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ABSTRACT 

This paper described some a l t e r n a t i v e  app l i -  
cat ions o f  Global P o s i t i o n i n g  System (GPS) inc lud-  
i n g  a method f o r  very accurate t ime t r a n s f e r  and 
f o r  c i v i l i a n  p o s i t i o n  l o c a t i o n  much less  expen- 
s i v e l y  than the  designed Department o f  Defense 
method. The f i r s t  p a r t  o f  t he  paper discusses 
several t ime t r a n s f e r  techniques w i t h  emphasis on 
what we c a l l  t he  "common-view" approach, and the 
second p a r t  considers the system f o r  p o s i t i o n  
locat ion.  Both app l i ca t i ons  depend on the  f a c t  
t h a t  accurate ephemerides are ava i l ab le  f o r  GPS 
and t h a t  GPS t ime i s  based on atomic clocks. It 
i s  assumed t h a t  t he  c i v i l i a n  o r  clear-access code 
(C /A)  i s  ava i l ab le  du r ing  the observation periods. 
The accuracy o f  t ime t r a n s f e r  over a few thousand 
km using the "common-view" approach i s  est imated 
a t  about 10 ns, and the  accuracy o f  p o s i t i o n  
l o c a t i o n  a t  about 100 m. 

INTRDDUCTIPN 

This paper describes some a l tm-na t i ve  a p p l i -  

cat ions o f  GPS i nc lud ing  a mathoa f o r  very accurate 

t ime  t r a n s f e r  and f o r  c i v i l i a n  p o s i t i o n  l o c a t i o n  

which could, I n  p r i n c i p l e ,  be doni? much less  

expensively l ess  expensively than the  designed DO0 

method. The f 5 r s t  p a r t  o f  the paper discusses 

several t ime t r a n s f e r  techniques w i t h  emphasis on 

what we c a l l  t he  "common-view" approach, and the  

second p a r t  considers the  system f o r  p o s i t i o n  

l oca t i on .  The primary d i f f e rence  between t h e  two 

app l l ca t i ons  i s  t h a t  t he  t ime t r a n s f e r  technique 

requ i res  the  use? t o  know h i s  l oca t i on ,  w h i l e  t h e  

p o s i t i o n  l o c a t i o n  technique al lows the  user t o  

determine h i s  p o s i t i o n  (and c lock  o f f s e t  from GPS 

system t ime, i f  he des i res)  by making observations 

of s ignals  from several s a t e l l i t e s ;  t he  usual 

scheme f o r  determining p o s i t i o n  from s igna ls  

emanating from several known locat ions.  Both 

app l i ca t i ons  depend on the  f a c t  t h a t  accurate 

ephemerides are a v a i l a b l e  f o r  GPS and t h a t  GPS 

t ime i s  based on atomic clocks. I t  i s  assumed 

t h a t  the c i v i l i a n  o r  clear-access code (C /A)  i s  

ava i l ab le  dur ing the observation periods. 

FOUR METHODS FOR ACCURATE TIME TRANSFER 

There are f o u r  i n t e r e s t i n g  methods t o  employ 

GPS f o r  accurate t ime t r a n s f e r  o r  f o r  accurate 

t ime and frequency comparisons (see Fig. 1). 
F i r s t .  Clock A and a GPS rece ive r  are used t o  

deduce from a GPS s a t e l l i t e ' s  ephemeris, from 

c lock  A ' s  l oca t i on .  and from received GPS t ime 

decoded from the same s a t e l l i t e ,  t he  t ime d i f f e r -  

ence (Clock A - GPS t ime) (1). This method i s  t he  

s implest  and l e a s t  accurate (est imated t o  be 

b e t t e r  than about 100 ns w i t h  respect t o  GPS time) 

(21, b u t  has g lobal  coverage, i s  i n  the receive- 

on l y  mode, requi res no other  data, y i e l d s  rece ive r  

p r i c e s  t h a t  could be compet i t ive on a mass produc- 

t i o n  basis, and could serv ice an un l im i ted  audi- 

ence. Also, GPS t ime w i l l  be r e f e r r e d  t o  UTC(USN0) 

and w i l l  be k n o w  w i t h  respect  t o  UTC(BIH), 

UTC(NBS), and o the r  major t i m i n g  centers. 

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

l oca t i ons  anywhere on e a r t h  can be compared by 

making successive observations o f  t he  same GPS 

s a t e l l i t e  c lock,  a t  l e a s t  one o f  which w i l l  appear 

above t h e i r  horizons w i t h  delayed view times of 

l ess  than 12 hours. This i s  analogous t o  the 

c l o c k  f l y o v e r  mode repor ted by J. Besson (3)  and 

others. The t ime p r e d i c t i o n  e r r o r  f o r  the sa te l -  

l i t e  cesium c locks t o  be used i n  the GPS sa te l -  

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

same GPS s a t e l l i t e  c lock  w i l l  be vtewed by bo th  A 

and 8, biases i n  the s a t e l l i t e  ephemeris may tend 
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t o  cancel depending upon geometry, e t c .  Accura- 
c i e s  o f  from 10 ns t o  50 ns are an t i c fpa ted .  Th is  

method requ i res  communication o f  t h e  data b e t w e n  

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

customers. 

T h i r d  (see f i g u r e s  1 & 2). two users w i t h  

Clock A and Clock 8 a t  d i f f e r e n t  l oca t i ons ,  b u t  i n  

simultaneous common-view o f  a s i n g l e  GPS s a t e l l i t e  
c lock.  can take advantage o f  common mode cancel la-  

t i o n  o f  ephemeris errors i n  determin ing t h e  t ime  

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  

con t r i bu tes  nothing. Since the  GPS s a t e l l i t e s  are 

a t  about 4.2 e a r t h  r a d i i  (12 hour o r b i t s ) .  f o r  

con t i nen ta l  distances between A and B (z 3000 km) 

the  angle L (A-Sate l l i te-B)  w i l l  be 2 loo, and the  

e f f e c t s  o f  s a t e l l i t e  ephemeris e r r o r s  w i l l  be 

reduced by a f a c t o r  o f  more than 10 over the  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  about 10 ns i n  measuring 

the  t ime d i f f e rence  (tA - tB) appears probable. 

This again requ i res  data communication between A 

and 8 .  With improved ephemerides and propagat ion 

delay c h a r a c t e r i z a t i o n ,  t h e  p o t e n t i a l  accuracy 

l i m i t  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 r e l a t i v e l y  inexpensive. and 

g iven the  reasonable costs  o f  data modems and t h e  

p o t e n t i a l  accuracies achievable v i a  t h i s  method. 

i t  makes i t  very 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 instances, f o r  i n t e r n a t i o n a l  

t ime comparisons. 

