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A b s t r a c t  

The o r i g i n a l  i n t e n t  o f  t h i s  p a p e r  was t o  p r o v i d e  
t e s t  r e s u l t s  o f  t h e  t i m e  t r a n s f e r s  u s i n s  a  n e w  
G l o b a l  P o s i t i o n i n g  System (GPS) Time T r a n s f e r  U n i t  
(TTU) deve loped  f o r  t h e  U .  S. Naval  O b s e r v a t o r y  
(USNO) by S t a n f o r d  Telecommunica t ions ,  I n c .  (ST11 . 

A s  t h e  TTU w a s  n o t  a v a i l a b l e  f o r  e x t e n s i v e  
t e s t i n g  a t  t h e  USNO, o n l y  p r e l i m i n a r y  d a t a  w e r e  
a v a i l a b l e  a t  t h e  t i m e  of  t h e  PTTI  m e e t i n g .  The 
scope  o f  t h e  p a p e r  was t h e n  changed t o  i n c l u d e  
s e v e r a l  new deve lopment s  i n  hardware  and a d d i -  
t i o n s  t o  s e r v i c e s  p r o v i d e d  by t h e  USNO i n  t i m e  
d i s s e m i n a t i o n  i n  a d d i t i o n  t o  r e p o r t i n g  on r e s u l t s  
o f  t i m e  t r a n s f e r s  u t i l i z i n g  t h e  TTU and a  new 
s m a l l  p o r t a b l e  a t o m i c  c l o c k .  

INTRODUCTION 

The P r e c i s e  Time and Time I n t e r v a l  Branch o f  t h e  Time Serv-  
i c e  D i v i s i o n  o f  t h e  USNO is r e s p o n s i b l e  f o r  a l l  o f  t h e  
hardware  used  i n  t h e  m o n i t o r i n g  and c o n t r o l l i n g  o f  PTTI  
d i s s e m i n a t i o n  sys t ems  b o t h  l o c a l  and wor ldwide .  I n c l u d e d  
i n  t h i s  i s  t h e  r e s p o n s i b i l i t y  t o  p u b l i s h  and d i s t r i b u t e  
t h e  d a t a  g a t h e r e d  i n  a t i m e l y  manner.  I n  o r d e r  t o  accom- 
p l i s h  t h i s  w i t h i n  t h e  c o n s t r a i n t s  o f  l i m i t e d  a v a i l a b l e  re- 
s o u r c e s ,  t h e  USNO re l ies  h e a v i l y  on t h e  i n g e n u i t y  and i n -  
t e r e s t  o f  s p e c i a l i s t s  i n  t h e  e l e c t r o n i c s  i n d u s t r y  t o  pro-  
v i d e  i n s t r u m e n t s  t h a t  s a t i s f y  o u r  s t r i n g e n t  r e q u i r e m e n t s .  
T h i s  pape r  p r o v i d e s  a d e s c r i p t i o n  o f  improvements t h a t  a r e  
b e i n g  made t o  expand and enhance  u s e r  s e r v i c e s ,  a  d e s c r i p -  
t i o n  o f  what i s  p lanned  t o  improve t h e  i n t e r n a l  a c q u i s i t i o n  
and r e d u c t i o n  o f  d a t a  a t  USNO, a  b r i e f  ove rv iew o f  new prod-  
u c t s  t h a t  have become a v a i l a b l e  due  t o  USNO r e q u i r e m e n t s  
and t h e  i n i t i a l  r e s u l t s  o f  t es t s  conduc ted  t o  d e t e r m i n e  t h e  
per formance  o f  two new t i m e  d i s s e m i n a t i o n  d e v i c e s .  These 
improvements p r o v i d e  t h e  means t o  s i g n i f i c a n t l y  improve 
t i m e  d i s s e m i n a t i o n  i n  a  number o f  areas. 

DATA AND SERVICES 

I n  t h e  p a s t  y e a r  or s o  s e v e r a l  new or improved t i m e  d a t a  



d i s t r i b u t i o n  s e r v i c e s  have been implemented.  I n  t h e  coming 
y e a r  p l a n s  c a l l  f o r  s e v e r a l  more s i g n i f i c a n t  a d d i t i o n s .  

The Telephone  Time S e r v i c e  [ ( 2 0 2 )  254-4950 o r  Autovon 294- 
49501 was i n a u g e r a t e d  j u s t  p r i o r  t o  t h e  1978 P T T I  Meet ing .  
S i n c e  t h e n  o v e r  750,000 c a l l s  have  been logged  on t h e  s y s -  
t e m .  System a v a i l a b i l i t y  h a s  been a p p r o x i m a t e l y  99.7% 
o v e r  t h a t  p e r i o d .  M o d i f i c a t i o n s  w e r e  made t o  i n c r e a s e  t h e  
message l e n g t h  from one  f i f t e e n  second c y c l e  t o  f o u r ,  t h u s  
making t h e  s e r v i c e  a v a i l a b l e  f o r  a  f u l l  minu te  p e r  c a l l .  
Ten t e l e p h o n e  t r u n k  l i n e s  are i n s t a l l e d  s o  o v e r l o a d s  a r e  
i n f r e q u e n t  and o c c u r  o n l y  a t  t i m e s  o f  h i g h  i n t e r e s t ,  i . e .  
D a y l i g h t  Sav ing  t o  S t a n d a r d  Time, l e a p  s e c o n d s ,  e tc .  The 
sys t em p r o v i d e s  d i r e c t  a c c e s s  t o  t h e  USNO Master  Clock .  
F a i l - s a f e  o p e r a t i o n  i s  p r o v i d e d  by r e q u i r i n g  t h a t  t h e  d i g i -  
t a l  i n p u t  s i g n a l s  from s e p a r a t e  r e f e r e n c e  c l o c k  sys t ems  be  
c o i n c i d e n t  t o  w i t h i n  a few m i c r o s e c o n d s  b e f o r e  a l l o w i n g  
c a l l s  t o  be  answered .  Any d i s c r e p a n c y  which would r e s u l t  
i n  an i n c o r r e c t  announcement c a u s e s  t h e  sys t em t o  go o f f -  
l i n e  u n t i l  t h e  problem i s  c o r r e c t e d .  The message c o n s i s t s  
o f  a  one  p u l s e  p e r  second  t i c k  ( 5  c y c l e s  o f  1000 Hz) and  a 
v o i c e  announcement and t o n e  t o  i d e n t i f y  p a r t i c u l a r  s e c o n d s  
o f  b o t h  C o o r d i n a t e d  U n i v e r s a l  Time (UTC) and l o c a l  t i m e  i n  
t h e  E a s t e r n  U.S. T i m e  Zone. To p r e v e n t  d i s t o r t i o n  d u e  t o  
i n t e r f e r e n c e ,  t h e  v o i c e  announcement is b lanked  f o r  a  s h o r t  
p e r i o d ,  d u r i n g  which ,  t h e  t i c k  o c c u r s .  Three  s i m u l t a n e o u s ,  
f i f t e e n  second announcements ,  s p a c e d  a t  f i v e - s e c o n d  i n t e r -  
v a l s ,  a r e  c o n t i n u o u s l y  on l ine  and p r o v i d e  a  c a l l e r  a c c e s s  
t o  an announcement w i t h i n  f i v e  s e c o n d s  o f  h i s  c a l l  b e i n g  
answered .  The p r e c i s i o n  o b t a i n a b l e  by measur ing  t h e  t i m e  
o f  a r r i v a l  o f  t h e  t i c k  i s  on t h e  o r d e r  o f  one m i l l i s e c o n d .  
Measurements o f  t h i s  s i g n a l ,  made i n  S w i t z e r l a n d  by D r .  
P e t e r  K a r t a s c h o f f ,  showed d e l a y s  o f  55 m i l l i s e c o n d s  v i a  
c a b l e  and 251 m i l l i s e c o n d s  v i a  s a t e l l i t e .  Users u t i l i z i n g  
mul t i -hop  s a t e l l i t e  l i n k s  would have t o  e x e r c i s e  c a r e  i n  
making measurements  a s  d e l a y s  o f  a  h a l f  second o r  more 
c o u l d  be  e x p e r i e n c e d .  

