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This paper d e s c r i b e s  t h e  on-orbi t  f requency s t a b i l i t y  
pe r fo rmance  a n a l y s i s  of t h e  GPS NAVSTARs 3 and 4 
rubidium c l o c k s ,  and t h e  NAVSTARs 5 and 6 cesium c locks .  
Time-domain measu remen t s ,  t a k e n  f rom t h e  foul-  GPS 
monitor sit,es, have been analyzed t o  e s t ima te  t h e  sho r t -  
and long-term frequency s t a b i l i t y  perf ormarlce of t h e  
NAVSTAR c locks .  The d a t a  analyzed inc ludes  measurements 
from 1981, 1982, and t h e  f i r s t  100 days of 1983. Short-  
and long-term r e s u l t s  a r e  presented f o r  d a t a  c o l l e c t e d  
du r ing  1982. The Allan var iance  was used as  the  measure 
of f requency  s t a b i l i t y  perf ormance i n  t h e  time domain. 

The time-domain no i se  a n a l y s i s  r e s u l t s  i n d i c a t e  a whi te  
n o i s e  FM process  is p r e s e n t ,  i n  both rubidium and cesium 
c locks ,  f o r  sample times of 900- and 1800-seconds. The 
p ro j ec t ed  va lue  of t h i s  white  no ise  F'M process  t o  a 
l-day sample time ag rees  c l o s e l y  with t h e  l 4 a y  sample 
time s t a b i l i t y  r e s u l t s ,  f o r  both rubidium and cesium 
c l o c k s ,  i n d i c a t i n g  an underlying white  no ise  F'M p rocess  
f o r  sample times ranging from 900 seconds t o  1 d a y .  

A random walk FM process  was measured f o r  t h e  NAVS'TARs 3 
and 4 rubidium c locks  f o r  sample t imes of 1 t,o 10 days.  
A f l i c k e r  no i se  FM process  was measured f o r  t h e  NAVSTARs 
5 and 6 cesium c l o c k s ,  f o r  sample times of 1 t o  10 days .  

The NAVSTARs 3 and 4 rubidium c lock  long-term frequency 
s t a b i l i t y  va lues  a r e  i n  good agreement with t h e  expected 
performance. The NAVSTAH-3 short- term s t a b i l i t y  r e s u l t s  
i n d i c a t e  an anomally which has  peak efP e c t  a t  a 1 .25- 
hour sample t ime.  

The NAVS'TARs 5 and 6 cesium c lock  long-term frequency 
s t a b i l i t y  va lues  a r e  i n  g o d  agreement with t he  expected 
performance. For sample t imes  of 2- t o  10-days t h e  
cesium c locks  have b e t t e r  f requency s t a b i l i t y  r e s u l t s  
than t h e  rubidium c locks .  

INTRODUCTION 

The NAVSTAR Global Pos i t i on ing  System (GPS) is a Department of Defense (DUD) 
space-based s a t e l l i t e  system. When o p e r a t i o n a l  i n  t h e  l a t e  1.9801s, '18 - 214 
s a t e l l i t e s  i n  s i x  o r b i t a l  p lanes  w i l l  provide accu ra t e  riavigatiori and 
p r e c i s e  time information t o  u s e r s  anywhere i n  t h e  world. Examples of GPS 1 - i ~ ~  

a r e  weapons d e l i v e r y ,  point- to-point  nav iga t ion ,  search / rescue  oper at,ioris 
and pass ive  rendezvous. It can provide nav iga t iona l  updates to pl.at,i'ot"ms 



with other  navigation systems. 

One r o l e  of the  Naval Research Laboratory (NRL) i n  GPS is t o  provide 
space-qualified atomic clocks f o r  use in  the  NAVSTAR spacec ra f t ,  The 
r e s p o n s i b i l i t y  of NRL i n c l u d e s  p r e - f l i g h t  and p o s t - f l i g h t  f r e q u e n c y  
s t a b i l i t y  analyses ( 1 ,2 )  t o  insure  t h a t  on-orbit accuracy and s t a b i l i t y  
requirements a r e  met. 