Fourth, a method being developed f o r  Geodesy 

by JPL ( J e t  Propuls ion Laboratory) (4) has base l i ne  

accuracy goals o f  about 2 cm over  basel ines o f  t h e  

order  o f  100 km. Th is  method can be i n v e r t e d  t o  
do t ime comparisons wi th subnanosecond accuracies. 

The two c locks A and B separated by abeut 100 kn 
have two broadband rece ive rs  w i t h  tunable t r a c k i n g  

antennae such t h a t  sequen t ia l l y .  4 s a t e l l i t e s  can 

be t racked concur ren t l y  a t  A and 8. The data a re  

c ross -co r re la ted  a f t e r  t h e  f a c t ,  t he  same as fn 
long basel i n e  i n te r fe romet ry ,  t o  determine l o c a t i o n  

and t ime d i f f e r e n c e  (tA - ta). The data dens i t y  

f s  h igher  than w i t h  the  o the r  approaches and t h e  

basel ines are r e l a t i v e l y  shor t ,  b u t  t he  accuracy 

i s  exce l l en t .  

I t  appears t h a t  as GPS becomes f u l l y  devel- 
oped, GPS t ime may become opera t i ona l  wor ld  time. 

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  and i n t e r n a t i o n a l  t ime  

comparisons. I f  commerclal vendors take  advantage 

o f  some o f  these methods, r e c e i v e r  costs  cou ld  b e -  

made reasonable. The same bas ic  r e c e i v e r  cou ld  be 

used i n  methods 1, 2, o r  3; t h e  main d i f f e r e n c e  

would be i n  t h e  sof tware supoort,  modems, and 

l o c a l  c locks.  Th is  method has the  most a t t r a c t i v e  

accuracy/cost r a t i o  and i s  be ing pursued by NBS. 

The t h e o r e t i c a l  advantages and disadvantages are 

reoo r ted  here in.  

SYSTEM ERROR ANALYSIS 

Errors Resu l t i ng  from S a t e l l i t e  Ephemeris Locat ion 

Uncer ta in t y  

The t ime  t r a n s f e r  e r r o r  i s  dependent upon the 

ephemeris or 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 n e  t r a n s f e r  y i e l d s  a g r e a t  reduc t i on  

i n  t h e  e f f e c t  oc  thesa e r r o r s  between two s t a t i o n s ,  

A and 0, as compared t o  t r a n s f e r  o f  Lime from t h e  

s a t e l l i t e  t o  the  ground. Common-vie* t ime t r a n s f e r  

i s  accomplished as fo l lows:  

S ta t i ons  A and 9 receibe a commoii s igna l  

f r o m  a s a t e l l i t e  and each records the  

l o c a l  t ime o f  a r r i v a l ,  t and tB rcspec- 

t i v e l y .  

From a knohledge 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 coord inate 

system, the  range between t h e  s a t e l l i t e  

and each of t h e  s t a t i o n s  i s  computed, rA 

and rB respec t i ve l y .  

The t ime  o f  t ransmiss ion o f  t h e  cammon 

s igna l  accord ing t o  each s t a t i o n ,  A and 

8, i s  computed by s u b t r a c t i n g  from the 

t imes o f  a r r i v a l ,  t he  t imes o f  propaga- 

t i o n  from the  s a t e l l i t e  t o  each o f  the 

respec t i ve  s t a t i o n s ,  i. e. , the t ime t o  

t r a v e l  t h e  d is tances,  rA and rB, are  T~ 

and T~ ( t h e  range delays)  and a re  g iven 

by T~ = r A / c  and T~ = r /c where c i s  

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

sub jec 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  l a t e r .  

A 

B 
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4) Finally, the time difference, rAB, of 
station A ' s  clock minus station 6 ' s  

clock at the times the signals arrived 
is: 

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 drong 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 'A and rb,  but the actual position of 
the satellite, if known correctly, would give 
range delays of rA = TA -  AT^ and rB = r; - ArB. 
Then the error in time transfer would be ArAB = 
ArB - O r A ,  where rAB = rAB -AxAB i s  the true time 
difference (clock A - clock B )  and where r iB  i s  

the computed time difference from tne actual time 
of arrival measurements and ephemeris data. Thus, 

tke time transfer e r r w  due to ephemeris "AB'  
error, depends not on the magn!tude of the range 
errors, but on how much they differ. 

The error in time transfer, ArAB.  as mention- 
ed above, depends on the locations of the two 
stations and of the satellite, as well as the 
orientation of the actual position error of the 
satellite. Figures 3 through 18 at the end of the 
paper give ArAB for some ground stations of inter- 
est with different discrete levels of error shown 
as contour graphs dependent on where the satellite 
is. For each pair of ground stations, we have 
selected contour graphs from A possible set of four 
contour graphs for current and future typical 
ephemeris errors and for whether the satellite is 
going north or south in its orbital plane. Within 
a particular graph, the contour level at a point 
corresponds to the root-mean-square value of ArAB 

when the common view satellite is directly above 

that location. The current values of ephemeris 
error for the GP5 satellites are estimated at 
about 10 meters in-track, i.e., in the satellite's 
direction o f  motion; 7 meters cross-track, and 2 
meters radial (5). This corresponds to 41.23 ns 
rms error (square root of the sum of squaredc). 
The projected values for 1985 are 7 m in-track, 
3 in cross-track, and 0.6 m radial, corresponding 
to 25.46 ns rms error (5). 

Notice that the rms errors make an elongated 
ellipsoid and are dependent on satellite direction. 
Thus, to compute the range errors to a given pair 
o f  stations for a given satellite location, one 
needs to know the satellite direction 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 63' 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). At a given latitude, the satellite direc- 
tion in degrees east of north is determined by the 
orbital plane and whether the direction is north- 
erly 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) f o r  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  AT^^ for 
each o f  the independent position error vectors, 
then finding the square root of the sum of their 
squares for the total ArAB at that location. In 
this way a chart of values of  AT^^ was computed, 
which were then plotted ir! 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. 
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The AzAB were approximated i n  t h e  f o l l o w i n g  

L e t  us f i x  a coord inate system a t  t h e  e a r t h ' s  way. 

cen te r  t o  d e f i n e  bas i s  vectors. Then l e t  and 

be t h e  p o s i t i o n  vectors  o f  s t a t i o n s  A and B ,  
r e p e c t i v e l y ,  and 2 t h e  p o s i t i o n  vec to r  o f  t h e  

s a t e l l i t e .  Then t h e  range vectors ,  p o i n t i n g  t o  

the  s a t e l l i t e  from the  ground s t a t i o n s ,  are: 

and were half-way i n  between the  two s t a t i o n s ,  t he  

e f f e c t  o f  t he  ephemeris errors due t o  r a d i a l  and 

on- t rack go t o  zero! Since t h e  GPS s a t e l l i t e s  a re  

so f a r  out ,  4.2 e a r t h  r a d i i  approximately, t he  

d i r e c t i o n  vec to rs  p o i n t i n g  t o  t h e  s a t e l l i t e  tend 

t o  be c l o s e  t o  p a r a l l e l ,  thus c a n c e l l i n g  most of 
t h e  ephemeris e r r o r  i n  a l l  cases where common-view 

i s  ava i l ab le .  

