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ABSTRACT 

T h i s  paper describes a proposed s y s t e m  fo r  high 
t i m e  and frequency t r a n s f e r  u s ing  a hydrogen m a  
space v e h i c l e .  D i r e c t  frequency t r a n s f e r  w i t h  
and t i m e  t r a n s f e r  w i t h  an e s t ima ted  accuracy of 
by a 3 - l ink  microwave sys t em.  A s h o r t  p u l s e  laser system is i n -  
cluded for  subnanosecond t i m e  t r a n s f e r  and s y s t e m  c a l i b r a t i o n .  The 
basic concept of such a system w a s  d i scussed  a t  t h e  1980 PTTI Meet- 
ing.  T h i s  paper p r e s e n t s  t h e  r e s u l t s  of fu r the r  s t u d i e s  i n c l u d i n g  
o p e r a t i o n a l  aspects, error sources, data f l o w ,  system c o n f i g u r a t i o n ,  
and implementation requi rements  for  an i n i t i a l  demonstrat ion ex- 
periment u s ing  t h e  Space S h u t t l e .  

INTRODUCTION 

N A S A ' s  O f f i c e  of Space Science and Applications has supported a 
s tudy  of a space s y s t e m  for  high-accuracy global t i m e  and fre- 
quency transfer which uses  a hydrogen maser i n  a space v e h i c l e .  
The concept of t h i s  s y s t e m  was presented  a t  t h e  T w e l f t h  Annual 
PTTI mee t ing  i n  1980 and elsewhere (1). The p r e s e n t  paper d is -  
c u s s e s  t h e  r e s u l t s  of recent s t u d i e s  concerned w i t h  t h e  imple- 
mentat ion of a Space S h u t t l e  demonstration experiment . The 
S h u t t l e  experiment would be t h e  first s t ep  toward a later oper- 
a t i o n a l  s y s t e m  which would provide high-accuracy global t i m e  and 
frequency t r a n s f e r  on a more permanent basis. 

The idea of t h e  Space T i m e  and Frequency T r a n s f e r  (STIFT)  s y s t e m  
evolved from t w o  earlier experiments performed s e v e r a l  y e a r s  ago 
t o  measure r e l a t i v i s t i c  effects on clocks. I n  1976, Gravi ta-  
t i o n a l  Probe A (GP-A),  a j o i n t  project of t h e  Marshall Space 
F l i g h t  C e n t e r  and t h e  Smithsonian Astrophysical Observatory,  
carried a hydrogen maser clock i n t o  space to measure t h e  g r a v i t -  
a t ional  r e d s h i f t  effect (2) .  The f r equenc ie s  of t h e  hydrogen 
maser clock i n  space and a ground-bas hydrogen maser clock 
were compared w i t h  an accuracy of 10 us ing  a spec ia l ly  
developed microwave s y s t e m  which provided automatic  cance l la t ion  
of t h e  first-order Doppler effect ( 3 ) .  The technology and the  
s y s t e m  concepts demonstrated i n  t h i s  experiment are the  basis 
for  t h e  STIFT microwave t i m e  and frequency t ransfer  system. 

In 1975 and 1976, t h e  Univers i ty  of Maryland w i t h  suppor t  from 
t h e  U . S .  Navy carried out  s e v e r a l  a i rp l ane  experiments  to 
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ects on clocks 

same technique  would be appl i  
s y s t e m ,  

The STIFT concept  combines t h e  t w o  proven techniques  to provide  
a space cloak f a c i l i t y  for high acc global . t i m e  and 
quency t r a n s f e r .  Such a system cou 
s t a t i o n  or w i t h  a sa te l l i  

d as the  first ph 
te  s y s t e m  perform 

of the  o p e r a t i o n a l  aspect 
requirements ,  and error s o u r c e s  for  a S h u t t l e  experiment has 
been performed. The r e s u l t s  are summarized i n  t h i s  paper. 