This presenta t ion  descr ibes  the  on-orbit frequency s t a b i l i t y  performance 
ana lys i s  of the  GPS NAVSTARs 3 and 4 rubidium clocks ,  and t h e  NAVSTARs 5 and 
6 cesium clocks. Time-domain measurements, taken from the  four  GPS Monitor 
S i t e s  (MS), have been analyzed t o  es t imate  the  short-  and long-term 
frequency s t a b i l i t y  performance of t h e  NAVSTAR clocks.  The r e s u l t s  include 
long-term (1- t o  1 0 4 a y  sample times) r e s u l t s  f o r  d a t a  col lec ted  dur ing 
1981, 1982, and the  f i r s t  100 days of 1983. Short- and long-term r e s u l t s  a r e  
presented f o r  da ta  col lec ted  during 1982. 

The f i r s t  p a r t  of t h e  presenta t ion  b r i e f l y  descr ibes  the  NAVSTAR GPS system, 
with emphasis on t h e  clock measurements. Equations a r e  then presented which 
permit the  separa t ion  of the  o r b i t a l  s i g n a l ,  and other  smaller e f f e c t s ,  from 
t h e  clock o f f s e t  between a NAVSTAR clock and a GPS monitor s i te  clock. A 
time-domain ana lys i s  of t h e  NAVSTARs 3, 4 ,  5, and 6 c locks  is then 
presented. The Allan variance is used a s  t h e  measure of frequency s t a b i l i t y  
i n  the  time domain. The r e s u l t s  presented include a time-domain noise  
ana lys i s ,  whose purpose is t o  i d e n t i f y  t h e  random per iodic  noise processes 
t h a t  a r e  present  in the  NAVSTAR cesium and rubidium clocks.  Readers who a r e  
fami lar  with t h e  mathematical theory of clock ana lys i s  may choose t o  proceed 
d i r e c t l y  t o  the  sec t ion  on NAVSTAR-3 On-orbit Results.  

GPS System Description 

The NAVSTAR GPS system is comprised of th ree  major segments: 

(1)  Control Segment. The cur ren t  GPS Control Segnent c o n s i s t s  
of a master con t ro l  s t a t i o n  (MCS) , located a t  Vandenberg, 
CA and f o u r  monitor sites. One monitor si te is located 
adjacent  t o  the  master con t ro l  s t a t i o n  a t  Vandenberg; t h e  
r emain ing  t h r e e  remote moni tor  s i t e s  a r e  l o c a t e d  a t  
Hawaii, Alaska, and Guam. lhese four  s t a t i o n s  t r a c k  t h e  
GPS s p a c e  v e h i c l e s  (SV). Data f rom t h e s e  s i t e s  a r e  
t ransmit ted  t o  the  MCS and processed t o  determine SV 
o r b i t s  and clock o f f s e t s .  A separa te  S a t e l l i t e  Control 
F a c i l i t y  (SCF) is used t o  t ransmit  comnands and naviga- 
t i o n a l  information t o  t h e  GPS spacecraf t .  

(2 )  Space Segment. During t h e  time period covered i n  t h i s  
r e p o r t ,  t h e  GPS Space Segment cons te l l a t ion  consisted of 
f i v e  NAVSTAR SVs; NAVSTAR 8 was launched on J u l y  14, 1983. 
The launch d a t e s  and clock information a r e  de ta i l ed  by t h e  
fol lowing t ab le .  



* ,  

GPS SV Launch Date 

NAV 1 2/22/78 
NAV 3 10/07/78 
NAV 4 12/11/78 
NAV 5 2/09/80 
NAV 6 4/26/80 
NAV 8 7/14/83 

Frequency Standard 
Curren t ly  i n  use 

Qua r t z  
Rub i d  ium 
Rub i d  ium 
Cesiun 
Cesium 
Rub id  ium 

Each GPS space v e h i c l e  cont inuously b roadcas t s  spread I 
. . 

and L2, r e s p e c t i v e l y .  Ihe s i g n a l  waveform is a composite 
of two pseudo-random no i se  (PN) phase-shif t-key (PSK) 
s i g n a l s  t r ansmi t t ed  i n  phase quadra ture .  These two s i g n a l s  
a r e  r e f e r r e d  t o  as  t h e  P-signal and t h e  C / A  s i g n a l .  

