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Summary F i r s t ,  Clock A and a GPS receiver  are used t o  

Even though  the GPS i s   p r i m a r i l y  a navigat ion deduce from a GPS sate1 1 i t e '  s ephemeris, from 

system, i f  t w o  clocks a t  known coordinates A and B c lock  .A 's   locat ion,  and from received GPS t ime 
are i n  common-view o f  a s ing le  GPS s a t e l l i t e ,  
rece ivers   a t  these two c lock   s i t es  may coinciden- decoded f r o m  the same s a t e l l i t e ,   t h e  t i m e  d i f f e r -  

t a l l y   rece ive   t ransmi t ted  GPS clock  t imes. By ence (Clock A - GPS time).  This method i s  the 
subtract ing  the  received  t imes  o f   ar r iva ls  as 
measured by  clocks A and B a t   t h e  two s i tes  whi le  simplest and least  accurate  (est imated  to be 

compensating for  the  propagation  delays, one has better  than  about 100 ns wi th   respect   to  GPS 
an accurate measure of   the  t ime  d i f ference between time),2 but has global coverage, is in the receive- 
c lock A and clock B. 

When a l l  o f  the  error  contr ibut ions  are  only mode, requires no other  data,  yields  receiver 
assessed, it appears t h a t  1 ns t i m e   s t a b i l i t y  and prices that   could  be  compet i t ive on a mass produc- 
10 ns o f   t ime accuracy  should be achievable i n  
measuring  remote  clocks--at  distances o f   the   o rder   t ion   bas is ,  and could  service an unl imited  audi-  
o f  a fe; thousand km. The pr imary  error sources 
are as fo l lows:  uncertaint ies i n  t h e   s a t e l l i t e  
ephemeris, d i f ferent ia l   ionospher ic  delays,   uncer-  
ta in t ies  in   t ropospher ic   de lay  est imat ion,  and 
uncer ta in t ies  in   receiver   de lays.  

We have chosen t h i s  common-view approach 
because it provides an oppor tun i ty   for  a high 
accuracy (10  ns) r e l a t i v e l y  low  cost  receiver due 
t o   t h e  common-mode error  cancel lat ion  achievable.  

In t roduc t ion  

The f a c t   t h a t  GPS t ime i s  based on atomic 

c locks,   p lus  the  fact   that   the GPS s a t e l l i t e  

ephemerides are  accurately known, leads t o  some 

s ign i f i can t   na t i ona l  and in ternat ional   t ime compar- 

i son opportunit ies. Even though GPS i s  fundamen- 

t a l l y  a navigation system, accurate  t ime i s   a l s o  

avai lable. '  It i s  assumed i n   t h i s  document t h a t  

users  wishing t o  measure o r  compare t ime on the 

ear th  will know t h e i r   l o c a t i o n  t o  w i t h i n   s i m i l a r  

u n c e r t a i n t i e s   a t t r i b u t a b l e   t o   t h e   t i m e   e r r o r s   i n  

GPS. The c i v i l i a n   o r  C/A (c lear  access)-code will 
always be avai lable and can be used f o r  general 

ence. Also, GPS t i m e  will be re fe r red  t o  UTC(USN0) 

and wiil be known wi th   respect   to  UTC(BIH), 

UTC(NBS), and other  major  t iming  centers. 

Second, Clock A and Clock B a t   d i f f e r e n t  

locat ions anywhere on ear th  can be compared by 

making  successive  observations o f  the same GPS 

s a t e l l i t e   c l o c k ,   a t   l e a s t  one o f  which will appear 

above their   hor izons  wi th  delayed  v iew  t imes  of  

less  than 12 hours. This i s  analagous t o  the 

c lock  f lyover  mode reported by J. Besson3 and 

others. The t i m e  p red ic t i on   e r ro r  f o r  the  satel-  

l i t e  cesium  clocks t o  be used i n   t h e  GPS satel-  

l i t e s  will be about 5 ns over 12 hours.  Since the 

same GPS s a t e l l i t e   c l o c k  will be viewed  by both A 

and B, biases i n   t h e   s a t e l l i t e  ephemeris may tend 

t o  cancel  depending upon geometry,  etc. Accura- 

c ies   o f   f rom 10 ns t o  50 ns are  anticipated.  This 

method requires communication of   the  data between 

A and B ,  and hence t h e   l o g i s t i c s  may limit the 

access  system design. customers. 

