
PRECISION FREQUE:NCY SOURCES 

Arthur 0. McCoubrey and 12okrt A. Kern 
Preqtlcm:~) and Titrze Svstcrns, I~ ic .  

INTRODUCTION 

Program of F.T.S. 

Frequency and Titne Systems, Inc., is o rgani~cd  to sul-rply state-of-the-art precision oscil- 
lators baser1 upon internal clcvclop~ilcnt progratns, advanced developments of afflliatus in 
Switzerland, and precision oscillators available to us on tht. basis of distributlori agrccmcnts 
w11c11 such opport~rnitics coniplemcnt thc- line ol' prod~rcts. 

Applications 

With regard to  al)plications wc rccogntc,c tl i i~t frcqllency and lime interval standards, 
whether they are used in t11e laboratory or in the I'icld, coristiti~tc only one important need 
for precision oscillators. I'liroughout thc I~istoric;il clevelopn~cnt of radio technology, there 
has been an increasing r,ced f'or precision osc~l l~ t  tors in coln ~nun~ca t ions  ant1 navig;r tion. 
1)cnsely packed cornm~~nicat ions channels Iiave rxpantlcd toward higher frcquenoics and 

tlic development of time ottiered cotnrn[lnication~ has incrcssud. Radio aids have bren ex- 

tended to  larger region5 of navrg,~blc spacc ; ~ n d  highcr Irvcls of':~ccuracy. For  thcsc 
reasons thc ntled l'or precision o ~ ~ ~ l l s t o r s  01' more ,~nri  rnorc advanced perfornmncc con- 
tinucs. 1 1 1  t h ~ s  connection it 14 essrn tial to regard prccision oscillators as subsystems which 
rnust be chosen and designed to nlcct the rcq~rircrncnts of tllc largcr systems into which 

they will bc tntegrrrtcd. We, tl~ereforc, rccognizc that no slnglc kind of prccision oscillator 
and no particular configuration can be developed f o r  the growing diversity of applications. 

Scope of Paper 

In this paper we will outline brief'ly the statu\ of our internal development of new cesium 
beam stabilized oscillators. We will also disc~lss tilt' sl;it~ls of thy advanced state-of-the-art 
 quart^ oscillator soon to  be available, and we will describc a ticw, very a d v a ~ ~ c c d  and 
cxlremely practical rubidiurn s tabi l i~ed oscillator w11ic.h wc arc now in a positlon t o  supply. 
We will confilic our  disctrssion t o  application nticntcti ~nfor t~ la t ion  relating t o  these ceslurn, 
q~rartx and ruhiciiutn oscillators, and wc will 11ot go into oprrating principles which are 
thoroughly discussecl in the literature and arc 11ot gcrxrianc t o  thls meeting. 

With regard t o  perfor~nancc data, our reslum development program has not yet reached the 
point a t  which typical results can be published, 1 ,ikcwisc, the eviil~latlon of production 
models of our  new quartz oscillators has not I)uen co~nplctcd to tlic point of corilparison 
with already publtstied rnessureinents of the crlyj~ieering prototype. In thc crisc of the 





~ n i n ~ a t u r c  rubidium osci l lat~~r,  pcrf'ormance informution 11:)s bccn includcct i l i  all i.;irllcr 
papcr of' this meeting. 

Whilc two of thc precision oscillators w h ~ c h  1 will tiesc-ribc. wcru dcvclopcd and arc 
presently rnanufacturcd outside the United S t a h ,  1 warit to say at thr outset t11,it in .~d- 

r j t t ~ o ~ ~  to our role as distributors of sucli technologically L~dvanccd produc.ts, we ;11$0 111- 

clucie in our pl:uls licensed insnufacturing, as requ~rt*d, to 111cc.t t h c  condttions irnposcd 
by  thc Buy American Act. 

