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PANEL C DISCUSSION 

MR. CHI: I am delighted to  llave a special panel discussion on frequency stability in 
this P'TTI meeting. The reason for rne to consider this special session is the fact that you 
probably will know many of  the faces, especially those who participated about 12 years 
ago when wc had a special symposium on short-term frequency stability in 1964 at  Goddard 
Space Flight Center. 

It was organized on thc basis that users generally need stable frequency sources, and 
do not know how to  cornmunicatc with another group of pcople whose specialties werc 
either t o  make the stable frequency sources or t o  maintain the frequency sources. 

Thc communication was so inadequatc that it became obvious that there should be 
some kind of conference to open up the cotnrnunication and cstablish a common lang~~age 
so that the users can communicatc wit11 those who actually make the frequency standards. 
However, aftcr a dozen yearc or so, the two groups could not provide any kind of feedback. 
It was just like a phase lock loop. Thc time constant was extre~~icly long. 

It brings to  niy mind that it was allnost as if we were talking Greek to each other 
except no one really understood what we werc talking about and very few really undcr- 
stood Greek. 

Then after some tirne, wc tliought we made some progress; enough for us to  corn- 
municate with tlie users. It appeared to  me that instead of talking in Greek, we were 
talking in Chinese. Well, 1 tliought that is very good; then I stla11 be able tu understand 
them. [lowever, it turned out they did not really converse in my dialect. 

So what I thought would be appropriate at this timc is not to try to  impress any 
particular group of people of how r-nuch we know or what kind of theory we can use t o  
irtlprove on the past difficult~es but to describe the actual situation. If we try to  do this, 
thc panel discussion will be able to cstahlish a link of corilmunication which is tlie objec- 
tive of this panel. 

Howcver, if' you look at the fiice~, yoti will notice a few people who are not on tlie 
stage - absent, for instance, arc Jim Barnes and David Leeson who werc not able t o  attend 
the meeting. In esscnce we have essentially the original group of the frequency stability 
subcornrnittee of 1964. 

Now, I would like further to  bring out the fact that in some of the past papers and 
also in the publications, you will see that the Subcommittee of IEFE on 1;requency 
Stability was comprised to  do certain things. 

Tlie prcsent chairman of that Comnlittcc on 1:requency and Time is Dr. Robcrt 
Vessot, sitting ncxt to Dr. Winkler, anti tlie Subcornmittec chairman on Frequency Stabil- 
ity is Warren Smith, wlio is to  my Icft. 

In the future, should you have any more questions with regard t o  frecluency stability 
and tirne, those arc the two persons to whom you should address your questions and 
ask for solutions. 

I would like further to make one morc statement in regard to frequency stability. 
The point I would like to  say is that whcn we observe the frequency variations or phase 
variations, wc are looking at the imperfection of a system. What we can measure is the 
imperfection of the bcliavior of an oscillator. 

What we seek is not the irnpcrfection of the oscillator but ways to  improve it. What 
we necd is the best possible performance of thc oscillator under the conditions that it cn- 
counters. Whal we want to describe 1s how good the oscillator is. 
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It i s  subject to noisc proccsscs. M hat nu requlrc is to  ulzderstand statistically, how 
it behaves. 

I wotlld like to  first allow a fell ilursLlons t o  be ra~scd on those papers which were 
prcscntcd thi\ rnorr:ing Wc ~ l ld  not h,ric tlnit' to ,lncaJcr 'illy qrlcstlons. 

Are tlicre clucst~ons III re~,lrcl to tlie e,lrlier p,ipers" If so please aclclress your 
cluestion to tlie L ~ ~ ~ t l i ~ ~ .  i(le11til') tlie d i ~ t l l ~ ) i  dnd thc p:ipcr so t h a ~  :~uthor can answer the 
quest ions. 

MR. CHI: Arc there : iny  rliorc cqucstlons' 

DR. WALL: Frccl W,iI1, 
I, too, had dt lcast a coninicnt on Professor Lnidsey's piper. I tliouglit he was just 

a little bit unfair in describing 11s by saying people wlio ilse I'reqiicncy stiindards or make 
them, only describe t1ier-n jn terms of ,  say, the pair variaiicc. 

In fact, is that thc IEEE Committees liave recolnmenclecl a ni~niber of measures, 
inclucling a spectlal density of trcqucncy or phase fluctuatiolzs. Anrl these fully character- 
ize a standard mcthori of c h , ~ r , i c t e n ~ , ~ t ~ m .  They Ii,ive all tlic inl'ormation there. Filrther, 
therc 15 the systcm,iti~ c f f r ~ t s  Dr. U'ti~kler tlescribed, q u ~ t e  cli.arl\. 

Thc other thing. thc ruasorl oilt ' Liar\ tllr p;111 \:iil,~iii,e U I  All,l~i v;~riunce is to condense 
tlie clata so one 113s LI small n u m h c r  ot nur~lbc-rs to t,~lL '11>(o~1t r~tl ir l .  tliLlll 10,000 data 
points. Furtl~ermore. there ,ire ,i niiinhcr 0 1  di ffcrcnl rcglon\. You nliyll t havc olic that 
describes, say, the shot noisc proccss or- funda~liental noise procws in the frecluency deter- 
mining element. 

Tlien, as one includes various phasc lock or frequency lock loops, one has other 
regions wllicli are described by perh:~ps n diffcrcnt l7owcr lock. So. typically, in a short- 
term, one has tau to tlie minu\ 1 / ?  or tau to  thc minus 1 tlien a flat region and tlien some 
long-term systematic variations. 

I don't think any of us havc tried to say one describes an oscillatol hy a single number 
whether one pi& an i l l l u r i  ~ ~ i r i a n c e  t o  dcscribc it o r  something clse. I think ~ilost  of us 
use the frequeacy d o ~ i l ~ i ~ n  notution if tic w,~nts t o  look , ~ t  tllr tiet'lils of nn oscillator. If 
one wants to know wlicit the 1)11,1se spcctr~lnl is orlik lonk4 'it freclurncy tlornain, not tlie 
tlme do~ii,iin. 

DR. LINDSEY: 1 would likc to  colnnielit on tliut. I : ipolog~~e if1 was not fair in m y  
comrncnts with respect to  the utility of tlie power spectral dens i~y o f t h c  frcqucncy proccss. 

I well recognize that in the Abstract of tlie 197 1 or  '(76 special issuc on frequency 
stability this conirrient was ~nade .  I t  was slated cither can  bc uscti :IS ,i rncasmc of frequency 
stability. 

Howcvcr. i n  thc clrclcs that 1 tr'lkt.1 ~ n c l  ill tlie papers tliat 1 read, no one surpriscs rile 
with that ~lat'i. A~id 111 p,~lticular. 1 can cluotc a coiil7lc o r  thrcc jobs 111 whidi I have been 
concerned whcre we h a d  to  sl,ccificnllq Irie,lsure the power spectral density of the proccss 
in order to  make a n  :Isscssmcnt of ~wrfor~nance  ol'tlie sy\tem. 

Wha t  I would 11ke tu sa) 1s that 1 \lioulcl likc t o  see ~i lo le  enlphasis on supplying the 
user with the power \pc~tr,11 riens~t! of tlie frequency. 

If you glve him oldy t t ~  Allan v,irl,lnce me,isurerncnt, say between the interval . I  
second LIP to 1000 seconds or wtiatcvcr, he 1s given a Lurvc. How does lie use tliis in a 
certain particular application? 

If he nectis the power spectral density of the ~nstabrlity, tlien lie has to  makc a trans- 
formation hased upon the measurement and lie only lias a bite riurnber of points so that 
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means extrapolation of the Allan variance into regions wllcre the measurernents aren't 
made and wlijc11 subject the niodel t o  error. 

Consequently, in that transformation, in fact, for the most part, it has not been 
recognized how to transforrri frorn tlie Allan variance t o  tlie frequency domain. However, 
in cases where you have to  select a performance mcasurc, which contains a dead zone on 
the order of  sornc minutes, an hour in certain cases, you nccd power spectral density in 
order t o  get t o  the zero point. The Allan variancc does riot provide you with that  capa- 
bility. 

So 1 assert that, given the power spectral density of  thc frequency fluctuations, it 
contains a11 the inlormation in accordallce with tlie two sets of structure functions that I 
described. Tllcsc twv sets ol'strrxcture fiitlctiolzs contain generally the iriforrnation that 
the user needs. These rcprcscnt the performance mcas~ircs for various systems. 

M R .  CHI: Dr. Rcinhardl. 

DR. REINHARDT: 1 would likc t o  disagrcc witli you strongly. Tllc problem with 
spectral density measures is that the integrals are not doable. 

