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ABSTRACT 

Users w i t h  requirements f o r  t i m i n g  s i g n a l s  a v a i l a b l e  

ove r  wide geographical  areas t h a t  a r e  a c c u r a t e l y  r e f e r -  

enced t o  UTC(NBS) o r  UTC(USN0) can conven ien t l y  access 

e i t h e r  o f  two opera t i ona l  s a t e l l i t e  systems. Two geo- 

s t a t i o n a r y  GOES (Geosta t ionary  Opera t iona l  Environmental 

S a t e l l i t e )  s a t e l l i t e s  l o c a t e d  a t  75' and 135' W l o n g i t u d e  

p r o v i d e  a cont inuous NBS-referenced t ime  code t o  t h e  

Western hemisphere, i n c l u d i n g  l a r g e  p o r t i o n s  o f  t h e  

A t l a n t i c  and * P a c i f i c  Ocean areas. F i v e  o p e r a t i o n a l  

TRANSIT s a t e l l i t e s  p r o v i d e  t i m i n g  s i g n a l s  re fe renced  t o  

UTC(USN0) f r o m  l o w - a l t i t u d e  p o l a r  o r b i t s ,  r e s u l t i n g  i n  

wor ldwide coverage on a non-continuous bas i s .  Conven- 

i e n t ,  f u l l y  automat ic,  microprocessor-based commercial 

r e c e i v e r s  a re  now a v a i l a b l e  f o r  use w i t h  b o t h  s a t e l l i t e  

systems. 

Resu l t s  o f  r e g u l a r  m o n i t o r i n g  o f  bo th  t h e  GOES and 

TRANSIT t i m i n g  s i g n a l s  over a number o f  months a t  NBS, 

Boulder,  CO are presented. The TRANSIT r e s u l t s  i n c l u d e  

an a n a l y s i s  o f  how r e c e i v e d  t i m i n g  accuracy and s t a b i l -  

i t y  a re  a f f e c t e d  by: (1) averaging over v a r y i n g  numbers 

* C o n t r i b u t i o n  of t he  Na t iona l  Bureau of Standards, n o t  s u b j e c t  t o  
c o p y r i g h t  i n  the  U.S. 
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o f  s a t e l l i t e  passes; (2) averag ing  over  d i f f e r e n t  com- 

b i n a t i o n s  o f  t h e  5 a v a i l a b l e  s a t e l l i t e s ;  (3 )  us ing  

seve ra l  independent r e c e i v e r s  o f  t h e  same type;  and (4) 

a p p l i c a t i o n  o f  [TRANSIT-UTC(USNO)] pub l i shed  c o r r e c t i o n s  

t o  t h e  r e c e i v e d  data.  Based on m o n i t o r i n g  exper ience t o  

da te  a t  NBS, some p ros  and cons o f  us ing  each o f  t h e  

a v a i l a b l e  o p e r a t i o n a l  systems a re  discussed. 

Updated i n f o r m a t i o n  on r e c e n t  improvements i nco rpo ra ted  

i n t o  t h e  GOES t ime  code genera t i on  and m o n i t o r i n g  system 

a t  Wallops I s l a n d ,  VA i s  a l s o  inc luded.  

INTRODUCTION 

Time t r a n s f e r  techniques u s i n g  s a t e l l i t e s  a re  be ing  i n v e s t i g a t e d  

i n  one form o r  another  by  a lmost  every major  t i m i n g  l a b o r a t o r y  i n  

t h e  wor ld .  Whi le  much o f  t h e  work r e p o r t e d  on t o - d z t e  has d e a l t  

w i t h  h i g h l y  success fu l ,  exper imenta l  t ime  t r a n s f e r s  among i n t e r -  

n a t i o n a l  1 a b o r a t o r i  es a t  t h e  h i g h e s t  a t t a i  nab1 e accuracy 1 eve1 s ,  

t h e r e  a re  a l s o  ve ry  r e a l  needs f o r  t h e  more genera l  d i ssemina t ion  

o f  r e l i a b l e  t i m i n g  s i g n a l s  a t  more modest accuracy l e v e l s  i n  t h e  

1-100 p s  range. C u r r e n t l y ,  t h e r e  are  two major  s a t e l l i t e - b a s e d  

systems which o f f e r  such t i m i n g  c a p a b i l i t i e s  t o  genera l  users on 

an o p e r a t i o n a l  bas i s .  These a re  t h e  U.S. Navy's TRANSIT s a t e l l i t e  

n a v i g a t i o n  system, a l s o  r e f e r r e d  t o  as t h e  "Navy Nav iga t i on  Sa te l -  

. l i t e  System," and t h e  Dept. o f  Commerce's GOES System, which i s  an 

acronym f o r  "Geosta t ionary  Opera t iona l  Environmental Sa te l  1 i tes .  I t  

R e l a t i v e l y  low-cos t  t i m i n g  r e c e i v e r s  a re  a v a i l a b l e  commerc ia l ly  

f o r  use w i t h  e i t h e r  o f  these o p e r a t i o n a l  s a t e l l i t e  systems. The 

Na t iona l  Bureau o f  Standards has been s y s t e m a t i c a l l y  m o n i t o r i n g  

and e v a l u a t i n g  b o t h  t h e  TRANSIT and GOES t i m i n g  c a p a b i l i t i e s  over  

a p e r i o d  o f  about  8 months. The approach has been t o  use o n l y  



commercially available receivers, treating them essentially as a 
"black box" with a 1 pulse-per-second output that is analyzed and 
evaluated as a timing reference with respect to the UTC(NBS) time 
scale. 