Systems Desc r ip t ion  

The concept of t h e  s y s t e m  is i l l u s t r a t e d  i n  F igure  1. Two 
wide ly  separated clocks, A and B j  are compared i n  t i m e  and 
frequency by means of an o r b i t i n g  hydrogen maser clock which 
s e r v e s  as a t r a n s f e r  s t anda rd .  STIFT is composed of t w o  inde- 
pendent s y s t e m s ,  a microwave s y s t e m  which provides  both t i m e  and 
frequency t r a n s f e r  and a shor t -pulse  laser s y s t e m  for t i m e  
t r a n s f e r  . 
The microwave t i m e  and frequency t r a n s f e r  r e q u i r e s  a ground 
t e rmina l  which r e c e i v e s  s i g n a l s  from and t r a n s m i t s  s i g n a l s  t o  
t h e  spacecraft. A s  t h e  space clock passes over  ground clock A, 
t h e  t w o  clocks are compared by microwave t r ansmiss ions .  The  
process is repeated when t h e  space clock passes over  ground 
clock B. Combination of the  two measurements y i e l d s  a compari- 
son of clock A and B. The microwave s y s t e m ,  which is similar t o  
t h e  system used w i t h  GP-A, provides  automatic  c a n c e l l a t i o n  of 
t h e  first-order Doppler effect and of propagat ion d i s t u r b a n c e s  
i n  t h e  atmosphere. T h i s  technique permits very a c c u r a t e  direct 
frequency comparison which is a unique f e a t u r e  of the  proposed 
system. Simultaneously w i t h  the  frequency comparison, microwave 
t i m e  transfer is accomplished w i t h  P R N  code modulation of t h e  
carrier f r e q u e n c i e s  and c o r r e l a t i o n  techniques .  The ( l a )  
accuracy n% the  frequency comparison ( A f / f )  is known to  be a t  
least 10- for  100-second measurement i n t e r v a l s ,  and t h e  
accuracy ( A t )  of t h e  t i m e  t r a n s f e r  is estimated to  be better 
than  1 nanosecond. 

A s impl i f i ed  block diagram of the  microwave system inc lud ing  the  
onboard sys t em and t h e  ground t e rmina l  is shown i n  F igu re  2. 
The sys t em t r a n s m i t s  three CW, phase-coherent carrier s i g n a l s  at  
S-band. The f r equenc ie s  shown are those used w i t h  GP-A and no t  
necessarily the  ones to be used i n  t h e  proposed S h u t t l e  expe r i -  
ment. A s i n g l e  antenna w i t h  a t r i p l e x e r  is used for  a l l  three 
f r equenc ie s  . 
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The frequency comparison u t i l i z e s  t h e  phase informat ion  of t h e  

the  ground ter 
a one-way Dopp 
d i s tu rbances .  The 
t h e  space v e h i c l e  a 
onboard t r a n s  

compared. The va r ious  frequency 
t h e  diagram of F 
cia1 t ransponder  des ign  and are chosen to e l i m i n a t e  ionospheric 
d ispers ion  encountered by t h e  use of d i f f e r e n t  carrier fre- 
quencies .  The r e s u l t i n g  d i f  fe renke  frequency A f  between ground 
clock and space clock c o n t a i n s  r e l a t i v i s t i c  frequency s h i f t s  
(second-order Doppler and g r a v i t a t i o n a l  r e d s h i f t )  which are 
accounted for by c a l c u l a t i o n s  u i h l i z i n g  o rb i t  data. 

T i m e  transfer is accomplished by t he  shaded f u n c t i o n a l  blocks i n  
the  diagram (F igure  2)  which r e p r e s e n t  an a d d i t i o n  t o  t h e  or igi-  
n a l  GP-A s y s t e m  concept.  The t i m e  code of t h e  space clock is 
modulated on t h e  clock downlink carrier us ing  PRN phase modula- 
t i o n  (5). The space clock t i m e  code rece ived  a t  t h e  ground ter- 
minal is correlated wi th  t h e  ground clock t i m e  code to  measure 
t h e  t i m e  d i f f e r e n c e  b t  which con ta ins  t h e  one-way propagat ion 
de lay .  A range code modulation of t h e  t ransponder  l i n k  p rov ides  
a two-way propagat ion de lay  measurement which is used to  el imin-  
ate t h e  one-way propagat ion  delay. 

