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ABSTRACT 

I n  t h e  e a r l y  1980's NASA w i l l  en te r  a  new era o f  space program, i.e., 
space t r a n s p o r t a t i o n  through Space Shu t t l e .  It w i l l  have a  new l a r g e  
scale space communication system f o r  s a t e l l i t e  t r a c k i n g  and data 
t ransmiss ion known as the  Tracking and Data Relay S a t e l l i t e  System 
(TDRSS) . With two geosynchronous r e l a y  sate1 1  i tes  TDRSS can prov ide  n e a r l y  
worldwide coverage f o r  communication between a l l  near o r b i t i n g  s a t e l l i t e s  
and t h e  s a t e l l i t e  c o n t r o l  center  a t  Goddard Space F l i g h t  Center. Each 
f u t u r e  NASA s a t e l l i t e  w i l l  c a r r y  a  TDRSS transponder w i t h  which the  
s a t e l l i t e  can conmunicate through a  TDRS t o  the  ground s t a t i o n  a t  White 
Sands, New Mexico. It i s  us ing  t h i s  system t h a t  t h e  ground s t a t i o n  
master c lock  t ime s igna l  can be t ransmi t ted  t o  the near e a r t h  o r b i t i n g  
s a t e l l i t e  i n  which a  c lock  may be maintained independently t o  the  
accuracy requ i red  by t h e  experimenters. Th is  paper presents the  s a t e l l  i t e  
t ime t r a n s f e r  te rmina l  design concept and t h e  a p p l i c a t i o n  o f  the  t ime 
s ignal  i n  autonomously operated spacecraf t  c l ock .  Some p e r t i n e n t  TDRSS 
parameters and co r rec t i ons  f o r  the  propagation delay measurement as we l l  
as t h e  t ime code used t o  t r a n s f e r  t h e  t ime s igna l  w i l l  be given. 

INTRODUCTION 

The use o f  s a t e l l i t e s  f o r  t ime t r a n s f e r  began soon a f t e r  t h e  f i r s t  
a r t i f i c i a l  s a t e l l i t e  was placed i n  o r b i t .  Th is  was because the concept 
as w e l l  as the  ins t rumenta t ion  design was simple. It was done as an 
experiment t o  demonstrate the  c a p a b i l i t y  i n  p r e c i s i o n  over long range 
and the  favorab le  geometr ical  c o n f i g u r a t i o n  f o r  the  s igna l  t o  propagate 
through the  medium. I n  comparison w i t h  t h e  t e r r e s t r i a l  propagated 
s igna l ,  the  s igna l  t ransmi t ted  from o r  transponded by a  s a t e l l i t e  i s  
r e l a t i v e l y  independent o f  t h e  propagation medium. The s ta ted  p rec i s ions  
by i n v e s t i g a t o r s  i n  the  l a s t  two decades us ing  d i f f e r e n t  c a r r i e r  
frequencies, techniques, and s a t e l l i t e s  shows orders o f  magnitude o f  
improvement, ranging from microseconds t o  nanoseconds, over the  conven- 
t i o n a l  techniques. Although t h e  c a p a b i l i t y  o f  p rec i s ion  t ime t rans fe r  
us ing  a  s a t e l l i t e  has been amply demonstrated, the  l i m i t a t i o n  o f  f u r t h e r  
improvement s t i l l  l i e s  on t h e  a b i l i t y  t o  measure the  s igna l  pa th  delay. 
A t  present,  t h i s  l i m i t a t i o n  i s  about 30 cent imeters o r  1  nanosecond. 



