
MOON-BOUNCE TIME SYNCHRONIZATION 

by Dr .  W a l t e r  H . I-Ii ya * 
a n d  

Samuel  C . Wardk*  

'This repor t  c o n t a i n s  a br ief  d i s c u s s j o n  of t h e  t i m e  s y n c h r o n i z a t i o n  

expe r imen t  performed dur ing  t h e  summer  of 1970 w i t h  t h e  Moon-Bounce 

Time Synchronization (MB'TS) t e c h n i q u e .  

W i t h i n  t h e  l a s t  d e c a d e ,  t h e  J e t  P ropu l s i on  Labora tory  b e c a m e  

i n v o l v e d ,  f i r s t ,  wi th  t h e  RANGER s e r i e s  of s p a c e c r a f t  , w h i c h  c r u i s e d  

n e a r  t h e  moon a n d  t o o k  p i c tu r e s  a s  t h e y  a p p r o a c h e d ,  ai-ld, l a t e r ,  w i t h  t h e  

S " U R V E Y 0 R  s p a c e c r a f t  s e r i e s ,  w h i c h  w e r c  l a n d e d  or1 t h e  moon.  S e v e r a l  

k i n d s  of d e t a i l e d  l u n a r  maps  w e r e  made  fo r  t h e  RANGER a n d  SURVEYOR 

s e r i e s ;  numerous  r a d a r  s t u d i c s  u s i n g  a]-1 X-band r a d a r  w e r c  r e q u i r e d .  

When a s p a c e c r a f t  mere ly  c r u i s e s  i.n s p a c c ,  a good s t a b l e  o s -  

c i l l a t o r  is n e c e s s a r y  t o  e n s u r e  d o p p l e r  c ~ u a l i t y ,  bu t  t h c r e  is n o  real. re-  

qu i r emen t  on t i m i n g .  The s p a c e c r a f t  i n  c r u i s c  mode k a s  very little in -  

format ion t o  s e n d ,  s o  t h e  cornputers  c a n  be  useci. t o  dou2.1le-check a n d  

c a l c u l a t e  t h e  t r a j e c t o r y  wi thout  h a v i n g  t o  !resort t o  i iny  exotic: t i m e  syn -  

ch ron i za t i on  b e t w e e n  t r a  ckirig s ta t io r i s  . Howeve r  , when t h e  l u n a r  o rb i t e r  

s e r i e s  e v o l v e d  s e v e r a l  y e a r s  t igo,  i t  require(! thiit t.17l.r: s p a c e c r a f t  b e  e s s e n -  

t i a l l y  s t o p p e d  i n  s p a c e ,  which  demarltlcci ve ry  ac.c:urat.e r~avirrjat-ion. Tl1c 

J e t  Propuls ion  Laboriitory . ~ ~ i ~ s  assi(jner:I  t.he trarl.: i nq d u t i e s  for- this ser- ics  

a n d  w a s  a s k e d  tn p rov ide  a n  accu r - s cy  of 3 fl ~ ~ s c c r :  I:!e lwect.; t r a ck ing   st;^ t1or:s . 

*Techn i ca l  S t a f f ,  Te1cconlr;-lunications D i v i s i o n ,  let Propuls ion  
Labo ra to ry ,  Ca l i f o rn i a  I n s t i t u t e  o f  Techno logy ,  Pa sat3ena , Cal i fo rn ia  9 110 3 ,  
(2 13) 3 5 4 - 4 2 4 0 .  

**Mr.  Ward  w a s  pr imari ly  r e s p o n s i b l e  for da ta  ;3nc71ysis. 



The locat ions  of the  tracking stat ions--Spain , California , Australia , 

and South Africa--made it \7erydifficult t o  u t i l ize  t h e  LORAN-C: technique; 

t h e  possibi l i ty of ut i l izing t h e  skywave at sorllc of t h e s e  remotc t racking 

s t a t ions  i s  now being inves t iga ted .  

A s  a  r e su l t  of the  lunar orbiter requi rements ,  t h e  u s e  of the  lunar 

bounce radar method of synchronizing c locks  a t  the  tracking s t a t ions  

was  proposed.  This method is a bi-phase ~ n o d ~ ~ l a t c d  X-band rada r .  The 
/ 

objec t ive  w a s  to der ive  a n  operat ional  s y s t c ~ n  that  required very few 

techn ica l  personnel  a t  t h e  remote tracking s t a t ions .  In other  words ,  an 

X-band s igna l  i s  t ransmit ted t o  t h e  nloon from the  Golds tone ,  California 

t racking s t a t i o n ,  find t h e  s igna l  i s  moduldted so tha t  i t  c a n  1.1~ used a t  

other t racking s t a t ions  t o  provide 2 0  ,psccs  of time synchroniza t ion .  

Thus ,  a l l  t h e  complicatcd computations of s u c h  a sys tem a rc  pcrformcd 

a t  t h e  transmit t ing s i t e ,  and the rerrlote t racking s t a t ions  have  only ct 

very s imple  rece iv ing systenl  . 'This systcnl  recognizes  tha t  the computer 

i s  needed to figure the  doppler correct ion for the  r e l a t ive  rrlotion between 

t h e  tracking s t a t ions  and t h e  rr-loon. It  a l s o  reeogiiizcs tha t  any mcasure- 

ments made a t  t h c  receiving s j t e  should h e  ve ry ,  very s imple .  The 

receiver  i s  reduced t o  i t s  bare e s s e n t i a l s ;  t h u s ,  

The pseudo-noise (Y N) modulatetl S-bcinci t ransmiss ion IS 
frequency comperlsa ted for  1111 t h e  tioppl cr shi f t s  from 
station-moon-statjon . 

Thc unique P N  code i s  r~dvanceti  iri tirnc. by t h e  known prop- 
agat ion  de lay  cintl thcn s c a n s  ~3 (3 s c c s  each  nlinutc in  
I s e c  s t e p s .  r r 
The local  osc i l la tor  a t  the  reccivcr  is !ji-ph;~sc rnodulatcd 
by thc  same t N codc i1 s tlici transmitter a n d  i s  sync:hronized 
t o  t h e  s ta t ion  c lock .  



The c ross  correlat ion of the  rece ived s igna l  and local ly  
generated code is recorded by  a s t r ip  chart  recorder t o  pro- 
vide v i sua l  real-time measurement of t h e  s ta t ion  c lock  
error re la t ive  t o  t h e  master  clock a t  Goldstone.  

The MRTS method was  used  s u c c e s s f u l l y  for i 2 0 - y s e c  clock syn-  

chronizat ion between Deep Space  Networks (DSN) s t a t ions  during t h c  

Mariner ' 6 9  miss ion .  Unders tandably ,  t h e  originators of t h e  concept  of 

MBTS did not have  t h e  t ime t o  inves t iga te  t h e  full capabi l i t ies  of t h e  

method. The present  experiment was  undertaken t o  complete t h e  

inves t iga t ion .  

Figure 1 i l lus t r a t e s  schemat ica l ly  how t ime is synchronized.  In 

the  X-band rada r ,  a programmed transmit ter  t a k e s  ca re  of the  doppler 

sh i f t  and is so  modulated with a unique pseudo-random n o i s e  code  thdt  

t h e  s ignal  going up conta ins  a modulation tha t  i s  a l s o  generated by t h e  

r e c e i v e r ,  and t h e  two  a r e ,  in e f fec t ,  correlated between the  rece ived 

modulation and the  local ly  generated o n e .  The offsct  is then measured 

in  terms of the  correlation function. 

If the  transmit tcr  s ignal  wcre real ly advanced by t h e  propagation 

de lay  and the  l o c a l  clock wcre indeed i n  synchroni7ation with the  t r ans -  

mitter site c lock ,  the  resul t  would be  both <> pcrf(>ct coherence and a 

s trong s igna l  output .  S ince  t h e  local  clock is n o t  expected  t o  he  in per- 

fect synchronizat ion with t h e  transmit tcr  c lock ,  the  code  is advcjncc 1 by 

t h e  2-  o r  3 - sec  propagation delay  t ime and then retarcied t o  30 s ~ c s .  P -  
For e a c h  second thereaf ter ,  t h e  code is advanced 1 scc until i t  I S  ahead  P 
of the  propagation dc lay  by  30 secs. Thus ,  if t he  local  clock i s  within r 
30 secs of t h e  transmit ter  c lock ,  one should be a b l e  t o  ohscrvc ~t djrcct ly r - 
on a r3cording of the  correlation function.  

A typica l  t r a c e  on t h e  s t r ip  chart recorder would show the  t w o  mod- 

u la t ions  coming into coincidence  a s maximum correlation was  reached 

from a s t a r t  of minimum or 0 correlat ion.  If the  correlation function wcrc 
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t he  correlat ion of two square  w a v e s ,  i t  should ac tual ly  be  a triangular- 

shaped  correlat ion r e s p o n s e .  But, because  of t h e  time cons tan t  in  a 

capaci tor  tha t  i s  charging u p ,  there i s  a gradual  decay  of t h e  s i g n a l .  

If there  were  no n o i s e  and if the  moon were  a very smooth s p h e r e ,  

o n e  would g e t  a n  ideal ized  response ;  however,  no i se  wi l l  b e  superim- 

posed b e c a u s e  the  moon i s  indeed a very rough s u r f a c e ,  and one  f inds 

tha t  there  i s  a n  ef fec t ive  subradar point--the point a t  which reflect ion 

o c c u r s .  

The subradar point  d o e s  not remain s ta t ionary  but d u e  t o  l ibera t ion ,  

i t  moves from h i l l s  t o  v a l l e y s  within a 28-day period.  The ef fec t jve  front  

c a p  thus  c o n s i s t s  of a corriplex s u r f a c e ,  roughly 180 km in d iameter ,  which 

moves from day t o  d a y .  By tedious  c a l c u l a t i o n s ,  i t  js poss ib le  t o  compute 

the  ave rage  deviat ion from spherici ty of t h e  varying subradar pojnts  . 
Figure 2 shows a graph of the  varying a l t i tudes  of the  ef fec t ive  front  c a p  

of the  moon. Dis t ance  h a s  been converted into equivalent  propagatjon 

delay  t imes  for convenience .  

Figure 3 shows t h e  re su l t s  of the  i'vIBTS experiment superimposed 

on  t h e  graph of Figure 2 .  The excel lent  correlat ion for May and June 

l e a v e s  l i t t l e  doubt tha t  the  lunar topography js the  principal  c a u s e  for 

f luc tuat ions  in t h e  method. Tlle month of July shows the  sarrie kind of 

correlat ion a s  for previous months,  but a sys temat ic  error of approxi- 

mately 10 secs w a s  obse rved .  These points  a rc  denoted by c i rc led  

t r i ang les .  The exac t  c a u s e s  for t h e s e  sys temat ic  errors hiivc not  ye t  

been  determined,  but ei ther  equipment fai lur-e or operiitor error ,  c.)r hoth 

a re  s u s p e c t e d .  The July experiments were  carr ied out  a t  a very low 

angle  of e levat ion  a t  ei ther  t h e  t r a n s r ~ ~ i t t j n g  s i t c  or the  receiving s i t c ;  

t h i s  w a s  the  only operat ional  factor  tha t  differed cons i s t en t ly  from t h o s e  

of the  preceding months.  







