTC) specifies 1 millisecond clock time tolerance direction of the flight (reference (2)).
and few time services have had to make small steps in
the past few years, With presently available clocks, In other words, for terrestrial purposes we have
the tolerance could easily be reduced to 100 micro- to specify a reference level of gravitational poten-
seconds for the level (2) and to 10 microseconds within tial, and it appears natural to use sea level as the
the level (3) groups. A gradual tightening of toler- reference or "origin" for future "coordinate clock
ances is recommended because of the need for more time" systems (time is used here as a "coordinate").
experience at the working level. After several years, The Bill in Paris has actually been adopted as refer-
these tolerances could be further reduced. ence. One can ignore, at present, the annual varia-

tion in the rate of atomic clocks due to the ellip-
In the United States and in France, examples ticity of the orbit of the earth-moon system around

for high precision coordination exist. In the inter- the sun since it is of no practical consequence for
est of improved coordination between the National operations on the surface of the earth. Astronomers,
Bureau of Standards (NBS) and the U. S. Naval Observa- however, are concerned with this effect (annual
tory (USNO), all measurements at the USNO are referred variation is about 2 x 10-10) for example, in pulsar
to a coordinated clock known as the USNO Master Clock observations (J. G. Duthie and Paul Murdin, University
and designated as MC(USNO). This clock differs by very of Rochester). See also reference (3).
small amounts from the internal (Local) USNO clock time
reference which is designated Mean (USNO). The fre-
quency difference, during 1969 for example, was as Difference Between Time and Time Interval
follows:

In order to have any widespread usefulness, a
F(MC) - F(Mean) time scale must suffer some adjustments or compromises

F(Mean) - 0 before 1 May 1969 in the interest of its applicability in nature. A time
scale cannot be compared with other physical scales as

F(MC) - F(Mean) = - I x 10-13 after I May 1969. length, temperature, etc. This is the root of many

F(Mean) misunderstandings. Rather, a time scale can be con-
pared to a coordinate system similar to the geodetic

For most timing applications these changes are insigni- grid used on the surface of the earth.
ficant since they are less than the random fluctuations
of individual atomic clocks. By agreement, opposite In analogy to length measurements, time Interval

frequency adjustments have been introduced by NBS. can correspond to the distance between two locations,
The coordinated clocks of these two agencies have been a and b, on the surface of the earth. This can be
within 5 microseconds since July 1968. The internal measured, either directly or by reference to geodetic
(local) time scales serve as a basis for the Bureau or astronomical coordinates of a and b. In the second
International de l'hleure (Bill) time scale. The co- case a computation has to be performed taking into
ordLnated clocks are used for all external measure- account the tion-uniformity of the coordinate system
ments. The adjustments are published in Time Service on the surface of the earth due to the oblateness el
Bulletins, Series I1. the earth's spheroid. Similarly, time scales are In

existence corresponding to such coordinate systems
Another aspect of systems of widely distributed which may or may not be uniform but do allow the

clocks, as yet relatively insignificant, must be care- measurement of time intervals by applying well known
fully considered in view of new technological develop- corrections.

eants. This aspect is twofold and should be described
without reference to a particular theory (general If one measures distance over short intervals,
relativity) but need only refer to the two effects then one should do it directly in relation to the
which are on safe experimental grounds and which can standard meter and not by giving the coordinates of
be considered separately for our purpose: the two points. On the other hand, we accept it as

entirely practical to compute very great distances

1, The gravitational "red shift". from the coordinates even if the grid is not uniform
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but distorted (spheroid) as long as we know that dis- Adjustments to Universal Time
tortion. The situation here too, is a compromise in
deference to the same cause -- our "imperfect" earth. Requirements for Time

Very similarly, if we insist on using the global Time, in the sense "time of day", is needed as
international timing system for laboratory "absolute" one of the fundamental parameters in astronomical and
frequency calibrations instead of using the standard navigational tables. This, together with the require-
of frequency, cesium atoms in the local frame of ments of civil use (scheduling, legal time, etc.),
reference, then we have to pay the price of applying necessitates a close link of time signals with diurnal
small but precisely known corrections, phenomena, i.e., mean solar time. On the other hand,

numerous new global electronic systems demand synchro-

In summary the following points are 1---rtant: nized operation with a precision of about one micro-
second. Some of these systems cannot tolerate the

A hierarchical system of coordinated time, small time steps or frequency changes required in the
existing now in a rudimentary stage, can be developed, present UTC system where the frequency of occurrence
Corrections for "relativity" effects are small and of both is in the dangerous zone of "too often, but
can be applied easily when required. Small adjust- not frequently enough". Aircraft, for example, may
ments must be made regularly, necessitating the con- soon be using microsecond timing systems which cannot
tinued existence of two clock time scales at major tolerate these changes for either safety or logistic
centers: reasons. In view of these new developments certain

improvements have been decided upon by the bodies

(I) The local, proper, "atomic" time, never previously mentioned. Essentially, the changes to
to be adjusted, for the purpose of the definition of take place 1 January 1972, Oh UT are as follows:
clock time (A.1, Mean at the U. S. Naval Observa-
tory). 1. We will discontinue the "offset".

2. We will approximate UT with a larger toler-
(2) A "coordinated" time to be distributed ance by stepping exactly 1 second when necessary

for the realization of a generally available time (about once per year, preferably on the last second
scale (UTC). of 31 December or 30 June).

This method of using "leap" seconds is exactly analo-
Organization gous to the calendar adjustments with its leap day.

Since UTl is required by moot users in astronomy,
The international scientific unions, URSI, IUGG navigation and geodesy, additional information will

and particularly the International Astronomical Union be available on the time signals which will give the
(IAU) have, in the past, been most concerned with the difference
scientific and practical aspects of the determination
and use of the various time scales including clock aUT - UT1 - UTC (Time Signal).
time. The Bill plays the role of the executive agent
for the coordination and prompr publication of time- The CCIR has recommended a special code (inee ap-
related matters. It is sponsored by the IAU and pendix C). The use of voi:e or Morse Coda to pro-
receives a little support from UNESCO through "FAGS", vide the necessary correction for the use of time

the Federation of Astronomical and Geophysical signals in observations of "Hour Angle" is also
Services. More recently, the "Treaty of the Meter" possible.
with its various bodies CIPH, BIPH, etc., has formally
defined the (atomic) second as a base tunit of the The following details will apply:
"Systime International" (SI) and has also formally
defined an International Atomic Time Scale (IAT) for a. On 1 January 1972 Oil UT we will
common reference purposes (in agreement with the IAU
definition) to be kept by the BIll. (1) increase the frequency of OTC by300 ' 0"°

Based on this current interest, the BIH also (2) delay (retard) UTC(USNO) by approxi-
acts as an agent for the CIPH in regard to the IAT. mately 107,607 microseconds. (The exact amount will

be announced in the fall of 1971.)
The International Telecommunications Union (ITU),

with its advisory body the Iet, tonal Consultative b. Alter these adjustments we will have:
Committee for Radio (CCIR), ao ,n standards for
radio time signals and standar. -eý,,,ency transmis- (1) IAT - UTC(USNO) = 10.0 soc (until the
sions including assignments of protected frequency next step).
bands, etc. (2) AUT - + 0.1 see (decreasing at a rate

of about 2.5 ms per day).
It is clear that changes in policy or procedures

require a great degree of coordination and a rather c. The first 1 sec step can be anticipated
deliberate, conservative approach in order to avoid for the end of Juna 1972.
vacillation and confusion. Steady ptogress, however,
has been achieved in adapting our procedures and We realize that the frequency change will create
standards to the ever developing needs and capabil- special problems for those users of atomic frequency
ities of modern technology, standards (cesium beam, rubidium gas cell) who do not
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hawv provisiona available for such changes. ferred to as a "leap" second (in French: inter-
calaire).

However, the new systeA ras been decided upon
for the purr e of eliminating future frequency 9.4 The time of an event given in the old scale,
changes. -e all members of the time community before the leap second, will be given as a date in the
to take 'L steps" to make the transition easy. previous month, exceeding 24 h if necessary. The time

of an event given in the scale after the step will be
given as a date in the new month, with a negative time,

ANNEX A if necessary.

XIV GENERAL ASSEMBLY IAU -- BRIGHTON 1970 NOTE: Commission 31, taking into account the con-
flicting requirements of the various users of

Commission 31 - Resolution #1 - 24 August 1970 UTC, including the large ntuber of those re-
quiring immediate knowledge of hour angle, con-

Commission 31 makes the following recommendations: sider that the ebove represents the optimum
solution.

1. That the frequency offset of UTC be made zero,
effective oh Ja-'ary 1972.

ANNEX B
2. That step adjustments shall be exactly I8. When

a step adjustment is made it shall be at the last (From CCIR Report 7/13E, 22 February 1971)
second of a UTC month with preference for 31 December
or 30 June. These step adjustments will be decided Datinq of Events in the Vicinity of a Leap Second
upon and announced as early as possible by the BIH.

A positive or negative leap second, when required,
3. The maximum difference IUTC - UTI1 will be less should be the last second of a 1T1% month, preferably

than Oq7 unless there are exceptional variations in the 31 December and/or 30 June. A positive leap secone
rotation of the Earth. begins at 2311 5 9 m 60s and will be followed one second

later by Oh 0 m Os of the first day of Xhe month. In
4. Special adjustment. The BIH will also announce the case of a negative leap second, 231 5 9 m 58s will

a unique fraction of a second adjustment to be made at be followed one second later by On 0 m Os of the first
Oh I January 1972, so that UTC and the international day of the month.
Atomic Time Scale (IAT, in French TAI) will differ by
an integral number of seconds. Taking into account the contents of this para-

graph, dating of events in the vicinity of a leap
5. The emission times of time signals from co- second shall be made as indicated in the figures below:

ordinated stations shall be kept as close to UTC (BIN)
as feasible with a maximum tolerance of I ms.

Positive leap second
6. Nomenclature. event

6.1 Clocks in common use will indicate the Leap second
minutes, seconds and fractions of UTC (French: TUC).

6.2 The terms "G.H.T." and "'T are accepted as I
the general equivalents of UTC in navigation and com- 56 57 58 59 60 0 1 2 3 46
munications.

30 June, 23h.59m. 1st July Oh.Om.
7. The term 6UT is defined by: AUT - UT1 - UTC.

Extrapolated and final values of Atrr will be issued by +
astronomical observatories and the BIH, and will be
given the widest possible distribution. Designation of the date of the event

30 June, 23h 59 m 60.6s UTC

8. All standard time signal emissions must include
information which will enable a user to obtain UTl with Neuative leap second event

a precision of at least 01.

9. Designation of thle epoch of steps in IJTCI I II I I I I I
9.1 If UTC is to be advanced, then second 00 56 57 58 I 0 1 2 3 4 5 6

will follow 2 3h 5 9 m 58s of the previous day. 30 June, 23h.59m. let July, Oh.Om.

9.2 If UTC is to be retarded, then the second
of the previous day 2 3 h 5 9 m 608 will be followed by
the next second Oh O0 m 008 of the first day of the Dejignation of the date of the event
month. 30 June, 2 3h 59m 58.99 UTC

9.3 The stepped second will be commonly re-
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ANNEX C Reference

(From CCIR Report 7/13E, 22 February 1971) 1. G. H. R. Winkler, R. C. Hall and D. B. Percival,
"The U. S. Naval Observatory Clock Time Reference

Code for the Transmission of DUT1 and the Performance of a Sample of Atomic Clocks",
Hetrologia, Vol. 6, No. 4, October 1970, pp. 126-

A positive value of DUTi will be indicated by 143.

emphasizing a number (n) of consecutive seconds
markers following the minute marker from seconds 2. J. C. Hafele, "Relativistic Behavior of ?o-Jing
marker one to seconds marker n; n being an integer Terrestrial Clocks", Nature, Vol. 227, No. 5255,
from 1 to 7 inclusive. 18 July 1970, pp. 270-271.

DUTI - (n x O.1)s 3. G. It. Clemence and B. Szebehely, "Annual Variation

of an Atomic Clock", Astronomical Journal, Vol. 72,

A negative value of DUTl will be indicated by No. 10, Decemer 1967, pp. 1324-1326.
emphastzing a number (m) of consecutive seconds mart-ers
following the minute marker from seconds marker nine to
seconds marker (8+m); m being an integer from 1 to 7
inclusive.

DUTi - - (m x 0.1)s

A zero value of DUTl will be indicated by the

absence of emphasized seconds markers.

The appropriate seconds markers may be emphasized,
for example, by lengthening, doubling, splitting, or
tone modulation of the normal seconds markers.

EXAMPLES

DIJl - + 0.Ss

rHinutc Emphasized seconds markersmar~rerI

0 1 2 3 4 5 6 1 81

DUTI - - 0.2s

Ewphasized seconds markers

8 9 10 11 12 13 14 15. 16

limit of coded sequence

2
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FREQUENCY MODULATION ANALYSIS WITH THE HADAMARD VARIANCE

Richard A. Baugh
Hewlett Packard Company
Santa Clara, California

Introduction If, however, the measurement time is not
approximately equal to a half period or if it
is in quadrature with the modulation (Fig.

It has been shown that the spectral den- l(b)), then the Allan variance will be much
sity of a signal source can be derived from smaller. Thus, one would expect the Allan var-
time domain measurements made with a frequency iance to depend primarily on modulation compon-
counter (1) if the spectral density is of the ents near f = 1/2T.
form

Placing the definition of 7 k inside the
statistical averaging bracket the Allan vari-

S) (- fn n - .3,-2.-.1,.etc.andf< fc ance becomes the mean square value of a convolu-
tion integral.

.(I) - 0 otherwise.

This involves plotting the sample vari- 02(2,") It./ ylu) du - lit / y(u) du)

ance versus averaging time and measuring the 11-7

assymptotic slope. The development of frequen-
cy counters which can be programmed to make or

measurements and do arithmetic calculations
simultaneously makes it possible to do high re- u - t) d
solution spectral analysis on signal sources. 9• (2.v(-(f y(u~h(u-Xldu)
The counter is prograrmmed to do an operation
resembling the Hadamard transform (2), similar
to the finite Fourier transform but with the with
sine and cosine functions replaced with square h(ti) '-1A/v7 < t (0
waves. II/'VT 0 <t r

Properties of the Allan Variance 0 otherwise.

The instantaneous frequency is convolved
Because the spectral density of frequency with a function h(t) which resembles the mea-

fluctuations almost always has a singularity surement sequence. Replacing the convolution
at f=0 special statistical quantities such as with a filter whose impulse response is h(t) it
the Allan variance must be used 1(1). 01 (2. r) is now possible to separate thc. various opera-
the Allan variance, is defined as the meany tions involved in obtaining the Allan variance.
square value of v/ (7k- 9k i)ý The output of a linear system is the input

convolved with h(t) or, since the Fourier trans-
form of a convolution is the product of the two

2 (2. r) - - Fourier transforms,

where +k is the fractional frequency averaged where H(f) is the transfer function or Fourier
from tk to tk + k : transform of the impulse response, h(t), and

01" S (f) and S (f) are the spectral densities of
S-i /rf y(tIdt t~e input aXa output. Consequently, the re-

tk lationship between o 2 (2,T), the Allan variance,k• and the spectral density is
and tk+i -tk+, ol (2, r I - f yS() IH(f)II' dl

In order to understand the relationship 0
between the Allan variance of a signal source The transfer function for the Allan van-
and the spectral density of its frequency ance, shown in Fig. 3, has a broad peak near
fluctuations a non-mathematical example can be = 1/( 2 T). Because this peak is so broad the
given: If as shown in Fig. l(a) the averaging Allan variance is not particularly useful for
time, T, is equal to a half-period of the sin- spectral analysis.
usoidal frequency modulation and is in phase
with it then the Allan variance will be large.
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Packard 5360A, a programmer, and a square wave
generator which is used to adjust the measure-

Properties of the Hadamard Variance ment sequence. The equipment, illustrated in
Fig. 8, can measure low frequency FM sidebands
and spectral purity, non-linearity and inter-

Another statistical quantity, the Hada- modulation in FM modulators, and with the aid
mard variance, can be defined which has a much of a voltage-to-frequency converter it can be
narrower transfer function, making if 6seful used for sub-audio spectral analysis.
for spectral analysis of frequency modulated
signals. In this method the frequency is av-
eraged over many successive time intervals and Appendix A
alternately added ans subtracted. The Hada-
mard variance is the mean squared value of Obtaining the FM Deviation and Spe:tral Den-

sity from the Hadamard Variance.
9k+1 -'•k+2 +9k+3 -Vk+2N

1 "

Specifically, In order to translate Hadamard variance
measurements into more useful quantities it is
necessary to know the exact mathematical rela-

K ~r) - 9k+1 - 9k#2 + ik+3 -*9k 2N1  tionship between the Hadamard variance and FM
H -spectral density. It can be shown that

oH (,.Y f 111(f) P S(f) df (1)

The Allan variance is one half times the Hada- 0
mard variance with N = 1. where S(f) is the FM spectral density,

The impulse response of the Hadamard var- H M T-Nsn f n._
iince is a segment of a square wave with N com- ls.c 2N1r#To) "2(r+
plete cycles. Its transfer function, the Four-
ier transform of the impulse response, is shown
in Fig. 5. The bandwidth is I/N times the re- (2)
petition frequency since the impulse response n- 1.3,5...
contains N complete cycles. The Hadamard var-
iance is useful for spectral analysis because
it only responds to a very narrow range of the sinc function is defined as
frequencies.

One disadvantage of the Hadamard variance $Inc(x W sin (x---

over conventional spectral analysis is evident

from Fig. 5. Since the impulse response is a T is the rmeasurement time,
segment of a square wave (which containa odd
harmonics) spurious responses are present. A TD is the dead time between meesurements,
frequency counter programmed to respond to fre- ane
quency modulation at a frequency 1/2t would al-
so respond to any modulation which was present N is the number of complete cycles in
at 3/ 2 T, 5/ 2 T, et'.. This can be partly elim- the measurement.
inated by putting a delay or dead time between
frequency averages. The optimum dead time is The amplitude of an FM component at
"50% of the measurement time. One can say that f.* 1
a square wave with 50% dead time is a better 2 (f#TD'
approximation to a sine wave than a square wave OH
with no dead time. The 50% dead timd elimi- is Alm 1 A",-
nates the third, ninth, fifteenth, etc., har-
monic responses as illustrated in Fig. 6. where A. 2Nsinc (2 (r I T (3)

The measurement sequences illustrated in assuming that the phase of the FM component is
Figs. 5 and 6 produce transfer functions with uniformly distributed between 0 and 21 radians.
large sidelobes. These sidelobes can be modi- Similarly, the amplitude of an FM component at
fied or eliminated by multiplying the impulse an arbitrary frequency is
response by an appropriate envelope function.
The so-called Hanning and Hamming windows are (4)
envelope functionis used for the same purpose in MI (1)
digital Fourier analysis (3). An example of an
envelope function for the Hadamard variance is Since the equivalent noise bandwidth, B.,
given in Fig. 7. The envelope, which consists of each peak in the frequency response is
of the binomial coefficients, completely elim- i
inates the sidelobes. ON- tN 2(r-T- )

the integral of Eq. 0) can be replaced by a
A_ _ _ications sum,

The Hadamard variance is a useful measure- o2 (r.TD.N- ,(I/NI n(4T) AxS ( D

ment method because it extends frequency domain (5)
measurements down to sub-audio frequencies and
because it measures frequency modulation direct- n- 13,6...
ly. It can be implemented with a programmable
high-frequency counter such as the Hewlett-
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For bandlimited noise which is zero for INSTANTANEOUS FREQUENCY
1>(1+IT the relationship between the Hada- AiFIGURE I

mard -,ariance and the FM spectral density
evaluata.d at -- - - -- --

f. - 7p is simply V
2ri TD)

S( - 12N) r -TO (-AI~ )' H(62 Ir + (T))

If the noise is handlimited at a higher
frequency so that there is also a noise con- ,t
tribution from the t.hird or higher harmonic -

responses of the Hadamard variance then V

o 2 (.TN - 'IA (---- 3 )j ( 1... ] _________________________

H 0 2N Ir + T0 j1 2 2(r +To)) +A, ~2(r + TO), jb

FIGURE 2

or UIRAEAE

2( RIN I, + T ~ (,.T0 .NI it

- (A3/A1)2 S(2 3r T)

2 (rN) + TO 10rhull, THE FOUIER TRANSFORM

- (A/A) S 5 yj0* Ct) -h(0, CONVOLUMlN

This shows that some measurement of the Y~CIS)I jH91,PCTA EST
noise at the third and higher harmonics must2
be made before noise at the fundamental can be (7 2

7 f 57~)f jHf)12 df
calculated. 0

THE ALLAN VARIANCE TRANSFER FUNCTION
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THE HADAMARD VARIANCE TRANSFER FUNCTION, N=1O
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HIGH QUALITY QUARTZ CRYSTAL OSCILLATORS:

FREQUENCY DOMAIN AND TIME DOMAIN STABILITY*

Helmut Brandenberger and Frederic Hadorn

Ebauchcs S. A.
D~partement Technique. Groupe Etalons de Frýquence

2001 Neuchatel, Switzerland

and

Donald Halford and John H. Shoaf

Atomic Frequency and Time Standards Section
National Bureau of Standards

Boulder, Colorado 80302 USA

Summary Two commercial quartz crystal oscillators
incorporating these design factors were measured in

We measured the frequency stability of a pair of Neuchatel, Switzerland and then shipped to Boulder,
commercial 5-MHz quartz crystal oscillators which Colorado for further measurement. The spectral
incorporate improved electronic design for enhanced density (frequency domain) of the phase noise, 2 , 3 per
short-term stability. The spectral density (frequency oscillator, measured by each of our two laboratories,
domain) of the phase noise, per oscillator, measured by is
each of our two laboratories, is

$ S + (10.1". radians2 Hz3))t + (10..S radians2)l

S(10""' radians' Hz'0 ) fo.+ (10.4 radians")1!-) o1
60 f

+ (10.14.4 radians' Hz-')o f+ (10-14.4 radians2 Hz-
1 ) f0,(I

over the range of about 10-1 Hz to 10+3rHz. over tie range of about 10'2 Hz to 10+0 Hz. See
Figure 1. From Figure I we see that there is gratifying

Key Words (for information retrieval): Allan agreement between our two laboratories in the measure-
variance, Flicker of phase noise, Frequency stability, ments of the noise spectral density. The reproducibility
Oscillator noise models, Phase nois nqe spectral density, of our frequency domain measurements is equal to or
Ourcrsascillatornoisem l, Pse noaise spctrabildnity, better than "2 dB. Measurements made in the time
Quartz crystal oscillator, Time domain stability, domain (Allan variance 2 , 4 ) gave results which were

Discussion compatible with our frequency domain measurements.
See Figure 2. This oscillator perform.nce is obtained

There are several aspects of electronic circuit without the use of narrowband filters.

design which must he carefully considered in order to
achieve high short-term !reqiency stability in quartz Each of our measurement systems (see Figs. 3.4,
crystal oscillators. We report an advance of more than -r and 6) was based on the use of low noise rouble-
ten decibels in the state-of-the-art for high quality balanced broadband mixers using Schottky-barrier

d5 MHz quartz crystal oscillators in the noise fre- diodes. 5 , 6 For most of the measurements, the oscil-

quency range of I to 100 Hz. The most important design lators are at zero-beat and in phase quadrature; the

factors were A) measurement and selection of tran- output of the mixer is amplified in a low-noise D13

sistors for the lowest possible flicker of phase noise' amplifier and sampled both in the frequency domain and

(oscillating loop and buffer stages), B) measurement in the time domain. The noise of our measurement

and selection of transistors and diodeu for the lowest systems can be measured easily; in each it is adequately

possible DC flicker noise (voltage regulators, automatic lower than the noise of the oscillators.

gain control), C) massive negative feedback (DC and RF)
in the RF circuitry to stabilize the RF gain and to reduce The measured oscillator stability in the range I to

the flicker of phase noise of the transistors1 (automatic 100 Hz is about 12 dB better than the prior state-of-the-

gain control CAGCJ amplifier, buffer amplifiers, art for oscillators of any type. The stability (time

oscillating loop amplifier). Because more negative domain) In the 10 to 100 second range is not better than

feedback Is used in the AGC amplifier and in the buffer the performance of high quality quartz crystal oscillators

amplifiers than can be used in the oscillating loop which have been commercially available for the past eight

amplifier, the resultant flicker of phase noise perform- years7. 8 However, with a higher QL for the quartz

ance of the oscillator is determined by the flicker of crystal resonance, improved stability in the 10 to 100

phase noise of the transistor in the oscillating loop. second range may be expected.

*Contribution of the National Bureau of Standards,
nct subject to copyright.
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To our knowledge, this has been the first successful
application of low flicker of phase noise electronics to
high quality quartz crystal oscillators. For examples of
other devices, see references 1,8,9,and 10. Further
improvement of the oscillator stability may be possible
by further reduction of the multiplicative flicker of phase
noise of the electronics. The present Q is estimated to
be about I X 10 on the basis of the noise measurements
and is independently confirmed by an analysis of the
circuit. A value of 3 X 108 is possible with 5 MHz
crystals; this alone may allow a factor of three improve-
ment in the 10 to 100 second stability, and may accrue
in addition to the improvements in the electronics noise.
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Figure I Spectral density of the phase noise of the improved
commercial quartz crystal oscillator. The circles repre-
sent measurements made at Neuch~tel, Switzerland. The
triangles represent measurements made at Boulder,
Colorado. The measurements were made using I Hz
bandwidth. The dashed line, in the region of I to 100 hertz,
represents the prior state-of-the-art for quartz crystal
oscillators.
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Figure 2 The square root of the Allan variance of the fractional
freq~uency noise y is plotted against averaging time 1" for
the improved quartz crystal oscillator. The circles (zero-

*+ beat method) and the squares (non-zero-beat method)
represent measurements made at Neuch~tel0 Switzerland.
The triangles represent zero-beat method measurements
made at Boulder, Colorado. For all points, N --2. For the
circles. B m 1000 Hz and the dead time is about 0. 1 second
except at T I second where the dead time is I second.
For the squares, B o 1000 Hz and the dead time is il second.
For the triangles, B r 25 Hz and the dead time is negligible.
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THE DESIGN AND PERFORMANCE OF AN ULTRA-PURE, VHF FREQUENCY SYNTHESIZER

FOR USE IN HF RECEIVERS

Max E. Peterson
Collins Radio Company

Dallas, Texas

Surmmary

This paper covers the design of a spectrally pure, Since many HF radios are used for data handling,
VHF synthesizer for use in HF transceivers. The block phase stability of the synthesizer is very important.
diagram is discussed, showing how 100 Hz frequency steps This is in effect a measure of the close-in noise level,
are generated, and details of circuit design and con- 20 Hz to 300 Hz from the carrier. There seems to be an
struction are presented. infinite number of ways to specify phase jitter, but one

I like and one that approximates the use of the signal

Introduction source in a Kineplex data terminal states:

"The average phase of a signal, when measured over
We have known for sorm time that the best way to a 22 ms period, shall not vary more than 70 when any two

build 11F receivers is to up-convert at the first mixer, adjacent 22 ms periods are compared."
doing all of the tuning with the first injection. The
basic requirements for this scheme are An alternate method of measuring phase jitter will be

discussed later.
(1) a mixer with low intermod products,
(2) a synthesizer with low enough spurious signals Most HF equipment today requires 100 Hz channel

and noise. spacing, and extensive tests at Collins have shown that
to simulate a continuous tuning effect in a general-

FET's have helped to reduce the mixer intermod products, purpose receiver with a synthesized local oscillator,
and the subject of this paper is a synthesizer that frequency steps of no more than 100 Hz can be used. In
makes the up-converting receiver a reality, conventional communication equipment tuned by manually

selecting each frequency digit, the time required for
Advantages of up-converting are the synthesizer to change frequency is not critical.

However, to simulate continuous tuning, the synthesizer
(1) virtual elimination of all image responses, must change channels in 25 milliseconds or less. Any-
(2) elimination of RF tuning, thing faster is good, but for switching times longer
(3) a cleaner frequency plan with fewer spurious than 25 ms, undesirable tuning chirps develop.

frequencies being generated. We can now list the specifications for the synthe-
Let's review some of the requirements of a modern HF sizer that make up-conversion practical.
receiver that set the specifications for the first in-
jection signal. Figure 1 shows a typical receiver Frequency Range 80 - 110 MHz
input, a low level desired signal in the presence of a
high level undesired signal. With no RF tuning, both Frequency Steps ý-l00 Hz
of these signals hit the first mixer unattenuated. For
a first IF frequency of 109.35 MHz, the injection to the Tuning Time .25 ms
first mixer will be 109.35 - 4.0 M1Hz, or 105.35 MHz at a
level of approximately 2.5 volts RMS. Now if a spurious Output Level 0.5 v RMS
is present on this injection signal at 105.30 MtHz, two
identical and interfering IF signals will be generated. In-band Noise _,-50 db
It is necessary to keep the undesired signal at least (300 - 3000 Hz)
10 db below the desired IF signal. This means all syn-
thesizer spurious frequencies 50 kHz or more from the Phase Jitter .70 p-p
desired synthesizer output must be down:
•"Noise Level ±-139 db below desired

50 KHz Out output (3 KHz bandwidth)
20 log 2.5 6 104 db17xI0T B Spurious Levels

x1 +10 KHz -.-75 db below desired

(17 uv is the level of the synthesizer spurious that output

when mixed with a .35 v input would generate an output +20 Kiz &90 db below desired

10 db below the desired 50 uv output.) output

Since residual noise can also mix the undesired
signal into the IF passband, the noise level of the syn- Synthesizer Description
thesizer must be down -139 db (104 db + 10 log 3000)

when measured in a typical audio bandwidth of 3 KHz. System Description
The inband noise level (300 Hz to 3.3 KHz from the de-
sired synthesizer output) should be down over 40 db if The frequency mixing scheme of the 718U HF product
a single sideband receiver noise figure of 40 db is met. line I:ow in production at Collins Radio) for which the
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subject synthesizer was designed, is shown in Figure 2. loop 2 counters to:
This resulted from the combined effort of several de-
sign groups to make maximum use of the frequencies that F2 min = 99.000-93.490 = 5.51 MHz (6)
would be required for the synthesizer. To generate
100 Hz steps we knew we needed 10 KHz and 9.9 KHz. The F2 max = 99.000-64.510 = 34.49 MHz (7)
lowest possible reference frequency that could be used
was 990 KHz, but this was not an acceptable VCXO fre- Several examples (see Table 1) should show how the
quency. A compromise was made at 9.9 MHz. This pro- two loops work together to vary the output in 100 Hz,
vided reasonable IF frequencies and IF injection fre- I KHz, and 10 KHz to 10 MHz steps.
quencies, and we settled on the block diagram of Fig-
ure 3. If we want 100 Hz or I KHz steps both N1 and N2

The synthesizer consists of two phase-locked are advanced, but for 10 KHz, 100 KHz, I MHz and 10 SHz

loops, with loop 1 locked to a 9.9 Kflz reference and steps, cnly N2 is varied. The common 4-bit, BCD code

loop 2 locked to 10.0 KHz. Mixers were used to reduce is used to program the counters N1 and N2 . This is not
the maximum operating frequency of each variable divid- a problem since the only digits in N, that are program-
er to a frequency within the capability of available TTL mable correspond exactly to the two least significant
logic circuits. Obviously, the VCO frequency of loop 1 digits of the operating frequency. Not so for N2.
is determined by the receiver operating frequency and
is equal to: If an operating frequency of 0.000 MHz is selected

the value of Nj drops to 351. This is the value that
must be added o the operating frequency so that the

fVCO-1 = 109.35 MHz - fRX (1) information that sets N2 is correct. The three is added
to the MHz digit, five added to the 100 KHz digit, and

109.35 MHz is the first IF frequency and fRX is the one is added to the 10 KHz digit. For an operating fre-
frequency to which the receiver is tuned. The selec- quency of 21.3765 MHz, the value of N2 can be calculated
tion of the operating frequency for the variable counter from:
of loop I was a compromise between the maximum variable
counter frequency of loop 2 and the maximum bandwidth 112 = (9 9 -[(109.35"fRX(MHz)_Nl('O099)])O0 2553
of the half-octave filters that are between the antenna
and the first mixer. We knew that the output of the (8)
loop 1 mixer would be present at some level as side-
bands on the syntesizer output. The last half-octave The breakdown of 112 is as follows:
filter has a 12 MHz bandwidth which covers 10 to 30 MHz,
so to prevent a spurious problem, we operated above 351 (Fixed Number)
12 MHz. + 65 (100 Hz and I KHz Digits of fRX)2137 (10 KHz-1O MIz Digits of fRX)

Unfortunately, as the operating frequency at the 2553 TOTAL

output of loop I mixer goes up, so does the output of

loop 2 mixer. The lowest convenient division ratio that There are two solutions to this problem of corre-
resulted for the loop I divider was 1400, for an oper- lating the operating frequency to the division ratio of
ating frequency range of: N2. We can add the three numbers and program the

f= (9900)(1499) - 14.8401 Mz counter with the sum of these numbers, or the counter
mriax-l 2 (FRl(Nmax-) (can be programmed three separate times for each counting

cycle. Because of the difficulty in adding BCD numbers
(2) and the complex circuitry required, we decided to reset

f (F)(N ) (9900)(1400) = 13.860ONiz the counters in N2 three times for each 10 KHz output
fmin-l R min-d pulse. Fortunately, the minimum division ratio of the

(3) MHz- 10 MHz portion of N2 is 3 (351), providing us with
three different logic states (0, 1, 2), each of which

The tuning ra'ge of the loop 2 VCO can now be determined is used to reset the counters in N2 to a given state.
knowing that the two least significant digits of the
loop I divider represent the 100 Hz and I kHz digits of The block diagram of Figure 4 is typical of most
the operating frequency. digital phase-locked loops. The open loop bandwidth is

given by:
If the synthesizer frequency that corresponds to

an operating frequency of 2 MHz is 107.35 MHz, and the
loop I divider is set for 1400 (100 Hz and I KHz are
set to zero), the frequency of VCO-2 is: aW = KK Fýs (9)

N
fYcO-2 ' 107.35-13.860 a 93.490 MHz (4) which is derived from the genural transfer function of:

When tt.e operating frequency is 29.9999 MHz the synthe- __ K K F
sizer frequency is 79.3501, and the frequency of VCO-2 0 V (s)=(10)

is: 60 s K+ KF

f vcO-2 ' 79.3501-14.8401 - 64.51 MHz (5)

As shown in Figure 3, the loop 2 VCO is mixed The amount of filtering of FR by the filter F(s)
with 99 MHz to reduce the operating frequency of the for a sideband level In db (A) at the VCO output is
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given by: This circuit (Figure 6) combines the three numbers that
are used to reset each decade counter. One of the three
four-bit words is selected by raising one of the three

attenuation (FS) = 20 log KKv + 6 db + A (db) word selection inputs to a logic 1. If input I is
FR raised to logic 1, the word A1 , B1 , C1 , and D1 then

appears at the output. Two of these circuits are re-
(11) quired for the loop 2 divider.