Timing c o v e r a g e  on t h e  Loran-C sys t em h a s  been e x t e n d e d  
w i t h  t h e  s y n c h r o n i z a t i o n  o f  two new c h a i n s ,  U.S. N o r t h e a s t  
Coas t  (9960)  and U.S. S o u t h e a s t  Coas t  (7980) .  The c r e a t i o n  
o f  two new c h a i n s  from t h e  combina t ion  o f  t h e  s t a t i o n s  o f  
t h e  now d e f u n c t  U.S. E a s t  Coas t  Chain (9930)  w i t h  f i v e  new 
s t a t i o n s  h a s  r e s u l t e d  i n  an  i n c r e a s e  i n  b o t h  c o v e r a g e  area 
and s i g n a l  s t r e n g t h  a n d ,  i n  many a r e a s ,  g i v e s  u s e r s  a  num- 
b e r  o f  s i g n a l s  t o  c h o s e  from. 

The r e c o n f i g u r a t i o n  o f  t h e  E a s t  C o a s t  Chain a l s o  r e s u l t e d  
i n  t h e  l o s s  o f  t h e  Cape Race,  Newfoundland s t a t i o n  a s  a  



d u a l - r a t e d  t i e  p o i n t  f o r  m o n i t o r i n g  t h e  Nor th  A t l a n t i c  
c h a i n  per formance .  To a l l e v i a t e  t h i s  s i t u a t i o n ,  t h e  Ob- 
s e r v a t o r y  w i l l  i n s t a l l  a  m o n i t o r  s t a t i o n  a t  t h e  K e f l a v i k ,  
I c e l a n d  SATCOM t e r m i n a l  t o  pe r fo rm measurements  on t h e  
Nor th  A t l a n t i c  and Norwegian Sea c h a i n s  v i a  t h e  d u a l - r a t e d  
s t a t i o n  a t  S a n d u r ,  I c e l a n d .  T i m e  t r a n s f e r s  v i a  SATCOM t o  
F o r t  D e t r i c k ,  Maryland and from t h e r e  t o  t h e  O b s e r v a t o r y  
v i a  TV Line  10  w i l l  p r o v i d e  t h e  d a t a  n e c e s s a r y  t o  a c c u r a t e -  
l y  d e t e r m i n e  t h e  t i m i n g  per formance  o f  t h e  two c h a i n s .  
Loran-C t i d i n g  c o v e r a g e  w i l l  be  f u r t h e r  enhanced and ex- 
panded w i t h  t h e  a d d i t i o n  of  t h e  G r e a t  Lakes c h a i n  e a r l y  i n  
1980 and t h e  E a s t  C o a s t  of  Canada c h a i n  l a t e r  t h a t  y e a r .  

The u s e  of E a r t h  s a t e l l i t e s  f o r  t i m e  t r a n s f e r  and d i s s e m i -  
n a t i o n  has  a lways  been o f  g r e a t  i n t e r e s t  t o  t h e  Observa- 
t o r y .  I n  a d d i t i o n  t o  t h e  r o u t i n e  o p e r a t i o n a l  u s e  of  SAT- 
COM, O b s e r v a t o r y  p e r s o n n e l  have been a c t i v e l y  i n v o l v e d  i n  
n e a r l y  e v e r y  satellite t i m e  t r a n s f e r  expe r imen t  per formed 
( T e l s t a r ,  R e l a y ,  Eloon Bounce, ATS, T i m a t i o n ,  Symphonie, 
e t c . ) .  C u r r e n t  e f f o r t s  a r e  c e n t e r e d  around t h e  Navy Navi- 
g a t i o n  S a t e l l i t e  System, known a s  NNSS o r  T r a n s i t ,  and  t h e  
Globa l  P o s i t i o n i n g  System (GPS). 

