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ABSTRACT 
The Sate1 1 i t e  Time and Frequency Transfer System (STIFT)  i s  intended t o  
provide, simul taneously,  global ttirne comparisons a t  the  sub nosecond Ti0 level  and frequency compar~isons t o  b e t t e r  than 1 p a r t  i n  10 . I t  
u t i l i z e s  an o r b i t i n g  hydrogen maser clock and frequency standard t h a t  
communicates, via microwave l inks ,  time and frequency information t o  
e a r t h  terminal s operated by hydrogen masers control 1 i  ng 1 ocal clocks . 
A two-way microwave l i n k ,  to  and from the space vehic le  provides Doppler 
information used t o  cancel the  Doppler s h i f t s  in a one-way l ink  from the  
spaceborne osci  11 a t o r .  Pseudo-random noise ( P R N )  modulation in the  two- 
way l i n k  a l s o  provides range information t o  cancel the range delay in 
the  PRN time t r a n s f e r  betw~eri space and e a r t h .  The pseudo-random noise 
modulation system f o r  time d i f ference  measurement and i t s  incorporat ion 
in  the  Doppler cancel l a t i o n  system f o r  frequency comparison i s  explained. 
The p a r t i c u l a r  PRN code sequence se l ec ted  and an ana lys i s  of the  system 
is discussed. 

BACKGROUND 

The ongoing developrrient of atorllic frequency standards present ly  provides us 
with s t a b i l i t y  b e t t e r  than 1 pa r t  in  1015 over hourly averaging i n t e r v a l s  
and ever  increasing accuracy. Th is  now poses a s e r ious  challenge t o  cu r ren t  
techniques t h a t  t r a n s f e r  time and frequency on a global s c a l e  so t h a t  the  
prec is ion  of t r a n s f e r  i s  corrlrrier~s~~ra te  with the performance of these clocks.  
Today, the most commonly used time t r a n s f e r  technique i s  the t r anspor t ab le  
clock. However, t h i s  method has s i g n i f i c a n t  disadvantages. I t  i s  p roh ib i t ive ly  
c o s t l y ,  i f  c a r r i e d  out  on a continuous b a s i s ,  and the process i s  genera l ly  
l imi ted  t o  an uncer ta in ty  of the order  of 100 nanoseconds owing t o  environmental 
condit ions during t r anspor t .  The Global  Posi t ioning System (GPS) o f f e r s  an 
a l t e r n a t i v e  with an accuracy level  o t  the order  of 10 nanoseconds, but i t  does 
not have the c a p a b i l i t y  of t r ans fe r r ing  frequency. However, the concept of a 
t r anspor t ab le  clock,  moving frotn one s i t e  t o  another as  a  means f o r  coordinat ing 
time and frequency on a global s c a l e  can be l o g i c a l l y  extended t o  a clock o r b i t i n g  
the e a r t h  in  a  s a t e l l i t e .  The hydrogen maser, with i t s  frequency s t a b i l i t y  o f  
the order  of 6 p a r t s  in 10'16, f o r  1 hour  averaging i n t e r v a l ,  i s  ideal  f o r  such 
an o r b i t i n g  time t r a n s f e r  clock and o s c i l l a t o r  t o  provid time and frequency 
d i f f e rence  measurements of 1 rianosecond and 1 p a r t  in  loP4 re spec t ive ly  with 
s t a t i o n s  anywhere in s i g h t  o f  the o r b i t i n g  system. 



R e l a t i o n  t o  GP-A 

Exper ience a l r eady  e x i s t s  i n  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  hydrogen maser tech-  
no logy t o  t h e  space environment.  I n  June 1976, SAO p a r t i c i p a t e d  w i t h  NASA i n  
t h e  G r a v i t a t i o n a l  Probe A (GP-A) exper iment.  T h i s  exper iment  was designed t o  
probe t h e  E a r t h ' s  g r a v i t y  f i e l d  i n  a n e a r l y  v e r t i c a l  t r a j e c t o r y  t o  an a1 t i tude 
of10,OOO KM. The hydrogen maser used i n  GP-A r e q u i r e d  h i g h l y  s p e c i a l i z e d  de- 
s i g n  t o  cope w i t h  t h e  t r auma t i c  changes i n  thermal ,  magnet ic and g r a v i t a t i o n -  
a l  environment w i t h o u t  a l  l ow ing  t ime  f o r  thermal  s t a b i  1  i z a t i o n  o r  magnet ic 
readjustment .  Even though t h e  maser o p e r a t i n g  l i f e  i n  space on GP-A was l i m i t -  
ed t o  about two hours,  t he  maser was designed f o r  cont inuous o p e r a t i o n  through-  
o u t  many months o f  t e s t i n g .  The exper ience ga ined i n  des ign ing  and o p e r a t i n g  
t h e  space maser onGP-A i s  d i r e c t l y  a p p l i c a b l e  t o  t h e  o r b i t i n g  t r a n s f e r  clock. 
I n  a d d i t i o n  t o  t h e  space maser technology,  GP-A a l s o  p rov i ded  impo r tan t  exper-  
i ence  i n  t h e  use o f  microwave l i n k s  t o  compare space and ground c locks .  The 
f e a s i  b i  1 i ty  o f  cancel  1  i n g  p ropaga t ion  e f f e c t s  i n  t he  t roposphere and ionosphere 
and o f  removing Doppler s h i f t s  was demonstrated s u c c e s s f u l l y  by t h e  GP-A ex- 
per iment .  

Choice o f  Frequencies 

The microwave f requenc ies  used i n  t h e  GP-A exper iment  were chosen t o  be com- 
p a t i b l e  w i t h  t h e  U n i f i e d  S Band (USB) System and t h i s  same cho ice  i s  t o  be 
c a r r i e d  through t h e  Sate1 1  i t e  Time and Frequency T r a n s f e r  Exper iment.  The 
STIFT system r e q u i r e s  bo th  a  2-way up/down l i n k  and a  1-way down l i n k  be- 
tween t h e  o r b i t i n g  c l o c k  and t h e  ground c l ock .  The f requenc ies  i n  t h i s  system 
a re  s e l e c t e d  t o  cancel  t h e  f i r s t  o r d e r  i onosphe r i c  d i spe rs i on .  Thus, t h e  2- 
way 1  i n k  u t i l i z e s  2,117 MHz f o r  t he  up t r ansm iss i on  t o  t h e  o r b i t i n g  c l o c k  and 
2,299 MHz f o r  t he  t ransponded down t r ansm iss i on  t o  t he  ground c l ock .  The 1- 
way l i n k  t r a n s m i t s  down f rom t h e  o r b i t i n g  c l o c k  on a  frequency o f  2,203 MHz. 
Wi th  t h i s  s e l e c t i o n  o f  f requenc ies,  t h e  combined i onosphe r i c  d i s p e r s i o n  f o r  t he  
2-way l i n k  i s  j u s t  t w i c e  t h a t  o f  t h e  1-way l i n k  and may be cance l l ed  i n  sub- 
sequent f requency d i f f e r e n c e  p rocess ing  i n  t h e  STIFT ground t e r m i n a l .  