For tunate ly ,  t h e  technology f o r  t h e  t ime generat ion and dissemina- 
t i o n  has been ahead o f  o r  a t  l e a s t  i n  pace w i t h  t h e  requirements [I]. 
As independence f o r  t imekeeping becomes an essen t i a l  requirement 
f o r  on-board nav iqa t i on  and spacecraf t  autonomy [2] s a t e l l i t e  t ime 
t r a n s f e r  becomes a technology t h a t  i s  needed f o r  immediate app l i ca t i on .  
I n  t h i s  paper, I s h a l l  descr ibe a p a r t i c u l a r  s a t e l l i t e  system through 
which c lock  t ime can be t r a n s f e r r e d  from t h e  ground t o  the  users i n  
s a t e l l i t e s  i n  near ea r th  o r b i t  o r  on the  ground. The s a t e l l i t e  system 
i s  c a l l e d  t h e  Tracking and Data Relay S a t e l l i t e  System (TDRSS) [3]. 

I TDRSS 

The TDRSS i s  a new l a r g e  sca le  space communication system t o  be shared 
between government and commercial use. It i s  a new NASA t r a c k i n g  and 
data a c q u i s i t i o n  and communication system. It a lso  prov ides a d d i t i o n a l  
c a p a b i l i t y  f o r  growing comnunication t r a f f i c  i n  the  p r i v a t e  sector .  
The system cons i s t s  o f  4 geosynchronous r e l a y  s a t e l l i t e s .  The f i r s t  
two are  f o r  NASA, t h e  t h i r d  ( t he  advanced Weststar) i s  f o r  commercial 
use, and t h e  f o u r t h  i s  a common spare. The system concept i s  shown i n  
F igure  1 .  It i s  represented by t h e  two NASA geosynchronous r e l a y  
s a t e l l i t e s ,  130" apar t  i n  long i tude,  and a ground te rmina l  l oca ted  a t  
White Sands, New Mexico. The system w i l l  be capable o f  t r ack ing ,  
t r a n s m i t t i n g  data to ,  and r e c e i v i n g  data from user spacecraf t  over a t  
l e a s t  85 percent o f  t h e  user o r b i t .  The ground te rmina l  a t  White Sands, 
New Mexico i s  shown i n  F igure 2. 

The s a t e l l i t e  design i s  shown i n  F igure  3. Each s a t e l l i t e  gene- 
ra tes  1700 wat ts  o f  e l e c t r i c a l  power from i t s  s o l a r  arrays and t rans-  
m i t s  and receives i n  3 frequency bands (S, C, and K) from 6 antennas, 
3 o f  which are steerable.  The weight i s  2132 ki lograms (4700 pounds) 
and t h e  s i z e  i s  17 meters (57 f e e t )  f rom t i p  t o  t i p .  The s a t e l l i t e  
w i l l  be launched by t h e  Space S h u t t l e  i n  1981 and 1982 and w i l l  have 
a l i f e t i m e  o f  10 years. 

The s teerab le  S and Ku-Band, 4.9 meter antennas, a r e  used t o  
p rov ide  communication se rv i ce  f o r  t h e  s i n g l e  access (SA) users, and t h e  
S-band antenna a r r a y  i s  used t o  p rov ide  communication se rv i ce  f o r  t h e  
m u l t i p l e  access (MA) users. The s tee rab le  K-band, 2.0 meter antenna, 
i s  f o r  t h e  forward and r e t u r n  conununication l i n k s  between space (TDRS) 
and t h e  ground te rm ina l .  The two TDRS can support up t o  4 S-band o r  
K-band s i n g l e  access users (SSA o r  KSA) and up t o  20 MA users. 

The advantage o f  such a space comnunication system [4] can be 
seen i n  t h e  nex t  two f i g u r e s .  F igure  4 shows t h e  present NASA t rack -  
i n g  and a c q u i s i t i o n  network. There are  14 ground s t a t i o n s  l oca ted  
throughout t h e  wor ld.  F igure 5 shows t h e  post  TDRSS NASA t r a c k i n g  
data a c q u i s i t i o n  and communications network. It shows 8 ground s t a t i o n s  



i n c l u d i n g  t h e  Bermuda s t a t i o n  t o  p rov ide  o n l y  the  launch support.  
There i s  a  50 percent  reduc t i on  i n  the  number o f  the  ground s t a t i o n s  
which a l so  serves t h e  deep space probes and t h e  h i g h l y  e l i p t i c a l  o r b i t  
s a t e l l i t e s .  

