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ABSTRACT 

Modern e s t i m a r i o n  t e c h n i q u e s  a r e  applied 
t o  t h e  p rob lem of synchronizing OMEGA VLF 
s i g n a l  t r a n s m i s s i o n s  f rom g e o g r a p h i c a l l y -  
r e m o t e  t r a n s m i t t e r  s t a t i o n s .  Each OMEGA 
t r a n s m i t t e r  i s  controlled by its own bank 
of  f o u r  .cesium beam atomic f r e q u e n c y  s t a n d -  
ards .  A s y n c h r o n i z a t i o n  computer program 
 SYNC^*-combines m o d e l s  of c e s i u m  clock e r r o r  
dynamics  with OMEGA phase  t i m i n g  measu remen t s  
t o  e s t i m a t e  and c o n t r o l  i n t e r - t r a n s m i t t e r  syn -  
c h r o n i z a t i o n  offsets ( b o t h  phase  and p h a s e  
rate) t o  an accuracy o n  t h e  o r d e r  o f  1 psec  rms, 

A u x i l i a r y  a l g o r i t h m s  p e r f o r m  O h E G A  p h a s e  m e a -  
s u r e m e n t  p r e p r o c e s s i n g ,  i n c l u d i n g :  c o m p e n s a t i o n  
for p r o p a g a t i o n  anomalies, r e c i p r o c a l  p a t h  p h a s e  
d i f f e r e n c i n g ,  a u t o m a t i c  o u z l i e r  r e j e c t i o n ,  dynam- 
i c  m e a s u r e m e n t - q u a l i t y  w e i g h t i n g ,  a n d  t i m e -  
c o r r e l a t i o n  m o d e l i n g .  A l t e r n a t i v e  timing measu re -  
m e n t s  ( i n c l u d i n g :  s a t e l l i t s / T V ,  Loran-C,  and  
p o r t a b l e  clock) a r e  u t i l i z e d ,  as a v a i l a b l e !  t o  
s y n c h r o n i z e  t h e  entire T r a n s m i t t e r  s y s t e m  t o  
C o o r d i n a t e d  Universal Time ( U T C )  as maintained 
by t h e  U n i t e d  S t a t e s  Nava l  O b s e r v a t o r y  (USNO), 

F u t u r e  p l a n s  for OMEGA s y n c h r o n i z a t i o n  i n c l u d e :  
i n c r e a s e d  u s e  o f  non-VLF p r o p a g a t i o n  m o d e l s ,  a n d  
a c t i v e  p a r t i c i p a t i o n  b y  t h e  J a p a n e s e  Maritime 
S a f e t y  Agency ( J M S A )  i n  Program SYNC2 o p e r a t i o n .  

* T h i s  p rog ram w a s  d e v e l o p e d  a t  The A n a l y t i c  
S c i e n c e s  C o r p o r a t i o n  (TASC) f o r  t h e  U.S. C o a s t  
Guard OJIEGA K a v i g a t  i o n  S y s t e m  O p e r a t  ions D e t a i l  
( O N S O D )  u n d e r  ConCrac t  No. DOT-CG-23735-A. 
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IYTRODUCTIOS 

O h E G A  i s  a l o n g - r a n g e ,  a l l - w e a t h e r ,  r a d i o  n a v i g a t i o n  s y s t e m  
c o n s i s t i n g  of  e i g h t  t r a n s m i t t e r  s t a t i o n s ,  s t r a t e g i c a l l y  
l o c a t e d  a r o u n d  t h e  w o r l d .  Each t r a n s m i t t e r  g e n e r a t e s  con- 
t i n u o u s - w a v e ,  p h a s e - l o c k e d ,  ve ry - low- f r equency  (VLF) s i g n a l s  
be tween  1 0 . 2  a n d  1 3 . 6  kHz. OMEGA p r o v i d e s  a u n i q u e  combina- 
t i o n  of  wor ldwide  n a v i g a t i o n  c a p a b i l i t y  and bounded p o s i t i o n  
e r r o r s ,  t y p i c a l l y  on t h e  o r d e r  o f  1 t o  2 nm rms. 

VLF s i g n a l s  p r o p a g a . t e  i n  a n a t u r a l  waveguide  be tween  t h e  
e a r t h ' s  s u r f a c e  a n d  t h e  i o n o s p h e r e ,  a n d  m a i n t a i n  a n e a r l y  
l i n e a r  r e l a t i o n s h i p  be tween  s i g n a l  p h a s e  and  d i s t a n c e  f rom 
e a c h  t r a n s m i t t e r .  P h a s e  d i f f e r e n c e  measu remen t s  f rom pairs 
of t r a n s m i t t e r s  d e f i n e  e a r t h - r e f e r e n c e d  h y p e r b o l i c  l i n e s - o f -  
p o s i t i o n  (LOPS) which  are u s e d  f o r  p o s i t i o n  d e t e r m i n a t i o n .  
C e r t a i n  g e o p h y s i c a l  f a c t o r s  ( e . g . ,  v a r i a t i o n s  i n  s o l a r  i l l u -  
m i n a t i o n ,  g e o m a g n e t i c  f i e l d ,  a n d  g r o u n d  c o n d u c t i v i t y )  t e n d  
t o  d i s t o r t  t h i s  l i n e a r  p h a s e l d i s t a n c e  r e l a t i o n s h i p  a n d ,  
t h u s ,  l i m i t  p o s i t i o n  a c c u r a c y .  Models have  b e e n  d e v e l o p e d  
[I1 t o  p a r t i a l l y  compensa t e  f o r  VLF' p h a s e  p r o p a g a t i o n  v a r i a -  
tions, and  t a b l e s  o f  P r e d i c t e d  P r o p a g a t i o n  C o r r e c t i o n s  (PPCs) 
have been  computed [ 2 ]  a n d  p u b l i s h e d  [3]. 