The microwave system is r e l a t i v e l y  i n s e n s i t i v e  t o  adverse  
weather c o n d i t i o n s  (which c a n  affect t h e  laser s y s t e m )  and is 
therefore the  pr imary  mode of t i m e  and frequency t r a n s f e r  for an 
operational STIFT s y s t e m .  The user  of such a s y s t e m  w i l l  re- 
q u i r e  a comparat ively inexpensive ground te rmina l  which fits 
i n t o  a s t anda rd  size ins t rument  rack to  i n t e r f a c e  w i t h  h i s  
clock. A microwave antenna w i t h  hemispherical coverage is part 
of t h e  ground t e rmina l .  

The STIFT s y s t e m  can also perform t i m e  t ransfer us ing  short-  
p u l s e  laser techniques .  The laser t i m e  t r a n s f e r ,  which is inde-  
pendent of t h e  microwave system, w i l l  be used w i t h  e x i s t i n g  
laser s t a t i o n s  around t h e  world. A block diagram of the r 
t i m e  transfer method is shown i n  Figure 3. The onboard system 
is comprised of a corner-cube reflector array equipped w i t h  f as t  
photodiode detectors and an event  t i m e r  i n t e r f a c i n g  w i t h  t h e  hy- 
drogen maser clock. The laser pu l se  s i g n a l  is r e t u r n e d  t o  t h e  
ground s t a t i o n  by t h e  reflector array and is detected on board 
s imul taneous ly  by photo detectors. The event  t i m e r  measures t h e  
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arrival time T2 of the laser pulse at the space vehicle in the 
ame of the onboard clock. 
he ground station by tele 

determines the round trip time o 
point time (T3-T1)/2 between tran 
The difference between this midpo 
time difference between ground clock 
istic corrections must also be applied to laser time transfer, 

The short-pulse laser techniq m 
time transfer available , It an 
the capabilities of the microwave system 
for calibration of the microwave system 
of microwave and laser time transfer will provide a comparative 
evaluation of the two different techniques . 
Space Shuttle Experiment 

The ultimate application of the proposed STIFT technique is an 
operational space system which serves a global user community. 
A Space Shuttle experiment is proposed as a first ptep toward 
this goal. The Shuttle experiment will demonstrate and verify 
the performance of the system and provide the opportunity to 
optimize the system design for a later operational use. The 
experiment can be reflown, and, with relocation of ground ter- 
minals, increased user participation is possible. The Shuttle 
experiment could serve also as a test bed for testing atomic 
clocks intended for space applications, 

Figure 4 illustrates the concept of packaging for the experiment 
flight instrument . All components are integrated into a modu- 
larized, self-contained assembly with minimal interfaces to the 
spacecraft . The dome on top of the assembly shows one of sever- 
al antenna concepts consisting of a phased array of S-band ele- 
ments combined with an interspersed array of corner-cube re- 
flectors for the laser link. The assembly is mounted on a 

the Shuttle payload bay and deployed by the manipula- 
ring operation. Deployment away from the space ve- 

hicle is desired to minimize interference and reflected signals 
from the vehicle structure (multipath propagation). Proven 
designs exist for the mechanical release and re-berthing mechan- 
isms, and for the grapple fixture for use with the remote mani- 
pulator, This type of packaging and hardware design has been 
used already on early Shuttle missions with the Induced 
Environmental Contamination Monitor (IECM) which was deployed by 
the manipulator arm. The experiment container has an active 
closed-loop, thermal control system and includes batteries for 
operation of the maser clock during ground handling prior to 
launch. Otherwise, experiment power will be obtained from the 
utility Shuttle system. A minimum interface with the Space 
Shuttle systems makes the experiment compatible with a broader 
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range of complementary payloads and,  thereby ,  increases f l i g h t  

