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1 ABSTRACT 

It  is now possible t o  compare a clock w i t h  UTC(NBS) anywhere i n  
common view of a GPS s a t e l l i t e  w i t h  Boulder, Colorado a t  the 
f u l l  level  of' accuracy and s t a b i l i t y  of the NBS atomic time 
scale for  integrat ion times of about four days and longer via 
the NBS Global Time Service. T h i s  ava i l ab i l i t y  includes Japan, 
Europe, and the e n t i r e  United S ta tes .  The service  includes a 
dial-up service  for  current  est imates of the u se r ' s  clock 
performance and a monthly report  w i t h  improved estimates a f t e r  
the Tact. We discuss here the method by which the common view 
time t rans fe r  values in the monthly repor ts  a re  computed. 
Measurements a r e  taken using a s a t e l l i t e  in common view 6f NBS 
and a second location.  These measurements are  repeated each 
s ide rea l  day so  tha t  the geometry a t  measurement time remains 
f ixed.  The data are  careful ly  examined fo r  bad points ,  and 
these a re  removed by in terpola t ion or extrapolat ion.  A 
measurement geometry which repeats  each s ide rea l  day defines a 
time s e r i e s .  The measurement noise of each time s e r i e s  is 
determined using a  decomposition of variance or N-corner hat 
technique which i n  turn defines weights used t o  compute a 
weighted average. Final ly ,  a  Kalman smoothed estimate of time 
and f rac t iona l  frequency o f f s e t  is computed for  each time s e r i e s  
separately u s i n g  the measurement noise est imates,  and these a r e  
a l so  combined w i t h  the weights t o  d e f i n e  optimal est imates of 
time and frequency of f se t s .  Using t h i s  technique we have been 
able t o  t r ans fe r  time w i t h  time s t a b i l i t y  of l ess  than 10 ns ,  
time accuracies of the or e r  of LO n s ,  and a  frequency 
s t a b i l i t y  of 1 par t  in 10'' and be t t e r  for  measurement times of 
four days and longer. In addit ion to  using t h i s  method fo r  the 
above-mentioned Global Time Service,  i t  i s  used in computing the 
data sen t  t o  t h e  B I H  f o r  the generation of UTC and T A I .  These 
data include comparisons of the time and frequency of UTC(NBS) 
w i t h  other principal. timing centers :  NRC in Ottawa, PTB in  
Braunschwcig, RRL i n  Tokyo, and USNO in Washington DC. 

Data Selection and Rejection 

Locations in teres ted in comparing a clock w i t h  UTC(NBS) via GPS should 
measure t h e i r  clock agains t  GPS time via  s a t e l l i t e s  according t o  an NBS 
t racking schedule. A s a t e l l i t e  is tracked for  in te rva l s  up t o  1 3  minutes, 
and the data taken during tha t  time is reduced t o  a  value of GPS minus 



reference clock and a  r a t e  o f f s e t .  It  has been shown elsewhere' tha t  
tracking longer than about 10 minutes is of l i t t l e  value s ince  the 
f luctuat ions  appear t o  be f l i cke r  noise l imited f o r  Fourier frequencies 
smaller than about one cycle per 10 minutes. One gains s ign i f i can t ly  by 
averaging the white phase noise a t  the higher Fourier frequencies. Tracks 
a r e  extended t o  1 3  minutes to  ensure use of the most recent ionospheric 
correct ion,  s ince  that  parameter is transmitted every 12.5 minutes. The 
tracking schedule t e l l s  which s a t e l l i t e s  t o  track a t  what time on a 
ce r t a i n  modified Ju l i an  day ( M J D )  fo r  a l l  locations in a given large area 
of ea r th .  Each track in the tracking schedule is assigned to  a t  l e a s t  two 
areas  and is chosen t o  maximize the elevation of a  GPS s a t e l l i t e  a s  seen 
from those areas .  The elevation of a  s a t e l l i t e  changes l i t t l e  over a  
large area of Earth since the s a t e l l i t e  o r b i t s  a r e  4 . 2  Earth r a d i i .  The 
track times decrement by 4 minutes a day t o  p rese rve- the  geometric- 
re la t ionship  between the s a t e l l i t e s  and the ground location a t  each 
measurement. T h i s  follows s ince  the s a t e l l i t e s  a r e  i n  1 2  hour s ide rea l  
o rb i t s .  A Sidereal  day is not exactly 4 minutes l e s s  than a  so la r  day, 
but t h i s  is close enough since the s a t e l l i t e s  deviate somewhat from exact 
s ide rea l  o rb i t s .  The tracking schedule needs t o  be recomputed from time 
t o  time (about Once or twice a  year) .  