There  are fou r   i n te res t i ng  methods t o  employ 

GPS f o r  accurate  t ime  t ransfer  or   for   accurate 

t ime and frequency  comparisons  (see  Fig. 1): 

Thi rd  (see  Figures 1 81 2), two  users w i t h  

Clock A and Clock B a t   d i f f e r e n t   l o c a t i o n s ,   b u t   i n  

simultaneous  comon-view o f  a s ing le  GPS s a t e l l i t e  

clock, can take advantage o f  common  mode cancella- 

t i o n   o f  ephemeris e r ro rs   in   de termin ing   the   t ime 
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d i f f e r e n c e  (tA - tB). The s a t e l l i t e   c l o c k   e r r o r  

cont r ibutes  noth ing.   S ince  the GPS s a t e l l i t e s   a r e  

a t  a b o u t   4 . 2   e a r t h   r a d i i  (12 h o u r   o r b i t s ) ,   f o r  

cont inenta l   d is tances  between A and B (5  3000 km) 

the   ang le  L (A -Sa te l l i t e -B )  will be 5 loo, and t h e  

e f f e c t s   o f   s a t e l l i t e  ephemeris  errors will be 

reduced by a f a c t o r   o f  more than  10 o v e r   t h e   f i r s t  

method.  Using a f a i r l y   s t r a i g h t f o r w a r d   r e c e i v e r  

system,  an  accuracy o f   a b o u t  10 ns i n  measuring 

t h e   t i m e   d i f f e r e n c e  (tA - tB) appears  probable. 

This  again  requires  data  communication  between A 

and B. With  improved  ephemerides  and  propagation 

de lay   charac ter iza t ion ,   the   accuracy  limit f o r  

t h i s  method  appears t o  be  about 1 ns. The r e c e i v e r  

should be re la t i ve l y   i nexpens ive ,   and   g i ven   t he  

reasonab le   cos ts   o f   da ta  modems and   the   po ten t i a l  

accu rac ies   ach ievab le   v ia   t h i s  method, it makes it 

v e r y   a t t r a c t i v e  and c o s t   e f f e c t i v e   f o r   n a t i o n a l ,  

and i n  some i n s t a n c e s ,   f o r   i n t e r n a t i o n a l   t i m e  

compari sons. 

Fourth, a method  being  developed  for  Geodesy 

by JPL ( J e t   P r o p u l s i o n   L a b ~ r a t o r y ) ~  has base l i ne  

accuracy  goals  of   about 2 cm ove r   base l i nes   o f   t he  

o r d e r   o f  100 km. This  method  can  be  inverted t o  

do time  comparisons with subnanosecond accuracies. 

The two  c locks A and B separated  by  about 100 km 

have  two  broadband  receivers  wi th   tunable  t rack ing 

antennae  such t h a t   s e q u e n t i a l l y ,  4 s a t e l l i t e s  can 

b e   t r a c k e d   c o n c u r r e n t l y   a t  A and B. The da ta   a re  

c r o s s - c o r r e l a t e d   a f t e r   t h e   f a c t ,   t h e  same as i n  

l o n g   b a s e l i n e   i n t e r f e r o m e t r y ,   t o   d e t e r m i n e   l o c a t i o n  

and t i m e   d i f f e r e n c e  (tA - tB). The d a t a   d e n s i t y  

i s   h i g h  and t h e   b a s e l i n e s   a r e   r e l a t i v e l y   s h o r t ,  

but   the  accuracy i s  exce l   l en t .  

It appears t h a t  as GPS becomes f u l l y   d e v e l -  

oped, GPS t ime  may become opera t iona l   wor ld   t ime.  

Methods 1, 2, o r  3 above  would y i e l d   s i g n i f i c a n t  

improvements i n  n a t i o n a l   a n d   i n t e r n a t i o n a l   t i m e  

comparisons. I f  commercial  vendors  take  advantage 

o f  some o f  these  methods,   receiver   costs   could be 

made reasonable. The same bas ic   rece ive r   cou ld   be  

used i n  methods 1, 2 ,  o r  3 ;  t he   ma in   d i f f e rence  

would  be i n   t h e   s o f t w a r e   s u p p o r t ,  modems, and 

local   c locks.   Method 3 (common-view) coup led   w i th  

LASSO wou ld   p rov ide   an   idea l   fu tu re   method  fo r   the  

genera t i on   o f   I n te rna t i ona l   A tomic  Time, TAI,  and 

o f  UTC a t   t h e  nanosecond  accuracy l e v e l .   T h i s  

method  has the   mos t   a t t rac t i ve   accu racy /cos t   ra t i o  

and i s  being  pursued  by NBS. The t h e o r e t i c a l  

advantages  and  disadvantages  are  reported  herein. 

System Er ror   Ana lys is  

Er ro rs   Resu l t ing   f rom  Sate l l i te   Ephemer is  

Locat ion   Uncer ta in ty  

The t i m e   t r a n s f e r   e r r o r   i s  dependent  upon t h e  

e p h e m e r i s   o r   p o s i t i o n   e r r o r   o f  a s a t e l l i t e .  

Common-view t i m e   t r a n s f e r   y i e l d s  a g r e a t   r e d u c t i o n  

i n  t h e   e f f e c t   o f   t h e s e   e r r o r s  between  two  stat ions, 

A and B ,  as  compared t o   t r a n s f e r   o f   t i m e   f r o m   t h e  

s a t e l l i t e   t o   t h e  ground. Common-view t i m e   t r a n s f e r  

i s  accompl ished  as  fo l lows: 

S t a t i o n s  A and B rece ive  a common s igna l  

f rom a s a t e l  1 i t e  and  each  records  the 

l o c a l   t i m e   o f   a r r i v a l ,  tA and tB respec- 

t i v e l y .  