SYSTEM DESCRIPTION I 
The STIFT system i s  designed t o  p r o v i d e  s imul  taneous p r e c i s i o n  measurement o f  
t ime  d i f f e r e n c e  and frequency d i f f e r e n c e  between a  ground c l o c k  and t h e  o r b i t -  
i n g  space c l ock .  F i gu re  1  i l l u s t r a t e s  t he  o v e r a l l  STIFT system des ign  i n c l u -  
d i n g  t h e  Space Termina l ,  Microwave Ground Terminal  and Laser  Ground Termina l .  
The d i scuss ion  t h a t  f o l l o w s  dea ls  p r i m a r i l y  w i t h  t h e  Microwave Ground Terminal  
and t h e  o t h e r  sec t i ons  o f  t h e  system a re  shown i n  F i gu re  1 o n l y  t o  g i v e  some 
pe rspec t i ve  t o  t he  r o l e  o f  t h e  Microwave Ground Terminal  . 
2-way L i n k  

The 2-way microwave l i n k  between t h e  space t e rm ina l  and t h e  ground t e rm ina l  
serves t h r e e  major  f u n c t i o n s .  F i r s t ,  i t  measures t h e  pa th  de lay  between t h e  
t w o  t e rm ina l s ;  second, i t  p rov i des  t h e  re fe rence  f o r  f i r s t  o r d e r  Doppler  can- 
c e l  l a t i o n  and t h i r d ,  i t  compensates f o r  i onosphe r i c  d i s p e r s i o n  th rough  se lec -  
t i o n  o f  1  i n k  o p e r a t i n g  f requenc ies  r e l a t i v e  t o  t he  1  -way 1  i n k  f requency, 
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The up- l  i n k  t r a n s m i t  frequency i s  d e r i v e d  f rom the  atomic hydrogen maser o s c i -  
1  l a t o r  by a  coherent  frequency t r a n s l a t i o n  process. I n  F igure  1  , the  atomic 
hydrogen maser o s c i l l a t o r  i s  shown as t h e  ground c l o c k  and t h e  2,117 MHz up- 
l i n k  t r a n s m i t  c a r r i e r  frequency i s  ob ta i ned  by an 82/55 t r a n s l a t i o n  o f  t he  L- 
Band maser output .  A p a r t  o f  t h e  2,117 MHz c a r r i e r  i s  u t i l i z e d  as coherent  
l o c a l  o s c i l l a t o r  d r i v e  i n  t h e  f i r s t  heterodyne mixers  o f  b o t h  t h e  2-way and 1- 
way rece i ve rs  i n  t h e  ground t e rm ina l .  

P r i o r  t o  b e i n g  t r ansm i t t ed ,  t he  2,117 MHz s i g n a l  passes through a  phase modu- 
l a t o r  which impresses a 90 degree phase s h i f t  on t he  c a r r i e r  under t he  c o n t r o l  
o f  a pseudo-random no i se  (PRN) generator .  Th i s  PRN phase modulated s i q n a l  i s  
then  a m p l i f i e d  t o  approx imate ly  t e n  Watts and coupled through a  f e r r i t e  
c i r c u l a t o r  t o  t he  ground t e r m i n a l  antenna. Th is  s i n g l e  antenna i s  a  common 
element f o r  bo th  t h e  2-way and l -way l i n k s  and c o n s i s t s  o f  a smal l  ( 1  meter)  
s t e e r a b l e  p a r a b o l i c  d i s h  w i t h  a  ga in  o f  about 25db and a  ha l f -power  beamwidth 
o f  9.5 degrees a t  t h e  S-band o p e r a t i n g  f requencies.  

The 2,117 MHz ground t e r m i n a l  t r a n s m i t  s i g n a l  i s  r ece i ved  by a  broad beam, 
c i r c u l a r l y  p o l a r i z e d  antenna a t  t he  space t e r m i n a l  and i s  coupled through a  
t r i p l e x  f i l t e r  t o  t h e  i n p u t  o f  a phase coherent  t ransponder.  The t ransponder  
s t r i p s  t h e  phase modulat ion f rom the  rece i ved  s i g n a l ,  cohe ren t l y  t r a n s l a t e s  
t h e  2,117 MHz c a r r i e r  by t h e  r a t i o  2401221 and r e a p p l i e s  t h e  phase modu la t ion  
t o  form a  2,299 MHz t ransponder  o u t p u t  s i g n a l .  Th is  2,299 MHz s i g n a l  i s  coupled 
through t h e  t r i p l e x  f i l t e r  t o  t he  space t e r m i n a l  antenna and t r a n s m i t t e d  t o -  
ward the  ground t e rm ina l .  

The rece i ved  2,299 MHz s i g n a l ,  a t  t h e  ground t e r m i n a l ,  i s  p i cked  up by the  
p a r a b o l i c  antenna and coupled through t h e  f e r r i t e  c i r c u l a t o r  t o  a  d i p l e x  
f i l t e r  t h a t  separates t h e  2-way and l-way rece i ved  s i g n a l s  and p rov ides  h i g h  
r e j e c t i o n  t o  t he  2,117 MHz t r a n s m i t  s i g n a l .  The low-noise a m p l i f i e r ,  a t  t he  
o u t p u t  o f  t h e  d i p l e x  f i l t e r ,  feeds t h e  2,289 MHz s i g n a l  t o  a m ixe r  where i t  i s  
heterodyned w i t h  t h e  2,117 MHz l o c a l  o s c i l l a t o r  s i g n a l  t o  form a  182 MHz I F  
s i g n a l ,  The c a r r i e r  component o f  t he  I F  s i g n a l  i s  e x t r a c t e d  by a  c a r r i e r  
phase- lock loop  and i s  used i n  subsequent p rocess ing  t o  cancel f i r s t  o r d e r  
Doppler i n  t h e  frequency d i f f e r e n c e  de te rmina t ion .  

