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ABSTRACT 

C o i n c i d e n t  w i t h  t h e  i n s t a l l a t i o n  o f  a new measurement system, t h e  
N a t i o n a l  Bureau of Standards has a l s o  developed a  new p h i l o s o p h y  f o r  
t h e  g e n e r a t i o n  of b o t h  UTC(NBS) and atomic t i m e ,  TA(NBS). Severa l  
b e n e f i t s  have r e s u l t e d  f rom t h i s  new d i r e c t i o n .  F i r s t ,  a Inore 
u n i f o r m  UTC(NBS) s c a l e  was ach ieved i n  o r d e r  t o  meet t h e  i n c r e a s e d  
requ i remen ts  o f  o u r  use rs .  Second, improved s y n c h r o n i z a t i o n  o f  
UTC(NBS) w i t h  UTC ( U n i v e r s a l  Time Coord ina ted)  has been a c h j f ~ e d .  
The f requency s t a b i l i t y  o f  UTC(NB5) i s  t y p i c a l l y  about  1 x 10 f o r  
a v e r a g i n g  t imes  o f  one day and l o n g e r  and synchronism i s  now main- 
t a i n e d  t o  w i t h i n  about  1 microsecond o f  UTC i n d e f i n i t e l y .  P r e v i o u s l y  
f i v e  microseconds was a r e a l  i s t i c  g o a l .  T h i r d ,  a new Kalman t ype  
a l g o r i t h m  w i t h  more r o b u s t  per formance i s  used t o  gene ra te  TA(NBS) 
t o t a l l y  independent  of t h e  g e n e r a t i o n  o f  UTCCNBS). TA(NBS1 i s  s t i l l  
steered i n  r a t e  toward  t h e  f requency g i v e n  by t h e  NBS p r i m a r y  Fre-  
quency s tandards .  F o u r t h ,  a s i g n i f i c a n t l y  improved w o r k i n g  t i m e  and 
f requency  r e f e r e n c e  i s  r e a d i  l y  ava i  1  ab le .  Th i  s  r e f e r e n c e  suppor t s  
t h e  resea rch  and development o f  new f requency s tandards ,  and a l s o  
suppor t s  ou r  c a l i b r a t i o n  s e r v i c e s .  T h i s  improved t i m e  and f requency 
r e f e r e n c e  i s  c o n s t r u c t e d  by comput ing UTC(NBS) i n  f i n a l  fo rm eve ry  
two hours.  A r e a l - t i m e  o u t p u t  s i g n a l  i s  t h e n  s t e e r e d  i n  f requency 
t o  keep i t s  t i m e  w i t h i n  a few nanoseconds o f  t h e  o f f i c i a l l y  computed 
v a l u e .  And f i f t h ,  a v e r y  s t a b l e  f requency r e f e r e n c e  i s  o b t a i n e d  by 
u s i n g  a l l  o f  t h e  c l o c k s  a v a i l a b l e  i n  t h e  NBS c l o c k  ensemble. T h i s  
t i m e  s c a l e  -- denoted AT1 - -  i s  used t o r  a1 1 o f  t h e  NBS f requency 
s t a b i l i t y  c a l i b r a t i o n s ,  and i s  a l s o  used t o  genera te  UTC(NBS). T h i s  
new approach has been t e s t e d  f o r  more t h a n  a y e a r  and t h e  r e s u l t i n g  
improvements have now been documented. 

INTRODUCTION 

As o f  MJD 45195.5 (14 Aug. ' 8 2 )  NBS has been g e n e r a t i n g  t h r e e  t i m e  sca les :  
UTC(NBS), TA(NBS), and AT1. Frequency s teps  i n t r o d u c e d  i n  t h e  p a s t  t o  synch ron i ze  
UTC(NBS) w i t h  IJTC were o b j e c t i o n a b l e  t o  some o f  t h e  NBS' 5 more s o p h i s t i c a t e d  
use rs .  These s t e p s  have been reduced by an o r d e r  o f  magni tude and t h e  f requency 
s t a b i l i t y  and t h e  t i m e  accuracy of t h e  new UTC(NBS) have been improved by about  an 
o r d e r  o f  magni tude.  W i th  t h e  i n t r o d u c t i o n  o f  a new measurement system (1) w i t h  a 
measurement p r e c i s i o n  o f  about  1 p icosecond,  UTC(NB5) i s  computed eve ry  two hours ,  
and a r e a l - t i m e  c l o c ~  i s  kept w i t h i n  a few nanoseconds o i  t h i s  computed t ime .  The 
c o o r d i n a t i o n  o f  UTC(N0S) i s  accompl ished w i t h  a one y e a r  t i m e  c o n s t a n t  so  t h a t  t h e  
monthly frequerty s teps  i n t r o d u c e d  t o  m a i n t a i n  s y n c h r o n i z a t i o n  a r e  o f  t h e  o r d e r  o f  
one p a r t  i n  10 comparable t o  t h e  o r d e r  o f  t h e  n o i s e  and hence a re  i m p e r c e p t i b l e .  
C o o r d i n a t i o n  w i t h  UTC has been enhanced by more than  an o r d e r  o f  magni tude by  