PRECISION FREQUENCY SOURCES 

Overview 

Table 1 surnnlarizes somc of the char:icteristics of tllc q u i ~ r t z  a n d  rubidium oscillators and 
two cesium resorlators which we will review in this papcr. Whilc two prototype ccsium 
tubes have been constructed and oprratcd in the course of our dcvcloprncnt program, it is 
still too  early to  make a direct comparison of' thecharacteristics of nscillstors based upon 
these tubes with the characteristics of quartz and rubidium oscillators. Such a cnn-~p;tnson 
has becn rllade in the case ol' the quartz and rubidium, however, and the significant char- 
acteristics arc apparent. It may bc notcd here that tl-lc diffcrcnce in sizc aitd weight 
between the rubidiur!l ; ~ n d  cluartz oscillators is n o t  particularly great as reflected by thc ncw 
development I will discuss below. I'hey arc both very compact and power rcqutrcmcnts, 
while different, arc very small. 

6-5400 Quartz Oscillator 

Thc model B-5400 quartz oscillator is a refinement of Ircw dcvclopments rcportcd by 
Brandcnberger, e t  al.' in 1971. 'Shcse advunccmcnts involve the control of noise characteris- 
tics of critical circuit components i11 order t o  mi~lirnize their cffccts upon short ten11 

stability. In  the sideband frcquency range from 1 t o  100 1 1 ~  the power in the frcquency 
spectrum of the phase fluctuations, as reported at that tirne, was decreased hy inorc than 
l 0 d S  below that of earlicr state-of-the-art 5 MHz oscillatorr. In the time domain, stability 
values were measured to  be better than 1 X lo-' from 0.1 seconds to  averaging tlmes well 
beyond 100 seconds. 

The B-5400 has been designed at  Groupe des Etalolls dc Frcquence of Ebauclics Company 
by Mr, Brandcnberger. It  incorporated the advances in short term stability and,  at the 
same time, it is rcduced in size to  a very cvrnpact unit having a mirlimurn power require- 
men t. 

A small preproduction group of TJ-5400 oscillators has been manufacturvd by Oscilloquart~. 
a subsidiary of Ebauches in Switzerland, in order t o  detcrrnine the pract~cal limitations of 

IH. Rrandenberger, et al., ''Procced~n~s of thc 25th Arlrrual Symposium on Frequency Corltrol," ( I  971), p. 226. 



factory processing. The evaluation of these units is in progress and we expect production 
oscillators of this type t o  be available within a fcw rnontlls. They will reflect the advances 
drlnor:?trated by tlzc development prototypes. Figure 1 illustrates one of the preproduc- 
I ~ o n  B-54CitJ u11rPs. 

Cesium Resonators 

Two cesium atornic bcaxn rcsunator devclopments are 111 progress at F req~~cncy  and Tirrle 
Systcrns. The FTS- 1 Cesi~lrli Tube has been designed as a resonator for oscillsturs which 
will meet the recluircrnents of the spcci11:lcation MIL-F-28734 Types 2 and 3. 'l'he second 
development, the FTS-2, is based up011 the rescarch carried out under the dircctiori of 
Dr. Peter Kartaschoi'f' a t  the Swiss Laboi-atory for Watch Keseaich (Laboratoirc Suisse dc 
Recllerchcs Horlog\eres). l ' h ~  work lrlcluclcd the basrc design of a high-performance 
cesium tubc. The LSRII resonator uses a very effective qystcrn of ator-tlic bcar-n optics 
utilizirig a hexapole deflect1011 magnet at the source cnd and a double d~polc  deflection 
magilet at the dcrcctor end. ITS-2  is the first prototype which incorporate? thc LSRll 
design principlcs. It Iias dcmonstratcd an excellent levcl of perforrnancc and wc con- 
sider it t o  bc the appropriate ce[<iurn tube to 111eel thc recl~~ircxricnts of M!I -I;-?8-'14 
Type 1 frequency st'indards, as well as other high-perfomlam labor at or^^ anctru:iii'nis. 

Figure 1. B-5400 high-performance quartz oscillator. 