GPS minus reference measurements a r e  gathered together a t  NBS i n  Boulder 
from many locations in the United S t a t e s  and around the world. UTC(NBS) 
can be t ransferred t o  any location having common view data w i t h  NBS. A 
t rack is i n  common view between two locat ions  i f  both locat ions  have 
received the same s igna l s  from a s a t e l l i t e ,  i . e .  both locat ions  have 
tracked the same s a t e l l i t e  a t  the same time. I n  t h i s  way many sources of 
noise cancel or nearly cancel upon subtraction of the GPS minus reference 
 measurement^.^ If there is some discrepancy between the times of tracking 
a t  the two 1Oca t ion~  the noise of the di f ference measurement may grow 
rapidly.  A common view track repeats  every s ide rea l  day and in t h i s  way 
defines a time s e r i e s  comparing the clocks a t  the two locations.  Each 
time s e r i e s  represents a d i f f e r en t  path from one location t o  the  s a t e l l i t e  
t o  the other location repeated every s ide rea l  day and used to  compare the 
two reference clocks. Each s a t e l l i t e  in common view can be used fo r  such 
a time s e r i e s .  Indeed a s a t e l l i t e  can give r i s e  t o  two time s e r i e s  i f  
there a r e  two d i f f e r en t  optimal common view paths each day: one when t h e  
s a t e l l i t e  is above the two locat ions ,  one when they look over the pole a t  
it .  Time t rans fe r  between two locations is accomplished by determining 
measurement noise and weights f o r  each path, using t h i s  t o  smooth each 
time s e r i e s  separately and combine them in to  a  weighted average. 

We of ten  f ind tha t  the e n t i r e  time s e r i e s  of common view measurements v ia  
one s a t e l l i t e  is biased from the data via another s a t e l l i t e .  T h i s  is not 
en t i r e l y  understood, b u t  i t  m u s t  be due e i t he r  t o  consis tent  e r ro r  i n  the 
transmitted ephemeris or ionospheric model, consis tent  e r ro r  in  the 
tropospheric model, coordinate e r ro r s  a t  the loca l  receiver or  a frequency 
o f f s e t  between the reference clocks. Because of these biases ,  we work 
w i t h  the time s e r i e s  separate ly  before they a r e  combined in to  a weighted 



average. Also, the  presence of the biases  makes choosing the weights very 
important since the resu l t an t  average can change s ign i f i can t ly  wi th  
d i f f e r en t  weights. 

F i r s t ,  each time s e r i e s  is studied fo r  bad points. T h i s  can be  a  
d i f f i c u l t  task because deviat ions in a time s e r i e s  can come from several  
places. A reference clock may have a time or frequency s t ep ,  in which 
case points  in the time s e r i e s  may seem bad but a re  ac tual  measurements of 
the clock. I f  t h i s  happens when there a r e  missing data from several  
s a t e l l i t e s  i t  can be d i f f i c u l t  t o  in te rpre t .  Bad measurements a r e  caused 
by e i t he r  troubles in the data transmitted from the s a t e l l i t e  or problems 
in the receiver.  When these a re  found in  a  given time s e r i e s  they a r e  
replaced by a value e i t he r  l inear ly  interpolated from neighboring good 
points ,  o r ,  i f  i t  is an end point ,  by a  value extrapolated from the e n t i r e  
time s e r i e s  by a  quadratic curve f i t .  I n  t h i s  way a  bad measurement is 
replaced wi th  a value which maintains the b ias  of the time s e r i e s  when i t  
is included in the weighted average. 

d 

Measurement Noise and Weights 1 

I The measurement noise and the weight of each time s e r i e s  is estimated ,: 

using a decomposition of variance o r  N-corner hat  technique wi th  the 
I modified Allan variance. The N-corner hat technique is a generalizat ion 

of the three-corner ha t ,  where the variance of the s t a b i l i t y  of a  
I par t i cu la r  clock is estimated using variances of the s t a b i l i t y  of 

d i f ference measurements among three  clocks. The general iza t ion is tha t  we 
have N clocks instead of three.  We apply t h i s  technique to  a d i f ferences  
of the time di f ferences  of our GPS da ta ,  i . e . ,  differencing the common 
view measurements across s a t e l l i t e s .  The equations a re  a s  follows. 

