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ABSTRACT 

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

over wide geographical  areas t h a t  are accu ra te l y  r e f e r -  

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

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

s t a t i o n a r y  GOES (Geostat ionary Operat ional  Environmental 

S a t e l l i t e )  s a t e l l i t e s  l oca ted  a t  75O and 135O W l ong i t ude  

p rov ide  a cont inuous NBS-referenced t ime  code t o  t he  

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 he  

A t l a n t i c  a n d ' p a c i f i c  Ocean areas. F i ve  ope ra t i ona l  

TRANSIT s a t e l l i t e s  p rov ide  t i m i n g  s igna l s  referenced t o  

UTC(USN0) from 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  

worldwide coverage on a non-continuous basis .  Conven- 

i e n t ,  f u l l y  automatic,  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  bo th  s a t e l l i t e  

systems. 

Resul ts  o f  r e g u l a r  mon i to r i ng  o f  bo th  t h e  GOES and 

TRANSIT t i m i n g  s igna 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 nc lude  

an ana l ys i s  o f  how rece ived t i m i n g  accuracy and s t a b i l -  

i t y  are a f f e c t e d  by: (1) averaging over  va ry ing  numbers 

* Con t r i bu t i on  of t h e  Nat iona l  Bureau o f  Standards, n o t  sub jec t  t o  
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o f  s a t e l l i t e  passes; (2) averaging over d i f f e r e n t  com- 

b ina t i ons  o f  the  5 a v a i l a b l e  s a t e l l i t e s ;  (3)  us ing  

several independent rece i ve rs  o f  t h e  same type; and (4) 

a p p l i c a t i o n  o f  [TRANSIT-UTC(USN0)I pub l ished co r rec t i ons  

t o  t h e  received data. Based on mon i to r ing  experience t o  

date a t  NBS, some pros and cons o f  us ing  each o f  t h e  

a v a i l a b l e  opera t iona l  systems are discussed. 

Updated i n fo rma t ion  on recent  improvements incorporated 

i n t o  the  GOES t ime code generat ion and moni to r ing  system 

a t  Wallops Is land,  VA i s  a l so  included. 

INTRODUCTION 

Time t r a n s f e r  techniques us ing  s a t e l l i t e s  are being i nves t i ga ted  

i n  one form o r  another by almost every major t i m i n g  l abo ra to ry  i n  

t h e  world. While much o f  the  work repor ted  on to-date has d e a l t  

w i t h  h i g h l y  successful ,  experimental  t ime t r a n s f e r s  among i n t e r -  

na t i ona l  l a b o r a t o r i e s  a t  the  h ighes t  a t t a i n a b l e  accuracy l eve l s ,  

t he re  are  a lso  very r e a l  needs f o r  t h e  more general d isseminat ion 

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

1-100 1s range. Cur ren t ly ,  there  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  general users on 

an opera t iona l  basis .  These are the  U.S. Navy's TRANSIT s a t e l l i t e  

nav iga t ion  system, a lso  r e f e r r e d  t o  as t h e  "Navy Navigat ion Sate l -  

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

acronym f o r  "Geostat ionary Operat ional Environmental S a t e l l i t e s . "  

R e l a t i v e l y  low-cost  t i m i n g  rece i ve rs  are  a v a i l a b l e  commercially 

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

Nat ional  Bureau o f  Standards has been sys temat i ca l l y  mon i to r ing  

and eva lua t ing  bo th  the  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 on l y  



commercially avai  1  ab le  rece ivers ,  t r e a t i n g  them essent i  a1 l y  as a  

"b lack  box" w i t h  a  1  pulse-per-second output  t h a t  i s  analyzed and 

evaluated as a  t i m i n g  reference w i t h  respect  t o  the  UTC(N0S) t ime 

scale. 