DR. LINDSEY: Why aren't they doable? 

DR. REINHARDT: They are doable nurncrically, hut in rilany cases very difficult. 
The spectral density rrieasurcrnents frecluently arc very difficult in tllc zero to lhousanrltlls 
Hertz range. From tlie Allan variancc charts from tlic qpcctral power law behavior you can 
usually refer t o  charts. And tlic National Bureau of St~ilidnrtis and  others have publishcd 
chart aftcr chart t o  convert from one measure t o  anothcr. 

Now, I tliirik that most of 11s will agree that \one  form of the Allan variance, whether 
thc two,  three or four sa~~iplevvariancc, c;in be obtained in real time. Yo11 can write thern 
in that form and use the variance weighting f~inctions tliat are calculated and publishcd to  
go from the two sample variancc with zero dead time to sample variances with finite dead 
time if you know the spcctral process. 

DR. LINDSEY: 1 gucss may co~ilment  t o  that woulrl be, I diqagree witlr you the 
integrals are impossible. If' you look in tables of integrals, frccluently, you will n o t  f'incl 
t11et-n. For instance, tlie flicker frcqi~ency effect l3roduces a divergent intcrval if '  you 
extend it ovcr all re&' r ~ o ~ ~ ~ .  

But in my opinion, integrations which are not found in tables shouldn't f r i ~ h t c n  the  
engineer thesc days. 'I'here arc well knowrl tabulations of nurncrical techniques wliich arc. 
available such as Gaussian quadrature techniques. These :Ire quite sophisticated. 

However, for expcriniental data generally engineers are not familiar with them. But 
we do  have computers these days of tremendous power; there is no  reason to  be frightcticd 
by the fact you have an  integral you cannot invert or  do  i n  closed form. 

You go right t o  tlic machine and iisc ~opliisticated forms if need be. I liave used these 
to  get the inversion and gct the  nnmber. 

MR. CHI: I would likc to exercise the prerogative of being thc r-noderator. And what 
1 would like to do  is to set ,I t m c  limit on  the discussion of this paper to 12:OO o'clock by  
the clock on the back o f  tht. wall. So that we will keep tliat in mind so that we will bc 
ablc to move in  tlie cliscussion ol' otlier arcas. 



MR. CHI: 1 would like to rcoognizc B o b  Vcssot. 

DR. VESSOT: 1 wo111~l just like to  remind people tliLit, in kict, values of both the 
Allan var iun~e  and tlie power 3pectr:il densit! either of the phase o r  frequency are now 
being given alaiost as .I tii,ltter of course b! most rnL~niitacturcrs of  ccluiprncnt and that  
both wllicli ,Ire coml>lernentai-> in a re:il sense give ~ h c  inlot mat Ion that I think is rcquired. 

The Allan vari,rricc. i n  fact. tlocs tiut tell i t  ,111. Wc h,~vc ni~rriy uiiibig~uties a t  tlie tau 
t o  the minus 1 slopes which we can resolve either by tinkering w ~ t l i  tlie bandwidth o r  
aclj~isting t he  nurnbcr of samples. 

I think wh;it Professor Lindscy has said is overstated. Thcsc transformations, in fact, 
are done. There is a w ~ i y  of going from tlie t i l~le  t o  the frequency domain as Cutler and 
Searle, I tliink. have elegantly polntcd o ~ i t .  

And at thc  risk of 17erhaps exposing my Ignorance, there may have been transforms 
of this form ~n cxisteilce ever1 hefore t l l ~ t  time. hut under another name. And I tliink 
this fiict 112s since t)een ide~ltif'iecl. So I don't  think ~ c e  ale that  h,idly off. I think we are 
so~i iewh~t t  enliglitened. hut I think \vc co11ld s tand ;i lot morc. 

DR. LINDSEY: I hopc  I havcn't bueri ~nismterpretud. riiuyhe 1 llave,but I don't  tl-link 
that I have claitned [hat ~nyt7oci)~ I S  off. I t.cpresent tlic user. Xiid as a user and in tlie 
circles tliat I travel over thc past two yc;~rs.  in the work that  I have donc and the  npplica- 
tions of selecting an oscillator. thc  powcr spcctrsl density has not  bccn supplier1 t o  ine. 
It lias been sornetliing we have had t o  fight for. 

I can give y o i ~  ;i co1iplc of cxamples and how I got i~lvolved in tlie sul~jject, as a matter 
of fact. It wah at 'I'KW. I was doing :I consulting job wherc wc ~ lcedcd  t o  specify an oscil- 
lator. 

One of tlie j)robleiii5 t1i:it we had was that  we had. of course, thc  Allan variance. They 
were able to  rilake rmcas~u-cmcnts of the variance. However, i t  was not  tlie All211 variance 
I ncccicci at that  lwint in t i~i ie .  1 was not  able t o  transl 'ort~~ i t  into thc frcqucncy donlain. 

It turns ou t  tliat this sp11rrt.d 'I'KW t o  look into the problctu of nicusuring ill tlie 
frequency tiomain. As a matter of l'act. 1 bciicvc over thc last two years, tliey l~uve  devel- 
oped this technique t o  a certain extent in turnis of t-nc:~suring the 17 base noise power 
spectral density of the frecl~~encq wliicli we have used. l low sccuratc is it? I can't iiiakc 
a statement with respect t o  that .  

Hut I ;im also aware of' work in which other  areas that  I travel Iiaving t o  d o  witli 
coininunication systems perl'ormancc i ~ i  t hew  cascs the l7ctf'ormance of a system was no t  
aciequately achieved beca~isc of thc fact thc 13h;jsc noise dcgrucied tllc syste~l l  performance 
and in an unknown way, not in accoriiancc with the .Allan variance. 

In that contexl.  thc engineers rcqlitrcd the powfr jpvctral d e n j i ~ y  to evaluatc pcrfonn- 
ance. And it was not a function esp l ic i t l~  of tlie ,lll:ln \.~riani.c. 

DR. MULLEN: A t  some times,  i t  is quite Iiard t o  fi11c1 clrie tlli~ig LT;IIIC~ 1-1111cli easier to 
find thc other.  As a xnutter of I'iict, as Rob Vessot pointed ou t ,  tlicrc ~ r c  sor~ic ~111Luguiti~s 
with some depcndcnccs on thc Allaii vai-iunce. And now that wt. h a w  go t  your forniu1,i 
f'or gctting back t o  thc other doiuai~i ,  wt. can get the inverse of the table that  goes froni the  
frequency dot t~ain t o  the  tirnc ~ ioma ia .  allowing for the c ~ ~ t o f f s  and get the tablc that  gocs 
back thc  other  w ~ i y  with cutnl f b  on tlit: Allsn variances. So that  will bc very handy wliell 
we liave it. 

Tlien, that may s;rvc all of us the  experinlental rneasure~nent problem if, i n  fact, wc 
have found it easy t o  get tht. one meas~irement ;rnd find it  difficult t o  get tllc otlier. 13ut 



what usually llappens, is that in the first three to  six months after you get the job, you 
builget everything. And if you made a mistake, you find out  about i t  a couple of years 
later. And then it is several years before the system, any otlier system, comes around 
again. And then provided nobody lias been promoted, then they remember what thcy 
did the first time. But there is definitely a problem in keeping everyone aware of  the 
best or  of standard ways to usc things. 

I think there has been an ongoing creeping tendency t o  usc Allan variances and 
spectral densities of  frequency. And we have more commonality and morc understanding 
of the problem tlian we had before. But there is no doubt that we have got a problem in 
getting the uscr community tied togcthcr with the oscillator-producing community. 

MR. CHI: Well, are tlzere any questions from the audience on other papers? I d o  
not sce any hands. Therefore, I woulcl like to  start the panel discussion, 

I would like t o  start by viewing from the user's point of view rather than by trying 
to  use the viewpoint of the peoplc who actually work in the frequency stability o r  fre- 
quency generation field. Lct us start frorn the morc fundamental level that,  when you 
want t o  use a stablc oscillator, what are the questions one sliould raise. 

J would like t o  list perhaps three questions out  of  wllich I would likc to  ask each 
mernber who may wisli t o  comnzcnt t o  provicie an answcr t o  any particular question he 
wislies. 

The first one is, what is frequcricy stability anti how is it cllaracterized. 
The second onc, what is time donlain measurement and frequency domain mcasure- 

ment. And under what colldition is each selected t o  rncct the user's need? 
The third one, how should a uscr select oscillators from the specifications provided 

by the manufacturers? 
Tllesc arc the general type questions whicti a uscr would have t o  answer before he 

can select what particular oscillators Ile sllo~lld buy and also a ccrtajn arnuunt of trade- 
offs. 