p l a c i n g  i n t o  opera t ion ,  i n  J u l y  o f  1983, t h e  measurement of UTC - UTC(NBS) v i a  
g l oba l  p o s i t i o n i n g  system s a t e l l i t e s  i n  common-view between Boulder,  Colorado and 
Par i s ,  France (2,3). The measurement p r e c i s i o n  o f  t h i s  technique i s  about 10 ns. 

The "second" used i n  generat ing t he  independent and proper  t ime  sca le ,  TA(NBS) 
cont inues t o  be s teered  toward t h e  NBS "bes t  est imate"  o f  t h e  S I  second as de te r -  
mined by  p e r i o d i c  c a l i b r a t i o n s  w i t h  t h e  NBS pr imary  frequency standard (4). 
Hence, t h i s  t ime  sca le  i s  synton ized w i t h  t he  d e f i n i t i o n  o f  t h e  second as r e a l i z e d  
a t  Boulder,  Co lo rado- - l im i ted  o n l y  by  t h e  inaccurac ies o_f4the NBS pr imary  frequency 
standards and t he  a logr i thms invo lved ,  currentlyl$ x 10 . A t  t h e  l a s t  c a l i b r a -  
t i o n  ( Ju l y  1983) -- after app l y i ng  t h e  1 .8  x 10 g r a v i t a t i o n a l  p o t e n t i a l  cor rec-  
t i o n  o f  Boulder,  Colorado w i t h  r espec t - i a  t h e  geo id  -- t he  second used i n  UTC and 
T A I  was found t o  be t o o  long  by 3 x 10 w i t h  respec t  t o  t h e  NBS "bes t  est imate" .  
The a l g o r i t h m  employed i n  genera t ing  TA(NBS) i s  based on Kalman f i  1  t e r  and pre-  
d i c t i o n  techniques (5). Though i t  uses measurements from t h e  same s e t  o f  c locks ,  
i t s  ope ra t i ng  a l go r i t hm  i s  independent of t h a t  used t o  generate UTC(NBS) and AT1. 
A new c l o c k  no ise parameter es t ima t i on  procedure has a l s o  been in t roduced  (6,7), 
which has p rov ided  b e t t e r  c l o c k  no ise  model development and no ise parameter e s t i -  
mat ion f o r  each o f  t h e  c locks  i n  t h e  NBS ensemble. Th is  improvement i n  parameter 
es t ima t i on  has enhanced t he  frequency s t a b i l i t y  o f  a l l  t h ree  t ime scales.  

The AT1 t ime sca le  i s  a  proper  t ime  sca le  designed t o  r u n  i n  r e a l  t ime  w i t h  s t a te -  
o f - t h e - a r t  frequency s t a b i l i t y .  UTC(NBS) d i f f e r s  from AT1 by a p rese t  ( s t ee r i ng )  
t ime  and frequency o f f s e t .  AT1  i s  a  t o t a l l y  independent sca le  generated by a 
choice o f  optimum we igh t ing  f a c t o r s  f o r  each o f  t h e  c locks  i n  t h e  NBS ensemble so 
t h a t ,  i n  p r i n c i p l e ,  t he  s c a l e ' s  s t a b i l i t y  i s  b e t t e r  than t h a t  o f  t h e  b e s t  c l o c k  i n  
t h e  ensemble. Th i s  sca le  p rov ides  a l o c a l  frequency re fe rence  f o r  NBS research 
and development e f f o r t s ,  and a l s o  f o r  clocks be ing  c a l i b r a t e d  by NBS. These 
c l ocks  may be e i t h e r  on s i t e  o r  a t  remote l oca t i ons .  When t he  c locks  a re  a t  
remote l o c a t i o n s ,  they  a re  compared w i t h  t h e  NBS t ime sca les v i a  t he  GPS i n  common- 

v iew t e c h n i q t o r  v i a  Loran-C. The frequency s t a b i l i t y  o f  A T 1  i s  es t imated t o  be 
about 1 x 10 f o r  sample t imes o f  one day t o  about one month. 

The body o f  t h e  paper w i l l  g i v e  t h e  d e t a i l s  o f  t h e  f o rmu la t i on  and t h e  performance 
o f  t h e  above t h r e e  scales.  F igure  1 i s  a  b l o c k  diagram i l l u s t r a t i n g  how t h e  t ime  
sca les a re  generated. 