SATELLITE TIME TRANSFER USING TDRSS 

A user c o n f i g u r a t i o n  o f  a  s a t e l l i t e  t ime t r a n s f e r  system us ing  a  
TDRS i s  shown i n  F igure  6. A master c lock  i s  loca ted  a t  t h e  White 
Sands ground te rmina l .  The user may be mobile, f i x e d  on the  ground 
o r  i n  a  s a t e l l i t e .  The master c lock  i s  c a l i b r a t e d  v i a  a  TDRS t o  a  
na t iona l  t ime standard such as the  Nat ional  Bureau o f  Standards (NBS) 
o r  t h e  U.S. Naval Observatory (USNO), s ince t h e  NBS and USNO t ime scales 
can be r e l a t e d  t o  each o the r  and t o  the  Bureau I n t e r n a t i o n a l  de l 'Heure .  
The use r ' s  modes may be MA, SSA, o r  KSA, and the  c a r r i e r  frequencies 
f o r  each mode are  shown i n  the  t a b l e  i n  F igure  6. The s a t e l l i t e  cover- 
age f o r  t h e  t ime users a t  5' and 10' e l e v a t i o n  v iewing angles f o r  TDRSS 
a t  41' west and 171" west i s  shown i n  F igure 7. 

CONCEPT OF OPERATION 

The phi losophy o f  opera t ion  i s  d i r e c t e d  toward automation, t h a t  
i s  the  c lock  t ime w i l l  be t r a n s f e r r e d  from the  White Sands te rmina l  
v i a  a  TDRS t o  a  user s a t e l l i t e  by a  command sent from t h e  P r o j e c t  
Operations Control  Center (POCC) a t  Goddard, Greenbelt ,  MD. The propa- 
ga t ion  delay may be measured by a  two-way t ime t r a n s f e r  technique o r  
m y b e  ca l cu la ted  based on t h e  p o s i t i o n  i n fo rma t ion  o f  t h e  ground te rm ina l  
and tne  two p red i c ted  s a t e l l i t e  pos i t i ons ,  i f  t h e  ca l cu la ted  delay 
accuracy meets t h e  t ime accuracy requirement.  The rece ived t ime s igna l  
i n  t h e  user  s a t e l l i t e  i s  measured r e l a t i v e  t o  the  on-board c lock  by a  
t ime i n t e r v a l  u n i t .  A f t e r  c o r r e c t i o n  f o r  t h e  s igna l  propagation pa th  
delay, the  c lock  e r r o r  i s  t ransmi t ted  v i a  t h e  TDRS t o  t h e  ground f o r  
mon i to r ing  and v e r i f i c a t i o n .  The s a t e l l i t e  c lock  i s  f r e e  runn ing  up t o  
a  pre-set  maximum c lock  e r r o r  a t  which t ime, by on-board computer program 
ac t ion ,  a  step t ime o r  a  step frequency c o r r e c t i o n  i s  made. Should the  
c o r r e c t i o n  be deleted,  a  command s igna l  i s  needed t o  o v e r r i d e  t h e  
automatic c lock  c o r r e c t i o n .  A f t e r  such a  command, a  new value o f  t h e  
maximum c lock  e r r o r  must be re -se t  i f  t h e  automatic c l o c k  c o r r e c t i o n  
fea tu re  i s  t o  be maintained. 