Al though t h e  T r a n s i t  sys t em h a s  been i n  o p e r a t i o n  and a v a i l -  
a b l e  s i n c e  t h e  e a r l y  6 0 ' s  and t h e  s y s t e m ' s  c a p a b i l i t i e s  f o r  
p r e c i s e  t i m e  have been v o i c e d  by a  number of  p r o p o n e n t s  f o r  
a  number o f  y e a r s ,  o n l y  r e c e n t l y ,  w i t h  t h e  i n t r o d u c t i o n  o f  
a  commerc ia l ly  a v a i l a b l e  T r a n s i t  t i m i n g  r e c e i v e r ,  h a s  t h e  
u s e  of T r a n s i t  t i m e  become r e a l i s t i c .  The O b s e r v a t o r y  h a s  
p u b l i s h e d  T r a n s i t  t i m i n g  i n f o r m a t i o n  f o r  a  n m b e r  of  y e a r s  
i n  i t s  S e r i e s  1 7 ,  T r a n s i t  S a t e l l i t e  Repor t .  I n  r e c e n t  
y e a r s  an e f f o r t  h a s  been made t o  improve t h e  q u a l i t y  o f  t h e  
t i m i n g  d a t a  a v a i l a b l e  by s e e k i n g  improvements i n  t h e  s a t e l -  
l i t e  c o n t r o l  p r o c e d u r e s  and by improving  m o n i t o r i n g  capa-  
b i l i t i e s  t o  a l l o w  t h e  p u b l i c a t i o n  o f  d a t a  r e c o v e r e d  from 
t h e  s a t e l l i t e  t r a n s m i s s i o n s .  The p r e s e n t  g e n e r a t i o n  o f  
s a t e l l i t e s  ( O s c a r s )  p r o v i d e  a t i m i n g  c a p a b i l i t y  i n  t h e  ?25 
microsecond r e g i o n  w i t h  g l o b a l  cove rage  on a d a i l y  b a s i s .  
W e  hope t h a t  improved c o n t r o l  p r o c e d u r e s  c o u l d  r e d u c e  t h i s  
t o  less t h a n  '10 mic roseconds  f o r  t h e  Oscar  s a t e l l i t e s  and  
t o  2 1  microsecond f o r  t h e  new g e n e r a t i o n  o f  s a t e l l i t e s  
(Nova) ,  two o f  which a r e  schedu led  f o r  l a u n c h  i n  1980.  Un- 
f o r t u n a t e l y ,  e f f o r t s  t o  improve c o n t r o l  p r o c e d u r e s  have 
been u n s u c c e s s f u l  t o  d a t e .  The O b s e r v a t o r y  w i l l  c o n t i n u e  
i t s  e f f o r t s  i n  t h i s  a r e a  and i s  c u r r e n t l y  engaged i n  up- 
g r a d i n g  i t s  m o n i t o r i n g  c a p a b i l i t y  t o  a l l o w  t h e  d a i l y  pub- 
l i c a t i o n  o f  more u s e f u l  and t i m e l y  i n f o r m a t i o n  on a l l  
s a t e l l i t e s  i n  view from Washington. 



The GPS, when f u l l y  o p e r a t i o n a l ,  w i l l  have  t h e  t i m i n g  capa-  
b i l i t y  o f  worldwide c o v e r a g e  on a  c o n t i n u o u s  b a s i s  t o  a 
l e v e l  o f  b e t t e r  t h a n  + l o 0  nanoseconds .  P r e s e n t  p r o p o s a l s  
c a l l  f o r  GPS t i m e  t o  be  d e r l v e d  d i r e c t l y  from t h e  USNO 
Master  Clock  by means o f  a  f u l l  GPS m o n i t o r  s t a t i o n  l o c a t e d  
a t  t h e  O b s e r v a t o r y  i n  Washington.  Moni to r ing  by i n d e p e n d e n t  
r e c e i v e r s  w i l l  p r o v i d e  i n f o r m a t i o n  f o r  p u b l i c a t i o n .  The 
r e s u l t s  o f  p r e l i m i n a r y  t e s t i n g  o f  t h e  f i r s t  r e c e i v e r  de-  
s i g n e d  s p e c i f i c a l l y  f o r  GPS t i m i n g  w i l l  b e  p r e s e n t e d  l a t e r  
i n  t h e  pape r .  

Another  a r e a  i n  which t h e  O b s e r v a t o r y  i s  c u r r e n t l y  engaged 
i s  t h e  p r o v i s i o n  o f  a c c e s s  t o  Time S e r v i c e  d a t a  t o  u s e r s  
v i a  a  d i r e c t  t e l e c o m m u n i c a t i o n s  l i n k  t o  o u r  compute r s .  
T h i s  would p r o v i d e  r e a l  t i m e  a v a i l a b i l i t y  o f  much of  t h e  
d a t a  c o l l e c t e d  by t h e  O b s e r v a t o r y  t o  any  u s e r  who had a  
c o m p a t i b l e  modem and t e r m i n a l .  

COMPUTER HARDWARE AND SOFTTp7ARE 

The l e a d i n g  r o l e  t h a t  t h e  Time S e r v i c e  D i v i s i o n  h a s  p l a y e d  
i n  t h e  development  o f  au tomated  sys t ems  f o r  t h e  c o l l e c t i o n  
and a n a l y s i s  o f  t i m e k e e p i n g  i n f o r m a t i o n  h a s  c o n t i n u e d  and 
h a s  become a ma jo r  p a r t  o f  t h e  D i v i s i o n ' s  e f f o r t s .  The now 
o b s o l e t e ,  b u t  s t i l l  o p e r a t i o n a l ,  computer  ( IBM 1800)  t h a t  
i s  t h e  m a i n s t a y  o f  o u r  au tomated  sys t em i s  b e i n g  phased  o u t  
and g r a d u a l l y  r e p l a c e d  by two new min icompute r s  (IBM S e r i e s  
1 and H P  1 0 0 0 ) .  The i n t e g r a t i o n  o f  t h e  new machines  and  
t h e  upgrad ing  o f  t h e  measurement sys t em h a s  t u r n e d  o u t  t o  
be  q u i t e  c h a l l e n g i n g .  I t  is  hoped t h a t  t h e  two new ma- 
c h i n e s ,  coup led  t o  an IBM 4341 v i a  a  d a t a  communicat ions 
l i n k ,  w i l l  p r o v i d e  t h e  improved pe r fo rmance ,  g r e a t e r  capac -  
i t y  and versatility and rea l  t i m e  a c c e s s i b i l i t y  t o  d a t a  
t h a t  i s  r e q u i r e d .  I t  i s  e n v i s i o n e d  t h a t  t h e  sys t em w i l l  be  
a b l e  t o  a c c e p t  d a t a  v i a  a  number o f  media ( t e l e t y p e ,  te le-  
phone,  p a p e r  and m a g n e t i c  t a p e ,  e t c . )  and w i l l  be  a b l e  t o  
o u t p u t  t h e  p r o c e s s e d  i n f o r m a t i o n  i n  p r i n t e d  form i n  s e v e r a l  
v a r i a t i o n s ,  e l e c t r o n i c a l l y  v i a  t e l e p h o n e  o r  t e l e t y p e ,  i n  
g r a p h i c  form s u c h  as c h a r t s  and  v iew-graphs ,  on CRT t e r m i -  
n a l s  and s o  on. 