The Time Scale UTC(NBS) 

An I n t e r n a t i o n a l  Radio Consu l t a t i ve  Commi t t e e  (CCIR) r e g u l a t i o n  s t a tes  t h a t  a1 1 
UTC(i) sca les should be synchronized t o  w i t h i n  1 m i l l i s e c o n d  o f  t l l ~e  in ternat . iona1 
sca le ,  UTC, mainta ined by t h e  B I H  (a), Well w i t h i n  t h a t  r e g u l a t i o n  and i n  accor- 
dance w i t h  t h e  i n t e n t  t o  minimize t he  d i s p a r i t y  between scales,  NBS has designed 
UTG(NBS) t o  be synchronous w i t h  UTC w i t h i n  p r a c t i c a l  l i m i t s .  I n  t h e  p a s t  . that  
l i m i t  has been 5 ys. Wi th  t h e  new UTC(NBS), t he  goal i s  1 ps.  UTC(NBS) i s  a l s o  
kep t  n e a r l y  as s t a b l e  as AT1, a sca le  designed s p e c i f i c a l l y  f o r  optimum frequency 
s t a b i l i t y ,  Because UTCCNBS) i s  synchronous w i t h  UTC i n  l ong  term, t h e  synton iza-  
t i o n  accuracy o f  UTC(NBS) i s  approx imate ly  t he  same as t h a t  o f  t h e  i n t e r n a t i o n a l  
p r imary  frequency standards u t i l i z e d  i n  t h e  de te rmina t ion  o f  t h e  S I  second f o r  TAI 
( c u r r e n t l y  CS1 a t  t he  PTB, CS5 a t  &lyj NRC, and NBS-6 a t  t h e  NBS a l l  w i t h  accura- 
c i e s  equal t o  o r  l e s s  than 1 x 10 ) UTC i s  der i ved  from TAI by s u b t r a c t i n g  



" l e a p  seconds" as needed i n  o r d e r  t o  keep UTC w i t h i n  0 .9  seconds o f  t h e  e a r t h  t i m e  
s c a l e  UT1. 

S y n c h r o n i z i n g  t o  UTC p r e s e n t s  two c h a l l e n g i n g  l o g i s t i c  problems: 1) I n  t h e  p a s t  
t h e  measurement n o i s e  u s i n g  t h e  Loran-C n a v i g a t i o n  c h a i n  as t h e  t i m e  t r a n s f e r  
mechanism r e q u i r e d  ave rag ing  t imes  o f  t h e  o r d e r  o f  seve ra l  months b e f o r e  t h e  
i n s t a b i  1  i t i e s  o f  s t a t e - o f - t h e - a r t  c l o c k s  began t o  appear. W i t h  GPS sa te1  1  i t e s  
used i n  common-view, t h a t  measurement n o i s e  becomes n e g l i g i b l e  f o r  sample t imes  of 
a  few days and l o n g e r .  However, t h i s  t echn ique  i s  c u r r e n t l y  o n l y  a v a i l a b l e  t o  a  
sma l l  s e t  o f  t i m i n g  l a b o r a t o r i e s .  2 )  There have been i n d i c a t i o n s  t h a t  e i t h e r  t h e  
p r o p a g a t i o n  n o i s e  and/or  tempera ture  c o e f f i c i e n t s  i n  t h e  c l o c k s  i n v o l v e d  i n  t h e  
g e n e r a t i o n  o f  TAI may be caus ing  an annual v a r i a t i o n  t o  appear. The B I H  i s  p a y i n g  
s t r i c t  a t t e n t i o n  t o  t h e  tempera ture  env i ronment  o f  t h e  c l o c k s  i n v o l v e d  i n  o r d e r  t o  
reduce any p o t e n t i a l  e f f e c t  from t h a t  source.  Wh i l e  t h i s  p rob lem i s  b e i n g  worked 
o u t ,  NBS has adopted a  s t e e r i n g  servo  techn ique  w i t h  a one y e a r  t i m e  c o n s t a n t  i n  
o r d e r  t o  average o u t  any annual t e rm which  may be p r e s e n t .  T h i s  servo  techn ique  
has been a p p l i e d  s i n c e  November 1982, and t h e  improved performance i s  i l l u s t r a t e d  
i n  F i g u r e  2.  The GPS s a t e l l i t e  d a t a  used i n  common-view between Bou lde r ,  CO and 
P a r i s ,  France has o n l y  been a v a i l a b l e  s i n c e  J u l y  1983. As more o f  t h i s  d a t a  
becomes a v a i l a b l e  t h e  smoothness and s y n c h r o n i z a t i o n  accuracy o f  UTC(NBS) shou ld  
c o n t i n u e  t o  i m p r o ~ e ~ ~ ~ T h e o r e t i c a 1  es t ima tes  i n d i c a t e  t h a t  f requency s t a b i l i t i e s  i n  
t h e  range o f  1 x 10  may be ma in ta ined  f o r  sample t imes  f rom one day t o  a month 
and 1 onger f o r  UTC(NBS). S y n c h r o n i z a t i o n  accu rac ies  shou ld  drop we1 1 be1 ow a  
microsecond as annual t e rm problems i n  t h e  c l o c k s  and i n  t h e  p r o p a g a t i o n  a r e  
so l ved .  