Use o f  p h a s e  d i f f e r e n c e s  f o r  OMEGA n a v i g a t i o n  r e q u i r e s  p r e -  
c ise  phase  s y n c h r o n i z a t i o n  o f  s i g n a l s  f rom a l l  OMEGA t r a n s -  
m i t t e r s .  ( A  s i x  m i c r o s e c o n d  s y n c h r o n i z a t i o n  o f f s e t  be tween  
two t r a n s m i t t e r s  c a n  r e s u l t  i n  a 1 nm p o s i t i o n  e r r o r . )  The 
p h a s e  of e a c h  OMEGA t r a n s m i t t e r  i s  c o n t r o l l e d  by  i t s  own 
o n l i n e  ce s ium c l o c k  ( a n d  s e v e r a l  backup  c l o c k s ) .  A c e s i u m  
c l o c k  d e t e r m i n e s  p r e c i s e  t i m e  i n t e r v a l s  by  c o u n t i n g  o s c i l l a -  
t i o n  p e r i o d s  of a cesium-beam a t o m i c  f r e q u e n c y  s t a n d a r d .  F o r  
two c locks  t o  be p e r f e c t l y  s y n c h r o n i z e d ,  their f r e q u e n c y  
s t a n d a r d s  must  ma tch  p e r f e c t l y  i n  b o t h  p h a s e  a n d  f r e q u e n c y .  
I n  g e n e r a l ,  t h e r e  a r e  s m a l l  u n c o n t r o l l a b l e  d i f f e r e n c e s  ( o n  
t h e  o r d e r  of 0 . 0 3  t o  0 . 3  y s e c / d a y )  i n  t h e  c e s i u m  f r e q u e n c i e s  
of d i f f e r e n t  o n l i n e  c l o c k s .  T h e s e  r e l a t i v e  f r e q u e n c y  o f f -  
s e t s  r e s u l t  i n  i n t e r - t r a n s m i t t e r  p h a s e  ( o r  t i m i n g )  o f f s e t s  
that c a n  increase w i t h  t i m e ,  i f  u n c o r r e c t e d .  

To p r e v e n t  u n c o n t r o l l e d  time o f f s e t  g r o w t h  i n  t h e  OMEGA s y s -  
t e m ,  i n t e r n a l  s y n c h r o n i z a t i o n  i s  a c c o m p l i s h e d  by p e r i o d i c a l l y  
a d j u s t i n g  t h e  epoch  ( i . e . ,  t i m e  o r  p h a s e )  of e a c h  OMEGA 
t r a n s m i t t e r  t o  t h e  a v e r a g e  epoch of a l l  t r a n s m i t t e r s  (Mean 
OhfEGA Sys tem Time). E x t e r n a l  s y n c h r o n i z a t i o n ,  wh ich  is  n o t  
n e c e s s a r y  f o r  rial-igation, b u t  i s  f o r  i i m e  d i s s e m i n a t i o n ,  is  
e s t a b l i s h e d  b y  r n a l n t a i n i n g  Mean O m G A  Sys tem Time a t  a known 
c o n s t a n t  o f f s e t   fro^ YTC a s  m a i n t a i n e d  by t h e  U . S .  Nava l  
O b s e r v a t o r y  (USNO). 



T r a n s m i t t e r  p h a s e  ( e p o c h )  a d j u s t m e n t s  a re  computed w e e k l y  
by p r o c e s s i n g  b o t h  i n t e r n a l  a n d  e x t e r n a l  t i m i n g  measu re -  
m e n t s .  I n t e r n a l  measurements i n d i c a t e  t h e  r e l a t i v e  timing 
o f f s e t s  be tween  p a i r s  of  O h 5 G 4  t r a n s m i t t e r s .  E x t e r n a l  mea- 
s u r e m e n t s  i n d i c a t e  t h e  t i m e  offsets be tween  i n d i v i d u a l  t r a n s -  
m i t t e r s  and UTC(USN0). and  a r e  c u r r e n t l y  a v a i l a b l e  f rom f o u r  
i n d e p e n d e n t  s o u r c e s :  VLF p h a s e  m o n i t o r e d  a t  USNO, satellitel 
TV, Loran-C, and  p o r t a b l e  c l o c k .  Non-VLF m e a s u r e m e n t s  pro-  
v i d e  s i g n i f i c a n t l y  i n c r e a s e d  a c c u r a c y  o v e r  c o n v e n t i o n a l  VLF 
t e c h n i q u e s ,  b u t  are n o t  c u r r e n t l y  a v a i l a b l e  on a r e g u l a r  
basis f o r  - a l l  OMEGA t r a n s m i t t e r s .  

T h i s  p a p e r  d e s c r i b e s  an  integrated dynamic  s y n c h r o n i z a t i o n  
process  c u r r e n t l y  imp lemen ted  a s  Computer P rog ram SYNC2.  
The p rog ram employs  a l i n e a r  d a t a - m i x i n g  f i l t e r  that a p p r o -  
priately combines  m a t h e m a t i c a l  mode l s  o f  c e s i u m  clock e r r o r  
dynamics  w i t h  STLF and  non-VLF t i m i n g  rneasu remenr ;~  t o  esti- 
m a t e  a n d  c o n t r o l  z r a n s m i t t e r  radiated p h a s e  and  p h a s e - r a t e  
offsets. The d a t a - m i x i n g  f i l t e r  has t h e  i n h e r e n t  c a p a b i l i t y  
o f  o p t i m i z i n g  O h 5 G A  s y n c h r o n i z a t i o n  by making t h e  b e s t  p o s s i -  
b l e  use of all a v a i l a b l e  i n f o r m a t i o n  i n c l u d i n g  q u a n t i t a t i v e  
s t a t i s t i c a l  d e s c r i p t i o n s  o f :  c e s i u m  c l o c k  f r e q u e n c y  u n c e r -  
tainties, t i m i n g  measurement  u n c e r t a i n t i e s ,  a n d  measurement  
e r r o r  t i m e  c o r r e l a t i o n s .  The d i s c u s s i o n  i n c l u d e s  : c e s i u m  - 
c l o c k  e r r o r  m o d e l i n g ,  measurement  p r e p r o c e s s i n g ,  da ta -mix ing  
f i l t e r  f o r m u l a t i o n ,  s y n c h r o n i z a t i o n  a d j u s t m e n t s ,  p rog ram 
input a n d  o u t p u t ,  and  future plans f o r  OMEGA s y n c h r o n i z a t i o n .  