The i n t e r n a l  t e c h n i q u e s  and hardware  f o r  c o n t r o l l i n g  t h e  
Master Clock sys t em have been m o d i f i e d  and r e f i n e d  t o  t h e  
p o i n t  where t h e  computer  r o u t i n e l y  a d j u s t s  t h e  r e f e r e n c e  
sys t ems  t h r o u g h  a phase  m i c r o s t e p p e r  t o  a r e s o l u t i o n  o f  
+1 x 10-14 .  T h i s  i s  accompl ished  t h r o u g h  a  f a i l - s a f e  i n -  
terface d e s i g n e d  and b u i l t  a t  t h e  Obse rva to ry .  The p ro -  
grams f o r  sys t em c o n t r o l ,  t h e  a l g o r i t h m s  used  i n  d a t a  a n a l -  
y s i s  and t h e  c l o c k  model ing  t e c h n i q u e s  used  i n  t h e  p r e d i c -  



t i o n  process  were a l s o  developed a t  t h e  Observatory.  

Work is a l s o  proceeding i n  two r e l a t e d  a r e a s .  The f i r s t  is 
a  m u l t i p l e x e r  f o r  c o n t r o l l i n g  t h e  m u l t i l a y e r e d ,  c o a x i a l  
swi tch system used f o r  d a t a  c o l l e c t i o n  on t h e  Observatory 
grounds. When implemented, t h i s  w i l l  a l low s e v e r a l  com- 
p u t e r s  and t e r m i n a l s  t o  access  any c lock  o r  d a t a  source  a s  
necessary .  Access w i l l  be p r i o r i t i z e d  and t h e  systems con- 
f i g u r e d  t o  extend t h e  redundancy p r e s e n t l y  b u i l t  i n t o  t h e  
c lock  system t o  t h e  d a t a  c o l l e c t i o n  system. The second i s  
t h e  development and implementation of computer c o n t r o l l e d  
remote measurement systems which can be accessed v i a  d i a l -  
up te lephone  l i n e s .  A p i l o t  system has  been i n s t a l l e d  i n  
t h e  F o r t  D e t r i c k ,  Maryland SATCOM te rmina l  a s  a  t e s t -bed .  
The system i s  based on IEEE-488-1975 compat ible  equipment 
opera ted  by an HP 1000 computer over an a u t o d i a l e d ,  swi tch-  
ed commercial l i n e  a t  1200 baud. 

SYSTEM HARDWARE 

In  t h e  a r e a  of system hardware, t h e  Time Se rv i ce  Div is ion  
o p e r a t e s  under a  philosophy of u t i l i z i n g  o f f - t h e - s h e l f ,  
commercially a v a i l a b l e  equipment t o  a s  g r e a t  e x t e n t  a s  pos- 
s i b l e .  I f  a  product  does  no t  e x i s t  t o  f i l l  a  p a r t i c u l a r  
requirement ,  an a t tempt  i s  made t o  i n t e r e s t  a  manufacturer  
i n  de s ign ing  what i s  r e q u i r e d  and adding it t o  h i s  product  
l i n e .  In  house developments a r e  l i m i t e d  to  i t e m s  which 
c a n ' t  be economically procured by any o t h e r  means. In  t h e  
p a s t  s e v e r a l  yea r s  t h e r e  have been a  number of requi rements  
genera ted  by t h e  Observatory t h a t  a r e  now being s a t i s f i e d  
by o f f - the - she l f  p roduc ts  whose o r i g i n s  can be t r a c e d  t o  
t h e  Observatory.  The fo l lowing  i s  a  b r i e f  d e s c r i p t i o n  of 
t h e  more s i g n i f i c a n t  of t h e s e ,  i nc lud ing  mention of spe- 
c i f i c  c h a r a c t e r i s t i c s  which make them unique.  

The f i r s t  f i v e  ins t ruments  (designed by M r .  Leonard Shepard 
of ILC/Data Devices Corp.)  a r e  a d i r e c t  outgrowth of  r e -  
quirements  which developed over t h e  l a s t  few y e a r s  a s  a  
r e s u l t  of a  g e n e r a l  i n c r e a s e  i n  t h e  use  of P T T I ,  an i n -  
c r e a s e  i n  t h e  c a p a b i l i t y  and s o p h i s t i c a t i o n  of t h e  u s e r  
community and t h e  a v a i l a b i l i t y  of h igher  q u a l i t y  c lock  sys- 
tems. A s  t h e  s t a b i l i t y  of frequency s t anda rds  improved and 
c lock  model l ing improved, t h e  need f o r  improving t h e  c o n t r o l  
mechanism a t  t h e  frequency s t anda rd  ou tpu t  become apparen t .  
A s  a  r e s u l t ,  a  new phase micros tepper  was developed which 
inc reased  t h e  range of ope ra t ion  from 2 1  x  l o - '  t o  '1 x  l o - '  
a t  t h e  low end and from '1 x  l o - ' '  t o  +1 x  1 0 - l 7  a t  t h e  
h igh  end,  reduced t h e  s i z e  of t h e  phase s t e p s  from 1 0  
nanoseconds t o  1 picosecond and reduced i n s t a b i l i t i e s  t o  



less t h a n  500 p i c o s e c o n d s  f o r  a  l a b o r a t o r y  env i ronment .  
T h i s  i n s t r u m e n t  i s  c u r r e n t l y  undergo ing  t e s t i n g  and  shou ld  
be  i n  p r o d u c t i o n  e a r l y  i n  1980.  