CONCLUSIONS 

The precision of t h e  MBTS scheme can b e  improved from around 

i l o  r sec to around - + 3 r s e c  by correct ing for lunar topography. The 

sys temat ic  errors must f i r s t  be explained and removed. 

Acknowledgement: The authors would l ike  t o  thank F'. Borncamp and 

K. Wells  for a s s i s t a n c e  in coordinating t h e  experiment.  The he lp  of 
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TIME DISSEMINATION METHODS FOR 
NETWORK AND LOCAL TELEVISIOl% - ABSTRACT 

by George Kamas* 

The National Bureau of Standards i s  conducting experiments in t h e  

u t i l iza t ion  of t e l ev i s ion  for the  d isseminat ion  of time and frequency.  The 

long-term objec t ive  of t h e s e  expcriments is t o  develop a te levis ion  time 

disseminat ion  sys tem for ,the United S ta tes .  Various techniques  of t e l e -  

v i s ion  time disseminat ion  and d i sp lay  are d i s c u s s e d .  The paper wi l l  be 

ava i l ab le  from the  Nationul Bureau of Stantlards Time and Frequency Division 

in  Boulder, Colorado in t h e  near  future.  

*Time and Frequency Divis ion ,  National Bureau of Standards ,  Boulder, 
Colorado 80302 ,  (303) 4 4 7 - 1 0 0 0 ,  L'xt. 3 3 7 8 .  



MICROWAVE, OPTICS, LASERS, AND 
OTHER EXOTIC SYSTEMS 

by Kobert Stone* 

I t  is good to work in  a rea l  world if p o s s i b l e ,  and t h e  r ea l  world 

in  timc arid frequency h a s  had a look ovcr the  yea r s  ;:is shown i n  Figure 1. 

NRL h a s  been ac t ive  in t h i s  field s i n c e  t h e  ear ly  3 9 2 0 ' s .  Thc sol id curvc 

rep rcscn t s  what t h e  real  need  h a s  been ovcr t h c  years  in precision t imc 

and  f requency,  and  the  dotted curve represents  t h e  state-of- the-art .  In 

t h e  beginning yea r s  of e l e c t r o n i c s ,  t ime and  frequency were thought of 

sepa ra te ly .  Tuning forks ,  c r y s t a l s ,  etc. were u s e d  t o  control frequency; 

pendulums and other  s imilar  d e v i c e s  were used  t o  control t imc.  For the  

grea ter  part of t h e  t i m c ,  the state-of-the-art in t ime and  frequency h a s  

been a factor  of 10 grea ter  in accuracy  than was  ac tua l ly  needed .  Com- 

munication during t h i s  period was  very simple aild t h c  t ime/frec~uency prob- 

lems could be very e a s i l y  rnct. 

A major brcn kthrough in time/frequency techniques  occurred with 

the  advent  of t h c  ring crys ta l  in 19 30 . By 1940 , starldards ca pal-)le of main- 
8 

ta in ing frequency to  10 and time to 1 111s~ were Available. During t h i s  

period,  operational requirements lor precisioil  t ime cind frequcncy wcrc a l s o  

inc reas ing .  Navigation systcnis  , such 21s LORAN, wvrc coming irito he iny 

a n d  digi tal  communication s y  stc:ms rcquircci in t t lc typi .  sys tems  were being 

introduced.  In t h e  1 9 4 0 1 s ,  ;I number of O temperature coefficient  c rys ta l s  

were being deve loped ,  such  d s  the  GT cut cryi;,Lal i n  1942 and the  AG cut 

in  1950. 

About 1960,  frcquency synthesizers wcrc dcvcloped which al lowed a 

much more p rec i se  control of t r ; ~ n s m i s s i o n  frcqucnc:ies. Corlcurrent with 

*Head,  Radio Ti.me and  Frequency Sec t ion ,  Ncival Research Laboratory, 
Washington,  D . C .  (202) 767-3454. 
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t h i s  was  t h e  development o f  s t ab i l i zed  s ingle-s jdc  band s y s t e m s .  Prior 

t o  t h i s  point in h i s to ry ,  t h e  techniques  which were u s e d  were simple and  

e a s i l y  understood.  Operation and maintenance were pcrfornied through 

intui t ion.  A l l  t ha t  w a s  needed of precision time c~nd  frequency w a s  s u f -  

f i c i en t  frequency control t o  hold t h e  s ignal  within the band p a s s e s  of t h e  

systern employed. 

About 1950 ,  th ings  began t o  change.  More and rriore prec is ion  w a s  

being required in frcquency a n d  t inie.  The intui.tivt? a p p r o a c l ~  t o  e l ec t ron ic  

operation a n d  maintenance began t o  give way t o  a grea ter  u s e  of instrumen- 

t a t ion .  A s  more sys tems  were developed (such a s  TACAN, OMEGA, LORAN-C 

in  the  navigat ion area ;  and u s c  inc reased  of the  t e l e t y p e ,  s t ab i l i zed  s ingle-  

s i d e  band ,  higher baud r a t e s ,  and t h e  us c of rnurltichannel operat ion in the  

communications a r e a ) ,  the  demand for more precisiori i n  t ime and frequency 

inc reased .  Figure 1 shows a n  inc rease  of abou,t a n  ori-ler of 10 in  precision 

for e a c h  decade  up t o  about  1950. Sorrlewhere between t h e  1.350's and 

1 9 6 0 8 s ,  there  was a n  upswing,until  in the  dccadc  between 1960 and  3970 

the re  w a s  a n  inc rease  of about  three  orders  in t h c  operat ional  need  of pre- 

c i s ion  t ime and frequency.  'This need i s  still. incrcns ing.  With t h e  advent  

of sa te l l i t e  communication, spreild spectrum frecluency diversity , a n d  

integrated s y s t e m s ,  i t  can be  expected  tha t  cvcnturjlly a tirne wil l  come 

in which a l l  t h e  precision t ime and frequency which c a n  be  provided by 

the  state-of- the-art  wil l  be  u t i l ized  in opcrationa 1 s y s t e m s .  If t h e  prcs-  

en t  r a t e  of inc rease  continut:s, t h i s  point may be reached a t  some time in 

t h e  next  dccade .  

The aim of t h c  t ime and frequency program i ~ t  NRI; i s  t o  provide a 

prac t ica l  path by which use r s  of precision time and frequency can  refer 

to  a common worldwide standard a t  t h e  Vaviil CIhserv;.~tory. A hierarchy 

is envis ioned,  such  a s  i s  shown in Fiyure 2 ;  in which the  stanciarc3s a r c  

maintained a t  t h e  Naval Observatory; ;-I long-range rneans of t r ans fe r  i s  pro 

vided t o  various parts  of  the  world; t h e i ~ ,  branching frc)rn t h e s c  po in t s ,  
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there  is a short range means of t ransfer  t o  local  time distribution centers  

which se rve  t h e  use r  sys tems .  This concept is shown another way in  

Figure 3 .  Any system which ut i l izes  precision time or t i m e  interval a l s o  

h a s  a capabil i ty for the  dissemination of t i m e  and  t i m e  interva 1 t o  t he  

accuracy required in t h e  sys tem,  The most economical way t o  t ransfer  or  

d isseminate  time and frequency is t o  u t i l ize  those  sys tems which require 

it. Such a sys tem for long range t ransfer  of time is t he  DSCS sa te l l i t e  

sys tem.  Utilization of t h i s  system on a non-interfering ba s i s  will permit 

t he  transfer  of  precision time t o  about 1/10 msec  anywhere in  the  world,  

which h a s  t he  proper fac i l i t i e s .  Following t he  same concep t ,  short range 

and distribution of t i m e  and frequency would uti l ize avai lable  communi- 

ca t ion and navigation sy s t ems .  

At present ,  the  worldwide dissemination of precision t ime ,  a s  en- 

visioned by NRL, appears a s  shown on Figure 4 .  Time wil l  b e  introduced 

in to  the  DSCS sa te l l i t e  system via a microwave l ink from the  Naval Observa- 

tory. This link a t  present  goes  from the  Observatory t o  NRL and Waldorf ,  

but when t h e  system becomes operational the  link will go from the  Naval 

Observatory t o  Brandywine, Maryland. Once in  t he  DSCS sa te l l i t e  sys tem,  

t he  transfer  of  t ime can be accomplished t o  virtually a l l  major a r ea s  of 

t he  world. From the se  points ,  i t  is expected that  o ther  sy s t ems ,  such a s  

LORAN-C, OMEGA, VLF, HF, e t c .  , will be synchronized.  Plans  a re  being 

made t o  extend th i s  hierarchy t o  the  shipyard,  the calibration center ,  and .to 

sh ip  and shore s ta t ions .  One of the  major problems in developing th i s  

hierarchy is t o  determine the  users  who should receive precision time and 

t o  set a sys tem of priori t ies.  

Short range t ransfer  of t i m e  will be accomplished by c a b l e ,  optical  

l ink ,  or microwave l i nk ,  It is expected that  the  m o s t  extensive  met.hod 

will be the  microwave l ink ,  Such a link has  been es tabl ished between 

t he  Naval Observatory and NRL. Figure 5 shows the character is t ics  

of th i s  l ink.  The hydrogen masers a t  NRL can quite effectively be  compared 
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with t he  standards a t  t he  Naval Observatory via t h i s  l ink.  Both a t i m e  t ick 

and a 1-mc s ignal  a re  transmitted. Accuracies of 10 msecs c a n  ea s i l y  be  

obtained.  Although t h i s  link is devoted exclusively t o  t h e  u se  of time 

frequency t ransfer ,  it is expected that  comparable resu l t s  will be obtained 

when t h e  time t ransfer  techniques a r e  added t o  operational sys tems .  

A t  present ,  NRL is investigating various operational sys tems which! 

can be  utilized for t h e  short range transfer  of time and  i t  plans t o  develop 

techniques t o  extend t he  time hierarchy through t he se  sys tems t o  t he  various 

DOD use r s .  
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REQUIREMENTS AND PERFORMANCE 
FOR TODAY'S ATOMIC STANDARDS 

by Dr. G .  M .  R.  Winkler* 

This paper addresses the requirements, specifications,  and perfor- 

mance for atomic frequency standards in general. Requirements for uni- 

versal time and certain general concepts of time-dissemination systems 

wit1 be considered in later reports. 

USER REQUIREMENTS 

The first user requirement i s  the 100 msecs needed for celest ia l  

navigation. This contains a margin of safety,  because most navigators 

are satisfied to  know time to about 1 second. However, certain automatic 

systems under development or in use do need 100 msecs.  From the total 

number of ephemerides, nautical t ab les ,  and almanacs used every year 

throughout the world, the total number of English-speaking users i s  es t i -  

mated to  be 100,000. It appears that their requirement of 100 msecs will 

not disappear in the near future. It has been pointed out that ,  once elec-  

tronic navigation systems receive more widespread usage,  the requirements 

may be relaxed; however, such relaxation is not expected within DOD; on 

the contrary, a need for immediate timing to 10 rnsecs (UT) has  been indicated 

for some areas .  

A more exacting requirement of 1 msec after the fact exis ts  for universal 

time (UT ) for geodetic purposes. Of course, this exceeds the state-of-the- 
1 

ar t .  It can be gotten only after about one or two months. The published 

International Bureau de 1'Heure (BIH) values are precise to  about 1 msec. 

