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ABSTRACT 

The Navs ta r  Globa l  P o s i t i o n i n g  System (GPS) w i l l  be one of 
t h e  most widely  a v a i l a b l e  means by which t o  d i s t r i b u t e  e x a c t  
time. By agreement between t h e  GPS C o n t r o l  Segment and t h e  US 
Naval Observa to ry  (USNO), GPS t ime  w i l l  be main ta ined  a n  
i n t e g r a l  number o f  seconds ,  n ,  from UTC, w i t h  an e r r o r  l e s s  than  
o r  e q u a l  t o  one microsecond: 

where n is t h e  number of  l e a p  seconds  which w i l l  have e l a p s e d  
between e a r l y  1980 and c u r r e n t  t ime.  The GPS Navigat ion Message 
w i l l  g i v e  t h e  v a l u e  o f  T t o  100 nanoseconds o r  b e t t e r ,  r e a l  
t ime .  A f t e r  t h e  f a c t ,  v a l u e s  of  t h e  GPS-UTC o f f s e t  shou ld  be 
a v a i l a b l e  t o  q u a l i f i e d  u s e r s  wi th  a c c u r a c y  of 20 nanoseconds o r  
b e t t e r .  GPS t i m e  w i l l  be s t e e r e d  by a l t e r i n g  i t s  adopted o f f s e t  
b i a s  and d r i f t  from a Refe rence  Clock. T h i s  paper  summarizes 
t h e  mathemat ics  o f  t h e  s t e e r i n g  a l g o r i t h m ,  and t h e  i n t e r f a c e  
between t h e  USNO and t h e  GPS C o n t r o l l e r .  

INTRODUCTION 

The Globa l  P o s i t i o n i n g  System (GPS) o f  s a t e l l i t e s  is  des igned t o  
d i s s e m i n a t e  t o  i t s  u s e r s ,  a l o n g  wi th  t h e  s p a c e c r a f t  ephemeris  
i n f o r m a t i o n  n e c e s s a r y  t o  d e r i v e  u s e r  p o s i t i o n ,  the c u r r e n t  v a l u e  of 
UTC. The maintenance of GPS t ime is a  r e s p o n s i b i l i t y  of  t h e  Master  
C o n t r o l  S t a t i o n  (MCS) o f  t h e  GPS Cont ro l  Segment, which s e r v e s  as t h e  



d i r e c t i n g  c e n t e r  f o r  a l l  da t a  c o l l e c t i o n  and d a t a  gene ra t i on ,  and 
a l s o  a s  t h e  primary po in t  of con tac t  with such suppor t ing  agenc ies  as 
t h e  US Naval Observatory (USNO) and t h e  Defense Mapping Agency 
(DMA). The MCS c o n t r o l s  t h e  uploading of nav iga t iona l  messages t o  
t h e  GPS s a t e l l i t e s ,  and t h e s e  messages inc lude  t h e  parameters i npu t  
t o  u s e r s t  r e c e i v e r  s e t s  t o  conver t  from GPS time t o  UTC. Feedback is 
provided by t h e  USNO, which monitors  t h e  GPS nav iga t iona l  messages, 
and c o n t i n u a l l y  e s t ima te s  t h e  GPS-UTC o f f s e t  i n  time and frequency. 

The NavigatFon Data Message r e p r e s e n t s  t h i s  GPS-UTC o f f s e t  a s  

GPS-UTC = a , + a , f  f m  P 

where a, and a, a r e  va lues  app rop r i a t e  t o  t h e  c lock  o f  t he  
s a t e l l i t e  b roadcas t ing  t h e  message, and n is t h e  number of GPS l e a p  
seconds which have accumulated s i n c e  t h e  GPS epoch of  6 January 
1980. Thus, GPS t ime is o f f s e t  from I n t e r n a t i o n a l  Atomic Time (TAI) 
by approximately 19 seconds. The exac t  value o f  t h e  o f f s e t  between 
GPS time and e i t h e r  T A I  o r  UTC depends, of course ,  on how p r e c i s e l y  
GPS t imdf requency  can be es t imated  and ,  once e s t ima ted ,  how 
p r e c i s e l y  it can be s t ee red .  This  paper w i l l  be addressed only t o  
t h e  problem o f  s t e e r i n g .  