Program SYNC2 i s  c u r r e n t l y  r u n  e a c h  week b y  t h e  U.S. C o a s t  
Guard OMEGA N a v i g a t i o n  System O p e r a t i o n s  D e t a i l ,  and  i s  used 
t o  c o n ~ r o l  Oh53GA s y s t e m  s y n c h r o n i z a t i o n  t o  an  a c c u r a c y  on  
t h e  o r d e r  of 1 usec r m s .  A b l o c k  diagram of t h e  o v e r a l l  
s y n c h r o n i z a t i o n  p r o c e s s  i s  shown i n  F i g .  1. 
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F i g .  1 - I n t e g r a z e d  S y n c h r o n i z a t i o n  P r o c e s s  



CESIUM CLOCK ERROR DYNAMICS 

Program SYXC2 employs  c e s i u m  c l o c k  e r r o r  m o d e l s  t o  e x t r a p o -  
l a t e  t r a n s m i t t e r  s y n c h r o n i z a t i o n  o f f s e t s  ( b o t h  phase  and  
p h a s e  r a t e )  be tween  t i m e s  when s y n c h r o n i z a t i o n  m e a s u r e m e n t s  
a r e  a v a i l a b l e .  I g n o r i n g ,  for a moment, a n y  phase shifter 
a d j u s t m e n t s ,  t h e  phase  o r  t i m e  offset i n  usec o f  t r a n s m i t t e r  
I ( I  = A ,  B ,  . . . ,  H )  r e l a t i v e  t o  Mean OMEGA System Time can  
b e  r e p r e s e n t e d  b y  a s t a n d a r d  c e s i u m  clock e r ror  model  [ 4 ]  a t  
t i m e  tn+l,  i . e . ,  

and t h e  phase  s a t e  ( c e s i u m  f r e q u e n c y )  o f f s e t  i n  p s e c / d a y  
r e l a t i v e  t o  Mean OMEGA Sys tem Time i s  g i v e n  b y  

where 

@ = ze ro -mean ,  white g a u s s i k n  s e q u e n c e  wl' c o r r u p t i n g  t h e  p h a s e  o f f s e t  60 c a u s e d  
by uncorrelzted f l u c t u a t i o n s  i n  c l o c k  
c e s i u m  f r e q u e n c y  ( p h a s e  rate) 

f w = zero-mean, w h i t e  g a u s s i a n  s e q u e n c e  
In c o r r u p t i n g  t h e  phase  r a t e  Ef caused 

by u n c o r r e l a t e d  f l u c t u a t i o n s  i n  c lock  
c e s i u m  f r e q u e n c y  r a t e  ( p h a s e  a c c e l e r a t i o n )  

AT = c o m p u t a t i o n  i n t e r v a l  ( 0 . 5  d a y )  

Random f l u c t u a t i o n s  i n  c lock  c e s i u m  f r e q u e n c y  r e s u l t  i n  a  
random w a l k  phase  o f f s e t  t h a t  g rows  p r o p a r  i o n a l  t o  t h e  k square r o o t  of time. The w h i t e  s e q u e n c e  w Q ,  r e p r e s e n t i n g  
this e f f e c t  i n  (I), i s  t y p i c a l l y  on t h e  oraer o f  0 .019  usec 
r m s  [ 4 ] .  

f 
The w h i t e  sequence  WIQ i n  ( 2 )  produces  a random walk  f re-  
quency  o f f s e t ,  and is u s e d  t o  a p p r o x i m a t e  l o n g - t e r m  random 
jumps i n  n o m i n a l  c e s i u m  f r e q u e n c y  as  o b s e r v e d  i n  empir ical  
c lock d a t a  [51 and  E61. Each d i s c r e t e  jump i n  c e s i u m  f r e -  
q u e n c y ,  of m a g n i t u d e  A f i f  o c c u r r i n g  a f t e r  an  N-day i n t e r v a l ,  



i s  a p p r o x i m a t e d  b y  a s e r i e s  of s rna l l  :umps oi m a g n i t y d e  
-6f/2K o c c u r r i n g  twice e a c h  d a y .  T h e  rms zal 
~ n n r o a r i a t e  f o r  t h i s  a p p r o x i m a t i o n .  i s  g l v e n  D y  

For a  typical frequency jump m a g n i t u d e  o f  0 . U  
a t y p i c a l  i n t e r v a l  b e t w e e n  jumps  o f  15 d a y s ,  ( 3 )  y l e l a s  a 
a,f of 0 . 0 0 5 5  u s e c / d a y .  S i n c e  t h e r e  i s  a  lower  bound 011 

t h e  u n c e r t a i n t y  i n  a n  estlmate of  a random w a l k  process  : 7 ] ,  

I e m p l o y i n g  t h e  w h i t e  sequence n:: i n  t h e  c lock  m o d e l  e f f e c -  
t i v e l y  prevents t h e  data-nixlng f i l t e r  

I 
c o n f i d e n t  i n  the a c c u r a c y  o f  i t s  cesium f r e q u e n c y  estlmare. 
f h n s e n u e n t l v ,  the filter is more r e s p o n s i v e  to a n y  s u d d e n  

. . 

I about b v  a  cesium frequency jump. 

I r--- - -  . ansmitters e a c h  a i t h  an  associated monl 
t i o n .  The a s s o c i a t e d  m o n i t o r  p a i r  measures t h e  PI 
delav i n  e a c h  d i r e c t i o n  a l o n g  the " r e c i p r o c a l  p r o p a g a t i o n  - .  - 

I A- --  - - -  

The m o n i t o r s  a r e  c l o s e  t o ,  but n o t  c o l l o c a t e d  w i t k  
respective t r a n s m i t t e r s .  S i g n a l s  received a t  each m o n i t o r  . .  ,.,. 
f r o m  t h e  t w o  transmitters are  u s e d  to g e n e r a -  I 
ence measurements. A t  m o n i t o r  j .  which  r e c e i v e s  s i g n a l s  
f r o m  t r a n s m i t t e r s  I a n d  J ,  t h e  phase d i f f e r e n c e  m e a s u r e m e n t  I I ( I - J )  is g i v e n  by 

I I 
where  

'I j = p h a s e  of  t r a n s m i t t e r  I r e c e i ~ e d  a t  m o n l t o r  J 

* T h p r e   re 28 r j o s s i b l e  t r a n s m i t t e r  p a i r s  IF a n  c i g h t -  I 
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F i g .  2 - T y p i c a l  Reciprocal P r o p a g a t i o n  P a t h  

3 Compensation f o r  P r o p a g a t i o n  Anomalies - The A $ I J  i n  ( 4 )  
are c o r r e c t e d  f o r  p r o p a g a t i o n  v a r i a t i o n s  u s i n g  a  PPC v a l u e ,  
and  compared t o  a nominal  phase  d i f f e r e n c e  ( p r o p o r t i o n a l  
t o  g e o d e s i c  p a t h  l e n g t h  t o  t h e  t r a n s m i t t e r s )  t o  o b t a i n  an 
o b s e r v e d  s y n c h r o n i z a t i o n  o f f s e t  between t r a n s m i t t e r s  I a n d J :  

The q u a n t i t y  O B S ~ ~  i n  ( 5 )  i s  ca l l ed  an "obse rved"  o f f s e t  
because  i t  i n c l u d e s  n o t  o n l y  t h e  a c t u a l  s y n c h r o n i z a t i o n  
o f f s e t  between I a n d  J ,  b u t  a l s o  i n s t r u m e n t a t i o n  e r r o r s  and 
residual p r o p a g a t i o n  e r r o r s  ( i . e . ,  e r r o r s  due t o  u n p r e d i c t e d  
p r o p a g a t i o n  v a r i a t i o n s ) .  PPC e r r o r s  are  t y p i c a l l y  t h e  domi- 
n a n t  e r r o r  source  w i t h  magni tudes  on t h e  o r d e r  of  3 t o  1 2  
usec. 