The P-signal provides  t h e  c a p a b i l i t y  f o r  p r e c i s e  naviga- 
, , ~ n ,  is r e s i s t a n t  t o  ECM and mu l t i pa th ,  and could b e  
d o n i  arl t n  11na11t.hnri 7& 1 1 ~ p r ~  b" means of t ransmiss ion  
s e c u r i t y  (TRANSEC) dev ices .  I 
The C / A  s i g n a l  provides  a ranging s i g n a l  f o r  u s e r s  whose 
naviga t ion  requirements  a r e  less p r e c i s e .  Ir! a d d i t i o n ,  
t h i s  s i g n a l  s e rves  a s  an a c q u i s i t i o n  a i d  f o r  au thor ized  - * , * .  . 3 .  

waveform. 

Orthogonal b ina ry  coded sequences,  t r ansmi t t ed  frorn each 
GPS s a t e l l i t e ,  provide a  c a p a b i l i t y  f o r  i d e n t i f y i n g  each 
i n d i v i d u a l  s a t e l l i t e .  This technique  is  known a s  Code 
Div is ion  Mul t ip le  Access (CDMA). By means of a  co r r e -  
l a t i o n  d e t e c t o r ,  t h e  apparent  t ime d i t f e r e n c e  between 
t ransmiss ion  of t h e  s i g n a l  and a r r i v a l  of t h e  s i g n a l  a s  
determined by t h e  u s e r ' s  r ece ive r  c lock  is  measured. This 
apparen t  t ime d i f f e r e n c e  is  composed of two p a r t s :  t h e  
s i g n a l  propagat ion d e l a y  from t h e  s a t e l l i t e  t r a n s m i t t e r  t o  
t . h ~  ljspr ~ n d  t,hp ilnknown offset  of t h e  user  c lock .  Each 
GPS s p a c e c r a f t  t r a n s m i t s  a naviga t ion  message which is 
modulated on to  t h e  s i g n a l ,  and may be decoded and used i n  
t h e  c a l c u l a t i o n  of t h e  u s e r ' s  p o s i t i o n ,  v e l o c i t y ,  and 
c lock  off se t .  

c i v i l i a n  use of GPS is being cons idered ,  with app rop r i a t e  I 

A high accuracy GPS nav iga t iona l  s o l u t i o n  is obtained from I 



f o u r  s i m u l t a n e o u s  measurements of a p p a r e n t  t i m e  
d i f fe rence  . These apparent time d i f fe rence  measurements 
a r e  ca l l ed  pseudo-range measurements because t h e  s i g n a l  
must t r a v e l  from t h e  GPS s p a c e c r a f t  t o  t h e  u s e r ' s  
r e c e i v e r ,  a d i s t ance  on the  order of 20,000 t o  25,000 km. 
Hence t h i s  de lay  is present  i n  addi t ion  t o  the  a c t u a l  
clock d i f fe rence .  Tne time d i f fe rences  a r e  taken between 
the  user rece iver  clock and each of the  NAVSTAR spacec ra f t  
c locks .  Using a computer-controlled rece ive r ,  t h e  GPS user 
tunes and locks t h e  GPS rece iver  t o  s i g n a l s  broadcast from 
the  NAVSTAR SVs, and then makes four  simultaneous pseudo- 
range measurements. The f o u r  NAVSTAR SV pos i t ions  a r e  
ca lcula ted  from the  GPS navigat ion message, which is 
modulated onto each GPS s igna l .  These f o u r  pseudo-range 
measurements a r e  then used t o  c a l c u l a t e  a navigat ional  
so lu t ion  (3 ,4 )  f o r  the  u s e r ' s  l a t i t u d e ,  longi tude ,  he igh t ,  
and c l o c k  off  s e t .  GPS p r o v i d e s  a nea r  - i n s t a n t a n e o u s  
navigat ion c a p a b i l i t y  f o r  users  on a world wide b a s i s .  