From a knowledge o f   s t a t i o n  and s a t e l l i t e  

p o s i t i o n   i n  a common coordinate  system, 

the  range  between  the  satel 1 i t e  and  each 

o f   t h e   s t a t i o n s   i s  computed, rA and rg 

r e s p e c t i v e l y .  

The t i m e   o f   t r a n s m i s s i o n   o f   t h e  common 

s igna l   acco rd ing   t o   each   s ta t i on ,  A and 

B ,  i s  computed by   sub t rac t ing   f rom  the  

t i m e s   o f   a r r i v a l ,   t h e   t i m e s   o f  propaga- 

t i o n   f r o m   t h e   s a t e l l i t e   t o  each o f   t h e  

respec t i ve   s ta t i ons ,   i . e .  , t h e   t i m e   t o  

t r a v e l   t h e   d i s t a n c e s ,  rA and rB, are  tA 

and tB (the  range  delays)  and  are  given 

by tA = rA/c  and tB = rB/c where c i s  

t h e  speed o f   l i g h t .   T h i s  speed i s  

s u b j e c t   t o   o t h e r   c o r r e c t i o n s  as a re  

t r e a t e d  1 a t e r .  

F i n a l l y ,   t h e   t i m e   d i f f e r e n c e ,  tAB, o f  

s t a t i o n  A I S  c lock   m inus   s ta t i on  B ' s  

c l o c k   a t   t h e   t i m e s   t h e   s i g n a l s   a r r i v e d  

i s :  

TAB = (tA - TA)  - (tB - TB) = 

(tA - - ( T A  - TB). 
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If  the  ephemeris  of  the  satellite  is off,  the 
computed  ranges  from  the  stations  to  the  satellite 
will  be  off  an  amount  dependent  on  the  way  the 
ephemeris  is  wrong  and  the  geometrical  configura- 
tion  of  the  satellite-station  systems.  The  advan- 
tage  of  common-view  time  transfer  is  that  the 
computed  bias  is  affected  not  by  range  errors  to 
individual  stations,  but  by  the  difference  of  the 
two  range  errors. Thus, much of the  ephemeris 
error  cancels  out.  To  see  how  this  works in 
detail,  suppose  the  ephemeris  data  implies  range 
delays  of t;\ and ti, but  the  actual  position  of 
the  satellite,  if  known  correctly,  would  give 
range  delays  of z A  = ti - A t A  and tB = t i  - AtB.  

Then  the  error in time  transfer  would  be AtAB = 
A t B  - A t A ,  where tAB = tiB -AtAB is  the  true  time 
difference  (clock A - clock B) and  where tiB is 
the  computed  time  difference  from  the  actual  time 
of  arrival  measurements  and  ephemeris  data. Thus, 
AtAB,  the  time  transfer  error  due  to  ephemeris 
error,  depends  not  on  the  magnitude  of  the  range 
errors,  but  on  how  much  they  differ. 

The  error in time  transfer, AtAB, as  mention- 
ed  above,  depends  on  the  locations  of  the  two 
stations  and  of  the  satel 1 i te,  as  well  as  the 
orientation  of  the  actual  position  error  of  the 
satellite.  Figures 3 through 18 at the  end  of  the 
paper  give AtAB for  some  ground  stations  of  inter- 
est  with  different  discrete  levels  of  error  shown 
as contour  graphs  dependent  on  where  the  satell 
is.  There  are  four  sets  of  contour  graphs 
each  pair  of  ground  stations;  for  current 
future  typical  ephemeris  errors,4  and  for  whet 
the  satellite is  going  north  or  south in 
orbital  plane.  Within a particular  graph, 

i te 
for 
and 
her 
its 
the 

contour  level at a point  corresponds  to  the  root- 
mean-square  value  of AtAB when  the  common  view 
satellite  is  directly  above  that  location.  The 
current  values of ephemeris  error  for  the GPS 
satellites  are  estimated  at  about 10 meters in- 
track,  i.e., in the  satellite's  direction  of 
motion; 7 meters cross-track, and 2 meters  radial.5 
This  corresponds  to  41.23  ns  rms  error  (square 
root  of  the  sum  of  squares/c).  The  projected 
values  for 1985 are 7 m  in-track, 3 m  cross-track, 
and 0.6 m  radial,  corresponding  to 25.46 ns  rms 

error.5  Notice  that  the  rms  errors  make  an  elon- 
gated  ellipsoid  and  are  dependent  on  satellite 
direction. Thus, to  compute  the  range  errors  to a 
given  pair  of  stations  for a given  satellite 
location,  one  needs  to  know  the  satel 1 ite  direc- 
tion at  that location.  The  satellite  moves in a 
fixed  plane in space  with  the  earth  rotating  under 
it. 