R e c i p r o c a l  P a t h  Phase  D i f f e r e n c i n g  - A s i g n i f i c a n t  p o r t i o n  
o f d e n t  of  d i r e c t i o n  a l o n g  
t h e  p a t h  ( i . e . ,  t h e  PPC err-yopagation from t r a n s -  
m i t t e r  I t o  m o n i t o r  j is a p p r o x i m a t e l y  e q u a l  t o  t h e  PPC 
e r r o r  f o r  p r o p a g a t i o n  from t r a n s m i t t e r  J t o  m o n i t o r  i ) .  Th 
f a c t  can be used  t o  a d v a n t a g e  by d i f f e r e n c i n g  t h e  two ob- 
s e r v e d  s y n c h r o n i z a t i o n  o f f s e t s  measused i n  each  d i r e c t i o n  
t o  y i e l d  

D i r e c t i o n - i n d e p e n d e n t  PPC e r r o r s  ( e . g . ,  s o l a r  i l l u m i n a t i o n  
and ground c o n d u c t i v i t y )  t e n d  t o  cancel o u t  i n  ( 6 ) ' .  The 

* T h i s  t e c h n i q u e  was o r i g i n a l l y  deve loped  i n  [81.  
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quantity z~~ is a r e l n t i l - e  synchronization offset measuse- 
ment for trhnsmitters I and J. It is shown in [ 9 ]  that 

z~~ i s  of  the  form 

w h e r e  EiIJ i s  t h e  a c ~ u a l  p h a s e  ( o r  lime) o f f s e c  between 
+ r n n c m i  t tp rs  T 2nd ,J and T - T  is a measurement e r r o r ,  t; 
- 
n n l  v di r ~ r ~ , i o n - d e n e n d e n ~  PPC e r r o r s  and  uncorrelated i n -  

d i c t e d  bv SYNC2 models over  each previous three-week p e r i o d .  

1 w h e r e  the ~ r e d i c t e d  m e a s u r e m e n t  i s  

I and 6 b Y n  is the f i l t e r  estimate of  he i n t e r n a l  p h a s e  ( o r  

I ~ e r i o d  ~ r i o r  t o  each d a i l y  measurement, and repeatedly  up- 

I essed. The mean square f i ~  error is used to d e f i n e  a mea- 

l *The overhat ( ' - )  denotes an estimated parameter. 



T i m e - C o r r e l a t i o n  Model ing  - VLF measurement  e r r o r s  a re  
g e n e r a l l y  c o r r e l a t e d  i n  time d u e  t o  r e s i d u a l  d i u r n a l  ( d a i l y )  
and  s e a s o n a l  p r o p a g a t i o n  v a r i a t i o n s  n o t  removed by p u b l i s h e d  
PPCs. A n a l y s i s  of e m p i r i c a l  d a t a  [lo] i n d i c a t e s  t h a t  t h e  
n o r m a l i z e d  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  d a i l y  measu re -  
ment e r r o r s  VIJ i n  ( 7 )  c a n  be a p p r o x i m a t e d  by an  e x p o n e n t i a l  
f u n c t i o n  of  t h e  form* 

where  T is t i m e  s h i f t  i n  d a y s ,  a n d  T, i s  d e t e r m i n e d  f rom 
e m p i r i c a l  d a t a .  ( A  "best f i t "  i s  o b t a i n e d  f o r  T~ = 2 . 5  
d a y s . )  From (lo), t h e  d a i l y  measurement  e r r o r  i s  modeled 
as a f i r s t - o r d e r  markov p r o c e s s :  

whe re  AT = 0 . 5  day  i s  the c o m p u t a t i o n  5 n t e r v a 1 ,  a n d  CI J is  a 
ze ro -mean ,  w h i t e ,  g a u s s i a n  s e q u e n c e  r e p r e s e n t i n g  t h e  u n c o r -  
r e l a t e d  components  of' YIJ. The variarice of  vIJ is  d e n o t e d  
by  uyJ, and  i s  a p p r o x i m a t e d  by  t h e  mean s q u a r e  v a l u e  of t h e  
measurement  f i t  e r r o r  o v e r  e a c h  p r e v i o u s  t h r e e - w e e k  p e r i o d .  
The c o r r e s p o n d i n g  v a r i a n c e  o f  q i s  computed as  [ 7 ] .  IJ 

11 - e x p  ( - ~ A T / T ~ ) [  
n 

EXTERNAL TIMING hlEASUREhlENTS 

E x t e r n a l  t i m i n g  m e a s u r e m e n t s  f o r  s y n c h r o n i z a t i o n  t o  UTC(USN0) 
are  c u r r e n t l y  a v a i l a b l e  f o r  f o u r  of e i g h t  OMEGA t r a n s m i t t e r s ,  
OMSTAs L i b e r i a ,  T r i n i d a d  and  N o r t h  Dako ta  a r e  l i n k e d  t o  UTC 
by one-way VLF p h a s e  m e a s u r e m e n t s ;  OMSTA Hawa i i  has been 
l i n k e d  v i a  s a t e l l i t e / T V ,  Loran-C,  and  s e v e r a l  p o r t a b l e  c lock  
v i s i t s  e a c h  y e a r  [ I l l .  A Loran-C t i m i n g  l i n k  be tween  OMSTA 
N o r t h  D a k o t a  and  UTC i s  p l a n n e d  f o r  t h e  n e a r  f u t u r e .  