Errors Resu l t i ng  from Ionosphere 

Le t  6, and Sa be t h e  un i t  vectors  i n  the  d i r e c -  

t i o n s  o f  EA and Ra respec t i ve l y .  Then t h e  ranges 

are: 

I f  2 i s  t he  s a t e l l i t e  p o s i t i o n  accord ing t o  i t s  

ephemeris, b u t  t h e  t r u e  p o s i t i o n  i s  + e then 

t h e  new u n i t  vectors ,  ii and i i ,  are  t h e  same as 

the  o l d  t o  f i r s t  order: 

where a i s  t h e  angle between 3, and 'A. 
f i r s t  order ,  t h e  new ranges are: 

So. t o  

Thus, t h e  range errors are  approximately: 

ArA = rA - rA = i A - A s  and 

Or = rh - ra = gB-hs, B 

so: 

We see t h a t  t h e  t ime  t r a n s f e r  e r r o r  increases as 

the vec to rs  p o i n t i n g  t o  the  s a t e l l i t e  from t h e  

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

maximum o f  f l  t imes t h e  ephemeris erfor when they 

a re  p / rpend icu la r ,  down t o  zero when they a t e  

p a r a l l e l .  Because o f  t he  d o t  product ,  some i n t e r  

e s t i n g  and very h e l p f u l  s i t u a t i o n s  nay ar i se .  For 
example, i f  the  pa th  o f  t he  s a t e l l i t e  were a t  

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

The ionospher ic  t ime  delay i s  g iven by A t  = 
(40.3/cf2) TEC (seconds) where TEC i s  the  t o t a l  

number o f  e lec t rons ,  c a l l e d  the  To ta l  E l e c t r o n  

Content, a long the  p a t h  from t h e  t r a n s m i t t e r  t o  

the  rece ive r ,  c i s  t h e  v e l o c i t y  o f  l i g h t  i n  meters 

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

TEC i s  u s u a l l y  expressed as t h e  number D f  e lec t rons  

In a u n i t  cross-sect ion column o f  1 square meter 

area a long t h e  p a t h  and ranges from 1OI6 e lec t rons  

p e r  meter squared t o  loi9 e lec t rons  pe r  meter 

squared. A t  t h e  1.575 GHz C/A  c a r r i e r  frequency 

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  10l8 
e l e c t r o n s  pe r  meter squared, one computes the  

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

p a r t s  o f  t h e  world. For these low l a t i t u d e s  and 

s o l a r  exposed reg ions o f  t h e  wor ld ,  t i n e  delays 

exceeding 100 ns are p o s s i b l e  e s p e c i a l l y  du r ing  

pe r iods  o f  s o l a r  maqimmum. C l e a r l y ,  t h e  TEC para- 

meter i s  o f  g r e a t  importance i n  t h e  GPS system. 

Shown i n  Fig. 19 i s  a rep roduc t i on  o f  a f i g u r e  

taken from a paper by J .  A. Klobuchar (S) ,  t h i s  

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, t h a t  t he  range o f  delays vary from about 5 

t o  40 ns, be ing  maximum near the  equator and near 

t h e  noon path. Th is  f i g u r e  r e f e r s  t o  t h e  e x t r a  

de lay t h a t  would be encountered i f  the  s a t e l l i t e  

was d i r e c t l y  overhead. A t  lower  e l e v a t i o n  angles, 

t h e  s l a n t  p a t h  through the  ionosphere lengthens. 

which increases the  ionospher ic  component of  
delay. I f  io  i s  t h e  t o t a l  p a t h  de lay when t h e  

s a t e l l i t e  i s  overhead, then  the  p a t h  delay,  T, a t  

o t h e r  e l e v a t i o n  angles, E. i s  g i ven  t o  a good 

approx imat lon by I 
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Fig. 20 i s  a l so  from Klobuchar's paper and 

shows the  actual  v e r t i c a l  e l e c t r o n  content a t  

Hamilton. MA l ook ing  towards the  ATS-3 s a t e l l i t e  
f o r  every day o f  the year, and here again one sees 
the v a r i a t i o n s  from the  order o f  5 ns t o  40 ns. 

I n  s tudy ing these graphs, one observes two 

very important th ings:  1) the t o t a l  delay a t  

than a t  daytime, and 2 ) t h e  c o r r e l a t i o n  i n  absolute 

delay t ime covers much l a r g e r  distances when one 

moves away from the  equator and the  v i c i n i t y  o f  

noon; the conclusion being t h a t  a s i g n i f i c a n t  

amount o f  common-mode cance l l a t i on  w i l l  occur 

through the  ionosphere a t  sho r t  or long basel ines 

between A and B i f  observations are made a t  e i t h e r  

h igh  l a t i t u d e s  and/or a t  n ight t ime.  These cancel- 
l a t i o n  e f f e c t s ,  as can be seen from Fig. 20 over 

several thousand km, w i l l  cause e r r o r s  o f  l ess  
than 5 ns. For shor t  basel ines l ess  than 1000 km, 

t h i s  common-mode cance l l a t i on  w i l l  cause e r ro rs  o f  

the order o f  or l ess  than about 2 ns. 

n igh t t ime  and/or h igh  l a t i t u d e  i s  much smaller 

C lea r l y ,  t h i s  gives a d e f i n i t e  d i r e c t i o n  as 

t o  how one should proceed using the  common-view 

GPS t ime and frequency t r a n s f e r  technique proposed 

i n  t h i s  paper. Even though the t o t a l  ionospheric 

delay may be very l a rge  a t  c e r t a i n  times and 

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

would a l l ow  one t o  get  large amounts o f  common- 

mode cance l l a t i on  and which would a l l ow  one t o  

achieve w i t h  some care, t ime and frequency t r a n s f e r  

accuracies approaching a nanosecond. 