1 would likc t o  obtain answers or  comments and clarifications addressed to these tllree 
qi~estions and I would like to start from Len Cutler on xrly right and then we proceed 
around the table. 

DR. CUTLER: Thcsc arc pretty general questions, Andy, and thcy have bcen asker1 
many times before. We have cotnc a long ways, I think, in getting answers t o  thcsc ques- 
tions. I think there is probably a great dcal more distance for 11s to  go before wc will be 
able t o  answcr them completely. In a way, that is co~nplelely satisfilctory both from t h c  
standpoint of  scicritists understanding tlie f~~ridamexital proccsscs that are golng on. tllz 
design of equipment and the utilization of some of the basic ~ t ~ o d e l s  to iniprove the de- 
signs of equipment. We need to  be able t o  specify the cquipnlent in tlle terms of users 
and t o  understand the specifications of the equipment and llow t o  opttr~117c \ysteInj to 
make use of  the equipment that is being produced at  a particular g1vt.n t ~ m e .  

The first question tliat you gave is "what is frequency stability," and hoh 1s 11 clldr- 
acterized. Well, presently, I think that I would tend to  agree with Dr. Mullen that a great 
deal of  the cllaracterization is givcn in terms of the Allan variance. 

This is a cliaracteristic \i hich tcnds to deal with the very long times or the very low 
frequencies, because it is vcq l  easy to make such rrieasuremcnts in that domain. And 
indeed, you can transfor111 bctwcun t tic domains as has been pointed out  many times and 
as has been very elegantly prcscntcd hy Professor Lindsey. 



If o ~ i c  hiis LI complclc cl~:~ractcrization of spectral densit). in terms of frequency o r  in 
terms of phase ( h y  tlie ~r.;i~al rt.1;-~tio~iili~p. ~ v l ~ i c , l ~  ln:~y 1 ~ v c  sollie ~iiattic~iiatical problems) 
nevertheless it car1 be 11sed ill all prai,tic>al cases. alid orir CI-111 yet iiieusures of stability in the  
tirne doliiairl froni tlic s l~ci t rnl  iiclisit~. n~ id  i.icc vcrsn. 

Generally-. hiit rnab.ht. n u t  nec.c..;s:~t-il!-. I he bcst LY:~!.. most c~liaracrerization is cionc for 
long times 311d \ti-) IC)\\- fi-~:clirtl'tl~ir~ in trt-111~ ~ t '  tlli' ;211311 \~arinrlce. 1 don't think vcry r-nany 
pcoplc ivoulci ciis:igrcc \+ . i~h  tli:lr-. 

]:or short times. freqi~eric.) st:~lbillt) i h  gener:111y i'li:11-actel-izd hy tlie pliase spectral 
density or  L(f) beer1 coninionl! ~rseil i l l  [lie last few years, wlricll is the  sin& sidebaiid 
noise spectral ilensity ~ ~ s i r l g  [lie c:irrier powel- in a one Hcrtc, barirl width. 

Tliis is a ch;lracteri7;ition m:iny pcoplc have 1'ouncl ~iseI '~~l  for very short-term stability 
~neasureliients 2nd also mensuremcnts or. eq~iipliierlt which juvolvc noisc powers o i ~ t  in the 
sidebands. Tliat is t11!- :~nswcl- to >-olli- c1ucstion 1111rnl 3 i: I - 0 1 1 ~ .  

Quesrion r~un i l~e r  two i j  <il l  tinl? (ln~iiail) and lio\r tlii.1- rrlalc t o  t h c  user. 
1 tl l i~ik t1i:it is pretty ijrr'll co\rred 111 111) unswel- t o  cl~ri.stioil nl~nlhcr  onc so I won't 

dwell a r l J  firrther or1 it. 
-1'hc tll.irrl qllcstiotl is lion- iioi..j tl-IC trszl- iclcct an  o.;i.illator I'rom ~ h c  t-nan~ifacturer's 

specifiu:~tior~. 
.l'Jrut is a gootl (lucstion. ;Znil if the speuifiuatioa of a11 oscillator wcrc absolutely 

complete and all users wert. hell e d ~ ~ c ; t t ~ ' d ,  tlie answer t o  that q~iss t ion  worlld be they just 
d o  it. They go through the ncccssary cxcrciscs to assure that  ;In oscillator specification in 
a p:~ticillar dolriairi of interest rlieets tlieir system reclilire~i~ents. 

11' not, thcy l o o k  for a bctrcr oscill;~tor o r  thcy bcnd tlrcir systcm recluirements. 
I think tha t  is about  211 I linve t o  say 011 those three cluestions. 

MR. CHJ: T l ~ a n k  you. 
David Allen. 

DR. ALLEN: 1. m-o~ilil likc t o  r-espoiitl to  tllc fir5t rlucstioti of what is frcqucncy 
stability and how is i t  c.liaractcri7ctl by saying that J think t h a t  w c  have seer1 3 very inter- 
esting tlGng liistorically in the way i t  was dcvcloped. 

In '64, as Andy nieationed, tlie 1151:I~ and N A S A  (;ot.ldard sponsored tliis C'ornniittee 
oti Freclllcricy Stability. Anti i t  w:is o h v i o ~ ~ s  at that t i t -n t .  there was a critical need iri tlie 
co~nm~rn i ty  t o  be ahle t o  co~n~-~ii inicvtc  ~vhal. is stability. Anci Lhurc werc ni;rny interesting 
papers given a t  that syrnposiiini. 

Thc IEEE Subcomtziittcc was t'ormcil. i'illri ou t  of it c~aiiic sollie se~01ii1iicr1(iati011~. 
And thesc have becn. T think. cj1.1itc ri:aciil~ ;i~lol?ri,tl 1.)) liiost of tlli. coliiniunity. 

Tlie interesting thing that  has h;~l,llcnctl. 1-15 L>r. Jllil1i.n I i ~ s  illclicatcti. that i t  has 
provided a high level of' co~~irnunicatioli  hctwccn Ial~or;itnrii..;. r71;11i11l';1~tllrcrs, :ind users. 
1 enjoyed very ~ i ~ u c l i  the paper of' Prufessol- I.indsc> a n d  I'onnd i t  i - cn .  insiglitl'i~l. 

I think, there is still a rlrerl in t l ~ c  field of zoliilr~ilnic~,~tioi~s r l l ' r r  is not  being covcred, 
and we nccd t o  address th:rt nccd. And I tliinh- this j.; in.;igtitf~ll ,rnii liclpful. 

The  thing that has  ha  ppcncd in t l c ~  cloj)in$ tinii. iloni;~in nnti frcclucncy llornain 
mcasurcs is t ha t  J tllink thcrc. h;ivc i~ccn  b o r n ( .  urrors ~ .ommil tcd  tti:it havo c;~uscd prc>blcms. 

Lct me talk about  :I fen. (of thcse \vlicri 1 talk nboitt thc seconci qucst ioi~.  The  first 
qucstioa, I tliiak. has heell alreail? acldressed by tlle suh~ornlni t tee  of wliicll yo11 were 
chairr~lan at one tit-ne. 

Later witli Dr.  Barlies as L , l ia~r~nan .  t l ~ e  c o ~ n ~ ~ i i t t e e  put together a paprr.  act~rally two 
papcrs. One is a NRS Ic,i.hnii.:il no t i , .  a t ~ t l  Iatcr a pllblication. I th ink   hat the co11imittee 
many of tlie rne~iihers of' ivl~ic,ll 3rc' I~ r r e .  ~liil :in exuell~rit  job. 
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In regard to the precautions one nceds to  take, the time domain measure that is 
typically used, the sigma tau diagram is very powerful if you have power law equal 
densitieq. You can then readily translate from the time domain to  the frequency domain 
and vice versa. This happens t o  be the liappy situation of  r-nany precision oscjllators. 

Becauw it is tile happy situation, the reality that models fit in practice, tends t o  make 
it a very powerful tool. This is true, I think, for three basic reasons. It is very simple to 
apply; it is insightf~ll in how  yo^^ use it; and you can understand in what you are doing in 
the process of r-neasuring Crequency stability in the time domain. 

It has a sound thcorctical basis for the power law spectra that are applicable. Ancl, 
in fact, the subcommittee with Dr. Cutler really taking tllc Icad, worked out  the transla- 
tions very neatly from the l'requency domain t o  time domain. 

So  I tliink I would echo Fred Wall's concern that your presentation maybe was a 
little unfair in saying we didn't try t o  cover that ground in both tlic frequency domain 
and time domain. 