A f unc t i ona l  b lock  diagram o f  t h e  ground s t a t i o n  t ime t r a n s f e r  
te rmina l  i s  shown i n  F igure 8. The t ime s igna l  data i s  d i v i d e d  i n t o  
two pa r t s .  One p a r t  conta ins t h e  grouped p a r a l l e l  b i n a r y  t ime code 
(PB5) [5] which i s  t ransmi t ted  as data through te lemetry.  Only t h e  
t ime u n i t  i n  the  t ime code t h a t  i s  l a r g e r  than t h e  propagation pa th  
delay i s  o f  s i gn i f i cance .  Thus i t  i s  c a l l e d  t h e  coarse t ime.  The 
o the r  p a r t  conta ins  a  t ime epoch sequenced pseudo random no ise  (PN) 
code [6] which i s  t ransmi t ted  through t h e  range channel o r  the forward 



l i n k .  It has an ambigui ty  t ime o f  85 mi l l i seconds.  It i s  t o  t h i s  t ime 
data t h a t  t h e  propagation path delay co r rec t i ons  must be app l ied .  The 
data processor i s  shown a t  t h e  extreme r i g h t  o f  F igure 8. The- step 
t ime and step frequency co r rec t i ons  are used t o  ma in ta in  t h e  ground 
s t a t i o n  c lock  t o  t h a t  o f  a  na t iona l  t ime standard. 

The func t i ona l  b lock  diagram o f  a  s a t e l l i t e  c lock  system [7] i s  
shown i n  F igure 9. It i s  i d e n t i c a l  t o  t h e  ground s t a t i o n  te rm ina l .  
The o n l y  except ion i s  the  Global Pos i t i on ing  System (GPS) rece iver .  
This f e a t u r e  i s  designed f o r  a  user s a t e l l i t e  e i t h e r  t o  use the  GPS 
t ime s igna l  o r  t o  compare t h e  t ime s igna ls  o f  the  GPS and TDRSS t ime 
t r a n s f e r  systems. 

TDRSS PARAMETERS 

For d e t a i l e d  TDRSS parameters, s i gna l  c h a r a c t e r i s t i c s  and se rv i ce  
c a p a b i l i t i e s ,  t h e  readers are r e f e r r e d  t o  the  TDRSS Users'  Guide which 
i s  a v a i l a b l e  on request [8]. Some p e r t i n e n t  TDRSS parameters t o  
s a t e l l i t e  t ime t r a n s f e r s  are  g iven i n  F igures 10 and 11. 

TIME SIGNAL CORRECTIONS USING TWO WAY TIME TRANSFER VIA A SYNCHRONOUS 
SATELLITE 

I n  a  two-way t ime t r a n s f e r  us ing  a  geosynchronous s a t e l l i t e ,  t h e  
propagation path delay can be approximated as shown i n  the  upper p a r t  
o f  F igure 12. This  two-way delay i s  46 m i  1  l iseconds (ms). For 
s i m p l i c i t y  o f  operat ion,  t h e  PN code pe r iod  i s  considered t o  be longer  
than t h e  two-way path delay, i . e .  46 ms. Thus 85 ms ambigui ty  i s  used 
f o r  t h e  PN code. 

I n  a  s a t e l l i t e - t o - s a t e l l i t e  t ime t r a n s f e r ,  t h e  r e l a t i v e  s a t e l l i t e  
motion o f  t h e  two s a t e l l i t e s  must be considered. Based on past  data, 
t h e  doppler motion f o r  a l l  s a t e l l i t e s  f a l l s  i n  t h e  range o f  6 t o  8  KM/S 
which i s  equ iva len t  t o  about 20 t o  27 ys /s  r a t e .  I f  t h e  c o r r e c t i o n  f o r  
doppler mot ion i s  made f o r  1/4 o f  a second, t h e  res idua l  e r r o r  i s  5  t o  
7 ps, as shown i n  t h e  lower t a b l e  o f  F igure  12. I f  t h e  same co r rec t -  
i o n  t ime o f  1/4 o f  a  second i s  app l ied  f o r  s a t e l l i t e  mot ion i n  a 
geosynchronous o r b i t ,  t h e  res idua l  e r r o r  i s  o n l y  17 t o  34 ns. 