Finally, the frequency at the counter (N) input Voltage-Controlled Oscillator (VCO). Ultimately,
is always: the signal-to-noise ratio of the VCO wil limit the

performance of the receiver. Any noise at all seems

Fc = N.F (12) to be undesirable, but a S/N ratio of 100 db (measured
SR 50 KHz from the synthesizer output in a 3-Kllz bandwidth)

For Figure 4, if N is increased by 1, the output seems an acceptable value although 139 db was desired.

frequency will increase by an amount equal to FR. To realize these noise figures, an FET oscillator
circuit was considered a necessity. The circuit of Fig-

Circuit Description ure 7 is a modified Hartley, and is used both in loop I
and loop 2. A solid-state tuning capacitor is used for

It is ntminettshwodicsalofhe tuning the oscillators, and both tune their respective
circuitry that is used in this synthesizer. However, ranges for an input of 1-8 volts. The DC amplifier,
some of the circuits are unique and will be covered by Q2, has a gain of 1 and generates a negative image of
this paper. the 1-8 volts for an equivalent capacitor voltage of 2

PhaseDetector r certain phase-locked loop to 16 volts. CR2 , a Schottky barrier diode, limits thePhase Detectors. For cranhselce op dynmcsigo h E ae

conditions, the phasF detector of Figure 4 can be a ynamic swing of the FET gate.

simple set-reset flip-flop. However, as the tuning
range of the VCO increases to beyond 10%, the phase Frequency Multiplier. 99 1z is required both as
detector must have the additional capability of fre- a receiver injection and for the mixer in loop 2. Since
quency discrimination, because the capture range of a the reference frequency is 9.9 MHz, a 10 to 1 frequencysingle phase-locked loop is less than its pull rangen multiplier was the obvious solution. In Figure 8, QI

singlebphase-lockedBloop istless thanuItsrpull raage
Various factors influence the capture range, such as: is biased class B and acts as a doubler. C1 ,2, and

LI 2 make up a bandpass filter that is tuned to 19.8
(I) phase shift of loop filter, -Iz. 02 is a linear amplifier that drives the step
(2) the value of K., the transfer function of the recovery diode CRI. The crystal filter provides 40 db

phase detector, of attenuation to the 19.8 11z sidebands on the 99 Mlz
(3) the value of KV, the transfer function of the output. Dual output amplifiers provide separate out-

VCO, puts, one at 600 mv and the second at 100 my.
(4) the range of N, the variable counter ratio.

Loop Mixers. The two mixers of Figure 3 are al-
As an example, the loop 2 of Figure 3 has a pull most identical, the big difference being the operating

range of: frequency. Loop I mixer output covers 13.86 Viz to
14.8401 MHz, and the output of the loop 2 mixer covers

Af - 93.490 - 64.510 x 28.98 141z (13) the range of 5.51 - 34.49 M11z. Loop I mixer has a very
tough requirement on isolation, specifically the level

The capture range is approximately 8 MlHz, indicating of input 2 showing up on input 1. For a receiver fre-
that additional circuitry must be utilized for reliable quency of 13.8902 MHz, the input to the loop I counter
operation, is 13.8897 1Hz, which is the difference between the two

mixer inputs VCO-l and VCO-2. When the VCO-2 signal
This problem can be solved in tv, ways, either by feeds through to the VCO-I input, these two frequencies

coarse-tuning the VCO or by using a frequency detector. will mix again in the first mixer, generating a pseudo
We chose the latter. The desired characteristics of input frequency of 13.8897 M1Hz, which is only 500 Hlz
this detector are that if the VCO is too low or too high away from the desired frequency. This generates a dis-
In frequency, Its output will lock either low or high tinct "birdie" that can be heard at the receiver even
until the VCO is pulled near Its desired frequency; though the antenna input is grounded. Although there
then It returns to being a phase detector. This func- are several of thesý "birdies" in the frequency range
tion can be accomplished in varying degrees by using of 13-14 M~lz, they are acceptable if their relative sig-
digital flip-flops. However, we wanted this function nal levels are less than I uv. These levels were
in a single package, which was pDssible if only gates reached by adding the amplifier QI in Figure 9, which
were used. The circuit of Figure 5 was submitted to provided an additional 40 db of isolation to the mixer.
Fairchild for MSI and a 0.4" x 0.5" package resulted.
In all, thirty-two gates are used. Three gates provide The mixer itself is an %CA-CtUO28A which is fol-
the basic set-reset flip-flop phase detector function, lowed by an LC low-pass filter and a second CA3028A
and five gates are used to shape each input pulse. biased for linear amplification. Figures 10 and 11
Thirteen gates detect the condition of unequal input show the construction of the two mixers. Point-to-
frequencies and lock the single output gate either high point assembly, along with a copious use of shielded
or low to force the VCO back to the correct frequency. compartments, insures a maximum amount of isolation
Five gates form an out-of-lock detector that indicates between inputs. For the loop I mixer, 100 my on input 2
a logic I if the loop is not phase-locked to the refer- at 80 Mz will be attenuated by >90 db at input 1.

Frequency Standard. The frequency standard is a
Code Combiner. A second 1SI function composed of 9.9 Hiz, temperature-compensated, crystal oscillator.

siYteen gates is used in the loop 2 variable divider. Compensation is accomplished by a thermistor-resistor
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network (Figure 12) that varies the capacitance of a power supply ripple, were below the noise level of
solid-state capacitor CR3. The oscillator Q, drives an -62 db.
FET buffer amplifier Q2 , which drives a saturated ampli-
fier Q3. The output is a square wave that can drive Phase Jitter
one digital TlL gate. Figure 13 is a plot of:

Phase jitter can be measured and specified in m
(1) the uncompensated frequency drift as a many different ways. One method that qives a quick,

function of temperature, qualitative analysis of the phase jitter is shown in
(2) frequency drift after compensation. Figure 21.

Each standard is compensated to better than +5 parts in The synthesizer and the HP5105 are pnase-locked
107. and set to the same frequency. The output of the mixer

is a DC voltage with an AC voltage superimposed on it.
It is the AC voltage that represents the phase jitter

Synthesizer Performance on the synthesizer output. Since a common integration
period for phase jitter is 20 ms, the scope sweep speed

The complete synthesizer is packaged on four can be set for 20 ms and a picture taken of one sweep.
printed circuit boards, 4.25" x 6.825". The modules Figure 22 is such a picture. The vertical calibration
that are mounted on each of the four-layer boards are is 4.5 0 /Cm. The average phase during this 20 ms is
"nested" so that the total volume is 71 cubic inches. -0.19", and the peak phase difference within this 22 ms
Figures 14-17 are photographs of the four complete period is only 3.30. In a different test, readings of
boards. The VCO board has both VCO modules, the two 1.5' were obtained using an analog test set that inte-
loop low-pass filters, and three voltage regulators, grated the phase over 22 ms periods, and ther1 displayed
There is one negative regulator and a separate Collins the difference between consecutive 22 ms periods.
thin-film regulator for the +10 volts required to power
each VCO and filter driver. Separate positive regula- C~pture Time
tors were necessary to prevent coupling between the two
loops, coupling that results in the generation of The time It takes for a synthesizer to acquire
100 Hz sidebands. Each of the low-pass filters have in phase lock on a new frequency is normally not a problem
excess of 120 db attenuation at 9.9 KUz and 10.0 Kliz. since most synthesized radios are controlled fro'n man-
Pass-hand ripple is 1 db and the 900 phase shift point ually switched control heads. However, one applicacion
is at 1080 Hz. This is an important frequency because for this ;ynthesizer is in a scanning receiver. It was
it determines the maximum value of each loop bandwidth experimenitally determined that 25 ms was the mdximum
and it is important that the loop bandwidth be as high time allowed if a "continuous tuning" effect was to be
as possible. The purpose of a synthesizer is not to obtained. Figure 23 shows the test set-up for making
"clean up" a reference source, but to generate clean these measurements. The receiver audio is first zero-
signals. A very narrow loop bandwidth, which isolates beat, then the synthesizer is offset the desired amount
the synthesized output from the reference source, is (100 Hz, I KHz, etc.). As the switch is returned to its
redundant when the reference is many orders of magni- original position, the scope is triggered and the time
tude cleaner than the synthesized output can ever be. is recorded for the receiver to reach zero beat again.
A high loop bandwidth means faster capture time, lower The capture time for various frequency steps is listed
in-band noise, and less susceptibility to magnetic radi- below.
ation and vibration.

The mixer board has both loop mixers, and the Frq Capture Time

variable counter for loop 1. The reference board con- 100 liz 5 ias
tains the frequency multiplier, frequency standard, the
dividers that provide 10 KHz, 9.9 KHz and 450 KHz out- 100 KIz 10 ms
puts, and the two phase detectors. The divider board
has integrated circuits only, which make up the loop ? 1 Miz 15 ms
variable divider, N2 .

Noise Levels 10 Moz 25 ms

Noise is usually measured at two points. We Conclusions
measure single-sideband inband noise in a 3-KHz band-
width, 300 Hz to 3.3 Kilz, and out-of-band noise at It is now possible to design synthesizers with
50 Kflz from the desired carrier frequency In a 3-KHz the spectral purity necessary for use in up-converting
bandwidth. Figure 18 shows the set-up for measuring HF receivers, and yet small enough to be practical.
inband noise and Figure 19 is a plot of the data taken This synthesizer is now in production for use in an [IF
with an HP302 in 100 Hz steps. This integrates out to line of communication equipment that is considered to
a value of 54.4 db. The noise 50 KlIlz out from the out-perform any other HF radio system previously built
carrier is measured directly and equals -100 db. by Collins Radio Company.

Spurious Levels

Figure 20 is a plot of the spurious levels at an
output frequency of 89.996 lIz. The expected 100-Hz
sideband levels were <-62 db, 9.9 Kllz sidebands were
down -75 db, and 19.8 KlIz sidebands were down <-90 db.
Sideband levels beyond 19.8 KHz are too low to measure
with this set-up. 60 Hlz and 120 Hz sidebands, due to
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THE SPECTRAL FRQUENCY SYNTHESIZER

Dieter R. Lohrmann
Arthur R. Sills

Communications/ADP Laboratory
USAECOM, Fort Monmouth, N. J.

n The description of this improved model, its principle
of function and detailed description, using block

The syitheoszer described in this paper resulted diagram and schematics will then be presented.
from the need for low power drain in battery operated
portable radio sets. It is a digital type, yet re- Introduction
quires only low: speed digital circuitry oven to the
Gigacycle frequency range and higher. Hence, inexpen- Many frequency synthesizers for radio equipment
sive MOS logic is used. The power consumption of the in the field today now use the classical + N prin-
breadboard model ic 100 roW. Power drain is reduced by ciple. However, for applications in the VHF frequency
eliminating the need for dividing the frequency to be range and above the divide by N IC counters involved
controlled by a programmed counter and comparing the still have pretty high battery power consumption,
result with some reference frsquency. Instead, the such that the complete synthesizer requires in the
following principle is used: Starting from a known order of watts of power drain. This high power con-
reference point, a voltage-controlled variable-freq- sumption is not desirable in battery powered radios.
uency oscillator (VCVFO) is swupt across a crystal- Ideally one would like to get away with 500 mW of
derived frequency line spectrum. The spectral lines battery power drain or less for the entire receiver.
have a spacing equal to the desired channel spacing Therefore, we came up with a scheme which would permit
and cover the frequency range desired. The number of us to avoid high speed IC logic. In other words, we
spectral lines crossed during the tune-up sweep cycle eliminated the now already classical divide-by-N-
are counted. When the desired count is reached, the counter and associated circuitry.
sweep of the VCVFO is turned off, thereby locking it
to this particular spectral line. The Principle

A model of such a synthesizer was built, covering Shortly, the scheme works as follows:
the range from 41.5 to 64.5 MHz, and having a 50-kllz
channel spacing. The power consumption was 40 mW, A Multiline Frequency Spectrum is created which
excluding VFO and buffer amplifier. The spurious res- covers the frequency range desired, the spectral lines
ponses ± 50 kHz off carrier were 85 dB below the carr- having a spacing which is equal to the channel spacing
ier; all others were lower than 93 dB. The rms carr- desired, for instance, for the range, e.g., from 40
ier phase jitter was smaller than 9 Hz in a 30-kHz to 67 MHz, with channel spacing of 25 kHz within that
bandwidth. The frequency acquisition time was below range, see Figure 1.
one second.

A variable frequency oscillator will then be
The breadboard was packaged, using thick-film locked to any particular one of these lines by phase

technology with complementary MOSFET- integrated cir- lock techniques. Since the spectrum is crystal do-
cuits in chip-and-wire technique. The packaged model rived, effectively the VFO output frequency will be
measured 25.4 by 30 by 38 mm. A detailed description single crystal controlled. Figure 2 shows part of
was given in ECOM Report Nr. 3265. the basic arrangement. The output from the 4 MHz

crystal oscillator is divided down to 25 kflz. The
The drawback of this first model was that it pulse generator is triggered by the 25 kHz signal,

required a maximun of one second of frequency acquisi- delivering a pulse with 25 kiz repetition rate and
tion lime whiLch was considered too long. Further, 7 ns pulse width. This pulse has a spectrum which
some narrow tolerances in the VFO and tuning voltage contains harmonics of 25 kHz up to 67 M•z and higher.
dividers as required, were undesirable from tho stand- By means of the phase lock loop, which is comprised
point of cost in rass production and also in regard to of the sample and hold circuit, the de amplifier and
reliability, the VFO, the VFO can be permanently locked to any of

these spectral lines. This principle is well known
In our latest model we managed to avoid these and used in practice; sometimes it is called the

problems on the penalty of increased complexity of the Impulse Governed Oscillator, or for short, IGO. The
logic. However, this is not considered a drawback, problem which we solved is, to provide relatively
since the cost per flip flop on a MOS LSIC is very simple, inexpensive and low power consuming means to
low. This latest model which is in the breadboard lock the !Go to the particular spectral line desired.
stage now, first uses a 1 MHz spaced spectrum for the This is accomplished in the following manner:
Mz line count, then switches to a 100 k}tz spaced
spectrum for the 100 kHz line count and finally turns In the beginning of the tuning procedure, the
on the 25 kHz spectrum for the 25 k~z count. Coarse oscillator is preset to a known reference point in
and fine tuning voltages for the VFO are derived from the spectrum. Starting out from this point, the
the output of the sampling bridge. There are no oscillator is swept across this spectrum, counting
resistor matrices or digital-analog converters re- the spectral lines crossed. Assume this reference
quired for deriving the coarse tuning voltage. be 40 M•z, then after e.g., 7 counts we should arrive
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at 40 plus 7 X 25 kHz - 40.175 MHz. If this is the
frequency that was desired, the sweep is turned off The Pulse Generator (See Fig. L)
and the oscillator then locks to the 40.175 Mz spec- It is really a two stage differentiating amplifier;
tral line. In the original model which was described the use of a step recovery diode under the restriction
in EWOM Report #3265, we had used a reference line of low power consumption does not simplify the pulse
every integer MHz, obtained by coarse presetting the generator.
oscillator by a resistor matrix in I MHz steps and
using a I MHz spaced spectrum at the startout of the
tuning procedure. This scheme had the disadvantage of The Sapling Bridge
requiring a frequency acquisition time of maximum 2 t i HPA 2356 Quad. The hold circuit consists
second, furthermore it required some precision in the of a 12 pF capacitor and a 2N 5566 dual balanced FET
preset circuitry which was considered objectionable in transistor, see Fig. 5. Use of the latter eliminates
respect to cost and reliability, bias shifts of the tuning amplifier due to temperature

change. A CA3060 is used as the DC Loop Amplifier.
These disadvantages were eliminated in the second The first loop filter is comprised of R141 R15 + R16

generation model presently being discussed. Fig. 3 and C19 + C20. The voltage present at this capacitor
shows the block diagram of this model. is swept by the sweep generator during the tuning pro-

cedure. Integrated Circuit NHOO01, which interconnects
The tuning cycle is initiated by the "Start the sweep generator with this loop filter capacitor is

Tuning" switch whenever the frequency control knobs are used to disconnect the loop from the sawtooth generator,
operated. In the beginning of the tuning cycle, the releasing the loop after lockup.
4 MHz crystal reference oscillator thru gates 1 and 5
triggers the pulse generator. Thus the spectrum of
this pulse sequence contains harmonics on 36, 40, 44, The Sweep Generator
148, 52 .... MHz. As a reference point in the spectrum is It consists mainly of capacitor C8 + C9 + CIO to
chosen 40 MHz. Therefore, the logic, via the preset which are fed three current levels by the logic, there-
line presets the VF) to 39 MHz. Then the logic turns by creating three sweep speeds.
0on the sweep generator which sweeps the frequency of
the VFO upwards.

As the frequency of the VFO approaches the 40 MHz The Beat Note lifier
spectral line, the beat frequency at the output of the it be simplified, provided an appropriate
sampler decreases. This is sensed by the arrangement IC becomes available.
of high pass filter & detector #1; when the beat freq-
uency has decreased to 80 kilz, Schmitt trigger #1
fires, whereupon the logic reduces the sweep speed of The Non Linear Tune Amplifier
the VF0. As the frequency of the VFO gets still clo- It provides the tuning voltage for the varicaps
ser to the 40 MHz line, (about 12 kHz) Schmitt trigger in the VCO, which rhnges from -12 to -.42V, see Fig. 6.
#2 triggers, whereupon the logic reduces the sweep The counterfeedback of this amplifier is non-linear in
speed further. order to get an approximately linear relationship be-

tween tuning voltage and output frequency of the VF0.
As the VFO frequency hits the 40 MHz reference This is done in order to keep the loop gain of the

line, lock occurs. If hO.OO0 MHz was the frequency phase lock loop approximately constant over the freq-
desired, the sweep is turned off. If not, then the uency range of the oscillator.
information, how many 1 MHz lines have to be counted
which is presented or. the X I MHz input lines is stored A Second Loop Filter section is inserted between
into the memory of the logic. Then the logic closes the control line of the VF0 and the output of this
gate 1 and opens gate 2, providing pulses with I MHz nonlinear amplifier. This is required in order to re-
repetition rate to the sample & hold bridge, thus duce the inband noise of the VFO.
creating a 1 MHz spaced spectrum. Thereafter the logic
turns on the sweeps again. Whenever an integer MHz The Phase Lock Loop
spectral line is crossed, Schmitt trigger #1 provides The VFO is completely controlled by the output of
a pulse to the line counter in the logic. When the the sampling bridge; there is no requirement for coarse
count corresponding to the data on the X 1 MHz input tuning.
lines is reached, e.g., 7, then the logic initiates
the same locking procedure that was used for locking Fig. 7 shows the beat sensors which are high pass
to the reference, hence lock to 47.O00 MHz occurs, filters, detectors and schmitt triggers #1, 2 and 3.
If this was the frequency desired, then after lock the
logic turns off the lock sweep. If not, the X 100 kHz Summing up, this frequency synthesizer has these par-
information from the input lines is stored into the ticular features (see Figure 8):
logic, the spectrum is switched to 100 kHz spacing and
the sweeps are turned on again, except for the fast Mostly digital design with inexpensive low speed
sweep speed. Similarly, 100 kHz lines crossed are logic suited for ISI.
counted till the desired line is reached and lock
occurs to that line. In l.1ce fashion, the 25 kHz in- Frequency range 3 0 to 6780, suited for a trans-formtionis pocesed.ceiver for 30 to 80 14Hz.

25 ki~s channel spacing.formation is p rocessed .25 k z c a n l s ci g

The three sweep speeds used are: 1 MHz/tm for 120 MW of do power consumption, including VF0,
the 1 MHz line count, which is much slower than the buffers, d tu n ing vt up
theoretical limit, 50 kHzAtW for the 100 kHz line buffers, and tuning voltage supply.

counting and 3 kHz/ms for the X 25 kHz count and lock. All digital controlled.

Details of the Circuits Fast frequency acquisition time ( < 200 ms).

The logic is built with CMOS IC's. It contains Single crystal controlled.

17 flip flops and 88 gates. It lends itself to con-
struction in ISI MOS or CMOS technique.
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ENERGY TRAPPING IN A LITHIUM TANTALATE X.CUT RESONATOR

Ken'ichi Sawamoto

Musashino Electrical Communication Laboratory

Nippon Telegraph and Telephone Public Corporation

3 Tyome, Midorityo, Musasino-shi, Tokyo, Japan

group 3m has two shear modes, One is fast wave
with velocity v and coupling factor kf, another

Abstruct slow shear wave with velocity v and k , respective.
"ly. These are expressed as follow,

Energy trapping effect is studied experi- 2 42 2
mentally in lithium tantalate X-cut resonators. jv. + (1/2) ((066 + 044) (066 44 - 4 c56),
Resonant frequency lowering is mainly contributed - (W)
by a piezoelectric effect, inversely by a mass
loading effect in a quartz crystal. tan (-tan

Considering a suitable anisotropic constant, of k
2  + . a k

resonant frequencies of thickness twist- and flf f (0. f. (
thickness shear- mode are expressed by a similar 2s 2f
formula as a function of the ratio a/H, where a
is the length of electrodes and H the thickness where f is density of the crystal, f resonant
of resonator. frequencies, f1 and f are anti.resonant frequen.

In a monolithic filter, obtainable maximum ci+s corresponding to s and v I respectively.

band width is about 6 * , and corresponding a/H The directions of displacement corresponding
is 1.85 in case of thickness shear mode, and 1.04 to the velocities v- incline at an angle of Q.
in case of thickness twist mode. with y-axis, and arA given by t

Coupling factor depends on not only props- tan e ( v c)I 06 (32
gating mode but also the length a and width b of - 66' 56
electrode. The angle of inclination 0 was observed by T.Uno

5

using the light diffraction phenomenon due to an
acoustic wave, and it is confirmed thnt e4- - 49'

Introduction + 2' . These physical constants for LJ1'aO are

Recently monolithic crystal filters using given in Table 1.

energy trapping effect are being developed. The coupling factor kf is about 9 times
These filters are hither.to made by quartz larger than k f Since aooustic power is
crystal. Because of its small coupling factor, proportional to the square of coupling factor,
thesp filters are usable only as narrow band pass the slow shear wave can be neglected.
filters. Lithium tantalate single crystal is
thought as % suitable material to make a wide
band pass filter with band width ratio larger than
1 Y An X.cut LiTaO resonator can be regarded Experinental procedure
to excite on)y one pure shear mode, and its In an X-cut resonator, there are two types
coupling factor is about 4 times larger than of wave, one is propagating to a direction of
quartz. Furthermore, a resonator having a zero displacement and is named as thickness shear
temperature coefficient at room temperature was mode (TS mode), another wave propagates to a
obtained by adjusting the effective coupling direction making an angle 90 with that of TS
factor to a specified value mode and named as thickn~es twist mode (TT node).

Therefore two types of specimens were used in thisIn order to design a monolithiofilter, it 1s experiment. The electrode (evaporated Ni) con.
necessary to know the vibration energy distribution figuration on the crystal plate is shown in Fig. 1,
associated with an electroded area excited at reso- and the dimensions are given in Table 2.
nance. In this paper, energy trapping were studied
experimentally, and it is shown that the theory In specimen A (Fig. 1), TS mode is propagated,
used in quartz resonator is applicable to case and another specimen B was made to propagate Tof an X-cut LilaO. reaonator. Also band width mode. From the measurement of vector admittanceofd aonoththi specime Ba wasmtimatedpaatT
of monolithic filher was estimated, diagram of specimen A, the mechanical qualit)

factor Q, two terminal equivalent circuit L, C1
R, and C were obtained (Table 2), and the Aoupling

The propert of an X.cut LiTaO, plate factor o? those resonators are estimated from the

AR X-cut resonator belonging to the point overtone frequencies.

The electrodes were divided into two equal
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pairs along the 4otted line (75 or 100 micron) and YTT is an anisotropic constant equal to
an shown in Fig. 1 by YAG laser machining i , ,--r 0,
apparatus, and two resonators wore constructedo /c .0.., ris order of the mode. In this
by thus the divided two pairs of electrodes. 44,66
Since these two resonators were coupled in each treatment, c6 6 = 1.42, c 0.95, and c24 = - m.16
other, resonant frequencies of two types were 21 2 44 c"I
measured. One is a symmetric anharxonic thickness in unit of 10 1 N/U , therefore c can be neglected.
shear mode, and another an anti-symmetric mode. In case of thickness shear mode, Hsonant frequency

f is expressed by similar equations, and anisotropic
After tho measurements of resonant frequencies constant becomes 7TS given by

were completed, some portion of the end sides: 2 , , -

of the electrodes were cut by YAG laser and the 7TV *F22 - c2/Cl+tratment 66wec66ed t1nh,
separated Ni electrodes were dissolved by FeCl I I I
solvent, so that the length a of the electrodeý where c - 2 64, c = 2.28, and c o.67.become short. The similar treatments were Primed gh'stic consitants a"eitc .a12th' h

repeated 5 times on the specimen A and 4 times rotated coordinate. Res9it frequencies are
on the specimen B. Table 3 shows the length calculated from Eq. • and Eq. 6 as a function of
a of the electrode, the ratio of the a to the a/H, and the results are shown in Fig. 2 as solid
thickness H, and the resonant frequencies. lines with the experimentally obtained data. where

vertical shows
There are two cut off frequencies f and fet (f . fo/f° - f.) and abscissa (1/yTT)%a/H)4

and f corresponds to the antiresonant fdequency
and Is equal to v /(2H), and f to the resonant or (1/T)(a/H)• . And sign corresp-onds
frequency in a futly electrodes plate. Now a to the case of thickness shear mode, "X" to
resonant froq&.uency lowering d is defined as thickness twist mode. In case of fundamental

bymmetric mode, theoretically obtained curve fits
- (fe - fe)/fo . P + R , (4) to the experimental data, howeverr, in case of

antisyumotric mode and second symmetric mode the

where, P corresponds to a piezoelectric effect and deviation become somewhat larger as the value of
calculated from Eq. 2 neglecting the term of slow abscissa increasing.
wave,.and R is mass loading effect expressed as
R - 2jh/((?H), wherepland h are density and thick- In order to design a multimode monolithic
ness of the evaporated metal electrode. It is filter, it is necessary to know the relation of
impossible to fulfil the condition that a suffici- bandwidth of pass band tc dirension of electrode.
ently wide area of electrode compared with thickness We consider the simple case that there are only
of the plate, then f is estimated from the lowest two modes, i.e., a fundamental symmetric., and
measured resonant frequency. Therefore, obtained antisymmetric mode. In this case, band width is
from TS mode differs from that of TT mode. defined as
Table 4 shows measured k, and R with calculated P.
Although, frequency lowringA6 is somewhat larger B . (f " fy)/ .nt, f ,(9)
than P + R, it is mainly contributed by the piezo- anti sym ant, sym
electric effect. whare f .. and f are the corresponding

reeonan r equencUT. The relation B versus a/H
are obtained from Table 3. and shown in Fig. 3.

Discussion On the other hand, maximum band vidth is obtained
from Fig. 2 as about 6 % , when a/H is equal to

Whuten the coordinatehis rotated aorsoundxais 0.35YA : i.e., in case of thicknesa shear mode
about e+, the axes of this plate correspond to a/H is equal to 1.85 and thickness twist mode to

that of the rotated y.cut quartz plate as follow 1.04, respectively.

Direction rotated Y.cut quartz X-cut LiTaO1  The coupling factor calculated from the
3 physical constants is somewhat larger than the

thickness x2  or 2 x, or I value obtained from resonant frequency, and
resonant frequency lowering/a depends on a

displacement xI or 1 x2 or 2 propagating m~do TS o4T. This is different from
a case of quartz plate, whore d is independent

Therefore, the problems of the wave propagation of a propagating mode in a givan plate. From
for the plate is treated by similar methods as these fact, it is considered that the cuupling
be done for the rotated Y.cut quartz plateA factor depends on not only propagating mode but

also the dimension of electrode. In case of
In case of TT mode such as specimen B, a specimen A the coupling factor is measured from

resonant frequency of anharmonic symmetric mode the overtone frequencies of fundamental symmetric
f is given by mode as a function of a/H. Fig. 4 shows that

measured coupling factor approaches to some
(re/r.) tan (F0a) - 1 , (5) value below the kf calculated from the physical

constants with increasing a/H. From further oxperi.
and for an anti.symmetric mode monta, coupling factor also depends on width (b)

of electrode shown in Fig. 1. Thareforo, it is
(ro/ra) cot (rea) . - 1 , (6) necessary to consider propagating mode, length and

width of electrode against thickness of plate in
where ff 1 , order to design a filter.

r. H ) (1The me•hanical quality factor Q is about 400
as shown in Table 2. This low Q were observed

A )2 , (8) in all tested resonators vibrating thickness shearTT 0mode, and greatly depend on the holding crndition.
However, the Q values are greater than 10 in
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case of the length expander bard. The ultras-
onic attenuation of LiTaO, measured by the Author
et.al., 0.07 dB/ pS at MHa gives Q value
probably greater than 10 The reason of this
discrepancy is not clear, however, it may be
thought that acoustic energy is mtchanically
dissipated in the trapping state.

Conclusion

In a lithium tantalate X-cut resonator,
resonant frequency lowering is mainly contributed
by a piezoelectric effect and mass loading effect
does not do its role. Considering a suitable
anisotropic constant, resonant frequencies of
thickness twist and thickness shear mode are
expressed by a similar formula as a function
of the ratio a/H, where a is the length of electt
rode and H the thickness of resonator. In case
of multimodo monolithic filter, obtainable
maximum band width is about 6
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N List of the characteristics of the specimens

Scharacteristic specimen A I mciren B

L -.axis 13.5mm 13.7amm
WaOk z-axis 17.5mm 17.0 mm
Halongx-axis '.I5mm " 0-94-mm

electrode 16.5 mm 14.4 mm
length 2a 6 m 4m

____cf~rdde 3 'm
L width b 3 mm 3 m

+ *.y-axis Jewc-iess h Q5mlcron 0.15 micron
coupling factor. 041 0.37
C. ____26,9 p
C, 3.3 ~p

R ojR 73,5S1 ___

10 T38O0

Dimmenslon of a lithium tantalate X-cut
resonator, case of specimen A.