TIME DISSEMINATION RESULTS VIA TRANSIT* 

There are currently 5 operational TRANSIT satellites providing 
timing signals in a one-way mode from nearly circular, polar 
orbits. With this satellite configuration a user at a particu- 
lar location has access to the TRANSIT signaT for about 15 minutes 
each time one of the satellites flies over within range. Coverage 
is therefore worldwide, although at any particular location inter- 
vals between successive satellite passes might range anywhere from 
a few minutes to several hours. The TRANSIT signal format contains 
a fiducial time marker each 2 minutes derived from an on-board 
crystal oscillator and satellite ephemeris information that can be 
processed by the receiver to compute the path delay from satellite 
to user for each 2-minute interval. The receivers used in the NBS 
measurements, priced at about $12,000 each, automatically acquire 
the 400 MHz TRANSIT signals, compute the path delays, and correct 
the output 1 pps to be on-time with respect to the satellite 
clock. Since the satellite clocks are carefully monitored and 
controlled by the Navy Astronautics group and the U.S. Naval 
Observatory, the receiver output can provide an excellent local 
representation of UTC(USN0). 

The block diagram in Figure 1 indicates the way in which the 
commercial TRANSIT receivers available to NBS for these eval ua- 

*This work was supported by the Naval Electronics Systems Command 
under CCG Contract #79-142. 



t i o n s  were used. A1 though these p a r t i c u l a r  r e c e i v e r s  i n c l u d e  

c a p a b i l i t i e s  f o r  averag ing  over  any number o f  s a t e l l i t e  passes 

from 1 t o  100 and f o r  s e l e c t i v e l y  d e l e t i n g  one o r  more o f  t h e  5 . 
o p e r a t i n g  s a t e l l i t e s  f rom t h e  ensemble used t o  c o r r e c t  t h e  o u t p u t  

1 pps, NBS chose t o  use a mul t i -channe l  d a t a  l o g g e r  t o  accumulate 

da ta  s e p a r a t e l y  f rom each success fu l  s a t e l l i t e  pass. For  each 

pass da ta  were recorded p r o v i d i n g  a measurement o f  t h e  TRANSIT 

r e c e i v e r  1 pps r e l a t i v e  t o  UTC(NBS), i d e n t i f i c a t i o n  numbers f o r  

t h e  p a r t i c u l a r  s a t e l l i t e  and r e c e i v e r  i n v o l v e d ,  t h e  amount o f  

c o r r e c t i o n  computed and a p p l i e d  by t h e  r e c e i v e r ,  t h e  date and 

t i m e  o f  c o r r e c t i o n ,  and t h e  s tandard d e v i a t i o n  o f  t h e  i n d i v i d u a l  

2-minute p o i n t s  as s u p p l i e d  by t h e  r e c e i v e r .  A f t e r  t h e  f a c t  t h e  

da ta  f i 1 e was completed by adding a "TRANSIT c l  ock-UTC(USN0)" 

c o r r e c t i o n  as p u b l i s h e d  by USNO and t h e  e l e v a t i o n  angle f o r  each 

pass. These d a t a  were then analyzed i n  v a r i o u s  ways t o  show t h e  

dependence on t h e  p a r t i c u l a r  sate1 1 i t e  ensemble used, t h e  number 

o f  passes averaged, t h e  p a r t i c u l a r  r e c e i v e r s  used, t h e  a p p l i c a t i o n  

o f  t h e  USNO c o r r e c t i o n s ,  and s a t e l l i t e  e l e v a t i o n  angle.  

I n  a l l  cases TRANSIT measurements d e v i a t i n g  by more t h e  100 ps 

f rom UTC(NBS) were d iscarded.  

Dependence on Sate1 1 i t e  Ensemble 

F igures  2-6 p r e s e n t  t h e  r e c e i v e d  TRANSIT da ta  f rom each o f  t h e  5 
o p e r a t i o n a l  s a t e l l i t e s  s e p a r a t e l y  f o r  t h e  8-month p e r i o d  o f  t h e  

measurements. I n  each case, each p l o t t e d  p o i n t  i s  t h e  average o f  

5 s u c c e s s f u l l y  r e c e i v e d  s a t e l l i t e  passes (normal ly ,  t h e r e  a r e  

about 2 s a t e l l i t e  passes p e r  day f o r  each s a t e l l i t e ) .  Also,  on 

each p l o t  a r e  t a b u l a t e d  t h e  mean va lues and s tandard d e v i a t i o n s  

a p p l i c a b l e  t o  s m a l l e r  t i m e  segments o f  t h e  8-month per iod .  