This tube also demonstrates new efficiency principles which are important in terms of 
cost per unit of operating time, a consideration which will certainly come into sharper 
focus. 

Tlie FTS- 1 is illustrated in Figure 2. This tube is an advanced prototype which reflects 
most of the final design details which will be included in the production tubes. The de- 
sign of a basic electronic system utilizing this tube is also in progress on the basis of co- 
ordinated work by Frequency and Time Systems, Groupe des Etalons de Frequcnce ol' 
Ebauches and Oscilloquartz. 

The relationship between the two FTS cesium tubes and the requiremellts of MIL-F-28734 
is illustrated graphically in Figure 3. The expected performance of the B-5400 quartz 
oscillator is also illustrated in this graph, and it is cvidcrlt that this unit will also be at1 

important component in high-performance atomic frequency standards. 

Rubidium Oscillators 

i n  thc United States and Canada, Frequency and 'Iirne Systems distributes nibidiurn 
frequency standards ~nanul'acturcd by Efratorn Elektronik in Munich, Gcrn~any. One of 

these units, the modcl F R K ,  is a modular oscillator which functions not olrly as a fre- 
quency standard, but also as a basic building block for systems that rcquirc highly stabl- 





Figurc 4 illustrutcs tllc systcrn organiyation of the miniature F K K .  The oirtput of a voltage 
controllccl crystal oscillator is  nii~ltiplicd and combit~cd with a signal from a synthesizer t o  
prorlucc thu 0834-MHz ruhidiurn fr~clilcncy. rl-llis signal is al)l)licd to  an Kb 87 resonance 

cull t l ~ r o u g l ~  which tlic light from a ruh id i~ l~n  lamp also passes. Wllcn thc signal frccluency 

corrcsl>onds to thc rubidium atonlic. rcsonancc, thc absorption of r i ~ b i d i ~ ~ m  liglit i n  the cell 
ilicrc:~scs. This cffect is scnsccl in  a photo detcctor a n d  ;I ~ o n t r o l  signal is gencratcd which 
stccrs thc ~ I - C ~ L I C ~ C ) /  of tllc voltage controllcrl oscill;~tor. 

Figure 5 illuslrntus the F R K  with Ihc ccn r r  r e ~ n o v ~ d  showing tllc voltage regulator circuit 
c;~r<i ncarcst thc cover, and thc 1nultipliur/synthc~i7cr circi~it  card on thc adjaccut filce. 

Figurc 6 is ,I vlcw ol the n~bldiurn ~ u l l  .dong wltli thc mtcrowavc: cavity ~ u t o  which i t  fits. 
Thc windings illustratcd prod~rcc thc maglictic "C" ficld which is ncccssary to thc operation 
of atomic st:rndards. 

Figurc 7 illi~stratcs tlic F R K  111odular o s c ~ l l ~ ~ t o r  inqtallcd a< a cotnponcnt in the Efratom 
Modcl 1:RT portable ruhidit~nl frccl~lency jt'lndard. '1 hc heat sink may bc ilsed whcn there 
is no :idecluate hcat transl'er strrfacc :~v:lll;lblc for rnotlntitig. Tht: stand-by battery shown In 

Figurc 7 providcs for two Ilot~rs operation in portahlc app1ic:ltions ant1 unintcrrupteci scr- 
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Figure 4. Block diagram of the FKK rubidium oscillator. 



Figurc 5 .  FKK rubidium nsc i l l~ lo~  

Figure 6. Rubidium cell in the FRK rubidium oscillator. 

vice in the case of power failure. The power supply automatically charges the battery and 
provides all power to thc unit while connected to  utility lines. 

The front view of the conlplete FRT is illustrated in Figure 8. Four cornnlonly used 
standard frequencies are availablc from independent dual outputs at the front and rear of 
the unit. A meter and switch pcrmit the important functions to  be monitored and the 
frequency trim control is also available on the front panel. 