Physical constants of LiToOs X-cut plate

i fast shear wVve slow shear wav_C1
ýý-Ci'tyv+=44 xi0c Flh/s v23.39xI0 crn-/s

coupling factor- kf=47.2% -k,=5.5 % =.

direction of - 49° "0=+4,10 -
displocement N

4 -
S' \ TS mode

0~~ -. .

o Thickness Shear mode

0.8 i n=2 x Thickness Twist ,, ....
- !synwnI

' Q6 _ _-_-

1% 2 3 4 5 6 7 8

,0.4 In=l 0 (a/I)
symm antI

02 x0. Bond width versus (a/H)

0.0 ____

0 05 Io 1.5 2.0 25
( I/;%, (o/H ),/ or(I/'rrs)(o/Hlg•

Relation of resonant frequency versus a/H.
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Lengths of electrode a, and resonant frequencies

specimen A I 2 3 4 5
mm 8.21 638 4.46 2.93 1.41

o/H 7.15 5.55 3.88 2.55 1.23f'y". MHz'zI; 7"" .17_4_177

fundamental 17161.719 1.727 1.744 1.777

SeOnd 1.784 1.803 1.866

fa ' M z1.747 j1.756 1.783 1.835 1.882fI n I f. -i.890 WM z f = 1.710 MHz

specimen B I 2 3 4

a mm 7.18 5.49 3.93 1.94
a/H 7.68 5.84 3.61 206

e.,a, MHz 2.144 2.;48 2.151 2.170
.fddmental

f.~... M~z2.1-71 2.189 2228

fundamental 2.155 2.162 2.180 2.241
fe-2.31IOMHz, f.=2.14OMHz

42

40 ...O '

~38-

36 /

g I
32 /
32 -/

30 I I I I
2 3 4 5 6 7 8

Coupllng factor versus (a/H)

Resonant frequency lowering, mass loading, and

plezo-electrlc effect

""specimen A specimen B-
coupling factor k 0.41 0.37
Tritn~cy -owerwga 9.0 7 7.4
mass oodig 0 0.

effectR 0.051% 0.019%
pezoelectrlc

effect P 7.4% 6.1%
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CdS-QUARTZ MONOLITHIC FILTERS FOR THE

100-500 MHz FREQUENCY RANGE

D. A. Roberts
Gould Inc.

Gould Laboratories - Cleveland
Cleveland, Ohio

Summary and wafer thickness. It is anticipated that the com-
posite filter will have its greatest utility for

A severe limitation on quartz monolithic frequencies in the range 100-500 MHz.
filter bandwidth is imposed by a reduction in the
effective electromechanical coupling factor at har- Before discussing the composite CdS-quartz
monic modes which are necessary for filter applica- filter, it is instructive to review the essential
tions above 100 MHz. This paper describes a features of the thin film composite resonator, shown
method by which the upper bandwidth limitation can schematically in Fig. 1. The device consists of an
be extended nearly two orders of magnitude by oriented thin film piezoelectric transducer (2-5 1)
utilizing a high crupling piezoelectric thin film (CdS) which is deposited with metal electrodes onto a high
in combination with the conventional (- AT) quartz Q wafer substrate (typically 20-30 MHz fundamental
filter crystal. The composite CdS-quartz filter can frequency). This structure can be operated at any
be designed to have nearly the frequency-temperature number of even or odd harmonic modes, but the
stability of AT-quartz alone (< I ppm/°C) and can be strongest responses (i.e. , responses having lowest
terminated directly in a small resistive impedance motional impedance) result for those harmonics at
without the need for additional components such as which there is roughly one-quarter to one-half
coils or tra.isformers. Energy trapping principles acoustic wavelength in the transducer film. Energy
and filter design methods apply, just as with con- trapping techniques can be applied in order to confine
ventional quartz filters, thre vibratory energy to the CdS-quartz volume in

the immediate vicinity of the electrodedjregion, just
Measurements on a number of CdS-quartz as with conventional quartz resonators. The elec-

resonators and filters are i eported with emphasis trical equivalent circuit for a composite resona,or
on results for 190 MHz 7th harmonic mode 2, 4 and near a strong resonance response is likewise
6-rpole filter prototype;. Low ripple Chebyshev and identical to that used to represent its quartz counter-
maximally flat bandpasb filter responses are achieved part (Fig. 1). r'he shear mode version of the com-
with these units, having 3 dB bandwidths around posite resonator can be designed to have a high
130 kHz, 1-3 dB insertion loss per resonator and degree of frequency stability over any specified
> 50 dB ultimate out-of-band rejection per 2-resona- range of temperatures by utilizing a Y-rotated cut
tor filter section when terminated directly in 50 n. of quartz close to the AT or BT cuts having a small
Direct coupled 2-resonator filter sections yield 4 and positive temperature c.oefficient whic balances the
6 resonator tandem monolithic filter configurations negative coefficient of the CdS layer.
which are shown to be effective in suppressing
spurious modes as well as increasing ultimate out- In Fig. 2, electromechanical coupling keff
of-band attenuation and filter selectivity, and mechanical Q are compared for (1) a conventional

Design formulae are presented for fabricating quartz resonator, (2) a CdS-quartz resonator having
CdS-quartz composite resonators to predetermined a quarter-wave transducer and (3) a CdS-quartz
specifications (kff and QM) for subsequent use in resonator having a half-wave transducer. Numer,,

f M examples are also given comparing shear modefilter design. Experimental and theoretical com- designs near 300 M114 assuming that the same AT-
parisons between quartz and CdS-quartz devices are quartz wafer (33 MHz fundamental frequency) is used
discussed. in each design. The formulae and examples given

illustrate the r,,'liiple dynamic feature of the com-
Introduction posite r, , - , which is high electromechanical

couplin.' ot wertone frequencies. Corresponding
The conventional quartz filter crystal is maximu. .aductorless fractional bandwidths

currently limited to fundamental mode frequencies 2
around 40-50 MHz. Higher fundamental frequencies k•ff2) are given in the right hand column of
have been realized but require quartz wafers so thirn Fig. 2 for bandpass filters utilizing eachi of the tlhiee
as to border on the limits of present day manufac4 •r resonator design examples, thus demonstrating the
ing capabilities. It is possible, of course, to theoretical capability for achieving up to 100 times
operate a quartz resonator at odd harmonics ' larger bandutdths %%ith CdS-quartz monolithic filters
5, 7, ... ) above the fundamental, but under . .d than is possible with quartz alone. It is also
conditions the effective electromechanical cob, • .S important to note that, because of the moderately
factor keff is reduced to flip times its value for large values of keff for a composite resonator and
lundamental mode operation. Since the maximum because the transdui-et electrodes are separated
attainable inductorless bandA idth for a crystal filter only by the very thin Iransducer film, the motiunal

is proportional to ke2 wave filters utilizing conver- impedance of a composite resonator Is considerably
a eff we smaller than for a comparable quartz resonatortional overtone quartz resonators are severely geometry. Two practical advantages are gained by

limited in bandwidth above 100 MHz. 1 this feature. (1) much smaller electrodes may
typically be used in composite resonator (or filter)

The device to be described In this paper is a design without being forced to Intolerably high
thin film cadmium sulfide-quartz crystal filter which impedance levels, thub :asing the problem of com-
combines the high f,'equency-temperature stability plying with energy trapping theory for strong,
of AT-quartz with significantly higher electro- spur ious free responues while maintaining reasonable
mechanica* -oupling than Is possible with a com- electrode thickness and (2) small filter termination
parable quartz crystal filter for the same frequency resistances (50-300 M) are possible for typical
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composite filter designs, which virtually eliminates bridge is used to plot tl~e response shown in Fig. 5
the need for balancing out inevitable parasitic capaci- for resonator CR03-D.' The curve demonstrates
tances with external coils, the application of conventional energy trapping

principles to achieve strong, spurious-free responses
Design and Fabrication in CdS-quartz resonators. For quantitative resonator

measurements, complex impedance vs. frequency is

The geometry of a 2-resonator CdS-quartz measured using a conventional VHF impedance bridge
monolithic filter is illustrated in Fig. 3 together with with special fixturing for tuning out stray reactances. 4

typical dimensional values for filters which have been The data is then plotted on polar impedance coordi-
successfully fabricated. The design consists of two nates (Z, 0), as shown in Fig. 6. In this example,
acoustically coupled composite resonators on the the impedance characteristic is measured for the
same quartz wafer. The design process is carried (coupled) resonators of a monolithic filter in which
out by choosing a composite resonator configuration the two resonators are connected together as a single
(using Fig. 2, for example) for which keff and 0 resonator in the antisymmetric mode excitation.(usaisfy bandwidt 2,forexannero loss specifi o The impedance ctrcle plot makes possible the
satisfy bandwidth and insertion loss specifications determination of resonator parameters such as
for the filter insertion loss characteristic desired motional resistance at resonance R , shunt capaci-
((Butterworth, etc). Then electrode and electrode tance C,1, electromechanical coupli•g keff and
gap dimensions and plate-back are calculated accord- t 4C 10
ing to ordinary overtone quartz design methods, mechanical quality factor 'M" A summary of
consistent with the desired filter termination impe- measured resonator parameters for a number of
dance and normalized filter design parameters CdS-quartz resonators and filters is given in Fig. 7.
tabulated in filter design handbooks. In other words, In the right hand column, harmonic mode p is given
once the composite resonator structure is decided, along with an indication whether the response
all else proceeds just as for quartz overtone filter measured is a symmetric or antisymmetric mode.
design. 5, 6,7 A possible exception is that the quartz The first two entries, PR-14C and CR03-Bc, are
coupled resonator theory might need slight alteration single resonator units with circular electrodes, so
to account for the presence of the CdS transducer singey aresonatoreunits wxithd circularsyeletrodssoacout orthpesnc filther CdeSigrnsue they are of necessity excited in the symmetric
layer. For the 190 MHz 2-pole filter design mode. These two resonators and the first filter
reported in this paper, no such alterations were entry, CFOI-B, have half-wave (X12) CdS transducers
necessary. at the harmonic modes indicated, while the remaining

filter entries have quarter-wave 0/4) transducersThe fabrication of these filters consists first The socalled resonator "figure of merit"j k4f Mi

of depositing split aluminum electrodes onto the eff QM is
quartz wafer substrate. For the design reported in the neighborhood of 8 for all these units; hence,
here the electrode's are oriented so that the inter- one can predict at once that 2-pole CdS-quartz band-
resonator coupling direction is the quartz ZI-axis, pass filters with the resonator parameters given in
thus utilizing quartz thickness twist waves. Next, Fig. 7 and having Butterworth or low ripple
the wafer is heated to about 1800C and a CdS layer Chebyshev insertion loss characteristics should have
is vacuum deposited from an oblique angle of 500 from insertion loss values in the neighborhood of `1 dB
thv -- afer normal at a rate of 0. 2 pi/min. Separate (not including losses due to series electrode resist-
Co" and sulfur evaporation sources are used In an ance) ýor properly ter.ninated and optimally designed
evaporatcr sys em similar to one described by units. It is interesting that state-of-the-art con-
N. F. Foster. A The orientation of the deposited ventional quartz resonators operating at comparable
polycrystalline CdS film is such that the hexagonal harmonics and frequencies exhibit resonator
c-axes make an average angle of about 300 with the "figures of merit" comparable to or slightly lower
substrate normal (maximum piezoelectric coupling than those reported in Fig. 7, although the individual
to the quasi-shear mode), and the projection of the k and Q values differ considerably from corre-
CdS c-axes onto the plape of the wafer coincides s~onding Atlues for CdS-quartz resonators. 3,11
with the quartz X-axis. ! Before cooling the CdS-
quartz structure back to room temperature, a thin The remainder of this paper describes the
layer of copper or copper sulfide is deposited over successful utilization of CdS-quartz resonators in
the CdS in order to help compensate excess sulfur composite filter fabrication. Figures 8 and 9 give
vacancies in the film. Finally, the split top alumi- attenuation and phase delay vs. frequency for a
num electrodes are deposited onto the room tempera- 191 Mlllz, 7th harmonic mode monolithic filter which
ture composite structure. The evaporator vacuum Is terminated directly in 50 (1 transmission line.
is released between successive metal and CdS The passband insertion loss can be reduced to 4 dB
depositions in order to change evaporation masks. while at the same time virtually eliminating passband
A photograph of a mounted CdS-quartz filter is ripple by terminating the filter in a load slightly
shown In Fig. 4 together with a simple test fixture larger than 50 Q . The 135 kHz 3 dB bandwidth is
for making filter insertion loss measurements. close to the optimum design fractional bandwidth given
The test fixture is designed to present 50 (2 termin- by k 2 12=0 8 ncmprsttemaiu
ations at the filter package terminals when connected Ieff 2 0.08% and compares to the maximum
Into 50 0 measurement circuitry. For 2-terminal inductorless bandwidth for quartz at this harmonic,
resonator measurements, the printed circul. con- k2 12 - 0. 0070. An outstanding feature of the
nections on the backside of the wafer mounting eff
board permit the two (coupled) resonators to be insertion loss characteristic in Fig. 8 Is the >. 50 dB
connected electrically as a single resonator which ultimate out-of-band rejection, impressive for a
can then be excited either in the symmetric mode 2-pole filter at this frequency. The small spike near
(resonators vibrating in phase) or the antisymmetric 182 MHz results from slightly Inaccurate alignment
mode (resonators vibrating 1800 out of phase). of the hexagonal c-axes of the polycrystalline CdS

film with respect to the quartz X-axis, so that a
Experimental Results second shear mode series (the socalled "fast" shear

modes, controlled primarily by the quartz elastic
Before proceeding to the filter development constant c 4 4 ) Is electrically excited in the composite

results, it is instructive to observe the overall structure in addition to the main harmonic mode series
frequency response of a CdS-quartz composite (socalled "slow" shear series). In fact, if the
resonator. A half-lattice (hybrid coil) measurement
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frequency scale in Fig. 8 were extended far enough, the -q0°C to +850 C temperature range when
one could observe not only two thickness shear mode operated at the half-wave transducer mode. 5 he
harmonic series, but also a thickness extensional data presented in Fig. 14 demonstrate the high
mode series which is piezoelectrically excited by degree of stability possible with the composite CdS-
virtue of our choice of CdS c-axis orej~ation with quartz filter. The maximum filter center frequency
respect to the quartz wafer normal.'' , The small excursion from room temperature frequency is only
spike at 182 MHz is, of course, well suppressed a few percent of filter 3 dB bandwidth for these filter
relative to the main (slow shear) harmonic mode of designs.
interest, but it is possible that the stronger thickness
extensional modes or even the other very strong The extension of the present work to lower
slow shear harmonics (also a problem with overtone frequencies than 190 MHz is straightforward and
quartz filters) would yield undesirable additional should yield low loss multi-pole filter designs. The
passbands. Unwanted harmonic modes as well as extension to frequencies higher than 190 MHz has
spurious (or inharmonic) modes associated with the been attempted on a limited basis. CdS-quartz
main mode of interest can be greatly suppressed filters have been operated as high as 400 MHz, giving
while at the same time increasing ultimate out-of- flat passbands and good selectivity. Figure 15 shows
band rejection and filter selectivity by connecting a 335 MHz 2-pole filter response utilizing the 1lth
two or more 2-pole filter sections in tandem, each thickness extensional harmonic mode, having a 3 dB
filter section being designed for a different harmonic bandwidth of 390 kHz and minimum insertion loss of
(i. e., p = 7 and p = 8) such that only the main modes 10 dB. I2 Shear mode filter development above
of interest coincide in frequency. This technique 300 MHz has so far yielded units with even higher
is particularly effective using composite filters insertion loss. It is felt that further filter design
because ultimate out-of-band rejection for individual optimization together with modest improvement in
2-pole filters is so high and because, unlike quartz resonator properties (i. e. , k2ff QM) will be necessary
filters, adjacent harmonics having between one- e
quarter wave and one-half wave in the transducer before low loss composite filters can be fabricated
layer have annost indistinguishable motional at frequencies above 300 MHz. This may require a
parameters. more suitable transducer material than thin film

CdS, but it should be pointed out that the CdS film

Figure 10 shows the insertion loss properties achieved in this work, i. e.,
characteristic for a 4-pole tandem monolithic filter kTS(CdS) 5 0, 17 and QM(CdS) :700 at 200 MHz, are
in which two identical 2-pole filter sections are not necessarily indicative of the parameters values
direct-coupled together (no interstage reactive which could be realized in an optimized film deposition
elements), thus preserving the truly monolithic system.
nature of the CdS-quartz filter. This filter is
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Mounted C0S-Quartz \fonolilhx. HIlter amd "r,,mt P'ure

40

S30

0

20

a.,

228.0 235.705 243.7
FREQUENCY IN MHz

HALF-LATTICE BRIDGE RESPONSE FOR CdS-QUARTZ RESONATOR
CRO3-0 AT THE 9th SLOW SHEAR HARMONIC MODE
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RESONATOR Z-0 IMPEDANCE CIRCLE FOR THE FIRST
ANTISYMMETRIC TRAPPED ENERGY MODE IN CdS-QUARTZ
COMPOSITE MONOLITHIC FILTER CFO5-D AT THE 7th
THICKNESS SHEAR HARMONIC

SUMMARY OF MEASURED RESONATORS PARAMETERS
FOR SELECTE)-CdS-OUARTZ RESONATORS AND FILTERS

UNIT f(MHz) Co(pF) keff OM keffOM MODE

PR.14C 234 3.5 5.2 % 3400 9.2 p89. SYMM

CR03.6 235 3.9 5.2% 4000 10.8 p,9. SYMM

CFOI-B 191 1.5 6.1 % 2100 7.8 p,7. SYMM

CFO5-8 191 2.2 3.6 % 5700 7.4 p,7, ASYM
CFO5-D 191 2 I 4.0% 6300 10.0 p27, ASYM
CFO6-B 191 2.3 3 4 % 6200 7.2 p.7, ASYM
CFO7-D 191 2.1 3.2% 7000 7.0 p,7. ASYM"CFO9.B 191 2.2 2.6% 9300 6.3 P#7,ASYM
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ORIENTED CdS FILM METAL ELECTRODES. AREA A
rALUMINUM ELECTq00ES (4001)

., , FILM (27,.)

S. -AT QUARTZ WAFER
(30 MHz FUNDAMENTAL)

C0 I~ ~IN.. 15 MILS OU

OUATZ AFE"OUT•

"LI €

Co C koff C= /Co

RI  .ML •g "(wC.Rll

LI C1 C1 LI

SCHEMATIC OF CdS-QUARTZ COMPOSITE Ri
RESONATOR WITH EQUIVALENT ELECTRICAL RIN C 1 O RUS~CIRCUIT VALID AT ANY OF ITS STRONG ~ TC, Tc
(EVEN OR ODD) HARMONIC MODES.

SCHEMATIC OF 2-RESONATOR CdS-QUARTZ
MONOLITHIC FILTER WITH EQUIVALENT
CIRCUIT FOR A 2-POLE BANDPASS FILTER.

COMPARISON OF QUARTZ AND CdS-QUARTZ RESONATORS*

LIII'O MAXIMUM NDCRLS
IFRACTIONAL BANDWIDTH

QUARTZ ; P Oq

(0.9%) (30,000) (0.004%)

CdS-OUARTZ 8 _ kI !S.L1I[I+.L Z
X/4Cd S-- [ ~ m Z,/ Iq]II 1q m INctmPCjQ X4UARTZ

(4.5%) (8300) (0.100%)I -I
CdS-QUARTZ 

__________
-\/2Cd S ~ /rl + n Zq/Zc] qn '4 c nZ

(7.0%) (4000) (0.250%)

*NUMERICAL EXAMPLES IN PARENTHESES ASSUMC 33 MHz FUNDAMENTAL

AT-OUARTZ WAFERS ARE USED AND THAT EACH RESONATOR IS OPERATED
AT THE HARMONIC NEAREST 300 MHz.
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20
TERMINATED IN 50

TYPE X FILTER

0 . . 2130

0
z

2I---m ;II .. .. .. "1

w

3 -- --- - --. -3 ANDWIDT

0 50

.J 3de OANOWIOTH

108135 kill

FRQEC IN ~

II • . . . . .. 0

0 ,S dO :
190.85 191.032 191.20

FREQUENCY IN MHz

CdS-QUARTZ COMPOSITE MONOLITHIC FILTER
CFO5-D AT THE 7th THICKNESS SHEAR HARMONIC
MODE SHOWING PASSBAND ATTENUATION AND
PHASE CHARACTERISTICS.

680

.0

2

0 60

Vi)

Zw20 -

Igl
_>

3d8 BANDWIOTH 117 kHz
TYPE 71 FILTERS

MIN. INSERTION LOSS s7-1 dB

0184.9 190.620 196.0
FREQUENCY IN MHz

CdS-QUARTZ TANDEM COMPOSITE MONOLITHIC (4-POLE) FILTER CFO6-B/
CF05-O AT THE 7th THICKNESS SHEAR HARMONIC MODE. TERMINATION
RESISTANCES ADJUSTED FOR FLAT PASSBAND.
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GO

~n60-
0

0

"0: 40 0dB/3dB SKIRT a2.4
0-I

w 20-

TERMINATED IN 50Ai 3dB BANDWIDTH 119 kHt

TYPE 1 FILTERS, RIPPLE • I dB
DIRECT COUPLED MIN. INSERTION LOSS,18d

0
188.0 190.608 191.I

FREQUENCY IN MHz

CdS-OUARTZ TANDEM COMPOSITE MONOLITHIC 6-POLE FILTER
CFO6-B/CFO7-D/CFO5-D Ar THE 7th SLOW SHEAR HARMONIC MODE WHEN
TERMINATED IN 50l LINE.

•' ~+ ,v •+15$V

• R3 ~~~~II00( 10% R3 R/CI, CFz R3 AOL :d-U RT 2 MOR3 HC TR,50 D.IN

IIINC o-S cr R

R68.10% 'AW ALCPCTR:.OI)Afd, 20V. CERAMIC

R2 4010%1/W AL TRANSI3TORS: 2N 3866 (SHOULD BE HEAT SINKc!D)
R10K10% 1/4 W CFI.,CF2 - 2-POLE CdS-OUARTZ MONOLITHIC FILTERS. 5091 DESIGN.

R4 10a , 10% 1 I/4 W MINIMUM GAIN: 8 dB/ STAGE
R5 501, I %, 1/4 W POWER INPUT: 85mA AT +lSV

(META FILM)

190 MHz FILTER-AMPLIFIER UTILIZING CdS-QUARTZ MONOLITHIC FILTERS.
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-60

"-45-

"0
z

z

-30-

w

...
-J5n- -IS"-

-lOdB INPUT SIGNAL REF. 3dB BANDWIDTH 121 kHZ

RIPPLE - 0.8 dB

30dR/3dS SKIRT RATIO .2.4

-0
188.38 190.337 192.15

FREQUENCY IN MHz

VHF FILTER-AMPLIFIER GAIN vs. FREOUENCY CHARACTERISTIC. CdS-OUARTZ
COMPOSITE MONOLITHIC (2-POLE) FILTERS CFO6-D 8 CFO5-8 WERE USED
TOGETHER WITH THREE STAGES OF AMPLIFICATION--NO INDUCTORS OR
TRANSFORMERS.

60o, 1 0 ' I

50-

40

CfOI-b30 AT ISI MUH

20
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Sfo 0 
cvol"-2 0, AT 381 MHz

"-20

-30

-40-

-50-C05

* AT 191 MKS"-60 TYPE 71

-40 -20 0 20 40 60 80 I00
TEMPERATURE, CT

VARIATION IN BANDPASS CENTER FREOUENCY fo WITH TEMPERATURE

FOR TYPE I CdS-OUARTZ FILTER CFOI-B AND TYPE It CdS-OUARTZ
FILTER CFO9-8
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FILTER RESPONSE FOR CdS-QUARTZ COMPOSITE COUPLED-MODE. FILTER
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CONSIDERATIONS ABOUT CHANNEL FILTE£;3 FOR A NEW CARRIER FREQUENCY SYSTEM

WITH MECHANICAL FILTERS

by

H. Schs•alor

AEG-TELEFUNKEN Forschungsinstitut, 79 Ulm/Do. (W-Germany)

Abstract

A premodulation system with Integral signalling which 2 channel filters, one signalling filter at the receiver end,
needs only one type of channel and signalling filters each, 3 lowpass filters, 5 modulators end a signal receiver.
has been developed. Mechanical filters with torsional The lowpass filter LPlshould only form the signal, and
vibrating resonators at a carrier frequency of 200 kHz the other filters LP2 and LP3 suppress signals of
fulfill the desired specifications (1/10 CCITT). The broadcasting transmitters and jamming modulation
channel filter consists of 6 and the signalling filter of products. All these filters are simple RC networks.
3 resonators. Additional bridging wires allowed the
reduction of the number of resonators by finite poles. The choice of carrier frequency for the premodulation
Therefore the volume of the channel filter could be depends on the filter concept. System engineering shows
reduced to 6 cm 3 . that below the primary group there exists only the

premodulation frequency of 43 kHz without jamming
Fully automatic production of the torEAonal filters modulation products, and the carriers for the second

will be possible. The main production steps, material modulation spaced far enough from the band of the
problems and the influence of bo'.h of them on the primary group. Above 130 kHz there are no difficulties
transmission pipertles of the filters are discussed. With from the system, but the specifications for theundesired
the proposed filters It is possible to accommodate 600 - couplings and the stability of components are more
900 channels In a bay. stringent.

Modulation System Filter Approximation

The growinm market for telephone equipment compels The tolerances for transmission systems are fixed by
manufacturers to design more automatic and economic CCITT. The tolerance for a single filter Is only a small
systems anrd production techniques. part of the. overall tolerance. In Fig. 2 several trans-

missin curves are shown for two types of channel and
At the present time two carrier frequency systems one type of signallino filter. Due to the integral signalling

are used. one of them without Integral signalling in a for t'a channel filter the same ..hape factor is needed
kinrd of direct modulation with 12 types of crysta; filters, on the carrier and upper side of the transmission curve.
the other with integral slgralling In a pregr)up system A symmetric approximation can be used.
with 8 types of coil filters.

A polynomial fIlter with 12 zoros and a filter withThe Farlior systems had been chosen to minimize 3 pairs of finite poles and 8 zeros, both having a
the number of needed carriers and modulators. The reflexion coefficient of 10 %, fulfill the specification if
relabillity,the small volume and lower power consumption the factor 0 is high enough. The transmission curves
of semiconductor equipment allows Increasing the number in the passband show that the normalized q,
of channels for one carrier supply. The expense for modu- defined by the following equation
lators has also become smaller. Therefore, it seems
Interesting to minimize the expense for filters. q = Q " B3/fM (1)

with the 3 dB bandwidth B and the centre frequency fM
Crystal filters or coil filters could not be of the filtermust be highe'than 250 for a channel filter.

replaced economically by mechanical filters without For smaller distortions in me passband (1/2C CCITT)
changing the system. Premodulation systems with only the q must be higher then 400.
one type of filter or 1J tgpes which differ only slightly, The polynomial filter needs a higher q the the filter with
have been proposed 4'l 1 damping poles due to the stronger edge Q'. )rtion. An

approximation with predistortion, however, shows greater
Figure 1 shows the f equency )Ian and a circuit sensitivities wilhrespect toproduction tolerances and

e.i•gram of the channel unit for a emodulation system. will not ,oo discussed further. Monolithic crystal filters
Thq VF band Is first modulate, , Th a 200 kHz carrier with a carrier freqtx-ncy of 8140 kHz and a q = 80 can not
and filtered by the channel fIItcr. Tho signalling carrier satisfy the specification for a system with Integral
with 203,825 kHz is then added. In a second stop the signalling. The proposid system with monolithic crystal
chiannals with integral signalling are mooulated with filters works without in'egral signalling and therefore
12 different r"rriers from 264 to 308 kHz to form a allows greater attenuatiorn distortion in the passband and
primary group. Tho upper sideband and other demands lower attenuation values in the stopband7 .
intermodulation products are supressod by one type of
passive RC-fIlter. The channel unit consists of
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The signalling filter for 203,825 kH2 is calculatcd froma The composite longitudinal vibrating transducers are
Butterworth approximation with 100 Hz bandwidth. With coupled to the torsional resonators at opposite points
q = 250 the transmission losses are in the order of 3 dB. on the circumference. A /4 (6,3 mm) was chosen for
Ctannel filter and signalling filter transmission curves are the length of the coupling wires which have a diameter
drawn in the stopband. dependent on the desired coupling coefficient between

90,u and 180,u.
The stability is the other ý nportant argument for a

filter concept. It is assumed that the centre frequency The supporting wires are fixed in a node for the
of the channel and signalling f~lters mij chang8 less torsional mode and point welded to a comb shaped rnetil
then 10 Hz in the temperature range 10 C to 50 C and sheet which is fixed on a base plate. The transducers are
lass than 10 Hz In the whole life of the filters. In Fig. 3 fixed and connected to contact wires for input and output.
the comparlson of the 0 , the temperature coefficient The transducers reach a coupling coefficient greater than
and the aging rate per year under these conditions for four 20 %. Therefore, no coil is needed for the matching of the
filter concepts are given. The values in brackets are filter. because there is no selection by an electric circuit
experimental values which we have found in publications in the filter, spurious modes of the filter niust be very
or which we have measured ourselves, weak. Measurements confirm the expected spurious mode

suppression.
On account of the too low q values a premodulation

concept with LC-filters concentrated in a block and The volui.we of the channel filter is not more than
monolithic crystal filters cannot be realized. 6 cm

3
. Some rusults about the temperature and time

Temperature coefficient and aging rate are at an extreme stability are given later.
point in this case also. The two concepts with mechanical
filters have enough reserves.

Filter Synthesis

Mechanical Filters The calculation of the filters was based on methods

of the electrical net ,ork theory and some new transfor-

A lot of proposals have bean made for filter mations 13. The different steps in filter design are
structures with mechanical resonators 8

. Ar. optimal concept indicated in Figs. 6 and 7. The desired specifications can
must be especially measured on the production expenses. be satisfied by a symmetric approximation. Therefore a
Earlier concepts are nut satisfying. There are two new bandpass-lowpass transformation could be performed and
concepts for mechanical channel filters which seem to be all further calculations shall be limited to lowp•ss
interesting. configurations. The approximated function can contain

finite poles or alipass parts.

For a carrier frequency of 48 kHz a polynomial filter
with bending resonators and transducers and only one Beginning with a chain matrix A of the lowpass
longitudinal vibiating coupling wire has been described . approximation (Fig. 6), the poles at infinity are removed
Figure 4 shows a drawing of such a filter that has been in a first step. In the chosen example the poles are
obtained from a patent application. The br(nd.iii resonators(6) represented by the capa,..tor in parallel with the input ano
are approximetely 47 mrr long and have a cylindrical the coil in sa..v vith the output. In a second step the
form with a flat face on one side so that there is a fiAej remaining chain matrix A' can then be replaced by the
orientation of the mode. For supporting the resonator5 equivalent chicuit consisting of a twoport with the chain
two bars (4) are fioed at one end in the nodes of the matrix A" which is in parallel-series connection with a
bending resonators and at the other end soldered in the transformer. lhis equivalence ,s valid for any reactance
bottom of the case. The transversally excited trarsdufc:rs twooort 14, 15. The transformor ratio i should be
consist of a metal part (61 and a disc of PZT ceramic determined in such a way that the degree of the dunornina-
1.10). The polarisation of the bending vibration is in the tor polynomial at the chain matrix A"l is reduced with a
filter plane. The length of the longitudinally vibrating factor 2.
coupling wire (8) between two resonators is in the order
of ?\/20 and the wire has a thickn,)ss of approx. 0,5 mm. For the chain matrix A" the steps removing poles at
The electromechanicai coupiing coefficient reaches valuus lidfinity and parallol-serie'sconnection with a transducer
between 10 and 15 % and is not high enough for matching con be repeated till the denominator polynomial of the
of the channel filter dispensing with a coil. remaining chain matrix reaches a constanx value. Finally

poles at infinity should be removed. The result Is a network
Disadvantages of this concept are the large number containing capacitors, coils and transformers.

of resonators (12 vibrators), the volume of the filter
(filter and matching coils 30 cm

3
), and difficulties with The circuit is canonicul in reactances. In a third step

the spreading size of the welding points (accuracy needed the transforrrmors should be replaced by coupiors
bot'er than 10,u).

Our concept with torsional resonators and a carrier / 0
frequency at 200 kHz is based on 10 years experience in the A K
production of SSS filters'10. The expense of this concept - K i) (2)
has beenlargely reduced by using finite poles,
piezoelectric transducers and a new supporting technique K j 0

11,12. 
d

A signalling filter and a channel filter are shown in which represents a (2n-1).)X/4 transmission line in a
Fig. 5. The signalling filter FZ 23 T consists of normalized form as a narrow band approximation. The value
3 torsiona. resonators (4 mm diameter and 7 mm long) d is the damping of trie first circul at the input and K is
which are lnterconnr-cted by 2 wires for a weak coupling the coupling coefficient between two circuits.
on the face ot the resonators and 2 supporting wires. The For the third step in Fig. 6 two properties of the
channel filter FE 21 T consists of 6 torsional resonators
and coupling wires between adjacent and non-adjacent couplers are needed:
resonators materialising the finite poles. 1. A chain Lonnection of two equal couplers Is

equivalent to a transformer.
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2. A coupler is a dual transforming network 1 3. The coupling wires are grid wires made of a

NiFeMo alloy, which has a tolerance in diameter of 0,5juThe transformor in Fig. 6 can be replaced by three in a batch.

couplers wherever the coupler at the output is not

interesting for the treismission properties. Production Technique

With further steps in the described manner the The production process of the filters can be divided
synthesis of the whole network can be performed. Finally, In three main parts.
the lowpass must be transformed into a bandpass which
represent a mechanical filter as a narrow band approxi- 1. Manufacturing and tuning of single resonators and
mation. All values, resonance frequencies f., dampings d. transducers.
ard coupling coefficients K n. for the filter are now known.'
The special task for the designer of mechanical filters 2. Point welding of the filter structure.
is now to calculate the dimensions of the filter parts.

3. FItting into a case.
The resonance frequencies for example determine the

length of the torsional resonators. The dampings of the Starting point are drawn rods, from which the resonators
input and output circuits should be realized by and parts of the transducers are manufactured. The
electrical resistors which are transformed by the tolerances of the dimensions correspond to normal
transducers tuned to a frequency a little below the grinding processes (10p). As a consequence the
frequency of the resonators. The damping of the internal spreading of the frequency of untuned resonators and
resonators should be very low (Fig. 3). The coupling transaucers is in the order of + 3 %o (effect of the length
coefficients determine the ratio of the diameter of the + 1,5 %o and effect of spreading in the velocity+ 1,5 %o).
wires and the resonators. Figure7 shows additional The tuning process must reduce this spreading to + 2. 105
possibilities for changing the coupling coeff!cient. The for the resonators and - 2 . 10-4 for the transducoers. There
coupling with wires on the top of the resonators is weak is only one tuning freq"uency for the resonators and one
and grows with the distance from the centre of the more for the transducers. Tuning is effected by grinding
resonators. The dashed wire shows a negative coupling the top of the torsional resonators near the edge of the
- for example for an allpass circuit. Coupling wires on resonator and in the length of the transducer. This process
the circumference at the end of the resonators give a is performed automatically in a special tuning machine.
stronger coupling which is initially reduced slowly with
a fxing point roarer to the middle of the resonators and For assembling, the resonators, transducer and
disappears in the middle of the resonators (supporting wires are aligned In a precise gauge and then point welded
wires). automaticaily with controlled welding power. After this

process the filter can be measured and needs no adjustment.The influence of toleranceson the length of the
coupling wires between two resonators depends largely on Besides the tuning of the resonators, the point
their length. The merit of a coupler a quarter wave length welding process has the greatest influence nn the trans-
lnng is the small influence on the centre frequency and mission characteristic. Calculations with e filter model
no influence on the bandwidth. Shorter coupling rods, (Monte Carlo method with 5000 filters), show that for the
e.g. for the 48 kHz bending filter, cause very high internal resonators and h /4 couplers tolerances smaller
sensitivity at the upper edge of the band (f 1). than 20 Hz or 1 % respectively must be obtained. The

transducers and the 3. /4, 5.%/4 and 7.h/4 couplers are
loss sensitive with a factor between 2 and 20. The detuning

Material Problems of resonators by point welding is small enough. The
accuracy for the spacings of resonators, the positions of

The temperature and time stability achieved with the wires and the welding points can then be determined
mechanical resonators (Fig. 3) is the result of an by reference to Fig. 7.
intensive material research. Special NiFe alloys with
small contents of Be (Thermelast 5429) or TI and Al Fi•ting into the case is normal mounting work without
(Tharmelast 4002 or NiSpanC) can be hardened by special difficulties.
annealing treatment. The importert physical properties
of the two alloys are shown in Fig. 8 as a function of Prototypes of the filters are shown in Fig. 9. The
the annealing temperature T The temperature change couplirsu wires are not quite straight (eo effect of the
of the resonator frequency if T of such materials is welding notch ) but there is no disturbing influence on the
h!ghly dependent on the annealing temperature TA. transmission properties of the filters 17 .

I& f I should be the total 'i-quencyochange in the
temperature range from 10 C to 50 C. The minimum Our experience with SSB filtors shows that channel
of IAf I coincides as a cultivated effect with a maximum and signalling filters of tno described type could be
In resonator 0. Unfortunately the resonator produced also for a specification of 1/20 CCITT with few
frequency fT depends very highly on the annealing
tempe'ature T , too. For our special purpose the alloy
Thermelast 549 should be profered duo to its broader
compensation range and its lower dependence of the
annealing temperature T A16.

The specifications for the stability of transducers are
lower by more than a factor 10. For the shown composite
transducers which are assembled from two metal pieces
and a ceramic disk by soldering (Fig. 5) a resonanco
frequency of 200,8 kHz, a capacitance of 200 pF, a
coupling coefficient of 21 %, a Q of 2000, a
temperaturS change of 100 Hz In the temperature range
100C to 50 C, and an aging rate less than 30 Hz/decado
has been measured.

264



References

(1) R.A. Johnson and R.Y. Teske,
IEEE Trans. on Sonics and Ultrasonics 13(1966)2,
41 -48.

(2) Kokusai Electric Co., Ltd.,
Technical Bulletin 6220.

(3) F. K~nemund and K. Traub,
Frequenz 18(1964), 277 - 280.

(4) M. Burner,
NFT 19(1960), 34 - 37.

(5) R.A. Sykes and W.D. Beaver,
Proc. 20th Annual Symposium on Frequency Control
(1966), 288 - 308.

(6) H. Kopp,
VOE-Fachberichte 26(1970), 144 - 164.

(7) R.J. Byme,
Proc. 24th Annual Symposium on Froquency, ontrol
(1970), 84 - 92.

(8) R. A. Johnson, M. Burner and M. Konno,

to be published in IEEE Trans. Sonics and

Ultrasonics.

(9) H. Albsmeier,
Frequenz 25(1971), 74 - 79.