Let rnc echo some concerns. If there is sidebancl structure in a spectral density, the 
time dotnain will lead you t o  problems. And this has been sliown nicely by  Mikc Fischer 
in the previous present, d t '  ion. 

You get this funny looking sigma tau curve, and it is rnuch rnorc difficult t o  interpret 
that tlian if you do  the analysis in the frcclucncy donlain. So really going t o  your third 
qucstion and thc difficulty tliilt tlie user encounters, 1 think if orlc is looking basically 
(and this is a generali~ation tlint lnay have lots of flaws, gcncrali~ations always do) for  
samplc titries longer than onc second, tir-ne don-lain 111easurements ~lsually give ~ ~ o u  thc  
information needed. 

If you look for timcs shorter than one second or  for Fourier frequencies greater 
tlian one Hertz the frequency domain is typically the best characterization. 

MR. CHI: Would you rcpcat that just t o  make sure it got across? 

DR. ALLEN: Okay. 'l'llis is a eencrali~ation applying to precision oscillators anti 
has s u m  definite flaws it1 it. but typically for samplc ti~-nes longer than one second o r  for 
Fourier frecluencies less than one IIcrtz, titric domain measurements give you the neccs- 
sary information. That is typically because usually there is no sideband structure there. 

If you go higher than one Hertz in Fourier frequency or shorter than one second in 
sample time, very often you find structurc in the spectra, and the tirnc donlain will be 
very misleading o r  hard t o  interprct. 

And you will learn a lot rnare from the frequency domain analysis of the system 
whether it is phase of  frequency spectral densities. 1 fully agrec with Dr. Cutler, either 
one gives you thc necessary inlormation. 

Anotlicr concern that I have is a point that  Rob Vessot brought up earlicr. A n d  t11:it 
is that we look at low frequency l3hcnomena and try t o  classify them statistically. I thlnk 
we can get into troubles there. If we can find the causal relationships, maybe it isn't the 
statistical plienornena we tliink it is. However, given such causal relationships it is much 
better t o  go and cure them, than t o  try t o  classify them and d o  predictions based on tlzeni. 

So in the user sense, of course, if lie sees a flicker tlattening on  tlie sigma tau curve, 
he has to ljve with it, assuming it has some environmental disturbances wliich causes that 
type of behavior. But for tlie manufacturer, that  ought t o  be a real insight looking further 
into the heart of the problem. I think 1 have said enough. 
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MR. CHI: Roh Vessot. 
Thank you. Il~vicl.  

DR. VESSOT: Wlth roierrncc t o  l~c>cv tlie uscr should select an oscillator, 5 ariz 
reminded of a joke .~hout  pol-cuplne~' lovcm,rhtng and the answer is "very carefully" 
because o ~ ~ e  113s t o  bc. I tliink. not onl) w~iry ot tllr ~ l l a ~ l u t ~ ~ c t u r e r ' s  intentions bu t  really 
aware of our  ow11 requirements. 

A n ~ i  I t l i i l~k too  1 ew people rrlLire tllt'lr rcquirellicnt~ t o  tlir property of' the oscillator 
and thcn go ,tnd get the  proper o~cill,ttor. Lt li,i t t1lt.h tio I, Iooh ,it tlicr r rcclilireiiients and 
then t ind  sonlebody wlio 15 going to sell t11c 111 ,111 u s ~ i l l d t o ~ .  

Naturcilly. the urgc to  c o n d ~ ~ c t  Li t t cu l s ,~~t lon  \01ilt't11iic\ ~ C C O I I I Y S  1iiore j~ronlinent 
than tllc urgc to  satisfy a need 1 s~lg?c\L 111,1t tllc t>njrcr 1s rt.,Illy thc rnan who has to d o  
his homework. He 113s t o  underst,tntl wtidt the propcrtlcs of tllc oscillator arc that  he 
needs in order to accomplish the job lie 1s ilolng 01 w,~nt{ to do.  

I suggest in ordcr to  do  tliiq, h c  tliiihes nio~lels of' l l o ~  liis systcm w ~ l l  work ancl 
tliat he applics rneasiire~iientc, jn llie r ~ ~ i i e  cioriiain if  that i i  t h c  w~ly  lie wants t o  use it ,  
if' it is 111 thc senre of 3 t l l ~ ~ i n g  effort 01 111 tlie r requcn~y dor71;1111 ~f it ic, in  the sense o f  a 
spt'ctrally p ~ ~ r ~ t y  a i  is so oftt.11 rcquirect. fur iriit,incc, in long b,~sclinc ~nterferornctry. 

Thcn 11 lie ~rndcr\t~incls wll;lt tic'  ~ \ ~ r t i t s  lie c,ln ro to t l ~ c  \er~rlnr  ,jnd say, "1 need ;In 
o i~ i l l a to r  wltli '111 All:~n V ~ ~ I I L L I ~ L ~  1lL.i' t l i ~ i  , ~ n d  3 p z ~ t r ~ l l  I ~ c l i , ~ ~ ~ o i  11kc tllat." And they bct- 
tcr looh dectlr~tly rel,ttahle t l ~ r n ~ ~ g h  tllc ( ~ttl:.l-Sc;rrlc rc'l,lt~onsJn~) 

hurl I thiiih that is wllcn the proit\., 0 1  ~0llllllllrlic;1~1n11 W L I I  113ve hegiil~ SO that  he 
will get what tic wants. Personally, I fioulci l ~ k c  t o  see a niorc con~ple te  represcn t~ t ion  
in the frequency dnnialn of tltc way clata ,ire taken in tlie frequency dolllain. 

You reali7e tlie remarkable co~iiplctc~ics\  o f  tlie way in which tlre tilnc domain tliiligs 
were worked out. The  papcrc, that began in 1964 ancl even niuch eiirlier by Barncs, Allan 
and others, wcre tlze result of a very irilport,u~t ruquirement t o  untlcr\tand what clocks 
wcrc doing a t  tllc Bureaii of Standarci\. 

And naturally, I think they wcrc Icd lo 171,ikillg their. ;iri;ilysi\ i l l  tlic timc clomain. 
I t  Icd us t o  l~ave  this rcalizatiori t l ~ l t  wh:lt we w w  ilepcriclcd o n  tlnngs like the number of 
samples, tlie dead tirnc, tlle balid ~vlcitti ~ ,~l t I lougl i  t l ~ i t  c,ir-nc :I h ~ t  1,iter) 2nd Ihe averaging 

time; all tlirse parar-netei\ l i , ~ \ r  the11 ,~nalog In tlie c,~sc o f  ,I \pectl ,~l 'inalyzcr. 
What comes t o  illiliil t~ riic I \  t I i , ~ t  11 \ O L I  run 3 {ltcctral . inaly~cr  and are out  t o  give 

a sl7cctrur.n. I think you  ouglil to \\ll;tt tlic r ;~ tc  of tllr sweep. what is the h,inti width 
of the  ?weep. After all, tliat  ells you t l ~  r c s o l u ~ ~ o n  ol wlint 1s g o ~ n g  t o  liappcn, a n d  the 
dr~ration of the tirile scgriicnt t l i ~ t  you ;rctu,~Jly pcrlonlietl tlijs operation 011. 

Thcse are exactly analogous to  tlic 1~eh:ivior of the tlliic tlori~ain analysis we have 
grown t o  undcrstanrl as the 5ryriia t3it plot\ oS'111 thcse p,ira~nctcrs. I lliirlk the  spectral 
domain is likely t o  be r-nore ,mci I ~ ~ O I L '  I I I I ~ O I  i , in t  , I S  tlic trcqllcnctes go highcr ancl liiglier 
because, as Davc 411en ~ , I J  7. olic hai .i 11,1111 tlmc tiolng ,I t i~i le  clo~iiain represer1t:ltion of' 
n lascr \ignal. 

I also ~ o i r l d  llke t o  potnt out  t h ~ t  tlic n1c.asureli1~r1ts th:it n c  :Ire ~ o i i ~ ~ c i c r i n f  in tenils 
of t i n ~ c  arid f r e q t i c n ~ ~  tiotii~i~ti < I I ~  z011i~ t o  r c p l i ~ ~ ~ t e ~ l  111 O I I ~ .  L I I ~ C L I ~ \ ~ C I I I  of lengtl~ 11ie:is- 
ilrements sornc d a ~  <mrl t l ~ ~ t  I L ; i n  scc .L \iJ~olc ncn cotnlnittrt. cnn l lncq>  wltli the \:itlie 
problems of rtcfinltion o l  lerlyth i n  s rcn ol tlw f , ~ ~ t  t l i ~ t  t l l e ~  wo~~ lc l  like to rr l ,~tc  ~t t o  
something tliut IS pliy$icall~ ,1\ r111'1111~ 

Jn my oplnloti t h c  grt.,itrst pruzlslon noLi 1s , ~ ~ , ~ ~ l n h l c  In tlie f ~ e l ~ l  of atomic: standards. 
So, sornewliere along ttic lint., tlierf is going to h e  .1n All,jn varlanLe with tlic detetniina- 
tion of a n  object's l r l i ~ t h  or. cirit,lnct'. 
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MR. CHI: Thank you. 
Dr. Winkler. 