The  program  which  computed  the  figures  used 
an  orbital  plane  making  an  angle  of 63O with  the 
ecliptic  with  the  satellite  moving  west  to  east in 
the  plane. As an  approximation,  the  orbit  was 
assumed  circular at 4.2 earth  radii (12 hour 
period). A t  a given  latitude,  the  satellite  direc- 
tion in degrees  east o f  north  is  determined  by  the 
orbital  plane  and  whether  the  direction is norther- 
ly or southerly.  Corrections  for  the  earth's 
rotation  need  to  be  included. Thus, each  figure 
was  created  by: 1) choosing a given  pair  of 
ground  stations,  a  set  of  values  for  ephemeris 
error,  and  whether  the  satellite  was  moving  north 
or  south  in  its  orbital  plane; 2) for  a  given 
location  on a map  containing  the  ground  stations, 
finding  the  satellite  direction (a function  of 
latitude  only)  and  three  independent  position 
error  vectors  from  the  three  different  types  of 
ephemeris  error;  and 3)  approximating AtAB for 
each o f  the  independent  position  error  vectors, 
then  finding  the  square  root  of  the  sum  of  their 
squares  for  the  total AtAB at  that  location. In 
this  way a  chart  of  values  of A t A B  was  computed, 
which  were  then  plotted in contour  plots  super- 
imposed  on a world  map in cylindrical  projection. 
Clearly,  there  are  regions  shown  where  the  satel- 
lite  will  be  below  the  horizon  for  one  or  both 
stations, so the  maps  are  over-inclusive in this 
regard. 

The AxAB were  approximated in the  following 
way.  Let  us  fix a coordinate  system at the  earth's 
center  to  define  basis  vectors.  Then  let  and g 
be  the  position  vectors o f  stations A and B, 
repectively,  and 5 the  position  vector o f  the 
satellite.  Then  the  range  vectors,  pointing  to 
the  satellite  from  the  ground  stations,  are: 

-A R = s - A a n d R B = S - B .  
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L e t  eA  and  eB  be t h e   u n i t   v e c t o r s   i n   t h e   d i r e c -  

t i o n s   o f  RA and FIB r e s p e c t i v e l y .  Then the  ranges 

are: 

If S i s   t h e   s a t e l l i t e   p o s i t i o n   a c c o r d i n g   t o   i t s  

e p h e m e r i s ,   b u t   t h e   t r u e   p o s i t i o n   i s  2 + AS then  

the  new u n i t   v e c t o r s ,   e i  and e i ,   a r e   t h e  same as 

t h e   o l d   t o  f i r s t  order :  

eA-ei, = 1 - 2 + = cos ( a ) ,  where CY i s  

the  angle  between eA and e i .  

CY2 

So, t o  f i r s t  o rder ,   the  new ranges  are: 

r i  = e - ( S  + A2 - h) .  
A -  

Thus, the  range  er rors   are  approx imate ly :  

A r  = r i  - rA = e *AS and A r B  = r '  - rB = e -AS A A -  B B -  

so: 

ArAB = (ArB - ArA)/c = ;(eB 1 - eA).A2. 

We see t h a t   t h e   t i m e   t r a n s f e r   e r r o r   i n c r e a s e s  as 

t h e   v e c t o r s   p o i n t i n g   t o   t h e   s a t e l l i t e   f r o m   t h e  

ground  s ta t ions  become l e s s   p a r a l l e l  up t o   t h e  

maximum of   t imes  the   ephemer is   e r ro r  when they 

are  perpendicu lar ,  down t o  zero when they   a re  

p a r a l l e l .  Because o f  t he   do t   p roduc t ,  some i n t e r -  

e s t i n g  and   ve ry   he lp fu l   s i t ua t i ons  may ar ise .   For  

example, i f  t h e   p a t h   o f   t h e   s a t e l l i t e  were a t  

r i g h t   a n g l e s   t o   t h e   l i n e  between s t a t i o n s  A and B 

and  were  half-way i n  between  the  two  stat ions,   the 

e f f e c t  o f  the  ephemer is   er rors  due t o   r a d i a l  and 

on- t rack go t o  zero!  Since  the GPS s a t e l l i t e s   a r e  

so f a r   o u t ,  4.2 ea r th   rad i i   app rox ima te l y ,   t he  

d i r e c t i o n   v e c t o r s   p o i n t i n g   t o   t h e   s a t e l l i t e   t e n d  

t o  be c l o s e   t o   p a r a l l e l ,   t h u s   c a n c e l l i n g  most o f  

t h e   e p h e m e r i s   e r r o r   i n   a l l  cases  where common-view 

i s   a v a i l a b l e .  

Errors   Resul t ing  f rom  Ionosphere 

The i o n o s p h e r i c   t i m e   d e l a y   i s   g i v e n   b y   A t  = 
40. 3/cf2 TEC (seconds)  where TEC i s   t h e   t o t a l  

number o f   e l e c t r o n s ,   c a l l e d   t h e   T o t a l   E l e c t r o n  

Content ,   a long  the  path f r o m  t h e   t r a n s m i t t e r   t o  

t h e   r e c e i v e r ,  c i s   t h e   v e l o c i t y   o f   l i g h t   i n   m e t e r s  

pe r  second,  and f i s   t h e   c a r r i e r   f r e q u e n c y   i n  Hz. 