(10) M. Bdmer, E. D'rre, H. SchO~ler,
Tolefunken-Ztg. 36(1963), 277 - 280.

(11) H. Sch•i3ler,
Telefunken-Ztg. 39(1966), 429 - 439.

(12) M. B6rner,
Radio and Electronic Engineer 29(1965), 173 - 184.

(13) B. Kohlhammer end H. SdhWOler,
Wiss. Ber. AEG-TELEFUNKEN 41 (1968), 150 - 159.

(14) B. Kohlhommer,
Wiss. Ber. AEG-TELEFUNKEN 43(1970), 170 - 177.

(15) B. Kohlhammer,
Proc. 21th Electronic Components Conference (1971)

(16) H. Albert,
Feinwerktechrilk 72(1968), 244 - 248.

(17) H. Schil3ler,
ETZ-A 91(1970), 724.

265



I0,3 d 3,4

- t203,825
200 4L31204 .

,264t..---t 308

60Ttý---T-1:08
.1 , • l I |I , I

0 50 100 150 200 250 300 kHz 350

Signal LP1 DI

0,3 ..3/4kHz LP2 t4 CHANFJELFILTER týH 60 .. lBkHz
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SI• -d200,2 kHz

MODULATION SYSTEM AND CHANNEL UNIT

FIGURE 1: Multiplex Plan and Channel Unit for a Premodulation System
with Mechanical Filters.
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12 Zeros 8 Zeros 3 Pairs of Finite Poles

~dB~77
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- Frequency

INFLUENCE OF LIMITED QUALITY
(Tolerance 1/1OCCITT)

FIGURE 2: Filter Chare.ctoristlcs of a Polynomial Filter and a Filter with

3 Pairs of Finite Poles.

Normalized Quality Factor q as a Parameter (Tolerance 1/10 CCITT).
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FILTER fo Q TK(f) dLf/f
Type kHz 10' 10"1/°C 10"6

LC 24 >2 < 8 < 200
(0,2-0,5) (10-50) (200-500)

BENDING 48 >4 < 4 < 100
(6-15) (0,5-2) (30-100)

TORSION 200 >15 <1 <25
(15-30) (0,5-1) (10-30)

MONOLITHIC 8140 >600 <0,025 <0,5
(100-200) (0,02-0,1) (0,5-10)

FIGURE 3: Quality Factor, Temperature Coefficient and Aging of Rosonance Circuits

needed for Channel Filters at different Promodulatlon Frequencies.

Reached Values in Brackets.

10 61 6 I-.A 8 4

I-~A

A-A BUNDESREPUBLIK DEUTSCHLAND
I• 0DEUTSCHES F-ATENTAMT

Offenlegungsschrift 1922 550
Anmeldetag: 2.Mal 1969

Offenlegungstag: 14,Januar 1971

Siemens AG, Berlin und MUnchen

ELECTROMECHANICAL FILTER

FIGURE 4: Mechanical Filter with Bending Vibrators.
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FlGLUfE 5: Mechanical S ignallIing and Channel FilIter with Torsional Resonators.

Poles at oc Poles at finite frequencies

Couplers ~ 0

1 2 3 4 5 6 7 8

FILTER SYNTHESIS

FIGURE 6: Conception of Filter Synthesis for Channel Filters with Finite Poles.
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COUPLING COEFFICIENTS

FIGURE 7: Calculation of Coupling Coefficients for Torsional and Longitudinal

Resonators.
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FIGURE 8: Physical Constants of NiFe Alloys for Torsional Resonators In
Dopendence of the Annealing Temperature TA.
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FIGURE 9: Photograph of a Signalling and a Channel Filter.
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SEXI - MONOLITVIC QUARTZ CRYSTAL FILTMRS

AND

MONOLIVlIC QJARTZ FILTERS

Louis Bidart
Compagnie d'Eleotronique et de Piezo-Electrioit6

Sartrouville, 78 - FRANCE

Summary feature, which is at variance with the monolithic
idea. But it is obvious that there are several

The purpose of this lecture is to show the degrees in the integration of the components of a
evolution, in France, of the conception of a mo- network and, even if the definition iu not exactly
dern quartz filter. respected, a monolithic style subsists.

The main technical irinciples are considered From this, one has following definitions i
to be well known and the aim of this paper is the
discussion of the results and the comparison of - The cemi-monolizhic filter is the result
various procedures, which will lead to now tech- of a chained combination of elementary monolithic
nice. filters with, or without, the introduction of

i.troduction linking capacitors and coils.
- The monolithic filter iv the result of the

complete integration of a network on the same
Up to nineteen sixty, the concepts of quartz substrate.

filters was conventional and all the devices had
an handicraft character. The increasing complexity In the two devices, one may foresee, inside
of the specifications of telecommunications and or outside, two coils or two transformers, which
the wide-cpread use of integrated circuits led to neutralize the stray capacitances at the inputs
an important transformation and led the manufactu- of the filter. These components do not belong
rers to look for new solutions, corresponding to to network and are inly used to improve the mat-
modern devices. Fiability and miniaturization, ching or the filter 'y the user.
which are the main desired caracteristics of mo-
dern electronic equipment, are broulht together
in monolithic designs. Soni-inonolithic filters

Monolithic or semi-monolithic filters come They are designed by the cascading of n two-
from the same synthesis philosophy, and the dif- pole resonators. The degree of the filter is
ferences in the defi:r-tion or in the features, even and may attain ton poles. The field of ap-
must hide the real analogy that binds the two plication covers the range 2 to 250 M{z, with,
technics. Finally, the analysis of the experimen- for the AT cut
tal results will allow us to brIng oct the analogy
existin); between the two designs, even though fu- - from 2 to 36 :'u1 in the fondamental mode
ture devices may lead to diverging developments. - 10 to106 II?. in the 3rd. overtone

- "10 to leOfliz in the 5th. overtone
Definitions - 15 to 250 111Z in the 7th. overtone.

At the moment, three kinds of quartz filters The admnisoible bandwiths remain less than
exist

-305 10-3 of 7, for the fondamcental mode
- the conventional quartz crystal filter ; - 3,. 10-) of ?, for the 3rd. overtone
- the semi-monolithic quartz crystal filter -;1. 05_ of F. for the 5th. overtone
- the monolithic quartz filter. - 5. 10 of F. for the 7th. overtone.
The conventional quartz crystal filters, which The computer pressran

are constituted by discrete components, will conti-
nue to exist in ladder structures or by employing A program for calculations, giving the syn-
the so-called Jauman configuration. thesis and analysis of polynomial filters, taking

loss into account, in represented in the synoptic
In principle, there is only one definition table in figure n0 1. Starting from the syston

for a monolithic filter ; that is to say a design specifications, one looks for a known matheinati-
which realizes the total integration of all of the cal function which approximrwtes as closely as
components on the same crystal plate. The addition possible the desired response. The trunsfert
of a discrete component or the seporation of the function for a polynomial filter is described by
substrate in several parts, introduces an hybrid
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M+ + with thG notations of figure no 3.

The constantuaand d are partly linked
Vnere m is a constant, to the geometry of the electrodes. The varia-

2 bles are : the plate back and the dimensions
The polynomial function f (W•2) may be chosen of the electrodes.

in the bibliography, from :
2 : (I A physical principle tells us that for each

- Blutterworth f (W) frequency, there is an optimum relation bet-
- Chebychev : f (c) 2) ween the mask dimon.sions and the platoback,

leading to a minimum for the level of unwanted
One may also include Bessel, Gauss, Legon&,e, modes.

Rakovitch, etc-.. The synthesis procedure which
consists of rarlington's insertion loss method, is Therefore, for each filter problem, only
represented in fieure no 2. For a purely reactive one mask is ponsible. In fact, as soon as the
network one has coincidence of spurious responses is avoided,

the use of a mask may be generalised, when the
) I + stopband attenuation meets the specifications.

Under these conditions, an optimized mask given
Yhore F is the reflexion coefficient, for a speoal problem, may be tsied for various

10) Input parameters : the data at the input filters, in a wide range of frequency.

are as follows The reversibility principle is such that
the synthesis of a filter gives a mank, and

Filter polynomial type this metsk may be used in other applications,
Number of poles : n by modifying the muas loadin8 or the orienta-
Ripple (if necessary) a tion of the subetrate.
Fo - Center frequency
B.W - Bandwith 40) Non-coincidence of spurious responses
L - induct:nce of the resonators. A two-pole monolithic section is, by definition,

a multiple-bandpass filter. As in the case of
20) Calculations : the polynomial function, the classical spurious responses, an unwanted

which characterizes the transmission function, bandpass exists. The level of npurious respon-
is established. The loss may be introduced in two ses may be between 6 and 50 db. for a section.
different mannnerE.

The casoa0inim of two identical sections
- shifting the poles an, generattng a trans- may give a spectrum of unwanted frequencies

misaion functiov with loss ; between 12 and 100 db. But, if we realize 4wo
- taking loss into account duL'in" the analy- sections from the same mask with differenoes

sis of the band-pass filter and its optimisation. in the muss loading or in the orientation of
the substrate, there will not be coincidence

From a low-pass normalized filter, the ap- for opurious rosponoes. The cascading of these
plication of the Smythe (1) transformation to the two sections will g{ive an improved stopband
network, leads to a chain of lattices containing attenuation, that can reach 100 db., even from
one quartz per arm ; these lattices are coupled resonators individually showing: values of about
together by means of capacitive or ind-active lat- 15 db.
tices.

The reversibility principle for the masks,
The existence of this capacitor lattice is in addition to the precautions taken to avoid

not desirable. lhen there are no problems for the coincidence of spurious responses, is one of
phase linearity and the filter may be considered the industrial advantages of this device. We
as a narrou band-pass filter, the capacitive lat- also see that the stopband attenuation of a
tice may be reduced to a sinfle capacitor. semi-monolithic filter, can easily reach 100 db.

and that the suppression of spurious responses
An optimisation subroutine coupled to an is not a difficult problem.

analysis programme allows one to modify the net-
work parameters until the desired response shape 50) Output of the program : with all the
ie obtained. parameters for the technical realization, the

output of the program gives the amplitude res-
Then, to each quartz lattice section, oor- ponse, the phase response and the reflective

responds a two-pole monolithic filter. Then, attenuation. (5)
another subroutine computes the masks, taking
into account the reversibility principle. Results

35) Reversibility principle i The function Figure no 4 represents a typical realiza-
of a two-pole resonator is represented by (2) tion of a semi-monolithic filter, for 25 kliz

ohnnnels.This new construction has definitively
surpassed the traditional devices. In general,Fo .5 w. a (d + ir J- L0we say say that all the filters which equipped
A4 or F14 or data transmission recoivers, for
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50, 25, 20 or 12,5 kHz channels, are now manufac- oulations do not take loss into account.
tured with semi-monolithic filters, in the range
of frequencies between 10 and 30 Mz. 10) Input parameters : they include

the transmis:jion function
Figure no 5 shows the characteristics for a • the center frequency

filter with 10 poles for a single sideband recei- the bandwith ;
ver. This is an application, in 3rd. overtone, • the ripple (if neceseary)
which is now developed. tha dimensions of the electrodes

the resonating frequency of the substrate.
A 175 olfz filter is represented in figure

na 6. It is the result of studies begun in 1970, 20) Calculations : the transmission function
to obtain quartz filters between 100 MHz and gives a low pass filter. Then, the coupling coef-
NOO MHz, where the design of classical differen- fioients kij are found and allow the calculation
tial transformers is particularly difficult. of the distances dij between the electrodes. The

mask is obtained and we have all the elements to
Discussion realize the filter.

The advantages of semi-monolithic filters On the other hand, the low pass filter is
clearly app6ar, as soon as we compare them to transformed into a passband filter, as shown on
classical networks. The semi-monolithic concep- figure no 4. We must notice that the three dia-
tion is characterized by : grams are equivalent, even if the section with

several quartz per arm, is the only one which
I1) the suppression of the differential represents the physical phenomenon.

transformers ;
20) the integration of (at least) 2 poles Consequently, any of these diagrams may be

on the same crystal plate. analysed and the results compared, taking into
account the requirements and the precision of

"MIiniaturization - the volume obtained is the critical frequencies of the device. If it is
three times smaller than for a conventional de- necessary to introduce loss, the results of the
vice. analysis is fed to the input of the synthesis,

. Fiability - the liability is assured by to compute all the parameters of the mask.
the reduction of discrete components, under the
climatical and mechanical environment. Inversely, a mask which gives wrong results,

. Electrical characteristics - the suppres- may be studied in its design, to compute a new
sion of differential tranrforrers gives better filter, using the plate back as a variable. Again,
stability to the output versus temperature, and we find some features of the reversibility prin-
for the .ame reason, a high stop-band attenua- ciple that we discusu-ed for semi-monolithic fil-
tion (around 100 dB.). ters. The function giving the distances is repro-

3enteol by (4) :

To sum up, we may say that this modern wherea1b are ro lsto l to the orientation, the
conception of quartz filters, his enough tech- ,;oomotcy and the number of electrodes.
nical advantages to surpass the traditional
design. The device is characterized by ease of Experimental r, ults : the chnr-tcteriatios
application of a 4-Polo monolithic tilter and of a sot of

2 x 4 poles at 8,5 .1'kF are do:ecribod in figure
by the use of conventional oquil,;,,ent ; no 7. Figure n° 8 ro)rouents an 8-Polo filter,
by the use in a wide range of freqjency ; at 10,7 M•!z.
by the reversibility of the masks, which

is the main problem for the mqnoficturer. Electrical characteristics :

M4onolithic filters The low inserti n loau allows the calcula-
tions to be carried out for a filter without

They are obtained by the integration of n loss, even for narrow )asn bands. The ripple,
poles on the same substrate, excluding any other which increases uith the number of poles, remains
component. The number n may be increased to negligible. The selectivity fits the epeoifica-
4 and 8, without theoretical limitations, but tion transfort function and the number of poles.
technological problems nay still exist. The stopband attenuation is limited by the spu-

riouti level, which is due to the shape of the
The computer prograa electrodes o•, to the roflexions at the ends of

the cryLtal plate. In spite of foreseen toch-
A synoptic table in figure no 7 shows the nical improvementa, the unwanted modes often

synthesis of monolithic filters. The mathemati- reach the level of 60 db. (independent of the
cal principles are identical to those used for number of poles). Thla in a woakness of the
the synthesis of semi-monolithic filters, but design, but it is not a handicap for its dove-
the program is slightly different and the cal- lopment.
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Sometimes, matching requires auto-transformers, result in better quality in the devices and the
situated outside of the filters, to fit the oha- leadership.
racteristics asked by the user. We must notice
that, as opposed the case of semi-monolithio fil- Aoknowledgmento. Thanks are due to the members
ters, they can give a larger band to the filter, of the laboratories of telecomnunications of the

Army, for their constant interest and for the
Discussion mathematicians of the Data Center of the THO3SO1 -

C.S.F. Company, for thoir valuable assistance

All the considerations concerning the reduc- during the last four years.
tion of the components and its consequences of
miniaturization, fiability and stability, are References
similar to those studied in the case of semi-
monolithic filters. The results are noticeable (1) B.C. Smythe, "'the synthesis of Crystal-
Sfor the bandw~th and the insertion loss. The Capacitor tandem Lattice All-Pole 3andpass Filters
stopband attenuation is limited and the increase as the insertion - Loss basis" 18 th. Annual Sym-
of the number of poles has no reaction on the posium on Crequency control.
level of spurious responses. But, as for the
semi-monolithic filter, the casoeding of two (2) R.A, Sykes and W.D. Beaver, "High frequen-
monolithic networks with four poles, may give cy monolithic crystal filters with posiible appli-
a stopband attenuation larger than 100 db. cation to single frequency and single side band

Finally, the main problem is the difficult use".

design of !-he crystal plate, due to its large (3) A. Biroir, "Un Programme d'analyse et do
dimensions. Because of its mech-inicml weakness, synthbse des filtres". Onde Aleotrique; Ootobre
the application is reduced to a bandwith teat 1969.
we may consiler from 6 to 13 Wiz in the fonda-
mental mode. (4) W.D. Beaver, "Theory and design princi-

ples of the Monolithic Crystal Filter". Lehigh
Conclusion University. 1967.

Tho compari.•on of the two designs that we
analysed is possible for the same frequency,
for example 10 MHz, and it is obvious tat the
semi-mcnolithic filter is more efficient when
it is used in a wide range of frequency and
its stopband attenuation reaches 100 db., which
gives a good protection from jamming. The manu-
factuire of semi-monolithic filters, which is
not very different from the clAssical filters,
seems to be easier. The two designs are similar
concerning miniaturization.

T,o .iability should ne -- eater fir a mn no-
lithic filter, but experiments r,,y invalid'ite
this theoretical principle. The low insertion
loss and the smaller ripple arc unquestionable
advantages, compared to the results obtained
from thA semi-monolithic filters which have
their own superiority over the clasiical not-
works. The design of monolithic filters requires
a new technology and the manufacture necessi-
tates an important investment. It. *iny case, we
believe that the design must be stOdisd in all
it3 details, because, oven it the somi-monoli-
thio filters, with their ease of apylioation,
seem to fit all the specifications of modern
telecommunications, monolithic filters, taking
into account technical and economic considora-
tions, are a solution for single sideband fil-

ters, for example, or 4hon the contract calls
for 50.000 sets with the same specifications.

".he difference between tno two designs
is not very important as soon as we consider
that they come from the same synthesis. The
integration of a network shows the technical
level of the manufaotirsr. The production,
etsrting from semi-monolithic filters, lealing
to the design of pure monolithic filters, will
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MONOLITHIC CRYSTAL FILTERS

FOR FREQUENCY DIVISION MULTIPLEX

by

P. Lloyd
Bell Telephon,' Laboratories, Inc.

Allentown, Pennsylvania

Abstract realize these advantages an increase in precision of two
orders of magnitude must be made over the existing fil-

The purpose of this paper is to review recent ter. For example, the requirements at the low end of
development work on monolithic crysta-l filters for a new thb band cail for a ± 25 Hz absolute tolerance, or 1 3
frequency division msiltiplex terminal (A6 Channel Bank) parts in 10 at 80 kIz and t 3 ppm at 8 MHz.
to be used for long haul transmission. From a systems
standpoint, the new channel bank will duplicate the A6 Channel Filter - Introduction of a New Technology
performance of the existing A5 channel bank but offers
considerable savings in both size and cost. Fig. 2 shows the A6 channel filter in its current

form. The device consists of an AT-cut quartz plate
While KJF's are already used in a number of appli- with eight pairs of electrodes. Small metallic stripes

cations, the stringent requirements a&d complexity of are deposited between the electrodes, on the top surface
the channel bank filter required the development of a of the plate, to provide for coupling adjustment. The
new technology suitable for high volume production and plate is suspended from a rectangular annular ceramic
low cost. mount by thermocompression-bonded leads. The mount pro-

vides access to all eight resonators for measurements
Recently, Bell Laboratories estblished a Process during processing. The plate is cut in two after

Capability Line for monolithic cry~tal filters at the mounting and in the final assembly of the filter the two
Western Electric Plant in North Andover, Mass. The sections of the plate are coupled with a mica capacitor.
objectives of this line were to transfer this technology 2
to the Western Electric Company and to develop facili- Byrne and Miller 3 described the design of this
tics suitable for the evaluation of processes prior to device and the development of associated processing
manufacture. A description of j•hese 'acilities and pro- techniques at last years' Frequency Control Symposium.
ceases will be given and their design related to the per- At that time a number of laboratory models of the filter
formance objectives of the filter. Statistical results on had been constructed and evaluated in an experimental
the performance of devices fabricated will be related to channel bank. Somewhat earlier, namely in the latter
fundamental studies. part of 1968, it became evident that the techniques

needed for the fabrication of the device were such a
Introduction departure from existing quartz crystal technblogy that

this new technology could best be transferred to the
The largest single application of crystal filters Western Electric Company (Manufuczuring Unit of the Bell

in the Bell System is in voice channel filters for fre- System) by the establishment of a Process Capability Line
quency division multiplex. Twelve voice channels are (PCL), a concept used successfully in the introduction of
assembled or disassembled in an internationally agreed integrated circuit technology. While, technical direction
group between 60 and 108 kHz. The current filter con- of the PCL was through Bell Laboratories it was, never-
tains four length extensional mode quartz resonatorn theless, a co-operative venture with the Western Electric
coupled by inductors, capacitors and resistors. A total Company, being staffed by teams consisting of both
of 48 different resonator designs are uned in a complete Western and Bell Labs engineers. The PCL for the A6
A5 channel bank. channel filter was designed and installed at the Western

Electric Plant in N. Andover, Mass. during the last two
Towards the end of 1967, Bell Laboratories began years. During this period channel filter development has

the developmsent of new channel bank (A6) using monolithic been principally in the area of fabrication techniques
channel filters operating in the 8 MHz range. Fig. 1 and associated facilities for this PCL.
shows the in-band requirements for these filters and the
theoretical attenuation characteristic of an 8 pole, MOF Fabrication in the PCL
.1 dB ripple Chebyshev filter designed to meet these In-
band requirement, and also to provide sufficient attsnu- Fig. 3 is a block diagram of the filter fabrication
ation in the skirt. regions of filter to meet inter- steps. With the exception of the quartz growing facility
channel crosstalk suppression requirements. The in-band all of the steps shown are located within the PCL. The
requirements shown in this figure in no way represent PCL facilities were designed with a through-put of 60/hr.
what is possible in terms of performance with monolithic as an initial objective but no attempt was made to
crystal filters. Compatibility with existing plant of balance the line by duplication of facilities where this
over one million two-way circuits requires that the in- objective was unreasonable. The operations for cutting,
band requirements remain essentially the same as in lapping, grinding and etching the plates involve commer-
earlier channel filter designs. cially available machines and with exception of some

automation for the sorting the plat s, the process is
Considerable cost savings are possible with a essentially as described by Miller, so in the remainder

monolithic channel filter at 8 MHz; Ince only one basic of this paper a description will be given of the major
design is involved full advantage can be taken of high facilltie3 used for the deposition or the electrode array
volume production techniques similar to those widely and the adjustment of the filter. These fetlities have
used for other planar devices. However, in order to
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required considerable effort and have been designed and with the computer controlled transmission measuring set
built from the ground up. shown in Fig. 8. While the hardware shown here is rela-

tively simple, considerable sophistication in testing is
Initial Metallization possible with program control. In fact, this facility

has been the prime source of data 1or the evaluation and
Fig. 4 summarizes the initial metallization oper- control of the process since it is capable of making

ation. A 600O0 film of Ti-Pd-Au is deposited on ti.e very accurate measurements of equivalent circuit parame-
major surfaces of the quartz plate. The Ti-Pd-Au metal ters of devices in-process as well as the measurement of
system was selected because of its proven use in the filter characteristics. Data collected from this facil-
thermo-compression bonding of ceramic substrates in the ity and other information such as orientation angles,
integrated circuit field. Evaporation is from multi- plate uniformity etc. has been logged into a time
hearth electron gun sources. Plateback and evaporation sharing computer for correlation studies. Fig. 9 shows
rate is monitored by quartz crystal monitors. Uniform- some results for 314 filters fabricated by mid-1970.
ity of deposition is achieved by careful geometrical As can be seen, some systematic errors from the theoret-
design and rotating substrate holders. The facility ical curve existed at that time - these errors have
operates under closed loop control. Random variations since been corrected. Fig. 10 shows a plot of the stand-
in resonator frequencies including random variations in ard deviation expected from the theoretical filter
plate thickness and mask geometry are 5 kHz or a 1% con- characteristic assuming perfect adjustment of 3 dB point.
trol of the plate back. Due to a systematic roll off at Values for the variances in frequency adjustment, cou-
the edges of the quartz plate, the resonators have a pling adjustment and device Q, typical for mid-70, were
systematic variation along the plate of about 5 kHz. used. The standard deviation of the 314 units of Fig. 9

is compared with these theoretical results. The error
Frequency Adjlustment in 3 dB3 point adjustment was removed for the 314 units

by the comput.'r. Again the agreement with the theoreti-
Fig. 5 illustrates the frequency adju•tment facil- cal curve is good except in the frequency range where

ity where these systematic and random errors, existing tystematic errors between the average curve and the
after initial metallization, are reduced to about 12 Hz theoretical curve were apparent in Fig. 9.
by further deposition of Au. Eight filters (64 resoaa-
tors) are loaded at a time into the machine, which is The arrows in Fig. 10 indicate the limits of the
completely automatic. The diagram illustrates the filter requirements and clearly demonstrate the precision
adjustment of resonator No. 5. When this adjustment is to which the filter can be made.
complete a shutter is closed and the machine control
system causes the device to be moved until resonator Conclusioni
number 6 is over the plating aperture. This process
continues until all resonators have been adjusted. Now During the last few years, monolithic crystal
that all resonators on the plate are at approximately filteru have been developed and an appropriate process
the same frequency the inter-resonator coupling can be technology has been established for the channel filter
adjusted. used in frequency division multiplex. This work has hnd

considerable impact on analogue communications in the
Laser Triaming Bell S:'stem and is expected to lead to further applica-

tions of MCF technology In the future.
Fig. 6 shows a block diagram of the laser trim-

ming facility. Coupling Is adjusted by nachinipg the Acknowledgment
small stripes deposited between the electrodes.

4  
The

device is held on an X-Y positioning table and moved This work has been a group effort involving a
under the laser beam. The electrical measurements, the team of Bell Laboratories and Western engineers over
pulsing of the laser and positioning of the crystal are several years. The results of their efforts hatv been
co-ordinated by a tape-programmed controller. Apart reported in this paper.
from loading and unloading, the machin- is completely
automatic. Following coupling adjustment one more References
adjustment of the resonators must be made. This adjust-
ment can be performed by either the frequency plater or 1. G. W. Bleisch, The A6 Channel Bank to be presented
alternatively by the laser facility in which case small at the International Communications Conference,
holes are vaporized in the electrode areas. Montreal, June 1971.

Final Adjustment and Sealing 2. It. J. Byrne, Proc. 24th Annual Frequency Control
Symposium, April, 1970.

The most critical requirement on the channel fil-

ter is that the lower 3 dD point must be held to a fre- 3. A. J. Miller, Proc. 24th Annual Frequency Control
quency accuracy of - 3 ppm for all causes including Symposium, April, 1970.
aging and temperature variations. For this reason one
last adjustment of the 1iter is saved until the device 4. J. L. Hokanson, Proc. 23rd Annual Frequency Control
Is mounted on a header. -' Fig. 7 illustrates the ma- Symposium, April, 1969
chine designed for both the final adjustment of the fil-
ter and the cold welding of the cover to the header. 5. R. P. Crenier, Proc. 24th Annual Frequency Control
The device is loaded into the upper half of a die which Symposium, April, 1970.
is then lowered onto a transfer table. The device is
then positioned over a masked evaporation source and is
adjusted (typically 50 Hz). At the next table position
the upper and lover die halves arrive together for the
cold welding operation. The sealed device is then re-
turned to the loading position, removed and another de-
vice inserted.

Testing and Data Analysis

With the device now complete, testing of the fil-
ter characteristics against requirements is performed
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COMPOSITE FILTER STRUCTURES INCORPORATING MONOLITHIC

CRYSTAL FILTERS AND LC NETWORKS

H. A. Simpson, E. D. ?inch, Jr., and R. K. Weeman
Bell Telephone Laboratories, Incorporated

North Andover, Massachusetts

Summary provided by the acoustic coupling between
resonators.

The monolithic crystal filtc,, may be con-
sidered from either of two points of view: 1) Impedance matching networks are required
as a complete, self-contained filter entity; or at the input and output ports of the composite
2) as a two-port device which mPy be incorpo- filter to provide an impedance match to the
rated as a building block into some larger fre- source and load impedances. This is necessary
quency selective network. The present paper because the source and load impedances are gen-
considers the monolithic crysbal fllter from erally fixed at a value different from the
the latter point of view, with application to optimum impedance level of the composite filter.
problems in bandpass and band-elimination fil-
ter design. For the bandpass case, this paper The discrete components shown hardly need
is principally concerned with the problem of explanation. They are listed here, however, as
realizing Chebyshev passband behavior from a two-terminal building blocks required for
cascade of two or more symmetrical monolithic realization of inductor-derived and capacitor-
crystal filters (MCPs) coupled by LC networks. derived monolithic band-elimination filters.
For band-ellmination filters, the theory of
operation of both Inductor-derived and Some of the features of the composite fil-
capacitor-derived monolithic crystal filter ter approach to narrow bandpass filter design
structures Is presented. Examples of practical may be summarized as follows:
designs for both bandpass and band-elimination
filters are used to illustrate design tech- 1. It allows the use of symmptrical MCF
niques based on closed-form solutions. designs.

2. The coupling and impedance matching
Building Blocks for Composite networks can be used to provide additional dis-

Multi-resonator Crystal Filters crimination against overtone passbands.
3. Additional degrees of freedom are

The building blocks considered in this available in the coupling networks for adjust-
paper are illustrated in Fig. 1. They include ment, thus allowing requirements on the MCFs to
the following: be relaxed.

4. For smali volume production, high-
1. Symmetrical, coupled two-resonator order crystal filters may be produced quickly -

crystal devices (MOFs) having the equivalent as contrasted to development times required for
circuit shown in the figure. single plate designs.

2. Narrowband LC networks of two types:
a) Impedance inverters having t900 Types of Monolithic Crystal Filters

phase shift; and
b) Impedance matching networks of the Figure 2 shows the wide variety of MCFs

"L"' or "Pi" configuration. that have been developed for high frequency
3. Two-terminal, single-element reactances filter applications to radio and wire systems.

(inductors and capacitors). Since 1966, over 100 designs have been devel-
oped. Of these, approximately 12 designs of

The monolithic crystal filter devices con- the type shown :t the top of the display and
sidered in this paper are restricted to two- identified as multi-order MCFs are for opplica-
resonator symmetrical devices. These MCFs tion to a telephone channel bank.
represent complete filters in their own right
and can be specified by their own filter para- The two lower levels In the display ahow
meters. In the composite structure, however, what are commonly called second-order or two-
this Identity is lost, and the MCF becomes resonator MCFs, although they have fourth-
merely a device for realizing a desired per- order transfer functions. Such MCFs find appli-
formance - in this instance, a narrowband zation, individually, as single-tone pick-off
crystal filter having Chebyshev behavior in the filters or as components In a composite filter
passband. As will be seen later, Butterworth structure. The frequency ranges indicated for
parameters permit convenient description of the each header size are only approximate.
individual two-resonator coupled devices.