The propagation delay co r rec t i ons  due t o  t h e  composite atmospheric 
medium depends on t h e  assumed atmospheric model, season, and geograph- 
i c a l  l oca t i ons .  Using t h e  example worked o u t  by  David Levine [9] i n  
1970, as shown i n  F igure 13, t h e  maximum e r r o r  i s  65 ns a t  8  GHz and 
70 ns a t  2 GHz i f  t h e  atmospheric c o r r e c t i o n  i s  no t  made. 



ONE WAY TIME TRANSFER OPTION 

are i 
t ime 
t r u e  

For most space 
n  t h e  range o f  
t r a n s f e r  v i a  a  

science users i n  t h e  19801s, the  t i m i n q  requirements 
10 t o  1000 microseconds. To meet these needs, one-way 
TDRS i s  an a t t r a c t i v e  op t ion .  Th is  i s  p a r t i c u l a r l y  

i f  the  user  s a t e l l i t e  can navigate on-board t o  achieve one k i l o -  
meter p o s i t i o n  accuracy. This i s  based on the c a p a b i l i t y  o f  TDRSS o r b i t  
and p o s i t i o n  data which can be prov ided i n  near rea l - t ime  as shown i n  
F igure 14. Obviously, t h i s  se rv i ce  can be prov ided t o  a  l a r g e r  number 
o f  users through t h e  m u l t i p l e  access mode. 

SUMMARY 

TDRSS can be used a f t e r  1982 as an opera t iona l  se rv i ce  t o  t r a n s f e r  
p rec ise  t ime by two-way o r  one-way technique. Using the  two-way tech- 
nique t o  measure the  propagation path delay, t h e  p rec i s ion  o f  t ime 
t r a n s f e r ,  w i thou t  co r rec t i ons ,  can be o f  the  order  o f  hundreds o f  nano- 
seconds and w i t h  c o r r e c t i o n  t o  the  order  o f  nanoseconds. The p r e c i s i o n  
o f  one-way t ime t r a n s f e r  technique i s  l i m i t e d  by the  accuracy o f  the  
path de lay  c a l c u l a t i o n s .  This i s  genera l l y  i n  the  order  o f  microseconds 

Po ten t i a l  a p p l i c a t i o n s  i n  a d d i t i o n  t o  serv ing  the  s a t e l l i t e  users 
are f o r  t ime comparison among nav iga t ion  system c locks and the n a t i o n a l  
l abo ra to ry  pr imary c locks and f o r  c r o s s - c a l i b r a t i o n  o f  o the r  equa l l y  
p rec ise  t ime t r a n s f e r  systems. 

As i n  any system design, t h e  accomplishment i s  the  accumulated 
r e s u l t s  o f  many research and development programs. The author  expresses 
h i s  apprec ia t ion  w i thou t  g i v i n g  t h e  names o f  those who have con t r i bu ted  
t o  t h e  s a t e l l i t e  t ime t r a n s f e r  technology. 
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Figure 6. User Configuration of Satellite Time Transfer Using a TDRS 
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Figure 10. Pertinent TDRSS Parameters 
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1 TlME AMBIGUITY CONSIDERATION 
R2 =Am =,/- P 

TlME AMBIGUITY .2lt2-t1I = 46 ml I l 

2. PREDICTABLE OR MEASURABLE DOPPLER CORRECTIONS 
DUE TO SATELLITE MOTION 

MAXIMUM VALUES .. UNCERTAINTY IS MUCH LESS THAN THE KNOWN CORRECTION 

Figure 12. Ambiguity Consideration and Propagation Delay Corrections 

3. TOTAL COMPOSITE ATMOSPHERIC CORRECTIONS. PROPAGATION DELAYS 

FREQUENCY 
IGHz) 

I . lo5 1.6 x 106 

'BASED ON A TOTAL COMPOSITE ATMOSPHERE FROM THE SURFACE OF THE 
EARTH TO 5000 km ALTITUDE WITH A TYPICAL CONTRIBUTION FROM THE 
LOWER ATMOSPHERE MODELLED AFTER THAT ABOVE BARROW. ALASKA I N  
MAY. (SEE PROPAGATION DELAY I N  THE ATMOSPHERE BY D.M. LeVlNE 
GSFC DOCUMENT X-521-70-404. NOVEMBER 1970.) 