Most S h u t t l e  miss ions  are flown i n  rather low earth 
allow for  a short t i m e  i n t e r v a l  between s t a t i o n  con t  
g i v e  r e l a t i v e l y  short periods of v i s i b i l i t y  for  i n a i v i d u a l  
ground s t a t i o n s .  An orb i t a l  a l t i t u d e  of 360 km w i t h  57O i n c l i -  
n a t i o n  has been assumed for the s tudy.  Figure 5 shows the  
ground tracks of t h e  space v e h i c l e  and t h e  radio h 
some assumed l o c a t i o n s  of ground t e rmina l s .  T h i s  
o rb i t a l  ground tracks is repeated every  24 hours.  Time between 
o v e r - f l i g h t s  and e l e v a t i o n  ang le s  for  s e v e r a l  s t a t i o n s  is shown 
i n  F igu re  6. Included are only  those c o n t a c t s  i n  which t h e  
s p a c e c r a f t  remains v i s i b l e  from t h e  ground for  more than 6 
minutes above 5 degrees e l e v a t i o n .  The maximum t i m e  of v i s i b i l -  
i t y  (contact w i t h  t h e  s p a c e c r a f t )  above 5 degrees e l e v a t i o n  is 
approximately 7 t o  8 minutes.  T h i s  v i s i b i l i t y  pe r iod  is s u f f i -  
c i e n t  t o  perform t i m e  and frequency t r a n s f e r .  The above 
c o n d i t i o n s ,  which are t y p i c a l  for a low-orbit S h u t t l e  expe r i -  
ment, can be modified to  some e x t e n t  by s e l e c t i n g  a S h u t t l e  
mission w i t h  d i f f e r e n t  o r b i t  parameters. 

The accuracy c a p a b i l i t i e s  of t h e  STIFT system are such ,  t h a t  
r e l a t i v i s t i c  effects have to be taken i n t o  account .  To correct 
for  these effects r e q u i r e s  a c c u r a t e  o rb i t  data. The g r a v i t a -  
t i o n a l  r e d s h i f t  effect depends on o r b i t a l  a l t i t u d e ,  and t h e  
r e l a t i v i s t i c  Doppler effect ( t i m e  d i l a t a t i o n )  depends on t h e  
r e l a t i v e  motion of t h e  ground s t a t i o n  and space v e h i c l e .  In  t h e  
case of t h e  S h u t t l e  experiment ,  some s p e c i a l  e f for t  is needed to 
o b t a i n  orbi t  in format ion  of t h e  r equ i r ed  accuracy s i n c e  S h u t t l e  
o r b i t s  are n o t  as predictable as those of a f r e e - f l y i n g  satel- 
l i t e  pr imar i ly  because of space v e h i c l e  maneuvers executed dur- 
i n g  t h e  mission. However, there are ways to overcome t h i s  d i f -  
f i c u l  t y  . 
I n  p r i n c i p l e ,  a c c u r a t e  o r b i t  d a t a  are needed only for  those arcs 
dur ing  which the  experiment operates du r ing  t i m e  and frequency 
transfer. klicrowave two-way Doppler and range  measurements made 
as p a r t  of t h e  STIFT experiment can be used to  improve o rb i t  
data a v a i l a b l e  from t h e  Mission C o n t r o l  Center.  The laser 
ground s t a t i o n s  also provide range measurements, a c c u r a t e  t o  a 
few cen t ime te r s  and range rate measurements a c c u r a t e  t o  perhaps 
mi l l imeters / second as w e l l  as angular  pos i t ion .  These data, 
together w i t h  S h u t t l e  o p e r a t i o n a l  nav iga t ion  data, can be used 
w i t h  a s t anda rd  orb i t  de te rmina t ion  program to improve the  
accuracy of a v a i l a b l e  o r b i t  information.  Another , and 
completely independent method, is t h e  use  of a Global 
P o s i t i o n i n g  System (GPS) r e c e i v e r  as part  of the  onboard 
experiment sys t em.  The GPS r e c e i v e r  can provide nagiva t ion  data 
of r equ i r ed  accuracy.  
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The number 
experiment is complete1 

d of two mi 
was assumed 
each pair co 

equipped with a 
microwave termin 

difference, 
data are recorded on magnetic tape together with the telemetry 
housekeeping data from the onboard and ground systems. The re- 
lativistic corrections to be applied to the time and frequency 
differences are computed from orbit information generated by the 
orbit update program which receives a variety of inputs, includ- 
ing coarse orbit data from the Mission Control Center in Houston 
and range and range rate measurements from the microwave termin- 
al and the laser station. The laser station can also provide 
direction cosine information. Other tracking data could be 
obtained including tracking data from mobile laser stations, 
onboard Shuttle navigation data received by telemetry, and 
navigation data from an experimental GPS receiver included in 
the STIFT onboard system. 