DR. WINKLER: I would like to read for tlie first question the definition of frequency 
stability from NBS Tecllnical Notc 679 by Dave Allcn. 

Frequency stability is tlie degree to  which an oscillator signal produces the same value 
of frequcncy for any intcrval throughout a specified period of time. 

That is the definition - degree out of which the same frequencies are produced. How 
is i t  characterized? 

You characterize the deviations from a process by the same way as you characterize 
any random process. We define randomness. 

What is randomness? 
Randomness, you have a random process or random signal. If there is no correlation 

between the disturbance at one morncnt and tlie next onc, this would be purc randomness. 
As you leavc that area, there is a complctely continuous transition to  completc 

deterrninus where you have no randornness at all. 
In bctwcen, then, you have noise steps which are increasingly morc internally cor- 

related. 'That is tlie whole secret. And we do not have to reinvent tbc wheel. 
I tllink statistics, the sciencc of how t o  describe such a random process, has been in 

the forefront of modern science and technology. But what we are dcbating here is, inso- 
far as time scricq are concerned, an attempt t o  rcinveiit the wheel. And I don't think it 
is necessary. 

A correlation f~inction, and a spectral dcnsity function, are essential characteristics 
for not conlpletely random processes. In a completely random proccss, all you have to  do 
is give t l ~ c  mean and the variance. 

In view of that, I can only rcpcat that the only problem which wc have here is liow to  
place that cut between random description and dctcrministic description. That has to  be 
somewhere in the middle. And we can debate that. 

And I can only rcpeat what the other experts have already said. What is tirne domain 
and what is frequcncy domain measurement? 

Time domain measurcmcnts are obtained through sample time. You sample a quan- 
tity, you generate a time series that you d o  by phase sampling, or you sample frequencies 
by measuring frcqucncies over a tirile interval. But that is only a distinction ill tlie meas- 
urement process. 

You measure in the frecl~~ency dornain whcn you directly determine the side band 
power in respcct to tlie carrier frecluency power either of the variations of phase. wliere 
you establish a variance of the phase fluctuations, and you invcstigatc its behavior versus 
frequency, you can do the same thing in frequency variations. But that is a distinction 
which is bascd upon the measurement process. And it is not identical to the distinction 
which is based on the language in which one states what one has mcasurcd. 

And here, I must most emphatically rcnlcrnbcr one ~ h o u l d  use the same language in 
which one has the requirements. It would rnake no sensc to  insist, for instance, on a 
spectral density specification if your requirements are purely in longterm timekeeping. 

You don't learn very much from that and vice versa. Thcre is no point in using the 
Allan variance if your requirerricnts are in applications of coherent Doppler radar, for 
instancc. 

So the language specification ouglit to  be the same in which your requirement exist. 
And so 1 come to tlze last thing, liow does a user select equipment. 



Amplifying what  yo^^ just sirtl. I3c1b. I tIl111k for an iniport;~nt l>roject, for an expen- 
sive project, to  select anytli~ng i ~ i t  on ~ l l t .  h,~si+ of ;I picco of p,Il>cr i\ h e r  madncss. The 
larger the pro-iect. thc r-tiore 1111po1 t:int it I \  t o  wt  up a littlc p ~ l o t  thing yourself. Get a 
test bench somcwllrre, spcncl ,I fuu hont\. cct llttlu chcap t l~iny,  ~ r l d  play around wit11 
it. Then you will undrrstancl \tllr~t von need. 

Arid wc have seen ln most tilt. crc;ltcst prohlcr?~ 1s t n  hring tllc user rt'ally to  
dcfii~e wll;lt tic needs. I begin to use the tern1 "u5er" in tlie s ~ ~ i i ~ c  uaq as Congress uses 
tllc "taxp;~ycr." 

This is riot acuident,~l. incidentnll~ . beua~~sc  Illat is where t11c nioney comes frot-n. 
But I cannot e~~ iph ,~s lzc  enougl~. that for sy\tcn~s design ;lnd for qecifications and 

for putting everything logetlicr.. if  oil trq to  save investmerit for ;I littlc initial cxperi- 
~ricntal effort, the study effort (and n o \ +  I ;ill1 talk~ng abollt hench work) you will pay 
dearly later on. 

MR. CHI: TliLink you. Ilr. M'~~>hlcr .  
Jirn M~illen. 

DR. MULLEN: 1 wou:tl likc to  s \ > c , I ~  t o  tlic quest~nn of lion to  wlcbct o';cillLltors, 
too. Ccrtninly. the fir\t t l i ~ n ~  is to  ~lc'c'ldt' uIi,it the sqsti'ni ncecl\. A n d  In that re\pect, 
soliiu of the  consol~dated iesirlts th:it Piofessc~r L 1ndst.l Ii,is \lioicii to  u\ will hc very usef~il. 

The l'act of the  1n:ltler 1s t h c ~ e  .li-t. l n l \  o i  il\uill,~tors tli,~t ,Ire nceded and i n  many 
systcms tliese turn ~ ? i ~ t  not t o  be ciitic,il. Ollen, tlic budget isn't big enougb t o  do very 
r n ~ ~ c l i  really to  solve tlic prublei~i of how to do ttic cxperilnclit, which would be much the 
safer thing t o  do. 

And so sorncbody of junioi level in the program goes out and 1 ~ 1 y s  the oscillator. 
Arlcl if anything is wrong, tlic money i\ alrcaiiy rpent. So i t  is really i n ~ p o r t ~ ~ n l  to be '~blc 
to try to  estimate what cluality you have to li,ivc o\cillator wit11 somc kind of conmlidateti 
or overall estimate of how much cffcct (he 0~~1113tur ~ ~ e r f o r ~ i i ; ~ ~ i c e  ~vill have on thc \ysleril 
and thcn to  be able to interpret spcc,ificntionj of ,~vail:lhlr oscilI,i~or\. 1 he clilestio~~ j\ 

which standard descriptions are i~ccfill 
It often tllrils out to be thc s a w  tll,lt ! . o ~ l  <,in I'in~l tht .  ojcl1l;rtor that ~ n c c t \  all t l ~ u  

enviro~~mental  rcquirenient<. R L I L  u n l o r t ~ ~ n : ~  [el \ .  oftcn tlie nica\u~ c~- t~ents  that have already 
lxcn ~natle. , ~ r c  t-nade in the wrorig d o ~ u i ~ ~ n ,  anrl you have to go hach and fortll. Eithcr yo11 
c~ilx call up tlie oscillator msnut'acturer ~ n t i  Lell liirri yoii warit onc, b ~ l t  want Iiirn to  mea\- 
ilre tllc whole thing all over again 111 soinc (>the1 w,iy ( i n  wliich case lie doesn't have that 
n ~ u d i  interest) or  else y o ~ i  have got to  he  able to  corivert it yo~lrwlf. 

If tlie oscillator is critical to thc \v hole i y  stcm, tllen yo11 generally get tlie opporlunity 
to  do a decent job. But otherwise, tlierc I \  a 1,lrr umount of 11,rrtt wolk that tias to  bc done 
without completely fundainentnl digging a t  tlic problv111. 

I tlii~ik ttic standardi7ations that we i11,ikc ,irc not i l 1 1 1 t i '  i L ~ ~ ) c ~ l ~ l c  1 et. hut not too f,ir 
from complctc and what we li;ivr is going lo ~ i i ~ k t '  t l i t '  I ~ T C I I > I C I I ~  .I 1[7t c,i\ler 111 thc i ~ ~ t i l r e  
than it 112s 111 the past. 

MR. CHI: Thank you. 
Warrcn. 

DR. SMITH: Well. in the irltercst of tiine and also duc refererice to tlic fact that 
alrilost everythins that ~311 bc \aid in ,in\wer to  your cluestions has been \aid, I will keep 
my com~-nen tc vcry brie l'. 
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It has been very gratifying over thc past I0 years or  so t o  see a great increase i n  the 
ability t o  communicate about clocks and about oscillators ancl frequency standards. 1 
think things are infinitely better than they were in 1 q64. And in that respect, I think we 
have accolnplishcd sometlling. It  has been very interesting t o  see the presentation of data 
liere today. 