The t o l e r a n c e  allowed i n  t h e  s t e e r i n g  of GPS t i m e  i s  def ined f o r  
t h e  f i n a l  phase of  GPS development, t h e  Opera t iona l  Control  Segment 
(OCS), a s  fo l lows  (Reference 1 ) :  

GPS T i m e  is  def ined i n  t h e  OCS a s  t h e  time determined 
from a p a r t i c u l a r  MS Clock ( t h e  Reference Clock) ,  when 
o f f s e t  by a b i a s  and d r i f t .  The o f f s e t  b i a s  and d r i f t  of 
t h e  Reference Clock a r e  no t  es t imated  i n  t h e  Kalman F i l t e r  
but a r e  assumed t o  be f i x e d  i n  value. The o f f s e t  b i a s  
and d r i f t  can be modified u s ing  a c o n t r o l l e r  d i r e c t i v e ,  
and hence GPS Time can be "s teered"  i n t o  alignment 
with UTC. I n  p a r t i c u l a r ,  GPS time w i l l  be s t e e r e d  t o  
a t tempt  t o  main ta in  

~ U T C  (USNO) - t,,, + A LS [r n ,  above] 1 d 1 microsecond. 

No such requirements  a r e  s p e c i f i e d  f o r  t h e  p re sen t  In t e r im  
Cont ro l  Segment (ICS),  bu t  i t  is understood t h a t  t h e  ICS 
w i l l  s a t i s f y  t h e  OCS requirement as n e a r l y  a s  c i rcumstances 
permit.  



T h i s  I n t e r i m  C o n t r o l  Segment, which h a s  been used th roughout  t h e  
Phase I Concept V a l i d a t i o n  Phase ,  c o n s i s t s  of f o u r  Monitor S t a t i o n s  
( M S ) ,  an Upload S t a t i o n  (ULS), and a  Master  C o n t r o l  S t a t i o n  (MCS). 
The Monitor S t a t i o n s  a r e  l o c a t e d  a t  Hawai i ;  Elmendorf AFB, Alaska ;  
Guam; and Vandenberg AFB, C a l i f o r n i a .  The remote Monitor S t a t i o n s  
a re  unmanned d a t a - c o l l e c t i o n  c e n t e r s  under d i r e c t  c o n t r o l  of t h e  
MCS. Each MS c o n t a i n s  a four -channe l  u s e r - t y p e  r e c e i v e r ,  
env i ronmenta l  d a t a  s e n s o r s ,  an a tomic  f requency  s t a n d a r d ,  and a  
computer p r o c e s s o r .  The r e c e i v e r  measures  t h e  pseudorange and d e l t a  
pseudorange ( i n t e g r a t e d  d o p p l e r )  of  t h e  s a t e l l i t e  spread-spect rum 
s i g n a l  w i t h  r e s p e c t  t o  t h e  a t o m i c  s t a n d a r d .  It a l s o  d e t e c t s  t h e  
n a v i g a t i o n  d a t a  on t h e  spread-spect rum s i g n a l .  The env i ronmenta l  
s e n s o r s  c o l l e c t  l o c a l  m e t e o r o l o g i c a l  d a t a  f o r  L a t e r  t r o p o s p h e r i c  
s i g n a l  d e l a y  c o r r e c t i o n s  a t  t h e  MCS, The computer p r o c e s s o r  c o n t r o l s  
a l l  d a t a  c o l l e c t i o n  a t  t h e  MS, and p r o v i d e s  t h e  d a t a  i n t e r f a c e  w i t h  
t h e  MCS, A l l  d a t a  o b t a i n e d  by t h e  MS is  b u f f e r e d  a t  t h e  MS and t h e n  
r e l a y e d  upon r e q u e s t  t o  t h e  MCS f o r  p r o c e s s i n g .  