The 182 MHz I F  s i g n a l  ( f u l l  band) and e x t r a c t e d  I F  c a r r i e r  component a l s o  a re  
fundamental i n p u t  s i g n a l s  f o r  t h e  2-way Time D i s c r i m i n a t o r .  A d i g i t a l l y  de layed 
PRN code genera to r  ( w i t h  t h e  i d e n t i c a l  code sequence used t o  modulate t he  
2,117 MHz t r a n s m i t  s i g n a l  ) i s  coupled i n  a  c losed- loop t r a c k i n g  c o n f i g u r a t i o n  
w i t h  t h e  Time D i s c r i m i n a t o r  t o  a u t o m a t i c a l l y  lock-on and t r a c k  t h e  pa th  de lay  
i n  t h e  2-way l i n k .  Th i s  2-way pa th  de lay,  i n  d i g i t a l  form, i s  d i v i d e d  by 
two and used i n  con junc t i on  w i t h  t h e  l -way r e c e i v e r  o u t p u t  t o  determine t ime 
d i f f e r e n c e .  between t h e  space c l o c k  and ground c lock .  

l-way L i n k  

The l -way microwave 1  i n k  between t h e  space t e r m i n a l  and t h e  ground t e rm ina l  
operates on a c a r r i e r  frequency o f  2,203 MHz. Th is  s i g n a l  i s  d e r i v e d  f rom 
the  L-Band hydrogen maser coupled t o  a  76/49 frequency t r a n s l a t o r .  A PRN 



code generator ,  w i t h  t h e  i d e n t i c a l  code sequence used by t h e  PRN ene ra to r s  
i n  t he  ground t e r m i n a l ,  c o n t r o l s  the  phase modu la t ion  (90 degrees 3 t h a t  i s  
impressed on t h e  2,203 MHz c a r r i e r  p r i o r  t o  t r ansm iss i on  f rom t h e  space t e r m i -  
n a l .  The t r i p l e x  f i l t e r  couples t he  1-way l i n k  t r ansm iss i on  t o  t he  common 
space t e rm ina l  antenna used f o r  bo th  the 2-way and 1-way l i n k s ,  

The rece i ved  2,203 MHz s i g n a l ,  a t  t he  ground t e r m i n a l ,  i s  coupled from the  
p a r a b o l i c  antenna through t he  f e r r i t e  c i r c u l a t o r  t o  t he  d i p l e x  f i l t e r  i n  t h e  
same fash ion  as t h e  2,299 MHz 2-way l i n k  s i g n a l .  The 2,203 MHz s i g n a l  i s  
s p l i t  o f f  sepa ra te l y  by t he  d i p l e x  f i l t e r  and f e d  through a low-noise a m p l i f i e r  
t o  a  m i xe r  where i t  i s  heterodyned w i t h  t he  2,117 MHz l o c a l  o s c i l l a t o r  t o  form 
an 85 MHz I F  s i g n a l .  The c a r r i e r  component o f  t h i s  I F  s i g n a l  i s  e x t r a c t e d  by 
a  c a r r i e r  phase l o c k  l oop  and a f t e r  f requency t r a n s l a t i o n ,  i s  compared w i t h  
t h e  processed 2-way I F  c a r r i e r  t o  e s t a b l i s h  t h e  f requency d i f f e r e n c e  between 
t h e  space c l o c k  and t he  ground c l ock .  

The 85 MHz I F  s i g n a l  ( f u l l  band) and e x t r a c t e d  I F  c a r r i e r  component a re  coupled 
t o  t h e  1-way Time D i s c r i m i n a t o r .  A PRN code sequence ( i d e n t i c a l  t o  t he  o t h e r  
PRN code sequences used i n  the  ground and space t e r m i n a l s )  i s  d i g i t a l l y  de layed 
and a u t o m a t i c a l l y  locks -on  and t r a c k s  the  1-way pa th  de lay  p l u s  t h e  t ime d i f -  
ference between t he  ground c l o c k  and t he  space c l ock .  Path de lay  i s  cance l l ed  
by s u b t r a c t i n g  h a l f  o f  t h e  2-way pa th  de lay  l e a v i n g  a d i r e c t ,  r e a l  t ime  o u t p u t  
o f  t he  apparent t ime  d i f f e r e n c e  between the  two c l ocks .  True c l o c k  d i f f e r e n c e  
i s  ob ta i ned  f rom p o s t - r e a l  t ime  da ta  r e d u c t i o n  i n  which r e l a t i v i s t i c  and g r a v i -  
t a t i o n a l  e f f e c t s  a re  removed. 

I T IME DIFFERENCE MEASUREMENT 

1 The STIFT microwave ground t e rm ina l  i s  designed t o  p r o v i d e  t ime d i f f e r e n c e  
1 measurements between a  space c l o c k  and a  ground c lodk  t o  an accuracy of  1 

nanosecond. Th i s  t ime  d i f f e r e n c e  measurement Ts implemented through t he  use 
o f  a  p e r i o d i c  pseudo-random no i se  (PRN) code t h a t  i s  phase modulated on t h e  
2-way and 1-way microwave 1 i n k s .  Simultaneous measurement o f  t ime  de lay  i n  
bo th  t h e  up/down (2-way)and down (1-way) r e c e i v e r s  i n  t h e  ground t e rm ina l  a l -  
lows c a n c e l l a t i o n  o f  p ropaga t ion  de lay  between t he  space t e r m i n a l  and ground 
t e r m i n a l .  

i F i gu re  2 i s  a d e t a i l e d  b l o c k  diagram o f  t he  t ime  de lay  t r a c k i n g  loops f o r  b o t h  
t h e  2-way and 1-way r e c e i v e r s .  

I' PRN Time D i s c r i m i n a t o r  T rack i ng  Loop 

The o p e r a t i o n  o f  t h e  de lay  t r a c k i n g  loops i s  based on a  t ime  d i s c r i m i n a t o r  
c i r c u i t  t h a t  senses t ime co inc idence  between t he  PRN code modu la t ion  on t h e  
rece i ved  s i g n a l  and a  PRN code t h a t  i s  p r e c i s e l y  s h i f t e d  r e l a t i v e  t o  t he  
r ece i ved  code. 