(These are averages of about 50  observatories .) Anything more exacting 

*Director, 'Time Service Division, U .  S .  Raval Observatory, 
Washington, D.  C . ,  (202) 2 5 4 - 4 5 4 6 .  



than the precision value of 1 msec can r-efer only to synchronization 

requirements. But synchroni.zation requirements evidently can be satisfied 

a t  the same time or with the same sys tems ,  which a l s o  give this U'X' timing 

information. If the two are separated arltl orlly clock t i h e  i s  d i s cussed ,  

then the simultaneous existencc: of several timing systems i s  admitted-- 

a most uneconomical and undes irable s itua tion. 

A stated requirement of 5 p s e c s  worldwide exis ts  for the A i r  Force 

calibration system. Many purposes , related in one way or another to 

space tracking, have a l e s s  exacting requirement of about 100 s e c s .  t" 
The observation and tracking of objects in space requires clock time 

synchronization to about that magnitude. However, a margin of safety  

i s  always desired,  which explains many requirements that  go down to a 

10- s e c  range or l e s s .  Y 
A fourth area of requirement has  been generated by the recent evo- 

lution of the time/frequency (T/F) technology , or time-ordered systems . 
This technology presents two general requirements. Systems that require 

the simultaneous emission of many, many signals on the same frequency 

need a very exacting ordering or assignment of time s lo t s .  This system 

i s  known a s  the time frequency collision-avoidance system proposal. 

Other requirements, then,  come from the need to  measure location to a 

very high degree of accuracy by measurj-ng the times of arrivals of signals 

emitted from navigation transmitters. A range of 1 0 0  to 500 nsec i s  l isted 

a s  a primary concern. This requirement covers most, if not a l l ,  of the 

systems currently being studied,  under development, or in R&D. Some 

100 users  require that degree of precision a t  present. I f ,  however, any 

of these systems i s  implemented during the next years,  the number may 

easi ly  increase to  thousands.  Some requirements hdve a l so  been tenta- 

tively l isted on the order of 10 nsecs  for 1.imited a reas .  

When the l is t  of requirements for :new distribution systems or high- 

precision clock performances i s  considered, i t  appears that 100- rsec 



or 200-  p s e c  precision figures woul,d leave  ii vcry laiqi.: ~ ~ I . I I I I ~ : ~ L : I  (11 I.I;;(.:I.F; 

unsa t is f ied .  Therefore , effort  should be concentr-a ted on s ys t:i.:rr~r; L ~ I ~ I  t 

have the capabi l i ty  of sat isfying any 01 thest? rcc~i~irerncrits , I .P .  , ; Y E -  

terns tha t  c a n  give $ s e c  or bet ter .  r 
SPECIFICATIONS 

After th is  very short overview 01 exis t ing  synchr-cirliz;lt.ion rcij1.11rt: - 
ments ,  the speci f ica t ions  for  c locks  o-r frequency s landards  t o  i:)c: 11scti 

in these  sys tems are d i s c u s s e d  in  the  iollowing paragraphs.  'There? i s ,  

of c o u r s e ,  a choice:  (1) a continuous1 y avai lable  s ynchronizati.on ci.in be 

assumed ( e . g . ,  the systerri described by Mr .  $Lon[-: or any systcrri thaL 

has  continuous two-way communication, such sys tems a re  not c:onsidcr-ecl 

t o  be  typical  time-frequency sys tcrns) ;  o r  ( 2 )  systems that  for mor- tii is 

, Lc.-)ri , would require a maintenance of s y n ~ h r ~ n i z a t i o r . 1  t.o microsecol~d pr-cci:?' 

without any  access t o  synchronizat ior~ . In  the  f irst  c a s e ,  sophis t ic2  tcti 

osc i l la tors  wou1.d not be required,  t h u s  vcr-y cheap  crystal osci 112 tors 

could b e  u s e d .  Hut the  tools  requiretl to ):la iritain rcsynchror~i 7i3t i  nil 

rel iabil i ty under all. c i rcumstances  i n  tl-lc pr.csericc o f  n o i s e ,  ~ ~ ~ I T ~ I I [ : ~ I I ( . ~ ,  

and spoofing would consume a l l  your r e s o u r c e s .  

In the second a l ternat ive  a siqnif icant  advantage woulci be gained 

by being ab le  to  live for extended periods of time without any comn~unica-  

tion link; o n  the other hand,  the se lec t ion of a clock that  would offer 

precis ion,  uniformity of operat ion,  a n d  t h e  utmost re1,iability would provc 

a problem. It is somewhere between thes f .  two extremes that one h a s  to 

s e l e c t  o n e ' s  approach.  In a comparisori of the c o s l  e f fec t iveness  oi  pre- 

c i s ion  c l o c k s ,  cer ta in  numbers were a s  signed to the ini t ial  c o s t ,  service  

requirements, s tabi l i ty  and per-iorma ncc, anrl reliiibility of t h e  clock:  

to  production exper ience ,  and to  sens i t iv i ty  t o  environmental condi t ions ,  

magnetic f i e l d s ,  a l t i tude ,  high p r e s s u r e ,  e t c  . , cinti n simple formula was  

derived.  In th is  comparison the quartz c rys t a l  osc i l la tor  carrlc out far 



ahead of every othcr approach, not surprisingly, because the technology 

has  been fully developed over the l a s t  4 0  years.  On the other hand, the 

most glamorized frequency standard--the hydrogen maser--did not look 

a s  good. (Such comparisons clre use1ul only if one has  a l l  the freedom to 

develop a system. More often,  the engineer must accept  requirement:; 

blindly, i s  given no opportunity to poirit out certain pay-off possibilit:ic;c, 

and has no choice but to look a t  what i s  available . )  

At the present time, the Navy Electronic Systems Command i s  work-- 

ing on a specification for cesium-beam frequency standards,  which is  ;:in 

extremely difficult t a s k .  On one hand ,, the largest  number of requirements, 

including requirements projected for five years hence,  must be sa t i s l i ed .  

On the other hand, one cannot be exclusive.  A good specification ideally 

would a l so  encourage competition among capable contractors but exclude 

those with mediocre or poor performance records. But what kind of per- 

formance can one expect?  

PERFORMANCE 

As an  example, the performances of cesiuni beam standards observed 

a t  the Naval Observatory are reviewed in the follotving paragraphs. 

Before a portable clock is  sent  on i t s  way, a frequency adjustment 

i s  made a t  l ea s t  one or two weeks before departure to ensure that  the 

c lock ' s  rate i s  a s  small a s  possible with respect to the Observatory 

Reference (see Figure 1). When the clock leaves ,  a time measurement 

i s  performed. When it comes back the same tjme difference should be 

expected,  but, in effect ,  a small "closure error" i s  observed (At)--a 

sign convention that +At means the clock has lost  time. The most likely 

closure error of course will be zero. '1'hcr.c i s  an  equal probability for 

closure errors to be plus or minus i f ,  for a moment, certain very small ,  

predictable relativity effects are ignored . However, these are st i l l  not 





significant, so i t  i s  expected, on the average, to  have a closure error of 

zero,  and the performance of the clocks will be stated in the half band- 

width, s o  to speak,  of that distribution. 

Figure 2 shows two samples of actual measured performance. To 

arrive a t  these figures,  for example, aEisurrlc 2 7 trips for onc time interval., 

and 2 6  trips for a sccond time interval. Of those,  only the longer trips 

in excess  of two and one-quarter days have been considered. The sample 

s ize  i s  the same a s  well a s  the  mean duration and the sigma duration. 

The average closure error i s  + O .  1 s e c  in the first c a s e ,  and -0 .5  P s e c  

in the second sample. However, these numbers are not too meaningful, 

because of the sigma of about 1 or 1-1/2 p s e c s .  Figure 2 a l so  l i s t s  the 

average of the absolute closure error, I A't I and the rms At; +2.4 P s e c  

i s  the largest closure error in the first sample and -3 .9  r s e c  i s  the largest 

closure error in the second sample. In addition, the f i rs t  sample contained 

only 5060 ' s  and the second 5 0 6 1 ' s .  l'he second sample has a somewhat 

poorer performance, which cou1.d be caused by a nurnber of difficulties whi.ch 

was experienced with t h e  5061's shortly after they were introduced into 

the system. One component--the integraticn capacitor--caused us some 

problems initially; however, these nurnbers would not reflect a significant 

difference in the two s t a n d a r ~ s  on trips.  

The question is  how can one explain such a perforinance if one looks 

a t  performance measures taken in a laboratory. 

Clocks are routinely measured a t  the Observatory in reference to the 

Observatory's average time sca l e .  Such a clock average gives a n  extreme 

degree of redundancy and reliability of operation. The time scale  which 

is used a s  reference is  the average Observatory time sca l e .  

If times for individual clocks and thclr trtquency variations are 

plotted (see Figure 3 ) ,  the varlance is taken a s  w a s  initially introduced 

by Dave Allan in the special i s sue  of r o c e e d l n g s  of the IECE,  February 1 9 6 7 .  





The var iance  is used a s  the  standard notation and  the  frequency variat ions 

are  essen t i a l ly  plotted a s  a function of integration time: 0 . 1  d a y ,  1 d a y ,  

10 d a y s ,  and 100 d a y s .  'l'he individual cesium c locks  fa l l  into a general. 

branch with a s lope  of minus one-half.  That s lope i s  exac t ly  what  one 

would expect  if the  variat ions in  the d is turbances  are  s t r ic t ly  random. It 

is  the same law which governs any  random s ta t i s t i ca l  p r o c e s s ,  tha t  over 

a larger number of samples  the  variat ions dec rease  a s  one over  the  square  

root of the number. And the same l a w ,  o f  course ,  c a n  be expected he re .  

It i s  remarkable tha t  the c l o c k s ,  which 'were se lec ted  a s  better-than- 

average performers out of a total  sample of about  6 0 ,  f a l l  into a band 

2 x 10 
-13 

which goes  a t  tha t  s lope of about 6 ( 2 ,  tau)  = . The difference 
d t a u  

days  

in quali ty between c locks  i s ,  however, noted by the  point a t  which per- 

formance dev ia tes  from the  heavy solid l ine and branches off horizontal ly.  

A relat ively poor clock l ike #105H branches off a t  a point with a n  averag-  

ing time of l e s s  than one  d a y .  A very  excel lent  c l o c k ,  l ike #279, branches 

off a t  a n  averaging time of t en  days ;  th.ere is one b e s t  performer with a 
14 

one-sigma frequency variation of three parts in 1 0  for a n  averaging 

time of 40  d a y s .  I t  must b e  emphasized,  however,  tha t  all. of the  

performances shown in  Figure 3 have been obtained under laboratory 

condi t ions .  Clocks a r e  separa ted  in s p a c e ,  and  they a re  individua1,ly 

opera,Led, on individual power supp l ies ,  to  a s s u r e  tha t  al.1 v ~ ~ r i a t i o n s  

a r e  a s  random a s  poss ib le .  