The ULS, l o c a t e d  a t  Vandenberg AFB, p r o v i d e s  t h e  i n t e r f a c e  
between t h e  C o n t r o l  Segment and t h e  s a t e l l i t e s .  Its f u n c t i o n  i s  t o  
u t i l i z e  an  S-band u p l i n k  t o  upload d a t a  i n t o  a  s a t e l l i t e  n a v i g a t i o n  
p r o c e s s o r .  T h i s  upload d a t a  can be u s e r  n a v i g a t i o n  d a t a ,  r e q u e s t s  
f o r  p r o c e s s o r  d i a g n o s t i c s ,  o r  commands t o  change the s a t e l l i t e  t ime  
provided bv t h e  u s e r .  

The MCS is  a l s o  l o c a t e d  a t  Vandenberg AFB, and comple te ly  
c o n t r o l s  t h e  o p e r a t i o n  o f  t h e  C o n t r o l  Segment. It performs t h e  
computa t ions  n e c e s s a r v  t o  de te rmine  s a t e l l i t e  ephemeris  and a tomic  
c l o c k  e r r o r s ,  g e n e r a t e s  s a t e l l i t e  upload of u s e r  n a v i g a t i o n  d a t a ,  and 
m a i n t a i n s  a r e c o r d  o f  s a t e l l i t e  n a v i g a t i o n  processor c o n t e n t s  and 
s ta tus .  The MCS a l s o  h a s  i n t e r f a c e s  w i t h  t h e  S a t e l l i t e  C o n t r o l  
F a c i l i t y  (SCF) and Naval S u r f a c e  Weapons Cen te r  (NSWC), The SCF 
provides  a  backup upload c a p a b i l i t y  i n  c a s e  o f  ULS f a i l u r e  and a l s o  
p r o v i d e s  s a t e l l i t e  t e l e m e t r y  and command i n f o r m a t i o n .  NSWC g e n e r a t e s  
a  p r e d i c t e d  r e f e r e n c e  ephemeris  from MCS-smooth pseudorange 
measurements f o r  u s e  by t h e  MCS i n  t h e  ephemeris  e s t i m a t i o n  p r o c e s s .  

The c u r r e n t  c o n f i g u r a t o n  a t  t h e  Master  C o n t r o l  S t a t i o n  h a s  been 
upgraded by a n  IBM 3033 computer,  which w i l l  p rov ide  i n c r e a s e d  
r e l i a b i l i t y  and c a p a c i t y  f o r  t h e  Phase I1 Development and System T e s t  
Program s u p p o r t .  The conver ted  s o f t w a r e  w i l l  p rov ide  f o r  o p e r a t i o n a l  



enhancements as w e l l  a s  t h e  nav iga t ion  message changes r equ i r ed  t o  be 
compatible w i t h ' t h e  Phase I1 User Equipment. The upgraded 
con f igu ra t i on  has  been i n s t a l l e d  and i s  ope ra t i ng  a t  Vandenberg A i r  
Force Base. 

The IBM 3033 computer w i l l  even tua l ly  be i n s t a l l e d  i n  t h e  
Opera t iona l  Cont ro l  System (OCS), which is c u r r e n t l y  under 
development and scheduled t o  i n i t i a t e  s a t e l l i t e  ope ra t i ons  suppor t  i n  
1985. The OCS w i l l  provide worldwide coverage f o r  monitor ing and 
uploading of t h e  f u l l  e igh t een  t o  twenty-one s a t e l l i t e  
c o n s t e l l a t i o n .  The OCS w i l l  a l s o  conso l ida t e  i n t o  a s i n g l e  f a c i l i t y  
t h e  func t ions  c u r r e n t l y  performed by t h e  AFSCF and NSWC ( s e e  F igure  
1). 