When two s i m i l a r  p e r i o d i c  t ime  f unc t i ons ,  such as t he  two PRN code sequences, 
I 

I a re  s h i f t e d  i n  t ime  r e l a t i v e  t o  each o t h e r  and then  m u l t i p l i e d  t o g e t h e r  and 
I averaged ove r  one pe r i od ,  t h e  r e s u l t  has t he  form o f  t h e  a u t o c o r r e l a t i o n  





function of the or ig inal  time function. Periodic autocorrelat ion functions a re  
characterized by a  maximu1 value t ha t  occurs when the r e l a t i ve  time s h i f t  i s  
zero o r  some in teger  multiple of the time function period. As the r e l a t i ve  
time s h i f t  increases ( o r  decreases) ,  the autocorrelat ion function drops t o  a 
lower value. The r a t e  a t  which the autocorrel at ion function decreases e i t h e r  
s ide  of maximum i s  proportional t o  the spectral  width (bandwidth) of the time 
function.  The magnitude of the "hash" level between maximum points i s  de- 
termined by several f ac to rs  including the product of the spect ra l  width and 
time function period (time-bandwidth product) and the deta i led  shape of the 
time function. The PRN code sequence represents a  time function t h a t  can be 
optimized t o  have an " idea l"  autocorrelat ion function in which the "hash" level 
i s  uniform with a magnitude, r e l a t i ve  t o  the maximum, t h a t  i s  equal t o  the 
reciprocal of one half the time-bandwidth product. 

The P R N  code i s  a  binary sequence composed of " N "  code elements in each period. 
Individual code elements have a  duration of " to"  and may be e i t h e r  "11 ' (+ )  or 
I1O"(-) as determined by the code sequence. Figure 2 gives a  p ic to r ia l  repre- 
sentat ion of the autocorrelat ion fo r  a  31 element PRN code. Two d i f f e r en t  
cases are i l l u s t r a t e d ;  the f i r s t  w i t h  an o f f s e t  or  delay ( i  . e . ,  non-aligned 
codes) and the second without any o f f s e t  ( i  .e .  , a1 igned codes). I n  each case,  
the output obtained by in tegra t ing the product of the codes over a cpmplete 
period ( N t , )  i s  shown below the codes. Note t h a t  when there i s  no delay be- 
tween codes, the integrated output builds u p  l inea r ly  over the period whereas 
in the case of an o f f s e t ,  the integrated output f luc tua tes  back and for th  about 
zero during the period. 

The time discriminator u t i l i z e s  two corre la t ion c i r c u i t s  t ha t  a re  driven by 
separate PRN code generators operating with a  fixed o f f s e t  in time, r e l a t i ve  
t o  each o ther ,  equal t o  one code element, t . Figure 4 i s  an expanded pic ture  
of the corre la t ion process as a  received Cole moves in delay r e l a t i ve  t o  the 
two PRN codes, A and B.  The code sequence in t h i s  f igure  i s  the same as t ha t  
used in Figure 3. The A and B codes are  displaced re1 a t i v e t o  each other  by 
to and are  symetrical ly displaced about the nominal zero delay point by t o / 2 .  
T h u s ,  the maxima in the A and B corre la t ion outputs are  displaced symetrical ly 
e i t h e r  s ide  of zero delay. When the A and B outputs are  added together ,  the 
r e su l t  i s  a  f l a t  topped signal with a  half amplitude duration of 2 tQ. When 
the B output i s  subtracted from the A output ,  the r e s u l t  i s  a  time discrimi- 
nator signal with a l i nea r  slope of 2 / t  time$ €he amplitude of the maxima 
and passing through zero a t  the zero de?ay poln . This time discriminator 
signal  i s  u t i l i z ed  as the time e r r o r  signal in the closed loop time tracking 
sections of both the 2-way and 1-way receivers of the STIFT microwave ground 
termi nal . 
Figure 5 shows a block diagram of the time discriminator and delay tracking 
loop. The c i r c u i t  requires three  inputs:  

1 .  Signal ( f u l l  band receiver I F ) ,  
2. Carrier  ( receiver  IF c a r r i e r ) ,  and, 
3. Clock drive fo r  P R N  generators,  

and provides a  d ig i t a l  output representing the delay between the received s ig -  
nal modulation code and the nominal zero delay point of the A and B PRN generators. 
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Figure  4 . Time D i s c r i m i n a t o r  A u t o c o r r e l a t i o n  and Sum and 
D i f f e r e n c e  Outputs f o r  31 Element Code 





P r e c i s e  c o n t r o l  o f  t h e  d e l a y  o f  t h e  A and B PRN genera to rs  i s  o b t a i n e d  by 
p a s s i n g  t h e  c l o c k  i n p u t  t h r o u g h  a phase s h i f t e r  f o l l o w e d  by  a  d i v i d e r .  The 
phase s h i f t e r  i s  e s s e n t i a l l y  a  s i n g l e  s ideband m o d u l a t o r  t h a t  i s  d r i v e n  by 
t h e  d i g i t a l  e r r o r  o u t p u t  f r o m  t h e  t i m e  d i s c r i m i n a t o r .  The l o w e r  t e n  b i t s  o f  
t h e  e r r o r  o u t p u t  a r e  c o n v e r t e d  t o  s i n e  and c o s i n e  terms and these a r e  then  
c o n v e r t e d  t o  q u a d r a t u r e  ana log  s i g n a l s  by d i g i t a l  - t o - a n a l  og (D/A) c o n v e r t e r s  
t h a t  d r i v e  t h e  s i n g l e  s ideband modu la to r .  The f u l l  range o f  t e n  b i t s  (1024) 
r e p r e s e n t s  one complete c y c l e  o f  phase s h i f t  a t t h e  c l o c k  i n p u t  f requency .  The 
phase s h i f t e d  c l o c k  f requency d r i v e s  a d i g i t a l  d i v i d e r  c i r c u i t  t o  reduce t h e  
c l o c k  f requency  t o  t h e  l / to  r a t e  r e q u i r e d  t o  d r i v e  t h e  A and B PRN genera to rs  