A time di f ference is a difference of measurements a t  two locat ions  v i a  8 

s a t e l l i t e  i: 

(Ref2 - Ref, f C-V noiseIi  = (GPS - Ref, + noise)  - (GPS - Ref2 + no i s e ) i ,  i 

where "C-V noiseM denotes the common view measurement noise for  tha t  path. 
I 

The di f ference of the di f ferences  is: 

Noisei - Noise. = (Ref2 - Refl + N o i ~ e ) ~  - (Ref2 - Refl + Noise) .. 
J J 

4 

Thus we see  tha t  the s e t  of variances of the di f ference of d i f ferences  is 
the s e t  of variances of noise d i f ferences .  We may apply N-corner hat t o  4 
t h i s  t o  f ind the variance of a pa r t i cu la r  process jus t  a s  we apply 
N-corner hat t o  the s e t  of variances of clock s t a b i l i t y  d i f ferences  t o  
f ind the s t a b i l i t y  of a pa r t i cu la r  clock. Let u s  consider the equations 7 

fo r  the decomposition of ~ a r i a n c e s . ~  We want t o  find 

2 5 = estimate of the variance of process i ;  i = 1,2, .. . , N 



g i v e n  

* 
= measurement o f  t h e  v a r i a n c e  of i-j d i f f e r e n c e .  'ij 

2 We choose  t h e  o i  t o  minimize  

The result a f t e r  s o l v i n g  a ~ l a a :  = 0 is 

where  

If we u s e  t h e  mod i f i ed  A l l a n  v a r i a n c e  i n  t h e s e  e q u a t i o n s  we s e e  t h a t  t h e  
common view n o i s e  h a s  a s p e c t r u m  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  o f  w h i t e  
n o i s e  phase  m o d ~ l a t i o n . ~  T h i s  means t h a t  t h e  s q u a r e  r o o t  of t h e  v a r i a n c e  

9 
- 3 / 2  a s  a f u n c t i o n  of t ime  i n t e r v a l ,  shou ld  be  r o p o r t i o n a l  t o  -c . 

T2 Because  of t h i s  we may m u l t i p l y  oi(N-T,)  by N and t a k e  t h e  mean over t h e  
number, M ,  o f  variance c o m p u t a t i o n s .  Thus t h e  common view n o i s e  s q u a r e d ,  

2 n i p  f o r  p a t h  i is p r o p o r t i o n a l  t o  

The c o n s t a n t  o f  p r o p o r t i o n a l i t y  is 

2 r0 /3p i ,  where pi  is t h e  p e r c e n t a g e  o f  good p o i n t s .  

The f a c t o r  o f  rE/3 comes from t h e  r e l a t i o n s h i p  be tween time and 
f r e q u e n c y  s t a b i l i t y  w ' t h  t h e  m o d i f i e d  A l l a n  v a r i a n c e  u n d e r  t h e  a s s u m p t i o n  , 
o f  w h i t e  p h a s e  n o i s e .  4 p 5  The p e r c e n t a g e  of good p o i n t s  come 8 in because t h e  c o n f i d e n c e  o f  t h e  estimate g e t s  worse  w i t h  f e w e r  p o i n t s .  The we igh t  
o f  p a t h  i ,  w i ,  is t h e  r e c i p r o c a l  o f  the  n o r m a l i z e d  n o i s e  estimate 



These  are  t h e  w e i g h t s  which are u s e d  t o  combine t h e  time series f o r  t h e  
d i f f e r e n t  s a t e l l i t e  p a t h s  i n t o  a s i n g l e  we igh ted  a v e r a g e .  The r e s u l t  is 
t h a t  t h e  more s t a b l e  t h e  series t h e  h e a v i e r  i t  is we igh ted .  T h i s  makes 
s e n s e  f o r  u n b i a s e d  d a t a ,  and we assume h e r e  t h a t  t h e  b i a s  of a p a t h  is 
p r o p o r t i o n a l  t o  i ts i n s t a b i l i t y .  I f  a b i a s  is due  t o  l o c a l  c o o r d i n a t e  
e r r o r s  t h i s  a s s u m p t i o n  w i l l  f a i l .  If t h e  b i a s  is due t o  e r r o r  i n  
t r a n s m i t t e d  da ta  it is p o s s i b l e  t h e  b i a s  would be  u n s t a b l e  from a t t e m p t s  
t o  c o r r e c t  t h e  e r r o r .  More s t u d y  n e e d s  t o  b e  done  t o  u n d e r s t a n d  t h e s e  
b i a s e s .  