Why do  c locks  branch off a t  various integration t imes ? The major 

reason is that  for such long intervzls  , t h e  prolmbil.ity becomes s o  high 

that  sys temat ic ,  irreversible frequency changes  occur .  In a cesium beam, 

such a n  irreversible frequency changf  Tor ~ n s t a n c e  , wou1.d be c a u s e d  by 

a change in  the  control voltage of the Zencr reference diode which controls  

the C-magnetic field . Or,  furtherrncire , a systematic change c a n  occur in 

the magnetic properties inside the  tr-ansition region.  Any one of s poss ib le  
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10 or 1.5 cr i t ical  parameters which influence the frequency s ' tability arc  

subject  t o  sys temat ic  change eventually.  The longer a clock is observed,  

the greater  the probability that such sys temat ic  changes  s t a r t  to  predomi- 

n a t e ,  and they will c a u s e  a n  upward swl.ng to a "random walk"  frequency 

modulation performance. For planning purposes ,  a typical  performance 

h a s  been assumed;  th is  i s  shown a s  the heavy sol id  l ine in Figure 3 .  

For the  bes t  avai lable  cesium c l o c k s ,  tha t  formula has  been used a s  a 

model. One h a s  t o  use  two branches:  one for the random frequency noise  

behavior (white PM), and  the second t o  s t a te  the point a t  which the  clock 

will  "branch off. " Variations in frequency c a n  a l s o  be expressed i n  varia-  

t ions  of t ime.  T i m e  deviat ions (dashed line) a re  then represented by a 

straight  l ine with s lope  +1/2 a s  long a s  t h e  model (heavy solid l ine)  follows 

down the  s lope  -1/2 and then wil l  branch off a t  a s lope  of +1 from the 

point where t h e  sys temat ic  d is t rubances  begin t o  predominate. Now, 

assume that a se lec ted  portable c l o c k ,  if left completely urldisturbed, 

would perform a s  well a s  one of our bes t  c l o c k s .  Suppose t h a t  clock is 

exposed to  the troubles of a journey or moved around; suppose i t  i s  

turned around in  the e a r t h ' s  magnetic f ield;  o r  exposed to  vibrat ion,  or t o  

shock .  Suppose i t  i s  moved in a n  airplane to make a tr ip;  i t  i s  moved in- 

to another laboratory; i t  i s  left there for one d a y .  Suppose a l l  of t h e s e  

things and then it may be reasonable to  assume that  something is done t o  

th i s  clock which c a n  a f fec t  i t s  sys temat ic  behavior on the average of 

about once  a day .  A performance along this  model for a trip of 1 4  days  

i s  expected with a variat ion in time of roughly 0 . 3  r s c c s  . The ac tua l  

performance i s  about three times poorer, but it i s  vcry much in the same 

ballpark.  Therefore, s imilar  considerat ions c a n  bc applied to  many timing 

appl ica t ions .  

If l e s s  exacting requirements are st ipulated so  that  a time base  is 

n e c e s s a r y  without any recourse to  external  synchronization fo r  periods no 

longer than one d a y ,  then one c a n  i)e sa t i s f ied  with a standard which 



will branch off or go up into the random walk a t  that  time interval 

a s  a rubidium standard does .  A rubidium standard has  a better  performance, 

in general ,  up to about one day ,  than a cesium clock; however, it  deterio- 

rates in i t s  performance rather soon. 

There are a few hydrogen masers which we have seen  or which we 

use  repeatedly: two a t  the Naval Research l,aboratory, which are  a c c e s -  

sible to us via the microwave l ink,  and one a t  the Observatory which js 

available directly within our Laboratory. The performance of these  hydrogen 

masers for short periods of time (such a s  fractions of a day) i s  absolutely 

outstanding; they  are  unquestionably, the be s t  clocks in exis tence.  When 

integration times of ten days  or longer are reviewed, they become disap- 

pointing, because they tend to be poorer than the best  cesium standards 

and,  of course ,  poorer than the average of a l l  cesium standards .  Conse- 

quently,  the best  use of the hydrogen maser seems to remain in applica- 

tions which require the utmost in spectrum purity or the utmost in suppres- 

sion of phase noise for integration times shorter than a few days . 
For many applications,  engineers who have a n  understandable urge 

for a sufficient margin of safety and available precision,  tend to se lec t  a 

high precision standard. If there i s  any quest ion,  they select  the better ,  

or what they feel  i s  a better standard.  'I'his can be a very dangerous 

tendency. For ins tance ,  assume i t  1s necessary to have a frequency 

stabil i ty for a timing requirement of a fraction of a microsecond for a 

couple of days .  That would be a requirement typical for navigation- 

timing appl icat ions ,  or for systems such a s OlVIEGA or LORAN-C . Further,  

assume that one would follow this tendcncy and specify something more 

elaborate than a commercial ceslum beam standard.  I t  would be a great 

mistake,  because the available measurement precision a l so  enters .  If 

phase differences cannot be measured wlth ci precision greater than about 

one-tenth of a microsecond, then l t  takes a very long time to make full 



u s e  of even a cesium s tandard.  It is t h i s  phase  noise which p laces  a n  

ultimate limitation on the usefulness  of a precision frequency s tandard.  

It appears ,  therefore, that  future requirements will not go  towards a n  in- 

c r ea se  in  short-term s tabi l i ty  over what ha s  been accomplished with hy- 

drogen masers ,  but ins tead will go  towards a more rel iable exclus ion of 

sys temat ic  changes  in  frequency standards for longer periods of time be- 

c ause  of these  benefi ts  for T/F systems u s e .  Clocks c a n  be lef t  a lone for 

longer periods of time and tha t  means c locks  can  be se lected which per- 

form better  in  th is  area . 



DISCUSSION 

Dr. Reder 

What i s  currently being done t o  improve ces ium standards;  d o e s  

anyone have a contract  ? 

Dr. Winkler  

Does  anyone want t o  express  himself d i rec t ly  o n  t h i s  q u e s t i o n ?  

No response  t o  t h e  ques t ion.  What i s  being done t o  improve ces ium 

s tandards  a t  t h e  moment? Apparently "no response"  ind ica tes  only an  

a b s e n s e  of Government sponsored R&D. W e  know tha t  the re  is continuing 

commercial development. 

Cdr. Potts 

I would l ike  t o  t a k e  a couple of minutes t o  explain our experience 

with t h e  commercial s tandards  we h a v e .  We own a l l  HewleLt-Packard 
8 

standards--a couple of 5 0 6 0 ' ~ ~  and mostly 5061 ' s  on t h e  order of  80 ces ium 

s tandards  s o ,  for t h e  l a s t  yea r  and one-half ,  we have undertaken complete 

maintenance of t h e s e  s tandards .  WE ran into some problems on the  com- 

mercial s tandards .  Ini t ial ly they were quali ty control led.  There were 

some bugs which were not renlovcd , such  a s  the integrator capaci tor .  

There have  been some fai lures which ha.ve occurred severa l  t i m e s ,  and i t  

h a s  been a lemming curve for u s  a s  well a s  for Hewlett-Packarcl. I prefer 

not t o  s ingle  them ou t ,  but they happen t o  be t h e  only s u c c e s s f u l  manu- 

facturer  of ces ium s tandards  and they a rc  the  only s tandards  we have.  

We have had a di rec t  link back t o  them in a n  efforL t o  improve succeeding 

models of ces ium s tandards .  It h a s  been a continuing program with u s  t o  

document a l l  problems and t o  inform Hewlett-Packarci of them t h s n ,  in  

turn when we receive  s tandards  from them, check to  s e e  i f  t hose  problems 

s t i l l  remain. I would sol ic i t  a comment from Lt. Dave Clernents of our 



Laboratory, who runs the timo frequency laboratory and our cesium main- 

tenancc,  and perhaps he  can give you a Little better idea of thc real 

numbers. 

Lt. Clements 

We have shown recently,  in the  Lzst clght or tcn months, a mean- 

time-betwcen-failure of all the unit:; pushinq 20 , 0 0 0  hours for the  cesium 

standards,  and the cooperation we got from Hewlett-Packard h a s  been 

qulte good. They have done some dcsigrl changcs within the unit on their  

most recent models concerning their operational amplifier, and they have 

a l so  done some work on their  syntheslzcr assembler.  Recently, we received 

a batch of new units and we ran into a quality control problem inasmuch a s  

11 of the  2 3  units wc received had something wrong with them. So, other 

than the quality control, the  design work. on the ceslum seems to  be gradually 

improving. 

Dr. Winkler 

I would like to  make a fufiher comment here. Mr. Acrivos a t  the Naval 

Observatory has  organized very crucial a.nd difficult environmental t e s t s .  

Such t e s t s  have a l s o  been performed by Dr. Hafner in Ft. Monmouth. A 

recent report summarizing the results  of Dr. Hafner's t e s t s  was issued by 

Sperry Gyroscope and i s  available upon request .  Onc of the  resul ts  of 

these  t e s t s ,  and one that h a s  been overlookctl in our testing up to now, i s  

the very great sensit ivity of these  standards to AC magnetic field s , Some 

standards reacted extremely poor to an  exposure. Both companies which 

produce cesiums,  are making special efforts to improve and to  reduce the 

the sensitivity t o  the  AC f ie lds .  The scrlsitivity is not all  centered in the  

beam tube alone; it i s  a l so  in the synthesizer and frequency multiplier, 

where problems apparently exis t .  



Mr. Acrivos (USNa 

Hewlett-Packard i s  making modifications, both in t h e ~ r  tube and in 

their magnetic shielding by installing new metal shielding around their 

synthesizer and multipliers. The first unit will be delivered for testing 

undcr NAVELEX sponsorship on December 1 5 ,  1 9 7 0 ,  and I believe,  when 

you order the tubes from now on, the new tubes will a l l  be equipped with 

additional shielding. 

Dr. Winkl.er: 

There i s  a second development which I would like ,to mention. 

Probably many of you have become aware of the nine-inch beam tube and 

the small po1tab1.e standard or small airborne cesium beam standard engineer- 

ing model which was shown by Hewlett-Packard. There i s ,  a t  the present 

time, no intent so far a s  I understand on the part of ,the FIewlett-Packard 

company to  offer that engineering mode! a s  a production unit. However, 

we have explored i t ,  and there i s  a willingness on the part of the company, 

if a sufficient number of units should be ordered, to  start a hand-made 

production ser ies .  The estimate which we have received h a s  been $ 3 5 , 0 0 0  

for the f i rs t  unit. If we order more, presumably that price would go  down. 

It appears that  the performance to be expected from a very small, cesium 

standard of this  s ize  would be st i l l  much better than rubidium standards 

that arc available up to now. It could be carried i n  an airplane under the 

sea t .  It would have power for 10 hours, so i t  would not have to be con- 

nected to the aircraf t ' s  supply. There i s  a tentatj-ve specification for that 

instrument here ,  and i t  i s  ava i la t~ le  for anyone who has  not seen it yet .  

It i s  certainly a most desirable unit to  try out, and I wonder whether many 

agencies ,  even outside DOT], would be interested in such a unit, and 

whether or not we should pool our resources into one order for tl number 

of these.  The Observatory i s  interested in ordering one. 



Beck (NRL): 

Is there any thought on the physical s ize  constraints of the  device?  

There i s  a new device coming out with a long depth,  and I think that  there 

might be better physical constraints.  