UTC(NBS) i s  used as t h e  re fe rence,  b u t  s i n c e  NBS and USNO d i f f e r e d  
by on ly  2 ps dur ing  t h i s  p e r i o d  p l o t s  i n  t e r m s  o f  UTC(USN0) would 

d i f f e r  o n l y  by t h a t  amount. S a t e l l i t e  #120, t h e  o l d e s t  o f  t h e  

c u r r e n t  group, c o n s i s t e n t l y  had t h e  h ighes t  o f f s e t  o f  about +30 

p s .  #130, a l s o  one o f  t h e  o l d e s t  TRANSIT'S, was o f f s e t  by o n l y  

-0.5 ps.  S i m i l a r l y ,  #140 was o f f s e t  by about +14 ps on t h e  aver- 

age, #190 by +3 p s ,  and t h e  newest s a t e l l i t e ,  #200, by -2.8 ps.  

The s tandard  d e v i a t i o n s  o f  t h e  5-pass averages ranged between 8 

and 18 p s  f o r  t h e  5 s a t e l l i t e s .  

behav io r  o f  each s a t e l l i t e  over t h e  8-month pe r iod ,  where each 

p l o t t e d  p o i n t  i n  t h i s  case i s  an average over 60 days. I t  i s  

apparent t h a t  f o r  b e s t  accuracy w i t h  respec t  t o  e i t h e r  NBS o r  USNO 

d u r i n g  t h i s  p e r i o d  s a t e l l i t e  #120, and p o s s i b l y  a l s o  #140, cou ld  

have been excluded from t h e  ensemble. Th is  e f f e c t  i s  shown i n  

F igu re  8 where t h e  s o l i d  l i n e  r e f e r s  t o  the  complete 5 - s a t e l l i t e  

ensemble, averaging 20 passes p e r  p o i n t  i n  t h i s  case, w h i l e  t h e  

dashed l i n e  i s  t h e  r e s u l t  i f  #120 i s  excluded. The ensemble mean 

o f f s e t s  a r e  about 8 p s  i n c l u d i n g  a l l  s a t e l l i t e s  and 4 p s  w i t h  #120 

excluded. 

F igure  7 a l s o  shows t h e  long-term 

Dependence on Number o f  Sate1 1 i t e  Passes Averaged 

F igures  9-11 i l l u s t r a t e  how t h e  measurement p r e c i s i o n  v a r i e s  w i t h  

t h e  number o f  s a t e l l i t e  passes averaged. As mentioned p rev ious l y ,  

t h e  r e c e i v e r  can be e a s i l y  s e t  t o  average anywhere from 1 t o  100 

passes au tomat i ca l l y .  I n  t h e  f i r s t  case f o r  i l l u s t r a t i o n  (F igure  

9 )  a l l  s a t e l l i t e  passes a r e  used and each p l o t t e d  p o i n t  i s  t h e  

average o f  5 such passes s u c c e s s f u l l y  processed by t h e  rece ive r .  

Since t y p i c a l l y  about 11 good passes pe r  day were rece ived  i n  

Boulder,  t h i s  average corresponds t o  about one-hal f  day. The 

s tandard  d e v i a t i o n  o f  t h e  5-pass averages i s  about 9 ps. By 

comparison, a p l o t  o f  30-pass averages (F igure  IO) corresponding 
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t o  about 3-day averages, shows t h a t  t h e  s tandard d e v i a t i o n  i m -  

proves t o  about  5 ps. When a l l  o f  t h e  da ta  a re  analyzed i n  more 

d e t a i l ,  t h e  p l o t  i n  F i g u r e  11 o f  s tandard d e v i a t i o n  vs. t h e  number 

o f  passes averaged r e s u l t s .  

dence on t h e  number o f  passes averaged, N, t h a t  v a r i e s  as N-' down 

t o  a " f l i c k e r  f l o o r "  l e v e l  o f  about  3 ps f o r  N = 50 passes. The 

s tandard d e v i a t i o n  f o r  a s i n g l e  pass i s  about 20 ps.  

One might  i n t e r p r e t  t h i s  as a depen- 

Dependence on t h e  P a r t i c u l a r  Receivers Used 

Al though t w o  independent, co - loca ted  r e c e i v e r s  observ ing  t h e  same 

s a t e l l i t e  pass o c c a s i o n a l l y  d isagreed by more than 50 ps, t h e i r  

long- te rm agreement was e x c e l l e n t .  F igu re  12 compares two d i f f e r -  

e n t  r e c e i v e r s  based .on 30-pass averages. The t a b u l a t e d  mean 

va lues i n  t h e  p l o t  show t h a t  50-60 day averages agreed t o  w i t h i n  

b e t t e r  than 3 p s  f o r  these r e c e i v e r s .  