TEC i s   u s u a l l y  expressed  as  the number o f   e l e c t r o n s  

i n  a u n i t   c r o s s - s e c t i o n  column o f  1 square  meter 

area  a long  the  path and  ranges  from  electrons 

per  meter  squared t o  1019 e lec t rons   per   meter  

squared. A t  the  1.575 GHz C/A ca r r i e r   f requency  

f o r   t h e  GPS s a t e l l i t e  system  and f o r  a TEC o f  lo1* 
electrons  per  meter  squared, one  computes the  

d e l a y   o f  54 ns which i s   p o s s i b l e   f o r   l o w   l a t i t u d e  

p a r t s   o f   t h e   w o r l d .   F o r   t h e s e   l o w   l a t i t u d e s  and 

s o l a r  exposed  regions  of   the  wor ld,   t ime  delays 

exceeding 100 ns a r e   p o s s i b l e   e s p e c i a l l y   d u r i n g  

p e r i o d s   o f   s o l a r  maximum. C lea r l y ,   t he  TEC para- 

meter i s   o f   g r e a t   i m p o r t a n c e   i n   t h e  GPS system. 

Shown i n   F i g .  1 9  i s  a r e p r o d u c t i o n   o f  a f i g u r e  

taken  f rom a paper  by J. A. K lobuchar ,6   th is  

f i g u r e   c l e a r l y  shows d u r i n g  a s o l a r  maximum year ,  

1968, tha t   the   range  o f   de lays   vary   f rom  about  5 

to 40 ns,  being maximum near  the  equator  and  near 

t h e  noon path.   Fig.  20 i s   a l s o   f r o m   K l o b u c h a r ' s  

paper  and shows t h e   a c t u a l   v e r t i c a l   e l e c t r o n  

con ten t   a t   Hami l t on ,  MA l ook ing   towards   the  ATS-3 

s a t e l l i t e   f o r   e v e r y  day o f   t h e   y e a r ,  and here 

again one  sees t h e   v a r i a t i o n s   f r o m   t h e   o r d e r   o f  

5 ns t o  40 ns. 

In   s tudy ing   these  g raphs ,  one observes  two 

very   impor tan t   th ings :  1) t h e   t o t a l   d e l a y   a t  

n i g h t t i m e   a n d / o r   h i g h   l a t i t u d e   i s  much sma l le r  

than  a t   day t ime,   and 2)  one n o t i c e s   t h a t   t h e  

c o r r e l a t i o n   i n   a b s o l u t e   d e l a y   t i m e   c o v e r s  much 

la rge r   d i s tances  when one moves  away f rom  the 

equator and t h e   v i c i n i t y   o f  noon; the   conc lus ion  

b e i n g   t h a t  a s i g n i f i c a n t  amount o f  common-mode 

c a n c e l l a t i o n  will occur  through  the  ionosphere a t  

l a rge   d i s tances  i f  a l l   o b s e r v a t i o n s   a r e  made a t  

e i t h e r   h i g h   l a t i t u d e s   a n d / o r   a t   n i g h t t i m e .  These 

c a n c e l l a t i o n   e f f e c t s ,  as  can  be  seen  from  Fig. 20 

over  several  thousand km, will cause   e r ro rs   o f  

l e s s   t h a n  5 ns.   For   shor t   basel ines  less  than 
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1000 km, t h i s  common-mode cancel 1 a t ion  will cause 

er ro rs   o f   the   o rder   o f   o r   less   than about 2 ns. 

C lear ly ,   th is   g ives  a de f i n i t e   d i rec t i on  as 

t o  how  one should  proceed  using  the conmon-view 

GPS t ime and frequency transfer  technique proposed 

i n   t h i s  paper. Even though  the to ta l   ionospher ic  

delay may be very  large  a t   cer ta in   t imes and 

places,  there  are ways t o   p i c k  and choose, which 

would a1 low one to   ge t   l a rge  amounts o f  comon- 

mode cance l la t ion  and which  would  allow one t o  

achieve  with some care,  time and frequency t rans fe r  

accuracies  approaching a nanosecond. 

Beyond the common-mode cancel lat ion,  i f  one 

had access t o   t h e  measurements o f   t he   t o ta l   e lec -  

t ron  content ,   then  c lear ly  one could use the model 

to   actua l ly   ca lcu late  the  de lay  over   the two paths 

o f   i n t e r e s t ,   o r  i f  the  moni tor   s ta t ions  for   the 

TEC were nearby, given  reasonable  correlat ions 

from one monitor  stat ion  to  another,  one could 

in te rpo la te   the  TEC so t ha t  on  an ongoing  basi s,  

the   d i f fe ren t ia l   de lay   var ia t ions   cou ld  be calcu- 

la ted  again  to   the  order  o f  a nanosecond. Also, 

i f  one used both  the L1 and LP frequencies  from 

the GPS s a t e l l i t e ,   t h e  TEC could be calculated. 

Errors  Result ing From Troposphere 

I n   t r a n s f e r r i n g   t i m e  between ground s ta t ions  

v i a  common-view s a t e l l i t e ,  one records  the  time o f  

a r r i v a l   o f   t h e   s i g n a l  and computes the  t ime  o f  

transmission by subtracting  the  propagation  t ime. 

The propagation  time i s  found  by d iv id ing   the  

range to  the  sate1 1 i t e  by the   ve loc i t y   o f  1 i gh t .  