Dr. Winkler: 

Yes, let me read the s ize  quoted: 4-7/8" x 7-5/81' x 19-9/16", 

40 pounds weight, 28 wat t s ,  DC 22 t o  35 volts or 115 vol t s ,  50 to 400 
11 

cycle.  I ts  long-term stability i s  quoted to  be better than one part in 10 , 

and i t  includes any combination of environmental effects.  It will withstand 
0 0 0 

certain environmental conditions operating -54 C to  +71 C ;  storage -62 C 
0 

to  -1-85 C; altitude 0 t o  30,000 feet; vibration a quarter G 2000 Hz; shock 

MIL-E 5400 L ,  30 G I  11 msecs; magnetic field 0 t o  2 gauss .  These are 

the specifications by Hewlett-Packard . So, my proposition i s  t o  invite 

an expression of interest t o  join in a procurement for a few units t o  be 

used in some of our portable operations and I am sure that would drastically 

reduce the cost  of portable operations for everyone. 

Mr .  Chi: 

If I may make one more remark on th i s ,  we heard previously some 

really hair-raising requirements or would-be requircments , and I think 

that  the  time i s  now to  invest  some money In improving these  clocks.  

Because i f  you wait too long, then you have to start a l l  over aga in ,  and 

i t  will cost  dear1 y .  

Dr.  Winkler: 

Thank you for your comment. I think the existence of a number of 

competitors will inevitably bring down the price and improve the performancc. 

The existence of one competitor who very vigorously entered the market 

has  a.lready accomplished something in that respect.  



Mr. Chi: 

The specification for the  new Hcwlett-Packard short-beam tube i s  

designed for general-purpose type,  and that i s  why it t akes  40 wat ts .  

I wonder i f  you want t o  follow thc company specifications to  develop such 

a unit,  s ince there i s  very l i t t le difference in terms of power requirements. 

The advantage of that unit i s tb~.tr i.7 i ~ ,  srna!.! , and it should a l s o  consume 

l e s s  power (which the bcairi tul~cl: i.:.:jer:d docs ,, i t  consumes much l e s s  

power). There i s  no reason to  12~Id OH t o  i t  so  much electronics,  which 

may not be neccessary for the i i~tendcd use.  

Dr. Winkler: 

It is my understw~dlny thdi: the  ~ . lcc t ron lcs  proposed are  a bare 

minimum requirement and even the  one pulse-per-second output would not 

be available except a s  optlon. There woultl be no clock movement; you 

would just have the one pulse-per-second o ~ ~ t p u t  and get your seconds 

and minutes from good old MV V. 

Mr. Chi: 

Well ,  I undcrstand that the bcam tubc takes l e s s  than 1.0 watts total  

power. So with the Lochnology of t : lectrnn~cs and possibly a simpler 

power supply where most power i s  wasted,  one probably can reduce the 

power by a factor of two. 

Dr. Winkler: 

But after a l l ,  there is only onc vray to flnc: out ,  and that is to  

purchase a few of th~.c,e units and t c s t  thcrri. I think that th is  i s  perhaps 

a more economical approach for us than to  start a separate R&D project, 

Mr. Chi: 

I think without making any commitment, if you paid the first  $35,000, 

we will be willing to  buy the second i f  they c3me down in price. 



Dr. Winkler: 

Yes, but I believe that price i s  available only if you buy a l l  of them 

a t  once. 

Mr. Lieberman (NAVE1 ,EX) : 

We glossed over rubidium, though, and I understdnd that mdny of these 

systems that are comiilg out are going ovsr to rubjcliurn. I wonder i f  you could 

d iscuss  comparative differences between ruhidium and cesium and your 

crystal  oscil lators.  

Dr, Winkler: 

Let m e  emphasize that  in the Observatory we have not had nearly the 

same experience in respect to  ruhidium standards in comparison with ce- 

siums. We have had some of them in the 0bserva.tory for extended periods 

of time, both the Tracor unit and the Hcwlett-Packarrl unit. We have s l so  

receivcd reports, particularly froi-a Mr. Caston's group a t  NRL, who for 

some time made differential phase measurements against  our signals.  We 

have evaluated about five to  seven. I would l.ike to have Mr. Easton give 

us  some additional comments. Rut t o  answer your question with regard to  

the rubidium standard in comparison to  the cesium, I believe i t  i s  a fine 

standard-- the same performance you would expect from an extremc1.y fine 

crystal  standard. It holds i t s  frequency during short-li.me stability for 

periods shorter than one day ,  better than ccsiurn; but when i t  comes to  

longer periods, which may be of no interest to many systems,  then you are  

forced to make continuous adjustments of the (::-field or ,  i f  the adjustments 

become very large, change one digit in the synthcsizer,  in order to keep 

on the same specified system frcquency. If you have  continuous resynchro- 

nization capability in a system, and if you are willing to  put up with that 

need to  make adjustments, then the rubidium standard may be a n  excel1,ent 

choice. On the other hand, if the system i s  designed properly from the 



t~eginning,  these  adjustments will nat be difficult because you can  do i t  

by way of adjustmcnts inhcrcnt t o  the needs of the  system. For ins tance,  

in 1,ORAN-C, you could perhaps make adjustments by means of very small 

phasc s teps .  Or, in the OMEGA system, a s  I understand i t ,  there are 

regular phase adjustments performed to  bring the rates of a l l  standards to  

the same nominal value.  You can incorporatc thc  adjustments due to  the 

drift of the rubidium into these  adjustments which are  already necessary.  

So i t  dcpcnds upon the system's  configuration, I would s a y ,  to decide that 

question,  and I completely agree with your thesis  that one should not over- 

look i t .  It i s  a standard which is half a s  e x p e ~ ~ s i v e  and certainly about 

a s  complcx, and presumably, it will have better lifetime characterist ics 

of i t s  primary frequency controlling elements than a beam tube,  which i s  

rather good already, in the c a s e  of cesium. One should not overlook the 

rubidium standard,  I perfect1 y agree with that .  I would like to  ask  for 

more comments . 
Mr. Ed Rickey (Aerospace Guidance and Metroloqy Center): 

I would like to  comment on the rubidium standard. Just  a s  you were 

saying, continuous synchronization i s  a must i f  you are going to  consider 

instituting a rubidium standard. If you are going to be a t  a remote location 

where you have a requirement to maintain no worse than 500 msecs in s ix  

months for example, you are wasting your money to  t~uy  a rubidium, even 

though microseconds is not a very stringent requirement today. Neverthe- 

l e s s ,  you cannot guarantee yourself 500 msecs in s ix  months i f  you have 

a rubidium with no resynchronization capabil i t ies.  A s  a consequence,  I 

just want cveryone who may be thinking of buying a rubldlum standard to  

kcep th i s  in mind, and l f  they are not golny to  have the resynchronization 

capability whcre they are  going to  install  the system,  then  i t  is a was te ,  

complete1 y.  



Dr. Winkler: 

The Coast  Guard, I think i s  in a n  exccllant position to comment on 

th i s  questioh,  would you,  Cdr. Potts ? 

Cdr. Potts: 

Yes, we have used the rubidixm standards for a number of years .  

We do  not have a large family of them, bu,t one of the major problems we 

found in rubidium standards,  no matter who makes them, i s  their  relhability. 

I tend to  live in the real world. We have a system, or systems,  to  operate. 

That means we have standards scattered al.1 over the world. We must keep 

them operating-- not just one in a laboratory somewhere or in  some nice 

environment, but,  quite frankly, t he  rubidium standards have not cut the  

mustard! I would like to  point out a l s o  that  if you are  considering a single 

standard, or even several ,  which are going to  be within the range of some 

quality electromagnetic emission, you can purchase a good quality crystal 

phase-lock i t  t o  the  received carrier from whatever source you want ,  and 

enjoy the  best  of two worlds from the good short-term stability of t he  

crystal  oscil lator and the  excellent long-term stability of the  received 

carrier. So you can s e e  that you do  not need to  spcnd a lot of money, if 

you have something available in the  a,tmosphere. 

Mr. Lieberman: 

Along these  same l ines ,  and since I did mention that  new systems 

are  coming in which use the rubidium, do  we now havc any capability 

of calibrating them, a s  to their  full capacity ? 

Dr. Winkler: 

It appears to  me that we havc touchcd upon (in i s sue  where strong 

beliefs are a t  s take and we will cover these points later. 



ML Chi-  

I would l i k e  to  d i s c u s s  the  rubidium g a s  ce1.l. Number onc  i s  to 

x~ut i t  i n  i t s  proper perspect ive .  A s  far  a s  frequency s t ab i l i ty  i s  c o n c t ~ r n c c ~ ,  

thi: short--term frequency s tabi l i ty  i s  be t ter  than the  ccs ium.  I lowevcr ,  

when the long-term s tabi l i ty  e x c e e d s  one tiay o r  so ,  i t  i s  a  f ac to r  of 

alrriost 1 0 0  be t ter  than c r y s t a l s ,  although i t  may be a f ac to r  01 10 poorer 

than  ces ium.  Rcliabil i ty of the  rubidium gas ce l l  h a s  not been proven 

worse than tha t  of c e s i u m ,  although there might be some problems whj.ch 

we have  been inves t iga t ing  for  the  l a s t  year or  s o  by ourse lves  cind with 

the  Goddard Space  Flight Cen te r ,  and a l s o  we have given small  support 

to  Dl-. Vanier a t  Lava1 Universi ty in Quebcc ,  C a n r ~ d a .  'I:'he problcrri 

involved in  the  rubidium g a s  ccll. i s  that  thcrc i s  long-term dr i f t ,  the  

c a u s e  of which no one  exac t ly  knows.  The most l ike ly  sources  wil l  b e  

the  exci ter  in  the  l ight  s o u r c e ,  t h c  Eil.ter, and the  absorpt ion  c c l l .  'I'hc 

approach a t  the  moment for ins t ance  i s  t o  so lve  the  l ight  in tens i ty  prob- 

l e m .  One method i s  to u s e  a gallium a r sen ide  type of l a s e r .  Also ,  we 

have  another  approach which I  wil l  l eave  for  future d i s c u s s i o n .  Tor the  

g a s  c e l l  par t ,  we a r e  using a riew rnateris l ,  nl-imel.y ruby,  and w e  try t o  

evapora te  ruby on  the wall . Hopefully, tha t  wil l  tend t o  rec1ut:e the  

sys temat ic  frequency dr i l t .  kTowever, I  do  not havt? any  I-esults  t o  rcport , 

s i n c e  th is  i s  not my work. This would genera l ly  indici.itc tha t  there i s  a 

ce r t a in  amount of effort in reducing the  sys temat ic  drif t .  S o ,  if you c a n  

s t a n d ,  in my opinion tha t  i s ,  with the c r y s t a l s  for whatever operat ion you 

may be doing,  then the  g a s  c e l l  probably would b c  ;:it l e a s t  a factor  of 1 0 

or 100 bet ter  than the c rys ta l  in  the  1.ong-term drif t .  Thjs means tha t  you 

wi l l  not have t o  correct  qui te  a s  much; the  power consumption we  should 

b e  a b l e  t o  bring down. This is one  reason why ,  in the  short  ces ium beam 

t u b e ,  i f  it i s  properly des igned ,  there i s  no reason for the  e lec t ronics  and 

power supply  to consume 30  wat ts  of power. It should come down by a t  

l e a s t  a fac tor  of 3 or so  to 1 0  w a t t s .  These a r e  sornc of the  things which 



I think we  should look i.nto very careful1.y. The ncixt area of cornrnent i s  

the hydrogen maser.  So fa r  a s  the  hydrogen maser. experience i s  cnncerrlcd 

from our measurement, t he  s tabi l i ty  exceeding one day  i s  a li.ttl.e bi t  better  

than what was  indicated,  although it may not h e  beyorld t c n  days .  If you 

r e ca l l ,  Harry Peters did show a curve that  showed that he ohtained the  

des i red resu l t .  