A GPS navigat ional  so lu t ion  For t h e  u s e r ' s  ve loc i ty  and 
c l o c k - r a t e  may be computed th rough  t h e  u s e  of f o u r  
add i t iona l  simultaneous measurements of apparent frequency 
d i f f e r e n c e .  These a p p a r e n t  f r e q u e n c y  d i f f e r e n c e  
measurements a r e  ca l l ed  pseudo-range r a t e  measurements, 
because t h e  r e l a t i v e  motion between t h e  GPS spacecraf t  is  
present  i n  addi t ion  t o  t h e  clock-rate d i f f e rence .  The 
b a s i c  GPS navigation so lu t ion  f o r  user pos i t ion  and clock 
off set is independent of the  user I s  ve loc i ty  and clock 
r a t e ;  however, the  u s e r ' s  pos i t ion  is required f o r  t h e  
ve loc i ty  so lu t ion .  Al ternate ly ,  t h e  so lu t ion  f o r  ve loc i ty  
and c l o c k - r a t e  may b e  e s t i m a t e d  f rom two o r  more 
success ive  GPS pos i t ion  and clock o f f s e t  so lu t ions .  

GPS On-Orbit Clock Analysis 

The GPS instantaneous navigation c a p a b i l i t y  is poss ib le  because each NAVSTAR 
clock is synchronized t o  a comon GPS time. The clock o f f s e t ,  o r b i t a l  

-r) 
elements, and spacecraf t  hea l th  parameters of a l l  spacecraf t  i n  t h e  GPS 
cons te l l a t ion  a r e  pe r iod ica l ly  determined a t  the  GPS master con t ro l  s t a t i o n ,  
These clock off sets, o r b i t a l  elements, and spacecraf t  hea l th  parameters a r e  
then uploaded t o  each NAVSTAR SV and inser ted  i n t o  the GPS navigat ion 
message.  Each NAVSTAR c l o c k  must t h e n  keep t i m e ,  t o  w i t h i n  GPS 
s p e c i f i c a t i o n s  , u n t i l  the  next clock update. The time s t a b i l i t y  of a clock 
is r e l a t e d  t o  its frequency s t a b i l i t y ;  theref o r e ,  a fundamental measure of 
GPS clock performance is the  frequency s t a b i l i t y  of the  clocks.  The Allan 
variance is the  s t a t i s t i c a l  measure of frequency s t a b i l i t y  t h a t  is used f o r  
repor t ing  clock performance. 

The procedure t h a t  has been devised a t  NRL (5,  6) f o r  determining GPS clock 
performance is presented i n  Figure 1, The goal  of t h i s  technique is t o  
separa te  the  clock off s e t ,  from the  o r b i t a l  and other  smaller e f f e c t s  t h a t  
a r e  present  i n  t h e  GPS s igna l .  This procedure u t i l i z e s  a highly redundant 
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set of pseudo-range, and pseudo-range r a t e  measurements, t h a t  a r e  c o l l e c t e d  
from a l l  f o u r  GPS monitor sites dur ing  two-week i n t e r v a l s .  This  redundant 
s e t  of measurements a l lows t h e  de te rmina t ion  of smoothed o r b i t  s t a t e s  and 
b i a s  parameters  t h a t  a r e  independent of t h e  GPS Master Control  S t a t i o n  
r e a l t i m e  Kalman e s t ima t ion  procedure.  A d e s c r i p t i o n  of t h i s  technique 
f o l l o w s ,  with emphasis on t h e  v a r i a b l e s  r e l a t e d  t o  clock performance 
a n a l y s i s .  