Design Parameters of Two-resonator Devices
The impedance inverter networks shown in

Fig. I are composed of positive and negative The mathematical analyses to follow employ
capacitors. These are realized in practice as the equivalent electrical network as shown in
LC coupling networks, based on a narrowband Fig. 3 for the MCF. The element values of the
approximation In which the positive reactance components comprising this equivalent network
of an inductor is used to realize the reactance completely determine the mathematical model
of a negative capacitor. As a matter of inter- that Is used to represent the coupled resonator
est as will be shown later, the equivalent cir- de''ice. These element values are given on the
cuit of the MCF includes an inverter having the left-hand side of the figure In terms of the
required positive and negative capacitances network design parameters: Ro, the impedance
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level of the filter; ql, the normalized loaded identical Butterworth MCFs coupled by a Pi-
Q of the resonators; Bw 3 dB, the 3-dB bandwidth network at a center frequency of 8.448 MHz.
of the two-resonator device operated as an in- Individually, each MCP was designed for a 3-dB
dividual filter; fo, the center frequency of bandwidth of 1400 Hz. For the case Rx/Ro=0.5,
the filter; and a device parameter n, the order an equiripple pae!band having a 3-dB bandwidth
of overtone operation (n-l for the fundamental of approximately 1600 Hz and l-dB ripple is
mode). The right-hand side of Fig. 3 relates obtained. If the losses of the Butterworth
the network and device desiGn parameters. The filters were merely additive, a bandwidth of
device parameters are: A, the electrode area; only 1000 Hz would result. This increase in
t, the plate thickness; c, the material permit- bandwidth using an LC coupling section is ap-
tivity; and K1 2 , the actual coupling between proximately 60 pezcent. For Rx/Ro above and
resonators in terms of the frequencies of sym- below 0.5, large loss bumps appear above and
imetric (fs) and anti-symmetric (fa) thickness below the passband center frequency.,._•,shear displacements.'
sa 

Computer Optimized Results 3

The network representing the acoustic
coupling between resonators is electrically an The technique of impedance matching previ-
impedance inverter that has the property of ously shown is not, in general, capable of pro-
present-.ng an Impedance Z -k2  ducing sufficiently flat passband performance• prsent.ng n ipedace Z- - at t' input

Zload for critical applications where return lossport when the output port is terminat.- in specifications might be in excess of 26 dB.
Z The inversion constant, k 2 

= [_A_ 2 Departing from the previous concept of resis-
load' is tive impedance matching, additional degrees of

approximately constant over the narrowband freedom result if the elements of the input
passband of the filter. Furthermore, since the matching and coupling networks are allowed to
z parameters Zll and Z22 cf an impedance in- assume new design values. Typical results that
verter are zero, mesh resonant frequencies are can be ostained by computer-based optimization
unaltered when meshes are coupled by such a are illustrated in Fig. 7. The parameters of
network. the MOPs were fixed, and the overall network

was constrained to a symmetrical structure.
Electrical Matching Networks This results in a total of four free variable

elements. in the computer optimization routine,
Figure 4 illustrates three LC narrow-band the flatness of the passband was optimized over

impedance matching networks that have been used a selected band.
extensively to provide a narrowband Impedance
match between the MCF and the source and load Although four return loss peaks were ob-
impedances. Back-to-back connection of such tained, the return loss characteristic was not
sections provides electrical coupling networks equi-ninima, nor was the insertion loss (not
for coupling two-resonator MCFs. The networks observable in the scale shown) equi-ripple.
shown in low-pass, high-pass, and bandpass The deviations from the desired four-resonator
forms all match R1 to R2 at the frequency Chebyshev response were only slight and neglig-
xwoo. In all caces, R2 must be greater than ible for all practical purposes. A closed-form

RI. The three-element bandpass section re- solution, giving exact Chevyshev response, how-
quires an additional parameter Aw, the 3-dB ever, was found to exist.
bandwidth or the section, to uniquely specify
all elements. This bandpass section is partic- Modified Impedance Matching Approach
ularly useful with overtone mode MCFs where the
increased discrimination of the section aids in The first impedance matching approach to
the elimination of the fundamental passband. composite filter design, illustrated in Fig. 5,
The low-pass and bandpass-type sections provide failed to result in four-. esonator Chebyshev
for a broadband absorption of the shunt capaci- performance. Figure 8 illkstrates a modified
tance Co of the MCF by supplying capacitance impedance matching approach that results in
abutting the MCF. The remainder of this paper exact Chebyshev response.
will consider only the low-pass-type section,
although similar results have been acnieved The matching sections are %esigned to pre-
with the other sections. sent an impedance aRe to the MCFh The MCFs,

in turn, are coupled by an LC netw,.rk, the nar-
Single-frequency Resistive Matching rowband equivalent of an impedance inverter,

at Junctions having an inversion constant of (Ro/aK) 2 . The
constant, a, is defined in terms of the coef-

A possible approach to the design of a ficients K12 and Ql, which are the normalized
composite four-resonator crystal filter is in- coupling and loaded resonator Q specified by
dicated in Fig. 5. In this instance, a resis- Dishal2 for a four-resonator Chebyshev filter.
tive matching technique is used at selected K is related to the desired reflection coeffi-
junctions of the network. With a load imped- cient of the composite network at ceiter fre-
ance of RI, each MCF is designed at an Imped- quency. The reflection coefficient, p, is
ance level of He. Considering the coupling related to Amax, the maximum allowable inser-
network in the center of the schematic as two tion loss ripple.
low-pass matching sections operating back-to-
back, the Impidance level Rx becomes the only DecoMposition nf a General N-resonator
free parameter. Filter into a Composite Structure

The band-widening and band-shifting proper- Figure 9 illustrates the steps that may be
ties of this network are illustrated in Fig. 6. taken to decompose an n-resonator (n even),
In this figure, the insertion lossei of the equal Inductance bandpass filter into an equiv-
network, for specific values of the dimension- alent st.ucture for realization as a composite
less parameter Rx/Ro are plotted. The specific crystal filter. The elements in the top ache-
examples selected show the response of two matic may be computed simply from considerations
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outlined by Dishal. 2  The desired coupled reso- then obtained when Cx is made equal to one of
nator form is that shown in the top figure. the acoustic coupling capacitors, Cm.
Within the structure, a number of capacitive-
tee impedance inverters are evident. The The band-eliminating properties of these
actual value of source and load resistance, R, filters may be studied in a variety of ways,
may be realized as a physical resistance or, but perhaps the easiest approach is the appli-
preferably, as a resistance presented by one of cation of Bartlett's Bisection Theorem to
the narrowband matchnd sections of tig. 4. derive the equivalent lattice network. For the
The low-pass and bandpasT forms of these match- inductor-derived case, the sequence of networks
ing sections permit broadband absorption of the shown at the top of Fig. 13 illustrates the
shunt capacitance Co, which has therefore been method and verifies the existence of zero
neglected in Fig. 9. The first pair of coupled transmission at the rejection frequency, fo,

resonators may be realized as a symmetrical from the properties of a balanced lattice. The
Butterworth MCF shown schematically in the broadband equivalent lattice network for the
lower figure. The 3-dB bandwidth of the inductor-derived filter is shown in the sequence
Butterworth filter is related to the ripple at the bottom of Fig. 13.
bandwidth of the composite filter and to the
coupling coefficient, K12 , of the n-resonator For practical applications, the inductor-
Chebyshev filter as shown. The second derived form of this BEF has superior passband
capacitive-tee impedance inverter is realized performance as compared to its capacitor-
by the narrowband equivalent Pi-network. Fol- derived counterpart. This is clear when it is
lowing this realization procedure throughout observed, as in Fig. 14, that the BEF is es-
the filter, all elements may be realized as sentially comprised of two filters connected in
symmetrical two-resonator MCFs or as narrowband parallel: 1) a low-pass filter (C2, Lx, C2),
equivalents of impedance inverters. and 2) a monolithic crystal filter. The rejec-

tion properties at f have already been ex-
Figure 10 summarizes the number of build- plained. In the pas2band, the impedances of

ing blocks and the number of different building the individual resonators comprising the MCF
block designs required for an n-resonator com- are extremely high, and the resulting network
posite crystal filter. The "rounding" indi- reduces to a simple low-pass filter (C2, Lx,
cated in Fig. 10 infers that improper fractions C2). These elements, and the associated source
resulting from these computations must be and load Impedances, determine the cut-off fre-
rounded to the next whole integer. The result quency of the low-pass filter which limits the
of the application of the decomposition tech- highest frequency that may be passed in a par-
nique to the realization of a 42.496-MHz eight- ticular design. Furthermore, this impedance
resonator Chebyshev composite filter is shown level cannot be selected arbitrarily in practi-
in Fig. 11. As determined by the chart of cal designs because of limitations in broadband
Fig. 10, two different symmetrical MCF designs transformer capabilities. Some compromise and
and two different coupling network designs iteration may be necessary at this stage to
(narrowband impedance inverter equivalents) are achieve a satisfactory compromise between the
required. The schematic of Fig. 11 identif..es low-pass filter design and the design of the
the MCFs and components. The wideband inser- MCF. One must also realize that vibrational
tion loss, passband ripple, and inband return modes other than the main mode exist in the MCF

Sloss are seen to correspond to the exact and produc., passband irregulailties. Design
* Chebyshev filter case. In this instance, the considerations related to spurious mode suppres-

impedance matching networks required to match sion confine the MCP parameters to a limited
Re of the filter to specific source and load range. The design procedure outlined In
impeda.ces are not shown. Fig. 14 has been found useful. Some iteration,

however, is generally required before a satis-
Band-elimination Filters factory overall design is obtained.

Two types of monolithic crystal band- An example of the application of these
elimination filters have been developed. These design principles to the realization of a
filters are derived directly from monolithic 42.88-MHz pilot-blocking filter is shown in
crystal bandpass filters by the simple addition Fig. 15. Autotransformers are incorporated for
of inductive or capacitive elements across the broadband impedance matching to the 75-ohm
ungrounded electrodes of single MCPs. The fil- source and load. Two inductor-derived BEF sec-
ters have been designated as inductor- or tions are required to meet the stopband require-
capacitor-derived types, depending on the type ments, and a four-section low-pass filter is
of bridging element, chosen to permit compensation for the distribu-

ted capacitance of the transformers and for the
Both the inductor-derived and capacitor. static capacitances of the MCFs. To achieve

derived band-elimination filters (BEPs) are the passband indicated as flat to within
shown in Fig. 12. For the inductor - derived -0.05 dB from I to 75 MHz, an additional ampli-
type, input and output ports are coupled by an b.Je equalizer is necessary. A fundamental
inductor having a reactance equal in magnitude mods MCF was required to meet passband
to that of one of the acoustic coupling capaci- specifiqations.
tors of the MCF at the rejection frequency.
This rejection frequency is identical to the Conclusion
passband center frequency of the MCF when used
in its bandpass mode. For the capacitor-derived In this paper, the authors have treated
filter, a phase reversal of the monolithic fil- the MCP as a device specifically designed as a
ter is required. This is achieved by the con- component or building block of some larger fre-
nection indicated in the schematic. The phase quence selective network. Applications to both
reversal achieved is clearly evident on compar- bandpass and band-elimination filters have been
Ison of the two impedance inverters represent- cited. The theory of operation has been dis-
Ing the acoustic coupling in the equivalent cussed and pertinent design techniques have
networks. Band-elimination characteristics are been presented. Certain advantages in the
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building block approach have been pointed

out.
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CESIUM ATOMIC BEAM FREQUENCY STANDARDS:

A SURVEY OF LABORATORY STANDARDS DEVELOPMENT FROM 1949-1971

R. E. Beehler
Time and Frequency Division
National Bureau of Standards

Boulder, Colorado 80302

Summary

A general review is presented of progress achieved. Most laboratory standards are designed not
achieved by the more active standards laboratories in only to provide a high accurac7 capability but also to
developing laboratory cesium beam standards during the allow for thoroughly evaluating and documenting this
1949-1 971 period. For each significant time period accuracy as often as is required.
during this 22-year interval an attempt is made to point

out the basic approaches employed, principal character- A further difference between the commercial
istics of some of the more important devices developed, standards laboratory approaches shows up when one
rnaii problems encountered, some solutions attempted examines the respective design features for achieving
in meeting these problems, and the main accomplish- good frequency stability performance. One way to
ments. For background purposes a brief discussion of express this quality of stability is the widely used con-
the differences in approach between commercial and cept of figure of merit, which for cesium beam tubes is
laboratory cesium standards and a general review of proportional to the signal-to-noise ratio of the cesium
cesium beam operating principles are also included, beam tube output signal divided by the resonance line-

width. In commercial developments a high figure of
Key Words: Atomic frequency standards, Cesium merit--and hence a good stability performance--is

beam frequency standards, Laboratory cesium stnnJards. achieved primarily by designing for a very high beam
signal-to-noise ratio. in the laboratory standards case--

Comparison of Laboratory and Commercial at least until rather recently--the designer usually tried
Cesium Standards Approaches to achieve, a high figure of merit by means of a very

narrow resonance linewidth--a technique that resulted in

The purpose of this paper is to review progress some very long beam tubes as we shall see later.
achieved during the past 22 years in the development of
cesium atomic beam frequency standards. The emphasis These differences in approach between comnmercial
will be primarily on developments in the national stand- and laboratory standards appear to be decreasing, how-
ards laboratories, as contrasted with those achieved by ever, in recent years. Careful design and attention to

commercial firms. For more information regarding detail are resulting ii. commercial tubes with stabilit
some of the latest developments in commercial cesium performance comparable to that of recent laboratory
standards, the reader is referred to the paper in this standards. At the tAme time, factors which affect
volume by R. Hyatt, et al. 1 accuracy in commercial cesium standards are receiving

closer scrutiny. Conversely, present-day designs of
Figure I illustrates some of the differences be- laboratory beam ltbes are making increasing use of

tween the approaches followed by commercial firms and design techniqueo and technologies.-for example, getter -
the national standards laboratories in designing, Ing materials to improve the vacuum--developed or used
building, and using cesium beam frequency standards, first by the commercial designers. One laboratory
Clearly, developers of both commercial and laboratory device, now being designed in Canada, is actually intended
standards strive for high accuracy and high stability, for essentially continuous use in a time scale application--
these characteristics, obviously needed by tiational much like its commercial counterparts. 2 At NBS, we
standards labs, also make good commercial sense, have tried to obtain the best of both the commercial and
However, the commercial developer must operate within standar,1s laboratory 'worlds by contracting with
constraints imposed by the necessity to produce a stand. Hewlett-,-ackard to jointly design and construct a refined
ard of reasonable size, weight, and reliability which beam tube, known as NBS-X4. This increasing cross-
will provide good performance over the rather wide range fertilization of ideas between commercial and standards
of environmental conditions found in typical field applica- laboratories is most encouraging; it seems quite clear
tions. Because most time and frequency applications, already that accelerated improvement of both commercial
such as the proposed time and frequency collision avoid- and laboratory standards is taking place as one direct
ance system, for example, require stable sources rather result.
than accurate ones, commercial compromises are more
often made with respect to accuracy than stability. In In the remaining part of th.s paper the discussion
the case of laboratory standards, on the other hand, will mainly concern laboratory standards developed
accuracy is of paramount importance and such factors as during the past 20 years or so at five of the more active
size, weight, electrical power consumption, and so laboratories In Europe and North America as shown in

I forth, are not permitted to compromise the accuracy figure 2. This is not to imply, however, that other labs

* Contribution of the National Bureau of Standards,
not subject to copyright. 297



have not in the past or are not now also contributing to detailed desien of the beacn optics system. The signal-
the general progress being made in this field, to-noise ratie, is also degraded by any background level

of cesium seen by the detector, since such atoms con-
Review of Cesium Beam Operating Principlet tribute shot noise to the detection process without adding

signal component. Finally excessive noise levels in the
To provide a brief refresher on how a cesium be.,m various electronic systems involved can also degrade the

s,ýandard, commercial or laboratory, operates, figure 3 output stability.
shows one common form of the basic technique. Cesium
atoms effuse from a source, shown on the left; travel The accuracy -erformance of a cesium standard,
down an evacuated tube at thermal velocities through a on the other hand, is i-enerally degraded by any effect
series of magnetic fields; and depending on their exact which causes the actual working cesium frequency as
path through the tube they either strike the detector oe provided by the atomic beam machine to be shifted away
the right side of the slide or are lost from further con- from the ideal frequency associated with a completely
sideration. Atoms following either of the trajectories unperturbed, isolated cesium atom. It is important to
shown have their magnetic moments aligned by the first realize, however, that often it is only the uncertainties
deflecting magnet, called the A magnet, in such a dire, - in the exact amount of these frequency shifts that con-
tion that forces are exerted forcing the atoms back tribute to inaccuracy. In principle, a frequency shift
toward the axis of the tube. As the atoms next pass whose magnitude and direction are perfectly known can
through the excitation cavity region, a resonance condi- be compensated for by applying a correction to all meas-
tion exists if the microwave field in the cavity has urements.
precisely the same frequency as that corresponding to
the separation of two possible energy states of the One source of error in this magnetic resonance
cesium atom. If the frequencies match, and if certain technique involves frequency shifts produced by unwanted
other conditions regarding the microwave power level and unknown phase differences bE tween the microwave
and directions of the fields are satisfied, the atom will fields in the two ends of the excitation cavity. A second
change from one of Its energy levels to another, effec- possible problem area is uncertainties in our knowledge
tively causing a 1800 change in the orientation of its of the C field--that is, its magnitude, direction, &nd
magnetic moment as compared to its previous direction uniformity over the length and cross-section of the
in the A magnet field. When the atom now enters the B atomic beam. Further errors may result from uncer-
deflecting magnet, which is identical to A, it is deflected tainties i•i first and second order Doppler shifts which
in the opposite direction as in the A field, since its involve knowledge of the velocity distribution of the
magnetic moment has been reversed in the process of atoms in the beam. The electronics systems can con-
making a transition between energy states. As the tra- tribute a variety of errors from sources such as second
jectories indicate, these atoms then strike the detector harmonic Aistortion of the modulation signal, an asym-
where they are ionized, producing an electrical current metrical iTr spectrum used to excite the cesium reso-
proportional to the number of atoms per second hitting nance, ani' miscellaneous ef.-cks related to the servo
the detector. As we have seen, this number is also pro. system eec.ronics. As implied earlier, the detailed
portional to the number of atoms per second making a evaluation .)ý such accuracy -limiting #e-'2cts as thece for
transition and is thus a measure of whether the oscillator each partic.ilar cesium standard built is ,ne of the prin-
frequency providing the microwave field in the cavity cipal activities in standards labs working with state -of-
matches the resonance frequency characteristic of the the-art devices.
cesium atom. The detected signal, if combined with
suitable servo electronics, can then be used to automat- 2:ar~lHistory of Yalboratory Cesium Standards
ically and continuously correct the slave oscillator fre-
quency to a constant value, related in a known way to the This m ,.gnetic resonance technique being reviewed
cesium frequency. A small, u~niform DC magnetic field is neither very new nor restricted in usefulness to atomic
terms the C field, is also provided in the center region frequency standi.rds. In fact, the method, without some
between the A and B deflecting magnets in order to keep of today's rcfine nents, was actually perfected by Dr.
the magnetic moments of the atoms oriented properly Isidor Rabi at Columbia University back in the 1930's as
and to make it possible to utilize only one particular a tool for stud) ing atomic and molecular physics. 3 It
microwave energy state transition from among the group apparently wain't uintil 1945 that Dr. Rabi first suggested
of 21 that are theoretically possible with the cesium that this tecln ,lie should be useful in building an atomic
atom. frequency sti,ýPdre, 4 About four years later, NBS--with

the help of Ps ,feasor Kusch, also from Columbia--started
Influences on Stability and Accuracy Performance work on the first d, rect application of Rabi's technique

to frequency standtv.ds. In 1952 the standard shown in
As background for the up.:oming discussion of figure 4, N13S-1, w. a successfully operated in the sense

stability and accuracy achievements and limitations, it of producing the 4 0 - 3, 0 resonance curve of ce.aim-
may be worth noting some of the aspects of this magnetic 133, using only 1, single excitation regions rather than
resonance technique that influence the.ie performance the separated ý,ie nmethod developed by Professor Ramsey
measures. The stability, As we have already seen, two or three years earlier. 6 Within a few months NBS-I
depends on the resonance linewidth on,, the beam signal- had been modified to use the new Ramsey technique and
to-noise ratio, It is characteristic of tl.e •echnique that a narrow cesium resonance only 300 Hz wvid. was
the resonance linewidth becomes nerro%% as the time observed. 7 At this point, Dr. Harold Lyrns of NBS
of flight of the atoms between the two arms of the U- predicted that accuracies of 1 X 10.10 appeared possible
shaped excitation cavity becomes loiaer. The signal- with this type of device. NBS-I was not used during this
to-noise ratio of the beam dependf mr.ainly on how many very early period as a routine frequency standard for
atoms per second make transitions and are processed by regular calibratiorn work, bul rather was cornsidered a
the detector, and this, of course, depends in turn on the research system fci making further studies alid
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improvements of this new type of standard. By 1955 had been used successfully in earlier work with the mag-
other cesium standards were also coming on the scene. netic resonance technique. Since relatively small beams
At MIT, Zacharias, Yates, and Haun were the first to were used with some fairly inefficient beam optics, the
develop servo systems for electronicall locking a cryg- resulting beam signal-to-noise ratio was rather low.

tal oscillator to the cesium resonance. Their work Phase shift errors, if they were seriously evaluated at

later led to the first commercial cesium beam standard-- all, were measured by physically reversing the micro-
National's Atomichron. At NPL, Dr. Essen and hdt wave cavity and observing a resulting change in direction

colleagues became the first group to build and place into of any phase shift error present. Resonance Hinewidths
routine operation a cesium standard for periodic cali- were typically a few hundred hertz wide. With the excep-
bration of secondary oscillators. 9 Figure 5 is a picture tion of the standard at LSRH these early standards did
of Essen's original standard, NPL-1. It was this not include servo electronics, but rather required an
machine which generated the cesium-referenced meas- operator to manually plot out resonance curve after
urements during the 1955-1958 period in cooperation resonance curve in order to calibrate an oscillator.
with the U. S. Naval Observatory that led to the famous
770 number referring the cesium frequency to Ephemeris In spite of many problems there were some very

time. 10 That number has, of course, now staked out significant accomplishments. For one thing, independent
its claim to further immortality since the redefinition standards were constructed in at least four different

of the second in 1967.* laboratories which operated successfully and proved the
value of the basic technique for standards applica-

Development of Laboratory Cesium Standards: tions. 9, 11-13 The accuracies achieved within a range
1955-1971 of a few parts in 1011 to one part in 1010 may sounda

little crude to laboratory standards people today, but in
In order to discuas the development of laboratory 1958 these results were little short of remarkable. And,

Scesium standards after 1955 the next 16-year period will as already noted, the cesium frequency was carefully
be divided into three separate time periods, each one of related to the best known astronomical time unit. 10

*• which covers a significant phase of development in getting
to where we are now. The first period covers the orig- An important outgrowth of this early period was
inal group of standards from four of the major labs, well-documented information regarding the main limita-

Sincluding the early NBS and NPL work already mentioned. tions which had to be overcome for improved perform-
The second period covers . group of second-generation ance. Some of these are listed in figure 6. The first
standards from the same labs. Finally, the third sig- three primarily limited the short and medium-term
nificant period starts about 1967 when some newer stability of the standards and indirectly also their accu-
approaches began to be explored and continues up to the racy, while the latter two problems affected more the
present--and perhaps even a year or so beyond. very long-term stability and the accuracy evaluation of

the devices, As one further example of a product of this
In the remaining portion of this paper each of these early development period, Csl, developed at NRC in

three periods will be examined in more detail--certainly Canada, is shown in figure 7.
not on a standard-by-standard basis, but rather from
the point of view of looking for the general approaches, Second-Generation Laboratory Standards: 1o5O.1966
accomplishments, and problems coming out of each
period spanning several years. The second major time period identified- -from

1959 to 1966--might be termed the "age of refinement."
Early Development Period: 1955-1958 The goner'i approach to building better laboratory cesi-

um frequency standards was to refine the techniques and
Beginning with the 1955-1958 period, the general hardware that worked in the earliest models just dis-

approach, in simplest terms, was to build an atomic cussed. Better frequency references--in the form of
frequency standard, using the magnetic resonance tech- more stable crystal oscillators and the early atomic
nique, that would work! Little thought was given to standards--became available and greatly aided in the
refinement; the important thing was to develop an oper- evaluation of the second-generation standards. For
ating model t.o that studies could be made of ;ts basic example, at NBS, NBS-I was used as a stable reference
advantages and limitations. In other words, it was a for evaluative measurements on NBS-II, and NBS-1I
necessary period in which laboratories gained valuable later proved most helpful in the evaluation of NBS-III.
experience in the application of this new technique. As understanding of the basic strengths and weaknesses

of the various devices increased during this 1959-1966
Since all of the labs were starting from nearly the period, so did the appreciation of the need for more

same base level of experience, it's perhaps not too refined evaluation techniques and measurements in order
surp-ising that one can fairly easily identify some fea- to fully document the improved accuracy ani stability
tuz ms which were common to all or at least most of these being observed. 14

earliest devices. First, they all used the Ramsey tech-
nique to obtain narrower linewidths. Probably due to a In terms of stability improvements during this
general lack of experience, the beam optics systems period the trend was mainly toward designing for narrow-
were kept quite simple and very closely related to what er resonance linewidths, thereby improving the figureof

merit and thus the stability performance. The narrower
* In 1967 the 13th General Conference on Weights and linewidths were achieved by increasing the time for

Measures defined rhe "second" as: "the duration of atoms to interact with the excitation field by building
9192631770 periods of the radiation corresponding to the standards of greater length. 15-18 This trend toward
transition between the two hyperfine levels of the ground longer lengths finally stopped at about 6 meters overall
state of the cesium-133 atom." length and 3.7 meters interaction length for NBS-1,

although a proposal was actually submitted to NBS at ote
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point for a vertical standard 17 meters long! Some to successfully reduce systematic errors from the
efforts were also made during this period to increase electronics. 2,

the stability via improved beam signal-to-noise ratio--
mainly, by employing larger bems with larger dipole Summarizing the main accomplishments drring
deflecting magnets. The higher-quality crystal oscil- this 1959-1966 period, a number of second-generation
lators already mentioned helped to provide more stable laboeatory standards were built, most of which are still
excitation sources, while the more widespread use of used today--though perhaps with added improvements.
electronic servo systems for controlling the excitation The accuracy performance was impr. td by a factor of
frequency finally eliminated the need for tedious and in- ten to levels varying from 3 X 10-171 ýo a) to 1 X 10'11
efficient manual measurement techniques. (1 a). Stability improvements, 1,%r~ely due to the narrow

40-100 Hz linewidths achieved, rsulted in performance
Significant improvements were made in these of I X 101l1 (1 a) for l-secon" averaging times improv-

second-generation standards in reducing error sources ing as T "i to a level of 1 X 10"13 or better. Typical
identified from experience with the earlier models. 14-18 tabulations of bias uncertahnties showed that in spite of
The frequency errors caused by cavity phase shifts were significant progress phas- fhift errors, electronics
attacked on at least three different fronts. First, the effects, and C-field uncertainties continued to be the
basic cavity construction techniques were refined so most serious accuracy limitations.
that phase differences between the ends of the cavity
were not as likely to occur. Careful measurements of Figures 8, ), and 10 show three of these second-
electrical .syrarnt:ries during construction proved most generation standr 'ds: NPL-2, NBS-III, and CsIII (NRC),
helpful. Second, more laboratories began to make respectively.
better evaluations of cavity phase shifts by physical
reversal of the cavity. In one case at least, NBS-IIf, More Recent Laboratorr Standards: 1967-1(71
the cavity was left undisturbed but the beam was reversed
by physically interchanging the oven and detector with T~c last of the three time periods covers the
some improvement in the reproducibility of the phase period from 1967 to the present and is characterized b,
shift data. Third, a new technique was tried at MIT a cor.tinuing attempt to refine existing techniques but
which employed square -wave phase modulation instead also by ai more active development of some new tech-
of the more common sinewave frequency modulation. In niques. It might also be considered as a period of
This technique makes use of the transient response of ,,:eater sophistication where previous tendencies to
the atomic beam to provide an electrical signal related design longer standards to achieve greater stability have
to any existing cavity phase difference, but so far none been replaced by concentrated attempts to increase the
of the standards labs have adopted the method, signal-to-noise tatio of the beam. For example, the

present PTB standard with an excitation region only
C-field errors were reduced somewhat by provid- 79 Lm long his produced I-second stabilities as low as

ing better magnetic shielding through additional sv,,parated 3 X 10"12 or a figure of merit of nearly 30 as compared
layers and materials with superior magnetic propertie•. ti about 10 for present long-beam standards. 22 An even
The uniformity of the C-field was improved in several smaller tube being developed as LSRH has shown promise
labs by adopting a 4-wire field-producing st ,cture. of even better stability based on signal-to-noise meas-

urements. 23 In the case of the NBS-X424 and NBS-5 2 5

Frequency shifts caused by RF soe..t, em asymn- designs, a large increase in jignal-to-noise ratio is
metrics received much closer attentior, , tht, made possible by using a large digital computer to opti-
period. Various systems and techniquis vere developeu mize the parameters of the beam optics systems. NBS-
for looking at spectrum problems, such aa anal) sis of X4, with a total length of about 1.3 meters, should pro-
the beat note between two X-band e.cattiruii systems, vide a figure of merit of nearly 100, corresponding to a
use of an ammonia maser in a nartow band spectrum stability of I X 10-12 in I second. NBS-5, which is a
analyzer system, and measurem,•nts of the microwave major rebuilding of NBS-III, is designed for a figure of
power dependence of the cesiunm frequtnty, which turns merit of at least 500, corresponding to a I-second
out to be sensitive to RF asymmetries. Theoretical stability of about 2 X 10-13.
studies, particularly regarding the power dependence,
have been helpful in pointing the way to better evaluation Other laboratories, particularly NRC. 25 PTB, 27

techniques for spectrum effects. 2 0 The sensitivity of and LSRH, 23 have been working with beam tubes employ-
the cesium frequency to RF spectrum effects added ing hexapole ur combinations of haxapole and dipole de-
impetus to the development of lower-noise electronics flecting magnets to increase the useful beam intensit)
components during this period and to a generally in- significantly. The primary advantage in using hexapole
creased activity in designing and building multiplier magnets, of course, lies in their ability to focus a cy-
chains, modulation systems, and servo components that lindrical beam, of atoms. In addition to the direct increase
were compatible %ith the increased performance beam in useful beanr, intensity that results, a further advantage
tubes appearing on the scene. The possible accuracy- is gained indirectly by being able to operate a higher
limiting errors caused by the presence of second har- cesium oven temperatures mithout running into collision
monic distortion of the modulating s&gnal are a specific problems in the sinipller beam collimator permitted by
example of an electronic problem that received much the hexapole design.28

attention. In addition to the success'ful, straightforward
reduc-tion of second harmonic distortion levels through Figure II shows some of the possible variations
better circuit designs and construction procedures by on the multipole beam optics designs. For comparison,
most of the labs, a more novel approach was taken at the upper scheme is just the usual flop-in technique with
NRC by developing a new, hquare-wave rEguen. mrod- dipole deflecting magnets. In the second situation--the
ulation system that employed 10-se,-ond-interval hexapole flop-in case--atoms which make transitions are
switching between two appropriate microwave freqoenctes focused on an annular detector. Two difficulties with
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this scheme are that the relatively large surface area of phase noise charaecerk~lics. .5, 10 Also in the area of

the annular detector tends to increase noise levels in electronics, NRC has developed an improved version of

the detection system and the annular detector is harder their square-wave frqeuency modulation system. 3 1 The
to construct. The hexapole flop-out system shown next, new system uses a faste.ý switching rate of 8 1/3 Hz, and
which is that uspd in the present PTB standard, 27 per- NRC feels that the tot,.' error contributetd by the complete

mits a small, spot detector, but suffers somewhat from electronics system, includi.ng multipliers, moduiation
the relatively high background of atoms which strike the system, and servo conipoi.,nits, is now less than I X 10-13.
detector without first making a transition. These atoms PTB has adopted the same genc -al type of square -wave

contribute to the shot noise without adding useful signal. system, featuring a 3 Hz switCL'ag -ate and appropriate
Lastly, the bottom scheme shows the hybrid system suppression of transient effecta, The PTB group has
being constructed and tested now at LSRH, featuring a also attempted to provide more suatle excitation sources
hexapole A magnet and a double-gap dipole B magnet. 23 by designing their system for lockini, the excitation oscil-
In this design the previously-mentioned disadvantages lator to either a rubidium cell, a hydrogen maser, or a
of large detector surface area and difficult construction very good crystal oscillator.
problems in one case and a large background of unflopped
atoms in the second case are all eliminated. A small Finally, the second order Doppler shift ý-ife.'taintv,
price is paid, however, in terms of an intensity reduc- which becomes very important at accuracy levc a of
tion due to the dipole B magnet's inability to proces. 5 X 10713 or better, has buen studied extensively at
some of the atoms supplied by the hexapole A magnet. NRC 2 6 and NBS. The major effort is dire--ted toward
Figure 12 shows a view of this rather unique double-gap developing methods of inferring the actual velocity dis-
dipole B magnet used at LSRH--the center structure tribution in the atomic beam from an ,nalysis of the
serves both as one of the magnet poles and r beam stop observed Ramsey resonance curves. Results thus far
to eliminate unwanted atoms, look very promising for reducing this uncertainty to less

than I X 10-13.
Good progress is also being made on the reduction

"of systematic errors which affect the accuracy of these Conclusion
newer laboratory standards. The cavity phase shift
problem is being approached mainly along three lines. Figure 14 summarizes the accuracies achieved by
First, more of the standards are now being built with the various national standards labs, beginning in 1956
facilities for reversing the beam direction through the and including some projected values for standards now
undisturbed cavity as a means of precisely and accurately in the process of construction. The plotted values are
evaluating this error source. Second, in the case of the generally equivalent to I a estimates and are based on
existing NBS-X4 and CsI (PTB) bi am tubes, the single published results from the various labs discussed. The
ov~er and detector can be physically interchanged--in the exact placement of some of the points is somewhat un-
case of the PTB standard, without breaking the vacuum, certain, since it is not always possible to determine
Third, the modified long-beam machine at NPL, 29 the exactly when a given accuracy was first achieved. How-
nev, CsV(NRC) standard now being. designed in Canada, 2 6  ever, it is clear that accuracies of 4 X 10-13 have already
a proposed new standard at PTB, and the nearly- been achieved 2 2 ' 33 and that improved values of riear
completed NBS-5 2 5 are all designed with a movable oven I X l0" 1 3 are expected within the next year or so. 22, 75, 26

and detector at each end to operate with a beam in either
direction for phase shift evaluation quickly, easily, and In ter 3S stability performance the besk reported
under more optimum conditions. Errors from this value so far , is 0(2, T) = 2.8 X 1 0 -12 T-1 . Within
source should then be red'ced to I X 10-13 or below, the next year this value should be improved by more than
Another more novel approach is employed in the present a factor of ten25 to near 2 X 10"13.
PTB standard where the dependence of the phase shift
error on the averajge beam velocity is used to detect The generally high level of performance being
phase shift error. 7 The beam velocity can be varied achieved by today's laboratory cesium standards is con.
in this machine over a ratio 3f 2:1 by interchanging two firmed by analyses of long-term comparison data among
different sets of focusing magnets designed to focus the various standards by means of Loran-C and portable
widely different velocities--the interchange requires clock trips. The peak-to-peak spread of frequencies of
only about one second to complete. the lab standards appears to be about 1 X 10-2. 34

C-field errors are still being improved in the Acknowledgments
newer standards both by better shielding designs and
materials and by generating more uniform fields. As Because of the review nature of this paper, it has
an impressive example, the present Csl standard at been especially necessary to rely on contributed informa-
PTB employs a longitudinal C-fild rather than the tion and picti -es from a number of people at the major
usual perpendicular-to-the-beam orientation, allowing standards laboratories. In particular, I would like to
the use of a very uniform solenoid coil structure to acknowledge the valuable assistance of Dr. L. Essen of
produce fields suffictently uniform over the transition NPL, Dr. P. Kartaschoff of LSRII, Mr. B. Fischer of
region to reduce associated errors to less than PTB, Dr. A. Mungall of NRC, and Mr. D. Glaze of
3 X 10-14. (33) Figurt 13 shows a picture of this machine. NBS. Without their fine cooperation some of the informa-

tion presented- -particularly, that concerning present
Electronics improvemeats seem to be generally status and future projections- -might not have been

keeping pace with beam tube progress. Some impres- available.
sive results have been obtained by NBS and some com-
mercial labs in terms of building signal processing
equipment and even oscillators with greatly-improved
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FREQUENCY BIASES IN A BEAM TUBE

CAUSED BY RAMSEY EXCITATION PHASE DIFFERENCES

Helmut Hellwig, James A. Barnes, and D. J. Glaze

Time and Frequency Division
National Bureau of Standards

Boulder, Colorado 80302

Abstract II. Calculation of Frequency Shifts

A phase difference between the two interaction We will proceed on the basis of the following set of
regions of a Ramsey excitation resonance structure assumptions and approximations: (a) No frequency
results in a frequency bias in the measured beam deviations from resonance exceed the linewidth; (b) the
resonance. A simple mathematical model is discussed microwave interrogation power does not deviate greatly
which describes the dependence of this bias on the from optimum power; (c) the modulation of the micro-
phase difference, the microwave power level, the mod- wave signal is sinusoidal; (d) the modulation frequency
ulation amplitude, and the resonance linewidth. is less than the resonance linewidth; (e) the velocity
This dependence results from the interaction of the distribution in the atomic beam is Maxwellian, and
modulated microwave excitation frequency with the (f) I << L where I and L are the lengths of the inter-
asymmetric shape of the slightly shifted resonance line. action and drift regions, respectively, as defined by
In a first order approximation, no dependency on the Ramsey. 3

frequency modulation amplitude is expected. Near-
linear dependencies on the linewidth and microwave In the preqence of a cavity phase difference the
power level which are quite pronounced even at rela- central peak of the Ramsey resonance pattern will be
tively small cavity phase differences are predicted. displaced from the resonance frequency of the unper-

turbed atom. Furthermore, the lineshape will display a
The theoretical results are compared with one set certain asymmetry. We restrict ourselves to the con-

of experimental data on the microwave power dependence ditions (a) and (b) above and can in first order approxi-
as measured in 1969 with the primary cesium beam mate the central peak of the Ramsey pattern, I[v], by
standard NBS-11I. After a correction is applied to re-
move the power dependence due to spectral impurity of f( -t If (t) -t
the microwave excitation, the remaining measured power I[)] = A + B0 sin - + C cos . (1)
dependence agrees quantitatively with that calculated I I.
using a cavity phase difference of about 3 milliradlans, In eq (1) A, B, and C are constants under given experi-

SKey Words: Cavity phase shift, Cesium beam tube, mental conditions, W is the linewidth at half intensity;
Frequency accuracy, Frequency standard, Power shift, U has the characteristic of a linewidth: U v W for
Resonance line shape. monovelocity atoms. U is the same order of magnitude

as W for our assumption (e) above; and tois a
I. Introduction parameter related to the cavity phase difference 0.