Dr. Winkler: 

I did not want to s a y  that  the hydrogen maser i s  "no gootl." As a 

matter of f ac t ,  th i s  is the bes t  clock anywhere for short jntegration time, 

even  for the  next five yea r s ,  un less  we have a major breakthrough j.n 

another principle. My comments were solely directed to thc  experience 

which we had using the  Varian (manufactured la ter  by Hewlett-Packard) 

des ign and modern e lec t ron ics .  Rut, a s  ha s  been pointed out  b y  

M r .  Phillips (NRL),  one part i n  1013 is a n  excel lent  s tabi l i ty ,  and by no 

means anything to  be sneezed a t .  

Dr. Reder: 

We have had t en  rubidium standards s ince  1 9 6 5 .  Jus t  to answer  

your quest ion,  Mr.  Lieberman, out  of this  t e n ,  o n l y  one holds -the f re-  

quency to  approximately 10 r s e c s  a month. The othcr ~ i i n e  standar-ds 

have a bigger drif t .  This i s  point number one .  Point number- two i s  one 

which some people may overlook on the rubidium: T!ou mus t  r ese t  t!-~e 

crys ta l  from time to time because  crys ta l  drifting---clespiLe the lliyh servo-- 

gain--would c a u s e  a n  appreciable frequency changc over a period of s ix  

months. The l a s t  point I want to make is with rc:sy;ect. to  reliilbility. 

Rubidium standards were considered more relia bl e thri n cesium standartls 

about five years ago: however, I doubt if that  i s  :;till true. Because 

according to the  t en  we have ,  I would s a y  that  thc: reliability with respect  

t o  the rubidium g a s  ce l l  and the excitat ion l a m p ,  js probably about  the 

same a s  that  of the cesium beam tube.  



I 

Dr. Winkler: 
-. 

These  ques t ions  are of grea t  importanrn . and I would very  greacly 

dppreciatc? re,ceiving more information. In the  meantime, hQr. Easton i s  

here 2nd I wonder if he h a s  a n y  commeilts to make o n  h i s  exper ience  con-  

cerning rubidium s tandards  . 

Mr. Ca ston: 

I am afraid our expericnce h a s  not been a s  grea t  a s  t e s t ing  e ight  

or  so. We only  t e s t ed  two,  and those  two did t e s t  out  very  wel l  fo r  

integrat ion t imes of one d a y ,  a s  compared to  ces ium standard:  . 

Dr. Winkler: 

It  appears  tha t  we a r e  approaching the end of ques t ions  or  comments.  

Before I move t o  a different s u b j e c t ,  l e t  me mention tha t  NBS h a s  just  

published a 'Ilechnical Note 394 by Dr.  Barnes,  'Mr. C; i i i ,  Dr. C:c;:ler, and 

o the r s .  It i s  actual1 y a group tha t  is working in support of e f for ts  to  

come up with proposals  for a n  IEEE standard for specifying frequency 

s t ab i l i ty .  According to my copy he re ,  i t  i s  for s a l e  by the  Superintendent 

of Documents for 60$, and you may get  some of them f ree  from the  Bureau. 

It  i s  NBS Technical  Note 394,  "Characterizat ion of Frequency Stabi l i ty .  " 

Mr.  I.,ieberman: 

We a r e  writing the  speci f ica t ion  for  ces ium.  We a r e  just  in  the  

p rocess  of the final draf t ,  and 1 would like any comments you might have 

so tha t  w e  c a n  include them i f  there are a n y  spec ia l  parameters  needed.  

We think we are  trying t o  g e t  a ces ium standard t o  s a t i s f y  everybody,  

but a t  t h i s  time we do not know. 



EXPT,ANATION AND REQUIREMENTS 

FOR UNIVERSAL TIivIE 

by Dr. G.M.R.  Winkler* 

This sub jec t  s trongly depends  on feedback and i s  one of extreme 

importance for the  Observatory,  which a s k s  for your pa t i ence ,  a l l  of you 

who a r e  not d i rec t ly  concerned with the  s u b j e c t ,  the l a s t  'L'irne Service 

Announcement, Ser ies  1 4 ,  on  p lans  for  a n  improved sys tem of universal  

c lock time disseminat ion .  A copy of th i s  information i s  ava i l ab le  i.f you 

have not  rece ived o n e .  The c h a n g e s ,  very brief ly,  have  a high probability 

in  e x c e s s  of 95  percent t o  change the  sys tem of d isseminat ion  of 'LIT. 

Present1 y t h i s  i s  being done by the "o f f se t "  c lock tj.me s y s t e m ,  UTC. In 

the  future i t  wil l  operate without o f f s e t  on the  standard t lzquency.  

A s  you r e c a l l ,  s tandard frequency in  t h e  so-ca l led  Systcmc Interna- 

t ionale  ( S . I . ) ,  is defined by the length of one second expressed  i n  so 

many c y c l e s  of the  ces ium frequency.  The Observatory d o c s  not a t  th i s  

time correc t  i t s  c locks  or operate i t s  c locks  a t  t h i s  r a t e ,  but ins t ead  

opera tes  a t  a s l ight ly  different r a t e  ca l led  "o f f se t .  ! ' Untler t h a t  s y s t e m ,  

i t  h a s  been a b l e ,  wj.th very few acljustnlents,  t o  s t a y  within 1 0 0  msecs  

of UT. The l i s t ,  which h a s  beer1 shown before ,  indica tes  tha t  a very 

large number of use r s  require tha t  kind of precisiol l ,  and tha t  h a s  been 

the  r eason  for t h e  systerrl of UTC a s  i t  h a s  been operated until  now. 

The yearly frequency ad jus  trnent h a s  not  a lways  been suff icient  t o  

re ta in  the  rate within the  to le rance ,  and the  Observatory h a s  had to  make 

addit ional  100-msec ad jus tmen t s .  However,  they  were very infrequent.  

*Director,  Time Service 13ivision, U . S . Na17i-~l Observatory,  
Washington,  D .  C .  ( 2 0 2 )  254-4546. 



That system was a n  excellent one; in f ac t ,  i t  was the perfect one 15 years,  

1 0  years,  or 5 years ago.  But approximate:y 2 ,  ?00 atomic frequency stan- 

dards are now owned and operated by the U .  S.  government or by contractors; 

and many, many oscillators are working continuously in the f ie ld .  The 

Observatory has been lucky during the las t  four years not to be forced to 

make any such frequency atljustments. However, that luck cannot be de- 

pended upon to prevail,  and in the future such adjustments may be required 

every year or every second year. It h a s  become quite evident that the great 

increase,  or expected increase,  in time-frequency technology users will 

force upon us  a revision of these methods. Once you agree that the fre- 

quency offset i s  a bad thing and that it i.s very hard to change frequencies,  

for ins tance,  of a TRANSIT sa te l l i t e ,  of a TIMA'.l?lC)N sa te l l i t e ,  or of a 

l i s  tcning station in Antarctica; and once you agree that one cannot continue 

to make frequency adjustments,  then you must provjdh TTTI by way of infor- 

mation in the form of a time code which will give you the small differences 

(which may become a s  large a s  .6 or . 7  seconds) direct1 y on the time sig- 

nal .  The code,  which the Observatory intends to use on the Naval time 

signals (which are presently emitted on about 35  Irequencies every couple 

of hours) will be in this form, which wj.ll indicate the digit in question by 

emphasizing or marking the respective second t ick.  

There are two questions with which a s  many potential users a s  

possible should certainly be acquainted. If you have a n y  opinions on 

them, le t  thc Observatory s taf i  hear them. 'The two questions arc these:  

(1) Is there any need to have tha t  correction imrnedjately ;ivailahle a t  the 

moment of u se ,  (with the time signal) with cl prccisjon exceedincj 1 0 0  msecs;  

s ay  1 0  msecs ? Some uscrs have indicated that therc nla y be such a require- 

ment. If there i s  such a requirement, the Observatory wants to know about 

i t .  ( 2 )  Would the proposed time code be acceptable, and do you envision 

any difficult ies? There i s  onc which carne to light after t he  announcement 



was published, that  it would be impossible to  mark the zero digit .  That 

point can be modified to  the extent that  if tne c ~ ~ r e c t i o n  i s  going to be 

zero, the mark will be second 30 or - 0, instead of -t 0. U1' i s  defined a s  

a correction to be applied to  UTC in order to  give UT1 directly a n  ilddition- 

a1 change since the users are  not interested i.n UT2. It i s  an ae i f ic ia l  

concept which i s  excellent for the timekeeping and tlmcmeasuring people, 

but not for the  user.  The user needs UT1, and the correction, therefore,  

will refer directly t o  UT1. A t  any ra te ,  if you plot that correction, you 

will have adjustments of exactly 1 sccontl. When thc adjustment begins to 

1 exceed -, second, then i t  will jump to  + $ second. 'The correction will go 

slowly from + to  -, and a s tep will be made about every year or so.  That 

adjustment, therefore, will be exceedingly simple for a l l  precision clocks.  

All that i s  necessary i s  to  press the button a.t the right moment and you have 

dropped one second. It i s  the dropping of the second bb-?ich wil l ,  in a l l  

likelihood, be a necessary adjustment--not the introduction of an  additional 

second. However, the system makes provisions for both, because the 

performance of the ear th 's  rotation cannot hc predicted far enough into the 

future. So, that i s  the way the difference will go,  r ~ n d  ,the advantage will 

definitely be that i t  i s  a better compromise whlch rieccssarjly has  to  be 

selected.  It is a compromise weighted more in favor of electronic timekeeping, 

of applications in physics and technology, ;-ind l e s s  In iavor of the  users 

of astronomical time. 

The Observatory must move to  that system because: of almost insur- 

mountable difficulties which otherwise would have occurred. However, 

a s  stated in the proposal, i t  will really have mi~lirnunl. i:-npact on the users . 

It i s  only an  adjustment which you will have to m a k c  on your c lock,  showing 

minutes and hours and days of thc weck,  hut not or, yo1;r electron-ic systerris 

for LOKAN-C, for ins tance,  nothing n e ~ d s  to  bc acljusbcd,. A l l  thc  Ohservntory 

will do i s  i s sue  new times of coincidence tables (TOC:) to  become effective 

a t  the moment a s tep i s  going to be made, which will be known three or 



for months in  advance, and you will just remove the old tab le ,  throw it  

&way, and use the new one. You need not ~ ~ , a k t .  zny adjustment except 

on your wall clock, The adjustment a l so  will not disturb OMEGA. None 

of these systems needs to be adjusted. All that h a s  to be done i s  t o  re- 

ceive a new reference table t o  give you the fundamental epoch of the sys-  

tem. The same could be true,  of course,  for a collision avoidance system. 

Simply do not start on seconds 3 , 6 ,  9 and so on, i f  your hasic  period i s  

3 seconds , but ins  head start on 1,4,7 and s o  on. 