Measurements of pseudo-range (PR) and in t eg ra t ed  pseudo-range r a t e  a r e  taken 
between t h e  NAVSTAR SV clock and t h e  MS clock using a spread spectrum 
r e c e i v e r .  The MS r e c e i v e r s  a r e  capable  of making measurements from f o u r  GPS 
SVs, s imul taneous ly ,  whenever f o u r  or more SVs a r e  above t h e  MS hor izon .  The 
measurements a r e  taken once every s i x  seconds and then aggregated and 
smoothed once per 15 minutes.  Figure 2 p re sen t s  a p l o t  or a t y p i c a l  
pseudo-range s i g n a t u r e  obtained from a s i n g l e  NAVSTAR s a t e l l i t e  pass over a 
m o n i t o r  s t a t i o n .  Each measurement  i s  c o r r e c t e d  f o r  equ ipmen t  d e l a y ,  
ionospher ic  d e l a y ,  t r oposphe r i c  d e l a y ,  e a r t h  r o t a t i o n ,  and r e l a t i v i s t i c  
e f f e c t s .  The d a t a  , a r e  then ed i t ed  and smoothed a f t e r  s u b t r a c t i n g  t h e  
p red i c t ed  SV ephemeris and c lock  off s e t ,  which removes most of t h e  s i g n a l .  
Following t h e  smoothing procedure,  t h e  pred ic ted  va lues  a r e  added t o  t h e  
smoothed va lues  t o  produce t h e  smoothed measurements. Tne apparent  c lock 
o f f s e t  is evaluated near t h e  midpoint of t h e  15-minute d a t a  span,  using a 
cub ic  polynomial model and both t h e  pseudo-range and t h e  pseudo-range-rate 
measurements. 

The pseudo-range measurements a r e  r e s o l v d  t o  1/64 of a P-code c h i p ,  which 
corresponds t o  1.5 ns  of time, or  46 cm in  range.  Nominal va lues  of 
pseudo-range no i se  l e v e l s  a r e  1 . 3  m f o r  t h e  LI measurements, and o 

2.0 m f o r  t h e  L2 m e a s u r e r n e n t s ~ ~ ~ ~ e  L and L measurements a r e  combined 
1 c o r r e c t  for  ionospher ic  r e f r a c t i o n ,  which r e s & t s  i n  an inc rease  t o  - - 

4.53 m f o r  t h e  co r r ec t ed  pseudo-range measurements. The accumulated ;%ta 
pseudo-range measurement no i se  l e v e l s  a r e  0.31 cm f o r  L1 and 0.56 cm f o r  L . 
These measurements a r e  a l s o  combined t o  c o r r e c t  f o r  ionospher ic  ref  r a c t i o g .  
The smoothing procedure uses  t h e  pseudo-range r a t e  measurements t o  a i d  i n  
t h e  pseudo-range smoothing of each 15-minute segment of d a t a .  This  p roces s ,  
a s  ou t l i ned  i n  r e f e r ence  7 ,  r e s u l t s  i n  a smoothed pseudo-range measurement 
no i se  l e v e l  of 18.5 cm. 

The e q u a t i o n  t h a t  r e l a t e s  t h e  pseudo-range  measurement  t o  t h e  c l o c k  
d i f f e r e n c e  between t h e  NAVSTAR SV clock and the  MS clock is: 



where 

PR = the  measured pseudo-range 

R = t he  s l a n t  range ( a l s o  known a s  t h e  geometric range) 
from the  SV ( a t  the  time of transmission ) t o  the  MS ( a t  
the  time of recept ion)  

c = t he  speed of l i g h t  

t~~ = the  MS clock time 

t ~ v  = t he  SV clock time 

tA : ionospheric,  t ropospheric,  and r e l a t i v i s t i c  de lay ,  with 
co r rec t ions  f o r  antenna and equipment de lays  

E t he  measurement e r r o r  

The clock diE'f e r  ence , ( tSV - t 1, is obtained by d iv id ing by c ,  the  speed 
of l i g h t ,  and rearranging Eq ( i n t o  

In Eq ( I ) ,  t h e  pseudo-range is a measure of d i s t a n c e ,  t y p i c a l l y  expressed i n  
ki lometers  (km). In Eq (2 )  t h e  u n i t  of measure is time, t y p i c a l l y  expressed 
i n  mil l iseconds ( m s ) .  

The clock d i f fe rence  ( tSV - tMS) may be d& ined a s  a new var i ab le  x (  t k )  . 