With t h e  a d v e n t  o f  measurement sys t ems  w i t h  subnanosecond 
r e s o l u t i o n ,  t h e  need t o  d e v e l o p  more w e l l - d e f i n e d  and  s t a -  
b l e  one  p u l s e  p e r  second s i g n a l s  from t h e  h i g h l y  s t a b l e  
f r e q u e n c y  s t a n d a r d s  came i n t o  e x i s t e n c e .  T h i s  need  was 
s a t i s f i e d  w i t h  t h e  c l o c k / d i v i d e r  shown i n  F i g u r e  1. I t  
p r o v i d e s  f o u r  i n d e p e n d e n t l y  b u f f e r e d  50-ohm o u t p u t s  ( w i t h  
p o r t  t o  p o r t  d e l a y  v a r i a t i o n s  o f  less  t h a n  1 nanosecond)  
h a v i n g  r ise t i m e s  o f  less t h a n  4 nanoseconds ,  j i t t e r s  o f  
less t h a n  50 p i c o s e c o n d s  and s t a b i l i t i e s  o f  b e t t e r  t h a n  20 
p i c o s e c o n d s  p e r  d e g r e e  C e l s i u s .  I n  a d d i t i o n ,  a  BCD o u t p u t ,  
a  h i g h  v i s i b i l i t y  LED d i s p l a y  a n d ' a n  a u d i b l e  t i c k  are a l s o  
p r o v i d e d .  

A s  an a d j u n c t  t o  t h e  above u n i t s ,  a p u l s e  d i s t r i b u t i o n  am- 
p l i f i e r  ( F i g u r e  2 ) ,  u t i l i z i n g  t h e  same o u t p u t  c i r c u i t s  a s  
t h e  c l o c k / d i v i d e r ,  i s  a v a i l a b l e  i n  c o n f i g u r a t i o n s  o f  up  t o  
20 c h a n n e l s  p e r  u n i t .  T h i s  a l l o w s  t h e  d i s t r i b u t i o n  o f  
h i g h l y  s t a b l e ,  i s o l a t e d  p u l s e s  o v e r  a  l a r a e  a r e a  w i t h o u t  
f e a r  o f  sys t em d e g r a d a t i o n  due  t o  l i n e  l o a d i n g  o r  o t h e r  i n -  
a d v e r t e n t  i n t e r f e r e n c e .  

U n t i l  r e c e n t l y ,  commerc ia l ly  a v a i l a b l e  TV L i n e  1 0  t i m e  d i s -  
s e m i n a t i o n  equipment  s u f f e r e d  from a common f a u l t .  T e l e -  
v i s i o n  r e c e i v e r s  d e s i g n e d  f o r  home u s e  w e r e  u sed  t o  r e c o v e r  
t h e  t r a n s m i t t e d  s i g n a l .  The c h i e f  problems w e r e  due  t o  t h e  
low q u a l i t y  o f  t h e  components (compared t o  l a b o r a t o r y  g r a d e  
equ ipmen t )  and t h e  r e s u l t a n t  i n s t a b i l i t y  and r e l i a b i l i t y .  
The TV L ine  10  s y s t e m  o f f e r s  an  i n h e r e n t  c a p a b i l i t y  f o r  
l o c a l  t i m e  d i s s e m i n a t i o n  i n  t h e  t e n s  o f  nanoseconds  under  
c e r t a i n  c i r c u m s t a n c e s .  I n  o r d e r  t o  a c h i e v e  t h i s  c a p a b i l i t y  
an i n s t r u m e n t  g r a d e  r e c e i v e r  ( F i g u r e  3 )  was d e s i g n e d  and 
b u i l t .  U t i l i z i n g  t h e s e  r e c e i v e r s ,  r e s u l t s  w e l l  below 50 
nanoseconds  have been a c h i e v e d .  E f f o r t s  a r e  c u r r e n t l y  under  
way t o  s t a b i l i z e  l o c a l  TV t r a n s m i s s i o n s  u s i n g  m o d i f i e d  v e r -  
s i o n s  o f  t h e  r e c e i v e r s  t o  g e n e r a t e  t h e  r e q u i r e d  sync  s i g -  
n a l s  a t  t h e  t r a n s m i t t e r  and t h u s  a c h i e v e  a s t a b i l i t y  below 
t h e  10  nanosecond l e v e l .  

T ime  d i s s e m i n a t i o n  r e q u i r e s  t h e  a b i l i t y  t o  make h i g h  r e s o -  
l o t i o n ,  p r e c i s e  t i m e  i n t e r v a l  measurements .  T i m e  i n t e r v a l  
c o u n t e r s  used  on p o r t a b l e  c l o c k  t r i p s  have  a d d i t i o n a l  con- 
s t r a i n t s  i n  s i z e  and w e i g h t  r e q u i r e m e n t s .  The most  de-  
s i r a b l e  s i t u a t i o n  i s  t h a t  of  h i g h  r e s o l u t i o n  i n  a  s m a l l  
package.  A f t e r  s e v e r a l  u n s u c c e s s f u l  procurement  a t t e m p t s ,  
a c o u n t e r  d e s i g n e d  s p e c i f i c a l l y  f o r  p o r t a b l e  c l o c k  a p p l i -  



c a t i o n s  h a s  been b u i l t  ( F i g u r e  4 ) .  The c o u n t e r  i s  c o n t a i n -  
ed  i n  a  package 1 . 7 5  i n c h e s  h i q h  and  9 i n c h e s  wide and  
weighs f o u r  pounds. It h a s  a b u i l t - i n  d i q i t a l  v o l t m e t e r  
f o r  s e t t i n g  t h e  t r i g g e r  l e v e l s ,  h a s  a  s i n g l e  s h o t  r e s o l u -  
t i o n  o f  10  nanoseconds  and an  a v e r a g i n g  r e s o l u t i o n  o f  1 
nanosecond.  