TIME DISSEMINATION RESULTS VIA TRANSITX 

There are  c u r r e n t l y  5 opera t iona l  TRANSIT s a t e l l i t e s  p r o v i d i n g  

t i m i n g  s igna ls  i n  a  one-way mode from near l y  c i r c u l a r ,  p o l a r  

o r b i t s .  Wi th t h i s  s a t e l l i t e  c o n f i g u r a t i o n  a  user a t  a  p a r t i c u -  

l a r  l o c a t i o n  has access t o  the  TRANSIT s igna l  f o r  about 15 minutes 

each t ime one o f  the  s a t e l l i t e s  f l i e s  over w i t h i n  range. Coverage 

i s  t he re fo re  worldwide, al though a t  any p a r t i c u l a r  l o c a t i o n  i n t e r -  

v a l s  between successive s a t e l l i t e  passes might range anywhere from 

a  few minutes t o  several hours. The TRANSIT s igna l  format conta ins 

a  f i d u c i a l  t ime marker each 2 minutes der ived from an on-board 

c r y s t a l  o s c i l l a t o r  and s a t e l l i t e  ephemeris i n fo rma t ion  t h a t  can be 

processed by t h e  rece i ve r  t o  compute the  pa th  delay from s a t e l l i t e  

t o  user f o r  each 2-minute i n t e r v a l .  The rece i ve rs  used i n  the  NBS 

measurements, p r i c e d  a t  about $12,000 each, au tomat i ca l l y  acqu i re  

t h e  400 MHz TRANSIT s igna ls ,  compute t h e  pa th  delays,  and c o r r e c t  

t h e  ou tput  1  pps t o  be on-time w i t h  respect  t o  t h e  s a t e l l i t e  

c lock.  Since the  sate1 l i t e  c locks are c a r e f u l l y  monitored and 

c o n t r o l l e d  by the  Navy Ast ronaut ics  group and t h e  U.S. Naval 

Observatory, t h e  rece i ve r  ou tpu t  can prov ide  an e x c e l l e n t  l o c a l  

representa t ion  o f  UTC(USN0). 

The b lock  diagram i n  F igure 1  i nd i ca tes  t h e  way i n  which t h e  

commercial TRANSIT rece i ve rs  a v a i l a b l e  t o  NBS f o r  these evalua- 

"This work was supported by the  Naval E lec t ron i cs  Systems Command 

under CCG Contract  #79-142. 



t i o n s  were used. Al though these p a r t i c u l a r  rece i ve rs  i nc lude  

c a p a b i l i t i e s  f o r  averaging 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 

ope ra t i ng  s a t e l l i t e s  from the  ensemble used t o  c o r r e c t  t he  ou tpu t  

1  pps, NBS chose t o  use a  mul t i -channel  da ta  logger  t o  accumulate 

da ta  separa te ly  from each successfu 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 he  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 he  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  invo lved ,  t h e  amount o f  

c o r r e c t i o n  computed and app l i ed  by t h e  rece i ve r ,  t h e  da te  and 

t ime o f  c o r r e c t i o n ,  and the  standard 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 supp l ied  by t h e  rece i ve r .  A f t e r  t he  f a c t  t h e  

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

c o r r e c t i o n  as pub l i shed by USNO and the  e l e v a t i o n  angle f o r  each 

pass. These da ta  were then analyzed i n  va r i ous  ways t o  show the  

dependence on the  p a r t i c u l a r  s a t e l l i t e  ensemble used, t he  number 

o f  passes averaged, t he  p a r t i c u l a r  rece i ve rs  used, t he  a p p l i c a t i o n  

o f  t h e  USNO co r rec t i ons ,  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 vs 

from UTC(NBS) were discarded. 

Dependence on S a t e l l i t e  Ensemble 

F igures 2-6 p resent  t h e  rece ived TRANSIT da ta  from each o f  t h e  5 

ope ra t i ona l  s a t e l l i t e s  separa te ly  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 he  average o f  

5 success fu l l y  rece ived sate1 1  i t e  passes (normal 1  y ,  t he re  are 

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

each p l o t  a re  t abu la ted  the  mean values and standard dev ia t i ons  

a p p l i c a b l e  t o  smal le r  t ime segments o f  t he  &month per iod .  