Then t h e  o v e r a l l  MCS ope ra t i on  wi th  regard  t o  main ta in ing  GPS 
time can be reso lved  i n t o  t h r e e  tasks: 

a )  The weight o f  each s a t e l l i t e  c o n t r i b u t i n g  t o  GPS time must 
be ass igned ,  based on some o b j e c t i v e  c r i t e r i o n  of sa te l l i t e  
performance ; 

b)  GPS time must be c a l c u l a t e d  i n  such a way t h a t  i t  does not 
change d iscont inuous ly  when c locks  are added o r  dropped; 

c )  t h e  d a i l y  e s t i m a t e s  o f  GPS time o f f s e t ,  which a r e  rece ived  
from t h e  USNO i n  t h e  form 

must be combined i n t o  an ongoing, long  term sequence of 
messages, somewhat a s  t h e  hour-by-hour measurements of 
pseudorange a r e  combined by t h e  Kalman f i l t e r  t o  provide an 
e s t i m a t e  o f  t h e  dynamical h i s t o r y  o f  each ephemeris and 
clock parameter. 

F igu re  2 i l l u s t r a t e s  t h e  e s t ima te s  of t h e  GPS-UTC o f f s e t s  
a c t u a l l y  logged a t  Vandenberg MCS i n  t h e  beginning of t h i s  year .  
F igu re  3 shows GPS - UTC va lues  f o r  t h e  middle of  1983 a s  determined 
by t h e  USNO, and t h e  r e s u l t s  of  s e v e r a l  e f f o r t s  of s t e e r i n g ,  as 
recorded i n  t h e  MCS log .  



Any method proposed by which t o  s t e e r  GPS t i m e  a t  t h e  p r e s e n t  
I n t e r i m  C o n t r o l  F a c i l i t y  must reckon wi th  t h e  c o n s t r a i n t s  imposed by 
t h e  p r e s e n t  ICS sof tware .  To be  s u r e ,  many of  t h e s e  c o n s t r a i n t s  w i l l  
be r e l a x e d  when t h e  s u p e r i o r  OCS s o f t w a r e  is  d e l i v e r e d .  

The p r e s e n t  sys tem (Phase  I) does  a u t o m a t i c a l l y  m a i n t a i n  
c o n t i n u i t y  i n  GPS t ime  when t h e  mas te r  c l o c k  is swi tched .  However, i t  
does  n o t  m a i n t a i n  c o n t i n u i t y  i n  r a t e .  Fur the rmore ,  t h e r e  i s  no 
p r o v i s i o n  i n  t h e  Phase  I sys tem f o r  a u t o m a t i c  s t e e r i n g  of  t ime ,  by any 
a l g o r i t h m .  The o p e r a t o r  must change t h e  f requency  by hand whenever 
s t e e r i n g  is r e q u i r e d  (Refe rence  2 ) .  T h e r e f o r e ,  t h e  e f f o r t  of t h e  
a n a l y s t s  a t  Vandenberg has  been ,  n o t  t o  implement t h e  p r i n c i p l e s  of  
c o n t r o l  t h e o r y  a c c o r d i n g  t o  t e x t b o o k ,  but  t o  s a t i s f y  c e r t a i n  p r a c t i c a l  
r e q u i r e m e n t s :  

1 )  The a l g o r i t h m  used must be s imple .  The more compl ica ted  t h e  
a l g o r i t h m ,  t h e  more l i k e l y  becomes an o p e r a t o r  e r r o r .  