*The symbol  Ei-) d e n o t e s  expected ( o r  e n s e m b l e  a v e r a g e )  
v a l u e .  



r ~ y n c h l . c , r , l z a t l o n  I TOdS Error 
hiuasl lrcl iont  Type ( usec) 

Internal 

VLF phase 1.0 - 2 . 5 *  

External 

VLF phase 1.1 - 2.6* 
t 

Loran-C 0.21 or 0.26 
+ 

SatelliteITV 0.11 or 0.21 

Portable clock 0 . 0 7  or O.lgA 
I 



EST1 MAT1 OX' ALGORITHM 

System S t a t e  Equation - The clock e r r o r  d y n a m i c s  model  in 
(1) a n d  (2) i s  e x p r e s s e d  i n  a v e c t o r - m a t r i x  s y s t e m  s t a t e  
equation for a l l  e i g h t  OMEGA t r a n s m i t t e r s  ( A , B ,  . . . ,  H )  a t  
time t, as 

( 1 5 )  

o r ,  more c o m p a c t l y *  

whe re  @ is t h e  s t a t e  t r a n s i t i o n  matrix, a n d  t h e  c o n t r o l  vec-  
t o r  un a c c o u n t s  for p h a s e  shifter a d j u s t m e n t s  a p p l i e d  t o  
each c l o c k  d u r i n g  t h e  c o m p u t a t i o n  i n t e r \ - a 1  AT. The e l e m e n t s  
6qhRR and 6 f R n  r e p r e s e n t  t h e  e x t e r n a l  phase and frequency 
offsets, r e s p e c t i v e l y ,  of UTC r e l a t i v e  t o  Xlean OMEGA Sys t em 
Time .  

Measurement E q u a t i o n  - The i n t e r n a l  synchronization m e a s u r e -  
m e n t s  in ( 7 ) ,  and the e x t e r n a l  measu remen t s  i n  ( 1 4 )  are  
combined as 

*A bar b e n e a t h  a symbol  d e n o t e s  a vec to r .  





hleasurement C o n s t r a i n t  - The z e r o  e l e m e n t  i n  t h e  measu re -  
ment \ - e c t o r  - z n  i n  ( 1 7 )  r e p r e s e n t s  an  i n t e r n a l  "measurement  
constraint" w h i c h  i s  i n c l u d e d  f o r  c o n v e n i e n c e  t o  a v o i d  a 
singular measurement  m a t r i x .  I n  g e n e r a l ,  f o r  an N - t r a n s m i t t e r  
s y s t e m ,  t h e r e  a r e  N(N-1)/2  d i f f e r e n t  r e c i p r o c a l  p a t h s  
( s e e  F i g .  2 ) )  b u t  o n l y  N-1 p a t h s  p r o v i d e  i n d e p e n d e n t  
measu remen t s .  T h i s  c a n  c a u s e  c o m p u t a t i o n a l  d i f f i c u l t y  i n  
a t t e m p t i n g  to d e t e r m i n e  e i g h t  transmitter t i m i n g  o f f s e t s  
f r o m  o n l y  s e v e n  i n d e p e n d e n t  m e a s u r e m e n t s .  One a p p r o a c h  t o  
t h i s  p rob lem i s  t o  a r b i t r a r i l y  d e f i n e  t h e  mean i n t e r n a l  
t i m i n g  o f f s e t  (Mean OMEGA Sys t em T i m e )  as z e r o ,  i . e . ,  

Then ,  i t  i s  p o s s i b l e  t o  d e f i n e ,  . as a n  i n t e r n a l  measurement  
c o n s t r a i n t ,  an " e r r o r - f r e e 1 '  measurement  o f  Mean OMEGA Sys-  
t e m  Time as 

The measurement  c o n s t r a i n t  i n  ( Z O ) ,  u s e d  i n  c o n j u n c t i o n  
w i t h  s e v e n  i n d e p e n d e n t  m e a s u r e m e n t s ,  allows a  d i r e c t  com- 
p u t a t i o n *  of e i g h t  i n t e r n a l  t i m i n g  o f f  s e t s .  

Fo r  t h e  c o m p l e t e  e i g h t - t r a n s m i t t e r  s y s t e m  ( w i t h  28 p o s s i b l e  
r e c i p r o c a l  p a t h s ) ,  i n t e r n a l  s y n c h r o n i z a t i o n  o f f s e t s  can 
t h e o r e t i c a l l y  be d e t e r m i n e d  u s i n g  r e l a t i v e  phase  measu re -  
m e n t s  f r o m  any s e v e n  i n d e p e n d e n t  p a t h s .  I n  t h e  a b s e n c e  o f  
measurement  and  p r o p a g a t i o n  p r e d i c t i o n  e r r o r s ,  t h e  e s t i m a -  
t i o n  e r r o r  u s i n g  any s e v e n  i n d e p e n d e n t  p a t h s  would be z e r o .  
However,  s i n c e  t h e r e  are  a l w a y s  r e s i d u a l  measurement  and  
m o d e l i n g  e r r o r s ,  i t  i s  d e s i r a b l e  t o  u s e  r e d u n d a n t  d a t a  f rom 
as many p a t h s  as p o s s i b l e  t o  m i n i m i z e  t h e  e f f e c t s  o f  t h e s e  
e r r o r s  on s y s t e m  s y n c h r o n i z a t i o n .  

k P r i o r i  I n f o r m a t i o n  - I m p l e m e n t a t i o n  o f  t h e  d a t a - m i x i n g  
f i l t e r  r e q u i r e s  a p r i o r i  i n f o r m a t i o n  o n :  c l o c k  c e s i u m  f r e -  
quency  d i s t u r b a n c e s  wn i n  (16), syn~hronization~measure- 
ment e r r o r s  I-, i n  (18), i n i t i a l - s t a t e  estimate - xo, and 
i n i t i a l  s t a t e  e s t i m a t i o n  e r r o r  - xo, i,e., 

.- - 

* A l t e r n a t i v e  t e c h n i q u e s  involve t h e  u s e  of a "pseudo-  
i n v e r s e "  m a t r i x  and  p r o d u c e  i d e n t i c a l  r e s u l t s .  



Typically, the Initial state es t imazes  for the current week 
a r e  s e t  equal t o  t h e  final estimates from the p r e v i o u s  week .  
( F o r  a n  unsynchronized transnitter. t h e  initial estimates 
a r e  s e t  t o  z e r o . )  The  r e r n a i n l n g  p2rametcrs, w n .  xn and  - ", 
are  described s t a t i s t i c a i l : -  iz l ~ r ~ s  of the d?agonal cova r i -  
ance m a ~ r i c e s  : 

T h e  elements of  Q ,  Rn and Po a re  g i v e n  i n  Table 2 .  