CONCLUSION 

Performance measurcrnents of the FRK have already been discussed by Professor Alley and 
it is not necessary to  repeat them here. The new rubidium frequency standards are available 
at the present time. In just a few months thc new quartz oscillator will also be available. 



Figure 2 also shows the results of the three-month frequency measurement between thc 
NP-3 hydrogen maser and the six-clock NBS cesium ensemble in 1969- 1970. A n  Allan 
variarice analysis for 20-clay sampling lirrie gave a relative fractional frequency stllbility of 
seven parts in lo1 '. The ~nternal  cstilnato of the variation iri the NBS time scale was 4.5 
parts in lo1  4 .  

At both the USNO and  NHS, the NASA masers operated in an average sir-conditioned en- 
vironment. The c a v ~ t ~ e s  of the masers were a~riorn:lticallv tuned continuously with respect 
to a good crystal oscillator: for this niodc of operation tho automatic t~l i~lr ig system should 
limit cavity-rclated frequency excursiuns t o  less than one part in 10' .' The variation 
of NP-4 with respect t o  A. 1 (USNL)) was approximately thrcc times that expected, due t o  
cavity-related frequency changes. 

As discussed above, the algorithm ~lsrd to compirte A. 1 (USNO) was designed t o  generate 
as ~ ~ n i f o r m  a time scale as possible. A. 1 (USNO) has bccti evaluated from internal con- 
siderations to be stable to a few parts In 10' ' for tneasurement periods from 1 O6 t o  3,107 
5cconds. However, estimation oi lreclue~icy s~abil i ty from internal conqistcncy alone would 
be too optirliistic ~f there were some unknown frequency shifts which wcre common to  
most cesiurn standards in an ensemble Onc effort to  evaluatc the stability of A. I 
(USNO) against external standards has heen rnadc by B. Guinot and M.  ~ranveaud. '  Corn- 
pared to  IAT, A. 1 (USNO) was found to  have a stability of 0.6 to  1.3 parts in 10' qOr 
averaging times of 6 0  days. (IAT, however, was not truly external t o  A. 1 (USNO) since 
25% of IAT was derived from thc USNO time scale.) If this stability estimate were valid 
for the 240 day period in which A. 1 (USNO) and NP-4 were compared, then the variation 
of A. 1 (USNO) with respect t o  NP-4 was approximately three times that expected. 

That time scales based on cesium ensembles d o  vary with magnitudes greater than expccted 
from internal estimates of stability may bc secrl from Figurcs 3 and 4. Here the frcquency 
variations of NP-4 and the contributors t o  thc IAT time scale are plotted against IAT. 
(While the deviations in frequency between NP-4 and A. 1 (USNO) shown in Figure 2 were 
definitely real, some of the frequency variations in Figures 3 and 4 were probably due to  
poor reception of LORAN-C signals, which were used to  link the various time scales. This 
coordination error has been calculated as + 1 part in 1013 on a 3 0  day basis.9) The varia- 
tion of NP-4 against IAT was comparable to  the variations ot the contrlbutlng time scales 
against IAT. The NP-4 Inaser and the independent cesium ensembles agreed to within 
several parts in lo1  for the eight-manth period. 

Thus there was no  clear, unambiguous conclusion as t o  the relative stabilities of a hydrogen 
maser and a system of cesium clocks. I t  would be of interest to conduct further compari- 
sons which would involve more than one hydrogen maser of the NP type. Hopefully such 
comparisons would provide furthcr data t o  evaluate the stability properties of hydrogen 
masers and cesium clock ensembles. 
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Figure 5. Frequency relationships-NASA NX-I arid NP-I, -2, -3, -4 atornic hydrogen rnascrs. 



Uec.ausc o f  t h i s  lempcraturc ullangc. NP-2 and NP-4 in Figure 5 should only bc coinpared 
to onc anotllcr, and NP-1. NP-3, and NX-1 should only  be cornparcd to OIIG tlnothcr, in 
01-rlct t o  eslilnate thc long tcrm pert'ot-mancc of tllc NASA masers. 
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