UTC(NBS) i s  used as the  reference, b u t  s ince NBS and USNO d i f f e r e d  

by on l y  2 ps du r ing  t h i s  p e r i o d  p l o t s  i n  terms o f  UTC(USN0) would 

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

cu r ren 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 

ps. #130, a lso  one o f  the  o ldes t  TRANSIT'S, was o f f s e t  by on l y  

-0.5 ps. S i m i l a r l y ,  # I40 was o f f s e t  by about +14 ps on the  aver- 

age, #I90 by +3 ps, and t h e  newest s a t e l l i t e ,  #ZOO, by -2.8 ps. 

The standard dev ia t i ons  o f  the  5-pass averages ranged between 8 

and 18 ps f o r  the  5 s a t e l l i t e s .  F igure 7 a l s o  shows the  long-term 

behavior o f  each s a t e l l i t e  over the  8-month per 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. It i s  

apparent t h a t  f o r  bes t  accuracy w i t h  respect  t o  e i t h e r  NBS o r  USNO 

du r ing  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 so  #140, cou ld  

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

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

ensemble, averaging 20 passes per  p o i n t  i n  t h i s  case, wh i l e  t h e  

dashed l i n e  i s  the  r e s u l t  i f  #I20 i s  excluded. The ensemble mean 

o f f s e t s  are about 8 ps i n c l u d i n g  a l l  s a t e l l i t e s  and 4 ps w i t h  # I20  

excluded. 

Dependence on Number o f  S a t e l l i t e  Passes Averaged 

Figures 9-11 i l l u s t r a t e  how the  measurement p r e c i s i o n  va r ies  w i t h  

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

the  rece i ve r  can be e a s i l y  s e t  t o  average anywhere from 1 t o  100 

passes automat ica l l y .  I n  the  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 are  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 success fu l l y  processed by t h e  rece iver .  

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

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

standard 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 10) corresponding 



t o  about 3-day averages, shows t h a t  t h e  standard d e v i a t i o n  i m -  

proves t o  about 5  ps. When a l l  o f  t he  da ta  are analyzed i n  more 

d e t a i l ,  t he  p l o t  i n  F igure  11 o f  standard d e v i a t i o n  vs. t he  number 

o f  passes averaged r e s u l t s .  One might  i n t e r p r e t  t h i s  as a  depen- 

dence on the  number o f  passes averaged, N, t h a t  va r i es  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 

standard 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. 

Oependence on the  P a r t i c u l a r  Receivers Used 

Although two independent, co- located rece i ve rs  observ ing the  same 

s a t e l l i t e  pass occas iona l l y  disagreed by more than 50 ps, t h e i r  

long- term agreement was exce l l en t .  F igure  12 compares two d i f f e r -  

e n t  rece i ve rs  based on 30-pass averages. The tabu la ted  mean 

values 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  ps f o r  these rece ivers .  

Oependence on USNO Publ ished Correct ions 

F igure  13 i l l u s t r a t e s  the  e f f e c t  o f  c o r r e c t i n g  t h e  observed data 

by app ly ing  t h e  "TRANSIT-UTC(USN0)" co r rec t i ons  from USNO'S Time 

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

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

day. The dashed curve has the  USNO co r rec t i ons  app l i ed  w h i l e  t h e  

s o l i d  curve i s  t he  uncorrected ou tpu t  o f  t he  rece i ve r .  One reason 

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 he  

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 ,  app ly ing  the  USNO correc-  

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

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

tabu la ted  standard dev ia t i ons  a t  t he  bottom o f  t he  p l o t ,  however, 



i t  can be seen t h a t  app ly ing  t h e  USNO co r rec t i ons  t o  t h e  measure- 

ments - does seem t o  reduce the  standard dev ia t i on  o f  the  10-pass 

averages by about 20%. 