The laser station will be equipped with an S-band telemetry 
receiver to obtain the onboard measurement of the laser pulse 
arrival time T2 Which is required to determine the epoch dif- 
ference T. Again relativistic corrections are applied to ob- 
tain the true difference in the epochs. Predicted pointing 
information for the laser telescope is derived from the orbit 
data received from the Mission Control Center. If an onboard 
GPS receiver is used, orbit determination and relativistic cor- 
rections could be accomplished in the Shuttle, and the resulting 
information could be distributed to ground stations by teleme- 
try. 

The same considerations apply to the remote station pair. A l l  
ground stations/terminals will be connected by data and voice 
link to the Mission Control Center for scheduling of station 
operations and distribution of operational information. In 
addition, the data links between ground stationslterminals can 
be used to exchange processed data of time and frequency trans- 
fer for evaluation of experiment performance during the Shuttle 
mission. 
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System Performance 

There are t w o  aspects concerning t h e  
frequency t r a n s f e r ,  namely the t r a n s f  ck and 
ground clock and t h e  transfer between ground us ing  
t h e  space clock as a t r a n s f e r  standard.  

In  t h e  S h u t t l e  experimemt t h e  fol lowing a c c u r a c i e s  can be ex- 
pec ted  for  the  space-to-ground t r a n s  ical  c o n t a c t  
w i t h  a ound s t a t i o n :  Microwave f r e  

A f / f  =lo-", microwave t i m e  t r a n s f e r  A 
better and laser t i m e  t r a n s f e r  At-0.1 nanosecond. These 
accuracy goals are based on t h e  r e s u l t s  ob ta ined  from earlier 
experiments (GP-A and aircraft  laser experiments) .  Advances i n  
technology i n  r e c e n t  years should make it possible  t o  achieve  
f u r t h e r  improvements i n  accuracy for  t h e  S h u t t l e  experiment.  

F igure  8 shows t h e  r eceq t  improvements i n  clock performance. I n  
the  1976 Redshi f t  T e s t  ;the mipgowave s y s t e m  demonstrated sta- 
b i l i t y  performance at  ghe 10- l e v e l  for 100 second aver- 
ag ing;  t h i s  w a s  t h e  lirhit set by t h e  then  a v a i l a b l e  hydrogen 
maser. The STIFT c lock  w i l l  b ene f i t  from advancements i n  maser 
technology which are reflected by t h e  s t a b i l i t y  curve  for  t h e  
1979 hydrogen maser. I t  is, therefore, reasonable  t o  assume 
t h a t  t h e  accuracy of t h e  STIFT s y s t e m  w i l l  approach t h e  s e v e r a l  
parts i n  1015 l e v e l  for t h e  4 t o  5 minutes of observing (aver-  
ag ing )  t i m e  a v a i l a b l e  du r ing  t y p i c a l  ground s t a t i o n  contacts. 

I 

F igure  8 also shows why t h e  hydrogen maser is t h e  obvious choice 
for t h e  STIFT f l i g h t  clock. I t  provides  t h e  h ighes t  degree of 
s t a b i l i t y  n o t  only f o r  t h e  s t a t i o n  c o n t a c t  i n t e r v a l s ,  but  also 
for  t i m e  i n t e r v a l s  between s t a t i o n  c o n t a c t s  ( t y p i c a l l y  up to  a 
f e w  hours;  see Figure 6 ) .  

A p a r t i c u l a r l y  important f i n d i n g  of t h e  previous  microwave and 
laser experiments  was that t h e  t r a n s f e r  sys t ems  d i d  not  i n t r o -  
duce detectable errors i n t o  t h e  t i m e  and frequency transfers. 
S ince  t h e  S h u t t l e  expe r imen t  r e p r e s e n t s  a s u b s t a n t i a l l y  d i f f e r -  
e n t  type of operation it is appropriate t o  examine its l i m i t s .  
Two r e l a t i v i s t i c  effects, t h e  g r a v i t a t i o n a l  r edsh i f t  and t h e  
r e l a t i v i s t i c  (second order) Doppler effect cause a s h i f t  i n  t h e  
f requency of the space clock oscillator as measured on t h e  
ground. The r e s u l t i n g  effect i n  the frequency t r a n s f e r  and i n  
t h e  t i m e  keeping between t h e  f l i g h t  clock and ground s t a t i o n s  
must be accounted for. These r e l a t i v i s t i c  effects are removed 
from t h e  comparison data by a n a l y t i c a l  means us ing  t r a c k i n g  
data e 