1 was particularly interested in somc of the slides shown by Dr. Winkler. 1 would 
like to r-nakc a brief comrnent. 

If one takes the pathological data presented for the cesium standard tlzis riiorning by 
lilerely changing thc time scalc and, of course, the frcqucncy deviation scalc, one sees a 
perfcct pictiire of a patllologicul quartz crystal oscillator with wliicli I am much more 
familiar, having worked in that arca a great dcal. 

But the point of intercst that 1 would like t o  make liere and I think will be ol'gcncral 
interest, is that  we find in quartz crystals on alrnost continuous variation in thc magnitude 
of this kind of patliological behavior, which is usually cliaractcrized in a plot of raw data 
as frequency deviations with time that  are quasi cyclic. 

If you look for  any given day, it looks almost likc it is sinusoidal perturbation. And 
it has been possible t o  take those very bad offenders, open them up, and physically see 
defects usually in the form of badly adhering plating or small contaminants, semiattached 
to thc surface of the quartz. This kind of behavior is pathological. Tlle point is well taken, 
that when you see this kind of  bchavior you should be aware you're not  really dealing wit11 
statistics, you're dealing with \ornething that is out  of the ordinary and abnormal, you 
should really hack off and think. 

1 niighl say one word about your last question, thc selection of' an oscillator. thu 
particular specification. I have been in the unique position of being bitten on this siibject 
many times, and 1 would only caution tllnt it lias bccn lily expericnoc that mu\t  critastro- 
phies in this area arise fro111 a lack of knowletfge at the beginning of a projcct as t o  wliat 
tlie specifications ancl recluirernents really are. 

And you usually find ou t  wliat you rcally need in a sy?texii when i t  I $  just too late 
to d o  anything about it. And it has little to d o  wit11 tlie problem of comr-niinicatio~~s 
between user and manufacturer. Tlle great difficulty, particularly in sophisticated syslemc, 
is of assessing the whole question of  requirer-nents of your signal source in clocks at the 
begin ning. 

MR. CHI: Yes, pleasc. 

MR. TURLINGTON: Tom Turlington, Westingtlouse Electric in Baltimore. 
I liave heard a lot about Allall variance arid spectral delisity ~-nc;~s~ircme~zts this InorlI- 

ing. There is also ~~no t l i e r ,  I ladamard variance, I used in the past for gctting in very close 
to thc carricr, less than 20, 30 cycles (all the way into tenths ol'a cycle) on oscillators thal. 
liave clcan cpcctral densities. That is, no  cliscretc sidebands. 

J find that t o  be a very uscful teclinique. I havcn't I-ieard rn~1c.11 about it liere toclay. 
Do you care to  coxninent? 

MR. CHI: Anyunc who would like to co~nliient.  
Dr. Winkler. 

DR. WINKLER: You're absolutely correct. Elit it is particularly useful if you 
operatc at  a tirile constants for integriition tir-nc where you liave a high powcr spectral 
density. 11' that happens, you must use filtering. The transfer function ol'the Allan 



variance is very bro,id. So you have more claii~ers in tha t  aspect than if you use the Allan 
variance. 

I consider these rnay be vari,~troris of onc 2nd the .;,lrnc thing. Your point is absolutely 
correct. 

Also, 1 tliinh the so-called L ' ~ I ~ V ~ I ~ L I T ~ \  \ririaticc may firlrl somc useful applications be- 
cause it is insensitive to  fieqilenc'y ilrifts. A n d  i t  1s not 11ioi-c diff'lcult to cornputc than 
the standard vcrsiori. 

For a calcu1,itor today, this is not a problem. Yoil're absolutely right, but, of course, 
we cannot go into every detail here. 

I think the least we could do, and I hopc we have acconiplished that, is to  give some 
idea of tlle coniplcxity of the subject. And 1 can only remind y o ~ l  tliat in ortier to really 
go into dctails, you  have to  gct into details. I'herc is n o  king's way to  wicccss. 

Of course. there is an env~ablc way how to go roulid if you liave 110 knowledge - 

sirnply huy tlic most expenjive, 12ncl that's bclng clone kery effcctively. Hut I don't think 
it is engineering. 

AIR. CHI: 1 would like to hear s o r ~ ~ c  clut.stions 1'1-orn t l ~ c  users' viewpoint rather tllan 
trying to  go into tlie tlieory of niodcling or I'rtq~~ericy st;~bility. Q~~es t ion ,  please. 

MI<. KAHAN: Kaliari, 1L)C. 
I'l~is will be semi-user point of view. 1 iim \till worricd ahout of cliaractcri~ing 

oscillators. Assurning I have a transient, for cxa~-nple, a "Burster" variation ancl gather 
transient recovery and frcq~lcrlcy a\ a Su~iction of real time, is tliere any way to present 
this data aside from reams aiid reairis of data as a f ~ ~ n c t i o n  of tirne in terms of 3 fcw 
parar-neters in a tlmc domdin or Sreqi~t.~icy domain? Or dors it iii,ikc any sense to  chnr- 
acterj7e a transient respon\c hy All,~n v;lrinii~e or whrrtcker yoti want to  call i t  in that 
setisc? 

M R .  CHI: David. 

DR. ALLEN: As a part 01' tlie work of CCTR, right now, they arc trying to  talk about 
questions of tliat nature. And J think tliat a poitit IIrrrry Peters ~iiaclc and has been alludcd 
to by Dr. Winkler at this confcrcncc is :in exceedingly important one liere. 

'I liat is, when you liave nonstntistical phenomena, you should cllaracterize that as a 
coefficient function. So much trecluenq c l i , ~ a ~ e  with certain radiatioas. So mudl  fre- 
quency cllangc per degree C' 111 u cct't,iin rangc. that you st~ould cstahliili tliesc coefficients 
that you might model these cleternz1riist1~ j~hcnomcn~i 1,itllrr tJ1;1n trylng to (lo it st'itis- 
tically. 

1 thinh it would bc a n11st:tht to ll\r r l l t .  4ll,in ~ : i r l , i n ~ t  111 3 ~ 1 ~ 1 1  +~t~lat iot is .  

DR. CUTLER: I \+oul~l  certL~itil\v ; I ~ ~ C C  \ ~ v l t I l  tli,it. W h ~ t  I ~ ~ o i ~ l c l  tlliilh ~ ~ o ~ i l d  I>est do  
for tliat sort of tliing woulti b o  to  t r \  ~ n d  lnoclel it. 111 othcr worcls, you would assume 
that you liave a rdt.,~l o\~111~t01. ~ n d  t h ~ i  ~de,tl oscillator under tlie b u r ~ t  of radiation under- 
goes a r;lpid frequency ch;inyt.. 

Then rt m:iy decay with ,111 cxponcnti;ll or sonic othcr law to soiiic other new fre- 
quency. Ancl if ttiesc things. were coinpletcly cliarvcteri~ed in n tlctcr~-ninistic sense, then 
you would p ~ ~ t  hack the othcr things. the r,~ndorn v;iri,itions and so forth. Arid indecd, 
somc of tllost. r,indom v,irl:ltlon\ r11a) be ~lioclul~~tctl by this transient effect. 



Those tnodulations can again bc a deterministic things that are applied t o  the randorn 
characteristics that are associated with tlie oscillator under normal conditions. 

MR. CHI: Dr. Winkler. 

DR. WINKLER: I have not  gone into the details, but you will find them in my paper. 
'There are tliree classes of  functions wliich one can just empirically apply t o  modeling. 
And, accortling to wliich one you select, they behave differently. 

Tlie three classcs are, nurnber one, polynomials of dcgrcc N that we discussed this 
morning. Number two, Fourier series. If you have any periodic phenomena, tllc Fourier 
series, of  course, is tlie thing to  usc. Number three, exponential functions. Dr. Cutler 
mentioned that. In gcncral, i t  would be a surn of exponentials. If' you have several dif- 
ferent phenomena interacting over time contents, you could cnd up witli a sum of expo- 
nential~. All these transforrn into another function of  the same kind under a transformation 
when you sliift the time axis, but  only the first one, the polynomials, liave the additional 
property that they will remain polynomials if you transform tirrie witli a different scale. 

So these arc details wliicli are completely covered in books like Digital Analysis. 
Tliere is an  excellent book by Ilamiriing, 1962, wliicli lias an excellent discussion on that. 