Dependence on Sate1 1 i t e  E levat ion  Angle 

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

t h e  e leva t i on  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 n o t  t oo  

s u r p r i s i n g  s ince the  TRANSIT rece i ve r  au tomat ica 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 ess  than 10'. 

Using TRANSIT Timing Signals t o  Contro l  a Cesium Clock 

Using t h e  months o f  accumulated TRANSIT moni to r ing  data as a 

s t a r t i n g  p o i n t ,  one o f  the  authors (JAB) developed a procedure f o r  

s tee r ing  a cesium c lock  w i t h  the  TRANSIT s a t e l l i t e  s igna ls  i n  such 

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

The study invo lved (1) data ana lys is ;  (2) the  development o f  

computer models t o  s imulate the  performance o f  the  s a t e l l i t e - r e -  

ce i ve r  combination 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  con t ro l  a lgor i thms using 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  rece i ve r  s e t  

t o  accept a l l  TRANSIT s a t e l l i t e s  except #120. The rece i ve 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. This  should requ i re  averaging about 80 i n d i -  

v i dua l  passes. Once per  week an operator  compares t h e  cesium 

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

average) pu lse  us ing a t ime i n t e r v a l  counter.  I f  the  t i c k s  are  

w i t h i n  +- 10 ps, the  operator  makes no changes. I f  the  t ime d i f -  

ference exceeds t h e  f. 10 ps to lerance,  then the  cesium c l o c k  



output  i s  s h i f t e d  e x a c t l y  10 ps toward t h e  ou tput  o f  the  TRANSIT 

rece iver .  - No use i s  made o f  t h e  USNO pub1 ished cor rec t ions .  

While i t  i s  recognized t h a t  i t  i s  r i s k y  t o  ex t rapo la te  years i n t o  

t h e  f u t u r e  based on on l y  s i x  months o f  s a t e l l i t e  data, s t i l l  t h i s  

data prov ides a  reasonable bas is  t o  design a  c o n t r o l  a lgor i thm. 

Assuming no d e t e r i o r a t i o n  i n  t h e  opera t ion  o f  the  s a t e l l i t e s  t h e  

models used should reasonably account f o r  long-term t rends i n  the  

c locks .  The expected performance i s  an RMS t ime e r r o r  o f  the  

cesium c l o c k  o f  about 7 ps, w i t h  l e s s  than a  1% p r o b a b i l i t y  o f  

exceeding f 20 ps e r r o r  r e l a t i v e  t o  UTC. On t h e  average, t h e  

cesium c lock  w i l l  be r e s e t  every two months. 

TIME DISSEMINATION RESULTS V I A  GOES 

I n  c o n t r a s t  t o  TRANSIT w i t h  i t s  5 p o l a r - o r b i t i n g  s a t e l l i t e s ,  the  

GOES system employs two opera t iona l  geostat ionary s a t e l l i t e s ,  

backed-up by a t  l e a s t  one i n - o r b i t  spare. The GOES s a t e l l i t e s ,  

designated GOES/East and GOES/West, are pos i t i oned  over the equator 

a t  75O and 135' W. long i tude,  respect ive ly .  (3)  From these loca-  

t i o n s  they prov ide  cont inuous coverage t o  most o f  the  western 

hemisphere as i n d i c a t e d  i n  F igure  14. Although t h e i r  pr imary 

miss ion f o r  NOAA invo lves  t h e  c o l l e c t i o n  o f  l a r g e  q u a n t i t i e s  o f  

environmental data from many kinds o f  sensing p la t fo rms,  the  GOES 

s igna l  format t ransmi t ted  from s a t e l l i t e  t o  Ear th  a t  468 MHz a l so  

inc ludes  a  d i g i t a l  t ime code generated and c o n t r o l l e d  by the  

Nat ional  Bureau o f  Standards' equipment a t  the  s a t e l l i t e  c o n t r o l  

f a c i l i t y  i n  Wallops Is land,  VA. I n  a d d i t i o n  t o  complete t ime-of-  

year  i n fo rma t ion  referenced t o  NBS the  t ransmi t ted  code a l so  

conta ins s a t e l l i t e  p o s i t i o n  p r e d i c t i o n s  updated each 4 minutes, 

generated i n  Boulder from o r b i t a l  elements supp l ied  p e r i o d i c a l l y  



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 da ta  l i n k  between Boulder and Wallops I s l a n d  a l lows 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  rece ive  back on demand Loran-C and TV 

mon i to r i ng  da ta  and equipment s ta tus  i n d i c a t o r s .  