The ~r ios t  s t r i n g e n t  use rs  o f  UTC(Nf3S) d e s i r e  i t  t o  be as smooth and a c c u r a t e  as 
p o s s i b l e .  Time s teps  t o  synch ron i ze  i t  t o  UTC would be o b j e c t i o n a b l e .  E x c e l l e n t  
f r equency  s t a b i l i t y  and t i m e  accuracy  can be o b t a i n e d  s i m u l t a n e o u s l y  by i n s e r t i n g  
i m p e r c e p t i b l e  f requency s teps  ( o f  t h e  same s i z e  as t h e  n o i s e )  on a  mon th l y  b a s i s  
i n  o r d e r  t o  s t e e r  i t  toward  UTC. P r i o r  t o  t h i s  new procedure  f o r  s t e e r i n g  UTC(NBS), 
o n l y  annual f requency s teps  were i n s e r t e d .  They were s u f f i c i e n t l y  l a r g e  so t h a t  
t h e y  became o b j e c t i o n a b l e  t o  NBS's most s t r i n g e n t  use rs  such as t h e  NASA Deep 
Space Network. Tab le  1 l i s t s  t h e  s t e e r i n g  c o r r e c t i o n s  p u b l i s h e d  i n  t h e  NBS Time 
and Frequency B u l l e t i n ,  y i e l d i n g  t h e  r e s u l t s  shown i n  F i g u r e  2.  

The Time Sca le  TA(NBS) 

The NBS goa l  i s  t o  smoothly s y n t o n i z e  TA(NBS) w i t h  t h e  f requency g i v e n  by t h e  NBS 
p r i m a r y  f requency s tanda rd  - -  c u r r e n t l y  NBS-6. TA(NBS) i s  a  p r o p e r  t i m e  s c a l e  i n  
t h e  sense o f  genera l  r e l a t i v i t y  - -  i t s  t i m e  b e i n g  determined o n l y  by t h e  c l o c k s  
and s tandards  i n  t h e  NBS l a b o r a t o r i e s .  S ince f requency s teps  a r e  o b j e c t i o n a b l e  
f o r  t h i s  t i m e  s c a l e ,  f requency s y r i t o r l i z a t i o n  i s  ach ieved f o r  #(NBS) by i n s e r t i n g  
f requency d r i f t  o f  t h e  o r d e r  o f  t h e  n o i s e  ( 1 p a r t  i n  10 p e r  y e a r ) .  The 
f requency d r i f t  i n s e r t e d  i s  computed u s i  ng an- a1 g o r i  thm (4 )  wh ich  uses t h e  p e r -  
i o d i c  c a l i b r a t i o n s  o f  t h e  p r i m a r y  f requency s tandards .  The r e l a t i o n s h i p  between 
t h e  f requenc ies  o f  TA(NBS) and UTC(NBS) a r e  1 i s t e d  i n  t h e  r i g h t  co l  urnn o f  T a b l e  1. 

The a l g o r i t h m  used i n  g e n e r a t i n g  TA(NBS) employs t h e  same c l o c k  d a t a  used i n  
g e n e r a t i n g  t h e  o t h e r  t w o  t i m e  s c a l e s .  However, t k e  a l g o r i t h m  has been developed 
u s i n g  Kalman f i l t e r  and p r e d i c t i o n  techn iques  ( 5 ) .  The n o i s e  model f o r  t h e  c l o c k s  
i n  t h e  ensemble used t o  genera te  t h e  NBS t i m e  sca les  i s  composed o f  two c o e f f i c i e n t s :  

3 1 



a c o e f f i c i e n t  which g ives t he  l e v e l  of wh i t e  no ise frequency modulat ion (FM) and a 
c o e f f i c i e n t  which g ives  t h e  random walk  FM. A maximum l i k e l i h o o d  parameter e s t i -  
mat ion procedure i s  used t o  est imate these c o e f f i c i e n t s  f o r  each o f  t h e  c locks .  
T h e i r  va lues a re  l i s t e d  i n  Table 2. A t e s t  f o r  whiteness o f  t he  r es i dua l s  has 
been conducted t o  assess t he  goodness o f  t he  model. The t e s t  was a f f i r m a t i v e  
i n d i c a t i n g  t h e  model i s  s t a t i s t i c a l l y  adequate t o  descr ibe t he  behav ior  o f  t h e  
c locks  i n  t he  NBS ensemble. 