Beyond the  common-mode Cancel la t ion,  i f  one 

had access t o  the measurements o f  t he  t o t a l  e lec-  

t r o n  content, then c l e a r l y  one could use the model 

t o  a c t u a l l y  ca l cu la te  the delay over the  two paths 

of i n t e r e s t ,  o r  i f  the monitor s ta t i ons  f o r  t he  

TEC were nearby, given reasonable c o r r e l a t i o n s  

from one monitor s t a t i o n  t o  another. one cou ld  

i n t e r p o l a t e  the  TEC so t h a t  on an ongoing bas is ,  

the d i f f e r e n t i a l  delay v a r i a t i o n s  could be calcu- 

l a t e d  again t o  the order o f  a nanosecond. Also, 

if one used both the L1 and L2 frequencies from 

the  GPS s a t e l l i t e ,  t he  TEC could be ca lcu lated.  

E r ro rs  Resul t ing From Troposphere 

I n  t r a n s f e r r i n g  t ime between ground s ta t i ons  
v i a  common-view s a t e l l i t e ,  one records the t ime o f  

a r r i v a l  o f  the s ignal  and computes the t ime o f  

transmission by sub t rac t i ng  the  propagation time. 

The propagation t ime i s  found by d i v i d i n g  the 

range t o  the  s a t e l l i t e  by the  v e l o c i t y  o f  l i g h t .  . 
However, moisture and oxygen i n  the troposphere 

have an e f f e c t  on the v e l o c i t y  o f  propagatton o f  

t he  s igna l ,  thus a f f e c t i n g  the  computed t i m e  of 

transmission and therefore,  the t ime t rans fe r .  

This e f f e c t  i s  dependent on the geometry, the 

l a t i t u d e ,  t he  pressure, and the temperature, and 

may vary i n  magnitude from 3 ns t o  300 ns (7).  

However, by employing reasonable models and using 

h igh  e leva t i on  angles, the unce r ta in t i es  i n  the 

d i f f e r e n t i a l  delay between two s i t e s  should be 
we l l  below 10 ns. Later  on, i f  needed, the magni- 

tude o f  t he  troposphere delay can be ca l cu la ted  

w i t h  unce r ta in t i es  which w i l l  approach a nano- 

second. 

R e l a t i v i s t i c  Corrections 

I n  nav igat ional  and t ime t r a n s f e r  systems 

where great  accuracy i s  requi red,  r e l a t i v i s t i c  

e f fects  become important. The r e l a t i v i s t i c  cor- 

r e c t i o n  i s  comprised o f  t h ree  components: a 

c o r r e c t i o n  f o r  g r a v i t a t i o n a l  p o t e n t i a l ;  another 

f o r  c lock  motion; and f i n a l l y ,  f o r  e a r t h  r o t a t i o n .  

I n  many instances, a l l  t h ree  components must be 

considered. We r e f e r  the reader t o  r e f .  (a), 
which provides numerous examples i n  a v a r i e t y  o f  

app l i ca t i ons .  However, i n  t h i s  paper, which 

focuses on the common-view t ime t r a n s f e r  technique 

and on passive recept ion o f  GPS s igna ls  f o r  p o s i -  

t i o n  l oca t i on ,  on ly  the l a s t  component i s  important 

--the c o r r e c t i o n  for ear th  r o t a t i o n .  F igure (21) 
i l l u s t r a t e s  why t h i s  c o r r e c t i o n  i s  needed. 

Let  be the p o s i t i o n  o f +  the s a t e l l i t e  a t  

t he  i n s t a n t  o f  transmission and zA be the ea r th  

s t a t i o n  p o s i t i o n  a t  the same i n s t a n t .  The d i f f e r -  

ence between T and the  t ime, T I ,  i t  would take f o r  

the s igna l  t o  propagate i f  the ground s t a t i o n  had 



n o t  moved due t o  e a r t h  r o t a t i o n  i s  g iven approxi- 

mately by 

T - T' = -10 r' -A k x rA /c2  

where T and T' are  as shown i n  f i g u r e  21, and 

where w i s  t h e  r o t a t i o n a l  angular v e l o c i t y  of t h e  

ear th ,  c t h e  speed o f  l i g h t ,  and k i s  a un i t  
vec to r  i n  the  d i r e c t i o n  o f  t h e  e a r t h ' s  r o t a t i o n  

ax is .  I f  the re  w r e  no e a r t h  r o t a t i o n  (w = 0). 
T = T I  as one would expect. As t h e  equat ion shows, 

the  magnitude o f  T - T' depends upon the  r e l a t i v e  

p o s i t i o n s  of the e a r t h  s t a t i o n ,  t h e  s a t e l l i t e ,  and 

the d i r e c t i o n  o f  t he  a x i s  o f  e a r t h  r o t a t i o n .  For  

GPS s a t e l l i t e s  w i t h  a nominal 12 hour c i r c u l a r  

o r b i t .  if one assumes T = T I ,  then e r r o r s  o f  

n e a r l y  100 ns for t h e  "worst  case" geometry cou ld  

r e s u l t .  

- 

This c a l c u l a t i o n  can be reduced t o  a few 

simple operat ions.  The s a t e l l i t e  p o s i t i o n  vector ,  

$, can be computed i n  e a r t h - f i x e d  coord inates 

from the  GPS C/A data. The e a r t h  s t a t i o n  p o s i t i o n  

vector ,  tA, should be known. Then the  d i s tance  

between them a t  the i n s t a n t  o f  t ransmiss ion i s :  

The c o r r e c t i o n  term can be s i m p l i f i e d  i f  we con- 

s i d e r  the  vec to r  i d e n t i t y :  

The term on the  r i g h t  i s  s imply  t h e  z-component o f  

t he  cA x cross product  which equals: 

'Ax 'by - rAy rbx 

Thus, we f i n d :  

For t h i s ,  t h e  values 

known. 

few i n d i c a t e d  operations. 

A l l  we need compute i s  16 and perform the  

A way t o  c a l c u l a t e  and t o  concep tua l i re  t h i s  

c o r r e c t i o n  due t o  e a r t h  r o t a t i o n  (sometimes c a l l e d  

t h e  Sagnac e f f e c t )  i S  t h e  fo l l ow ing .  Consider a 

v e c t o r  w i t h  i t s  t a i l  a t  t h e  cen te r  o f  t he  e a r t h  

and i t s  head a t  t h e  l o c a t i o n  o f  t h e  GPS s a t e l l i t e  

a t  t he  t ime  o f  t ransmiss ion o f  a s igna l .  L e t  t h e  

head o f  t he  vec to r  f o l l o w  t h e  s igna l  t o  i t s  recep- 

t i o n  point - -say a t  some ground s t a t i o n  rece ive r .  