2 )  The a l g o r i t h m  must n o t  i n t r o d u c e  e r r o r s  i n  Kalman f i l t e r  
d e t e r m i n a t i o n  of  c l o c k  and ephemeris  pa ramete r s .  Now, t h e  
o n l y  a l g o r i t h m  implemented i n  t h e  Kalman f i l t e r  f o r  
e s t i m a t i o n  of  c l o c k  s t a t e s  is  a  second o r d e r  polynomial:  

where 4 T  is  any c l o c k  o f f s e t  b e i n g  s o l v e d  f o r ,  
A T  is GPS t i m e ,  

A , ,  A, , and A, may e i t h e r  be s o l v e d  f o r  o r  
h e l d  f i x e d  by imposing a p r i o r i  v a l u e s .  

3) The s t e e r i n g  must n o t  i n t e r f e r e  w i t h  t h e  d e t e r m i n a t i o n  of  
t h e  GPS - UTC o f f s e t  -- e .g . ,  by t h e  Naval Observa to ry .  
P r a c t i c a l l y ,  t h i s  means t h a t  any f requency  d r i f t  r a t e  
imposed i n  t h e  s t e e r i n g  o p e r a t i o n  must be s m a l l .  
I n  f a c t ,  t h e  working r u l e  of thumb is  t h a t  f r equency  changes 
shall not  exceed 1 p a r t  i n  1013 p e r  day 



Seve ra l  methods o f  s t e e r i n g  have been proposed t o  s a t i s f y  t he se  
working condi t ions .  

The s imp le s t  and most d i r e c t  approach wac suggested by Gernot 
Winkler' (Reference 3 ) .  The ope ra to r  is t o  make only small changes, 
n o t  t o  exceed 1 p a r t  i n  l o t 3  per  day. Af t e r  each change, he observes 
t h e  e f f e c t  by means of t h e  US Naval Observatory de te rmina t ions  of  
GPS - UTC va lue  and r a t e .  The ope ra to r  makes t he se  changes only when 

i n d i c a t e d ,  according t o  f o u r  s imple r u l e s  (F igu re  4 ) :  

I) I f  [GPS - U T C ~  is  s e n s i b l y  i n c r e a s i n g ,  f i r s t  reduce t h e  
r a t e  t o  zero .  D o  not a t tempt  t o  r eve r se  t h e  r a t e  while  it 
is sti l l  nonzero. 

11) If ~GPS - U T C ~  is  r a p i d l y  decreas ing ,  reduce t h e  r a t e  t o  
zero.  

111) If ~ G P S  - UTCJ is  slowly decreas ing ,  DO NOTHING! 

IV) If GPS - UTC is about  t o  change s i g n ,  reduce t h e  r a t e  t o  
zero .  

An independent proposa l  f o r  GPS time s t e e r i n g  was made by R.  
Cas t ro  (Reference 4 ) .  He observed t h a t  t h e  most nea r ly  e r r o r - f r e e  way 
t o  s t e e r  a t  p r e sen t  i s  t o  i n p u t  a frequency d r i f t  term manually and t o  
a l l ow  it t o  ope ra t e  f o r  a p r e s e l e c t e d  time. Mathematically,  t h i s  is  
equ iva l en t  t o  l e t t i n g  t h e  q u a n t i t y  GPS - UTC change a s  a second o r d e r  
polynomial of t ime -- i n  o t h e r  words, t o  move along a parabola .  
Cas t ro  cons idered  t h e  case  when GPS - UTC is  slowly decreas ing .  
He observes  t h e  r a t e  o f  change 0, which is t h e  frequency o f f s e t  
between GPS time and UTC. Let  S be t h e  preass igned  span  of t ime over  
which a frequency d r i f t  i s  t o  be imposed. He c a l c u l a t e s  t h e  
parameters  o f  t h e  parabola  which w i l l  b r i ng  t h e  GPS - UTC o f f s e t  t o  
z e r o  i n  both va lue  and r a t e :  



where t, - t, I S, 
and where d ,  g , and % a r e  GPS - UTC 

and i t s  f i rs t  and second d e r i v a t i v e s ,  
t, is t h e  t ime ( d a t e )  a t  which s t e e r i n g  is  t o  b e g i n ,  

and t, i s  where i t  is t o  end ,  
and S is  p r e a s s i g n e d  i n  such a way a s  no t  t o  

v i o l a t e  t h e  c o n s t r a i n t  t h a t  5 m i s t  n o t  
exceed t h e  aforement ioned p a r t  i n  10 pe r  day. 