In accordance with the international definition, the Using condition (e) above, it can be shown that
unit of time interval, the second, is realized with a
cesium beam apparatus. Several bias corrections have V - Vo W . (2)
to be applied to the measured resonance frequency in 0 o 41
order to obtain the resonance frequency of the unper-
turbed, free cesium atom, 2 In this paper we consider In eq (2) to is the resonance frequency in the absence of
only those bias corrections which are associated with a a cavity phase difference. Because of the asymmetry,
phase difference between the two interaction regions of the frequency of the central peak vp differs from vt.
a Ramsey excitation resonance structure, 3  By setting dI(v/dv = 0, we obtain

In this paper we present a simple mathematical BWOO
model which allows analytical solutions to the question V v= + (3)
of frequency shifts in the presence of a cavity phase p 0 (3CU

difference, The results are intended to aid in the under-
standing of the physical mechanisms involved. Although We now proceed to calculate the frequency to which
our mathematical model is only an approximation to the the slave oscillator frequency servo will "tune-in." If
physical situation, and is tailored to a particular set of we modulate Vo in a sinusoidal fashion (condition (c)
conditions, we feel that it is close enough to the real above) about some value l with the amplitude t and
conditions which were encountered in the National the angular frequency W we can write m

Bureau of Standards Frequency Standard,2 NBSJ.II, to
warrant a quantitative comparison with experimental
data from this apparatus. This is done in Section V of [t) = v, + v sin wt . (4)
this paper. m
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We now make use of assumption (d) above and substitute In order to evaluate eq (8) we have to express B/C in
eq (4) into eq (1), using eq (3) to express B. We obtain terms of the operating conditionu. Following eq (1) we

choose a linear approximation based on the numerical

U ~results of Ref. 3, and we obtain )30sr/CU 's 24/3ffW0 .
I t)t= A -C (v - v)- 2sin Z(s- V÷ +rvsin )W Wo it t.e linewidth .it optimum power Po. Equation (8)+ C (5) can now be written

W • + v sin C) . 1l
A 36W 8U 1 U m (10)

4 t'91'5  0+~ fjZV
We are inte:-rested in the coefficient of that term in I1It) W. ~
which varies as sin Wt, because the servo forces this
term to be zero.

Now III. Frequency Modulation Amplitude Dependence

In eq (10) any dependence on the frequency

sin t•( 'l + V zsinwt)I modulation amplitude is solely due to the arguments of
Ut 0 m J the Bessel functions which contain v . The approxi-.m

1T) lmate nature of our discussion requires that we restrict
= Zcos wl - Vt ) Jl I msin wt + harmonics our discussion to modulation amplitudes not exceeding

I 0 1  U the optimum modulation, that is to

and V :CV a -W
m 2 o (II)

Cossin wt)v This and the fact that U and W can be expected not to
W "'1 V differ greatly leads us in a first order approximation to

-2 sin (I- , ) J l oin Wt + harmonics. 3OW 8W
9W 1W . (12)

Then the coefficient of sin oct in I t) (eq (5)] vanishes
when According to eq (12), At' has no functional depend-

ence on v . We conclude that in the limits of our ap.• m

proximation no frequency modulation amplitude dependent

sinM_ (V Vfrequency bias is to be expected for v : V . This
n 1 0I- V0) result is in accordance with our experimentamoVbserva.

l m (6) tions on the cesium beam frequency standards at the
Sf U) ¢UNational Bureau of Standards.

l11 %-) IV. Power Dependence

In eq (6), v can now be interpreted as the resonance We can use eq (12) to obtain the dependence of the
frequency o1 the beam tube, since v ie the frequency frequency bias AV' on the microwave power P.
to which the servo will "tune-In." Note that Pis not Equation (12) shows that the frequency bias is a function-qual to either wp or " "t of the phase difference and the resonance linewidth.

P 0 The llnewidth, moreover, is a function of the microwave

We have assumed that the offset is always smrall power level. This can be understood intuitively if one

compared to the linewidth, I. e., (v - ) )<< W, realizes that with decreasing microwave power the
<U, and we can rewrite eq slower molecules become relatively more effective

which results Ir a corresponding line-narrowing. 3 The
frequency bias ,\v thus becomes power dependent. A

1U ( numerlcal calcuilation of the relationship between line.

2 (V-V (7) width and microwave power is depicted in Fig. 1. In
Sp 0 " Fig. 2 we depict the frequency bias At' as a function of

mI I 1m both linewidth (eq (12)] and microwave power (eq (12)
and Fig. 1]. The ordinstto is normalized to Az'/Av=

Substituting eq (2) and eq (3) into eq (7) we obtain at optimum power, P = P and W = W , where At'
denotes the frequency bias at optimum power.

Equation (12) and Fig. 2 show that the power de-
W 4 1 pendencu of the frequency bias is almost linear; however,

O 3W + B I U m} (8) we note that the extrapolation of this near-linear portion
-, to P - 0 does not yield a vanishing frequency bias. A

reduction of power from P. to P./Z will result In a

frequency bias change of acout ti3 of the total bias at
Equation (8) b.ves us the frequency bias At' which we optimum power or more accurately
define

V" - %o a At (9) A V ( 0 I2) w 0.70Ao. (13)
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V. Experimental Results be expected to be different for different experimental
conditions (sce Section II). *

The reported measurements were .performed

during the accuracy evaluation of ths cesium beam fre- The results, as summarized in eqs (10) and (12)
quency standard, NBS-III, in 1969. Figure 3 depicts and in Fig. 2 show that frequency shifte caused by cavity
the experimental results. Plotted is the fractional phase differences, the microwave power level, the
frequency change as a function of the microwave power resonance linewidth (velocity of atoms), and the fre-
level for opposing beam directions (solid lines). The quency modulation amplitude are closely interrelated.
precision of these measurements is discussed in Ref. 2.
The microwave power changes ranged from P0 (optimum Frequency changes due to changes In the microwave

poer toqunc hote dess tha one-fourt Pn th Thecatuolvalupower) to not less than one-fourth Po" The actual value power level are quite pronounced, which is contrary to
for Po was P 1. 4 mW; the frequency modulation the result of a previous treatment of this subject. 4 In
amplitude was adjusted to Y) s V , The two slopes fact, the power dependence could be utilized to deter-
are +2Z X 10-'3 per mW andm-ll PTO-' per mW. The mine the frequency bias when other calues for frequency
total fractional frequency change with beam reversal at bias are known to be absent, e. g. , microwave spectrumP = Po is 78 X 10`3a which gives us AVo/Vo = 39 X 10-'3.P P i effects (see Section V). In this case the measurement of

"the frequency change with reduction of the microwave
We believe that the asymmetry in the two slopes of power to, for example, Po/Z yields directly the fre-

Fig. 3 is caused by asymmetries in the spectrum of the quency bias according to eq (13). We have used this
microwave signal. '* Such effects may be expected to be method in recent experiments on new cesium beam tubes.
unchanged under beam reversal and to depend linearly
on the microwave power (for a small. single sideband A cavity phase difference will, in general, also
perturbation). 3 We obtain symmetric slopes if we sub- cause frequency shifts to occur if the frequency modula-
tract a slope of +5. 5 X 10-13 per mW. Thus we can tion amplitude is chaiged. The frequency changes are
conclude that the spectrum causes a power shift of virtually absent if a frequency modulation amplitude of
+5. 5 X 1013 per mW (dashed line in Fig. 3), and the less than half the linewidth is chosen (Section III).
cavity phase shift a power dependence of :16. 5 X 10-1 However, if larger frequency modulation amplitudes
per mW (dashed-dotted lines in Fig. 3). are used or if the cavity phase difference is unusually

large (large bias) this effect could become significant.
As we expected theoretically, we have a seemingly An analytical treatment which is valid for these con-

linear functional dependence. The measured biases at ditions would require a higher order approximation
optimum power and half-optimum power are respec- than was attempted in this paper.
tively, AVo/%o= 39X 10"1a and Av[Po/2)/lVo= 27.5 X 10"'3
or In the presence of a spectrum-related frequency

AV(P1/2) , 0. 71 AV (14) bias of unknown magnitude, methods like the one dis-
0 cussed above will not be adequate. Beam reversal

presently appears to be the only method** which then
which is in agreement with the theoretical results of allows the separation and individual measurement of the
Fig. 2 and eq (13). different frequency biases. Beam reversal changes the

sign in eq (12): consequently, one should then obtain
We can now calculate the cavity phase shift 0 from microwave power (and frequency modulation amplitude)

eq (12). The numerical calculation yields dependencies which are identical for the two beam
directions, except for the sign reversal. Any deviatione

AV = 0. 26 W 0 . (15) from this symmetry would indicate the presence of
o 0

additional effects, e. g. , signal spectrum asymmetry.

The linewidth was measured to be W = 45 Hz and we The frequency biases can then be obtained as was0
obtain from eq (15) with the power dependent frequency demonstrated in Section V (Fig. 3).
change discussed before 0• 3 X 10 radians.

VI. Conclusions

We presented an analytical discussion of fr quency
shifts In a beam tube which relate to the presence of a *The treatment of the power dependence due to cavity
cavity phase difference between the two Ramsey excita- phase differences, as precented in this paper, teads
tion regions The results are approximate and may to a rather simple physical picture: The chosen

microwave power level acts like a velocity selector
because only atoms within a rather narrow velocity
range will have a significant transition probability.
Atoms with velocities other than that selected by the
given power level do contribute, but only in some
minor fashion as may be seen from eq (12) and
Figs. I and 2.

**Beam velocity changes,5 as applied to the detection
and correction of cavity phase differences, act in a

*Other causes, e. g, , the second-order Doppler effect way quite similar to the variation of the microwave
which is totally ignored in this paper, must be taken power. Both act on W in eq (12). However, this
into consideration when extreme accuracies (beyond method also should only be used with great caution
the present state of the art) are the objective, if spectrum related frequency biases are present.
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We summarize: In the absence of other biases,
e. g., spectrum-related biases, variation of the micro-
wave power offers a Way to easily detect and correct for
a cavity phase difference and the related frequency bias.
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FIGURE 3 - lbperimental reoults. Sol~d lines depf
the fractional frequency shift measured
as a function of the microwave power level
(o - 1.4 cm) for both directions of the
atomic beam. The dashed line represents
the bias attributed to spectral impurities
of the microwave signal. The dashed-dotted
lines are obtained by subtracting this bias

.. from the measured results and represent the
bias due to a cavity phase difference. For
details on the experimental procedure and
a discussion of the measurement precision and
accuracy, see Ref. 2.
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FIGURE 1 - Calculated dependence of the linewidth
as a function of the microwave power.
Linear approximation.
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FIGURE 2 - Calculated Frequency bias
(normalized) as a function
of linewidth and microwave
power.
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Summary generally to achieve the maximum figure of merit'
without using too much cesium. Considerable uncer-

During the past few years, Hlewlett-Packard has tainty has centered on the choice of deflection magnet,
developed a new small (6.4") cesium beam tube, a specifically, whether to choose a multipole magnet
new frequency standard which uses the small tube, approach (using four or six pole magnets), dipole
and an improved 16" beam tube which can be retro- magnets (which have been used on all commercial
fittes in existing HP cesium standards. These new cesium tubes by all companies to date), or perhaps a
products, developed on company funds, are desig- hybrid system. This is a difficult question to answer
nated the HP 5084 tube, the HP 5062A/B standard, and with accuracy. Even large computers are over-taxed
the HP 5083 tube, respectively. Part I of this paper by the large number of calculations required when
deals with the development and characteristics of simplifying approximations are not made. And, in
the new cesium tubes. Part 11 discusses the details some cases, the simplifying approximations have led
of the 5062A/B standard and some aspects of the to serious errors in the conclusions from such
performance of a modified, H13 5061 standard retro- calculations. So, a combination of calculations and
fitted with a new improved 16" lube. experiments, which generally are long and expensive,

has been required to clarify this issue. On reviewing
this information, we at Hill decided to use dipole mag-

Part I -- Beam Tubes net optics, but with one innovation--we ran two beams
in parallel in the improved 16" tube and 12 beams in
parallel in the small 6.4" tube.* This decision was

Introduction based on a comparison between a set of hexapole
optics and double dipole optics for a 16" tube. **

Since the design principles and features in the A hexapole tube was built whose figure of merit,
two new beam tubes have much in common, the dis- corrected for mass spectrometer efficiency and multi-
cussion of both tubes Is carried out in parallel in plier noise, was measured to be about 9 secu/a at an
this section. The discussion is divided into three effective oven temperature of II00C with a rate of
main subdivisions: cesium expenditure of 0. 154 gm/yr. The computed

signal for this tube would lead to a higher figure of
1. Factors related to beam intensity. merit under the approximations used in the calcula-
2. Factors related to accuracy and stability. tion. 13ac'.ground signal is difficult to compute, but
3. Other design factors, the actual background level is always high in multipole

tubes, degrading the figure of merit. The calculations
Finally, a table is presented to compare the impor- for hexapole tubes are not as satisfactory as those for
tant characteristics of the new tubes with the present dipole tubes. The double dipole optics calculations
16" tube, the HP 6120. The data presented is based predicted a figure of merit of 15 secva with an effec-
on measurements on a few prototype tubes and is tive oven temperature of 1100C and an expenditure
expected to be typical for future tubes of this design. rate of cesium of 0.7 gm/yr. Constructed tubes give
We do not yet have adequate data to make firm quan- close to this performance.
titative statements about the accuracy and reproduci-
bility of these new products. More extensive The hexapole tube is thu! ,,unewhat more efficient
measurements on a fairly large group of standards and in the use of cesium- This efficincy is given by:
tubes are required to give statistical significance to
such specifications.

;Q Fi '

Factors Related to Beam Intensity
where F is the figure of merit and R Is the cesium

In the last fifteen years, considerable effort has expenditure rate. For the hexapole design we get
.,een spent trying to artive at an optimum design for
the beam optics, i.e., the choice of deflection magnet *Patent applied for.
characteristics, the choice of collimator and detec- **The work on the 16" multipole tube was supported
tor geometry, the division of the tube length between by the Naval Ship Systems Command, Contract
deflection and free drift regions, etc. The object Is No. N0024-67-C-1048.
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Q = 530 year sec/gm and for the double dipole degaussed after the standard has been placed in
Q = 320 year sec/gm. However, the dipole design is operation and the C field turned on. After this, a very
capable of using the cesium at a greater rate without low level degauss can be applied while the standard is
self-scattering in the beam because the oven aper- being used as a clock with negligible perturbation to
tures can be larger. This allows a figure of merit its operation. This is very useful when it is desired to
larger by a factor of about 1. 67. In addition, multi- make small, deliberate changes in the C field. This
pole magnets are more expensive to make and do not procedure should reduce C field drift to very small
lend themselves to a multiple beam configuration. values. The degausser can easily be built into the

equipment if desired. If the shields are deliberately
Figure 1 shows the magnet pole piece used on magnetized so as to shift the Zeeman frequency about

the small tube. Note that while there is an array of 2 kHz, they can be degaussed reproducibly within about
parallel beam-deflecting gaps, the *"-,,ture is not 5 Hz, corresponding to frequency offsets of less than
a multipole magnet. The motivation for using parallel I X I0-13.
beams was primarily to increase the beam intensity,
but it was soon recognized that an important extra The results of an experiment to determine the
benefit was available--if the beams are stacked back shielding of an improved 16" tube are shown in
"to back (as shown in Figure 1), greatly improved Figure 3. Note that the shielding factor measured
performance under acceleration is realized. Suppose here is about one million. The effect of various
an acceleration is applied in the direction of the beam orientations of the earth's field should be only a few
deflection (normally the most sensitive direction to parts in 1024.
acceleration). The signal from one set of beams will
decrease, but this decrease tends to be balanced A test was run on the temperature stability of the
out by an increase in the signal from the other set improved 16" C field. A temperature change of 30°C
of beams. So there is a great reduction in the net produced a maximum shift of 0, 04% in Zeeman fre-
signal change under acceleration. This has been quency which corresponds to a fractional frequency
checked by measuring the tube output signal while change of about 1.4 X 10- '.

rotating the tube. The resulte are shown in
Figure 2. The microwave spectra of the new small and

improved tubes are shown in Figures 4 and 5, respec-
tively.

Factors Related to Accuracy and Stability

The microwave cavity and the "C" field (I. e.. Other Engineering Features

the uniform field of the order of 0.06 gauss in the The detector section of the tubes received a con-
interaction region) are the most important factors siderable amount of attention, A new, ruggedized
in determining accuracy and stabi',ity of the frequency ionizer was designed, similar in both tubes. The
which characterizes a given beam tube. These lowest mechanical resonance occurs at about 900 Hz
elements are discussed in this section. for the small tube and at about 1100 Hlz for the 16"

Both new tubes use a conventional "U"-shaped tube. Tests showed no observable frequency shifts

Ramsey cavity which is milled in two mating sections when the tubes were vibrated at or near the

from solid blocks of metal. This manufacturing resonance frequencies.

method is consistent with the high mechanical accu- The mass spectrometers have approximately 50%
racy and stability r rements of the structure.
The characteristic .ese structures are summa- efficiency and good rejection for potassium. They
rized in Table I. ft ..e. ements have been made on were designed with the help of potential models using
the electrical length asymmetry of the arms of the resistance paper and conductive paint to make two-
cavity. The cavity phase difference produced by the dimensional models and an electroyl.c tank for the
measured asymmetry would cause frequency shifts no cases requiring cylindrical symmetry.
larger than 2 X 10-1a in the improved 16" tube and 'the electron multipliers in both tubes require
no larger than 7 X 10-13 in the small tube. only six stages since the beam currents are fairly

The magnetic shields in both new tubes are simi- high due to the efficient design and multiple beams.

lar. Both are triple shielded. The innermost shields Careful attention has been paid everywhere to
are rectangular boxes, closed on all sides, with aper- make the tubes extremely rugged and reliable. The
tures for the beam and the microwave input guide. ex tromelarge nd oehabes of
The boxes contain exciting coils to generate the C experience gained from the large number of tubes of
field. Since the aperture for the input guide is rela- the earlier design in operation in the field has been of
tively large, a "baffle" shield with an exciting winding great value, Particular efforts have been made to
is placed between It and the beam to reduce the pertur- raise the mechanical esonance frequencies as high as
bation from the aperLure. The combination of these possible, Adequate cesium and cesium getters
design features with an Improved degaussing method* have been supplied to give an estimated life of 5 years
has led to a large improvement in the shielding factor for continuous operation.
and in C field stability. The new degaussing technique Figure 6 shows the new small tube compared to
involves the use of a moderately small, very low Figurd 6h the.
frequency decaying current. The tube is initially a standard 16" tube.

*Patent applied for.
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Part U -- 5062A/B Cesium Standard for a period of up to two weeks with no detrimental
effects.

Introduction
Design Considerations

The development of the minjature cesium beam
tube has opened up a new area of application for The 5062A/B control system is basically the
precision time and frequency standards. The cesium same as that used in the lIP 5060A Cesium Standard
standards presently available were designed primarily and was described in detail by Cutler and Bagley in
for laboratory use whereas the small ruggedized tube 1964.3
has made possible the design of a compact primary
frequency standard for field and systems use. The 5 Mllz slave oscillator uses a high tempera-

ture bake-out crystal to achieve low aging, good
The HP 5062A/B Cesium Standard has been retrace and fast warmup. The aging rate of less than

developed to fill the need for precision time and 5 X 10- 0 per day and electronic control range of
frequency in such systems as the Aircraft Collision ± 1. 5 X 10-' provides a minimum of 300 days
Avoidance System as presently defined by the Air operation with no adjustment required. Since typical
Transport Association. 2 Figure 7 shows a size oscillators achieve aging rates of about I to
comparison between the airborne version of the 2 X 10-10 per day after one to two weeks of
5062A/B and the lIP 50G1A Cesium Beam Frequency continuous operation, the oscillator adjustment
Standard. The 5062A/B is about half the weight and interval could be extended to nearly four years.
one-third the volume of the 5061A.

The oscillator uses a single stage oven to achieve
The protrusion on the front panel of the 5062B a temperature coefficient of 5 X 10-f from -550C to

is a detachable battery pack which is present in the +740C. Fast warmup to 2.4 X 10-0 in fifteen minutes
5062B commercial airline version only. The only is achieved with an input power of 15 watts.
input-output to the 5062B is through a special ARINC
rack connector located on the rear panel. Good spectral purity is achieved with low noise

feedback amplifiers and a crystal filter with a 50 lIz
The front panel of the 5062A, which is a bandwidth at the output of the oscillator.

Scommercial version of the 506213, will have logic
indicators, a magnetic field control and some circuit The oscillator has been vibration tested with
monitoring functions. The rear panel will have good results. No resonances were evident in the
conventional power plugs and output connectors, range from 55 Hiz to 2500 lHz at Ig vibration. The

oscillator maintains spectral purity with vibration
Another possible configuration would be a sidebands down -90 dl1 at 55 lIz and greater than

16-3/4" wide by 5-1/4" high by 16-1/2" deep rack -100 dB at frequencies from 500 Hlz to 2500 Hz.
package. This is the sanme package size as the lIP
5065A Rubidium Standard. The circuitry and beam The 5 - 90 Mllz multiplier supplies .400 mW of
"tube required for the cesium standard would occupy RFI power to drive a step recovery diode. The step
about one-half of the volume of this package, leaving recovery diode is used to generate 9180 Mtlz and is
the remaining half available for user options such also used as a mixer to mix 12. 63 . . . MHz to obtain
as clocks and special output frequencies. the cesium transition frequency of 9192.63 . . . Mltz.

The output of the 90 Mhlz multiplier varies less than
± 0. 5 dB from -550C to +100'C. This produces about

Operational Considerations ± 0. 5 dB variation in the output of the step recovery
diode at 9. 180 GHz.

To fulfill the requirements of a ruggedized
standard, the following environmental design consi- The step recovery aiode assembly is temperature
derations were established, controlled to meet the wide operating temperature

range.
The unit should operate continuously from -55°C

to +740C. All circuitry has been designed to operate The synthesizer usec, a preset digital divider to
over this temperature range. The design goal on phase lock a VCXO to the 5 MHz signal from the
frequency offset over this temperature range Is less quartz oscillator. A sampling phase lock loop is used
than 1 X 10- 1 1. to lock to a harmonic of the frequency out of the

digital divider. The sampling sidebands are kept
The standard should operate under vibration from below -80 dB.

0 to 55 Hz, 0.01 inches double amplitude displace-
ment and 55 Hz to 2000 liz at 1G level. The Switching regulators are used exclusively in
frequency offset should be less than 1 X 10"-. the 5062A/13 to maintain high efficiency and low

temperature rise inside the instrument. The power
The magnetic field susceptability should be less supplies consist of a +18 volt 600 mA main power

than I X W12• for magnetic fields of less than 1 gauss regulator, -3500 Vaclon supply, -2500 electron
uniform de or I gauss peak ac. multiplier supply, -18 volt bias supply, +5 volts at

500 mA and +1 volt at 2 amps for the hot wire ionizer.
The unit should withstand MIL-STD-901C shock The overall power supply efficiency is about 60%.

and should survive storage from -540C to +850C
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The remaining circuitry consists of a preamp calculated from actual field data on over 100 tubes.
and tuned rmplifier to amplify the error signals from Such things as flux into cesium getters do not scale
the beam tube and a reference oscillator and phase directly but this has been taken into account in the
detector to translate the ac error signal to dc. An design. Therefore, extremely good reliability is
integrator with open loop dpgain of 100, 000 is used to expected from the small tube. It should be noted
set the noise bandwidth of the servo loop. that the MTBF of more than 15 years for the present

.16" tube indicates that the majority of beam tube
The design goals require that individual failures will be due to end-of-life mechanisms rather

electronic effects contribute less than I X 10-12 to than catastrophic failure. This should remain true
the frequency offset over the temperature range with the small tube.
-55*C to +14-C.

The failure rates for field use will obviously
The instrument has automatic lockup circuitry be higher due to the harsh environment. For example,

which prevents lock on a sidelobe of the Ramsey we would expect electronic failures to reduce the
pattern. The Pcheme utilizes the good retra,:e and calculated MTBF to about 6, 000 hours in commercial
fast warmup characteristics of the slave oscillator. aircraft application.
The broad line width of the small tube (approximately
1300 Hz) allows lock up if the crystal oscillator has All electronic asseinslies exclusive of the quartz
a control range oft: 1. 4 X 10-7 (1300 H~z at 9. 2 GHz) oscillator, harmonic gent rator and beam tube havL
and will retrace to within ± 1.4 X 10' of the been designed to operate ';ontinuously at 1050C ambient
correct frequency. The logic circuits detect the temperature. All components are dissipating less
presence of second harmonic, in phase fundamental than 75% of rated power at 105°C. This design margin
or quadrature phase fundamental of the modulation insurcs very reliable operation at temperatures up
signal. A proper locked condition is indicated by the to 74'C.
absence of fundamental and the presence of second
harmonic of the modulation signal. If this condition The temperature rise in the instrument at 25°C
is not met, the logic circuit toggles the servo loop ambient varies from 50C to I0'C at the hottest spot.
open and closed at a 15 second rate until lockup is
achieved. When the oscillator drifts to within
1. 5 X 10-7 of the correct frequency, lockup will Maintenance
occur.

The package design and extensive use of plug-in
There are dual 5 MHz outputs with -80 dB printed circuit boards makes troubleshooting and

isolation and -40 dB distortion. 1,ariation of I ad in repair of the instrument very easy. Figure 8 shows
-nne output from open to short will cause less than printed circuit boards pulled out of the front and rear
2 nanoseconds phase shift and less than 1% amplitude card cages. The boards in these two card cages plug
variation on the other output. into mother boards shown in Figure 9. The inter-

connections between mother boards is made with
conventional cabling and connectors.

Reliability
The forward portion of the instrument contains

The reliability of any electronics equipment is the clock option, servo loop, logic and quartz
directly related to the number of components contained oscillators. The Lenter section contains the beam
in the instrument and the operating temperature of the tube and frequency multipliers. The rear section is
components. The 5062A/B contains 95 transistors, devoted to power supplies and output amplifiers.
27 integrated circuits, 369 resistors, 212 capacitors,
50 diodes and 40 inductors for a total of 793 There are a total of twenty-five test points
components. This represent about two-thirds the identified in the instrument and brought to a rear test
number of parts contained in the HP 5061A Cesium connector in the commercial airline package. A
Standard. Therefore its reliability should br even troubleshooting tree used with these test points will
greater than observed for the 5061A Cesium allow a technician to isolate a faulty module and make
Standard. a speedy repair.

A theoretical MTBF of 14, 000 hours has been
calculated using HP corporate failure rates for Performance Tests
components. This compares with a calculated
failure rate of 9300 hours for the HP 5061A Cesium Initial temperature testing of the first prototype
Standard. In actual practice, the 5061A has over the temperature range -25°C to 740C gave a
exhibited an MTBF in excess of 18,000 hou-s, as frequency shift of -2 X 10-12 at both temperature
stated above. extremes. The power required at +250C was 25 watts

and at -25°C was 28 watts.
At thii, point It is impossible to give reliability

figures that are really meaningful for the si iall cesim 'armup tests wvere conducted and a warmup time
beam tube since it has no history. However, the of 15 minut'!s to at hieve rated stability was observed.
materials used and many of the construi.tion tech- The instrument requires IL0 watts of warmup power
niques are the samne as those used in the 16" tube for less than 10 minutes.
presently used in the l1P 5091A Cesium Standard.
The MTBF of that tube is about 150, 000 hours as
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ac and dc magnetic field testing was carried out Figure 11(a) shows a noise floor of about -64 dB
on the first prototypes. The instrument was placed with 100 Hz bandwidth on the spectrum analyzer.
inside a Helmholtz coil and subjected to 3 gauss rms There are no spurious signals above -60 dB out to
at 60 Hz. No offset was observed in two planes to a 100 kHz from the carrier.
resolution of 1 X 10-12. In the third plane an offset
of 4 X 10" 1 per I gauss rms was observed. Figure 11(b) shows the spectrum out to 25 kHz

from the carrier with 100 Hz bandwidth. The same
The effect of dc magnetic field on the field noise floor is evident and no spurious signals are

independent line was too small to be easily measured detected above -60 dB.
directly. The measurement was made by locking
the instrument on the first magnetic field dependent Figure 11(c) shows the spectrum out to 5 kHz
line and measuring the effect on the Zeeman from the carrier with 50 Hz bandwidth. Spurious
transition. The largest shift observed in any signals are down about -60 dB. Taking into account
direction for fields of 5 gauss was 30 Hz. For the 65 dB multiplying factor, spurious signals from
Zeeman offsets of 80 kHz, the effect on the field 500 Hz to 100 kHz from the carrier are more than
independent transition is about 5 X 10-13. -125 dB down at 5 MHz.

Vibration testing has been started and the
instrument passed a low frequency test of 0.01 miches Summary
double amplitude displacement 0 to 65 Hz in all
planes. A phase step of less than 2 nsec was A compact rugged cesium standard suitable
observed at about 46 Hz. Dwelling at this frequency for field and systems use has been described. Data
produced no larger discontinuities. No package has been presented which shows performance
resonances were observed over this frenuency comparable to present commercially available cesium
range. standards such as the HP 5061A. The major contri-

bution of this standard will be its ability to satisfy
these performance requirements under adverse

Short-Term Smability environmental conditions.

The stability of frequency standards which are The design of the instrument has incorporated
perturbed by various spectral densities of noise has many cost-saving and maintenance-oriented features
been treated in detail by Cutler and Searle4 and by such as plug-in printed circuit boards aid numerous
Allan. r, Figure 10 shows the expected value of the test points.
variance of the frequency fluctuations versus
averaging time for the 5062A/B Cesium Standard. These factors, along with the inherent long-term
The data for averaging times from I0-1 seconds stability and fast warmup of the cesium beam tube,
to 90 seconds were obtained with the beat frequency should make the 5062A/B an excellent candidate for
measurement system described by Cutler and critical timing applications.
Searle.' The data were analyzed on an N = 2 basis
with a 100 kHz bandwidth as described by Allan. A summary of specifications is shown in Table II.
The data at 3600 seconds was taken from continuous
phase records using the method described by Allan.
Each data point represents 100 measurements of Performance of Improved 16" Tube
sample size 2. in 5061 Electronics

The data from 10"- sac to 90 seconds were Some performance tests have been made on the
obtained with an liP 5,360A Computing Counter which improved 16" tube. The results of some of these
was programmed to calculate the value of the are contained in Table III.
frequency fluctuations.

The static magnetic field tests are summarized
The frequency stability for averaging times less in Figure 3. An ac magnetic field test was run wmth

than the closed loop time constant of 100 nisec is an improved 16" tube mounted in a modified set of
determined by the slave crystal oscillator. For 5061 cesium standard electronics. The unit showed
averaging times longer than 200 msec the stability is less than 1 X 10-12 frequency change for any
determined by the cesium beam tube reference. For orientation in a 2 oersted peak 60 Hz field.
averaging times much greater than the closed loop
time constant, the frequency stability averages with A few measurements were made on frequency
a slope r--V2. We see that this law is followed out stability using two instruments fitted with the im-
to 3600 seconds where the fractional stability is proved tubes. Averages of 240 seconds gave an Allan
9 X 10"3. Variance co(2,240 see) of about 4.4 X 10-13 for each

standard. The tubes used both had a figure of merit
The spectral purity of the 5 MHz output of the of about 15, which would give a predicted perfor-

5062A/B is shown In Figure 11. These spectra were mance of about 3.7 X 10`3 for 240 seconds. Thus
obtained by multiplying a reference oscillator and the the realized performance is close to that predicted.
5062A/B output up to 9180 MHz and 9200 MHz, It is important to note that an improvement by a
respectively. These two frequencies were mixed and factor of 10 in figure of merit results in a reduction
the resulting 20 MHz difference frequency amplified of time required to achieve a given precision by a
and displayed on an HP 8552A Spectrum Analyzer.
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factor of 100 for times greater than the servo loop
time constant.

Conclusion and Acknowledgment

We have described two new cesium beam tubes
and a rew small cesium standard. The tubes have
greatly improved performance as a result of careful
beam optics design, multiple beams, better magnetic
shielding and C field s~ructures, and precision-
machined microwave cavities. The new small
standard was designed to be very compact, rugged
and reliable, and to operate and give excellent
performance in severe environment.
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TABLE I

Drift Interaction Linewidth
Material Length Length (Hz)

Present 16" Tube Monel (silver clad) 4.4" 0.4" 550

Improved 16" Tube Aluminum 6. 6" 0.4" 365

6" Tube OFHC Copper 1.8" 0.2" 1300

VITAL STATISTICS OF THE BEAM TUBE CAVATIES

TABLE 11

5062A/B Cesium Standard Tentative Specifications

Accuracy: ± 2 X 10-1

Reproducibility: ± 1 x 10"11

Long-term Stability: < ± 1 X 10-11 for life of beam tube

Short-term Stability: < 5 X 10-9 rms/100 psec

Beam Tube Figure of Merit: 1.5

Warmup Time: < 15 minutes from -15°C

Output: 5 MHz sine wave, 1 volt 50O

Harmonic Distortion: <-40 dB

Non-Harmonic: < -100 dB

Time Scale: Adjustable from Atomic to UTC offsets of
-700 X 10-1°

Environmental:

Temperature: MIL-E-5400H, Class IA

Operating: -550C to +71 0 C < 1 X 10-11

Storage: -620C to +80 0 C

Humidity: 95fo O 500 C, < I 1 011

Altitude: A to 50,000 feet < 1 X 10-2

Vibration: MIL-E-5400L (Curve IIA) < 2 X 10-"-

Shock: MIL-STD-901C

EMI: MIL-STD-461

Magnetic Field (static and ac): 0 - 2 gauss < 2 X 10-11

Power: 28 watts 22 to 32 volts G 250C

Size: 4-7/8" X 7-5/8" X 10-9/16"
16-3/4" X 5-1/4" X 16-1/2"

Weight: 35 lbs.
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TABLE III

Beam Tube Comparison Using
Typical Experimental Results

In Production New

6120 5083 5084
ca(standard 16") (improved 16") Small Tube

LENGTH 16" 16" 6.4"

DIAMETER 5.6" 5.6" 4.2"

VOLUME 330 in-' 330 inW 95 in3

WEIGHT 17 lb. 23 lb. 11 lb.