Commercial GOES t ime code rece i ve rs  a r e  c u r r e n t l y  a v a i l a b l e  i n  two 

bas 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 

soph i s t i ca ted  t ype  was used f o r  most o f  t h e  measurements being 

repo r ted  here. As 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  

appropr ia te  source-to-user pa th  delay, and a d j u s t  i t s  1 pps ou tpu t  

s i gna l  t o  be "on-time" w i t h  respec t  t o  t he  NBS-control led atomic 

c l o c k  system a t  Wallops I s l and .  I t s  base p r i c e  i s  about $4,000. 

A second rece i ve r  ve rs ion  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  da ta  i n  t he  code and s imply prov ides a t ime  

d i s p l a y  and ou tpu t  t i m i n g  s igna l s  usable a t  t he  + 1 ms l e v e l  a t  a 

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

The GOES data  t o  be discussed here r e s u l t e d  from mon i to r i ng  t h e  

rece i ved  t i m i n g  s igna l s  i n  Boulder from both  the  GOES/East and 

GOES/West s a t e l l i t e s ,  and reco rd ing  the  d i f f e r e n c e  between t h e  

r e c e i v e r  1 pps ou tpu ts  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)-GOES/East and UTC(NBS)-GOES/West a t  a 

s p e c i f i e d  t ime  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 so  recorded 

cont inuous ly  from bo th  s a t e l l i t e s .  



Medium-term (1000 seconds) GOES Performance 

F igure  15 d i sp lays  t h e  1000-second averages as rece ived from 

GOES/East over a 45-day per iod.  The Y-axis ranges from 0-1000 ps 

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

and bad, can be included. (For comparison i t  should be kept  i n  

mind t h a t  the  TRANSIT data p l o t s  discussed e a r l i e r  excluded a l l  

o u t l i e r s  beyond + 100 ps.) F igure  15 has a t  l e a s t  3 d i s t i n c t i v e  

features.  The f i r s t  i s  the  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  values main ly  between the  base l ine  a t  about 50 

ps and something l i k e  500 ps. , 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  the  rece i ve r  1 pps t h a t  occured 

dur ing  per iods  o f  land-mobile r a d i o  i n te r fe rence  i n  the  l o c a l  
- 

Boulder/Denver met ropo l i tan  area. Since the  GOES frequency a l l o -  

ca t i ons  near 468 MHz used f o r  t h e  NBS t ime code are co inc iden t  

w i t h  communication frequencies assigned t o  the  land-mobi le se rv i ce  

i n  the  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 te r fe rence  i n  l a r g e  

urban areas ex i s t s .  Dur ing some such i n te r fe rence  cond i t i ons  our  

GOES t i m i n g  rece i ve rs  tended t o  go "ou t -o f - lock"  f a i r l y  o f ten .  