I n  practice,  t h e  q u a n t i t i e s  and & are  known from USNO 
r e p o r t s ,  and one s o l v e s  f o r  t h e  q u a n t i t i e s  t, and % ( F i g u r e  5 ) .  

A t  t h e  October  meet ing o f  t h e  Data A n a l y s i s  Working Group a t  
Vandenberg, t h e  a u t h o r  proposed a method s i m i l a r  t o  C a s t r o ' s ,  b u t  
r e p l a c i n g  t h e  p a r a b o l a  by t h e  f u n c t i o n  which c h a r a c t e r i z e s  t h e  
c r i t i c a l l y  damped o s c i l l a t o r  ( F i g u r e  6 ) .  

The f u n c t i o n  

approaches  z e r o  a s y m p t o t i c a l l y .  As is w e l l  known, it d i s p l a y s  t h r e e  
fo rms ,  depending on t h e  s i g n  o f  K,. I n  F i g u r e  7 ,  t h e  t h r e e  c a s e s  a r e  
d i s p l a y e d ,  assuming t h a t  K ,  and X a r e  p o s i t i v e .  Then, i f  K , * O ,  t h e  
c u r v e  o f  y ( t )  a t  f i r s t  r i s e s ,  dominated by t h e  f i r s t  te rm (K, + R a t ) ,  
and t h e n  d e c l i n e s  n e a r l y  e x p o n e n t i a l l y  t o  ze ro .  I f  K,=O,  o n l y  t h e  
second tern remains ,  and o f  c o u r s e  t he  c u r v e  d e c l i n e s  e x a c t l y  
e x p o n e n t i a l l y  t o  ze ro .  I f  K , c  0 ,  t h e  c u r v e  f i r s t  c r o s s e s  t h e  t = 0 
ax is ,  and t h e n  r e t u r n s  toward t h a t  a x i s  n e a r l y  e x p o n e n t i a l l y .  The 
speed of approach is determined by A ;  and l / A  co r responds  t o  t h e  
p r e a s s i m e d  time span S i n  t h e  C a s t r o  method. I t  was proposed t h a t  
one  s t e e r  by t h e  f o l l o w i n g  s t e p s :  

1) Smoothed v a l u e s  o f  GPS - UTC from t h e  U S  Naval Observa to ry  
shou ld  be  employed, u s i n g  f i v e  day means. 

2 )  The v a l u e  o f  i n  t h e  damped o s c i l l a t o r  f u n c t i o n  j u s t  g i v e n  
be  f i x e d  a p r i o r $ .  S i m u l a t i o n s  have shown t h a t  X = 1/20 
days  would be  a p p r o p r i a t e .  



3 )  Using t h i s  a orinrf X and t h e  USNO value  and r a t e  of  
GPS - UTC f o r  c u r r e n t  epoch, one should determine t h e  o t h e r  
two parameters  K, and K, of  t h e  damped o s c i l l a t o r  func t ion .  

The equa t ions  a r e  

so t h a t ,  a t  c u r r e n t  t ime t = 0 ,  

Therefore ,  since t h e  US Naval Observatory s u p p l i e s  AT and 
bf (GPS - UTC o f f s e t  and r a t e ) ,  we may compute 

K , =  X K , + A <  

and apply 

A = X * K ,  - ~ A K , ,  

which i s  the  s t e e r i n g  r a t e ,  t h a t  i s ,  t h e  frequency o f f s e t  t o  be 
app l i ed  each day, a s  i n  Cas t ro ' s  method. 