TABLE 2 A P R I O R 1  STATISTICS 

- 
Covariance Dlar:onnI 

Matrlx E l  ernen t V a l u e  U n i t s  

Q u 3 . 6  x psec 
2 2 
wb 

2 
0 . 3  x (pseclday) 2 Gu,f 

2 
See T i ~ b l e  1 psec  

2 
n [ulJ!n 

I'lna! vt1uc.s 

[ " ? n x  f rum p r e v i o a s  vsec 2 Po 
week* 

I ( ; l s e c / d a y )  
2 

*For an u n s y n c h r o c i z e d  transmitter, t y p i c a l  v a l u e s  
a r e  100 p s e c 2  p h a s e  u n c e r t a i n t y  and  0 . 7 5  ( u s e c / d a S ) 2  
f r e q u e n c y  u n c e r t a i n t y .  



Data-Mixing F i l t e r  - A l i n e a r  dynamic  e s t i m a t i o n  a l g o r i t h m  
f o r  comput ing  OMEGA s y n c h r o n i z a t i o n  o f f s e t s  c a n  be formu- 
l a t e d  i n  t e r m s  of t h e  b a s i c  s y s t e m  model d e f i n e d  i n  ( 1 6 )  
and  ( 1 8 ) .  The r e s u l t i n g  f o r m u l a t i o n  i s  r e f e r r e d  t o  as  a  
Ralman ( d a t a - m i x i n g )  f i l t e r  [71 a n d  i s  summarized i n  F i g .  3 
The d i a g o n a l  e l e m e n t s  of t h e  c o v a r i a n c e  m a t r i x  Pn i n  F i g .  3 - 
p r o v i d e  an i n d i c a t i o n  o f  the u n c e r t a i n t y  associa ted  with 
each s v n c h r o n i z a t i o n  es t imate  2 , .  Imwlemen ta t ion  of these 
q u a t i b n s  i n  Program SYNC2 is ayscussed i n  d e t a i l  i n  [12]. 

Measurement C o r r e l a t i o n  - A n e c e s s a r y  c o n d i t i o n  f o r  imple- 
m e n t a t i o n  of t h e  d a t a - m i x i n g  f i l t e r  i n  F i g .  3 is  t h a t  t h e  
measurement  e r r o r s  v n  i n  (18 )  a r e  u n c o r r e l a t e d  i n  t i m e  ( i . e . ,  
a w h i t e  s e q u e n c e ) .  However,  VLF measurement  e r r o r s  a r e ,  i n  
fact, t i m e - c o r r e l a t e d .  T h i s  p rob lem is c i r c u m v e n t e d  b y  em-  
p l o y i n g  a m e a s u r e m e n t - d i f f e r e n c i n g  t e c h n i q u e  as o u t l i n e d  
i n  [13]. T h i s  t e c h n i q u e  p r o d u c e s  d i f f e r e n c e d  measurement  
e r r o r s  t h a t  a r e  u n c o r r e l a t e d  i n  t i m e ,  and  a l l o w s  t h e  r e s u l t -  
ing s y s t e m  model t o  be w r i t t e n  i n  a form e q u i v a l e n t  t o  t h a t  
d e f i n e d  i n  ( 1 6 )  and  ( 1 8 ) .  

* 
OPTIMAL ESTIMATE 

A- A 4- 
X = -n Q , I I , , ~  + 

EXTRAPOLATION 
BETWEEN IvTEASURE- (25) 
MENTS 

A +  

A -  + K,[" - H 2-1 X = x  h,EASUREhBNT 
-n -n -n n-11 UPDATE (26)  

n ]-I WEIGHTING + R, (27) 

ESTIMATION ERROR COVARIANCE 

+ T P- = OP,-l@ + Q EXTRAPOLATION 
n BETIYEEN hEASURE- ( 2 8 )  

rnNTS 

P+ n = [I - K n  H I P ;  n MEASUREMXNT 
UPDATE ( 29 )  

F i g .  3 - Data-hi ixing F i l t e r  F o r m u l a t i o n  
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OMEGA synchronization control is phj-slcally implemented by 
periodicall>- adjusting r h ~  phase shifter of each transmit- 
ter's online cesium clock. Tuo types o: ad\justments are 

time) offset exisxi 

T h e  s y n c h r o n i z a t i o n  c o n t r o l  task is complicated by  communi- 

Additional d e l a v s  are introduced i n  d a t z  ~ r o c e s s i n ~ ,  result- 

t i o n  measurements takec each week and the application of new 
weekly and four-hour adjustments. Thls lag can be s i g n i f i -  

to t h e  n e x t ,  A special adjustment-is made to compensate for 
this effect as disc.ussed below. 

offset (UTC-transmi t T ~ E  I 'I based on the latest a v a i l a b i e  
measurements, and s p E c i a l  compensation ( i f  necessary) f o r  
s e n  obsolete four-hour adjusrmects applied d u r i n g  the 40 
hour lag discussed above.  The fnxr-hour aajustment for 

mate (VTC-transmitter I) in ~secI4-hr. 

S4MPLE OUTPUT 

A t y p i c a l  time his~orl- of intern21 s y n c h r o n j . z a t i o n  measure- 

rneasuremenrs of transmitter pair DG (north Dakota minus 
Trinidad) a r e  given for the u e r i o d  from 24 Y o v ~ m h ~ r  1975 t n  

I 
... 

las t  three weeks of measurements in Yip. 4 h ~ r e  2 s ~ , s n d 2 r d  

o r d e r  of -1 Jsec .  This -1 ,see bias represents either a 
measurement bias error. an actual n h a s ~  n f f s ~ t  hptwppn f r a n c -  

I 
. ... I - - - J  - 

the measurement fit error co rnn1 i t a r ion  in 187 t n  : , r r n l ~ n r  f n r  
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F i g .  6 - E s r  inate L*ncertainti.es 



decay e x p o n e n t i a l l y  t o  n o n - z e r o  s t e a d y - s t a t e  v a l u e s .  ( T h e  
s l i g h t  i n c r e a s e  i n  p h a s e  u n c e r t a i n t y  a f t e r  15 D e c e m b e r ,  re- 
s u l t s  f r o m  t h e  l a r g e  f r e q u e n c y  o f f s e t  u n c e r t a i n t y  f o r  t h e  
n e w  o n l i n e  c l o c k . )  T h e  e x p o n e n t i a l  decay r a t e s  d e p e n d  o n :  
m e a s u r e m e n t  a c c u r a c y ,  m e a s u r e m e n t  i n t e r v a l ,  and  m e a s u r e m e n t  
e r r o r  correlation. The s t e a d y - s t a t e  v a l u e s  d e p e n d  o n  mea- 
s u r e m e n t  a c c u r a c y  and random f l u c t u a t i o n s  i n  c l o c k  c e s i u m  
f r e q u e n c y  a n d  f r e q u e n c y  r a t e .  