I n  t h e  S T I F T  system, t h e  v a l u e  o f  t o  i s  2 microseconds (500 KHz c l o c k  r a t e )  
and t h e  d i g i t a l  d i v i d e r  f a c t o r  i s  32. Hence, t h e  c l o c k  i n p u t  f requency  t o  t h e  
phase s h i f t e r  i s  16 MHz. The t i m e  r e s o l u t i o n  o f  t h e  t i m e  d i s c r i m i n a t o r  i n  
te rms o f  t h e  t i m e  d e l a y  r e p r e s e n t e d  by 1  b i t  i n  t h e  e r r o r  s i g n a l  i s  ] / ( I 0 2 4  
x  16 x  106) o r  0.06 nanoseconds. R e l a t i n g  t h i s  t o  t h e  s l o p e  o f  t h e  t i m e  d i s -  
c r i m i n a t o r  response y i e l d s  a  t o t a l  o f  32,768 b i t s  ( 3 2  complete c y c l e s  o f  t h e  
phase s h i f t e r )  o v e r  t h e  l i n e a r  s l o p e  r e g i o n  between t h e  maximum and minimum 
p o i n t s .  The p e r i o d  o f  t h e  PRN code i s  500 microseconds (250 code e lements)  
thus ,  t h e  t o t a l  number o f  b i t s  f o r  one p e r i o d  i s  8,192,000 (8,000 complete 
c y c l e s  o f  t h e  phase s h i f t e r ) .  I n  o r d e r  t o  accommodate t h i s  f u l l  range o f  
de lays ,  t h e  d i g i t a l  o u t p u t  f rom t h e  t r a c k i n g  l o o p  w i l l  be a  23 b i t  b i n a r y  
number. S ince t h e  p e r i o d  i n  te rms o f  b i t s  i s  l e s s  than  t h e  maximum numer i ca l  
va lue  o f  t h e  23 b i t  b i n a r y  number (8,388,607) t h e  l o o p  o u t p u t  w i  11 be r e s e t  
t o  z e r o  when i t  t r i e s  t o  exceed 8,191,999. 

The o p e r a t i o n  o f  t h e  t i m e  d i s c r i m i n a t o r  and d e l a y  t r a c k i n g  l o o p  i l l u s t r a t e d  i n  
F i g u r e  5 s t a r t s  w i t h  t h e  i n j e c t i o n  o f  t h e  f u l l  band r e c e i v e r  I F  s i g n a l  i n t o  
ba lanced demodulators ( m i x e r s )  i n  b o t h  t h e  A and B channels o f  t h e  t i m e  d i s -  
c r i m i n a t o r .  The A and B PRN genera to rs  p r o v i d e  t h e  o t h e r  i n p u t  t o  these  de- 
modu la to rs .  The o u t p u t  from each demodulator  ( s t i l l  a t  t h e  I F  l e v e l  ) i s  a m p l i -  
f i e d  and coup led  t o  a  second m i x e r  where i t  i s  heterodyned w i t h  t h e  I F  c a r r i e r .  
The o u t p u t  f r o m  each o f  t h e  second m i x e r s  i s  a  f l u c t u a t i n g  dc l e v e l  r e p r e s e n t -  
i n g  t h e  c o r r e l a t i o n  v o l t a g e .  T h i s  dc l e v e l  i s  t h e n  a m p l i f i e d  and i n t e g r a t e d  
o v e r  t h e  d u r a t i o n  o f  one p e r i o d  o f  t h e  PRN code. A t  t h e  end of  t h e  i n t e g r a t i o n  
c y c l e ,  t h e  i n t e g r a t o r  o u t p u t  i s  sampled and h e l d  and c o n v e r t e d  t o  a 12 b i t  
b i n a r y  number. The separa te  d i g i t a l  o u t p u t s  f r o m  t h e  A  and B channels a r e  
combined t o  f o r m  b o t h  sum and d i f f e r e n c e  o u t p u t  numbers, The c y c l e  t i m i n g  f o r  
t h e  i n t e g r a t o r s ,  sample/hol  d c i  r c u i  t s  and Anal og - to -D i  g i  t a l  c o n v e r t e r s  i s  gen- 
e r a t e d  by a  t i m i n g  c o n t r o l  c i r c u i t .  T h i s  c i r c u i t  a l s o  reve rses  t h e  r e l a t i v e  
d e l a y  "sense" o f  A and B PRN genera to rs  and combiner d i f f e r e n c i n g  p o l a r i t y  a t  
t h e  end o f  each p e r i o d  i n  o r d e r  t o  cance l  d r i f t s  and v o l t a g e  o r  c u r r e n t  o f f -  
s e t s  i n  t h e  A and B channels o f  t h e  t i m e  d i s c r i m i n a t o r .  Thus, two complete 
p e r i o d s  o f  t h e  PRN g e n e r a t o r  ( 1  m i l l i s e c o n d )  i s  t h e  t i m e  r e q u i r e d  t o  o b t a i n  
a v a l i d  e r r o r  s i g n a l  ( d i f f e r e n c e  o u t p u t  a t  t h e  combiner ) .  The d i g i t a l  e r r o r  
s i g n a l  i s  coup led  t o  a  l o o p  f i l t e r  (accumu la to r )  and then  th rough  a b u f f e r  t o  
t h e  s i n e / c o s i n e  u n i t  t o  complete t h e  t r a c k i n g  feedback loop .  

The t i m e  d e l a y  o u t p u t  i n  t h e  f o r m  o f  a  23 b i t  b i n a r y  number i s  taken  f rom t h e  
b u f f e r .  The update r a t e  on t h i s  o u t p u t  i s  1KHz. 



PRN Code Sequence 

There i s  no unique P R N  code sequence t h a t  i s  optinlum for  the time difference 
measurement in S T I F T .  Several guide1 ines that  were followed in establishing 
the parameters for the code are l i s t ed  below: 

1 .  The code length, or period, should be suff ic ient  t o  allow easy resolution 
of any ambiguity. 

2. The code length should be such that  i t  can be conveniently used t o  time- 
tag the clocks. 

3. The code elenient duration should be selected t o  give reasonable time dis- 
crimination characteristics and also t o  be corr~patible with the USB trans- 
ponder bandwidth of approxin~ately 800 KHz. 

4. The code elenient duration should be conipatible with the code length in 
the sense t h a t  the code length must be an exact integer multiple of the 
code element duration. 

5. The code element duration should allow a clock rate that  i s  easi ly  derived 
from standard frequencies. 

After consideration of the various tradeoffs involved in satisfying these guide- 
l ines ,  the choice of 500 microsecond code length with 250 code elements of 2 
mi croseconds duration was made. 

The ST1 FT system requi res a total  of s ix  P R N  generators, a1 1 of which may* 
provide i denti cal code sequences. A convenient means of generating these codes 
i s  t o  u t i l i ze  a digi ta l  s h i f t  regis ter  with feedback from two or more stages 
through Exclusive Or ( X O R )  logic gates t o  the input stage. With proper feed- 
back connections, these s h i f t  regis ter  code generators provide a  code that  re- 
peats every 2n-1  sh i f t s  (elements) where "n" i s  the number of stages in the 
s h i f t  register.  This special class of codes, known as "Maximal Linear Codes", 
have the character is t ic  of containing a l l  possible sequences of length "n" 
except for  the sequence of a l l  zeros. These Maximal Linear Codes also exhibit  
a very special autocorrelation function in which the hash level between maxima 
remains " f l a t "  with a  magnitude of 1 / ( 2 ~ - 1 )  re lat ive t o  the maximum value. 