The vec to r  i n  so do ing w i l l  sweep o u t  an area, A. 

which has a p r o j e c t i o n  on the  e q u a t o r i a l  p lane,  

A ' .  The c o r r e c t i o n  i s  g iven by: 

where A '  i s  measured i n  k i l omete rs  squared and i s  

considered p o s i t i v e  (negat ive)  when the  area swept 

I s  eastward (westward). 

Error Considerat ion i n  Receiver Design 

Since t h e  pr imary goal o f  t he  NBS r e c e i v e r  

design i s  accuracy i n  t ime and frequency t r a n s f e r ,  

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

than perhaps may be considered i n  a n a v i g a t i o n  

rece ive r .  The fundamental concern i s  t h a t  whatever 

t ime  delay e x i s t s  w i t h i n  the  r e c e i v e r  be extremely 

s t a b l e  ( o f  t h e  order  o f  a nanosecond). Th is ,  o f  

course, can be most e a s i l y  accomplished if the  

t o t a l  a d d i t i o n a l  de lay (beyond cables)  i s  minimized 

through t h e  rece ive r .  We a l so  are working toward 

min imum p a r t s  cost ,  w h i l e  s t i l l  p r o v i d i n g  f u l l  

automation c a p a b i l i t y .  I n  a d d i t i o n ,  we are design- 

i n g  i n t o  t h e  c u r r e n t  u n i t s  be ing b u i l t  by NBS, 

s e l f  conta ined microprocessor c o n t r o l  and a (1 ns) 

t ime  i n t e r v a l  counter .  

The t o t a l  r e c e i v e r  w i l l  have h i g h  accuracy, 

i s  designed t o  be very s tab le ,  and w i l l  be t o t a l l y  

automated and se l f -conta ined.  Th is  a l lows one t o  

t ake  maximum advantage o f  app rop r ia te  seeing t ime 

o f  t h e  s a t e l l i t e s ,  minimize ionospher ic  delay and 

delay v a r i a t i o n s .  and maximize the  common-mode 

c a n c e l l a t i o n s  between two s i t e s .  We est imate a 

t o t a l  r e c e i v e r  delay, exc lud ing  cables, t o  be l ess  

than 30 ns and the  r e c e i v e r  i n s t a b i l i t y  t o  be l ess  

than 2 ns. This  s t a b i l i t y  assumes a 16 db antenna, 

which t r a c k s  the  s a t e l l i t e .  and a 1 Hz r e c e i v e r  
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loop bandwidth. Receivers can be s t ra igh t fo rward l y  
c a l i b r a t e d  i n  a side-by-side mode as t o  the  d i f -  

f e r e n t i a l  delay, and since one uses the  concept o f  
common-mode between two s i t e s ,  on l y  the  d i f f e r e n -  

t i a l  delay i s  important f o r  accurate t ime and 

frequency t r a n s f e r  between s i t e s  A and B. 

CURRENT AND FUTURE SYSTEM ACCURACY POTENTIAL 

AND SYSTEM COST 

When a l l  o f  t he  estimated e r r o r s  from any o f  

the p o t e n t i a l  e r r o r  sources are combined, one 

obta ins an absolute accuracy o f  t ime t r a n s f e r  o f  

b e t t e r  than 10 ns, and a t ime s t a b i l i t y  o f  t he  

order o f  a nanosecond. This  means t h a t  on a 24 

hour basis, one could measure absolute frequency 

d i f ferences between remote s i t e s  t o  a few p a r t s  i n  
lo1'. We a n t i c i p a t e  a f r o n t  end p a r t s  and assembly 

cos t  (no t  i n c l u d i n g  development costs)  o f  w e l l  

under $10,000. This inc ludes the  computer and 

automatic con t ro l  system as w e l l  as a 1 ns t ime 

i n t e r v a l  counter; but ,  o f  course, does no t  inc lude 

the necessary t e s t i n g ,  documentation, and costs 

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

p u t  i n t o  product ion such a system. The concept 

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

the main costs w i l l  be f r o n t  end costs  as the  

system should n o t  be l abo r - i n tens i ve  a f t e r  being 

se t  i n  operation. I t  a lso  has the  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 o f  operat- 

i n g  i n  the receive on ly  mode, which should a l l ow  a 

much l a r g e r  user audience f o r  t h i s  k ind  o f  rece ive r  

as we l l  as avoid ing a l l  o f  t he  problems o f  c lea r -  

ances f o r  operat ing a t ransmi t te r ,  which are 

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

have been some ind i ca t i ons  t h a t ,  because o f  t h e  

exce l l en t  s ignal - to-noise on the  C/A code, t h e  

s igna l  s t reng th  would be degraded, so t h a t  adver- 

sary users would be denied the  f u l l  accuracy o f  

t he  system. From a t ime and frequency p o i n t  o f  

view, t h i s  may or may n o t  be a serious problem 

depending on how and when a l l  t h i s  i s  done. For 

example, i f  the re  was a degradation i n  s ignal - to-  

noise, one could simply do averaging s ince the re  

i s  p l e n t y  o f  t ime t o  average over a pass, and i n  

t h i s  case, one would s t i l l  ge t  comparable accuracy 

res u 1 t s  . 

The f u t u r e  accuracy 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 the re  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  the accuracy o f  t he  ephemerides f o r  
t he  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  should 

be reduced considerably. The ionospheric delay 

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

second l e v e l ,  and the  t ropospher ic  delay can a l so  

be modeled t o  a few nanoseconds. As we gain more 

experience w i th  rece ive r  design and t o t a l  delay 

and delay s t a b i l i t y ,  it i s  be l i eved  t h a t  i t s  

accuracy can a l so  be improved t o  the nanosecond 

l e v e l  or below. U l t ima te l y ,  over the  next  several 

years t h i s  common-view approach could be developed 

w i t h  accuracies o f  the order o f  a nanosecond. 

P O S I T I O N  LOCATION 

I n  the  t i m i n g  mode, i t  i s  assumed t h a t  the 

s a t e l l i t e  and the  use r ' s  geographic l oca t i ons  are 

known, so t h a t  range delay can be ca lcu lated.  I n  

the  nav igat ion mode, the  u s e r ' s  p o s i t i o n  i s  deter-  

mined by making observations o f  s ignals  from 

several s a t e l l i t e s .  

If the use r ' s  c lock  i s  synchronized t o  GPS 

system t ime (or t he  equiva lent  i f  the o f f s e t  i s  

known), the range between user and a p a r t i c u l a r  

s a t e l l i t e  can be determined d i r e c t l y  by simply 

measuring the t ime it takes a s ignal  t o  t r a v e l  

from the s a t e l l i t e ,  whose p o s i t i o n  i s  known, t o  

the user. One such measurement pu ts  the user on 

the  surface o f  a sphere concentr ic  w i t h  the sa te l -  

l i t e  and w i t h  rad ius equal t o  t h e  range t o  the 

s a t e l l i t e .  Three such measurements t o  three 

d i f f e r e n t  s a t e l l i t e s  determine the  use r ' s  p o s i t i o n  

as being a t  the p o i n t  o f  common i n t e r s e c t i o n  o f  

t he  th ree  spheres. 