POWER (25 0 C ambient) 8 watts 6 watts 4 watts

ACCURACY ± 2 X 10-12 ± 2 X 10-"2 ± 5 X 10";

SHORT-TERM STABILITY
(I sec. avg.) 5 X10"1 6X 10-12  4 X I0"1

MEASUREMENT TIME
FOR I X 10"*1
PRECISION (ia) 45 minutes 36 seconds 30 minutes

RELATIVE
SENSITIVITY TO
ACCELERATION 1 0.2 0.07

SENSITIVITY TO I X I0-2 pk-pk I X l0-1 pk-pk 5 X 10" pk-pk
STATIC MAGNETIC for earth's for 5 0e pk-pk for 5 Oe pk-pk
FIELD field

LIFE (continuous
operation) 4 years (5 years)* (5 years)*

)( not experimentally verified.
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Figure 2: Curves of beam current
versus totation rate
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A FIELD INDEPENDENT OPTICALLY PUMPED8 5 Rb M•AS ER FREQU ENCY STANDARD*•

i W.A. Stern

General Time Corp.
I•-: Research Center
: Stamford, Connecticut 06902

and

R. Novick
Department of Physics
Columbia University
New York, New York 10027

Summary,

Continuous self-sustained oscillation at fortuitous conincidence of certain hyperfine tran-
3035.73... MHZ between the field-independent ground sitions in the 8 5 Rb- 8 7 Rb system. A t 1/4-in. -diam.

state hyperfine levels of 8Rb, 5S S/ 2 (F=3, mf--0) to resonance lamp containing 99. 85% pure 5Rb and
525 47'2 (F=2, mf=0). has been obtained in a magnet- 1. 8 Torr of argon is excited by a 20-MHz rf dis-

ically unshielded optically pumped maser frequency charge. The 8Rb resonance radiation, containing

standard, both the 52 S1 /2 , F=3 - 52 P and 52Si/2, F~Z-5 2 P

Operation of the maser is analyzed in terms of resonance lines, is passed through a filter cell
filled with 8 7 Rb at 80"'C helium at a pressure of 7'l

power output, the oscillation parameter and the pump-
igrate. Torr. With sufficient buffer gas pressure broad-

ingening and shifting, the 5Z51 /12 F=2 - 5Z 8 7 Rb

Light shifts due to both real and virtual trans- absorption line can be made to almost completely

itions are analyzed. absorb the unw'anted 525/z Ff3-52 P 8 5 Rb

* * * emission line normally present in the 8Rb reson-

At 3035.73... MHz continuous self-sustained os- ance lamp Since the filtered resonance radiation
cillatlon between the field-independent ground-state predominately contains the 52S 1/2, F=2 - 52 P

r hyerfne eve• o 85b, 5~t/ (F3, r=O toresonance line, it causes overpopulation in the

I 2•z(F=2, m[=0), has been obtained in a mag- upper 525 /Z F=3 level in the~ ensemble of 5Rb

neicll nsiedd ptcal pmpdmaser, atoms. In the steady state, assuming that the
netcaly ushildd oticllypumed52S5/ F=2 8 5 Rb level is completely depopulated,

The maser oscillator described here operates each 5S 5/2 F=3 magnetic substate has a relative

on the field-independent transition in fields as high as population density of .•. In 8 7 Rb, the 52S t/Z F=2

0.8 G with inhomogeneities of up to 0.2 0 . This level has five magnetic sublevels. Hence the number
relative insensitivity to magnetic disturbances to- of atoms available for maser action in 5Rb is

gether with an observed power output of 8x10 -10 W of those available in 8 7 Rb under similar conditions.

gives this maser oscillator good short-term fre- The pumped 8 5 Rb is contained in a vacuum-tight

quency characteristics. Simple estimates indicate T 0 1 mcoaecvt eoata 05 3. ~
astability of better than 1 part in t0t3 for aver- and filled with nitrogen gas at a pressure of 8 Torr.

aging times between 1. 0 and 0.01 sec. Measure- The nitrogen buffer gas reduces the collision
8et fterltvepaesaiiyo 85 8Rment ofthereltiv phse tablit ofthe 5 Rbfrequency of the aligned 5Rb atoms with the walls,

maser are underway and will be reported later, and quenches reradiation from the upper P states.
The 8 5 Rb maser will be limited In Its long-term The cavity is made of copper-plated 305 non-

stability by cavity pulling, changes In the pumpin5 magnetic stainless steel. Pumping light is admitted

lamp profile, as well as chemical changes in the through Pyrex windows sealed to the ends of the

buffer gas due to outgassing. However, several cvt ihnnantcsanesselhue

schemes have been proposed to solve these problems. keeper seals. The light enters the cavity region

A large population inversion between the 52 S1 /2  through perforated end walls. Tuning is accom-

(F3 uf0 1d5S/2 (F=2, ruff0) levels of plished over a 2-MHz range by a tuning stub. A
8 5 Rb can be efficiently obtained by intensity pump- movable 'licrowave loop provides proper coupling

ing. Intensity pumping is possible because of the t h eie oe Atreauto,2 go
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8 5 Rb metal (99. 85% pure) are introduced into the where pm I Nhvr

cavity and settle in a pool on the bottom of the cavity. m

Very severe 8 5Rb density gradients appear initially r Y2/Y
85and inhibit operation of the maser until the Rb is

uniformly distributed throughout the cavity. This rI- = rm /Y

is accomplished by heating the cavity locally until /

the metal is dispersed throughoutathe cavity and ri Fly r Y
uniformly coats the walls. After proper mixing

with the buffer gas the 8 5 Rb densitygradients disappear. r - y, "h/4nirQ Ili
m h O

The unloaded cavity 0 is 85 000 and is high

enough to permit oscillation with a relatively small = Cavity Q

cavity-filling factor and pumping light intensity. 1 = filling factor

In addition to the high cavity Q, the large cavity
volume (9 x i03 cm 3 ) permits high power output for n = 8 5 Rb density1

low vapor densities and facilitates the study of 1'

various relaxation processes within the vapor. N = total number;of atoms

The maser is operated at 50°C and is stabil- Vc = Volume of Ivity
ized to within 0.01 *C by a simple temperature control cv

system. The nitrogen buffer gas pressure is not v = cavity resot ance frequency

critical and the maser has been operated over a IL° = Bohr Magn ton
range of pressures from 6 to 12 Torr with little

change in output power. Insufficient light intensity For low temperatures s45"C where spin exchange

was available to quench oscillation. The maser relaxation is low, r > t. At higher operating temp-
oscillates over a 2: 1 range of light intensity and the eratures s• 70'C it is found that r pa I because spin
corresponding change in frequency (light shift) is 10Hz exchange becomes a dominant relaxation mechanism.

The maser output is detected with a standard The oscillation parameter as a function of pumping

30 MHz, i. f. microwave superheterodyne receiver, rate is shown in Figure 3 for the case r = 1.

Figure I shows the maser signal at the output of the In order to obtain oscillation it can be seen from
i. f. strip during cw operation. Figure 2 shows the the equations for the oscillation parameter F' that

maser output at the same point when the pumping there are certain constraints on the power output,
light is turned on and off. At t=Tl the light is turned cavity 0, filling factor and operating temperature of
on and the maser signal rises exponentially from the 8 5 Rb maser. For example, a maser using a high
the noise level until cw operation begins. At t=T2 mode, high 0 cavity will not oscillate at high
the pumping light is shut off. At first the maser output temperatures because of the absorption of the pumping
increases because the disorienting effect of the light in the first few centimeters of the cavity. On
pumping light is removed. This lasts for a few the other hand a maser using a lower mode, lower
milliseconds before the output decays exponentially Q cavity will only oscillatn at higher temperatures

to zero where the higher 8 5 Rb density compensates for the
It is extremely useful to describe the opera- low 0. Table I lists the minimum value of the

tion of the maser as function of lamp pumping rate, oscillation parameter required for oscillation for
relaxation times, temperature, filling factor, and various values of r = y?/yj.

cavitj 0. Fr is designated the oscillation p~trameterm
because it has an upper limit for which oscillations TABLE 1

are not possible. By requiring P ,> 0 it is found Minimum Value of the Oscillation Parameter
that for self-sustained oscillations occur when Requited for Oscillation.

r" 3<__ F(I+l") <" r = m
7. + ( + 7r) 2 + (6 + 19r) F' + 12r r__ r______

0.035 1
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0.025 2 and are shown to be equivalent to a Stark shift

0.020 3 caused by the electric field of the pumping light.

0.015 4 The electric field of the light polarizes the atomic

vapor according to P s a E where a is the atomic

Note that at lower temperatures, where r > 1. polarizability and E is the electric field strength of

the oscillation condition becomes harder to realize, the pumping light. The energy of the interaction of

the electric field of the pumping light with the
2

Figure 3 shows the quenching of oscillation due induced polarization is on the order of a E . For a

to too large a pumping rate ri. In the present maser typical pumping light flux of 100 Ri watts/ cmZ this

the light intensity was insufficient to quench oscill- interaction causes a frequency shift of the order of

ation. However the experimental data shown in 30 Hz. Of course in this order of magnitude

Figure 4 shows that enough light was present to approximation the actual spectral profile of the light

cause saturation of the power. has been disregarded.

One of the sources of phase instability in the Following Happer (4) a 'light' shift operator for

8 5 Rb maser is the shift in the ground state hyper- unpolarized light is defined as

fine frequency due to changes in the pumping light

flux and filtered lamp profile. Arditi and Carver (1) 6 o + h6A Y 3 + 6E 2

preshifts for the fieldrst independnenttransltionsce of u3 3 Cs The term 6Eo causes an equal displacement in
87 all the ground state hyperfine levels and hence does

{ and 8Rb. Barrat and Cohen-TannoudJi (2) pres-
ahnot cause a net difference in the hyperfine frequency.

ented a theoretical analysis of optical pumping which On the other hand the term h6A I'" causes frequency

included a discussion of these shifts. They pointed shifts for h n i transitions and is of interest here.

out that the light shifts in the hyperfine transition The shift 6v can be written as o

frequency can be caused by both real and virtual

transitions. The frequency shifts due to real 6v - 6A (21 + 1) = ro 6hfs(V)C vdv (4)

transitions are caused by a transfer of coherence

from the ground state to the excited state to the Figures 5 and 6 shown &hfs vs. frequency dis-

ground state the coherence can again be re-trans- placement for both the D and D2 resonance lines

ferred back to the ground state. However because as a function of temperature for y 0.

the "xcited state hyperfine splitting is about 1/100th The term 6E2 in Eq. (3) is equivalent to a Stark

of the ground state hyperfine splitting in 85Rb there shift caused by the interaction of the atom with the
shif case apreiay grohn intrateo orfunc the atmuihh

i, no appreciable ground state frequency shift due electric field of the light. It is commonly referred

to real transitions. to as the "tensor" light shift. In 85Rb the first

The shifts due to real transitions are of the excited state structure is well resolved and compar-

order of :able to the Doppler width of the absorption line. It
is for this reason that the tensor shift cannot be

A"real < (2) Ignored. Following Happer et al. (3,4) the tensor
g e light shift operator for the field independent transition

where r is the pumping rate in Hz in 85Rb gives (5)

y is the rate of spontaneous decay from the h6vt = < 3,0 16E 2 3,0 > - <2,016E2 12,0>

excited state.

Ve is the excited state hyperfine splitting. Eq. (10.6) can be rewritten as

V is the ground state hyperfine splitting.t 2 v p(v) dv (6)

Hence, for a pumping rate of 60 Hz 62

AVreal < 0.3 Hz Figures 7 and 8 show 6z (v) vs. frequency dis-
r 0.3 Hz placement for both the D, and D2 a5 Rb resonance

The main contribution of the observed light lines for y =C

shift is due to virtual transitiona. Such light

shifts have been analyzed by Happer at al. (3 &4), In order to evaluate 6 Vhfs and 6 vt from Figures
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7 and 8 it is essential to know the spectral profiles The work was supported wholly by the Joint

and absolute intensities of the pumping lamps. In Services Electronic Programs (U.S. Army,

accordance with the previous assumption of com- U.S. Navy, and the U.S. Air Force) under

plete filtering of the unwanted lamp component and contract.

an additional assumption that the filter cell does

not alter the spectral profile significantly it is (1) M. Arditi and T.R. Carver, Phys. Rev. 124,

possible to make realistic approximations of the 800 (1961).

lamp profile in order to facilitate evaluation of the

light shifts. Although the spectral profile of the (2) J. P. Barrat and C. Cohen-Tannoudji, J. de

lamps are known measurement•i of the absolute Physique 22, 329 (1961); L2, 443 (0961).

spectral intensities is difficult. Instead the total

integrated lamp flix vas measured with an Eppley (3) W. Happer and B.S. Mathur, Phys. Rev. 163,

thermopile. 12 (1967).

Thus (4) B.S. Mathur, H. Tang, and W. Happer, Phys.

pobs = P°2 p (v) dv (7) Rev. 171, 11 (1968).

V1

where v, and v2 are the cut off frequencies of the

particular interference filter used. Using the known
spectral profile, it was assumed that the resonance

lines were about 50 mK wide. Hence Cp (V) was

approximated by a rectangle 50 mK wide whose

height was determined by Eq. (7). U sing this

approximation, the light shift was evaluated acc-

ording to Eq. (4) as, a function of light intensity.

The results are shown in Figure 9. The contribution

of the tensor light shift to the total light shift is about

10% for the Di line and about 1. 0% for the D2 line.

Figure 9 also shows the measured light shift using

both the DI and D, llnet to pump the maser.

Since the 8 5 Rb pumping lamp profile almost

overlaps the 85Rb absorption line in the maser, the

light shifts predicted by the theory for low light

fluxes are small. However if natural rubidium is

used as a resonance lamp the lamp profile would

be asymmetric and strongly dependent on the filter

cell temperature. Hence for a natural rubidium

lamp the light shifts would be larger and more

sensitive to filter cell temperature than for a
8 5Rb resonance lamp.

Since the light causes shifts of % 20 Hz for a

change of 100% light intensity, the lamp intensity

must be stable to 1 part in iO4 to achieve a maser

stability of 1 part in i03. This lamp stability

is obtainable especially in the short term.
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14INIATURISED, RAPID WARM-UP, RUBIDIUM FREQUENCY SOURCE

M. M. Zepler, T. J. Bennett, G. T. Norton and R. E. Hayes

Plessey Company Limited

Aoke Manor, Romsey,

Hants, England.

Summary many applications where a performance intermediate
between those provided by available crystal and rubidium

A prototype small size rubidium frequency source frequency standard is adequate.
has been produced, which providea q warm up time of
less thaii 5 minutes and overall sh-t a.4 long term Investigations were therefore carried out to
frequency stability of better than 1 part. in 108, which determine the feasibility of producing a simplified
lies between the values achieve(! in commercial crystal rubidium frequency source to compete with existing
sources and atomic standards, crystal frequency standards. Such a source would need

to have better long-term stability, a smaller size, and
The new rubidium source uses the same principles a rapid warm-up time. As a result a prototype model

as a high grade atomic standard, but the less stringent has been built with a long-term stability of better than
specification in terms of frequency stability has led 1 part in 108, in a volume of a Aittle over lOOin

3
, and

to a completely new design approach. The reculting with a warm-up time of less than 5 minutes.
simplification has allowed an experimental model to be
built in a volume of just over 100 in

3
. Rubidium Frequency Standards

The use of a miniature absorption cell contaieing Commercially available rubidium frequency sizandards
natural rubidium enclosed by a single proportionally use a spectral lamp containing Rb 87, a filter cell
controlled oven is described. No separate rubidium containing Rb 85 and an absorption cell containing Rb 87
filter cell is used, and the absorption cell is directly together with a non-magnetic buffer gas. This gives
irradiated with microwave power without the need for a high efficiency optical pumping and a narrow resonance
waveguide cavity to enclose the cell. The microwave linel1 2

. Because of the small amount of microwave
power is obttined by harmonic generation from a crystal power available the absorption cell is contained in an
oscillator. These features allow the small size and 101 waveguide cavity t.,ned to the Rb resonance
rapid warm-up. Sufficient magnetic shielding is frequency. The cavity has to have holes or slots to
provided by using mu-metal for the equipment case. allow the passage of 1ight through it, and its size

which is governed by the frequency determines the size
Integral output frequencies are provided by a of the absorption cell. The thermal capacity of the

synthesizer, a unique feature of which is the facility cavity and two cells sets a lower limit on the warm-up
of giving small incremental frequency changes to adjust time and places restrictions on the oven design.
for the tolerance in the manufacture of the absorption
cells. To maintain the high order of frequency precision

which the standard is capable of providing, very careful
Introduction attention has to be paid to the three parameters which

have an effect on the resonance frequency.

A requirement for a high precision frequency

source exists in a considerable number of communication 1. Temperaturd. Double proportionally controlled
systems, both military and civil. This precision is ovens are required for both the optical assembly and the
often met by the use of a crystal frequency standard crystal oscillator to maintain the temperature constant
which can provide excellent short-term stability but to within about 0.1

0
C. Because of the temperature

suffers from long-term drift due to the inevitable dependence of the buffer gas filling, a precise mixture
ageing of the crystal. If the crystal is continuously of gases having opposite temperature coefficients is
maintained at a constant temperature, it is possible to normally used, adding to the manufacturing complexity.
produce a crystal frequency standard which, after an
initial running-in period, maintains a stability of 2. Light Intensity. A light intensity monitor
better than I part in 107 over one year. Such a and intensity control are desirable to minimize
frequency standard is bulky and must, of course, never frequency shifts.
be switched off.

3. Magnetic Field. Triple mu-metal shielding is
When it is necessary to achieve a frequency required to keep variations due to external fields

precision better than that which can be provided by a within specification.
crystal frequency standard, an atomic frequency
standard must be employed. Over the past fifteen Simplified Rubidium Frequency Source
years several different types have been developed, the
most precise of which is capable of giving a long-term A new design approach was adopted in the develop-
stability of better than 1 part in 1012. Even the ment of the simplified rubidium source. This was
least accurate and most competitive atomic frequency possible for two reasons, first, the reduced
standard (rubidium vapour) gives a precision of better specification meant that variations in temperature,
than 1 part in 1010 over a year. It is, however, magnetic field and light intensity posed less severe
considerably more bulky and expensive than a precision problems, and secondly, technology had advanced
crystal frequency standard. There are likely to be sufficiently to enable much of the circuitry to be
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miniaturised to a considerable extent. f = fo + BH2 hence 6f - 28H
TH

Figure 1 is a block diagram of the simplified
rubidium source. It will be seen that the basic where f is the resonance frequency in a field of H gauss
principles of a high grade standard are still used. fo is the zero field frequency and 8 is a constant
The various parts of the source are now considered in (0 = 570 for Rb 87).

detail.

It is seen that the change in frequency occurring
optical System when the magnetic field varies is proportional to the

value of the static field. Thus the value of magnetic
The advances in microwave techniques referred to field used for Zeeman splitting determines the extent

later have made it possible to dispense with the use of of shielding needed against external fields. In the
a microwave tuned cavity, so allowing a reduction in simplified standard a field of a few milli-gauss is
the size of the absorption cell, and this, in .ur-n, has provided by a permanent magnet and a single mu-metal
led to other simplifications, screen is adequate to guard against external field

variations of up to ten gauss, without giving aExperiments have been carried out using natural frequency change of greater than a few parts in 109.
rubidium (73 per cent Rb 85, 27 per cent Rb 81) in the For simplicity, the case containing the rubidium source
absorption cell

3
. We have found that a good resonance is made of mu-metal to provide the screen. For test

signal can be obtained without the need for a separate purposes fine tuning can be achieved by rotating the
filter cell. The resonance curve is shoim in F.gurc - permanent magnet.
from which it will be noted that the width of the cu'¢e
is about 2kHz measured between points of maximum slole. Microwave Source
This increased width is in fact a desirable feature in
the simplified system as will be seen later; it results
from the use of natural rubidium which itself Efficient high order frequency multiplication has

considerably eases the problems in manufacturing ýhe become possible with the advent of the step recovery

cells, diode, and it is now possible to produce in a single
stage of multiplication, sufficient power at 6.834 GHz

A large resonance signal is obtained even with the to observe the rubidium resonance, without the need for

relatively inefficient optical pumping occurring with the Q magnification of a cavity. In the case the

natural rubidium because a high light intensity is used. crystal-oscillator frequency has to be an exact sub-

This high intensity occurs for three reasons: (a) there harmonic of the rubidium resonance frequency and a

is no filter cell; (b) the absorption cell has a small- method of frequency synthesis involving mixing cannot

cross-sectional area and; (c) the light does not have be used. The use of a Plessey digital synthesizer has

to pcs through a perforated cavity wall. resulted in the adoption of a step recovery diode
multiplier in a very simple microwave source. The

The rubidium spectral source consists of a small complete micro-ave source consists of a crystal

glass bulb about 10 in diameter containing natural oscillator at 89.Q3 Miz, an amplifier providing 500mW
rubidium together with krypton as a starter gas. The and finally a step recovery diode giving multiplication

bulb is supported by a coil which carries an r.f, by a factor of 76 to produce about 0.5mW at 6.834 GHz.

current at a frequency of around lO1WIz. The rubidium cell is irradiated ,fith the microwave
power using a "cheese" reflector.

The light transmitted through the cell is focussed
onto a photodiode operating in the reverse-biased mode Automatic Frequency Control (AFC)

rather than the more usual photovoltaic mode. It has
been found that this gives a considerable improvement The method of obtaining an AFC signal is similar to

in the detected signal-to-noise ratio, that used in existing standards. As the resonance
curve is now 2kHz wide it has been found that a locking

Temperature Control signal can occur when the microwave frequency is lOkH7
off resonance. This megns that a crystal stability no

The cell assembly is maintained at a temperature better than 1 part in 10 is required and this is

of approximately 700C by enclosing it in a single achieved with a crystal oscillatoe incorporating a

proportionally controlled oven. As mentioned simple temperature compensation circuit.

previously it has been the practice to use a mixture of
buffer gases to obtain a nearly zero temperature The crystal oscillator is frequency modulated by

coefficient of resonance frequency. However, it was the signal from a 7911z *scillator. The output from the

found that with the high light intensity the photodetector is fed into an amplifier tuned to 79Hz

temperature coefficient for the nitrogen buffer gas in order to remove the large second harmonic of this

uned became negative rather than positive as quoted in frequency which occurs at or near resonance. This

the literature.' It was therefore inferred that there tuned amplifier is of the well-known active filter type

would be a value of light intensity for which the using integrated circuit operational amplifiers. To

temperature coefficient was zero. Curves such as those avoid problems due to relative frequency drift the 79Hz

of Figure 3 were plotted from test measurements and it oscillator dses an identi:al circuit, '.ith the addition

can be seen that there is, for any given light intensity, of a feed-back loop. The output of the tuned amplifier
a temperature range of five degrees centigrade over is fed to the phase-sensitive detector which uses an
which frequency stability better than 5 parts in 1010 output from the 79Hz oscillator as a phase reference.

can be attained. A neutral density filter can be The output from the phase-sensitive detector is used to

included to permit adjustment of the light intensity, control the frequency of the crystal oscillator by means

As the frequency stability specification has been of varactor diode tuning. The overall AFC loop gain is

limited to 1 part in 108 a single oven gives sufficient about 1000 which gives adequate correctiqn of the open

control, loop crystal frequency.

Magnetic Shielding Frequency Synthesizer

The magnetic field dependence of the rubidium resonance The output from the 89.93 MVz crystal oscillator is

is given by the expression: stabilized to the rubidium reference, but is at an
inconvenient frequency for most applications and is
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frequency modulated. A synthesizer is employed to Measurements have been made under laboratory
derive standard outputs at 5 Mz, 1 MHz and 1OOkHz. conditions when i• was found that a stability of better
The basic synthesizer consists of a 5 Miz crystal than I part in 10 both short and long term could be
oscillator, two digital divider chains and a phase maintained over long periods. The warm-up time for
comparator, the output from which effectively phase this stability is less than 5 minutes as shown in
locks the 5 MHz to the rubidium-derived frequency. Figure 6, the replica of the output from a chart

recorder.
Figure 4 is a block diagram of the synthesizer.

A conventional phase-locking method is modified by the CONCLUSIONS
addition of the divider P, together with the "lose a

pulse" (LAP) circuit. This circuit inhibits one The prototype model described has not yet undergone

pulse at frequency fR every time it is triggered by an any stringent environmental testing, but the design aims

output pulse from the divider P. of demonstrating the feasibility of a small simplified

rubidium frequency source with fast warm-up have been
Without the LAP circuit: achieved.

fo = g fR ACKNOWLEDGEMENTS
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increment, frequency synthesizer.
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frequency in steps of 1 part in 109 by changing P in Plessey Company Limited for permission to publish this

steps of 1, then it can be shown that P
2 M must be equal paper.
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A further consideration of the synthesis shows thatfR1. V B Gerard: "Atomic frequency standards using

the "lose a pulse" occurs at a frequency f-, which optical pumping of Rb 87 and Cs 133 in gas cells",

appears on the output oscillator as frequency modulation Brit. J. Applied Phys., August 1962.

To reduce its effect a filter is included in the phase-

lock loop and with a loop cut-off frequency of 1Hz, the 2. P L Bender, E C Beaty and A R Chi: "Optical

"lose a pulse" frequency must not be less than 16Hz to detection of narrow hyperfine absorption lines", Phys.

keep the frequency deviation to less than 1 part in 108. Rev. Letters, November 1st 1958.

This gives a further constraint, PM<TxlO
5

. The filter

also effectively removes the 79Hz frequency modulation. 3. V B Gerard: "A gas cell frequency standurd
using all natural, rubidium", PEL Report No.324, DSIR

Several compromises had to be made and from a New Zealand, January 1966.

computer calculation the following values were finally h. N Arditi and T R Carver: "Pressure, light,

selected:4. MAdtanTRCavr Peurlg,

m = 643, N = 286, P n 985 and temperature shifts in optical detection of 0-0
hyperfine resonance of alkali metals", Phys. Rev.,

These values correspond with a rubidium cell November Ist 1961.

having a nominal resonance frequency of 6.834696112 GHz

The "lose a pulse" frequency is 17.7 Hz. The increments
of adjustment are about 1.6 parts in 109.

The prototype model includes a facility for
varying the divider ratio, P, between 886 and 106h by
means of two decade switches. This gives an overall
adjustment in frequency of approximately 300 parts in
l0(, allowing considerable tolerance in manufacture of

the absorption cells.

Power Supply

The whole equipment is capable of operating from a

24V d.c. supply or from a mains power unit about the
same size as the frequency source. During warm up 36W
is needed, reducing to about 12W during operation.

Performance

Figure 5 is a photograph of the complete prototype
rubidium source. The synthesizer (converter) is at

present in a separate unit but could of course be

packaged with the source itself, increasing the volume
by perhaps ten per cent. Further possible refinements
are a lock indicator together with a monitor of the loop

feedback signal, which gives a measure of frequency

deviation.
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DISCUSSION OF CAVITY PULLING

IN PASSIVE FREQUENCY STANDARDS

J: Viennet, C. Audoin and M. Desalntfuscien
Section d'Orsay du Laboratoire de 1'Horloge Atomique

B~timent 221 - Facultd des Sciences
91. Orsay - France

Summary of molecular species using an absorbing cell
inside the optical cavity 8.

We calculate the cavity pulling factors of We here consider in mo-.e details the influence

passive frequency standards, taking into account the of cavity mistuinings in this intermediate case, giving

modification of the applied electromagnetic field by, the also the limit of validity of the (Qc/• )a law.
atomic radiation. The calculation is therefore valid for

all values of the gain of the at6mic medium and gives, 2. Definition of cavity pulling factors

in particular, the cavity pulling factor when the oscil- in passive frequency standards
lation threshold is approached. The effect of satura-

tion of the line by the field is included. In passive frequency standards, the (angular)
sof the cavity pulling fac- frequency w of the top of the atomic or moleculvr tran-

tor a Two expressions we the caoi tic sition feature is shifted by a cavity mistu~ning . This

tor are derived. One applies when the electromagnetic offset is characterized by a pulling factor P, defined
field level in the cavity is measured, and the other by :
when the population of the atomic levels is analyzed. P = (w - w )/(w - w) (I)

Consequences of these results are discussed, where w is the (angular) frequency of the atomic or

An experimental verification of the theo- molecular transition ; w - w is the frequency offset

retical results is given, when the resonance of the field of the cavity, which cane, in practice, approxima-

level in a hydrogen maser cavity is monitored, in con- ted by wc - % in frequency standards.

ditions wherethe oscillation threshold is approached. Two methods of'investigating the quantum re-

sonance are currently used, giving rise to different
1. Introduction pulling factorn.

In frequency standards, the effects of cavity a) the amplitude of the cavity electromagnetic

mistu~nings are well known in two extreme cases, field is measured while a maser is opera-
ted as a spectrometer, or, the intensity of

The first one corresponds. for instance, to te Es a fieltram ited by the absorbing

the cesium beam tube conditions of operation. There, cell is detected in existing optical frequency

the modification of the cavity power level by the inter- standards.

action between the atoms and the high frequency ma -The corresponding pulling factor will then be

gnetic field is extremely small. The frequency shift of laelles puld

the transition probability is hnen about (Qc/QL) 2 times labelled as PField

the cavity mistuming 1, where Oc and Qt are the quali- b) The population of one of the two quantum

ty factors of the cavity and the atomic lines respecti- levels involved in the transition is measured

vely. by the atomic or molecular beam magnetic
v fresonance methods applied in the cesium

SActive frequency standards are concerned beam tube as well as in the hydrogen sto-

mowith the second case where the gain of the atomic (or rage beam tube. In a passive rubidium maser

molecular) medium can be made so high that the ato- the population difference of the two levels can

mic radiation sustains the cavity power level. The be monitored by means of transmission of

shift in the oscillation frequency is then 2 times the pumping light through the cell.

the cavity mistuming 2- '3. The pulling factor will then be labelled as

There are now experiments made with pas- PPop*
sive quantum devices in the intermediate case where

the gain of the atomic (or molecular) medium is no 3. The model for the calculation of pulling

longer extremely small. This circumstance can be met factors

in the following examples :
- the ammonia 4, rubidium 5, or hydro- In atomic and molecular frequency standards,

gen 6 masers when operated as ampli- the transition generally occurs inside a cavity, at least

fiers, for spectroscopic measurements. in the microwave domain.

- the hydrogen storage beam technique
proposed by H. Hellwig 7. x other sources of frequency offset are not considered

- the investigation of saturated absorption here
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3. 1 - The atomic medium where tj is the filling factor, as defined in the refe-

We assume that the atomic (or molecular) rences and l ,B the Bohr magneton and Vc the
resonance line in a lorentzian line. This hypothesis cavity volume.

is a very good approximation for the Hydrogen and the 3. 3 - Useful relations
Rubidium masers 9,5,10. It leads to simple expres-
sions of pulling factors which can be used as yard- We introduce the time variations of H HI,

sticks to evaluate pulling factors for other shapes of M1 by :

the resonance curves. H = p sinwtt

The macroscopic behaviour of the atomic HI = b cos (tot + ') •8)

medium can then be described by two equations 9. M1 = m sin (wt + *)
The first stands for the induced magnetization, and the
second one for the saturation of the resonance line For c.w. operation, we get the following

. . 2 =1 useful relatiorfrom the atomic-medium equations
1 T 1 t 1 3 o 1 (2) - amplitude of the induced magnetic momen-

2 tum : T2 b cos e

TI 3 + M3 ="2 TI W1 + M (3) m 0 1 (9)(3)o olI+TITcos2 6 (9

- population difference :
MI is the induced magnetization parame- M3 = M /(1 + TITb2bcos2 6) (10)

ter. It is defined as the value of the magnetic dipole with
momentum of the whole set of interacting atoms, divi- e - * (II)
ded by the Bohr magneton |B- M1 is dimensionless. [.cos3=[ I + T (W -

M 3 is the total population difference bet-

ween the two involved quantum levels. Mo is its equi- The equation (5) describing the H. F. field
librium value, in the absence of the high frequency leads to two relations which are
magnetic field perturbation. b = KQ m cos 0 + p coso (12)

C

H l is the driving magnetic field parameter. T (w - w) b K 0m sin 6 + p sin cp (13)
It is defined as the mean value of the cavity H. F. ma- c c c
gnetic field, multiplied by PB/ . It is expressed in They can be transformed, with the expres-
frequency units. sion (9) of the induced magnetic momentum amplitude
to is the (angular) transition frequency. into :
TI is the longitudinal relaxation time. T2 sin 8 cos 0

2 is the transversal relaxation time. It is related to R sinq = T (wc - w) - KO M (14)
the Q-fac*-r of the atomibline by bcc o 12

_T . T2 cos0 6
=2 (4) Pcospo I --KQ M 2 C152

0 b c o 1+ T T 2  cos2 (

3. 2 - The microwave cavity

The precession of the induced magnetiza- 4. High frequency field amplitude

tion excites the useful cavity mode. In passive frequen- The cavity high frequency field amplitude b
cy standards, the cavity is also driven by an external results from the superposition of the cavity response
generator in order to interrogate the atomic transition, to the H.F. field source associated with the external
It can then be shown that the cavity H. F. field is a generator, and to the atomic radiation.
solution of the following equation 6 : Eliminating the angle cp in equations (14) and

2 * " , (15) it comesat
H l;F H, +w H =K M, - 2 H (5)

I c T1 c e1 -- 1 + T "(w( - w) + (c)3 C 05

wc is the cavity resonance frequency. b ( c I + (16)
Tc is the cavity time constant, related to the cavity - 2 C-L cosa6 Il - Tc T2 (Wc " w)(wo -

Q-Factor by : L c
T =2-S with

c W c S T TIT b2 cos2 0 (17)

He is the H.F. field source parameter re- a =KQcMoT (18)
presenting the external generator signal. It gives a b
cavity response H = He when the cavity is free of The ratio /p is the gain of the atomic medium

atoms, and when the exitativn frequeny w equals wc. defined as the ratio of the actual H.F. amplitude, to the
H.F. field amplitude existing as long as the cavity is

K is a constant defining the coupling bet- free of atoms. b
ween the atomic medium and the cavity H.F. field. G = /p (19)
It depends on the filling factor, and atomic constants.
For the hydrogen maser The gain G can be directly measured by pro-

bing the H.F. field amplitudes with a second coupling
K 4n i vB/. Vc (7) loop, i.e., by operating the maser as an amplifier

by transmission 6.
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S is the saturation factor of the line Equation (22) reduces then to :X
a is a positive number while the cavity is QC 2 (I+S)2

fed with an excess of atoms in the upper quantum level. field , Za-

It is negative in the inverse case. Its physical meaning bSo.a
can be derived by looking at the gain of the atomic i+S >>
medium in conditions where wt = w . We get, from

equation (16) : o c This applies in conditions where a maser is

G(w = w= I +) S (20) used as a spectrometer, with a convenient

and c 0 1 +S -e value of signal to noise ratio. We get :

1 Qc (l +S)
2

- (26)
1 0(21) P field Q It 2 -a+ S (2+a)

The gain of the unsaturated line becomes For S P 0 : 0
infinity for a = 1, corresponding to oscillation thres- Pe (S • 0) c I (27)

hold. PField ( 0) 2 - aL(7

We note that the general expression (16) At oscillation threshold : PFi ld(S•0) = c
describes also the power level of the synchronized
maser above oscillation threshold 12. Figure 1 shows the variation of PField' as a function of

a, for S = 0.
5. Pulling factor for the amplitude of the H. F.

field 6. Pulling factor for the population

The derivation of (16) allows to find the Evaluation of P needs as intermediate cal-
excitation angular frequency w giving rise to the culations those performalqo obtain P I . We call
extremum value of b (or b2 asrm.ell), the amplitude of w' the excitation frequency for whic1Igeddifference
the H. F. field in the cavity. For small cavity mistu- ofnpopulation, as well as the population of a given level,
mings we obtain : reaches its extremum value.

w -uJ
PField m = Q (2) or small cavity mistumings, we get

Fed W -W c (2M r smal
Qt --s) m- o c c+ +

(] + I a Va, pop cc
c [+ -/LJs (atc + -2 -j Wc m

c + 4 (l +S)3 (28)

The complete expression is given in the appendix. The complete expression is given in the appendix.
Discussion of the result

Discussion of the result D
As above, we assume that is much smaller

This result is valid whatever the value of the than unity, and that the saturation factor is not
ratio Q /0 is. But in frequency standards, we are con- too large. The same asymptotic conditions have to be
cerned vitkthe condition 0 c/Q •< l, which will be as- considered. The break is defined by equation (23) and
sumed in the following, then, the cavity power variation is given by equation

Also, the maximum value of S is of the or- (24). Q
der of unity to avoid excessive line broadening by sa- a) First case : - <<

turation. 1+S at,

Two asymptotic cases have then to be con- This corresponds to the conditions of opera-

sidered. They are separated by a oreak corresponding tion of a cesium beam tube where the pul-

to the following condition ling factor is very poor, the atomic flux
L QI rather low, and the interaction time short.