F o r  t h e  frequency t r a n s f e r  t h e  p re sen t  goal is to  account for  
relatixistic effects w i t h i n  a f r a c t i o n a l  frequency error of 
1x10- . T h i s  r e q u i r e s  accu rac i e s  of 10 meters i n  o rb i ta l  
a l t i t u d e  and about  1 cen t ime te r  per  second i n  r e l a t i v e  v e l o c i t y .  
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Updating orbital data, as outlined earl 
necessary accuracy in t parameters 
arcs of experiment op on 

To assess the influence of relat r 
between stations one has to cons 
iods between s n contacts. 

the following expression: 
pend only on spacecr 

AT GM 
- N  

and 2C2Re 

2 2 2C Re 
3GM 6h 

where 
h is the altitude 
Re is the radius of he earth 

From this one obtains 6(T) A 4  = 5.9~10'4 ( how ns )/meter. 
Therefore, if station-to-station contacts are arranged to be 
separated by only a few hours (see Figure 6 ) ,  fairly large 
intra-station errors in altitude can be tolerated. For time 
transfer contacts separated by intervals of the order of 1 
orbital period (90 minutes) even a kilometer error in the 
spacecraft altitude would impart only about a nanosecond error. 

Differential phase changes between the individual microwave 
carrier links are a potential error source in the RF system. 
The Doppler cancellation system eliminates phase perturbations 
that apply uniformly to all three microwave links. In designing 
the RF system special attention must be given to minimize 
differential phase changes in those parts of the system, where 
the carrier signal paths are separated, by selecting components 
and units which have a low phase/temperature coefficient. The 
necessary phase stability can be achieved by providing 
temperature control for critical subsystems as was demonstrated 
with the GP-A system. For example, the GP-A flight transponder 
exhibited a phase/temperature coefficient of 13 degrees/OC, 
which was compensated for by temperature control. If the same 
transponder were used for  STIFT, temperature control of 
0.25OC/hour would reduce i s error contribution in the frequency 
transfer to the part in lOI5 level. 
stability is well within the state-of-the-art. In addition, it 
is always possible to calibrate the phase versus temperature 
behavior and to apply appropriate corrections derived from 
telemetry data . 

This temperature 

Another potential source of phase perturbations is the flight 
antenna. Even though all three carrier signals use the same 
antenna, care must be taken to provide approximately equal 
phase characteristic for all three frequencies over a large 
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p o r t i o n  of t h e  an tenna  p a t t e r n  to  minimize d i f f e r e n t i a l  phase  
changes  i n  t h e  RF l o o p s  as t h e  a s p e c t  a n g l e  between ground 
t e r m i n a l  and spacecraft changes  d u r i n g  a c o n t a c t  

The first order atmospheric and ionospheric refract ion 
effects are e l i m i n a t e d  by t h e  Doppler c a n c e l l a t i o n  system. The 
former because  a t m o s p h e r i c  r e f r a c t i o n  e n t e r s  a l l  three l i n k s  
u n i f o r m l y  and t h e  latter because  of t h e  c a r e f u l  s e l e c t i o n  of 
f r e q u e n c i e s  used i n  t h e  t r a n s f e r  (see F i g u r e  2 ) .  The e x a c t  
f r e q u e n c y  s e l e c t i o n  for the  i o n o s p h e r i c  c a n c e l l a t i  is based on 
t h e  v e r y  good approx ima t ion  t h a t  a t  S-band f r e q u e n c i e s  t h e  
i o n o s p h e r e  behaves  l i k e  a d i s p e r s i v e  medium whose r e f r a c t i v e  
i n d e x  is i n v e r s e l y  p r o p o r t i o n a l  to  t h e  s q u a r e  of t h e  f r equency .  
With t h i s  approx ima t ion  it is p o s s i b l e  t o  s ta r t  w i t h  the  maser 
s i g n a l  i n  F i g u r e  2 and follow t h e  f r equency  m u l t i p l i c a t i o n  paths  

' t o  show t h a t  i f  t h e  r e l a t i o n  

1 1 
2 

Ground Maser Upl ink  Frequency ] = 
+[1+ c F l i g h t  Maser Downlink Frequency (Transponder  Factor)2 

is sa t i s f i ed ,  t h e n  i o n o s p h e r i c  effects c a n c e l .  