Dependence on USNO Pub l ished Cor rec t i ons  

F igu re  13 i l l u s t r a t e s  t h e  e f f e c t  o f  c o r r e c t i n g  t h e  observed da ta  

by app ly ing  t h e  "TRANSIT-UTC(USNO)l' c o r r e c t i o n s  f rom USNO's T i m e  

Serv ice  Announcement Ser ies  17. Data f rom a l l  5 s a t e l l i t e s  a re  

i nc luded  and each p o i n t  i s  an average over  10 passes, o r  about 1 

day. The dashed curve  has t h e  USNO c o r r e c t i o n s  a p p l i e d  w h i l e  t h e  

s o l i d  curve i s  t h e  unco r rec ted  o u t p u t  o f  t h e  r e c e i v e r .  

t h a t  i t s  hard  t o  d i s t i n g u i s h  t h e  two separate curves i s  t h a t  t h e  

means are  e s s e n t i a l l y  i d e n t i c a l - i n  f a c t ,  a p p l y i n g  t h e  USNO cor rec-  

t i o n s  f o r  t h i s  da ta  sample a c t u a l l y  moves t h e  ensemble average 

f a r t h e r  away f rom UTC(USN0) by about a microsecond. From t h e  

t a b u l a t e d  s tandard  d e v i a t i o n s  a t  t h e  bot tom o f  t h e  p l o t ,  however, 

One reason 
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i t  can be seen t h a t  app ly ing  the  USNO co r rec t i ons  t o  t he  measure- 

ments does seem t o  reduce the standard d e v i a t i o n  o f  t h e  10-pass 

averages by about 20%. 

Dependence on Sate1 1 i t e  E l e v a t i o n  Angle 

The TRANSIT data w e r e  a l s o  analyzed f o r  any c o r r e l a t i o n  between 

t h e  e l e v a t i o n  angle o f  a pass and the  s c a t t e r  o f  the  measurements. 

There was no s i g n i f i c a n t  c o r r e l a t i o n ,  which i s  probably  no t  t o o  

s u r p r i s i n g  s ince  the  TRANSIT r e c e i v e r  au tomat i ca l l y  r e j e c t s  any 

s a t e l l i t e  pass corresponding t o  e l e v a t i o n  angles o f  l e s s  than 10'. 

Using 

Using 

s t a r t  

s t e e r  

a way 

TRANSIT Timing S igna ls  t o  Cont ro l  a Cesium Clock 

t h e  months o f  accumulated TRANSIT mon i to r ing  data as a 

ng p o i n t ,  one o f  t he  authors (JAB) developed a procedure f o r  

ng a cesium c l o c k  w i t h  t h e  TRANSIT s a t e l l i t e  s igna ls  i n  such 

as t o  r e a l i z e  a t i m e  accuracy o f  a t  l e a s t  20 ps a t  any t i m e .  

The s tudy i nvo l ved  (1) da ta  ana lys i s ;  (2) the  development o f  

computer models t o  s imu la te  the  performance o f  the s a t e l l i t e - r e -  

c e i v e r  combinat ion and cesium c locks ;  and (3) dev i s ing  and t e s t i n g  

d i f f e r e n t  c o n t r o l  a lgor i thms us ing  computer s imu la t ion .  

The recommended a lgo r i t hm i s  t o  use a TRANSIT t i m i n g  r e c e i v e r  s e t  

t o  accept  a l l  TRANSIT s a t e l l i t e s  except #120. The r e c e i v e r  should 

be s e t  t o  r e j e c t  p o i n t s  i n  e r r o r  by more than 150 ps and average 

f o r  about one week. Th is  should r e q u i r e  averaging about 80 i n d i -  

v i d u a l  passes. Once pe r  week an operator  compares t h e  cesium 

c l o c k  w i t h  t h e  TRANSIT t i m i n g  r e c e i v e r  ou tpu t  ( i . e . ,  t h e  week's 

average) pu l se  us ing  a t ime i n t e r v a l  counter.  I f  t h e  t i c k s  a re  

w i t h i n  2 10 ps, t he  opera tor  makes no changes. I f  t h e  t i m e  d i f -  

ference exceeds t h e  ? 10 ps to le rance,  then the  cesium c l o c k  
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output is shifted exactly 10 p s  toward the output of the TRANSIT 

receiver. No use is made of  the USNO published corrections. - 

While it is recognized that it is risky to extrapolate years into 
the future based on only six months of satellite data, still this 
data providbs a reasonable basis to design a control algorithm. 
Assuming no deterioration in the operation of the satellites the 
models used should reasonably account for long-term trends in the 
clocks. The expected performance is an RMS time error of the 
cesium clock of about 7 p s ,  with less than a 1% probability of 
exceeding 2 20 ps error relative to UTC. On the average, the 
cesium clock will be reset every two months. 