Figure 8 shows what t h e  e f f e c t  would have been i f  t h e  damped 
o s c i l l a t o r  a lgor i thm had been app l i ed  dur ing  t h e  c r u c i a l  events  of 
t h i s  p a s t  year .  For t h e  computer s imu la t i ons  i l l u s t r a t e d  he re ,  t h e  
va lue  of X was chosen t o  g ive  an exponent ia l  decay time of 20 days. 
The r e s u l t s  seem q u i t e  s a t i s f a c t o r y .  The maximum s t e e r i n g  r a t e  AT 
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never  exceeds  one p a r t  i n  10 per day ( =  8.64 nanoseconds/day a 1. 
The e x p o n e n t i a l  decay i s  s u f f i c i e n t l y  g r a d u a l  t h a t  n e i t h e r  t h e  US 
Naval Observa to ry  n o r  sys tem u s e r s  w i l l  be a f f e c t e d .  Above a l l ,  t h e  
damped o s c i l l a t o r  a l g o r i t h m  p r e v e n t s  o v e r s t e e r i n g ,  and so minimizes an 
i m p o r t a n t  s o u r c e  o f  user e r r o r  Thus ,  i t  p r e s e r v e s  t h e  best  F e a t u r e s  
o f  Methods I and 11. 

CONCLUSIONS : 

The mathemat ics  o f  GPS t i m e  s t e e r i n g  are  s t r a i g h t f o r w a r d .  To 
put  t h e  mathemat ics  i n t o  p r a c t i c e  shou ld  be e q u a l l y  s t r a i g h t f o r w a r d ,  
now t h a t  t h e  IBM 3033 is a v a i l a b l e  a t  t h e  Vandenberg Master C o n t r o l  
S t a t i o n .  We expect  t h a t  s o f t w a r e  embodying t h e  p r i n c i p l e s  p r e s e n t e d  
here w i l l  be implemented i n  t h e  coming year. 
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QUESTIONS AND ANSWERS 

MR. McCALLUM: 

How does one decide between frequency steering and making steps, like 
leap seconds, or as we do in the navigation system, adding small inrrements 
20 nanoseconds or whatever to the system? How do you decide hwtwe~n these 
two strategies? 

DR. FLIEGEL: 

Well, the steps are verboten according to agreement, the  software tha t  
has been delivered to the enhanced I.C.S. which we are using now does nor 
permit the phase to change discontinually, that would be harmful to many 
users, but you can put in a step in frequency, and that: is t h p  tecflrli-que 
that has been used up ' ti1 now. 

PROF. ALLEY : 

Can you remind us please of physically how you are changing the f requency?  
1s it a magnetic field adjustment or are you doing it some digital r , l e c t r o n j ( :  
way? 

DR. FLIEEEL: 

I was afraid somebody would ask me that, because 1 really do not know, 
It is done on the GPS master clock. Somebody here may know, but do not 
know physically how that adjustment is made? 

DR. REINHARDT: 

Gernot do you know? 

DR. WINKLER: 

It is simply done by instructing the computer to assume a differe~lt Frequerrcv 
of the dirving reference clock so it is a pure paper affair arid it is re- 
flected in the different messages which are uploaded into the sa t~ . l . I i tes ,  
There is really no one pulse per second reference tick available at the 
master station and it is a very complicated thing to make a time cornparfsox~ 
directly. But, since I have the microphone, I cannot resist to make 
another comment. That is, the problem of steering as such would he quite 
simple, but you have to compare the situation with a bus which is d r j v i x l p  
over an icy road, and the problem is how do you instruct a committee LiUw 

to steer that bus without falling off the road. There are t w o  approaches 
to it, and one is to give it some s i m p l e  rules the other one i s  rtp1ar:e the 
driver with a microprocessor and program it so thar you have s o m p  rezsonsble 
slopes with which you can keep within the confines of the road. Rut. the 
problem is really more with the committee rather than r h c  roads. 