I f  the  user does no t  know GPS system t ime,  

then h i s  p o s i t i o n ,  as w e l l  as the r e l a t i o n  o f  h i s  

c lock  t o  system t ime, can be determined f r o m  

observations o f  s igna ls  from f o u r  s a t e l l i t e s .  I n  

mathematical terms, the re  are fou r  unknowns ( the  

use r ' s  l o c a t i o n  i n  space (x, y, and z) and the 

unknown t ime o f f s e t )  and fou r  equations which 

r e l a t e  the  use r ' s  p o s i t i o n ,  t he  s a t e l l i t e  pos i -  

t i o n s ,  and the  c l o c k  o f f s e t ,  so t h a t  x, y, z, and 

t can be determined uniquely. 
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I d e a l l y ,  one would l i k e  t o  make a l l  measure- 

ments simultaneously. However, t h i s ,  i n  e f f e c t ,  

requ i res  as many r e c e i v i n g  and process ing channels 

as the re  are s a t e l l i t e s  t o  be measured. The 

a l t e r n a t i v e  i s  make measurements s e r i a l l y  i n  t ime  

w i t h  j u s t  one rece ive r .  However, t h i s  requ i res  

t h a t  t he  severa l  measurements be "coherent" i n  

time. As a simple i l l u s t r a t i o n ,  cons ider  a user 

a t  l o c a t i o n s  x, y, and z and two s a t e l l i t e s  , S1 
and S2, a t  xsl, YS1,rS1 and xs2, yS2, zs2 (see 
f i g u r e  21). Suppose t h e  user  f i r s t  measures a 

s igna l  from S1 a t  t ime  tl. I f  t h e  user c lock  and 

GPS system t ime are synchronous, then, as we 

s t a t e d  p rev ious l y ,  t he  range t o  the  s a t e l l i t e  can 

be determined d i r e c t l y  by simply measuring t h e  

t ime  i t  takes the  s a t e l l i t e  s igna l  t o  reach t h e  

user. However, i n  t h e  general case, t he re  w i l l  be 

some unknown o f f s e t ,  t, between system t ime  and 

user time. Thus, what i s  measured i s  n o t  t he  

range, b u t  what i s  c a l l e d  t h e  "pseudo-range," 

which conta ins a term expressing the  e r r o r  due t o  

c l o c k  o f f s e t .  F o r  t h e  coord inates de f i ned  above, 

t he  pseudo-range, rl, t o  S1 i s :  

where c i s  s igna l  speed. 

Suppose now the  pseudo-range t o  S 2  i s  measured 

a t  t ime t2, l a t e r  than tl. Since no c locks a re  

pe r fec t ,  the c l o c k  o f f s e t  w i l l  change by an amount, 

At, over  the  i n t e r v a l  t2 - tl, so t h a t  t h e  pseudo- 

range r2 t o  S2 i s  

More genera l l y ,  t h e  pseudo-range, rn, t o  t h e  

nth s a t e l l i t e  i s  

where P = 1.2.3,  n - 1  represent  t h e  

c l o c k  o f f s e t  change between successive measure- 

ments. I f  the  Ati are unknowns, then the re  a re  

always mare unknowns than t h e r e  a re  measun tn ts ,  

and t h e  use r ' s  l o c a t i o n  cannot be determined. 

However, a good deal i s  known about t h e  c l o c k  

performance, and i t  i s  u s u a l l y  poss ib le  t o  express 

t h e  amount o f  c l o c k  o f f s e t  change between two 

measurements. 

There i s  much i n  the  l i t e r a t u r e  on c l o c k  

performance, so we w i l l  n o t  pursue i t  here, except 

t o  say t h a t  most models i nc lude  terms f o r  systema- 

t i c  and random e f f e c t s .  Thus, f o r m a l l y  t he re  may 

be some i n i t i a l  f r a c t i o n a l  frequency o f f s e t ,  which 

changes s y s t e m a t i c a l l y  i n  t ime  a long w i t h  the 

random components. 

Wi th  t h i s  model then, we can express t ime 

e r r o r  accumulation, T ( t ) ,  i n  t he  fo rm 

where c ( t )  i s  t h e  random component, 0 i s  a coef-  

f i c i e n t  which de f i nes  t h e  systematic frequency 

d r i f t ,  and Ro i s  t he  i n i t i a l  frequency o f f s e t  (9 ) .  

An express ion o f  t h i s  type, coupled w i t h  the  

pseudo-range measurements, prov ides enough i n f o r -  

mat ion t o  so lve f o r  t h e  u s e r ' s  p o s i t i o n  and i n i t i a l  

c l o c k  o f f s e t .  

As a p r a c t i c a l  mat ter ,  however, c l o c k  e r r o r s  

accumulated between measurements may be small 

enough t o  ignore,  when compared t o  o the r  e r r o r  

sources. The r e c e i v e r  descr ibed i n  t h i s  paper 

requ i res  a t  most 10 minutes t o  "acquire" a GPS 

s i g n a l  and measure the  pseudo-range t o  4 GPS 

s a t e l l i t e s .  I f  we assume t h a t  t he  frequency 

o f f s e t ,  Ro,  and systematic frequency d r i f t ,  0, are 

known, then t h e  on ly  term o f  concern i s  e ( t ) ;  the 

random component. Wi th  t y p i c a l  commercial frequen- 

cy standards a v a i l a b l e  today (both rub id ium and 

c r y s t a l ) ,  t h e  amount o f  accumulated error f o r  a 

p e r i o d  o f  10 minutes i s  l ess  than a nanosecond, 

considerably  under the  uncorrected ionospher ic  and 

t ropospher i c  e r r o r s .  I f  c a r e f u l  c o r r e c t i o n s  a re  

made f o r  these e f f e c t s ,  then c l o c k  e r r o r  accumula- 

t i o n  w i l l  have a magnitude which i s  comparable t o  

t h e  co r rec ted  atmospheric delay e f f e c t s  as d iscus-  

sed e a r l i e r .  

As we p o i n t e d  ou t ,  t he  system was p r i m a r i l y  

designed f o r  common-mode t ime t r a n s f e r  between 



f i xed  locat ions.  Thus, t he  emphasis was on re-  

ce i ve r  s t a b i l i t y  and n o t  on absolute rece ive r  

delay. However, w i t h  measurements t o  fou r  sa te l -  
l i t e s  where only  a p o s i t i o n  f i x  i s  requi red,  i t  i s  

n o t  necessary t o  know absolute rece ive r  delay. 