TIME DISSEMINATION RESULTS V I A  GOES 

In contrast to TRANSIT with its 5 polar-orbiting satellites, the 
GOES system employs two operational geostationary satellites, 
backed-up by at least one in-orbit spare. The GOES satellites, 
designated GOES/East and GOES/West, are positioned over the equator 
at 75' and 135' W. longitude, respectively. ( 3 )  From these loca- 
tions they provide continuous coverage to most of the western 
hemisphere as indicated in Figure 14. Although their primary 
mission for NOAA involves the collection of large quantities o f  

environmental data from many kinds of sensing platforms, the GOES 

signal format transmitted from satellite to Earth at 468 MHz also 
includes a digital time code generated and controlled by the 
National Bureau o f  Standards' equipment at the satellite control 
facility in Wallops Island, VA. In addition to complete time-of- 
year information referenced to NBS the transmitted code also 
contains satellite position predictions updated each 4 minutes, 
generated in Boulder from orbital elements supplied periodically 
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by NOAA and NASA t r a c k i n g  f a c i l i t i e s .  A two-way, d i a l - u p  t e l e -  

phone d a t a  l i n k  between Boulder  and Wallops I s l a n d  a l l o w s  NBS t o  

send updated p o s i t i o n  p r e d i c t i o n s  and c l o c k  c o n t r o l  commands t o  

t h e  automated system and t o  r e c e i v e  back on demand Loran-C and TV 

m o n i t o r i n g  da ta  and equipment s t a t u s  i n d i c a t o r s .  

Commercial GOES t i m e  code r e c e i v e r s  a r e  c u r r e n t l y  a v a i l a b l e  i n  two 

b a s i c  vers ions ,  aimed a t  d i f f e r e n t  accuracy l e v e l s .  The more 

s o p h i s t i c a t e d  t y p e  was used f o r  m o s t ' o f  t h e  measurements b e i n g  

r e p o r t e d  here.  A s  i n  t h e  TRANSIT case, i t  i s  microprocessor-based, 

enab l ing  i t  t o  decode t h e  s a t e l l i t e  p o s i t i o n  data,  compute t h e  

a p p r o p r i a t e  source- to-user  p a t h  de lay,  and a d j u s t  i t s  1 pps o u t p u t  

s i g n a l  t o  be "on-t ime" w i t h  r e s p e c t  t o  t h e  NBS-contro l led atomic 

c l o c k  system a t  Wal lops I s l a n d .  I t s  base p r i c e  i s  about $4,000. 

A second r e c e i v e r  v e r s i o n  used f o r  some o f  t h e  measurements ignores  

t h e  s a t e l l i t e  p o s i t i o n  d a t a  i n  t h e  code and s imp ly  p rov ides  a t i m e  

d i s p l a y  and o u t p u t  t i m i n g  s i g n a l s  usable a t  t h e  k 1 ms l e v e l  a t  a 

c o s t  o f  about $2,000. 

The GOES d a t a  t o  be d iscussed here r e s u l t e d  f rom m o n i t o r i n g  t h e  

r e c e i v e d  t i m i n g  s i g n a l s  i n  Boulder  f rom b o t h  t h e  GOES/East and 

GOWWest sate1 1 i t e s  , and r e c o r d i n g  t h e  d i f f e r e n c e  between t h e  

r e c e i v e r  1 pps o u t p u t s  and t h e  UTC(NBS) t ime scale.  Dur ing  t h e  

f u l l  8-month p e r i o d  occupied by t h e  TRANSIT measurements, s i n g l e  

measurements o f  UTC(NBS)-GOWEast and UTC( NBS)-GOES/West a t  a 

s p e c i f i e d  t i m e  each day were recorded. For a more l i m i t e d  45-day 

p e r i o d  measurements o f  1000-second averages were a l s o  recorded 

c o n t i n u o u s l y  f rom b o t h  s a t e l l i t e s .  



Medium-term (1000 seconds) GOES Performance 

F igure  15 d i s p l a y s  t h e  1000-second averages as r e c e i v e d  f rom 

GOES/East over  a 45-day per iod .  

so t h a t  e s s e n t i a l l y  a l l  o f  t h e  severa l  thousand d a t a  p o i n t s  - good 

and bad, can be inc luded.  (For comparison i t  should be k e p t  i n  

mind t h a t  t h e  TRANSIT da ta  p l o t s  d iscussed e a r l i e r  exc luded a l l  

o u t l i e r s  beyond 2 100 p s . )  F i g u r e  15 has a t  l e a s t  3 d i s t i n c t i v e  

fea tures .  The f i r s t  i s  t h e  r a t h e r  random s p r i n k l i n g  o f  o u t l i e r  

measurements w i t h  va lues main ly  between t h e  b a s e l i n e  a t  about 50 

p s  and something l i k e  500 p s .  , A t  f i r s t  i t  was assumed t h a t  these 

p o i n t s  correspond t o  o f f s e t s  o f  t h e  r e c e i v e r  1 pps t h a t  occured 

d u r i  ng p e r i o d s  o f  1 and-mobi 1 e r a d i o  i n t e r f e r e n c e  i n t h e  1 oca1 

Boulder/Denver m e t r o p o l i t a n  area. S ince t h e  GOES f requency a l l o -  

c a t i o n s  near 468 MHz used f o r  t h e  NBS t i m e  code a r e  c o i n c i d e n t  

w i t h  communication f requencies assigned t o  t h e  land-mobi le  s e r v i c e  

i n  t h e  U . S . ,  a s i g n i f i c a n t  p o t e n t i a l  f o r  i n t e r f e r e n c e  i n  l a r g e  

urban areas e x i s t s .  D u r i n g  some such i n t e r f e r e n c e  c o n d i t i o n s  our  

GOES t i m i n g  r e c e i v e r s  tended t o  go " o u t - o f - l o c k "  f a i r l y  o f t e n .  