Otherwise ,  o n l y  rare p r o p a g a t i o n  anomal i e s  may affect t h e  
operation of t h e  exper iment .  There are o c c a s i o n s  when iono- 
spheric or a t m o s p h e r i c  c o n d i t i o n s  can  l i m i t  t h e  e x p e r i m e n t ,  
p a r t i c u l a r l y  f o r  o p e r a t i o n s  attempted a t  very  l o w  e l e v a t i o n  
a n g l e s .  In  t h i s  s t u d y  a n  o p e r a t i o n a l  l i m i t  of f i v e  degrees above 
t h e  ho r i zon  has been used for p l a n n i n g  purposes .  Anomolous at- 
mospher ic  r e f r a c t i o n  or u n u s u a l  i o n o s p h e r i c  s c a t t e r i n g  c o u l d  
d r i v e  t h e  l i m i t  h i g h e r  on occas ion .  In  g e n e r a l  these effects 
w i l l  impose no l i m i t  a t  a l l  and t h e  expe r imen t  can  be o p e r a t e d  
e s s e n t i a l l y  t o  t h e  l i n e - o f - t h e  s i g h t  c u t - o f f .  The f o r g o i n g  d is -  
c u s s i o n s  on performance deal s p e c i f i c a l l y  w i t h  a S h u t t l e  demon- 
s t r a t i o n  expe r imen t  and somewhat d i f f e r e n t  c o n s i d e r a t i o n s  a p p l y  
t o  a n  o p e r a t i o n a l  STIFT sys t em.  For  example,  a more predict-  
able,  h i g h e r  a l t i t u d e  o r b i t  would be selected for  such  a system. 
O v e r a l l ,  t h e  per formance  of an  optimized o p e r a t i o n a l  sys t em 
s h o u l d  be better than  what can  be a c h i e v e d  w i t h  t h e  S h u t t l e  
expe r imen t .  

Conc lus ions  

With c o n t i n u i n g  advancements i n  the performance of t i m e  and 
f r equency  s t a n d a r d s  t h e  need for  a h i g h e r  accu racy  global clock 
comparison s y s t e m  e v e r  i n c r e a s e s .  The needs w i t h i n  t h e  
n a v i g a t i o n ,  communication, and electric power t e c h n o l o g i e s  a lso 
c o n t i n u e  to  push for h i g h e r  and h igher  s y n c h r o n i z a t i o n  
a c c u r a c i e s  among remote clocks. F i g u r e  9 shows t h e  improvements 
i n  t h e  a c c u r a c y  of NBS laboratory f r equency  s t a n d a r d s  o v e r  t i m e  
together w i t h  t h e  per formance  of clock comparison methods. 
Clock accuracy  i n c r e a s e d  by a factor of 10 a p p r o x i m a t e l y  e v e r y  7 
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since 1950 ( 8 ) ,  ( 9 ) ,  (lo), There are reliable i n d i c a t i o n s  
h i s  t r e n d  w i l l  con t inue  i n  t h e  f u t u r e ,  a t  least a 
a te ,  as shown by t h e  p r o j e c t e d  accura 

s t a n d a r d  and a mercury s t anda rd  u s i n  
s t o r a g e  t echn iques  . H i s t o r i c a l l y  t h e  accur 
( i n t e r n a t i o n a l )  c l o c k  comparison methods, as measured over 24 
hour s ,  has  a lways been lower than  t h e  accuracy  of e x i s t i n g  
s t a n d a r d s  and t h i s  s i t u a t i o n  persists today  w i t h  GPS c u r r e n t l y  
be ing  t h e  most accurate g e n e r a l l y  available method. The 
ed STIFT concept represents a major s t e p  i n  performance i 
ment and is t h e  most accurate method for g l o b a l  t i m e  and f r e -  
quency t r a n s f e r  conceived so f a r .  The system would be a b l e  t o  
s a t i s f y  growing accuracy  needs of t h e  fu tu re  . 
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