Everybody should now be aware of these plans ancl there does  not 

seem to  be any major difficulty from the correspondence which '- as been 

received in response to  this  announcemcnt. A feeling of relief i s  evident 

from some people who said,  "that i s  very fine; we didn' t  like the of fse t  

frequency and that i s  a s tep in the right direction. " 



CONCEPT AND ADVANTAGES FOR PTTI INTEGRATION 
OF TIME ORDERED SYSTEMS 

by Dr. G.M.R.  Winkler* 

The ques t ion:  To what degree  i s  the Naval Observatory concerned 

with distr ibution of prec ise  time t o  t h e  lowest  level of e a c h  individual  

u s e r ?  This i s  rea l ly  a ques t ion  of pol icy  and of b a s i c  t lec is ions .  Tt brings 

u p ,  of c o u r s e ,  t h e  problem of fundamental  distr ibution philosophy which 

wil l  b e  answered in  a s  much de ta i l  a s  possibJ.e. 

The Observatory i s  in a period of t rans i t ion .  What it  d o e s  now,  of 

c o u r s e ,  is not perfect.  It s e n d s  traveling c locks  t o  individual cen te r s  of 

act ivi t ies--for  example ,  t o  Oahu ,  where t h e  Naval Astronautics  Group 

opera tes  a t ime  reference s t a t i o n ,  Detachment Charl ie  ( s e e  Figure 1 ) .  

This s t a t ion  a l s o  furnishes data for adjustments of more loctil t ime s e r v i c e s .  

In other  words ,  a doncept of "trunk-line" timing i s  u s e d .  

Th i s ,  of c o u r s e ,  can  only be considered an  interim solut ion and i t  

may even b e  cons idered  a n  economical  solution a s  long a s  the re  a r e  only 

a few u s e r s ,  but it  should not b e  the  f inal  one .  C n c ,  therefore ,  h a s  t o  

a s k  what t h e  concepts  should be for t h e  organization of PTTI distr ibution 

( s e e  Figure 2 )  . 

First i s  t h e  concept of economy. It appcars  unnecessa ry  t o  have  

one  spec i f i c  sys tem for t h e  distr ibution of t i . n ~ c ,  a s  long a s  s o  many s y s -  

tems a r e  avai lable  which are capable  of distr ibuting time a s  a pi,ggyback 

operat ion.  This makes PTTI avai lable  on navigat ional  or communication 

*Director ,  Time Servicc! I l ivision,  TJ . S . Naval Observatory,  
Washington,  D.C.  (202) 254-4546. 
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s y s t c m s .  That principle i s  far  superior  t o  the  dcs iqn or implemcntdtion 

of a  s p e c i f i c  t ime distr ibution s y s t e m ,  because  IL offers a s  a  second  

bcncf i t  , t h c  necessa ry  redundancy.  Different sys tems  should b e  used  

simultaneously , s i n c e  only incremental c o s t s  havc to he  spen t  to providc 

tha t  addit ional  se rv ice .  

PTTI incremental c o s t  i s  sometimes excecdingly srnall .  To put 

t ime s igna l s  on t h e  VLF high-powered transmit ters  requires an expenditure 

only for the  clocks--an expenditure of dpproximately $ 3 0 , 0 0 0  o r  $ 4 0 , 0 0 0  

per s t a t i o n ,  with some redundancy,  compared t o  the  mlllions of dol lars  

of investment for t h e  stat ion i t s e l f .  Redundancy will  bccome more im- 

portant in t h e  fu ture ,  s i n c e  thcrc.: a r e  severa l  t ime frequency sys tems  

under development,  and t h e s e  may require more re l iable  a c c e s s  t o  syn- 

chronization s o u r c e s .  

A s  t o  organiza t ion ,  Figure 2 in Mr. S tone ' s  presentat ion (page 123) 

exploi t s  the  principle of hierarchy.  There i s  onc  source--trunk-line timing 

to Precise Time Reference Stat ions (PTRS)--whjch provides the  nodal points  

for regional  distr ibution of t ime.  l 'or  the speci f ica t ion  of n e e d s ,  precision 

of synchronizat ion i s  only one parameter,  and frequency of a c c e s s  i s  

another  very n e c e s s a r y  parameter.  Thc payoff t o  be  decided i s  wherc t o  

put the  money, ei ther  in the  qual.ity of c locks  or in the  frequency of a c c e s s  

to synchronizat ion.  

The overall  principle of organization would b e  very simple i f  i t  

wcre not for other cornp1.icati.ng fac tors .  There a r e  cal ibrat ion se rv ices  

within t h e  Army, Navy,  and very extens ively  in the  Air Force. Evident1.y , 

needs  for cert i f icat ion ex i s t  here which a re  in direct  confl.ict t o  such  an  

organizat ion.  In add i t ion ,  there  a r e  geographical  fac ts ;  there  a r c  sys tems  

which provide global  synchronizat ion or  intermediate range or l o c a l  se r -  

v ices ;  and there  is synchronizat ion within e a c h  sys tem.  It  would be a 

gravc mis take  for any sys tem des igner  who proposes t o  u s e  t ime frequency 

technology not t o  provide for some synchronization capabil i ty within the  



s y s t e m .  In addi t ion ,  however ,  i t  is necessa ry  t o  provide for dn interface 

t o  sa t i s fy  t h e  requirements of redundancy and l n ~ u l n e r a  bi l i ty aga ins t  jam- 

ming or spoof ing.  Such a n  in ter facc  must b e  provided, therefore ,  with other  

sys tems  a s  a  backup.  That dppears  t o  be t h e  r ea l  crux of t h e  whole concept  

of PTTI. There is no just if icat ion for going to  more expensive  c locks  and 

less frequent  a c c e s s ,  if t h e s e  cons idera t ions  do  not make a sys tem less 

vlllnerable and  more re l iable .  (That i s  a point of grea tes t  impor tance ,  not 

only for military s y s t e m s ,  but a l s o  for any kind of civi l ian timcl frequency 

sys tem. )  

Figure 3 shows t h e  capabi l i t ies  of t h e  standard transmit t ing s t a t i o n s .  

The high-frequency t i m e  s igna l s  a re  of continuing n e c e s s i t y .  Thcre a re  

approximately 50 re l iable  t ime s ignal  s tandard t ransmiss ion s t a t ions  d i s -  

t r ibuted over the  ear th  which a r e  synchronized to  about  1 msec .  They a l l  

cooperate in t h e  BIH sys tem of coordinated time which h a s ,  a t  t h e  present  

t ime ,  a  to lerance  of I, msec. Within t h e  United S ta tes  or  in t h e  Eastern 

Pac i f i c ,  one will  l i s t en  t o  W V ,  WWVH, and in addi t ion ,  on t h e  East  

C o a s t ,  t h e  excel lent  Canadian time s i g n a l ,  C H U .  From t h e s e  s t a t i o n s ,  

time is transmit ted very rel iably and very s i m p 1  y t o  1 msec  prccisiorl , or 

greater .  The day-to-day variat ions of t h e  W V  s igna l s  which we observed 

i n  Washington,  D . C .  a r e  on the  order of 0 . 2  rnscc,  if t h e  precaution i s  

taken to  make the  same measurement,  on the  same frequency,  a t  t h e  same 

time every day .  Any PTTI u s e r  should have a c c c s s  t o  a  $ 5 0 . 0 0  cornmunica- 

t ion  rece ive r ,  and one must compare tha t  kind of timing capabil i ty with 

other concepts  which have  prcvjously been d i scussed  . 

The CIRR h a s  cons is tent ly  neglected t o  cons ider  poss ib le  improve- 

ments in  t h e  high-frequency time s igna l  emiss ions .  These  improvements 

cannot  be  incorporated because  of thc  l imitat ions t o  5-kc bandwidth.  If 

t ime s igna l s  were radiated in a  bandwidth of 2 0  kc a n d  t h e  number of 

s t a t ions  w a s  reduced in favor o f  bandwidths,  the re  would b e  i-1 distribution 
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sys tem in which ea  :h mode of atmospheric propagation could b c  c lear ly  

d is t inguished by time of ar r iva l .  Thcre would a l s o  be a s tabi l i ty  of t h e s e  

modes e i the r  the  same or nearly t h e  s a m e ,  ds  t h e  skywavc propagdtion 

of LORAN-C; namely,  bet ter  than SO secs. The s t a t ions  could be  reduced Y 
in number very e a s i l y ,  s i n c e  some were buil t  only for r easons  of p res t ige .  

Some crowding may occur in t h e  future when a l l  t h e  developing nat ions  

i n s i s t  on a radio standard time sys tem.  To summarize,  radio t imc s igna l s  

will  continue t o  be  required by navigators  a s  well a s  many othc'rs . 

The exac t  opposi te  sys tem with r e spec t  t o  numbcrs ,  c o s t s ,  e t c . ,  

is one which h a s  a l ready been mentioned--the portable c lock.  It is a  

sys tem which h a s  been ca l led  a counsel  of d e s p a i r ,  but i t  is one which 

can  be  implemented immediately. Inasmuch a s  the re  a re  only 100 t o  200 

u s e r s ,  it is still, by fa r ,  t h e  most economical  way t o  bring t imc t o  a n y  

locat ion of t h e  su r face  of t h e  earth with be t ter  than one-half u s c c  prec is ion .  

Many pcoplc propose $5  million or more for sys tems  t o  s a t i s f y  f ive  or 

t e n  u s e r s .  Such expensive  des igns  can  no longer he  cons idered .  With 

regard t o  VLF or OMEGA, PTTI capabil i ty for a very stnall cos t  e x i s t s ,  

and  I  am amazed tha t  VLF scerns t o  b e  completely out of fashion with 

many u s e r s .  

Relative phase  t rack  can be  performed today with great r.sliability 

without danger of l o s s  of coherence ,  and i t  g ives  cvcryone loca ted  any- 

where on ear th  a timing capabil i ty of a  5- s e c  prec is ion .  Thc s i tua t ion  r 
is different only by a n  order of magnitude from what there is  in I..OEI4N-C; 

t h e  same th ing will  be  true a t  OMEGA. The loca l  se tup  must be ca l ibra ted  

t o  extract  1 rscc , b e c a u s e  other ef fec ts  enter .  Antenna problems a r e  not 

important for navigat ional  app l i ca t ions ,  because  differences a r e  measured; 

however,  for timing appl ica t ions  t h c  y are  c s  sen t i a l  and may be  a primary 

l imitat ion.  The LORAN-C i s  real ly t h e  b e s t  cxis t iny  operat ional  d is t r i -  

bution sys tem with a capabil i ty exceeding 1 rsec . Unfortunately,  i t  is 

not ava i l ab le  everywhere.  



With  regard  t o  s a t e l l i t e s ,  t h e  future  s i t ua t i on  may u t i l i z e  t h e  

D e f e n s e  S a t e l l i t e  Communicat ion Sys t em and  possib: TACSAT wi th  a  

mutual ly  compat ib le  PTTI modem. This  wil l  y ie ld  t iming  p rec i s ion  

ce r t a in ly  i n  e x c e s s  of 0 . 1  psec , a s  r e f e r enced  in t h e  very conse rva t ive  

p re sen t a t i on  by  M r .  Stone and  Mr .  Murray.  There w a s  nothlng in Mr. 