According t o  t h e  r e c e i v e r  manufacturer,  however, such l a r g e  o f f s e t s  

i n  t h e  presence o f  no ise  a r e  n o t  normal and r a t h e r  i n d i c a t e  a 

mal f u n c t i o n  i n  t h e  c a l c u l a t o r  c i r c u i t r y  which computes t h e  p a t h  

de lay c o r r e c t i o n .  Apparent ly  t h i s  symptom has been observed on 

some o t h e r  e a r l y  models o f  t h i s  r e c e i v e r .  A t  l e a s t  one o f  t h e  NBS 

r e c e i v e r s  w i t h  t h i s  symptom has been subsequent ly  m o d i f i e d  by t h e  

manufacturer w i t h  encouraging r e s u l t s .  

The Y-ax is  ranges f rom 0-1000 ps 

- _  ~. 

The second d i s t i n c t i v e  f e a t u r e  o f  t h e  p l o t  i n  F i g u r e  15 i s  t h e  

pronounced d i u r n a l  v a r i a t i o n s  w i t h  an ampl i tude v a r y i n g  f rom 

n e a r l y  zero up t o  about 30 ps.  These v a r i a t i o n s  a r e  l i k e l y  due t o  

smal l  i m p e r f e c t i o n s  e i t h e r  i n  t h e  complex computer program used t o  

compute t h e  4-minute updates o f  t h e  s a t e l l i t e  p o s i t i o n s  o r  i n  t h e  
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o r b i t a l  elements. The changes i n  ampl i tude t h a t  obv ious l y  occur 

from t ime  t o  t i m e  a re  g e n e r a l l y  c o r r e l a t e d  w i t h  new se ts  o f  pos i -  

t i o n  p r e d i c t i o n s  and a r e  b e l i e v e d  t o  r e f l e c t  t h e  v a r y i n g  q u a l i t y  

o f  s a t e l l i t e  o r b i t a l  elements s u p p l i e d  t o  NBS. The t h i r d  n o t i c e -  

ab le  f e a t u r e  o f  t h i s  p l o t  i s  t h e  g e n e r a l l y  f l a t  t r e n d  o f  t he  

GOES/East average base l i ne  over  t h e  45-day p e r i o d  i n  s p i t e  o f  t he  

i n t e r f e r e n c e  e f f e c t s  and o r b i t a l - e l e m e n t  problems. 

F igu re  16 i s  t h e  cor respond ing  d a t a  f o r  t h e  GOES/West rece ived 

t i m e  code. Again we see f requen t  o u t l i e r s ,  d i u r n a l  v a r i a t i o n s  

which do n o t  seem t o  be c o r r e l a t e d  w i t h  those on GOES/East, and a 

somewhat g rea te r  long-term v a r i a t i o n  amounting t o  about 50 ps  

r e l a t i v e  t o  UTC(NBS). Such v a r i a t i o n s  a re  most l i k e l y  due t o  

i m p e r f e c t  o r b i t a l  elements. N o t e  t h e  almost t o t a l  absence o f  

o u t l i e r s  d u r i n g  t h e  f i r s t  10 days. Since t h e  l o c a l  i n t e r f e r e n c e  

c o n d i t i o n s  presumably w e r e n ’ t  t h a t  much b e t t e r ,  one p o s s i b l e  

exp lana t ion  i s  t h a t  t h e  r e c e i v e r  c a l c u l a t o r  c i r c u i t r y  was opera- 

t i n g  p r o p e r l y  o n l y  d u r i n g  t h i s  p e r i o d .  

ARIMA-model f i l t e r i n g  techn ique has been used t o  r e j e c t  many o f  

t h e  obvious o u t l i e r s  and t h e  remain ing  da ta  p o i n t s  are p l o t t e d  on 

an expanded 0 t o  100 p s  scale.  The GOES/East f i l t e r e d  da ta  i n  

F igu re  17 show a f a i r l y  cons tan t  average va lue  t o  w i t h i n  about 15  

p s  over t h e  45 days. The GOES/West measurements i n  F igu re  18 when 

f i l t e r e d  show about t h e  same magnitude o f  d i u r n a l  v a r i a t i o n s  b u t  a 

l a r g e r  sys temat ic  v a r i a t i o n  o f  t h e  mean. 

I n  the  next  t w o  f i g u r e s  an 

GOES Performance Averaged Over One Day 

F igu re  19 shows t h e  improvement ob ta ined  by averaging t h e  GOES/East 

f i l t e r e d  measurements over 1 day. The r e s u l t i n g  d a i l y  means have 

a s tandard  d e v i a t i o n  o f  about 6 ps. 
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Long-term GOES Performance 

Figures 20-22 display some longer-term, once-per-day measurements 

d u r i n g  an 8-month p e r i o d .  Each p o i n t  i n  t h i s  case i s  e s s e n t i a l l y  

j u s t  an ins tan taneous measurement o f  t h e  r e c e i v e r  1 pps vs. UTC(NBS) 

as recorded a t  0000 UT each day. Such i n d i v i d u a l  measurements 

are,  o f  course, r a t h e r  s e n s i t i v e  t o  l o c a l  i n t e r f e r e n c e  c o n d i t i o n s .  