However, moisture and oxygen i n   t h e  troposphere 

have an e f f e c t  on the   ve loc i ty  o f  propagation  of 

the  s ignal ,   thus  af fect ing  the computed t i m e  o f  

transmission and therefore,   the  t ime  t ransfer.  

T h i s   e f f e c t   i s  dependent on the geometry, the 

l a t i  tude,  the  pressure, and the  temperature, and 

may vary i n  magnitude  from 3 ns t o  300 ns.’ 

However, by employing  reasonable models and using 

high  elevation  angles,  the  uncertaint ies i n  the 

d i f f e ren t i a l   de lay  between t w o  s i tes  should be wel l  

below 10 ns. Later on, i f  needed, the magnitude 

of  the  troposphere  delay  can be ca lcu lated  wi th  

uncertainties  which will approach a nanosecond. 

Error  Considerations i n  Receiver  Design 

Since  the  primary  goal o f   t he  NBS receiver 

design i s  accuracy i n  time and frequency t rans fer ,  

the approach  taken  tends t o  be  somewhat d i f f e r e n t  

than  perhaps may be considered i n  a navigat ion 

receiver. The fundamental  concern i s   t h a t  whatever 

t ime  de lay   ex is ts   w i th in   the   rece iver   tha t  it be 

extremely  stable ( o f  the   o rder   o f  a nanosecond). 

This,  of  course, can  be  most eas i l y  accomplished 

i f  the   to ta l   add i t iona l   de lay  (beyond cables) i s  

minimized  through  the  receiver. We also  are 

working  toward minimum parts  cost ,   whi le s t i l l  

p r o v i d i n g   f u l l   a u t o m a t i o n   i n   c a p a b i l i t y .   I n  

addi t ion,  we are  designing  into  the  current  uni ts 

being  bui It by NBS, self  contained  microprocessor 

cont ro l  and a (1 ns) t i m e  interval   counter.  

The to ta l   rece iver  will have high  accuracy, 

i s  designed t o  be very  stable, and will be t o t a l l y  

automated and self-contained.  This a1 lows one t o  

take maximum advantage o f  appropriate  seeing  t ime 

of   the  sate l l i tes,   min imize  ionospher ic   de lay and 

de lay   var ia t ions ;   to  maximize the common-mode 

cancel lat ions between  two s i tes .  We estimate a 

total  receiver  delay,  excluding  cables, t o  be less  

than 30 ns and t h e   r e c e i v e r   s t a b i l i t y   t o  be less  

than 2 ns. Receivers can be straightforwardly 

c a l i b r a t e d   i n  a side-by-side mode as t o  t h e   d i f -  

ferent ia l   delay,  and since one uses the  concept o f  

comon-mode between t w o  s i tes,   on ly   the  d i f feren-  

t i a l  delay i s  important  for   accurate  t ime and 

frequency t rans fe r  between s i t e s  A and B. 

Current and Future System Accuracy 

Poten t ia l  and System Cost 

When one combines a l l   o f   t h e   p o s s i b l e   e r r o r s  

f r o m  any o f   t he   po ten t i a l   e r ro r  sources, one 

obtains an absolute  accuracy  of t i m e  t rans fer  o f  

bet ter   than 10 ns, and a t i m e   s t a b i l i t y  of the 

order  of  a nanosecond. This means t h a t  on a 24 

hour basis, one could measure absolute  frequency 

di f ferences between remote s i t es  t o  a few par ts  i n  

1014. We ant ic ipa te  a f r o n t  end par ts  and assembly 

cost (not  including development costs)   of  w e l l  

under $10,000. This  includes  the computer and 
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automat ic  control   system as w e l l  as a I ns t ime  

in te rva l   coun te r ;   bu t ,   o f   cou rse ,  does n o t   i n c l u d e  

the  necessary  test ing  documentat ion  and  costs 

i ncu r red   by  a vendor i f  they  were t o  develop  and 

p u t   i n t o   p r o d u c t i o n  such a system.  The  concept 

being  developed has t h e   s i g n i f i c a n t  advantage t h a t  

the   ma in   cos ts  will be  f ront   end  costs   as  the 

system  should  be  un i   n tens ive  a f ter   be ing  set  i n  

operat ion.  It a l s o  has t h e   s i g n i f i c a n t  advantage 

over two-way s a t e l l i t e  systems, i n   t h a t  it i s   i n  

the   rece ive   on l y  mode, which  should  a l low a much 

l a r g e r   u s e r   a u d i e n c e   f o r   t h i s   k i n d   o f   r e c e i v e r  as 

w e l l   a s   a v o i d i n g   a l l   o f   t h e   p r o b l e m s   o f  FCC c l e a r -  

ance, e t c .   f o r   h a v i n g  a t r a n s m i t t e r ,   w h i c h   i s  

necessary   fo r  a two-way s a t e l l i t e  system.  There 

have  been some d iscuss ions   tha t   because  o f   the  

e x c e l l e n t   s i g n a l - t o - n o i s e  on t h e  C/A code t h a t   t h e  

signal  strength  would  be  degraded, so that adver- 

sary   users   wou ld   be   den ied   the   fu l l   accuracy   o f  

t h e  system.  From a t ime  and f r e q u e n c y   p o i n t   o f  

view, t h i s   w o u l d   n o t  be a ser ious  problem i f  t h e r e  

was a degradat ion i n  signal-to-noise,  because one 

cou ld   s imp ly  do averaging  and  s ince  there i s  

p l e n t y   o f   t i m e   t o  average  over a pass, t h i s   s h o u l d  

s t i l l   g i v e  comparable  accuracy  resul ts.  