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

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

mal func t ion  i n  the  c a l c u l a t o r  c i r c u i t r y  which computes the  pa th  

delay co r rec t i on .  Apparent ly t h i s  symptom has been observed on 

some o ther  e a r l y  models o f  t h i s  rece i ve r .  A t  l e a s t  one o f  t h e  NBS 

rece ivers  w i t h  t h i s  symptom has been subsequently mod i f ied  by the  

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

The second d i s t i n c t i v e  fea tu re  o f  the  p l o t  i n  F igure  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 ampli tude vary ing  from 

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

small imperfect ions e i t h e r  i n  the  complex computer program used t o  

compute the  4-minute updates o f  the  s a t e l l i t e  p o s i t i o n s  o r  i n  the  



o r b i t a l  elements. The changes i n  ampl i tude t h a t  obv ious ly  occur 

from t ime t o  t ime are  genera l l y  c o r r e l a t e d  w i t h  new sets o f  pos i -  

t i o n  p r e d i c t i o n s  and are be l ieved t o  r e f l e c t  the  vary ing  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 suppl ied t o  NBS. The t h i r d  no t ice-  

ab le  fea tu re  o f  t h i s  p l o t  i s  t h e  genera l l y  f l a t  t r e n d  o f  t h e  

GOES/East average base l ine  over the  45-day pe r iod  i n  s p i t e  o f  the  

i n te r fe rence  e f f e c t s  and orb i ta l -e lement  problems. 

F igure  16 i s  t h e  corresponding data f o r  the  GOES/West received 

t ime code. Again we see f requent  o u t l i e r s ,  d iu rna l  v a r i a t i o n s  

which do no 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 reater  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  are most l i k e l y  due t o  

imper fec t  o r b i t a l  elements. Note t h e  almost t o t a l  absence o f  

o u t l i e r s  du r ing  t h e  f i r s t  10 days. Since the  l o c a l  i n te r fe rence  

cond i t i ons  presumably weren ' t  t h a t  much b e t t e r ,  one poss ib le  

exp lanat ion  i s  t h a t  t h e  rece iver  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 rope r l y  on l y  du r ing  t h i s  per iod.  I n  the  next two f i gu res  an 

ARIMA-model f i l t e r i n g  technique 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 the  remaining data p o i n t s  a re  p l o t t e d  on 

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

F igure  17 show a  f a i r l y  constant  average value t o  w i t h i n  about 15 

ps over t h e  45 days. The GOES/West measurements i n  F igure  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  systematic v a r i a t i o n  o f  t h e  mean. 

GOES Performance Averaged Over One Day 

F igure  19 shows t h e  improvement obta 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  standard d e v i a t i o n  o f  about 6 ps. 



Long-term GOES Performance 

Figures 20-22 d i s p l a y  some longer-term, once-per-day measurements 

du r ing  an 8-month per iod.  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 instantaneous measurement o f  the  rece i ve 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 te r fe rence  cond i t ions .  

I n  t h e  case o f  GOES/East (F igure 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 ? 50 ps 

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 da ta  i n  F igure  21 a l s o  

shows about a  50 ps s h i f t  a t  about the  same t ime, and a t  p resent  

t he re  i s  no c l e a r  exp lanat ion  f o r  t h i s  observat ion. As o f t e n  

seems t o  happen i n  such cases, an unre la ted  gap i n  the  recorded 

data occurred a t  about t h a t  t ime t h a t  prevented p i n p o i n t i n g  t h e  

s h i f t  more exac t l y .  Aside from these few anomolies, however, t h e  

p l o t s  i n d i c a t e  t h a t  the  long-term s t a b i l i t y  can be as good as + 10 

ps f o r  many months. 

F igure  22 i s  again based on l y  on s ing le ,  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  from a l l  the  preceding 

ones i n  t h a t  these measurements are made w i t h  the  s imp ler  vers ion  

GOES rece i ve r  t h a t  does no t  use the  p o s i t i o n  i n fo rma t ion  t o  compen- 

sate f o r  pa th  delay. I t s  ou tpu t  1  pps r a t h e r  f l u c t u a t e s  as t h e  

ac tua l  pa th  delay changes due t o  var ious s a t e l l i t e  motions. Note 

t h a t  t h e  Y-axis i n  t h i s  case extends from 0  t o  2 ms. The reason 

t h a t  t h e  rece ived s igna l  ends up w i t h i n  2  ms o f  UTC(N0S) even 

w i thou t  any de lay  c o r r e c t i o n  i s  t h a t  t h e  t ime code as t ransmi t ted  