A PRN code generator u t i l iz ing  an eight stage s h i f t  regis ter  will yield a code 
sequence t h a t  contains 255 elements. The required length of 250 may be obtained 
by truncating th i s  255 element code. The truncation i s  implemented e i ther  by 
counting clock pulses and parallel loading the i n i t i a l  s t a t e  in the s h i f t  
regis ter  each time 250 pulses are counted or by sensing the particular s t a t e  
corresponding t o  the 250th s h i f t  and parallel loading a t  t h a t  point. 

The truncation of a  maximal l inear  code sequence destroys the f l a t  hash level 
and  replaces i t  with a noise-like fluctuation, 

The behavior of the hash level in truncated maximal l inear  codes for  eigh-t 
stage s h i f t  registers has been investigated t o  determine i f  there i s  any par- 
t i cu la r  feedback configuration that  gives the lowest hash level.  The results 
of th is  investigation are summarized i n  Table 1 .  I 
*The 2-way and 1-way link codes may use dif"ferent sequences. I 



Table I. Truncated Maximal L i n e a r  Code Hash Level  

Stages Tapped f o r  Feedback 
Hash Level  

Peak Ave . Rrns 

There i s  no g r e a t  d i f f e rence  among t he  f i v e  feedback con f i gu ra t i ons  t h a t  
were s tud ied ,  except  f o r  t h e  h i g h e r  peak hash va lues found w i t n  t he  l a s t  two 
c o n f i g u r a t i o n s .  I n  genera l  , t h e  hash l e v e l  f o r  a1 1  c o n f i g u r a t i o n s  remained 
low (peak l e s s  than 6 )  f o r  a t  l e a s t  16 code element de lays e i t h e r  s i d e  o f  t h e  
ze ro  de lay  maximum. The 1,3,5,8 feedback c o n f i g u r a t i o n  showed t h e  lowes t  
hash l e v e l  f o r  t h e  g r e a t e s t  de lay  e i t h e r  s i d e  o f  ze ro  de lay  so, f o r  t h i s  
reason p l u s  i t s  good performance i n  terms o f  o v e r a l l  average and rms hash l e v e l ,  
i t  has been s e l e c t e d  f o r  t he  STIFT system. F i gu re  6 showsone-hdf  c y c l e  o f  t he  
a u t o c o r r e l a t i o n  f u n c t i o n  f o r  t h e  PRN code sequence generated by t h e  8-s tage 
s h i f t  r e g i s t e r  w i t h  feedback taps  f rom stages 1,3,5 and 8. 

FREQUENCY DIFFERENCE MEASUREMENT 

The STIFT microwave ground t e rm ina l  i s  designed t o  p rov i de  frequency d i f f e rence  
measurement between a  space c l o c k  and a  ground c l ock  t o  an accuracr  o f  1  p a r t  
i n  1014. The r e a l i z a t i o n  o f  t h i s  l e v e l  o f  accuracy i s  made poss ib  e  through 
a f i r s t  o r d e r  Doppler c a n c e l l a t i o n  scheme t h a t  was u t i l i z e d  i n  t h e  GP-A ex-  
pe r iment  i n  1976. The key t o  t h e  f i r s t  o rde r  Doppler  c a n c e l l a t i o n  i s  t h e  use 
o f  phase- locked f requency t r a n s l a t o r s  i n  t h e  2-way and 1-way r e c e i v e r s  t o  r e f -  
erence t h e  2-way I F  c a r r i e r  t o  t h e  ground maser frequency and t h e  1-way I F  
c a r r i e r  t o  t h e  space maser frequency. 

Frequency Trans1 a t i o n  

The ground maser frequency undergoes two coherent  frequency t r a n s l a t i o n s  p r i o r  
t o  be ing  rece i ved  by t h e  ground t e rm ina l  2-way rece i ve r ,  A t r a n s l a t i o n  o f  
82/55 i s  a p p l i e d  p r i o r  t o  t ransmiss ion  toward t he  space t e rm ina l  and a  240/221 
t r a n s l  a t i o n  occurs  i n  t h e  space t e rm ina l  t ransponder .  Both o f  these t r a n s l  a- 
t i o n s  a re  then  coun te rac ted  by 2211240 and 55/82 t r a n s l a t i o n s  i n  t he  2-way r e -  
ce ive r .  The space maser i s  t r a n s l a t e d  i n  f requency by t h e  r a t i o  76/49 p r i o r  
t o  b e i n g  t r a n s m i t t e d  toward t h e  ground t e rm ina l  and t h i s  t r a n s l a t i o n  i s  coun te r -  
ac ted  by a 49/76 t r a n s l a t i o n  i n  t he  1-way r e c e i v e r .  

The e f f e c t s  o f  f requency t r a n s l a t i o n s  and Doppler on t h e  2-way l i n k  a re  analyzed 
as f o l l o w s :  

C a r r i e r  t r a n s m i t t e d  t o  space t e r m i n a l ,  fl 

f, = fo (82/55) 

where fo = ground maser f requency. 
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Carrier  received a t  space termina'l , 

f l  (1 + v l c )  
where v = radial  velocity of space terminal r e l a t i ve  t o  the ground 

terminal 
c = velocity of propagation 

Carrier  transponded from space terminal , 
f l  ( 1  + V / C )  (240/221) 

Carr ier  received a t  ground terminal 

f l  (1 + 2 V / C )  (2401221 ) 

Fi r s t  I F  c a r r i e r  in 2-way receiver 

f ,  (1 + 2 V/C) (240/221) - f l  

2-way I F  c a r r i e r  a f t e r  221/240 and 55/82 t rans la t ion  

f ,  (1 + 2 V / C )  (55/82)-f1 (221  1240) (55/82) 

o r  by subs t i tu t ing  fo  (82/55) f o r  f l  

f, (1 + 2 v/c)-fo(221/240) 

This l a s t  expression, ( 6 ) ,  i s  the 2-way I F  c a r r i e r  output reference t o  the 
the ground maser frequency. Note t h a t  only f i r s t  order Doppler i s  shown 
in  the expression above. Re l a t i v i s t i c  a.nd gravi ta t ional  e f f ec t s  a r e  discussed 
i n  the s e c t ~ o n  below on Doppler cancellat ion.  

The e f f ec t s  of frequency t rans la t ions  and Doppler on the 1-way l i nk  a re  
analyzed as fol 1 ows : 

Carr ier  transmitted from space terminal ,  2 

where f; = space maser frequency. 