The f u t u r e   a c c u r a c y   p o t e n t i a l   i s   q u i t e   e x c i t -  

i n g  because  there i s   s i g n i f i c a n t   a n t i c i p a t e d  

improvement i n   t h e   a c c u r a c y   o f   t h e  ephemerides f o r  

t h e   s a t e l l i t e s ,  and t h a t   e r r o r   c o n t r i b u t i o n   s h o u l d  

be  reduced  considerably. The ionospher ic   de lay 

can, i n  f a c t ,  be c a l i b r a t e d  a t  o r   be low  the  nano- 

second l e v e l ,  and  the   t ropospher ic   de lay   can  also  
be  modeled t o  a few  nanoseconds. As  we ga in  more 

exper ience  w i th   rece iver   des ign   and  to ta l   de lay  

and d e l a y   s t a b i l i t y ,  it i s   b e l i e v e d   t h a t   i t s  

accuracy  can  also be improved t o   t h e  nanosecond 

l e v e l   o r  be low.   U l t imate ly ,   over   the   nex t   severa l  

y e a r s   t h i s  common-view approach  could  be  developed 

wi th  accu rac ies   o f   t he   o rde r   o f  a nanosecond. 

Conclusions 

i s  achieved  because o f  common-mode c a n c e l l a t i o n s  

o f   s e v e r a l   c o n t r i b u t i n g   e r r o r s   i n   t h e  system.  The 

system  furthermore has t h e   p o t e n t i a l   t o   a c h i e v e  

accu ra te   t ime   t rans fe r  of t h e   o r d e r   o f  a nano- 

second.  The e s t i m a t e d   s t a b i l i t y   o f   t h e   r e c e i v e r  

delays  and a l l   c o n t r i b u t i n g   e r r o r   d e l a y s   s h o u l d  

y i e l d   s t a b i l i t i e s   o f   t h e   o r d e r   o f  1 ns,  which 

means t h a t  on a 24 hour   bas is ,   f requency   t rans fer  

can  occur  with  an  accuracy of about 1 p a r t   i n  

10". Two p ro to types   a re   be ing   bu i  It a t   t h e  

National  Bureau  of  Standards t o   t e s t   t h e s e   i d e a s .  
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Figure 1. 

TIME AND TIME TRANSFER ala GPS 

Four methods o f  t i m e  t rans fer  and t h e i r  approximate  accuracies 

using GPS: 

Upper l e f t ,   us ing   da ta  from  the s a t e l l i t e  t o  f i n d  GPS t i m e  and 

comparing a loca l   c lock  wi th   the GPS t i m e  scale. 

Upper r i gh t ,   us ing  one s a t e l l i t e   t o  decode GPS time a t  two 

d i f f e ren t   l oca t i ons  and times t o  compare both  c locks  wi th 

the GPS t ime  scale and hence w i t h  each other. 

Lower l e f t ,  measuring  the  time o f   a r r i v a l   o f  a common signal  

from a s a t e l l i t e   a t  t w o  locat ions t o  compare the computed 

time o f  transmission  according t o   t h e  two clocks and thus 

compare the  clocks. 

Lower r ight ,   record ing  s ignals  from f o u r   s a t e l l i t e s   a t  two 

s t a t i o n s   t o  determine  locations and time  differences. 
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NAVSTAR 

A = USNO 
B = NBS 
e = 9.20 

for 100m 6r  
or 10m 

Figure 2. Time transfer via a sa te l l i t e  in common view of two ground 
stations  indicating  that  fairly  large  errors (l00 m = 333 ns 
radial  error  or 10 m = 33 ns in-track  or  cross-track  error) in 
s a t e l l i t e  ephemeris can cancel t o  a few  ns time transfer  error. 

Figures 3-18. Contour graphs of the  error  in common-view time transfer  for 
various  choices o f  ground stations,   satell i te  direction, and 
ephemeris error. The  odd-numbered figures use current ephemeris 
error  estimates: 10 m in-track, 7 m cross-track, and 2 m 
radial corresponding t o  41.23 ns  rms (square  root of the sum of 
the  squares  divided by the speed of Tight). The even-numbered 
figures use error values  projected  for 1985: 7 m in-track, 3 m 
cross-track, and 0 . 6  m radial corresponding t o  25.46 ns  rms. 
The satell i te  direction  is  always northerly  in  the  "a"  figures 
and southerly in the "b" figures. The ground station  locations 
are marked with an " x " .  The contours in a given figure  are 
spaced for equal error values with error  increasing  as one goes 
from dotted t o  dashed t o  solid t o  dotted  lines. Figures  3a, 
3b, 4a, and 4b are examples of a l l  four  combinations; the odd 

numbered "a"  figures and the even  numbered "b" are  deleted 
thereafter because their  contour may  be inferred from studying 
Figures  3a, 3b, 4a, and 4b along with the  station combination 
of interest .  
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NBS-E I H T Lme T r a n s f e r  E r ro l -  
from rms ephaner Ls e r r o r  - 4i .  23 n s  

units-nonbseconds,   dlrect lon-north 
.727 ns  between  contours 

NBS-BIH TLme T r a n s f e r  E r r o r  
from rms ephemerls  error  - 41.23 ns 

units-nonoseconds,dlrectLon-scuth 

685 ns between  contours 

L o  
I40'u 1 1 0 ' ~  80'" 50'w 2 f . N  

L o n q l t u d e  
Figure 3b.  