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

s igna l  a r r i v e  a t  t h e  use r ' s  l o c a t i o n  nea r l y  on time. Th is  s impler  

rece i ve r  can prov ide  a  t i m i n g  reference s t a b l e  t o  a  few ten ths  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 delay b ias  t h a t  can be 



c a l i b r a t e d  o u t  o f  t h e  measurement. This  b i a s  f o r  GOES/West i s  

about 1.5 ms f o r  the  Boulder l oca t i on .  For many app l i ca t i ons  t h i s  

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

cos t  o f  about $2,000. 

Recent Improvements i n  GOES Time Code Generation System 

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

has been replaced w i t h  an upgraded system t h a t  prov 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 ime 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 h e  

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

p re l im ina ry  data from t h e  upgraded system suggests t h a t  the  Wallops 

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

UTC(NBS) i n d e f i n i t e l y .  

CONCLUSION 

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

advantages, as NBS sees them, o f  the  TRANSIT and GOES t ime dissem- 

i n a t i o n  systems. The f i r s t  group o f  advantages apply equa 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 

worth 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  are  

scheduled f o r  launch du r ing  the  next  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 features.  For TRANSIT the  coverage from the  

p o l a r - o r b i t i n g  s a t e l l i t e s  i s  g l o b a l ,  c l e a r l y  o f  g rea t  importance 

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

d i f f e r e n t  frequencies than GOES, they are  no t  sub jec t  t o  t h e  

land-mobile i n t e r f e r e n c e  ~ r o b l e m s .  Based on the  8 months o f  data 



moni tored a t  NBS, rece ived TRANSIT s igna l s ,  when averaged over  an 

appropr ia te  sate1 li t e  conste l  l a t i o n ,  can prov ide  a  h igh ly -accura te  

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

than-25 ps l e v e l .  F i n a l l y ,  t he  use o f  5 opera t iona l  s a t e l l i t e s  

prov ides e x c e l l e n t  se rv i ce  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  hemispheric r a t h e r  than g loba l ,  b u t  t he  

s igna l s  are a v a i l a b l e  cont inuous ly  w i t h i n  t h i s  area. The code 

prov ides  complete t ime-of -year  i n fo rma t i on  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- 

racy  w i t h  a  c o s t  savings o f  severa l  thousand d o l l a r s  pe r  rece i ve r .  

Even t h e  fu l l - accu racy  user can f i n d  GOES 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 ess  than $5,000. 
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Figure 5. UTC (NBS) - Transit Satellite # 190 
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QUESTIONS AND ANSWERS 

DR. LESCHIUTTA: 

The paper is open to discussion, but before I open the discussion 
I would like to make a remark that in the European Space Agency 
there is a satellite named METEOSAT. This satellite is making 
basically the same work as the GOES satellite and there are some 
work in order to see if it could be possible to include a code 
very similar to the code of GOES satellite in one of the channels 
of the METEOSAT satellite. This is just as a general remark. 

DR. GILLES MISSOUT, Quebec-Hydro 

I have some comments about your measurement on GOES satellite. We 
have three clocks from one year ago now and also one improved 
model and we observed the same trouble as you and after receiving 
the new model we have the same trouble and we opened the black box 
and made measurement on it and we found most of the problem re- 
lated to the RF filter, which has a rejection of only 50 dB in- 
stead of 90 dB we found on most mobile radios, commercial models. 
And we observed, by example, in Montreal, each time the signal 
from any radio mobile, even one or two megahertz apart comes with 
a value higher by 50 dB of the signal, the receiver saturates and 
doesn't work. 

DR. BEEHLER: 

Thank you very much. This is very interesting. 

DR. MISSOUT: 

One other point. We are waiting for a special filter having 90 dB, 
to install it and see what happens. 