Figure 13. Ambiguity Consideration and Propagation Delay Corrections 



1. TDRSS ORBIT AND POSITION DATA CAN BE PROVIDED TO ONE-WAY 
USERS, BASED ON: 

NO. OF GROUND STATIONS 7 

I POSITION ACCURACY OF GROUND STATIONS 200 rn 

1 RANGE ACCURACY 7 m 

m 
FREQ OF ORBIT-DETERMINATION ONCE PER DAY 

N 

ACCURACY OF ORBIT DETERMINATION 200 m 

I 
SATELLITE POSITION DATA OBTAINABLE HOURS 

2. BASED ON PREDICTED POSITION OF TDRS, USER CAN USE ONE-WAY 
TIME TRANSFER OPTION IF  HE KNOWS HIS POSITION TO REMOVE 
THE RANGE DELAY. 

Figure 14. One-Way Satellite Time Transfer Option and Accuracy 



QUESTIONS AND ANSWERS 

QUESTION: 

The time codes which a r e  used f o r  t h e  r ece ive r s ,  is t h i s  a s tan-  
dard code now or  i s  it one you a r e  proposing? 

MR. CHI:  

The time code is i n  t h e  process  of being reviewed by NASA and 
a l s o  by o u t s i d e  use r s .  It i s  a power-binary time code, grouped- 
power-binary time code, which i s  under review and most l i k e l y  w i l l  
be  i n  use  f o r  t h e  spacec ra f t  c lock  system. A s  I descr ibed  before  
t h e r e  i s  a t runca ted  J u l i a n  d a t e  number with four  d i g i t s  and f i v e  
d i g i t s  f o r  seconds of day and t h r e e  d i g i t s  f o r  t h e  mi l l i seconds  
of seconds and s o  on. The t o t a l  i s  64  b i t s .  That i s  a n  e ight -  
b i t ,  by te ,  R-entered code. 

It is presented elsewhere s o  I d i d  not  want t o  r epea t  t h a t  
code. I f  you a r e  i n t e r e s t e d  i n  i t ,  I may have a copy of i t  and I 
would be happy t o  g ive  i t  t o  you. 

DR. KAHAN: 

Can you compare t h i s  t o  t r a n s i e n t  rates on t h e  GPS system? What 
i s  t h e  d i f f e r e n c e  i n  t h i s  case  between t h e  c a p a b i l i t i e s  t h a t  t h i s  
would provide and what one can g e t  through t h e i r  t r a n s i e n t  r egu la r  
GPS r e c e i v e r ?  

MR. CHI:  

Obviously you can, provided of course you have t h e  r ece iv ing  t e r -  
minal.  For in s t ance ,  I could suggest  t o  have one of our te rminals ,  
which normally would be placed,  f o r  i n s t ance  i n  Boulder, Colorado, 
t h a t  same type r ece ive r  can be placed i n t o  wherever time is wanted 
t o  be compared. For in s t ance  a monitoring s t a t i o n  f o r  our GPS i f  
one wants t o  do t h a t .  You can r ece ive  t h e  time from White Sands 
S t a t i o n  which w i l l  be synchronized t o  NBS. 

Of course you can do i t  f o r  a l l  t h e  monitoring s t a t i o n s  t h a t  
you wish. It i s  t h e  same idea  a s  f o r  t h e  primary time labora-  
t o r i e s .  

DR. WINKLER: 

I th ink  t h e  comparison he asked f o r  is t h e  dec i s ion  on t h a t .  



MR. CHI: 

Oh, you use two-way propagation t o  measure the propagation delays.  
The method is  t o  measure precise ly  the propagation delay t i m e .  
Once you have the delay you can subtract the delay out.  This 
could be t o  order the nanoseconds. I t  depends on the type of 
corrections one appl ies .  