The subsc r ip t  k is used t o  denote the  time of measurement a s  determined by 
t h e  monitor s i t e  clock. This d e f i n i t i o n  of x ( t k )  is made s o  t h a t  the  clock 
d i f f e r e n c e  n o t a t i o n  w i l l  a g r e e  wi th  r e f e r e n c e d  l i t e r a t u r e ;  t h e  c lock 
d i f fe rence  is a l s o  denoted by t h e  va r i ab le  a t k .  

The va r i ab les  { x ( t k ) ,  A t k  } are equivalent ;  the  choice of va r i ab le  w i l l  be 
one of convenience. 

A l l  of the  smoothed pseudo-range measurements from t h e  four  GPS monitor 
s i t e s  a r e  co l l ec ted  a t  the  GPS Master Control S ta t ion .  Tnese measurements 
a r e  processed t o  produce a rea l t ime es t imate  of each of t h e  NAVSTAR clock 
and ephemeris s t a t e s .  Tnese smoothed measurements a r e  f u r t h e r  processed in  
p o s t - f l i g h t  a n a l y s i s  t o  produce a smoothed e s t i m a t e  of t h e  NAVSTAR 
ephemerides. 



I The r e a l t i m e  e s t i m a t e s  of t h e  NAVSTAR SV c lock  and ephemeris s t a t e s  a r e  made 
using a Kalman (8, 9) es t ima to r  wnich has  been adapted f o r  GPS u se ,  a s  
descr ibed  i n  r e f e r ence  10. ' h e  success  of t h e  es t imat ion  technique is 

1 c r i t i c a l l y  dependent on t h e  s t a b i l i t y  of t h e  NAVSTAR SV and MS c locks .  For 
example, Figure 2 p re sen t s  t h e  time d e l a y  t h a t  occurs  a s  t h e  NAVSTAR s i g n a l  
t r a v e l s  from t h e  s p a c e c r a f t  t o  a GPS monitor s i te .  Reference t o  Figure 2 
i n d i c a t e s  a change i n  apparent  t ime d ~ f e r e n c e s  of 15 mi l l i s econds  or  
15,000,000 nanoseconds dur ing  t h e  f i r s t  3 hours  of t h i s  NAVSTAR pass .  
Current  GPS s p e c f l i c a t i o n s  c a l l  f o r  a maximum clock u n c e r t a i n t y  of less than 
5 nanoseconds du r ing  t h e  pass .  If t h e  NAVSTAR SV clock does no t  meet t h i s  
s p e c i F i c a t i o n ,  then t h e  Kalman es t imator  has  d i f f i c u l t y  i n  s e p a r a t i n g  t h e  
o r b i t  p a r t  of t h e  GPS s igna l  from t h e  clock noise. Reference t o  Eq ( 2 )  
shows t h a t  t h e  monitor s i t e  c lock  has  t h e  same weight i n  t h e  measurement a s  
t h e  NAVSTAR c lock ;  t h e r e f o r e ,  it is h ighly  d e s i r a b l e  t o  have a MS clock of 
e q u a l ,  or b e t t e r  t ime s t a b i l i t y  a t  each GPS monitor s i t e .  Figure (3)  
p r e s e n t s  t h e o r e t i c a l  f requency mcdels f o r  t h e  GPS cesium and rubidium 
c locks .  I n  f i g u r e  ( 3 ) ,  t h e  on-orbi t  c locks  a r e  preceded by 'lSVI1, t h e  monitor 
s i t e  c locks  a r e  a l l  cesium and a r e  designated by "MS cesium". 

It  w i l l  be assumed t h a t  t h e  r e f e r ence  GPS MS c locks  a r e  s i g n i f i c a n t l y  more 
s t a b l e  than t h e  on-orb i t  GPS SV c locks .  This assumption w i l l  be t e s t e d ,  and 
v e r i f i e d ,  us ing  a c lock  ensemble composed of t h e  GPS MS c locks .  