MR. RUEGER, APLlJHU 

I wanted to compliment Roger Beehler on such a very thorough exam- 
ination of the TRANSIT program for timing. I do want to point out 
to the rest of the audience that the specifications and require- 
ments on that program start out at around a 10 millisecond require- 
ment and we were so much better than the requirements that these 
applications are now possible. 

As a matter of fact, about one year ago, the requirements on 
the system were altered so that it is now required to keep the 
TRANSIT satellite time within 200 microseconds of UTC. And with 
this effort and the new commercial receivers we expect to try 



harder to keep the satellites still nearer to UTC time. They are 
ground controllable, so that some of the time excursions indicated 
were a part of the process of how the control is performed. In 
loading the satellite each 12 hours in the uploading cycle, if the 
loading is unsuccessful, we have a little quirk in the current 
satellites that they will put an extra 10 microseconds in their 
time error each time an extra load is attempted to get error-free 
uploads. This is why you will see these up and down excursions 
in quantas of 10 microseconds. 

But I do believe the receivers, that you are evaluating do 
have time resolution limitations of about 7 microseconds because 
they are looking at a signal wich a modulation rate of 50 Hz. 

Thank you. 

DR. BEEHLER: 

Dr. Winkler? 

DR. WINKLER: 

I would also like to make some comments because in contrast to the 
GOES, which is more or less entirely under your control and where 
corrections can be introduced simply, the case with TRANSIT is 
exactly the opposite. It is a very large system and this brings 
me to the question of the corrections which are being published in 
Series-17, and the comment is prompted by the very poor correlation 
of the corrections which we publish and your observations at a dif- 
ferent site. 

Now, the corrections which we publish are not based on any 
measurements made at the Observatory as Series-17 says at the top. 
They are data which we receive from NAVASTROGRU, and I think on 
the basis of your investigations and also on the basis of what Ken 
Putkovich already has mentioned, I would like to tentatively say 
that maybe we should discontinue these Series-17s altogether. I 
think an improvement of some 20 percent in this caper is not worth-. 
while to go to the trouble. Really what that reflects is the cor- 
relation between what is the total set of monitor sets, all four 
monitor sets together, see, with what you see at a different time 
of day. And that correlation is very poor. 

I think, however, that it may be more useful to the users to 
replace the present Series-17 with what Ken has mentioned with 
measurements, selected measurements, maybe only on the basis of 
the satellites, made in Washington and possibly at other sites. 
I think the correlations between these observations would probably 



be greater.  Would you have any comments to  t h i s  proposal, to  do 
away with the present Series-17 altogether,  and instead,  publish- 
ing measurements which are  made a t  NAVOBS and possibly one other 
s i t e  for  selected s a t e l l i t e s  a t  some given standard time of day? 

I DR. BEEHLER: 

Well that  cer ta inly makes much sense to  me. I think the thing t o  
focus on, a t  l e a s t  a s  a  r e su l t  of our data ,  is that  even without 
these corrections and using a  constellat ion that  i s  averaging 
over more than one s a t e l l i t e ,  you cer ta inly t r e a t  it as  a  black 
box and come out with a  time reference tha t  is very, very c lose 
t o  UTC/USNO, so I cer ta inly think that  would be a  step forward. 

I MR. RUEGER: 

I would l i ke  t o  respond a  b i t  t o  the correction problem. Roger, 
did you, in  the using of the data corrections of Bulletin-17, 
interpolate  l inear ly  or some other means between the times you 
observed and the times the corrections were applied? 

DR. BEEHLER: 

I Yes, i t  was simply a  l inear  interpolation.  

I MR. RUEGER: 

I do want to  point out that  the time a t  which the Boulder Labora- 
tory can see the s a t e l l i t e s  is the poorest i n  the cycle of the 
renewal of time i n  the s a t e l l i t e .  It is just  before we re in jec t  
or  a t  about the time of re inject ion of the s a t e l l i t e  and t h i s  is 
the poorest place i n  the world so maybe your data are  on the 
pessimistic s ide  of actual  performance. 

DR. BEEHLER: 

To each h i s  own. 