TIME DISSEMIIJATION HARDWARE 

The f i n a l  two i t e m s ,  which have become a v a i l a b l e  o n l y  i n  
t h e  l a s t  f w months a f t e r  s e v e r a l  y e a r s  o f  deve lopment ,  
are a  s m a l ?  p o r t a b l e  a tomic  c l o c k  and a  GPS T i m e  T r a n f e r  
U n i t .  Both a r e  t h e  r e s u l t  of r e q u i r e m e n t s  and s u p p o r t  
g e n e r a t e d  a t  t h e  O b s e r v a t o r y .  A s  a  l a r a e  p a r t  of t h e  T i m e  
S e r v i c e  D i v i s i o n ' s  m i s s i o n  i s  conce rned  w i t h  t h e  d i s semina -  
t i o n  of  P T T I ,  more e f f i c i e n t  and a c c u r a t e  means o f  t i m e  
t r a n s f e r  a r e  o f  v i t a l  i n t e r e s t  and a  c o n t i n u o u s  e f f o r t  i s  
made t o  improve o p e r a t i o n s  i n  t h e s e  a r e a s .  Over t h e  p a s t  
t w e l v e  y e a r s  t h e  O b s e r v a t o r y  h a s  conduc ted  p o r t a b l e  c l o c k  
o p e r a t i o n s  t h a t  have r e s u l t e d  i n  t h e  s y n c h r o n i z a t i o n  o f  
of  between 100 and 200 c l o c k s  y e a r l y  on a  worldwide b a s i s .  
The c o s t  p e r  c l o c k  s y n c h r o n i z e d  can  be  anywhere between 
$500 and $1000 and t h r e e  t o  f o u r  man-days of  e f f o r t .  B e -  
c a u s e  o f  t h e i r  s i z e  and w e i g h t ,  p o r t a b l e  c l o c k s  p r e s e n t l y  
i n  u s e  pose  l o q i s i t i c a l  p r o b l e n s  and r e q u i r e  s p e c i a l  han- 
d l i n g  t o  p r e v e n t  i n j u r y  t o  p e r s o n n e l  h a n d l i n g  them. Ways 
t o  r e d u c e  t h e  p h y s i c a l  and f i n a n c i a l  burden o f  t h e s e  t r i p s  
a r e  c o n s t a n t l y  b e i n g  s o u g h t .  

The s m a l l  p o r t a b l e  ces ium c l o c k  shown i n  F i g u r e  5 i s  a  
p r o d u c t  o f  Frequency and T i m e  Sys tems,  I n c . ,  and it s h o u l d  
have a  s i g n i f i c a n t  impact  on p o r t a b l e  c l o c k  o p e r a t i o n s .  
Be-ing s l i g h t l y  l a r g e r  t h a n  a  normal  b r i e f c a s e  and we igh ing  
less than  f i f t y  pounds,  it can  be  hand led  by one  pe r son  and  
c a r r i e d  under  most  commercial  a i r c r a f t  s e a t s .  T h i s  makes 
p o s s i b l e  an immediate  c o s t  r e d u c t i o n  due  t o  t h e  e l i m i n a t i o n  
o f  t h e  need f o r  a  s e a t  f o r  t h e  c l o c k  and w i l l  a l l o w  t h e  
e l i m i n a t i o n  o f  a  second c l o c k  c a r r i e r  on c e r t a i n  t r i p s .  
A s  t h e  c l o c k  h a s  seven t o  e i g h t  h o u r s  o f  i n t e r n a l  b a t t e r y  
c a p a b i l i t y  and  p r o v i s i o n s  f o r  o p e r a t i o n  from 115/230 VAC, 
50 t o  400 Hz, and 12 VDC it can o p e r a t e  i n  t h e  same power 
envi ronment  a s  t h e  l a r g e r  c l o c k s .  The per formance  o f  t h e  
c l o c k  was r e c e n t l y  e v a l u a t e d  on a  seven-day t r i p  t o  C a l i -  
f o r n i a .  Two p o r t a b l e  c l o c k s  w e r e  t r a n s p o r t e d  by a u t o  and 
a i r c r a f t  t o  a  number o f  l o c a t i o n s  i n  and between Los Ange les  
and San F r a n c i s c o .  One was t h e  s m a l l  p o r t a b l e  ( d e s i g n a t e d  
FTS PC 101)  and t h e  o t h e r  was a  l a r g e  p o r t a b l e  ( d e s i g n a t e d  
HP PC 1 4 5 2 ) .  HP PC 1452 c o n s i s t e d  o f  a  Hewle t t -Packard  
h i g h  per formance  ces ium c l o c k  and s t a n d b y  power s u p p l y ,  a 
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combina t ion  t h a t  h a s  g i v e n  o u t s t a n d i n g  s e r v i c e  f o r  many 
y e a r s .  A t  e a c h  s i t e  v i s i t e d ,  measurements  w e r e  made u s i n g  
b o t h  c l o c k s .  The r e s u l t s  o f  t h e s e  measurements  are shown 
i n  F i g u r e  6 .  The end p o i n t s  o f  t h e  l i n e s  a r e  measurements  
made a t  t h e  O b s e r v a t o r y  a t  t h e  b e g i n n i n g  and end  o f  t h e  
t r i p .  The l i n e s  a r e  i n t e r p o l a t e d  estimates o f  c l o c k  p e r -  
formance d u r i n g  t h e  t r i p .  The d a t a  p o i n t s  p l o t t e d  are t h e  
measurements  made d u r i n g  t h e  t r i p .  I f  HP PC 1452 i s  a s -  
sumed t o  be  p e r f e c t  and a l l  t h e  e r r o r  a s s i q n e d  t o  FTS PC 
101 ,  w e  would a s s i g n  t h e  maximum d e v i a t i o n  o f  a p p r o x i m a t e l y  
50 nanoseconds  t o  FTS PC 101.  S i n c e  t h i s  i s  c e r t a i n l y  n o t  
t h e  c a s e  and s i n c e  a  c u r v e  f i t t e d  t h r o u g h  t h e  d a t a  p o i n t s  
would be  w i t h i n  25 nanoseconds  o f  t h e  i n t e r p o l a t i o n ,  t h e  
per formance  o f  t h e  FTS PC 1 0 1  can  be  d e s c r i b e d  a s  o u t s t a n d -  
i n g ,  w e l l  w i t h i n  t h e  e r r o r  one  n o r m a l l y  e x p e r i e n c e s  on ex- 
t e n d e d  t r i p s .  The p o s i t i v e  b i a s  o f  t h e  d a t a  i n d i c a t e s  
n o n - l i n e a r  pe r fo rmance  on t h e  p a r t  o f  one  o r  b o t h  c l o c k s  or  
some measurement e r r o r  i n  t h e  e n d p o i n t  measurements .  Ef- 
f o r t s  w i l l  be made t o  e v a l u a t e  per formance  more f u l l y  i n  
months t o  come. 