C a r r i e r  r ece i ved  a t  ground t e rm ina l  , 
f, (1  + v / c )  

F i r s t  I F  c a r r i e r  i n  1-way r e c e i v e r ,  

f2 (1 + v / c )  - f, 

1-way I F  c a r r i e r  a f t e r  49/76 t r a n s l a t i o n  

f, ( 1  + V / C )  (49176)- f1  (49/76) 

o r  by s u b s t i t u t i n g  f o r  f2 and fl 

fb  1 + v / c ) - f 0  (49176) (82155) 

Express ion (10)  i s  t h e  1-way I F  c a r r i e r  o u t p u t  r e fe renced  t o  t he  ground 
maser frequency fo, and t h e  space maser f requency, fb.  

Doppler Cancel 1  a t i o n  

F i r s t  o r d e r  Doppler cancel  l a t i o n  i s  ach ieved by d i v i d i n g  t h e  2-way I F  ca r -  
r i e r  ou tpu t ,  ( 6 ) ,  by 2 and t a k i n g  t h e  d i f f e r e n c e  between t h a t  and t h e  1-way 
I F  c a r r i e r  o u t p u t  (10) .  

The d e s i r e d  end r e s u l t  i n  t h i s  process i s  t o  o b t a i n  a  d i r e c t  measure o f  A f ,  
t h e  f requency d i f f e rence  between t h e  ground maser and t h e  space maser. 

Ca r r y i ng  through t h e  Doppler c a n c e l l a t i o n  and t he  s u b s t i t u t i o n  o f  A f  f o r  
f - fb, t h e  f o l l o w i n g  r e s u l t  i s  ob ta ined :  
0 

In a d d i t i o n  t o  t h e  d e s i r e d  f requency d i f f e r e n c e .  Af, t h e  o u t p u t  o f  t h e  Doppler 

cancel  l a t i o n  process con ta ins ;  1)  a cons tan t  term, fo(83/100320),  2)  an un- 
2 -* A 4 

a ) where rsp i s  t h e  l i n e - o f - s i g h t  v e c t o r  cance l l ed  Doppler term, ( f o / c  ) ( r S p .  
2 

and a, i s  the  ground t e r m i n a l  a c c e l e r a t i o n  due t o  Ear th r o t a t i o n ,  3 )  a second 
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orde r  Doppler term ( f  / ~ C * ) ( ? ~ ~ - F  ) *  w h e r e a  a n d v e  a r e  t he  space and 
ground terminal ve loc i ty  vec tors  an8 4 )  a  redsRFft term ( fo / c2 )ag ,  where AB i s  
t h e  Newtonian po ten t i a l  d i f f e r e n c e  between Earth and space.  The cons tan t  term 
i s  removed by he terodyninythe  Doppler cance l l a t i on  output  with a synthes ized  
frequency equal t o  r0 (8311 00320),  approximately 1.1751 621 MHz. The uncan- 
c e l l e d  Doppler term, second o rde r  Doppler and r e d s h i f t  terms a r e  removed by 
pos t - rea l  time processing based on the  pos i t i on  and ve loc i ty  information com- 
puted from the  s a t e l l i t e  f l i g h t  p r o f i l e  r e l a t , i ve  t o  the ground te rmina l .  

ACCURACY ANALYSIS 

The accuracy expected from the  ST1 FT microwave ground terrr~i nal i s  ca l cu la t ed  
using the  fol lowing system parameters : 

Mi crowave Ground Terminal 
Transmi t Power 2-way up1 i n k )  10 wat t s  
peak-to-Peak Phase Excursion 90 degrees 
Receiver Noise Figure 5 d b  
( i nc ludes  input  l o s s e s )  
Antenna Gain 25 db 
(1 meter ,  55% e f f i c i e n c y )  
Po la r i za t ion  Linear 
P R N  Code Element Duration 2 rrlicroseconds 
PRN Code Sequence Length 250 e l  enients 

Space Termi nal 
Transmit Power (2-way down 1 i nk )  
Transmit Power ( 1  -way 1 i n k )  
Peak-to-Peak Phase Excursion 
Recei ver Noise Fi gure (2-way u p 1  i nk )  
Antenna Gain 

I Po l a r i za t ion  
: P R N  Code Element Duration 

P R N  Code Sequence Length 

Propagation Path ( 2  ca ses )  
Zenith Angle (ground terminal ) 
Range 
Path  Loss 
Atniospheri c  Loss 

250 m i l l i w a t t  
250 m i l l i w a t t  
90 degrees 
13  db  
3 d b  

C i r cu la r  
2 mi croseconds 
250 e l  enlents 

0 degrees 80 degrees 
437 km 1536 km 
125 d b  163 db 
0 d b  0 .4  db 

1 L i n k  Noise Margins 

Ground Terminal Zenith Angle 
S/N 2-way up 1  ink 
S I N  2-way down l i n k  
S I N  1 -way down 1  ink 

I 

0 degrees 80 degrees 
13.8 d b  2 . 5  db 
6.1 d b  - 4 . 9  db 
6.1 d b  -4 .9  db 

U t i l i z i n g  the  system parameters 1 i s t e d  above, the s igna l  - to -noise  r a t i o s  i n  
a 1 MHz bandwidth a t  the  r ece ive r  inputs  a r e  as  follows 



I f  t h e  space t e rm ina l  t r a n s m i t  channels a re  inc reased  t o  a 10 w a t t  power ou t -  
pu t ,  t h e  s i t u a t i o n  i s  improved as f o l l o w s :  

Ground Terminal  Zen i t h  Angle 
SIN 2-way up 1 i n k  
SIN 2-way down 1 i n k  
S I N  1-way down l i n k  

0  degrees 80 degrees 
13.8 db 2.8 db 
22.1 db 11.1 db 
22.1 db 11.1 db 

When t h e  c a r r i e r  i s  phase modulated by a square wave t ype  s i g n a l  such as t he  
PRN code, t h e  f r a c t i o n  o f  c a r r i e r  component i n  t he  o u t p u t  i s  g iven  by: 

where, 13 i s  t he  modu la t ion  index. For t h e  case o f  90 degree modu la t ion  ( i  .e, 
f 45 degrees) B i s  u n i t y  and t h e  c a r r i e r  component, f o l l o w i n g  phase modulat ion,  
has an am 1 i  tude of 2 / R  r e l a t i v e  t o  t h e  unmodulated c a r r i e r .  Thus, i n  t h e  90 
degree PR 1 phase modulated s i g n a l ,  40.5 percen t  o f  t he  energy i s  i n  t h e  c a r r i e r  
and 59.5 percen t  i s  i n  t he  modu la t ion  sidebands. 