I n  t h e  case o f  GOES/East (F igu re  20) i t ' s  apparent t h a t  a s h i f t  o f  

about 50 ps i n  t h e  mean value occured sometime i n  A p r i l ,  1979, b u t  

i n  general  t h e  average has been s t a b l e  t o  w i t h i n  about f 50 p s  

o v e r a l l .  I n t e r e s t i n g l y ,  t h e  GOES/ West  d a t a  i n  F i g u r e  21 a l s o  

shows about a 50 ps s h i f t  a t  about t h e  same t ime ,  and a t  p resen t  

t h e r e  i s  no c l e a r  exp lana t ion  f o r  t h i s  obse rva t i on .  As o f t e n  

seems t o  happen i n  such cases, an u n r e l a t e d  gap i n  t h e  recorded 

da ta  occucced a t  about t h a t  t i m e  t h a t  p revented  p i n p o i n t i n g  t h e  

s h i f t  more e x a c t l y .  Aside from these f e w  anomolies, however, t h e  

p l o t s  i n d i c a t e  t h a t  t h e  long- te rm s t a b i l i t y  can be as good as 2 10 

ps f o r  many months. 

F igu re  22 i s  aga in  based o n l y  on s i n g l e ,  d a i l y  measurements o f  

UTC(NBS)-GOES/West a t  0000 UT. I t  d i f f e r s  f rom a l l  t h e  preced ing  

ones i n  t h a t  these measurements are made w i t h  t h e  s i m p l e r  v e r s i o n  

GOES r e c e i v e r  t h a t  does n o t  use the  p o s i t i o n  i n f o r m a t i o n  t o  compen- 

sa te  f o r  p a t h  de lay.  I t s  o u t p u t  1 pps r a t h e r  f l u c t u a t e s  as t h e  

a c t u a l  pa th  de lay  changes due t o  va r ious  s a t e l l i t e  mot ions.  Note 

t h a t  t he  Y-axis i n  t h i s  case extends f r o m  0 t o  2 ms. The reason 

t h a t  t h e  rece ived  s i g n a l  ends up w i t h i n  2 ms o f  UTC(NBS) even 

w i t h o u t  any de lay  c o r r e c t i o n  i s  t h a t  t h e  t i m e  code as t r a n s m i t t e d  

f rom Wallops I s l a n d  i s  advanced by e x a c t l y  260 ms, which makes the  

s i g n a l  a r r i v e  a t  t h e  u s e r ' s  l o c a t i o n  n e a r l y  on t i m e .  Th i s  s imp le r  

r e c e i v e r  can p r o v i d e  a t i m i n g  re fe rence s t a b l e  t o  a few t e n t h s  o f  

a m i l l i s e c o n d  r e l a t i v e  t o  a f i x e d  mean de lay  b i a s  t h a t  can be 
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c a l i b r a t e d  ou t  o f  t h e  measurement. Th i s  b i a s  f o r  GOES/West i s  
about 1.5 ms f o r  t he  Boulder l o c a t i o n .  

level  o f  accuracy may be s u f f i c i e n t  and o f f e r s  a reduced r e c e i v e r  

c o s t  o f  about $2,000. 

For many a p p l i c a t i o n s  t h i s  

Recent Improvements i n  GOES Time Code Generat ion System 

Very r e c e n t l y ,  the  NBS t ime code genera t ion  and c o n t r o l  equipment 

has been rep laced w i t h  an upgraded system t h a t  p rov ides  t h e  improve- 

ments l i s t e d  i n  F igure  23. As a r e s u l t ,  i t  can be expected t h a t  

t h e  GOES t i m e  code w i l l  be even more r e l i a b l e  i n  the  f u t u r e  and 

w i l l  show improved s t a b i l i t y  r e l a t i v e  t o  UTC(NBS), bo th  a t  t he  

t r a s m i t t e r  and the  r e c e i v e r  ends o f  t h e  NBS-to-user- l ink .  The 

p r e l i m i n a r y  data f r o m  the  upgraded system suggests t h a t  t he  Wallops 

I s l a n d  c locks  can be mainta ined w i t h i n  a f e w  microseconds o f  

UTC( NBS) i ndef i n i  tely. 