Equat ion 1 g ives  t he  r e l a t i o n s h i p  o f  these c o e f f i c i e n t s  t o  t h e  "A1 l a n  Variance". 

where t h e  sample t ime T = nz , t i s  t he  measurement and p r e d i c t i o n  i n t e r v a l  and 
a and CT are  measures o f  t h &  maEnitude o f  t he  rms p r e d i c t i o n  e r r o r  i n  t he  c l o c k  
o&er an interval ro f o r  t he  wh i t e  no ise FM and t h e  random walk  no ise FM respec- 
t i v e l y .  

The Time Scale AT1 

AT1 i s  a  bas ic  t ime and frequency metrology t o o l  f o r  t he  Time and Frequency D iv -  
i s i o n  o f  NBS. It i s  a l so  used as a s t a b l e  frequency re ference f o r  remote ly  mea- 
s u r i n g  and c a l i b r a t i n g  c locks  as w e l l  as f o r  measuring and c a l i b r a t i n g  c locks  sent  
t o  t h e  NBS. 

A T 1  i s  au toma t i ca l l y  computed every two hours. The computation a l go r i t hm  uses an 
"optimum" weighted s e t  o f  t he  da ta  from each o f  t he  c locks  i n  t he  NBS ensemble. 
The t ime d i f f e rences  a re  measured w i t h  a  p r e c i s i o n  o f  t he  order  o f  a  picosecond. 
A two-parameter represen ta t ion  o f  t he  no ise c h a r a c t e r i s t i c s  i s  a l so  used i n  t h i s  
a lgor i thm.  There i s  a  one-to-one correspondence between these two parameters and 
t h e  two parameters re ferenced above. (See Table 2) The values o f  these para- 
meters, t h e i r  r e l a t i o n s h i p s ,  and how the  a l go r i t hm  works i s  descr ibed elsewhere 
(9)  - 

To eva lua te  a  c l ock  such as AT1 which i s  designed t o  be b e t t e r  than t h e  bes t  c l o c k  
a v a i l a b l e  i s  a  v e r y  d i f f i c u l t  task.  However, t he re  a re  ways t o  est imate t he  
frequency s t a b i l i t y  o f  AT1: F i r s t ,  by s imu la t ion ,  us ing  t h e  c l ock  models est imated 
from the  maxi mum 1  i ke l  i hood approach ; second, by measuri ng agai n s t  an i ndependent 
c l ock ,  e i t h e r  remote o r  l o c a l ;  t h i r d ,  by us ing  t he  t h ree  corner-hat  (10) technique 
w i t h  t h ree  nominal ly  comparable and independent c locks  o r  t ime  scales.  One f u r t h e r  
t w i s t  on t he  l a s t  o p t i o n  i s  t o  permute t h ree  separate a lgor i thms around t h ree  
independent c l o c k  ensembles, a l l o w i n g  one t o  independent ly est imate t he  per fo r -  
mance o f  each of t he  a lgor i thms and each o f  t he  ensembles. The data a v a i l a b l e  
were o n l y  s u f f i c i e n t  t o  per form the  f i r s t  two op t ions .  

F i gu re  3 shows t he  frequency s t a b i l i t y  model f o r  each o f  t h e  c locks  i n  t he  NBS 
ensemble. Once t he  model elements had been est imated us ing  t h e  maximum l i k e l i h o o d  
technique, each c l o c k  was s imulated and then processed through t he  AT1 a l go r i t hm  
as if the  da ta  were r e a l .  The computed t ime cou ld  then be compared aga ins t  p e r f e c t  
( t r u e )  t ime  s ince t he  data were s imulated. Two d i f f e r e n t  se ts  were s imulated and 
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processed and t h e  r e s u l t i n g  f requency s t a b i l i t y  i s  i n d i c a t e d  by  t h e  squares i n  
t h i s  f i g u r e .  One es t ima tes  t h a t  f o r  sample t imes  r a n g i n g  f rom about  one day t o  
about  a  monc$$he s t a b i l i t y  o f  AT1 so computed shou ld  be o f  t h e  o r d e r  o f  o r  be low 
about  1 x LO . 

Us ing  t h e  second o p t i o n  and the GPS common-view techn ique  we have measured t h e  
f requency  s t a b i l i t y  o f  A T 1  versus  UTC(USN0 MC) an o p e r a t i o n a l  t i m e  s c a l e  p r o v i d e d  
by  t h e  U . S .  Naval Observatory .  The t i m e  d i f f e r e n c e  so deduced i s  shown i n  F i g u r e  
4 f o r  t h e  p e r i o d  J u l y  t h rough  October 1983. The rr ( r )  a n a l y s i s  o f  these d a t a  i s  
shown i n  F i g u r e  5 w i t h  and w i t h o u t  an apparent  f r e & q b y  d r l f t  b e i n g  removed. The 
f requency d r i f t  i s  t i n y  - -  amounting t o  o n l y  - 8  x 10 per day. For  sample t imes  
o f  one, two, and f o u r  days, t h e  s t a b i l i t y  va lues  a r e  p r o b a b l y  s i g n i f i c a n t l y  contam- 
i n a t e d  by measurement no i se .  A p r o b a b l e  p r o p e r - ~ a n c l u s i o n  f rom t h i s  d a t a  s e t  i s  
t h a t  b o t h  t i m e  sca les  a r e  b e t t e r  t h a n  about  2 x 10 f o r  4 days - T - 1 month. 