Time D i f fe rence  U n c e r t a i n t y  

The u n c e r t a i n t y  i n  t ime  d i  f f e r e n c e  measurement i s  computed by proceeding s tep-  
w ise  through t h e  t ime  d i s c r i m i n a t o r  and de lay  t r a c k i n g  loop .  For  t h e  case o f  
a  250 m i l l i w a t t  space t e rm ina l  t r a n s m i t  power and t h e  80 degree z e n i t h  angle,  
t h e  f u l l  band s i g n a l - t o - n o i s e  r a t i o  i n  1 MHz i s  -4.9 db. S ince 59.5 pe rcen t  
o f  t h e  s i g n a l  power i s  i n  t h e  modu la t ion  sidebands, t h e  e f f e c t i v e  s i g n a l - t o -  
no i se  r a t i o  a t  t he  s i g n a l  i n p u t  o f  t h e  t ime  d i s c r i m i n a t o r  i s  -7.2 db. The de- 
modu la t ion  and i n t e g r a t i o n  process i n  t h e  t ime d i s c r i m i n a t o r  p rov ides  coherent  
enhancement t o  t h e  s i g n a l - t o - n o i s e  r a t i o ,  under locked  cond i t i ons ,  t h a t  i s  
equal  t o  t h e  number o f  code elements i n  one p e r i o d  o f  t h e  code sequence. Thus, 
t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  o u t p u t  o f  t he  i n t e g r a t o r  f o r  t h e  STIFT code 
sequence o f  250 elements i s  40.8 db. When t h e  A and B channels o f  t h e  t ime  
d i s c r i m i n a t o r  a re  combined t o  form t h e  d i f f e r e n c e  ( l o o p  e r r o r )  ou tpu t ,  t h i s  
s i g n a l - t o - n o i s e  r a t i o  i s  reduced t o  37.8 db. F u r t h e r  r e d u c t i o n  i n  no i se  occurs  

I 

i n  t h e  loop  f i l t e r  where 64 o f  t h e  d i f f e r e n c e  ou tpu ts  a re  accumulated t o  p ro -  
v i d e  a r e s u l t a n t  s i g n a l - t o - n o i s e  r a t i o  o f  about 46.8 db. I n  terms o f  t ime  un- 
c e r t a i n t y ,  t h i s  represen ts  an rms va lue o f  about 4.6 nanoseconds as determined 
from t h e  s l ope  o f  t h e  t ime d i s c r i m i n a t o r  response. 

When t h e  2-way and 1-way t ime  t r a c k i n g  l oop  ou tpu ts  a re  sub t rac ted  t o  g e t  
t he  t ime  d i f f e r e n c e ,  t h e  o v e r a l l  u n c e r t a i n t y  i s  about 6.4 nanoseconds. F u r t h e r  
improvement o f  t h i s  u n c e t a i n t y  t o  a  subnanosecond l e v e l  w i l l  occur  through 
averag ing  o f  t he  d i f f e r e n c e  o u t p u t  and improved I F  s i g n a l  - t o -no i se  ob ta i ned  a t  
l e s s e r  z e n i t h  angles and/or inc reased  t r a n s m i t  power. 

Frequency Di f f e r e n c e  U n c e r t a i n t y  

The frequency d i f f e r e n c e  u n c e r t a i n t y  i s  computed f o r  t h e  case o f  a  phase- lock 
t r a c k i n g  bandwidth o f  50 Hz. Taking t h e  40.5 pe rcen t  o f  s i g n a l  power i n  t h e  
c a r r i e r  and t h e  case o f  250 m i l l i w a t t  space t e rm ina l  t r a n s i t  power and 80 de- 
gree z e n i t h  angle,  t h e  e f f e c t i v e  s i g n a l - t o - n o i s e  r a t i o  f o r  t h e  c a r r i e r  i n  t he  



f u l l  I F  band i s  -8.8 db. App ly ing  t he  r e d u c t i o n  i n  bandwidth t o  t h i s  r a t i o  
y i e l d s  a s i gna l - t o -no i se  o f  34.2 i n  t he  50 Hz t r a c k i n g  bandwidth. Combining 
t h e  2-way and 1 -way r e c e i v e r  s i g n a l s  i n  t he  Doppler cancel l a t i o n  process re- 
duces t he  s i gna l - t o -no i se  r a t i o  t o  31.2 db. 

When the  Dop l e r  c a n c e l l a t i o n  ou tpu t  i s  conver ted t o  a zero  frequency base 
band, througE heterodyning w i t h  a 1.1751 7621 MHz s i g n a l  f o l  lowed by low-pass 
f i l t e r i n g ,  t h e  maximum a n t i c i p a t e d  frequency i s  t he  o r d e r  o f  1 Hz, Assuming 
a 100 second averaging t ime t o  measure t h i s  f requency d i f f e rence ,  the  uncer- 
t a i n t y  i s  about 5 p a r t s  i n  1014 f o r  t h e  250 m i l l i w a t t  t r a n s m i t  power a t  80 
degree z e n i t h  angle. When the  t r a n s m i t  power i s  inc reased  t o  10 w a t t s  i n  
t h e  s ce t e rm ina l ,  t h e  c a l c u l a t e d  u n c e r t a i n t y  improves t o  we1 1 below 1 p a r t  7 1 i n  10 . 
SUMMARY 

The design s tudy  o f  t h e  STIFT system shows t h a t ,  w i t h  t he  c u r r e n t  s l a t e  o f  t h e  
a r t  i n  a tomic hydrogen maser o s c i  1 l a t o r s  and w i t h  e x i s t i n g  t ime and f requency 
measurement techniques, i t  i s  reasonable t o  expect  accuracy l e v e l s  o f  1 nano- 
second o r  l e s s  i n  t ime d i f f e r e n c e  and 1 p a r t  i n  1014 o r  b e t t e r  i n  f requency 
d i f f e r e n c e .  The a p p l i c a t i o n  o f  t he  STIFT system t o  t ime  metro logy on a 
g l oba l  s c a l e  and t o  p o t e n t i a l  users such as t he  Deep Space Network, t h e  O r b i t -  
ing Space S t a t i o n  and t he  Very Long Base l ine  I n te r f e rome te r  s t a t i o n s  would 
p rov ide  1 t o  2 o rders  o f  magnitude improvement ove r  t h e  p resen t  accuracy l e v e l  
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