The r e a s o n  f o r  t h i s  p o r t a b l e  c l o c k  t r i p  w a s  t o  t e s t  a  GPS/ 
TTU a t  S t a n f o r d  Telecommunica t ions ,  I n c . ,  Sunnyvale ,  C a l i -  
f o r n i a .  The TTU was deve loped  and  b u i l t  f o r  t h e  Observa- 
t o r y  w i t h  f u n d i n g  from t h e  Naval  E l e c t r o n i c  Systems Com- 
mand. The GPS/TTU i s  i n t e n d e d  t o  b e  a t e s t - b e d  f rom which 
t h e  t i m i n g  pe r fo rmance  o f  t h e  p r e s e n t  GPS phase  can b e  
e v a l u a t e d ,  a  m o n i t o r  r e c e i v e r  from which o p e r a t i o n a l  GPS 
t i m e  d i s s e m i n a t i o n  can  be  c a r r i e d  o u t  on an e x p e r i m e n t a l  
b a s i s ,  and a  sys t em p r o t o t y p e  w h i c h - w i l l  p r o v i d e  t h e  i n -  
f o r m a t i o n  n e c e s s a r y  t o  d e v e l o p  t h e  n e x t  g e n e r a t i o n  o f  GPS 
t i m i n g  r e c e i v e r s .  

The GPS/TTU is i l l u s t r a t e d  i n  t h e  b l o c k  d iaq ram o f  F i g u r e  7 
and t h e  p h o t o g r a p h s  of F i q u r e s  8 and  9 .  The sys t em c o n s i s t s  
o f  an a n t e n n a ,  preamplifier, r e c e i v e r ,  p r o c e s s o r ,  t i m e  i n -  
t e r v a l  c o u n t e r ,  CRT t e r m i n a l  and power s u p p l y .  A f t e r  t h e  
equipment  i s  powered up ,  t h e  o p e r a t i n g  sys t em and a p p l i c a -  
t i o n  programs are l o a d e d  i n  from magne t i c  t a p e  cassettes 
and t h e  t i m e  o f  day  set .  Execu t ion  o f  t h e  a p p l i c a t i o n  pro-  
gram b e g i n s  w i t h  s e l e c t i o n  o f  v a r i o u s  o p t i o n s  f o r  sys t em 
o p e r a t i o n  and d a t a  c o l l e c t i o n ,  p r o c e s s i n g  and r e c o r d i n g .  
Data b a s e  p a r a m e t e r s ,  such  t h e  g e o d e t i c  l o c a t l o n  o f  t h e  re- 
c e i v e r ,  r e c e i v e r  d e l a y  and UTC-GPS t i m e  o f f s e t  are e n t e r e d  
from a t a p e  o r  v i a  t h e  keyboard .  The s a t e l l i t e  a c q u i s i t i o n  
p r o c e d u r e  i s  t h e n  i n i t i a t e d  by s e t t i n g  i n  t h e  s a t e l l i t e  
identification number and an e s t i m a t e  o f  t h e  e x p e c t e d  dop- 
p l e r .  Once i n i t i a l i z e d  t h e  s y s t e m  a u t o m a t i c a l l y  a c q u i r e s  
and t r a c k s  t h e  s e l e c t e d  s a t e l l i t e  and r e c o r d s  t h e  d a t a .  



The r e c e i v e r  u t i l i z e s  t h e  C/A code  on t h e  L1 c a r r i e r  f r e -  
quency.  The d a t a  from t h e  C/A code  i s  u s e d  t o  d e t e r m i n e  t h e  
s a t e l l i t e  p o s i t i o n  and t o  estimate t h e  t i m e  o f  a r r ival  o f  
t h e  s a t e l l i t e  subframe epoch.  The estimate i s  c o r r e c t e d  
f o r  i o n o s p h e r i c ,  t r o p o s p h e r i c  and  r e l a t i v i s t i c  e r r o r s  and 
compared w i t h  t h e  a c t u a l  t i m e  o f  a r r i v a l  a s  r e c o r d e d  by 
t h e  c o u n t e r .  The d i f f e r e n c e  between t h e  a c t u a l  t i m e  and 
t h e  e s t i m a t e  is t h e  d i f f e r e n c e  between t h e  l o c a l  c l o c k  and 
t h e  s a t e l l i t e  c l o c k .  T h i s  p r o c e s s  i s  r e p e a t e d  and d a t a  re- 
c o r d e d  f o r  e v e r y  s i x - s e c o n d  message r e c e i v e d  w h i l e  t h e  sat- 
e l l i t e  i s  i n  view and t h e  r e c e i v e r  i s  t r a c k i n g .  

The e v a l u a t i o n  o f  TTU pe r fo rmance  c o n s i s t e d  o f  e s t a b l i s h i n g  
t h e  d i f f e r e n c e  between GPS and UTC u t i l i z i n g  a  h i g h  p e r f o r -  
mance p o r t a b l e  c l o c k  and t h e n  u s i n g  t h e  same c l o c k  as t h e  
i n p u t  t o  t h e  TTU and measur ing  t h e  same q u a n t i t y  u t i l i z i n g  
t h e  sa te l l i t es .  The e v a l u a t i o n  was per formed d u r i n g  t h e  
p e r i o d  from November 1 4  t o  1 9 ,  1979.  P o r t a b l e  c l o c k  H P  PC 
1452 and FTS PC 101  were t r a n s p o r t e d  t o  t h e  GPS Master  Con- 
t r o l  S t a t i o n  (MCS) a t  Vandenberg AFB,  t o  t h e  c o n t r a c t o r ' s  
p l a n t  i n  Sunnyva le ,  back  t o  t h e  MCS and t h e n  back t o  Sunny- 
vale. A t  e a c h  l o c a t i o n  measurements  w e r e  made. The r e s u l t s  
o f  t h e s e  measurements  a r e  shown i n  F i g u r e  1 0 .  The d a t a  a r e  
p r e s e n t e d  w i t h  a l l  c l o c k  b i a s e s  and o f f s e t s  removed and 
r e p r e s e n t  t h e  a c t u a l  measured d i f f e r e n c e s  between t h e  GPS 
c l o c k  a t  t h e  MCS and t h a t  s a m e  c l o c k  measured v ia  t h e  s a t -  
e l l i t es .  The two d a t a  p o i n t s  d e s i g n a t e d  w i t h  a n  X are GPS 
t i m e  a s  d e f i n e d  by t h e  a tomic  c l o c k  a t  t h e  Vandenberg MCS 
r e c e i v e r  s i t e .  The c i r c l e s  and t r i a n g l e s  a r e  s a t e l l i t e  
v a l u e s  measured u s i n g  t h e  TTU i n  Sunnyvale .  A l l  d a t a  re- 
c e i v e d  v ia  t h e  s a t e l l i t e  f a l l  w e l l  w i t h i n  t h e  +lo0 nano- 
second l i m i t s  e s t a b l i s h e d  i n  t h e  sys t em s p e c i f i c a t i o n .  