Mur ray ' s  da ta  to ind i ca t e  t h a t  t h e  p re sen t  l imit  of performance i s  not 

en t i r e ly  d u e  to t h e  l imi ted  r e so lu t ion  o f  t h c  measurement  equipment .  The 

f igure  of 1 r s e c  i s  e x c e l l c n t  fo r  t i a i r l g  p r e c ~ s i o n .  The s y s t e m  wl l l  s o o n  

be  i n  ope ra t i on .  The c o n c e p t  h a s  t e e n  approved  both by t h e  Jo in t  C h i e f s  

a n d  by DCA a n d  efforks a r e  w e l l  under  way  t o  provicic <In ope ra t i ona l  cdpa-  

b i l i t y  t o  t h e  major c e n t e r s  of a c t i v i t y .  Hawa i i  w i l l ,  of c o u r s e ,  be  t h e  

f i r s t ,  wi th  o ther  s t a t i o n s  to  fo l low.  The c o n c e p t  c o n t a i n s  a  l i n k  bc twccn  

t h e  Eas t  C o a s t  a n d  t h e  W e s t  C o a s t  of t h e  Uni ted  S t a t e s .  

Of t h e  n e x t  t w o  systerns--TRANSIT and TIMATION--the major a d -  

van t age  is t h e  f ac t  t h a t  t h e y  a r c  " p a s s i v e .  " TRANSIT i s  a n  e x i s t i n g  

capab i l i t y  which  is  not  be ing  exp lo i t ed .  There a r e  f ive  TRANSIT sa t c l l i t : !~  

i n  t h e  a i r ,  a n d  t h e r e  a r e  r ep l acemen t s  sch(-:dulc:c3 i n  a n  opera t iona l  w a y .  

It  is a  full-going s y s t c m ,  ancl i t  wi l l  con t inue  t o  o p e r a t e  for a  long t i m e .  

I t  is a p i ty  t h a t  t h e  TRANSIT capab i l i t y  h a s  not  been u t i l i z ed  for PTTI 

e x c e p t  by t h e  F rench ,  who have  demons t ra ted  i t  very su rp r i s ing ly .  

There a r e  " e x o t i c "  s y s t e m s  fc r  PTTI which  have  been  mentioned. 

But t h e r e  a r e  a l s o  a t  l e a s t  100 different  ndv iqa t iona l  c o n c e p t s  for e l e c -  

t r o n i c  n a v i g a t i o n ,  a n d  e a c h  onel would be a  u s e f u l  concep t  for the d i s s e m -  

ina t ion  of t ime .  

The ques t i on  a p p e d r s  t o  hc  no t  what  c ~ i n  he d.;lnc: but  what  shou ld  

b e  d o n e .  Where  shou ld  t h e  money he s p e n t ?  Whlch compromise would be  

t h e  b e s t ,  both from t h e  p re sen t  polnt of v l ew  dnd  for thr- foreseeable re- 

qu i r emen t s?  The u s e  of t c l e v i s ~ o n  s t a t i o n s  is of grer7t i m p o r t ~ ~ n c e  wherever  

t h e y  a r c  a v a i l a b l e  for  l o c a l  d l sscn i lna t ion  of h igh-prec is ion  t ime .  



Several  concepts  have  been d i s c u s s e d  in prcvious t a l k s  and  should 

be  reviewed briefly.  The f irs t  one is t h e  ut i l izat ion of t h e  te levis ion  

s igna l s  in a differential  way.  The differential  system was  f irs t  exercised 

and demonstrated by Tolman and h a s  been used for a couple of years  bc- 

tween major timing cen te r s .  It  'does  not require any investment a t  al l  on 

t h e  part of the  te levis ion  s t a t i o n s ,  r,ot even a s tabi l ized  carr ier  emiss ion .  

One just s e l e c t s  a  pu l se  and makes differcntial  mea suremcnts . 

The second  s y s t e m ,  which is t h e  present  " l ine  16" s y s t e m ,  or t h e  

one  which was  proposed and des igned by Mr.  Dav i s  of the  National  

Bureau of Standards ,  is one which would be of u s e  for applicat ion a s  a 

local  sys tem for dissemination of t ime.  With regard t o  t h e  "network" 

d isseminat ion ,  some e s s e n t i a l  addit ional  comments a r e  in order .  Namely,  

tha t  al though it  i s  t rue  tha t  microsecond s tabi l i ty  from ,-lay t o  day over 

larger  d i s t a n c e s  (almost continental  d i s t ances )  i s  avai labl .e ,  it i s  a l s o  

t rue  tha t  the  se rv ice  is continuously beinq interrupted.  The same  object ion 

e x i s t s  aga ins t  the fIF timing s i g n a l .  That sys tem should a l s o  be t e s t ed  by 

the  same s tandards  and there may bc  a n  operat ional  diff icul ty.  More 

importantly, the  propagation d e l a y  through the rietwor-I.: from t ime t o  Lime 

changes  violently . 
There h a s  been a proposal made by the  Air Force ,  Newi-~rk, which 

h a s  great  mer i t ,  and which is outlined follciwinq t h i s  d i s c u s s i o n .  Briefly, 

they  propose t o  u s e  a l l  three networks: however ,  people should not 

immediately jump in to  a s o l e  re l iance  on thic nlethoti b c c a u s e  very se r -  

ious  diff icul t ies  could a r i s e .  A t  lea s t ,  " cil~ution" i s  (7 very good ad jec -  

t i v e  here until  more operational. e x p e r i e n t : ~  has  bcerl qilined. The t e l c -  

vision s y s t e m ' s  great  use fu lness  for loca l  distr ibution would be  of in teres t  

anywhere.  Wherever there  a r e  centers  of ac t iv i ty ,  there is a neccl for 

e n t e r k i n m e n t ,  and there  will be entertainment s t a t ions  not only in t h e  



United S ta tes  but in other a r e a s  a s  wel l .  Such a sys tem i s  very e a s y  t o  

s e t  up and  i t  offers terr if ic  resolut ion a t  very l i t t l e  investmerit .  The s y s  - 

t e m  has  merit; however ,  t h e  Observatory i s  faced with a di lemma, in 

view of some differences of a t t i tude  and  in te res t  between i t  and NBS,  

which evidently i s  in teres ted  in having a very wide general  u s e  of t h e  

sys tem a t  a modest a c c u r a c y .  The Observatory ' s  in te res t s  a r e  t o  u s e  

t h e  sys tem to  t h e  very h ighes t  poss ib le  precision in t h o s e  a r e a s  of ac t iv i ty  

where the re  is t h e  grea tes t  d c m c i ~ ~ d .  

This dilemma is posed because  t h e  Observatory s t i l l  h a s  t o  work 

out a des ign which would b e  compatible with both purposes ,  because  

o the rwise ,  approval from the  YCC will  be difficult to obta in .  The FCC, 

for  very good r e a s o n s ,  h a s  t o  move cciutiously In i t s  dpproval of any  s u c h  

sys tem.  Such compatible des igns  a r e  poss ib lc  dnd,  s u c h  sys tems  should 

b e  put in to  operation immediately. There i s  some dc3nger tha t  t h e  common 

R&D syndrome t o  develop forever and  t o  never become operat ional  will 

preva 11 . 
The Observatory i s  a t  the  prcscnt time making an  ex tens ive  effort 

t o  improve i t s  own capabi l i t ies  ( s e e  Figure 4) . The improvements of t h e  

capab i l i t i e s  go  on in  every area--in the  provision of a very s t ab le  , very 

rel iable t ime b a s e  and in the  c3etermination of astronomical  t ime where 

a small  improvement by c? fac'tor of two to f ivc car1 be  squeezed  o u t .  

Some of t h e s e  capabi l i t ies  will  not hc of usc i n  PTTI, but in re la ted  a r c a s  

l ike  polar  var ia t ion ,  e t c .  

The grea tes t  problem a t  t h e  rnorneni i s  t o  provide funding for high- 

precision synchronizat ion of a l l  LORAN-C.: c h a i n s ,  which means t h a t  dircct  

synchronizat ion will obviate the need t o  use correc t ions ,  a s  rncntioned 

by Cdr. Potts .  The program h a s  been appro'ved t)y t h e  Secretary of Defense  

and is now in t h e  rel iable hands of t h e  f i s c a l  pcopl? where i t  bvill be 

so lved.  The next great  in teres t  and effort is i n  making u s e  of tlzc DSSS, 





capabi l i t ies  for trunk-line t iming,  not only with t h e  prec ise  t i m e  refcrence 

s t a t i o n s ,  but a l s o  with a number of addit ional  szat ions --pcirticularly in  the  

Air Force where the re  is an  in tcres t  t o  link-in with tha t  sys tem.  I t  c a n  

b e  done ,  and there  is general  agreement tha t  t h i s  i s  very des i rab le .  

Another item of in teres t  concerns t h e  DNSS prototypes . TIMATION I1 

can already be u t i l ized  for time purpose ciisserriination . The numbers which 

you have  s e e n  on t h c  Alaskan T,ORAN chain frequencies a r e  examples of 

what can b e  expected  for operat ional  u s e .  

F inal ly ,  a point of concern is the  link-up of rrlal or u s w s  by t e l ev i s ion  

or  by microwave. If a hierarchical  organizat ion of time distr ibution is 

accep ted  a s  an  overal l  s t r a t egy ,  there  should b e  no ser ious  object ion for 

t h e  redsons  and t h e  various principles which have  been previously l i s t e d .  

But i f  tha t  is accep ted  a s  a primary concept ,  then  it 1: c l e a r  tha t  a c c e s s  

poss ib i l i t i e s  should be provided t o  regionai  or  loca l  sources  of synchroni- 

zat ion while more deta i led  requirements and  the i r  just if icdt ions should 

b e  l e f t  t o  t h e  u s e r  o r  the  u s e r  sys tem.  The Observatory does  r o t  have t h e  

capabil i ty t o  even consider  o r g ~ ~ n i z a t i o n a  1 de ta i l s ;  however,  it should 

know dbout problems and such  requirements.  

Most  people ,  and  particularly t h o s e  goad sys tem dcs igncrs  who have  

kept  in mind t h e  principle tha t  e a c h  PTTI sys tem must provide internal  syn-  

chronizat ion,  evidently feel  tha t  t h i s  i s  ,what they need; they have  provided 

for a l l  of the i r  needs  and they  s e e  no benefit  in interfacing with anyone 

else. That quest ion points t o  an  identi ty c r i s i s  x,z;ithin t h e  PTTI community , 

b e c a u s e  where and why does  the  nccd ex i s t  t o  s inglc  out thi:; field of 

in tc res t  ac t iv i t i e s  and coordinc~tion efforts? IIow f ; ~ r  should mrc y o ,  and 

what a r e  t h e  main benefi ts  ? Thcy simply havc t o  clo with lic~rclcninq opcra-  

t ions of a l l  sys tems  and m~ith economy of opcrtjtion. 

Figure 5 shows t h e  n e w ,  high pr?c::ision "trunk-linil" distr ibution 

sys tem.  For the  immediate fu ture ,  t h e  Observ;itory will replace  a grea t  

number of portable c lock  t r ips  t o  major cen te r s  by sa te l l i t e  l jnks  . 