Receiver delay represents a common b ias  f o r  a l l  

measurements, so t h a t  t he  term ( c t )  i n  equation 1 
could be r e w r i t t e n  i n  the form, c ( t  + tR), where, 

as before, t i s  c lock  o f f s e t  and tR i s  rece ive r  

delay. Now, when the  equations r e l a t i n g  the  f o u r  

measurements are simultaneously solved, the quan- 

t i t i e s  obtained are x, y, z, and c ( t  + tR). O f  

course, i f  one wants t o  know c lock  o f f s e t  t, i t  i s  

necessary t o  know tR. With the present system, i t  

i s  est imated t h a t  tR i s  o f  t he  the  order o f  30 ns 

and can be measured w i t h  a p r e c i s i o n  o f  t5 ns. 

I n  many p o s i t i o n  l o c a t i o n  problems, it may 

no t  be p r a c t i c a l  t o  use a t r a c k i n g  antenna o f  t he  

k ind  we envisioned f o r  the t ime t r a n s f e r  appl ica- 

t i o n .  F i r s t ,  the user may n o t  know h i s  p o s i t i o n  

we l l  enough t o  p o i n t  the antenna t o  the s a t e l l i t e ,  

and second, such an antenna may be unwieldy f o r  

mobile appl icat ions.  I f  we assume an omni- 

d i r e c t i o n a l ,  0 db ga in  antenna, then the s ignal  

s t a b i l i t y  w i l l  be degraded from 2 ns t o  about 

30 ns, which i s  o f  t he  same order  o f  delay e r r o r  

introduced by the t ropospher ic  and ionospheric 

delay. 

When the s a t e l l i t e s  are used i n  the  t ime 

t r a n s f e r  mode, range e r r o r  t r a n s l a t e s  d i r e c t l y  

i n t o  t ime t r a n s f e r  e r r o r ,  wh i l e  i n  the nav igat ional  

mode, the geometric arrangement o f  the s a t e l l i t e s  

and the user must be taken i n t o  account. The 

impact o f  geometry on p o s i t i o n  f i x  accuracy has 

been stud ied extens ive ly  (see Ref. 10 f o r  a good 

summary) and i s  usua l l y  r e f e r r e d  t o  as "geometric 

d i l u t i o n  o f  p rec i s ion "  (GDOP). The p o s i t i o n  f i x  

e r r o r  can be expressed as the product o f  GDOP and 

the s a t e l l i t e  range e r r o r  (assuming i t  i s  the  same 
t o  a l l  s a t e l l i t e s ) .  Small values o f  GOOP i n d i c a t e  

a good geometrical arrangement o f  the s a t e l l i t e s ,  

wh i l e  l a r g e  values fnd i ca te  poor geometrical 

arrangements. Most users, a f t e r  a l l  18 s a t e l l i t e s  

have been launched, should be able t o  s e l e c t  f ou r  

s a t e l l i t e s  such t h a t  t he  GDOP never exceeds 4. 

Thus, if the rms t ime e r r o r  i s  3 ns (about 1 

meter) and GDOP i s  4, then the 1 u r a d i a l  e r r o r  i n  
three-dimensional space i s  1 meter x 4 = 4 meters. 

The degree t o  which the  user w i l l  want t o  
c o r r e c t  f o r  t he  various sources o f  e r r o r  w i l l  

depend upon the  p o s i t i o n  f i x  accuracy required. 

L e t ' s  consider what might be termed a "worst case" 

example. Normally, i f  s a t e l l i t e s  below 10 degrees 

e leva t i on  are n o t  observed, ionospheric delay w i l l  

n o t  exceed 90 ns and t ropospher ic  delay w i l l  be 

under 80 ns. Assuming 0 db antenna gain and a 

1 Hz loop bandwidth, the s ignal  i n s t a b i l i t y  i s  

about 30 ns, as we s ta ted  e a r l i e r .  We must a l so  

consider the e r r o r  due t o  the Sagnac e f f e c t .  As  

we saw i n  the previous discussion, i t  depends upon 

the geometry o f  the user and the array o f  sa te l -  

l i t e s  he i s  observing. Fur ther ,  the c o r r e c t i o n  

may be negative or p o s i t i v e  f o r  a p a r t i c u l a r  

s a t e l l i t e .  For the sake o f  our i l l u s t r a t i o n ,  we 

w i l l  assume t h a t  the e r r o r  due t o  the Sagnac 

e f f e c t  f o r  a l l  t he  observations produces a compos- 

i t e  e r r o r  o f  100 ns. The t o t a l  e r r o r  due t o  a l l  o f  

these sources i s  300 ns or about 100 meters. I f  
we assume a "worst case" GOOP o f  4, then the 

p o s i t i o n  f i x  e r r o r  i n  three-dimensional space i s  

approximately 400 meters. Considering the nominal 

cos t  o f  t he  equipment, t h i s  i s  q u i t e  a s a t i s f a c t o r y  

r e s u l t  and i s  adequate f o r  many app l i ca t i ons .  

Taking the  Sagnac e f f e c t  i n t o  account and w i t h  

even r a t h e r  crude modeling o f  t he  ionospheric and 

t ropospher ic  delays, t he  p o s i t i o n  f i x  can probably 

be improved by a t  l e a s t  a f a c t o r  o f  3. O f  course, 

a t  a f i x e d  l oca t i on ,  i t  i s  poss ib le  t o  average 

many measurements over a long pe r iod  o f  t ime, so 

t h a t  modeling e r r o r s  become the  1 i m i  t i ng factor - -  

n o t  s igna l  i n s t a b i l i t y .  

I n  the d iscuss ion so f a r ,  we have assumed 

t h a t  t he  user i s  f i x e d  i n  space--which may o r  may 

n o t  be the case. I f  the user movement i s  small 

over the observat ion t ime compared w i t h  the  pos i -  

t i o n  f i x  accuracy requi red,  then the  movement can 

be ignored, j u s t  as we ignored accumulating c lock  

e r r o r  over s u f f i c i e n t l y  sho r t  observat ion periods. 