Kalman E s t i m a t e s  

I n  a d d i t i o n  t o  t h e  unsmoothed we igh ted  a v e r a g e ,  a  forward-backward Kalman 
smoother  is u s e d  t o  remove t h e  n o i s e  from t h e  time t r a n s f e r .  Each p a t h  is 
smoothed s e p a r a t e l y  u s i n g  t h e  e s t i m a t e s  o f  t h e  n o i s e  f o r  e a c h  p a t h ,  as  
w e l l  a s  estimates f o r  t h e  n o i s e  c h a r a c t e r i s t i c s  o f  t h e  two c l o c k s ,  as  
i n p u t  t o  t h e  Kalman smoo the r .  The s t a t e  v e c t o r  c o n s i s t s  o f  two e l e m e n t s :  
t h e  time, x ,  and f r e q u e n c y ,  y ,  of a c l o c k  o f f s e t  from UTC(NBS). 
I n t e r p o l a t e d  o r  e x t r a p o l a t e d  v a l u e s  are n o t  u sed  by t h e  Kalman, r a t h e r  i t  
r e p l a c e s  t h e s e  w i t h  i ts  own o p t i m a l  estimates. The x and y  v a l u e s  from 
t h e  d i f f e r e n t  p a t h s  a r e  combined u s i n g  t h e  w e i g h t s  t o  g e n e r a t e  a smoothed 
e s t i m a t e  o f  t h e  time and f r e q u e n c y  o f f s e t  o f  a r e f e r e n c e  c l o c k  from 
UTC(NBS) , 

R e s u l t s  

R e s u l t s  of a p p r o x i m a t e l y  10 n s  a c c u r a c y  and 1 p a r t  i n  1 0  g t a b i l i t y  f o r  
i n t e g r a t i o n  times o f  f o u r  d a y s  have been  r e p o r t e d  e l s e w h e r e  . Here we 
s i m p l y  n o t e  r e s u l t s  on more recent d a t a .  We c o n s i d e r  t i m e  compar i sons  
be tween N D S  i n  B o u l d e r ,  Co lo rado ,  U S A ,  and PTB i n  Braunschweig ,  West 
Germany d u r i n g  a f i f t y  day p e r i o d  from M J D  46300 t o  46350, August  23 t o  
Oc tobe r  12,  1985. We u s e  measurements  v i a  p a t h s  f o r  f i v e  s a t e l l i t e  
v e h i c l e s  ( S V t s ) , S V 8 , S V 9 , S V  1 1 , S V  1 2 , a n d S V 1 3 .  The r a w d a t a  
c a n  b e  s e e n  i n  F i g u r e s  l a  and I b  v i a  e a c h  of t h e s e  p a t h s .  The b i a s e s  
be tween t h e  p a t h s  c a n  b e  s e e n  h e r e .  To r e v e a l  t h e  biases more c l e a r l y  w e  
p l o t  some o f  t h e  second d i f f e r e n c e s  o f  s a t e l l i t e s  measured a g a i n s t  SV 13 
i n  F i g u r e s  2a and  2b .  The second  d i f f e r e n c e s  a r e  t h e  i n p u t  t o  t h e  
5 - c o r n e r  h a t .  The mod o ( .r) v a l u e s  f o r  SV's  1 1  , 1 2 ,  1 3  a r e  p l o t t e d  i n  

Y f i g u r e  3a,  a l o n g  w i t h  t h e  -312 s l o p e  l i n e  f o r  w h i t e  p h a s e  modu la t ion .  We 
s e e  a n  e x c e l l e n t  ag reemen t .  The v a l u e s  f o r  SVts  8 and 9 are v e r y  similar 
and were n o t  p l o t t e d  s i m p l y  b e c a u s e  t h e y  would c o n f u s e  t h e  g r a p h .  If w e  
compare t h i s  w i t h  t h e  o ( r )  p l o t s  f o r  t h e  t i m e  t r a n s f e r  v i a  e a c h ' o f  SV's 

Y 
1 1  , 12 ,  and  13 i n  f i g u r e  3b we see t h a t  t h e  measurement n o i s e  may y e t  be  
p r e s e n t  a t  one  o r  two d a y s  o f  i n t e g r a t i o n ,  b u t  q u i c k l y  d r o p s  below t h e  
n o i s e  o f  t h e  c l o c k s  f o r  p e r i o d s  of  f o u r  d a y s  o r  g r e a t e r .  T a b l e  1 be low 
shows t h e  a v e r a g e  b i a s  a g a i n s t  SV 13 and t h e  computed measurement n o i s e  
f o r  e a c h  o f  t h e  s a t e l l i t e  p a t h s .  