Because of t h e  p r e v i o u s l y  de termined w h i t e  phase measurement n o i s e  p r e s e n t  when 
u s i n g  t h e  GPS i n  common-view techn ique  (ll), i t  i s  a p p r o p r i a t e  t o  use t h e  m o d i f i e d  
u (s )  a n a l y s i s  t echn ique  (12) .  Us ing  t h i s  t echn ique ,  F i g u r e  6 shows A T 1  versus  
bX th  UTC(USN0 MC) and UTC(OP), t h e  t i m e  s c a l e  p r o v i d e d  by t h e  t h e  P a r i s  Observa- 
t o r y .  Because o f  a f requency s t e p  i n t r o d u c e d  i n  UTC(0P) d u r i n g  t h e  above a n a l y s i s  
p e r i o d ,  a s t a b l e  p e r i o d  p r i o r  t o  t h i s  s t e p  d u r i n g  J u l y  1983 was analyzed.  In  
f i g u r e  6, t h e  measurement n o i s e  i s  l i m i t i n g  f o r  sample t imes  o f  one and two days 
b u t  f o r  sample t imes  o f  f rom 4 t o  32 days i t  appea-rf4that none o f  t h e  above t h r e e  
s c a l e s  has i n s t a b i  1  i t i e s  worse t h a n  about  1 x 10 f o r  mod. u (T) and f o r  t h e  
a n a l y s i s  p e r i o d  covered.  Assuming f l i c k e r  n o i s e  FM as t h e  s t a &  1 i ty model and 
t r a n s l a t i n g  t o  u (I) i nc reases  t h e  i n s t a b i l i t y  va lue  by o n l y  a f a c t o r  o f  about  
1 .2 .  Y  

Recen t l y  some r e p a i r  work was per fo rmed on t h e  NBS p r o t o t y p e  p a s s i v e  hydrogen 
maser (PHM4).  Because o f  t h i s  r e p a i r  work t h e  maser was n o t  i n c l u d e d  i n  the  NBS 
compu ta t i on  o f  ATI. T h i s  p r o v i d e d  an o p p o r t u n i t y  t o  use t h e  maser as an indepen- 
den t  l o c a l  r e f e r e n c e  t o  measure t h e  s t a b i l i t y  o f  AT1. Because o f  t h e  maser 's  
e x c e l l e n t  w h i t e  n o i s e  FM c h a r a c t e r i s t i c s ,  i t s  absence f rom t h e  t i m e  s c a l e  computa- 
t i o n  i nc reased  t h e  o v e r - a l l  w h i t e  n o i s e  FM l e v e l  o f  AT1 as compared t o  F i g u r e  3. 
Even so ,  as shown i n  F i g u r e  7, t h e  l o n g  te rm s t a b i j j J y  o f  A T 1  versus  t h e  p a s s i v e  
maser i s  s t i l l  v e r y  good - -  o f  t h e  o r d e r  o f  1 x 10 f o r  sample t imes  o f  one t o  
f o u r  days. The s t a b i l i t y  o f  AT1  versus UTC(USN0 MC) f rom F i g u r e  5 i s  p l o t t e d  f o r  
compar ison -- i t  shou ld  be no ted  t h a t  t h i s  d a t a  i s  contaminated by measurement 
no i se .  A c o n s e r v a t i v e  c o n c l u s i o n  fromlbhe d a t a  shown i n  F i g u r e  7 i s  t h a t  t h e  
s t a b i l i t y  o f  AT1 i s  b e t t e r  t h a n  2 x 10  f o r  sample t imes  i n  t h e  range o f  one day 
t o  a month. 

To t e s t  i f  t h e  s t e e r i ~ i g  o f  UTC(NBS) was a f f e c t i n g  t h e  l o n g  te rm s t a b i l i t y ,  UTC(NBS) 
was measured a g a i n s t  UTC(USN0 MC) v i a  GPS i n  common-view and no s i g n i f i c a n t  change 
i n  t h e  a ( r )  diagram r e s u l t e d  compared t o  t h a t  o b t a i n e d  i n  F i g u r e  5.  One can 
apparent% a1 so say thatlfhe t i m e  sca les  UTC(NBS) and/or  UTC(USN0 M C )  have s t a b i  1  - 
i t i e s  b e t t e r  t h a n  2 x 10  f o r  sample t imes  f rom a f e w  days t o  a month. 