However, i f  the  motion cannot be ignored w i t h i n  

the  requ i red  p o s i t i o n  f i x  accuracy, then e x t r a  

i n fo rma t ion  i s  requ i red  t o  make the observations 

s p a t i a l l y  coherent, j u s t  as we needed a model f o r  

9 



c l o c k  e r r o r  (Eq. 2) t o  p r o v i d e  t ime  coherence when 

the  observat ions a r e  n o t  s u f f i c i e n t l y  c lose  i n  

time. I f  t h e  u s e r ' s  mot ion i s  cons t ra ined  t o  t h e  

sur face o f  t h e  e a r t h  (boats, etc.). then l o c a l  

heading and speed p rov ide  t h e  necessary informa- 

t i o n .  O f  course, i f  t h e  user i s  moving i n  three-  

dimensional space, an e x t r a  "dimension" o f  i n f o r -  

mat ion i s  needed. As a f i n a l  p o i n t  and as we 

s t a t e d  e a r l i e r ,  t h e r e  has been some d iscuss ion 

t h a t  t h e  C/A s ignal - to-noise might  be degraded. 

As i n  t h e  t ime  t r a n s f e r  case, t h i s  presents  no 

problem f o r  determin ing the  l o c a t i o n  o f  f i x e d  

pos i t i ons .  However, f o r  moving veh ic les ,  t h i s  

cou ld  be a ser ious problem, s ince the re  would n o t  

be s u f f i c i e n t  t ime  t o  average t h e  s igna l  t o  o b t a i n  

the des i red  p o s i t i o n  f i x  accuracy. 

CONCLUSIONS 

I n  conclus ion,  we have shown t h a t  one-way 

s a t e l l i t e  t ransmiss ion from a GPS s a t e l l i t e  i n  

common-view a t  two s i t e s  a l lows one t o  do accurate 

t ime t r a n s f e r  t o  10 ns o r  b e t t e r .  Th is  accuracy 

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

o f  several c o n t r i b u t i n g  e r r o r s  i n  the  system. The 

system fur thermore has t h e  p o t e n t i a l  t o  achieve 

accurate t ime  t r a n s f e r  o f  t he  o rde r  o f  a nano- 

second. The est imated 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  delays should 

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

means t h a t  on a 24 hour bas i s ,  frequency t r a n s f e r  

can occur w i t h  an accuracy o f  t h e  o rde r  o f  a p a r t  

i n  10". 
We have a l so  shown how the  r e c e i v e r  f o r  t ime 

t r a n s f e r  cou ld  be used f o r  p o s i t i o n  f i x i n g .  Even 

w i t h  "worse case" geometry and no c o r r e c t i o n s  f o r  
ionospheric, t ropospher ic ,  and r e c e i v e r  delay, i t  

appears as though t h e  three-dimensional e r r o r  

would n o t  exceed 400 m. With crude modeling. i t  

should be p o s s i b l e  t o  reduce t h e  e r r o r  t o  about 

100 m. With averaging a t  a f l x e d  l o c a t i o n ,  even 

b e t t e r  accuracy can be obtained. The present  

r e c e i v e r  i s  sof tware c o n t r o l l e d  and t h e r e  i s  

s u f f i c i e n t  unused memory t o  i nco rpo ra te  the  neces- 

sary mathematical steps t o  so lve f o r  t h e  use r ' s  

l o c a t i o n  (and c l o c k  o f f s e t  from GPS system time, 

1. 

2. 

3. 

4. 

5. 

6 .  

7, 

8, 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figures 3-18. 

Four methods o f  t ime t r a n s f e r  and 

t h e i r  approximate accuracies 

us ing GPS: 

Upper l e f t ,  us ing data from the  

S a t e l l i t e  t o  f i n d  GPS t ime and 

comparing a l o c a l  c lock  w i t h  

the  GPS t ime scale. 

Upper r i g h t ,  us ing one s a t e l l i t e  t o  

decode GPS t ime a t  two d i f f e r -  

e n t  l oca t i ons  and t imes t o  

compare both c locks w i t h  the  

GPS t ime scale and hence w i t h  

each other .  

Lower l e f t ,  measuring t h e  t ime  o f  

a r r i v a l  o f  a common s igna l  

from a s a t e l l i t e  a t  two loca- 

t i o n s  t o  compare the  computed 

t ime o f  transmission according 

t o  t h e  two c locks and thus 

compare the  clocks. 

Lower r i g h t ,  record ing s igna ls  from 

f o u r  s a t e l l i t e s  a t  two s ta-  

t i o n s  t o  determine loca t i ons  

and t ime d i f ferences.  

l i m e  t r a n s f e r  v i a  a s a t e l l i t e  i n  

common view o f  two ground s t a t i o n s  

i n d i c a t i n g  t h a t  f a i r l y  l a rge  e r r o r s  

(100 m = 333 ns r a d i a l  e r r o r  or 
10 m = 33 ns i n - t r a c k  o r  cross- 

t r a c k  e r r o r )  i n  s a t e l l i t e  ephemeris 

can cancel t o  a few ns t ime t rans -  

f e r  e r ro r .  

Contour graphs o f  t he  e r r o r  i n  

common-view t ime t r a n s f e r  f o r  

var ious choices o f  ground s ta t i ons ,  

s a t e l l i t e  d i r e c t i o n ,  and ephemeris 

error. The odd-numbered f i g u r e s  use 

c u r r e n t  ephemeris e r r o r  estimates: 

10 m i n - t rack ,  7 m cross-track, and 

2 m r a d i a l  corresponding t o  

41.23 ns nns (square r o o t  o f  t he  

sum o f  t he  squares d i v ided  by the 
speed o f  l f g h t ) .  The even-numbered 

f i g u r e s  use e r r o r  values p ro jec ted  ~ 

f o r  1985: 7 m i n - t rack ,  3 m 
cross-track, and 0.6 m r a d i a l  

corresponding t o  25.46 ns rms. The 

s a t e l l i t e  d i r e c t i o n  i s  always 

n o r t h e r l y  i n  t h e  ''a'' f i g u r e s  and 

souther ly  i n  the "b" f igures.  The 

ground s t a t i o n  l oca t i ons  are marked 

w i t h  an "x". The contours i n  a 

g iven1 f i g u r e  are spaced f o r  equal 

e r r o r  values w i t h  e r r o r  increas ing 

as one goes from dot ted t o  dashed 

t o  s o l i d  t o  dot ted l i nes .  Figures 

3a, 3b, 4a, and 4b are examples o f  

a l l  f o u r  combinations; t he  odd 

numbered "all f igures and the  even 

numbered "b" are deleted t h e r e a f t e r  

because t h e i r  contour may be i n f e r -  

red  from study ing Figures 3a, 3b,  
4a, and 4b along w i t h  the  s t a t i o n  

combination o f  i n t e r e s t .  
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Fig. 2 1 Corrections due to unh roution for one-way satellite 
tr.nsmiUioas. such u in b e  GPS system [Schuchmun ond 
Spike, 1977; Euirson et a/., 1977). 
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