NBS-BIH Time Trupsfer  E r r o r  NBS-BIH Time Trunsfer Er ro i -  
from rms ephemerLs e r r o r  - 25.46 ns from  rms  ephernerls e r r o r  - 25.46 n s  
units-noncseconds7dlrectlon-n3rth units-nonoseconds,dlrectLon-south 

.SO9 ns between contours .473 ns  between con tou rs  

140"* 11O'W 82, so'* 22. 1Q'e 

LorrqLt uae 
Figure 4 a .  
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NBS-NRC T l m e   T r a n s f e r  E r r o r  
from rms ephemeris e r r o r  - 41.23 ns 
units-nonbseconds.direction-scuth 

.200 ns between contours 

N6S-NRC T i m e   T r a n s f e r  Erro l -  
from rms eohemerls erro? - 25.46 ns 

Lonqitude 
Figure 5b. 

units-nonbseconds,dlrectioq-ccJrth 

.l67 ns between contours 

12C'" 90' Id  

Lonqitude 
Figure 6 a .  

N B S - P T B   T i m e   T r a n s f e r  E r r o r  NBS-PTB T i m e  Trans fe r  E r r o r  
from rms ephemeris e r r o r  - 41.23 ns  from rms eDhemeris error  - 25.46 ns 

units-nonoseconds, dlrect lon-scuth 
.609 ns between contours 

m '  
140'r 110'r 8O'r ='U 2C.d 

Lonqitude 
Figure 7b. 

units-nonbseconds, d i rect ion-north  
.477 ns between contours 

W '  
140'~  110 '~ BO'v so'u 2D'u 

Lonqit,udz 
Figure Ea. 
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NBS-RRL TLme T r a n s f e r  Er ro r -  NBS-RRL Time T rans fe r   E r ro i - .  
from rms ephemeris  error - 41.23 n s  from rms ephemeris  error - 25.46 n s  

units-nonoseconds,directlon-scuth units-nonoseconds,directioq-north 

.784 ns between  contours .561 ns  between  contours 

Lomqltude 
Figure 9b. 

Loncltude 
Figure loa .  

NBS-USNO TLme T r a n s f e r   E r r o r  NBS-USNO T i m e   T r a n s f e r   E r r o r  
from  rms  ephemerLs e r r o r  41-25 from  rms ephemeris  error  - 25.46 ns 

units-nanoseconds, d l r e c t l o n - s o u t h  units-nonoseconds,dlrect,Lon-north 

.202 ns between  ccntours . l 4 7  ns  between  contours 

Lonqitude 
Figure l l b .  

Lonq i t  ude 
Figure 12a. 
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NBS-Vandenberg Tlme T r a n s f e r  
E r r p r  

NBS-Vandenberg TLme T rans fe r  
E r r o r  

from rms epheme-ls e r r o r  - 41.23 ns 
unlts-nonoseconds,dlrectLo--south 

. l 0 2  ns between c o n t o u r s  

LoP3lt"de 
Figure  13b.  

NRC-PTB Tlme T rans fe r  Err-o;-- 
from rms ephernerls e r r o r  - 41.23 ns 

unlts-nonoseconds, d l rec t lon-south  

. 4 2 1  ns between contours 

U 

92'" 60' W 30" .̂ 3C'e 

Lcnql t u3e 
Figure  15b.  

from rrns ephernerls e r r o r  - 25.46 ns 
unlts-nonoseconds,dlrectlon-north 

U ) '  
170'r 1 4 0 ' ~  l IO'U 

Lonq it ude 
Figure  14a. 

NRC-PTB T i m e  Trans fer  E r r o r  
from rrns ephemerLs e r r o r  = 25.46 ns 

unlts-nonoseconds,dlrection-north 

.347 ns between contours 

Lonq It ude 
Figure 16a. 
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USNO-BIH Tlme Transfer E r r o r  
from rms ephemeris e r r o r  - 41.23 ns 

un i ts -nanoseconds,   d l rec t lon-south  
.468 ns  between  contours 

r 

USNO-BIH T l m e  Trans fer  E r r o r  
from rms ephemeris e r r o r  - 25.46 ns 
units-nanoseconds,direction-north 

.385 ns between  contours 

0 '  
IGO'w 70' U 40" IO'" 

Lonqitude 
Figure 1 7 b .  

(D' 
I W ' Y  70' VI t3.W 1 ̂ * ,U U 

Lonq i t ude 
Figure M a .  
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