F i g u r e s  5 a n d  6 i n d i c a t e  t h a t  on  5 J a n u a r y  1976 t h e  i n t e r n a l  
p h a s e  o f f s e t  f o r  t r a n s m i t t e r  D w a s  - 0 . 3  5 0 . 6  p s e c  r e l a t i v e  
t o  Wean OMEGA Sys t em T i m e ,  a n d  t h e  t r a n s m i t t e r  o n l i n e  c l o c k  
h a d  a n a t u r a l  phase  drift ra te  ( f r e q u e n c y  o f f s e t )  of  -0 .08  
40,06 usec/day r e l a t i v e  t o  Mean OMEGA S y s t e m  Time .  Based  
o n  t h e s e  e s t i m a t e s ,  t h e  i n t e r n a l  w e e k l y  a d j u s t m e n t  w a s  o n  
t h e  o r d e r  of 0 . 3  psec, a n d  t h e  f o u r - h o u r  a d j u s t m e n t s  f o r  
t h e  s u b s e q u e n t  week w e r e  0 . 0 1  usec. 

A time h i s t o r y  p l o t  o f  e x t e r n a l  m e a s u r e m e n t s  (UTC m i n u s  
H a w a i i )  v i a  Loran-C t i m i n g  l i n k s  is shown i n  Fig. 7 .  T h e s e  
m e a s u r e m e n t s  i n d i c a t e  t h a t  OMSTA Hawaii w a s  s y n c h r o n i z e d  t o  
UTC w i t h i n  a n  a c c u r a c y  o n  t h e  order o f  1 usec f o r  the p e r i o d  
13 S e p t e m b e r  t o  25 O c t o b e r  1976.  E x t e r n a l  non-VLF m e a s u r e -  
m e n t s  (when a v a i l a b l e )  p r o v i d e  an e x c e l l e n t  m e a n s  of check-  
ing ( a s  w e l l  as m a i n t a i n i n g )  s y n c h r o n i z a t i o n  a c c u r a c y  o f  
t h e  O E G A  s y s t e m .  

LJTC - TRANSMITTER C R-25671 
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( 7 )  a re  g e n e r a l l y  a c c u r a t e  t o  a few ssec when d i r e c t i o n -  
d e p e n d e n t  propagation p r e d i c t i o n  e r r o r s  a r e  sma l l .  Opera- 
t i o n a l  e x p e r i e n c e  h a s  r e v e a l e d  two s i t u a t i o n s  w h e r e  t h e s e  
e r r o r s  are, i n  f a c t ,  significant: n e a r  the m a g n e t i c  e q u a t o r  
2 n d  near t h e  g e o g r a p h i c  p o l e s .  Recen?: p o r t a b l e  c lock  mea- 
s u r e m e n t s  [I41 a n d  [15 ]  indicate p r o p a g a - t i o n  a n o m a l i e s  o n  
the o r d e r  of 3-9 d s e c  i n  some VLF m e a s u r e m e n t s  f o r  OMSTA 
R e u n i o n  ( w h i c h  i s  s o u t h  of the m a g n e t i c  e q u a t o r ) .  Polar- 
p a t h  s y n c h r o n i z a t i o n  m e a s u r e m e n t s  in \ -01s - ing  OhlSTA Norway a r e  
s i a n i f i c a n t l r  d e g r a d e d  i n  the s p r i n g  a n d  f a l l  d u e  t o  chang-  

a d v e r s e  e f f e c t s  of t h e  above p h e n o m e n a ,  f u t u r e  e f f o r t s  re- 
l a t e d  t o  OMEGA s y n c h r o n i z a r i o n  a c c u r a c y  w i l l  most l i k e l y  
f o l l o w  t w o  bas ic  a v e n u e s :  a c c u r a c y  improvement  v i a  r e f i n e -  
ment  o f  e x i s t i n g  PLF p r o p a g a t i o n  p r e d i c t i o n  mode l s  [ZI, and 
accuracy v e r i f i c a t i o n  ( a n d  improvement) v i a  i n c r e a s e d  u s e  
o f  non-VLF t i m i n g  l i n k s  s u c h  as  s a t e l l i t e / T V ,  Loran-C,  a n d  
p o r t a b l e  c l o c k  m e a s u r e m e n t s .  

L e a p  S e c o n d  Offset - Mean O h E G A  S y s t e m  Time c u r r e n t l y  leads 
UTC(USN0) by f i v e  s e c o n d s .  A l t h o u g h  o p e r a t i o n a l  p r o c e d u r e s  
do  e x i s t  f o r  i n s e r t i n g  leap s e c o n d  t i m i n g  a d j u s t m e n t s  a t  
each O 1 5 G A  ~ r a n s r n i t t e r ,  c l i e r e  a r e  c u r r e n t l y  n o  p l a n s  t o  

I 
e l i m i n a t e  t h i s  o f f s e t  f r o m  'L'TC. OMEGA l e a p  s e c o n d  o f f s e t  
i n f o r m a t i o n  i s  a n n o u n c e d  i n  ONSOD's Weekly S t a t u s  Message 
and on WWV. 

I JMSA P a r t i c i n a t i o n  - A t  the S e ~ ~ e m b e r  1976 OMEGA T e c h n i c a l  
I C o n f e r e n c e  i n  B e r g e n ,  Norway, OMEGA Member n a t i o n s  s u p p o r t e d  

I f r o m  ORSOD t o  t h e  J a p a n e s e  M a r l t i m e  S a f e t y  Agency ( J M S A ) .  
J M S A  h a s  c o m p l e t e d  test r u n s  of  Program SYNC2 a n d  i s  c u r -  
r e n t l y  m a i n t a i n i n g  data f i l e s  i n  p a r a l l e l  w i t h  OYSOD o n  a 
w e e k l y  b a s i s .  A f t e r  official t r a n s f e r  o f  P r o g r a m  SYNC2 
o p e r a t i o n s  t o  J h l S A ,  OYSOZ, w i l l  m a i n t a i n  p a r a l l e l  data f i l e s  
t o  e n s u r e  a smooth  t r a n s i t i o n .  I n  o r d e r  t o  m a i n t a i n  s y s t e m  