I+ S . () We get from equation (28)
l+S Q QP (5-t-)= (29)

When this relation is fulfilled, and w = w POP
w , the fractional cavity power variation, due to atomicra~diation (or absorption) is :This is the well known cavity pulling factor

i (of the cesium-tube -like frequency standards,
AP = h I 22-Qc (24) which can be more simply derivud by assu-
P p 0 - Q ming that the atomic radiation does iz con-

a) First case : ICS << c tribute to the cavity power. Our analya,s
1+S Q t, shows that the limit of validity of relation

This corresponds to a very low rate of (29) Is given by relatioi6(24).
replenishing the population difference In b) Second case l 1 +S ,
the intera.-tion region. For instance, in " 0>>
the regular hydroge aeowtth regular hydroe mas0her witi 0c Then, the pulling factor is as follows
3x 10and 0 = the atomic flux eQc Ca
must be smalfer than 3 x 10- 5 1th, I -P - (30)
being the flux at oscillation thr.-eshop, top Q, 1 +S
for the condition a < 0 c/Qt to be ful- Figure 2 shows the asymptotic variation of the pulling
filled. factor PPOP, as s function of a, for S o 0. It then varies
Indeed, the separation between the two
domains take place in conditions far x For a vanishingly small, f .... is infinity. This mears
below oscillation threshold,. that the cavity beeing free o a oms, W Wc
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from (Q /Q )2 to Q /Q. at oscillation threshold, where Q equals 48 700.
it reaches tle characteristic value of the active fre-
quency standards pulling factor. 8. 2 - Pulling factor of the unsaturated line

Let us compare pulling factors of the oscil- At first, the validity of the equation (16)has
maser, and the hydrogen storage beam been verified by recording the line, for w - w . andtube hyon(w "- w )/2p = 4.5 KHz, the condition S i 0Cbeing expe-

rinen~ally fulfilled. It has been compared with corn-
For the regular hydrogen maser, with puted values of b/p using the experimentally determi-

Q O 3 x 104 and 0 = 109. the pulling factor is P ned values of a and T . Figure 5 shows that the agre-
3 x10" 5 . The atomic flux for oscillation threshold is ement between the caiculated and the recorded curves
then about 1012 atoms. s-1. is very good.

Operating the hydrogen storage beam tube Then, for given values of a, the frequenm.y
with the same atomic flux, and Q l = 103, we have shift of the top of the line has been measured fo." se-
a = 3 x 10-2 >> Q /Q . The pufi•ng factor is then veral values of cavity detuning, at low excitation level
given by equationc630). Assuming 5 = 0, we get P = (S s 0). Figure 6 shows the agreement between the
3 x 10-8. In this example, the pulling factor is p measured and the calculated value of PField'
then three orders of magnitude smaller than for the
regular hydrogen maser.[(Qcl/QcZ)2 = 101This would 8.3 - Pulling factor of the saturated line
only require a rough thermal control of the cavity. The saturation factor can be determined from

equation (20) by comparing the actual maser gain to
7. Comparison of pulling factors the gain obtained for S s 0(at very low level of exci' i-

For given values of Q , Q and a, assuming tion) .This determination is illustrated on figure 7.

0, we can see that, in passive frequency standards For a fixed value of a, the pulling factor has
d (31) been measured for several values of S. Again the ex-Field pop (1 perimental points fit the theoretical curve (figure 8).

except for the limiting case a = I where PField= PP 9. Conclusion

This shows, in this rbspect, the superio-
rity of methods of resonance frequency measurements Pulling factors have been calculated for the
based on the observation of level population as being two ways of measuring an atomic (or mcdcular) reso-
less sensitive to cavity mistusiing. nance frequency in existing passive frequency standards.

8. Experimental results Results apply in all conditions which can be
met in these standards, and the validity of known par-We have experimentally verified the expres- tial results have been quantitatively precised.

sion (26) of P Field below oscillation threshold of a
regular hydrogen maser, for 0, 1 < a < 1. (The parame- Results are valid strictly for lorentzian lines.
ter a is proportional to the atomic beam flux if T and Work is in progress to cover other possibilities.
T2 are constants). It is then possible to record hyper-
fine resonance curves with a very good signal to noise 10. Appendix
ratio, using an I. F. bandwidth of 50 Hz, and a detector 10- 1 - Frequency of the extremum value of the H. F.
time constant of I s. field amplitude

The experimental set-up is shown in figure This frequency is a solution of the following
3. The maser is used as an amplifier by transmission equation :
one coupling loop is used to fed the external excita- 4 1-S
tion to the cavity, and the other to probe the H.F. a2 T 2 (Wto - w) cos e 3
magnetic field amplitude in the cavity through.a multi- (I+S)
"heterodyne receiver followed by a linear detector. a[TT,(wo -) + TT 2 (W -)] cos02 0 1

The resonance line is obtained by swee- 4 1 0
ping the frequency of the xtal oscillator driving the - 2a T2 (w0 - Wa) Cos 0 (1 l- TcT 2 (Wtc - w)(W0 - W)j
generator.

8. 1 - Measuremeatof a and Q - TC2 (Wc . W) = 0 (33)

For a given value of the atomic flux, the Two solutions may be found for large enough detuning.
values of a and Q are directly measured on the recor- 10- 2 - Frequency of the extremum value of the po-
ded line. For S small enough, the value of a is obtai- pulatlon
ned from equation (21) as illustrated in figure 4.

The value of Q Is related to the linewidth This frequency is a solution of the equation

Ltw, measured at half heigh4 of the line (above the pe- To(W c - a) Lc + - T2 eoa2 0
destal corresponding to the atom-free cavity), by the T c r-
following expression which can be derived from equa- + T( ) c + TZ[ +T 2 (w-
tion (16) : 3c

2 (w)=2 W I 3 a - 1 for S = 0 (32) References_(34)
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HYDROGEN MASER WALL SHIF: EXPERIMENTS AT THE NATIONAL RESEARCH

COUNCIL OF CANADA

D. Morris
Physics Division, National Research Council,

Ottawa, Canada

Summary an accurate method of determining the wall shift correc-
tion. Recently, Essen 4 has described a method using

One of the limiting factors which restrict the bulbs with two different coating materials to reduce the
hydrogen maser to the role of a secondary frequency extrapolation error further.
standard is the uncertainty in the experimental deter-
mination of the wall shift. This paper describes a Measurement of wall shift
series of experiments carried out at the National
Research Council of Canada, using two hydrogen mapers, At the National Research Council of Canada two
to investigate the wall shift of five spherical storage hydrogen masers have been in operation since 1967.5
bulbs of different diameters, each coated by the same These have been used as stable reference oscillators in
technique with FEP Teflon from the same batch. The the evaluation of the NRC long beam primary cesium
theoretically predicted inverse relationship between standard Cs III and also have been examined as possible
wall shift and bulb diameter was found to hold experi- primary frequency standards. This paper describes a
mentally with very small point scatter for all five series of measurements of the wall shift of five storage
bulbs. Results showing the dependence of wall shift on bulbs of different diameters, each of which was coated
bulb diameter and the variation of wall shift with team- by the same technique. Both masers were employed, one
perature from 23*C to 35*C are given. Measurements made of them (112) being used as a stable reference. This
on the largest storage bulb at the beginning and end of maser employed a storage bulb 16.1 cm in diameter coated
the series of experiments allow some estimate co be made with FEP Teflon, and with a removable 5 mm diameter
of the stability of the. wall shift over a period of solid Teflon plug in the top of the bulb. The Teflon
several months. Measurements indicating a change it plug had been employed to aid in align.ment ot the maser.
wall shift of not more than 2 parts In 101 over a 1he other maser, HI, which is essentially identical in
period of seven months for a storage bulb transported construction to H2 and originally used a storage bulb of
between Japan and Canada are also discussed, the same type, was fitted with a series of 5 spherical

storage bulbs, all coated with the same batch of FEP 120

Comparison of the frequency of one of the masers Teflon dispersion and using the same coating end curing
with that of the NRC primary cesium beam frequency techniques for all the bulbs. The bulbs ranged in
standard (Cs III) has given a value of the unperturbed diameter from 9.8 to 16.2 cm and in each bulb the en-
hydrogen hyperfine transition frequency of trance hole consisted of a simple aperture approximately
1 420 405 751.770 ! 0.003 Hz, which Is in satisfactory 2 mm in diameter. No solid Tefloit parts were used in
agreement with the most recent determinations by other these bulbs.
workers.

Each bulb was chemically cleaned with nitric acid
Introduction and then coated with a diluted dispersion of Pu Pont

In the last few years much effort has been expend- FEP 120 Teflon. Since differences in properties may
ed in various laboratories on the accurate evaluation *occur from one batch to another, it should be noted that
of the frequency shift arising from the effect of the this material was purchased in 1965. The dispersion was
confining walls of the storage bulb in the hydrogen allowed to dry on the surface of the bulb which was
maser. Despite this work, uncertainties in the deter- warmed externally while dry nitrogen was passed in
mination of the wall shift still limit the hydrogen through the entrance hole. The bulb was then put in a
maser to the role of a secondary frequency standard. furnace and heated to 360*C and maintained at this team-
The reduction or elimination of thIs uncertainty is perature for 20 minutes with a continuous slow flow of
necessary before the maser can be used as a primary air entering the bulb. It was found necessary to use
standard of frequency. A number of techniques have been either three or four layers of Teflon in each bulb in
proposed and tested for reducing this uncertainty, order to obtain complete coverage of the surface without
These include the use of a very lar e storage bulb with pinholes. Each bulb was installed in maser Ill a few
correspondingl• reduced wall shift,l the use of a de- days after it had been coated.
formable bulb, and the use of a bulb coated with PTFE
and operated at a temperature of about 80"C at which the The cavities of both the masers were temperature
wall shift is zero. 3 Howeve-, the method of determining controlled at 28.8*C. In the experiments, maser Hl was
wall shift by using a number of storage bulbs of differ- tuned by means of spin-exchange linewidth broadening,
ent diameters, coated by the same technique with using 112 as the stable reference, and then H2 was tuned
material from the same batch, still appears to offer using Ill as reference. From the beat frequency between
certain advantages. This method obviates difficulties the masers, after correction for magnetic field offsets,
concerned with the large physical dimensions and the second-order Doppler shifts and the small cavity tuning
auxiliary amplifiers necessary with the large storage corrections determined for each maser, the difference in
bulb maser, the machanical instabilities associated with the wall shifts (Ofw - Ufwd) was determined. Here 6fW2
the deformable bulb, and problems associated with the

relatively high temperature operation of the zero wall is the fixed wall shift of the bulb in maser 112 ane 6fwi
shift maser. Also, despite the extended extrapola- refers to the wall shift of the bulbs used in maser Hl.
tion that is required this method can still constitute For each storage bulb used in I1l seven or eight in-
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Table I

Relative wall shift of bulbs at 2e.8*C

Inverse No. of Relative wall shift
Bulb Diameter diameter Teflon Date of No. of 6f - 6f

(cm) (cm'1) layers measurement tunings W( W2

B 16.27 0.0615 4 fApril-May 1970 7 + 6.06 ± 0.25

0Feb. 1971 7 + 6.03 ± 0.07

C 14.02 0.0713 3 June-July 1970 8 + 2.45 ± 0.25

D 12.59 0.0794 3 July 1970 7 - 1.53 ± 0.09

E 10.84 0.0923 4 Sept. 1970 8 - 7.62 ± 0.38

F 9.78 0.1022 4 Nov.-Dec. 1970 8 - 11.52 ± 0.23

dependent tunings of the masers were carried out to fozmula given above that
obtain (6fwI - 6fW2 ). The results are sho, n in table I, K(t1 ) 1 + a(t1 )-(t2
"together with the standard deviations from the mean. I

6 and (t,)'a(t,)The approximate formula6 
for the wall shift is and -_t __= K(t_ )

6f K- I + a(t - tj A reference temperature of 40"C is often used as a basiswi -D Lt
where D is the bulb diameter, t is the bulb temperature for comparing wall shift results. Therefore, from the
and the parameters K and a are defined at the reference present measurements, if t1 is taken as 28.8'C and t2
temperature t1 . Therefore, if values of (Sfw| - 6f), as 40C, it is found that K - 390 ± 18 mHz cm and

W2 a - (-10 ± 1) x l0 3
*C-' at 400C. These are compared

determined at a constant temperature, are plotted with other values given in the literature for PEP Teflon
against.!, both K and 6iw can be determincd. Experi- at 40C in table U. The results from the present work

mentally, as shown in fig. 1, the dependence of the wall are in closer agreement with those of Zitzewitz et al
shift difference on inverse bulb diameter is linear with than with those of several other vorkers. It seems that
all five points lying close to the straight line. A the valdes obtained are dependent on the actual batch
weighted least-squares fit to the data gave K - -436 t of Teflon dispersion used."--• .... 14 m~z cm at 28.8"C, and 6f - -33.0 ± 1.2 m~z.Sw2 

The presence of the solid Teflon plug in the top
To compare this value of K with values found by of the storage bulb used on maser H2 resilted in an in-

other workers at different reference temperatures, it crease in wall shift compared to that of a similar
was necesdary to determine the temperature coefficient diameter bulb without any solid Teflon parts. This is
of the wall shift. The relative wall shift of bulb H shown in fig. 1 in which a value is shown for bulb A in
was determined at 28.8C and 34.8*C, And that for bulb maser Hl. This bulb was of similar diameter to that in
F was determined at 23.0'C, 28.8C and 34.8*C, the H2 and also employed a Teflon plug. This bulb gave a
latter belog the upper temperature limit attainable with value of relative wall shift, (6fwl - 6f w), of + 1.18 ±
the present oven design. From the data the temperature 0.26 mHz at 28.8'C. As seen from fig. 1, the increase
coefficient, a, was found to be (-9 ± 1) x 10'* C-I at in wall shift due to the presence of the Teflon plug was
28.80C. 4.9 mHz or 3.4 parts in 1012.

If K(t j ) and a(tj) are the values of K and a Determination of the hydrogen hyperfine transition
determined at a reference temperature t1 , and _(t2 ) and frequency
a(t2) are those determined at another reference "emper-
ature tz, then it can be shown from the wall shitt During part of the time that the wall shift exper-

Table II

Comparison of wall-shift results found for FEP Teflon

Year of No. of K a
Author measurement bulbs (mHz cm) (C-)

at 406C at 400C

Vanier & Vessot 6  
1963-1964 6 -528 ± 5 (-5 ± 1) x 10"-

Hathur et a17 1964 4 -500 ! 77 Not measured

Zitzewitz et a1
8  

1968-1969 18 -347 ± 7 (-12 ± 1) x 107'

Mentud & Racine9  
1968-1969 2 -515 ± 28 Not measured

Morris 1970-1971 5 -390 ± 18 (-10 ± 1) x 107'

344



Table III

Comparison of recently published values of the hydrogcn
hyperfirne fxequency

Year of Cesium Hydrogen frequency
Author measurement Laboratory Reference (Hz)

1 420 405 751 +

Nenoud & Racine9 1969 LSRH Commercial unit 0.778 ± 0.004

Hellwig et al10 1970 Harvard University NBS lab. standard 0.769 ± 0.002
(experiment 1) and NBS

Hellwig et allo 1970 NBS NBS lab. standard 0.767 ± 0.002
(experiment 2)

Essen et al 4  1970 NPL NFL lab. standard 0.767 ± 0.001
& commercial units

Morris 1970-71 NRC NRC lab. standard 0.770 ± 0.003
(this paper)

iments were being carried out, the frequency of the ception of the LSRH result, the agreement between the
reference maser H2 was measured with respect to the NRC present NRC determination and the most recent measure-
2.1 m cesium standard Cs III. The frequency comparison ments by other laboratories is satisfactory.
circuitry is shown in fig. 2. The signal supplying the
frequency multipliers is derived from a 5 MHz crystal Stability of wall shift with time
oscillator, which may be either free-running or may be
locked to the cesium resonance. In the latter case, Exposure of a Teflon-coated storage bulb to air
the use of the synthesizer and multiplier shown allow for extended periods might cause a change in wall shift
the frequency of either maser to be compared with that due to chemical changes at the surface. Some estimate
of Cs III. Therefore, it was possible to compare the of the magnitude of such an effect can be obtained from
frequencies of 112 and Cs Ill at the same time as the the data shown for bulb B in table I. This bulb was
frequencies of Hl and H2 were compared. Seven frequency first Lnstal'-d in maser Ill in April 1970 and removed
comparisons between H2 and Cs III were carried out, each in June 1970. In April and Hay the measured difference
on different days, during September and October 1970 in wall shift between this bulb and that in the refer-
after the tuning correction for H2 had been determined ence maser was + 6.06 ± 0.25 mliz. The bulb was then
in each case. From the results of these frequency stored in air until February 1971, when the measurements
comparisons and the value of the wall shift of maser H2, on the other four bulbs had been completed, and was then
6fW2' obtained from the extrapolation in figure 1, the re-installed in H1 and the difference in wall shifts was
value of the unperturbed hydrogen hyperfine transition measured again. Tihe value obtained was + 6.03 t 0.07

frequency was found to be 1 420 405 751.770 Hlz. This mluz. During this period, the reference maser was kept

value is based on corrections at present applied to both under vacuum. Therefore, within the combined error

H2 and Cs III. The error limit for Cs III is 1.5 x10-13),
10-12, based on the most recent re-evaluationi

1 and in- It is reasonable to assume that exposure to the air for

cluding the new value of second-order Doppler shift; 1 2  eight months did not cause a change in the wall shift

that for H2 is about ± 1.0 x 10-12. There is an addi- of bulb B.

tional error of ± 0.5 x 10-12 resulting from random
errors in the frequency comparison. The value for the Additional evidence for the stability of the wall

drogn nfrequencyh ehas therefore a posstale error limit shift of FEP Teflon coatings arises from an experiment
h e qcarried out jointly by the National Research Council and
of about ± 1.9 x 10"12 or ± 0.003 Hiz. In table III by the Radio Research Laboratories, Japan. In thisSrecently published values of the hydrogen frequency *.re b h ai eerhLbrtreJpn nti
given. The only values shown in the table are those experiment, a storage bulb (RRL 0453), 15 cm in diameter,
which were obtained by an independent determination of was coated with FEP Teflon by RRL and installed in their
wahich wer ese obtain meby an indepe nth hdoenerm tion 0 maser RRL-H2. A measurement of the frequency of this
wall shift at the same time as the hydrogen-cesium maser was made with respect to t0-F PR', smercla! cesium
frequency comparison was carried out. With the ex-

Table IV

Measurements of maser frequen'.y with RRL bulb #453 at 23*C

Maser frequency (lHz)
Date Laboratory (not corrected for wall shift)

Aug. 1970 RRL 1 420 405 751.7376 ± 0.002

Oct. 1970 NRC 1 420 405 751.7374 ± 0.0023

Feb. 1971 RRL 1 420 405 751.7373 0.002
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standards in August 1970. The storage bulb was brought 11. Hungall, A.G., Bailey, R., Daams, H. and Morris,
to NRC by Dr. Y. Saburi and installed in maser NRC-i1l D., Metrologia 4, 165 (1968).
in October 1970. Measurements of the maser frequency
with respect to the cesium standard Cs III were made, 12. Mungall, A.G., to be published in Metrologia 7,

using maser 112 as transfer standard. The storage bulb April 1971.
was removed from maser III in November 1970 and returned
to Japan by air. It was re-installed in RRL maser H2
and the frequency again checked. All measurements were
made at a storage bulb temperature of 230C. The results
are shown in table IV. The values given are the maser
freruencies corrected for magnetic field offsets, tuning
corrections and second-order Dopplet shifts, but not for
wall shift. The close agreement between the three
measurements indicates both the lack of any significant
change (i.e., not more than 2 x 10-13) in wall shift
over a period of seven months and the close agreement
between the cesium reference standards maintained by
NRC and RRL.

Conclusions

It has been shown that the use of a number of
bulbs of different sizes, coated with the same batch of
material using the same technique, is a valid method for
the measurement of wall shift, although it requires

-* I lengthy and tedious experimental effort. Despite the
lack of agreement in the results obtained for the wall
shift parameter K for FEP Teflon by different workers,
determinations of the hydrogen transition frequency
carried out at the same time as wall shift determina-
tions involving several storage bulbs have shown good
agreement between 4lifferent laboratories.

Repeated measurements have shown that the change
in wall shift of a particular storage bulb is probably
not more than a few parts in 1013 per year.
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HYDROGEN MASFR FREQUENCY STANDARD

C. Finnie
R. Sydnor
A. Sward

Jet Propulsion Laboratory
Pasadena, California 91103

Summar"

Two hydrogen maser frequency standards were designed The maser physics unit has been physically separated
and fabricated at the Jet Propulsion Laboratory. They from the centrol and receiver electronics in the JPL
have been in field operation for approximately li years. maser. This allows Lhe physics unit and electronics rack
This paper describes maser design and construction to be Interchangeable by a simple cable interface. Also,
details which were optimized to meet deep space tracking, electronics maintenance and repair are physically removed
data acquisition, reliability atid maintenance require- from the mechanical shock and magnetic field sensitive
ments. maser physics package. The separation simplifies the

o removal of various components of the physics unit for
Good short term stability (1 part in 1 0 -3 @ 5 sac- maintenance. The design goals for the physics unit were

onds) was achieved by the use of a high hydrogen flix to cptimize short term stability for telemetry applica-
level, with a resulting output power of approximately tions and to develop a reliable unit which can be easily
-85 dbm. The frequency stability for eyeraging times of maintained in the field. Hydrogen maser short term sta-
50 seconds and higher is 1 part in 10"14. Hydrogen pump- bility (less than 100 sac) is limited by the ratio of the
Ing speed has been improved using special hydrogen pimp signal power delivered to the maser receiver and the
elements developed for the Atomic Energy Commission. noise contributed by the receiver, cavity and cavity

isolating network. Increasing the maser output power is
In order to synthesize the required output frequen- the only practical means of making significant improve-

cies for the Deep Space Net, a phase-locked loop re- ments in short term stability.
ceiver is utilized. Among many special features incor-
porated in the regeiver is a new type of frequency syn- Two conditions, in particular, limit the output
ths. zer with 10- Hz increments allowing the masen to power of a practical maser: the first is a gain satura-
be tffset in frequency as little as 7 part in 10" . tic produced by spin exchange collision broadening the
SpecJal techniques were used in designing the RF modules hydrogen resonant litewidtl. The second is the ion pump
in order to minimize FM noise, AM noise, and long term life time determined by its capacity to store pumped
phase drift. hydrogen. The JPL masers make use of special ion pump

elements developed for the A.E.C. by the Ultek Corporation.
Frequency stability measurements have indicated This is shown in figure ±. These elements use 3 mm. thick

very close correlation between the predicted short term titar.ium plates on both sides of the pump anodes. The
stability and its measured value, as well as excellent elements are supported on flexible insulator mounts whisch
long term stability. Some of the other things to be dis- make the unit less vulnerable to failure from plate warp-
cussed in the paper are: age. Two sets of these elements have operated in JPL

1. Thick wall Cer-vit cavity design masers for greater than one year without appreciable
2. Thick evaporated copper cavity coating plate distortion. These pumps were operated at approxi-
3. Features which make field maintenance possible mately 3 x 10-6 torr and have a 200 liter/sec pumping

with minimum equipment trd personnel speed for eight elements. This is equivalent to a hydro-
4. A proportional digital cavity tuner vsing medium gen flux of 1.8 x 1011 molecules/sec., producing a maser

scale integrated circuitry output power of -85 dbm. The ion pump current is 4 ma.
5. Microwave cavity reflectometer system at 4300 V. Standard ion pumps at this flux level have
6. Optimum noise bandwidth of receiver a hydrogen lifetime less than 6 months - limited by plate
7. Techniques used to minimize PM and AM noise in warpage and insulator breakage. Line broadening (2-3 Hz)

RF modules resulting from high maser output power requires excep-
8. Low phase noise measurement techniques tional cavity frequency stability. To achieve this, the
9. Long and short term frequency measurements of cavity cylinder is fabricated from Cer-vit material which

hydrogen masers and receivers has a temperature coefficient of approximately 10-7. The
10. Correlation between predicted and measured cavity is surrounded by an over, within the vacuum chamber,

stability All microwave components in the receiver input circuitry
11. Maser reliability are also temperature controlled. The cavity oven is con-

trolled to 460C + .0O0 0C; the microwave components to
Design Features of Maser Physics Unit 1460C ± 01A0 S n h ae aumcabradinpmto hSoC + .1 C. The Cer-vit cavity is copper coated

The JIL Hydrogen Masers were designed to mee a goal using a thick evaporation technique developed by Hubert
of 1 x l0o 3 frequency stability from 5 sec to 10 sec- Erpenbach at JPL. The cavity has an unloaded "Q" of
onds. In addition it was desired to achieve a short term 57,000 and is operated at a coupling coefficient of .21.
stability as good as practicable to obtain narrow RF line- The coupling loop is approximately 3 mm. diameter.
width. The units were to be field serviced by means of
replaceable modules insofar as was possible. Since the Automatic Frequency Tuning Control
units were to operate in a field environment as opposed
to a laboratory environment, consideration of magnetic A digital auto tuner has been developed for the
and thermal transients was necessary. These various re- masers using medium scale inteprated circuits. The sys-
quirements dictated to a large degree the overall design tem measures period chanees, between the maser and a ref-
and configuration of the unit. erence oscillator, produced by modulating the transition

SThis paper preserts the results of one phase of research carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under Contract No. NAS 7-100, sponsored by the National Aeronautics and Space Adrainistra-
tion.
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linewidtn. A proportional correction controls a cavity maximum rate of change of phase was then used to calculate
tuning varactor. the stability I of each module. This number, modified

by any loop correction, had to be less then or equal to
For tuning, the masers are offset by .01 Hz. The 5 x 10-14.

beat period is measured for two levels of hydrogen flux. Short Term Stability: Good short term stability requires
The period difference is integrated in an updown counter, thot Th amplitud God seodt be miniie in
buffered, and transferred to a digital-to-analog conver- that both amplitude and phone modulation be minimized in

ter. The D/A converter controls the cavity tuning verac- an amplifier. Until recently it was difficult to make

tor. Linear drifts in the tuning reference are re rieod low level phase and amplitude noise measurements. They
by alternating the direction of the modulrtion and period were restricted to voltage controlled oscillators and

count after each pair of counts, frequency synthesizers where the noise was high. How-
ever, the availability of more sensitive measuring equip-

A period measurement method was selected over a ment has enabled more accurate measurements to be made.

phase locking technique because the counter readout for
"100 sec beat is a convenient system frequency monitor Upon Investigeting the cause of AM ard PI noise i;
at 100 sec. Also, the zero point stability required of amplifiers, it s found thet if the signal power is much
the phase detector (mixer) is more critical for a phase larger than the noise power, half the additive noise
locking technique, i.e., the phase detector averages power appears as amplitude modulation si~ebands and tre

adjacent quarter cycles and a static zero error produces other half as phase modulation sidebands 
1 . It can 1e

an output error. For a zero crossing detector the phase shown that if the amplitude noise and phase noise are
Scan be measured for a full cycle and, to the first order, both small, then the modulation processes enn be handled
a static error does not change the period. separately(2). For amplitude moduation 3lone define

Thy tuner will typically converge to a 6f/f = single stdeband AM power for 1w~erw1 ,w2 )

2 x 10- In approximately 4 hours, using a second maser (wlw 2) total carrier power

as a tuning reference. For reliability, the Deep Space
Network operation will use two masers at each antenna per device, referred to the input. Similarly fer phase

site. Also, to guarantee waser short term rerformance modulation alone define

(W's less than 1 week), a second maser is essentiol as a single sideband IM power for 1wk&r-W1,W,
comparison reference. The tuning method to be used with P(I'. 2 ) total carrier power
two masers is to "odulate one maser for cavity tuning;

the other, tracking the averaged frequency of the first,
will be used for the prime station frequency standard, per device, reffered to the input.
A second digital inte:sator within the tuner is provided A typical setup that is used to measure either AM or
for this purpose. R4 noise in an amplifier is shown in figure 4. To measure

the PM noise, the signals at the input of the mixer are
put in quadrature and the output is low pass filtered and

The receiver-synthesizer section of the Hydrogen amplified. A wave analyzer then measures the amount of
Maser amplifies the low level output signal of the maser power n a certain bandwidth of the spectrum. If one

to a useful power level, (+13 dbm) and produces standard standardizes on a 1 Hz bandwidth at 10 Hz, then a measure-

output frequencies of 100 MHz, 10 MHz, 5 1Hz, and 100 KHz. ment of the power or RMS voltage in this bandwidth can
The reCLeiver is a triple conversion, second order phase- serve as a basis for the coupqrison of circuit perfor-
locked loop with the internal voltage-controlled crystal mance. Similarly, to measure AM noise the inputs to the
oscillator operating at 100 MHz. The noise bandwidth of mixer are kept in phase and its output is coupled to the

the loop was set at 100 Hz, yielding a signal-to-noise d- amplifier with a large capacitor. The amount of AM
ratio of 64 db where noise will be

Va-b=• o VNtwl'wP)

Power Output of Maser = -85 dbm A(W w ) = lo g 20lo2g

N= -174 dbm 
where

0 Hz
A(wlw,) ý single sided amplitude noise relative to carrier

Bw - 100 Hz for IlwC[wl,W2) in db.

Noise figure of Rcvra 5 db VN[wl'w2) = RMS Noise voltage for twle['w,w 2J

The frequency synthesizer located in the inner loop has K = 14S value of S-curve in volts/pAD
been specially modified for this receiver. Its frequency and the FM noise will be
range is 4COllaz to 510 K{z in steps of 10O8 Hz, thereby
providing the maser with a frequency settability of 7 .sb = 20 log V111W 1 ,W2
parts in 10-18. The synthesizer is driven directly from P( = V)2K
the 100 MHz distribution amplifier, thereby minimizing db
any spectral degradation due to additional frequency
dividers. The receiver is shown in figure 3. The syn- where
thesizer has been designed for low phase drifl with s
temperature in order to utilize its low fre uency digits. P•wl'w2) = singleided phase noise relative to c[arrier

The maximum rate of drift of phase for a 25 C step in for 1w Cw1,w23
temperature was 0.3 x l0" degrees of phase/second at
50 MHz correspo-ding to a frequency stability of 1.6 Any noise perturbation from the signal source will tend
parts in lu-1 1. to cancel out. By using a low 1/f noise d-c amplifier

Long TermZStability: In order not to degrade the perfor- nad a Schottk' barrier diode mixer, phase jitter in thi
mance of the maser, specifications were established for order of 2L degrees RMS//Hz could be measared at 10 dI' 3

each RF module in the receiver concerning their ahort Measurements conducted on standard frequency dividers
term and long term stability. The long term stability and distribution amplifiers prompted us to desifn all new
criterion for the recelver consisted of subjecting each modules using Class A amplifiers. RF negative feedback
RF module to a step change in temperature of 1000, and reduced phase noise significantly in the amplifiers In-
recording tVe maximum rate of change of phase. The creasing the signal-to-phase noise ratio by 20 or 30 db.
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Phase noise was not affected to any great degree by te improved frequency multiplier is installed in June. Thi
type of transistor used, the collector current, or thie data •as taken at a maser output power oe -`9 dbm. Rals
i/f characteristic of the transistor. A plot of the injo the power to the nominal -L5 dbm will also improve
single sided phase noise relative to the carrier for the the short term stability.
distribution amplifiers as uell as the frequency dividers
is shown in figure 1. Two prototype units are being constructed. A total

of six units will be fabricated fer the DSN. One addi-
Frequency Stability Measurements tional unit, mounted in a semi.trailer will be available

for experimental work.
The frequency stability for the masers Is shown in

figure -. It can be seen that the goals descrioed above References
have been met. This data was orivinally taken when both
masers were in a well-1iolated environment. However, it I] W. B. Davenport and W.L. Root, Random Sirnals and
has been duplicated with one maser in a steel-semi- Noise, NewwYork: McGraw-Hill, 195%, Chapter 7.
trailer. The data for l0C' sec and 10" sec were taken
with the masers 20 km apart, via microwave link, account- r23 G. D. Thompson. A. Sward, Analysis of Random
ing for the large variance. The short term (c i/T), Modulation in Amplifier Circuits, Space Programs
data were not as good as expected from theoretical con- Summary, 37-b5, Vol. II, 1970.
siderations. However, trie Image noise in the receiver
is not filtered out in the present system. Removing r3] R. Meyer and A. Sward, The Measurement of Phase
this by suitable filtering will improve the short term Jitter, Space Programs Summary 37-04, Vol. II,
stability by 3 db. In addition, measurement of the local 19"•O.
oscillator frequency multiplier indicate that apprcxi-
mately 2-1 db improvement will be obtained when an
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