R u t  here, again, you havc two things to consider. You consider the black box ap- 
proach where you just plienolnenologically describe what you see, but  you must remeniber 
that many of'thcsc arc parameter-liepen~ient. So one really lias to consider whatever 
function one uses as a I'unction of thc excitation, radiation, temperature variations, and 
what havc you. Then you erid up  in tlie sin~plest situation witti coefficients which yo11 
liave determined previously temperature coefficients or  niagnctic field coefficient. 

MR. CHI: One more qucstion from the ~-~udience. 
Tom IIealy. 

MR. HEALY: 'I'l~ere is I think a larger nulnber ol'semi precision oscillators in thc 
world rather tlian clocks. And tliere i:, a big market for tliem. 

Usually, the user, when lie is faced with an  Allan variance or  so forth, it can't really 
transform these into its systcrn. Ile knows what his systcrn requirernunts are. Usually, in 
rnany systems, communications and radar and so forth, tlie script I .  ol' F is a mi~cli Inore 
suitable description ol' an oscillator i'or the user. 

And the other fact, is tied i n  with his cnvironmcnt. Usually, whcn t l~crc  arc thou- 
sands of oscillators we are talking about systems where the environment isn't a \  nicc ancl 
benign as in tlie Naval Observatory Laboratory. Temperature, vibration, shuck, all thrst. 
causal phenomena, are very iniport:lnt. So liis linear coefficient should be specified. And  
there should be some specification of the spectral density of frequency for offsets greater 
tfian one Hertz. And the  thing is whether it should be S$, S$ or  Uf), that is a question. 

Most people I have dealt with, are system designers who can more easily determine 
the script L of  1: because they liave t o  convert all these other tliirigs in order t o  be able 
t o  incorporate tlie data into their system. 

Another thing I would like to point out  is the Hadamard variance isn't a cure-all of  
evils anyway because the flrnction does have side lobes. And it can land right in a bright 
line and louse L ~ P  the ob\ervstinn. So  you have to be very careful. 

MU. CHI: In the remainins few minutes which wc hsvc, I propose to assume that the 
user now has his oscillator. \Vliilt. lie Iias it, presu~nably, lie can separate a11 the systematic 



crrors out  ant1 find tlle p e r t ' ( - i i i ~ i ~  01'  tlir ~pc'cific;~tion ol- u~liatevcr inform:~tion he 
obtained. 

'i'hc clut'stioii tliat $ h ~ ~ ~ l c i  I?? 1-;1iw(1. ill ni?-  \.it'n. is lion- rri~lcil confidence he sllo~rld 
have in llie oscilliitor pc.r l 'o~ '~~i~~li i ' i ' .  ' i o u .  i l  lie \ ~ i ~ h c j  to 1?1;iht> rc,sts. shoulcl be cotri- 
plctelq redo thc sl,ecil'icatic?i~ tcst o r  slioi11ii lli. n ~ ; ~ l ; c  no1ni11;il rz5t.j. 

Arid then,  once lir lias ~.st;~i?lirIlc~l ., i f r t a l n  ; ~ m o ~ ~ n t  of uorifiiicnce in the oscillator 
\vllicIl 11e owns. thc problenl is that  \ \ , l ~ i . n  l l i .  ~ 1 s t . ~  it. it will he in rile rcnl world of system- 
atic v;lriations which consists of t ra~ is ic~i t  I'or \.olt;iges. tcmpcr-:~I~rl-e. 

('an lie actually predict tllc pi'r'I'or.~-i~:.i~lct. such thar lie car1 inakc sure that tlie frc- 
cji~t'ric) which 11e o1)t:lins u-ill I ' ; i l l  \\ irllin t l ~ c  balici \ ~ 1 1 i ~ l 1  lie is allo~vcd 1.0 st:~y? If1 most 
activities. tliis is u real v 01-lei  si t~lariotl. 

1 \bill riot pv tliri:i~r?l~ c\i.r.j. p:~ncI 1ni.1111~21- t o  ari<M.cr ~ 1 1 1  t l i i '~?  c1lici;tioris. hu t  whocvcr 
wishes t o  a~-is\vcr an!- or  all or  onc  clllcstlon. pleast. I - ~ I ~ ~ . x  !-ij~rr 1i:irlii. .-2nd \sc will LISP sotnc 
of [he  I L I I ~ C I I  110111.. j l '  ~ v e  11110. lor Lil~olit I0 ~ l i i ~ i ~ ~ l c ;  01,  50. We \\ill tcr11iili;ite [lit" 1x111~1 
discussion u t  I : 00 o'clock. 

Dr. Wi11klcr. 

DR. WINKLER: C:onSiilcrice in ).our ctiil:~. -1.llat is tllc roacon why one triust give tlie 
~ i ~ ~ l i i b c r  of' 171t':is~1reliic11 LS (.)I. o ~ i r  1111151 gilt' the confirlcricc interv;~l. Rcmernher tlic slitlc 
I s11ouec.l on thc p1-ohahilitg ilictributic.)~i f~lnclion'l  

Thcru were two lincs. Thew wel-c t l ~ c  9 5  pcrccnl conl'iclenct.. T11at is a phenome- 
nological sitic. W1lt.n i t  cotiics lion- rn l~c l~  conf'idenct. can you pl:ice in an actual applica- 
t ion .  you I-nust tlurivc th:it Iroin tlii. rally<, c?f cnvito11nit.ntal c .o~~dit ions and  environl-iicnlal 
sensitivitiys i~ l i i ch  !.oli expect. -l-llat'. all. 

M R .  CHI:  War.rt.11. 

DR. SMITH: Jilst ;I s l ~o r t  stutclucnt. I t  seerns to  tiic that we have spcnl lrlost o f  0 ~ 1 1 -  

tilric hcrc talking about the  difficulties in assessing tlie randon1 hel~avior of signal sources. 
In thc real world, I agree with Mr. Ilealy. that tlie problcrlls are pril-narily tllosc of the 
cr~usal or  deterininistic effccts. 

Tcn~pcr;iture corfficientt;. i-oltagc ~ocf'ficients. sliocli arid vibralion, all tlic rest o f  i t ,  
arc tllr tliiilgs t1i;lt ~ i i ; ~ k c  r~ :11  \\~ot-lcl sl>t'~,il '~~:itiolis ~ x t r o ~ n ~ l ! ~  tlil'f'icult ancl which all of' you 
allci ;ill users need to keel:) \i-c.ll i n  r i i i i i t l .  Tlirsc :ire t l ~ e  tliings tli;~r cinc re:illy Iias t o  bc 
careful i n  tying down for :irg ~)artic,irlar , ~ j ~ j ~ l i ~ : ; ~ ~ . i o n .  

1 lic rliscussion o l ' ranc ln~~l  ~,:iri;ibli,i i.; r i l [ l c i ~  niur-L, intc*rt.~tirlp , i r i r l  <;In br rrcatcc-1 irl 

niuch grcatcr ileptli. Aricl ill ~ ) ; ~ r t i ~ , i ~ I ; ~ r .  ; I \  i t  t ~ p p l i ~ ~  LO p~-r~.i\ ioi:  \ O I I ~ C : C S  ~i11cl c1(3~,k5 ; i l i~ i  

titllckcoping it is 131-obnbl) tlii. f ~ ~ t i i i , ~ ~ i i ~ ' ~ i t ; ~ I  i.jrii ' .  

R u t  in tllc ficlil of cor-iim~inii:;ll.ic~n.;. , ind t l i t .  tllir~g; t l i ;~t po in 1 1 1 ~  Ilelci. 1 would 
cauliun yo11 t l u t  tlic t o ~ l g l i c ~ t  1-Iiin2 1.0 iio 1, 1nt.t.t . o ~ ~ r  c l i~ t c r l i~ i l~ i~ t i i~  ant1 c;.iusal specific:t- 
lion. 

hlR. CHI: Len 

1)R. CUTLER: 1 agl-re. 1 ;istee. . - I l l t i  I \ io i~l i l  like t o  acltl onc otlicr note of 
c;lulion. 

Vc1y oftc11. O t l ?  I l l L i S t  ~ ~ ~ . ~ l l ~ ~ ~ ~ - l l c c l  \\ I t 1 1  1-2ty5 ,:if L~ll;lllgc of' ~cll1i3e~;lt~ll~c. ~i111-2ti(jll.j 
of shock, 2nd thjngs likt this. \ ' c ry  ol'ti'n. tllesf tli~nyb ,ire cxtr.i.mely difficult t o  specify 
o r  p ~ l t  lilliits on. 



I caution tlie uscrs of sucli situations; that in many cases, they may liave to make 
their own very specific tests or request thc manufacturers to  make very spccific tests 
involving rates of change of things. 