Concl u s i  on 

The new NBS t i m e  s c a l e  measurement system (1) coup led w i t h  t h e  t i m e  s c a l e  a l g o r -  
i t h m  r e s e a r c h  (13)  has p r o v i d e d  NBS w i t h  a  s o l i d  f o u n d a t i o n  f o r  d e v e l o p i n g  t h e  

3 3 



t i m e  sca les  UTC(NBS1, TA(NBS1, and AT1 as e x q p i n e d  above. A l l  t h r e e  sca les  have 
f requency s t a b i l i t i e s  o f  t h e  o rde r  o f  1 x 10 f o r  sample t imes  f rom one day t o  a 
month. UTC(NBS) i s  synchronized t o  UTC, and TA(NBS) i s  syn ton ized  t o  t h e  NBS 
" b e s t  es t ima te "  o f  t h e  f requency g i v e n  by t h e  NBS p r i m a r y  f requency standards 
( c u r r e n t l y  NBS-6). AT1 p r o v i d e s  s t a t e - o f - t h e - a r t  f requency s t a b i l i t y  f o r  sample 
t imes  o f  t h e  o r d e r  o f  one day and longer  w i t h  t h e  a b i l i t y  t o  i n c l u d e  and t o  c a l i -  
b r a t e  c l o c k s  o f  d i v e r s e  as w e l l  as o f  s t a t e - o f - t h e - a r t  q u a l i t y .  As new and b e t t e r  
c l o c k s  a r e  added, AT1, UTC(NBS), and TA(NBS1 w i l l  con t inue  t o  improve i n  t h e i r  
f requency s t a b i l i t i e s .  

W i t h  t h e  advent of  GPS used i n  t h e  common-view measurement mode, t h e  f u l l  f requency 
s t a b i l i t y  and accuracy o f  t h e  above t i m e  sca les  i s  a v a i l a b l e  a t  a remote u s e r ' s  
l o c a t i o n  f o r  sample t imes o f  about 4 days and longer  (14).  T h i s  measurement i s  
about  a f a c t o r  o f  20 t imes b e t t e r  than  us ing  Loran-C. W i t h  t h i s  measurement 
techn ique ,  n o t  o n l y  w i l l  t h e  t i m e  d i f f e r e n c e  UTC(USN0 MC) - UTC(NBS) be known i n  
near r e a l  t i m e  t o  an accuracy o f  about 10 ns (3) ,  b u t  a l s o  i t  i s  a n t i c i p a t e d  t h a t  
UTC(NBS) wi 11 be a b l e  t o  m a i n t a i n  synchron iza t ion  w i t h  UTC, which i s  c a l c u l a t e d  
two months a f t e r  t h e  f a c t ,  w i t h  an accuracy o f  about 100 ns. 
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TABLE 1 

FREQUENCY WMGES 

DATE (KID) TA(NBS) UTC(rcSS) TA(NBS) - 'JTC(nBS) Ymt(NBS)-Y~A(mS) 

I 
1 Jan 80 
l h p r  10 

1 July 10 

1 July 81 

1 July 62 

1 Scpt 82 

1 Oct 13.2 

1 Nov 82 

1 Dcc 82 

1 Jan 83 

1 F t b  63 

1 nar 83 

1 Apr 83 

1 Ray 83 

1 Jun 83 

1 July 83 

i aug 83 

1 Scpt 83 

1 Oct 83 

+1.0 x l ~ * ~ ~ / y r . r  

( D r i f t  continued) 

+1.0 x 10- '~/year 

( D r i f t  rtoppcd) 

*I,O x 1 0 - ~ / y e r r  

( D r l f t  contlnrrrd) 

( D r i f t  cont inwd)  

( D r i f t  contlnocd) 

( O r l f t  continued) 

( D r i f t  contlnutd) 

( D r l f t  cont inwd)  

( D r i f t  ccntinurd) 

( D r i f t  contlnutd) 

( D r l f t  cantinurd) 

( D r i f t  continued) 

( D r i f t  cont inwd)  

I SABLE 2 Es:in?t.ea v a l u r s  or ,-> a n d  :T> and 95" c o t i f i d e n c e  i n t e r v . : ; ~ .  