CONCLUSION 

T h i s  p a p e r  has p r o v i d e d  a b r i e f  d e s c r i p t i o n  o f  some o f  t h e  
improvements  t h a t  are b e i n g  made i n  t h e  g e n e r a t i o n  and d i s -  
s e m i n a t i o n  o f  PTTI a t  t h e  U .  S. Naval  O b s e r v a t o r y .  D e -  
t a i l s  on some o f  t h e  newer hardware  deve loped  f o r  t h i s  
pu rpose  w e r e  p r e s e n t e d .  Data  from tes ts  o f  two o f  t h e  
more s i g n i f i c a n t  i t e m s ,  a s m a l l  p o r t a b l e  c l o c k  w i t h  p e r -  
formance a p p r o a c h i n g  t h a t  o f  l a r g e r  u n i t s  and  a  GPS T i m e  
T r a n s f e r  U n i t  c a p a b l e  o f  t i m e  t r a n s f e r s  t o  an  a c c u r a c y  o f  
less t h a n  1 0 0  nanoseconds ,  w e r e  a l s o  g i v e n .  



Figure 1 .  High Stability Clock/Divider 

Figure 2. Pulse Distribution Amplifier 





Figure 4. Small Time Interval Counter 









Figure 8. GPS/TTU System (Less Antenna) 







In December of last year there was a paper published in "Physical 
Review ~etters". It was a feature paper by a Professor Cohen of 
the University of Pennsylvania in which he suggested using your 
time dissemination methods from satellites and coordinating it 
with ground measurements which he said were easy, though they are 
not, and then you could use that to check the Einstein special 
relativity theory of what errors you would expect due to the satel- 
lite motion. Now, have you done any estimates of this yet? How 
well is it-- He has an approximate theory only. It was in the 
"Physical Review Letters". 

I DR. PUTKOVICH: 

I Could I defer the answer to Dr. Winkler here? 

I DR. WINKLER: 

The corrections due to the general relativity are incorporated in 
the calculations or the algorithms which are used in the ST1 
receiver. With all of that, you should have no visible effects if 
you put in your coordinates of the station, the receiver algorithm 
will take into account the relativity effects. mere are some 
higher order effects which are incorporated in the second order 
corrections for the satellite clock so that the motion of the 
satellite itself is accounted for. 

But in general the whole subject of relativity as it effects 
the GPS system has been reviewed repeatedly, the last time in a 
conference or a workshop organized by Dave Allan at the NBS which 
produced a report of that. And in the judgment of that group, 
also there were minor discrepancies found in various reports, but 
the effects seemed to be taken account in the existing algorithms. 
Thank you. 

I MR. RAULLO J. MCCONAHY, APL/JW 

We have a program at our laboratory that can use your timing re- 
covery from GPS and I was wondering if you could give us a little 
more information about when you plan to disseminate those and how. 



DR. PUTKOVICH: 

We will be taking delivery of our GPS time transfer unit in, I 
would say, two to three weeks and we will have an initial testing 
period, but I would hope that sometime in January we would be 
able to start publishing differences between the USNO master clock 
and the received signal from the spacecraft that are now up there, 
the four GPS satellites. 

MR. MCCONAHY: 

Then you will be doing all four? The clocks on some of them are 
not too good, like GPS-2, for example. 

DR. PUTKOVICH: 

That is why we only took these two. We took the two best satel- 
lites that were recommended and operated on those two. But we 
will take a look at it and if the data is reasonable, I don't see 
any reason why we can't publish it. It is just a matter of sched- 
uling people to take the passes at the proper time. If it gets to 
be too big of a burden we may have to make some choices as to what 
we publish. But initially I would hope that we could look at all 
four of them. 

MR. MCCONAHY: 

Could it be possible to request you to do passes on a given day 
for example? 

DR. PUTKOVICH: 

I don't see why not. If it is at 2:00 or 3:00 in the morning you 
will have problems getting me in there to do it, but I may be able 
to find somebody that is willing. 

MR. MCCONAHY : 

Yes. Our need is just periodic and we need it on a specific day. 

DR. PUTKOVICH: 

We have done that with TRANSIT with some people and there should 
be no reason why we can't do it with GPS. 



MR. MCCONAHY: 

Now another  ques t ion  is why d i d  you choose t h e  CA code r a t h e r  than 
t h e  P code t o  do your timing? 

DR. PUTKOVICH: 

I had nothing t o  do with t h a t  choice. I th ink  t h a t  i s  a code t h a t  
more than l i k e l y  w i l l  be a v a i l a b l e  o the r  than t h e  P code. I th ink  
D r .  Winkler can a l s o  give you more i n s i g h t  i n  t h a t .  

DR. WINKLER: 

Cost. Because of t h e  type of r ece ive r  we were looking a t ,  and 
t h e  p o s s i b i l i t y  of using t h e  e x i s t i n g  equipment f o r  a s t a t i o n a r y  
l o c a t i o n  i n  c o n t r a s t  t o  an opt ion  on a type of naviga t ion  equip- 
ment which would have t o  look a t  four  s a t e l l i t e s  and poss ib ly  use 
two f requencies  f o r  t h i s  purpose would be inhe ren t ly  more expen- 
s i v e .  

MR. MCCONAHY: 

Yes. But you could c o r r e c t  f o r  t h e  ionosphere. 

DR. WINKLER: 

We want a simple c lock  and t h a t  means t h a t  by conf in ing  yourse l f  
t o  j u s t  one frequency i n  CA code, a one megahertz code, i t  would 
be e a s i e r  and l e s s  c o s t l y  t o  decode. It is poss ib l e  t o  o b t a i n  a 
t ime t r a n s f e r  which w i l l  s a t i s f y  a l l  cu r ren t  ope ra t iona l  c r i t e r i a .  

MR. MCCONAHY: 

Thank you. 