I s v n c h r o n i z a t i o n  'to U T C ( U S h ' 0 ) .  J h I S A  w i l l  c o n t i n u e  t o  use 
U ~ S O  d a t a  as the p r i m a r y  source of  e x t e r n a l  timing rneasure -  
rnen ts ,  

SUMMARY 

T h i s  p a p e r  describes r,he a p p l i c a t i o n  of  modern e s t i m a t i o n  
t e c h n i q u e s  t o  the p r o b l e m  of  s y n c h r o n i z i n g  t h e  OMEGA r a d i o  
n a v i g a t i o n  s y s t e m  t o  a n  a c c u r a c y  o n  t h e  o r d e r  o f  I psec r m s  



I n  o r d e r  t o  a c h i e v e  t h i s  a c c u r a c y ,  e x t e n s i v e  p r e p r o c e s s i n g  
i s  p e r f o r m e d  on PLF t i m i n g  m e a s u r e m e n t s  t o  r e d u c e  t h e  e f f e c t s  
o f  TLF p ropaga t i on  a n o m a l i e s .  The n o i s y ,  t i m e - c o r r e l a t e d  
VLF measu remen t s  a r e  t h e n  p r o c e s s e d  i n  a Kalman d a t a - m i x i n g  
f i l t e r  t h a t  a p p r o p r i a t e l y  combines  them w i t h  c e s i u m  c l o c k  
e r r o r  mode l s  t o  e s t i m a t e  OMEGA t r a n s m i t t e r  t i m i n g  o f f s e t s  
and  compute  t i m i n g  a d j u s t m e n t  commands. The s y n c h r o n i z a -  
t i o n  a l g o r i t h m  i s  m e c h a n i z e d  i n  Computer P rog ram SYNC2 wh ich  
was d e v e l o p e d  by The  A n a l y t i c  S c i e n c e s  C o r p o r a t i o n  a n d  i m -  
p l e m e n t e d  i n  J a n u a r y  1975.  P rog ram SYNC2 i s  r u n  each week 
by  t h e  U . S .  C o a s t  Guard OMEGA N a v i g a t i o n  S y s t e m  O p e r a t i o n s  
D e t a i l  t o  c o n t r o l  b o t h  i n t e r n a l  and  e x t e r n a l  s y s t e m  s y n c h r o -  
n i z a t  i o n .  

APPENDIX A VLF OUTLIER REJECTION 

SYNC2 employs an  a u t o m a t i c  o u t l i e r  r e j e c t i o n  scheme t o  
i d e n t i f y  and  remove VLF m e a s u r e m e n t s  t h a t  a r e  n o t  " s t a t i s -  
t i c a l l y  r e p r e s e n t a t i v e "  of the t o t a l  data s e t .  I t  i s  as- 
sumed t h a t ,  on t h e  a v e r a g e ,  95% of t h e  m e a s u r e m e n t s  a r e  
s t a t i s t i c a l l y  r e p r e s e n t a t i v e  and  5% are o u t l i e r s .  P r i o r  t o  
a p p l y i n g  an  o u t l i e r  r e j e c t i o n  t e s t ,  t w o  d i s t o r t i n g  e f f e c t s  
a re  removed f r o m  t h e  m e a s u r e m e n t s :  t h e  e f f e c t  o f  w e e k l y  
p h a s e  s h i f t e r  a d j u s t m e n t s ,  a n d  a n y  n o n z e r o  t r e n d  o v e r  t h e  
p r e v i o u s  s i x  weeks .  The r e s u l t i n g  d a t a  set  i s  assumed t o  
b e  n o r m a l l y  ( g a u s s i a n )  d i s t r i b u t e d  a b o u t  t h e  t r e n d  l i n e .  

For n o r m a l l y  d i s t r i b u t e d  data, 95% o f  t h e  m e a s u r e m e n t s  lie 
w i t h i n  1 . 9 6  s t a n d a r d  d e v i a t i o n s  ( 1 . 9 6  a )  o f  t h e  t r e n d  l i n e  
[16]. T y p i c a l l y ,  t h e  t r u e  a o f  t h e  d a t a  se t  c a n  o n l y  b e  
a p p r o x i m a t e d  b y  a s a m p l e  s t a n d a r d  d e v i a t i o n  6, and  t h i s  
a p p r o x i m a t i o n  i s  good o n l y  f o r  l a r g e  d a t a . s a m p l e s  ( i . e . ,  
30 o r  more m e a s u r e m e n t s ) .  F r e q u e n t l y ,  h o w e v e r ,  due  t o  t r a n s -  
m i t t e r  o u t a g e s ,  m o n i t o r  o u t a g e s ,  o r  p r e v i o u s l y  r e j e c t e d  
d a t a ,  there  may be s i g n i f i c a n t l y  less t h a n  30 d a i l y  VLF 
measu remen t s  a v a i l a b l e  for a  p a r t i c u l a r  t r a n s m i t t e r - p a i r  
i n  a g i v e n  s ix -week  p e r i o d .  

A more a p p r o p r i a t e  r e j e c t i o n  c r i t e r i o n  f o r  t h i s  s i t u a t i o n  
is d e v e l o p e d  i n  [I61 and  [I71 where  i t  i s  shown t h a t  f o r  n  
n o r m a l l y  d i s t r i b u t e d  m e a s u r e m e n t s ,  95% l i e  w i t h i n  k$ of the 
t r e n d  l i n e ,  whe re  



and T i s  the v a l u e  of the S t u d e n z ' s  p r o b a b i l i t y  d i s t r i b u t i o n  
f u n c t i o n  f o r  0 . 0 5  level of  significance and n-2 degrees of 
f r e e d o m .  4s the numbcr  of  d a i l y  m e a s u r e m e n t s  increases from 
3 t o  a maximum o f  4 2 ,  k i n c r e a s e s  from 1 . 4 1  t o  1 . 9 5  ( k  = 
1 . 9 6  for n-rn) .  

SYNC2 employs  an i t e r a t i v e  k?  outlier rejection s c h e m e  that: 
computes a s i x - w e e k  sample  s r a n d a r d  d e v i a t i o n  ? about t h e  
measurement t r e n d  l i n e ,  rejects a l l  m e a s u r e m e n t s  e x c e e d i n g  
k$ f rom t h e  t r e n d  line, a n d  repeaTs t h i s  process u n t i l  no 
new o u t l i e r s  a r e  f o u n d .  
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