MR. CHI: Anyonc else? Anybody in tlle audience who may want to make any 
comnient? 

DR. KLEPCZYNSKI: I would like t o  ask any mer-tibcr of tlie pancl if they feel that 
develop~nent of crystal oscillators is far behind in terms of its ability t o  function i n  a 
deterministic way, i.e., in an environment that is sornewllat hostile. And compare that 
with tlle development of tlie oscillator in terms of low noise levels. 

In otlier words, has the crystal oscillator been dcvclopcd to a degree that is much, 
rnuch better in terrns of its noise floors and various other noisc properties in proportion 
to its performance in an cnvironment'? 

MR. CHI: Warren Smith. 

DR. SMITH: I will make a bricf statement on that point. Crystal oscillators have 
been around a long time. A lot o f  work has been done to achieve low noise floors. The 
nariic of that galne as in any other game that we talk about is power. 

The hjghcr thc power that you can dissipate in the crystal unit, thc better the 
signal t o  noise that I can comc up witli. Unfortunately, quartz crystals are still the same. 
The other perforl-nancc factors clegracle as you incrcasc the power level in the crystal. So 
you're back t o  thc sanic trade-offs. 

1 would say therc has probably been some improvement over the years. I don't know 
of any, I personally havc not been in contact with any great breaktllroughs. IIowevcr, the 
crystal oscillators arc stjll very widely used, esl3ccially in the cornrn~~nications of radar- 
type of application. 

MR. CHI: David. 

DR. ALLEN: I would like to add to those comments. We llave one of our people 
from NRS here who is involved with crystal studies that we are doing. I see this as an 
extremely cxciting field right now evcn though crystals have hecn around for a long time. 

We sec already some breakthroughs that have occurred with somc coxnxilcrcial pro- 
ducts. And in fact, some of the work we are doing is directed toward some significant 
breakthrolxglis, both as to cnvironmeatal insensitivity and low noise. 

Just to  throw out some numbers, we have liope that even in long tcrm, one might 
have a crystal oscillator that w o ~ ~ l d  excccd in perforlriance the stability of rubidium in 
atomic devices. Whether that is truc in a harsh environment is another thing. Thosc are 
separate problen~s. 

MR. CHI: Lauren Rueger. 

MR. RUEGER: I would like to come a littlc to  the defense of the system engineers 
who overdesign their oscillators in systerns. Part of that is because we find these beauti- 
ful cllaracteristics you get when you deliver tlie oscillator, but what do you have one, 
three, five, 10 years later if you put it in a place where you can't get t o  it like in  orbit? 



- 

A little extra nidrgln 15  :i preTt~ ~ ~ i i l ~ o r t , i n t  f'ictor in [lie system. It ha5 been o u r  
practice in gencl-a1 to  t r  t o  dcsign oi ,isk for specifitations I'ar enougti over the niargins 
needed so that  as time gocs on and 4011 ~ c t  ri~diation from the natural effects, fo r  ex- 
a r n ~ ~ l e ,  reduce llle gam of ~ h c  transistors or  it may cause solme other drift o r  other  aging 
characteristic\, y o ~ r  're st ill  in husines+. 

So I would like t o  defend in tlie clesq11 ~ni t ia l ly ,  you  woi~lcl like t o  overdesign so that 
yo11 will rctirin all tlicsc marginj. 

MR. CHI: Ilr. Wiiiklcr. 

DR. WINKLER: I c,llinot agrrr ~rior-u Ir  11h > u ~ l .  21) ComlnenT should not  bc mis- 
u~icicrslood. 1 think tllcre 1s ,I vcrs ilnpor t'in t c11 t f erenou Ijc tween spcclfying soniethinf 
ou t  of ignorance versus a p p l i c ~ t ~ o n  ol .I ~ouscrvaLi~e  snfet) margin. 

I would be on llle side o t  tht. conservative approucli. 

M R .  CHI: You have a question? 

MR. BRESHON: John Rres2ion. Univcrsi ty of Maryland. 
I w ~ s  cunccrncd ahout your \t,rtcnlent  bout crystals. Anti :ire tliere sorlle otlier 

lypcs of o ~ y s l a l \ )  Are clu,ir~z C I ~  \t,rIj ~011s1(tcred for tlicsc ~ Iock j ' ?  

DR. ALLhN: I think svlnr of t l i ~  VCIJ t ~ n e  work th,rt I \  l ~ e ~ n g  clonc in  new crystals 
is being clonc o i~ ts ide  of thl\  counrl:, r\erl .  c ~ i i i \  it is sL11l c1~1,lrtz crJ ital .IS far n+ I know. 

LIK. VF+SSOT: I ,1111 riot 111 the cliiarlz c>rystLil g;rme, hiit 1 l lnvc heard of  sapphire 
crystals of considerable 47c that have enormo~lsly higli 0 from the rnecliaaicsl point of 
view, far, far higher than b e  woultl expect fro111 quartz. They Iiave t he  difficulty that  
t11cy require a sonlcwllat rilore eloqucnt approacll in ordcr t o  coi~iiiiunicate with soinc 
clcctrical circuit. 

I lowever, [, too,  wonder whether o r  no t  thcrc isn't so~l lc  opportilnity t o  look for  
better mcchanical oscill:rtor\. The wpplnrz tryqtals J know of  arc mirde in Salem, Mass. 
Dr. Fred Sc1117iidt o f  Cryst'il Syitcrn\. Ini... ili,lk-es ~ i n g l c  cry\tals tlist lire o f  tlie size or;] 
haskctb,rll. I I  is leullg c \ t r ,~o rc i i n ,~ i~  . Tlirw i r )  st ,~l$ ,rrc heing ~ i s c d  1,y Prof. 1). D o ~ ~ g l a s s  
of Kochc\tcr Unikersit) for gr,ti 1t1 \\ , i \c i l e t e~ to t s .  I c'ipi'ct Lie w ~ l l  hc hcLrrlnp iliorc 
.ihout tliesc in tlie future. 

MR. CHI: Dr. Winklei-. 

DR. WINKLEK: 1 bcllcve (and I am  really sl)c;rh~ng \I. ~ t l l  I t i  > Irt tlr dcflrlite knowledge 
about thiq) thai otlier t1i:rn quartz i \  a very unique m ~ t c r ~ ~ t l .  ,Zlicl ~t 15 m> fee l i i i~  that  i t  will 
be liarcl t o  find something niucli hettcr t o  rliake fi~rtlier iinl,roaements in the quart/  crystals 
wllicli arc lunder tlcvclop~-nent right now. 'fliis will likcly havc to clo svltlu improvement\ in 
thc cjr~ir i t ly ,  and so on.  There are, liowevcr, two tullliel . ispe~t+.  One.  r i t l lcr  one coulcl 

tllc quart7 back inlo tlie cryogenic cnviror~t-nent (vvllich w~ i s  clone ,it UHS 70 o r  25 
yc:li\ 'igo 1111' f i t .~t  tiriic) d n d  ~lnmrtliately unc gct r-tiui.11 1,rttcr nucch:in~c,il 17urfor111ance, 
or  u c  coirld ioncttler t luc super i'or~cl L I C ~ I L ~  c:i~ity ng,1111 ( M lii~1i i~ dl\o ; i n  o\~ill ;rtor ~ 1 1 1 ~ 1 1  

is not  I>a\cd on tlir cln,iit~ ru\oi~,itnr hut nt.~.ertlielesi l ~ , ~ \ c d  o n  mrcll,~nic,il st,~bllity). o r  
orie L T ) I ~ I L I  I C ~ C I .  Lo 111~ ZL35 ( I t ~ ~ c I o l ~ t i i ~ ~ i  t of L~~~lllioinid. 'I relatively ilicsl~cnsive animonia- 
controllc(l o\crllstoi l l ~ c l l  1 t l l i~lk I \  ,I VCI-J~ intert.ctiiig rlcvcloj3nient. 
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So thcre are a variety of things cooking at the moment. And I think what onc bets 
on will depend to a great dcgrce on what one has available. If one can tolerate a cryogenic 
complication, I think that r-nay be sometliing t o  look forward to. 

MR. CHI: Unless you really want to  look a t  samc earlier activities in this area, there 
is a book by Warren Mason who was forrnctly with Bell Telephone Lab, presently at 
Columbia University, I think called Sonics and Ultrasonics. You will see a whole list of 
materials which were examined as possible material in  tli& field. 

I would like to use the remaining minute lo  exprcss, in behalf of the Executive 
Committee, my thanks to all the authors for this session who have given such excellent 
papers and the members of thc panel. 