T a b l e  1 

SV # Average B i a s  v s .  SV# 13 (ns) Meas No i se  (ns) 

The b i a s e s  o f  SV's 9 ,  11 and 12 are g rouped  t o g e t h e r  a b o u t  1 1  
n s  below SV 13 and t h e  S V  8 h a s  a  b i a s  a p p r o x i m a t e l y  1 2  n s  below t h a t .  
The measurement n o i s e  e s t i m a t e  is o u r  o n l y  key f o r  w e i g h t i n g  t h e  d i f f e r e n t  
b i a s e s .  While i t  t e n d s  t o  g i v e  t h e  b i a s  o f  SV 8 a somewhat lower  we igh t  
t h a n  t h e  m a j o r i t y  o p i n i o n  o f  SV's  9 ,  1 1 ,  and 1 2 ,  t h e  b i a s  o f  SV 13 is 
we igh ted  s i m i l a r l y  t o  e a c h  of  them. We s i m p l y  d o  n o t  know t h e  r i g h t  
answer  h e r e .  The s t a n d a r d  d e v i a t i o n  of t h e  d i f f e r e n t  SV p a t h s  a v e r a g e d  
o v e r  t h e  f i f t y  d a y s  is 10.8 n s .  T h i s  is due  p r i m a r i l y  t o  t h e  b i a s e s ,  
s i n c e  t h e  compos i t e  measurement n o i s e  is o n l y  3.0 n s .  T h i s  L a t t e r  is a n  
i n d i c a t i o n  o f  t h e  measurement n o i s e  r e m a i n i n g  i n  t h e  we igh ted  a v e r a g e .  
The we igh ted  a v e r a g e  f o r  t h e  time t r a n s f e r  a c r o s s  t h e  s a t e l l i t e s  is 1r1 
f i g u r e  l c .  The o ( T )  f o r  t h e s e  d a t a  is p l o t t e d  i n  f i g u r e  3c. Knowing 
someth ing  a b o u t  tKe c l o c k s  invo lved  we see t h e r e  c a n  b e  l i t t l e  r e m a i n i n g  
measurement n o i s e .  We a t t e m p t  t o  remove t h i s  w i t h  a Kalman Smoother .  
F i g u r e  I d  shows t h e  time r e s i d u a l s  for  PTB - UTC(NBS) a f t e r  t h e  s m o o t h e r ,  
and f i g u r e  3d shows t h e  a s s o c i a t e d  A l l a n  v a r i a n c e .  Here ,  t h e  o (T) v a l u e s  
seem a l i t t l e  t o o  low f o r  i n t e g r a t i o n  p e r i o d s  o f  t and  2 d a y s .  Y ~ i n a l l y ,  
w e  g i v e  t h e  f r e q u e n c y  e s t i m a t e s  from t h e  we igh ted  a v e r a g e  and t h e  Kalman 
i n  f i g u r e s  4a  and  4b.  

C o n c l u s i o n s  

Time t r a n s f e r  v i a  GPS s a t e l l i t e s  is p o s s i b l e  a t  t he  l e v e l  of accuracy of 
s t a t e  o f  t h e  a r t  t i m e  s t a n d a r d s  f o r  p e r i o d s  o f  4 d a y s  o r  more,  depend ing  
on t h e  b a s e l i n e  i f  done  w i t h  c a r e ,  Ca re  is needed i n  making s t r i c t l y  
s i m u l t a n e o u s  measurements  a t  two l o c a t i o n s  r e p e a t e d  e v e r y  s i d e r e a l  day  t o  
m a i n t a i n  a common-view measurement w i t h  a c o n s t a n t  geometry .  Care is 
needed i n  removing bad p o i n t s  from e a c h  of t h e  t i m e  s e r i e s . '  Weights  f o r  
e a c h  p a t h  a r e  v e r y  i m p o r t a n t  s i n c e ,  due  t o  b i a s e s  i n  t h e  s y s t e m ,  a change  
i n  w e i g h t s  s i g n i f i c a n t l y  c h a n g e s  t h e  we igh ted  mean. F i n a l l y ,  a Kalman 
smoo the r  may b e  employed t o  remove measurement n o i s e  from t h e  we igh ted  
a v e r a g e ,  b u t  i t s  r e s u l t s  must b e  i n t e r p r e t e d  c a r e f u l l y .  U n d e r s t a n d i n g  t h e  
b i a s e s  i n  t h e  s y s t e m  rema ins  a n  i m p o r t a n t  u n s o l v e d  problem. 
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