C l o c k  L e n g t h  c ( n s \  5 ( n s )  
o f  d a t a  
( d a v s )  Lower  Uaoer  L::~ier I !nnrr  , 2 ,  8 ,  

I 
L i m i t  E s t .  L i p i t - ,  ,- I L i n i i t  E s t .  L i m i t  

1 3 1 6  3 ~ 4 -  'r 4.14 . 7 K 5 3  0 . 8 A 1 . 2 3  
167  36: 1 : ~  1 3 . 5 ~  1a.57 n . 5 7  1 . l l  2.07 
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F i g u r e  2. Universal Time Coord ina ted (UTC) m i  nus UTC(NBS) v i a  Lorail-C 

510. COMM. Cs. 
, - - '  - OPT. 004 Cs. 

1 400 DAYS S I M U L A T E ~ I  

1 365 DAYS S IMULATt l l  

F i g u r e  3. Frequency stability models o f  clocks i n  NBS ensemble. The squares a r e  
e s t i m a t e s  o f  t he  s t a b i  1 i t y  of  NBS. AT1  and UTC(N0S) via the NBS a1 gori thm. 



L l f i Y  (l1JIj) 

F i g u r e  4. USNO master  c lock ,  UTC(USN0 MC), minus UTC(NBS) v i a  GPS i n  common-view 
( Ju ly  t h r o u g h  October 1983). 

UTE (1JSNCJ ivlCj VS. NBS. AT1  

v i a  GPS S V 9  C O M M O N - V I E W  

+ =  DRIFT REMOVED 

-. 14.1- - - - -  .- .- f 
-t 

4 
--4 

5 6 7 
L O G  TAU (seconds) - 

F i g u r e  5. Frequency s t a h i  1 i t y  o f  UTC(USN0-MC) vs  A T 1  w i t h  and w i t h o u t  an apparent 
f requer lcy d r i f t  removed. 



- 1 :?I 

I 

,7 

2 
a: 
k- ! 
V 

t. 
a: > 
c? I . - 

+-, -131 
U) % 
r i  
C1) - p, \, 
L \ :  

i') 
r_l 

t 
_I - 

I W 1 T' E F' 1.: - '. c, 

I \ - 
-. 

- .  
\ - 

0 (0 ',; :+ -,ap-----+ 
L- 

4 -7 
5 . .  7 

LEG TAU i s ecn r ld s )  
- - 

Figure  6. F ~ e q u e n c y  stabilit,) o f  N H s . A T 1  v s .  UTC(USN0-MC)  and UTC(0P)  v i a  GPS i n  
common-view u s i n g  t h e  m o c l i f  i e d  .; (:T') at la lys i  s t ,echnique.  

Y 

-. 
0 

- -  :.'(: :I,SNC! M C >  " s .  NBS. A T 1  v i a  GPS 

- '  127 
+ 3 .  1 . PASSIVE MASER 4 

I 
! 

i 

7 

I 
,-, --13t 
.I: , 
\ ., 

I 

;+\ ! 
4 - .- 
A?. 1 

C 
k , i 
cT1 -1  41- 
r 1  I 
C7 
-1 i 1 

I 

I 
-- - -.. . -. . * . . .- - - + 

..{ 4 LJ 6 '7 
, , ;  T A U  ( S O C O ~ ~ S ~  

Figure 7. The frequer-:~!; s t ~ l t ; ~ . !  {ti, !:f NH5.ATTi. v s .  a p a s s i v e  hydroger, maser  and " 5 .  

UTC(USN0-MC) v; a t,he G P S  -i 1.1 ~ . o n i m o l ~ ~ - ~ ~ ~ e ~ ~  t e c h n i q u e .  



QUESTIONS AND ANSWERS 

MR. WARD : 

Sam Ward, J e t  Propulsion Laboratory. When d id  you s t a r t  us ing  t h i s  
smoother r a t e ?  

MR. ALLAN: 

Bas ica l ly ,  October of l a s t  yea r ,  a l l  of t h i s  year .  Roughly, about 
a year  ago. 

MR. WARD : 

Well, a s  a ma t t e r  of added infomation,  we had been having a problem wi th  
hydrogen masers, and one of them i n  p a r t i c u l a r  had been left open f o r  an 
excess ive  period and i t  cooled down, and when i t  came back up i t  had a 
very  h igh  d r i f t  r a t e .  Now, normally,  t h i s  d r i f t :  rate i s  around a few 

p a r t s  i n  1015 per  day; so we have been t r y i n g  t o  u se  t h e  G.P.S. t o  measure 
t h a t  d r i f t  r a t e .  So you can s e e  why we d i d n ' t  l i k e  i t  being d iddled .  

MR. ALLAN: 

That ' s  r i g h t .  

MR. WARD: 

But we,  indeed, found t h e  r a t e ,  a f t e r  about t h r e e  months, had s e t t l e d  
14 

down t o  a r a t e  tha t  was approaching a p a r t  i n  10  ; and be fo re  it: was taken 
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o f f  t h e  l i n e  l a s t  month, it had s e t t l e d  down t o  3.5 X 10 per  day. 

MR. ALLAN: 

I n  f a c t ,  J .P.L.  was one of t h e  d r i v i n g  f o r c e s  why N.B.S.  improved t h e i r  
performance. 