CONCLUSION 

To conclude, F igure  24 summarizes some o f  t h e  more impor tan t  

advantages, as NBS sees them, o f  t h e  TRANSIT and GOES t i m e  dissem- 

i n a t i o n  systems. The f i r s t  group o f  advantages apply  e q u a l l y  w e l l  
t o  bo th  these systems. I n  terms o f  long- term c o n t i n u i t y  i t  may be 

wor th  n o t i n g  t h a t  new, improved TRANSIT - and GOES s a t e l l i t e s  a re  

scheduled f o r  launch du r ing  the  nex t  year  and the re  i s  every 

i n d i c a t i o n  t h a t  bo th  systems w i l l  be around f o r  many years.  I n  

a d d i t i o n  t o  these general advantages each system o f f e r s  some 

spec ia l ,  more-unique fea tures .  For  TRANSIT t h e  coverage from the  

p o l  a r - o r b i  ti ng sate1 1 i t e s  i s  g loba l  , c l e a r l y  o f  g r e a t  importance 

f o r  some app l i ca t i ons .  Because t h e  TRANSIT s igna ls  operate a t  

d i f f e r e n t  f requencies than GOES, t hey  a re  n o t  sub jec t  t o  the  

land-mobi le i n t e r f e r e n c e  problems. Based on the  8 months o f  da ta  
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moni to red  a t  NBS, rece ived  TRANSIT s i g n a l s ,  when averaged over  an 

a p p r o p r i a t e  s a t e l l i t e  c o n s t e l l a t i o n ,  can p rov ide  a h igh l y -accu ra te  

l o c a l  t ime  re fe rence  w i t h  respec t  t o  UTC(USN0) a t  t h e  b e t t e r -  

than-25 p s  l e v e l .  F i n a l l y ,  t h e  use o f  5 o p e r a t i o n a l  s a t e l l i t e s  

p rov ides  e x c e l l e n t  s e r v i c e  r e l i a b i l i t y .  I n  t h e  case o f  t h e  GOES 

t ime  code coverage i s  o n l y  hemispher ic  r a t h e r  than  g l o b a l ,  b u t  t h e  

s i g n a l s  a re  a v a i l a b l e  con t inuous ly  w i t h i n  t h i s  area. The code 

p rov ides  complete t ime-o f -year  i n f o r m a t i o n  a t  two d i f f e r e n t  ac- 

curacy l e v e l s ,  so t h a t  users have an o p t i o n  t o  accept  lower  accu- 

r a c y  w i t h  a c o s t  savings o f  severa l  thousand d o l l a r s  p e r  r e c e i v e r .  

Even t h e  f u l l - a c c u r a c y  user  can f i n d  G O E S  h i g h l y  c o s t - e f f e c t i v e  a t  

a r e c e i v e r  c o s t  o f  l e s s  than $5,000. 
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Figure 1 1. Standard Deviation of Received Transit Signals vs. Number of Satellite 
Passes Averaged 
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Figure 12. UTC (NBS) - Transit for Two Different Receivers 
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Figure 13. Comparison of Received Transit Data With and Without 
Additional USNO Corrections 
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Figure 15. UTC (NBS) - GOES/East: 1 000-Second Averages 
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Figure 16. UTC (NBS) - GOES/West : 1 000-Second Averages 

305 



L 
0 

0 c- 
252 

-c - c- c --c 

282 272 282 292 

1979 DAY NUMBER (252-297) 

Figure 17. UTC (NBS) - GOES/East: 1000-Second Filtered Averages 
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Figure 18. UTC (NBS) - GOES/West: 1000-Second Filtered Averages 
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Figure 19. UTC (NBS) - GOES/East: Filtered Daily Averages 
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Figure 20. UTC (NBS) - GOES/East: Single Daily 
Measurements at OOOOUT 
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Figure 2 1. UTC (NBS) - GOES/West: Single Daily 
Measurements at OOOOUT 
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Figure 22. UTC (NBS) - GOES/West (Uncorrected for Path Delay): 
Single Daily Measurements at OOOOUT 
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GOES TIME CODE SYSTEM IMPROVEMENTS 
A T  WALLOPS ISLAND, V A  

SATELLITE - POSITION PREDICTIONS UPDATED EACH 4 MINUTES 

*TRIPLE- REDUNDANCY TIME-CODE- GENERATION SYSTEM 

HIGHER RESOLUTION POSITION PREDICTIONS 
IMPROVED MONITORING CAPABILITIES 

COMPLETE SYSTEM STATUS AVAILABLE ON DEMAND TO 

CAPABILITY FOR IMPROVED CONTROL OF CLOCKS 

NBSBOULDER VIA DIAL - UP LINK 

Figure 23 

ADVANTAGES APPLICABLE TO BOTH TRANSIT & GOES 

'RELIABLE TIME SIGNALS 

*PROVIDES 100 ps. OR - BETTER LINK TO USNO & NBS 

*EXTENSIVE COVERAGE AREAS 
*LONG-TERM CONTINUITY 

*AUTOMATIC COMMERCIAL RECEIVERS AVAILABLE 

'MINIMAL ANTENNA REQUIREMENTS 

SPECIAL ADVANTAGES : TRANSIT 

*GLOBAL COVERAGE 
*INSENSITIVE TO LAND-MOBILE INTERFERENCE 

*CAN PROVIDE <25 ps LINK TO USNO 

*FIVE OPERATIONAL SATELLITES 

Figure 24 
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SPECIAL ADVANTAGES : GOES 

-CONTINUOUS AVAILABILITY IN  COVERAGE AREA 

*RECEIVER COST <$5,000 

_+ 1 MS OPTION AVAILABLE FOR <$Z,OOO 

.COMPLETE TIME- OF.YEAR INFORMATION 