Smoothed e s t i m a t e s  f o r  t h e  NAVSTAR o r b i t s  a r e  r o u t i n e l y  made by t h e  Naval 
Surf ace  Weapons Center (NSWC) , using an o r b i t  es t imat ion  program ( 1 1 ) . Tne 
male1 inc ludes  dynamics of t h e  s a t e l l i t e  motion, s o l a r  r a d i a t i o n  p r e s s u r e ,  
po le  wander, e a r t h  t i d e s  and o r b i t  a d j u s t  maneuvers. Tne smoothed o r b i t s  
a r e  made once per week, using a l l  a v a i l a b l e  observa t ions  f a r  a two-week span 
from each of t h e  f o u r  GPS monitor s i t e s .  The pseudo-range measurements a r e  
d i f f e r enced  t o  compute delta-pseudo-range va lues  which a r e  used a s  t h e  
measured q u a n t i t y  i n  the  NSWC program. The mdel  inco rpo ra t e s  a segmented 
b i a s  parameter s o l u t i o n ,  with a n a l y s i s  of t h e  r e s u l t i n g  r e s i d u a l  p a t t e r n s  of 
t h e  smoothed o r b i t  e s t ima t ion .  

The major advantage of t h e  smoothed o r b i t  e s t i m a t e ,  over t h e  Kalman r e a l t i m e  
e s t i m a t e ,  is t h e  product ion of a smoothed o r b i t  which is almost completely 
determined by t h e  d a t a ,  without r e s t r i c t i v e  assumptions on t h e  unce r t a in ty  
i n  c lock and o r b i t  s t a t e s .  

Time-Domain Clock Analysis  

GPS opera t ion  r e q u i r e s  t h a t  t h e  on-orbi t  NAVSTAR SV clocks keep t h e  c u r r e n t  
GPS t ime. Because t h e  c locks  a r e  p e r i d i c a l l y  updated, i n t e r e s t  is i n  
e v a l u a t i n g  c lock  performance a s  a func t ion  of t h e  sample t ime ,  -1, which is 
t h e  d i f f e r e n c e  between two success ive  va lues  of running time. 

Given two c lock  measurements, x(t ) and x ( t  . ) ,  which were made a t  running 
times t and t .  (by t h e  GPS monitbr s i te  c l d k ) ,  t h e  sample time r is given I b y E q ( 5 ) .  J 



The sample time w i l l  be v a r i e d  from 900 seconds  t o  10 d a y s  ( i n  t h i s  
p r e s e n t a t i o n )  t o  e v a l u a t e  c l o c k  performance . 
One c l o c k  model used t o  d e s c r i b e  t h e  NAVSTAR c l o c k  a s  a f u n c t i o n  of time is 
a q u a d r a t i c  e q u a t i o n  of t h e  fo rm 

I n  Eq (6 )  x ( t o )  is t h e  i n i t i a l  c l o c k  o f f s e t ,  y ( t  ) is t h e  c l o c k  r a t e  ( a l s o  
known a s  t%e f r a c t i o n a l  f r e q u e n c y  o f f s e t ) ,  9 (e ) is t h e  d r i f t  i n  t h e  
f r a c t i o n a l  f r e q u e n c y  ( a l s o  known a s  t h e  a g i n g  r%te?, and ~ ( t )  is t h e  e r r o r  
term. 

By choos ing  r = ( t - t o )  and o m i t t i n g  t h e  error term, Eq ( 6 )  can be w r i t t e n  a s  

By h o l d i n g  t h e  v a l u e  of T f i x e d  , and e v a l u a t i n g  Eq ( 7 )  f o r  many d a t a  samples  
of t and to, t h e  s t a t i s t i c a l  e r r o r  i n  t h e  c l o c k  c o e f f i c i e n t s  and t h e  e r r o r  
term can b e  e s t i m a t e d .  

The measure of c l o c k  performance used i n  t h e  a n a l y s i s  of t h i s  paper is t h e  
Al lan  v a r i a n c e  (12), which is d e f i n e d  by 

where y d e n o t e s  t h e  a v e r a g e  f r a c t i o n a l  f r e q u e n c y ,  +t d e n o t e s  t h e  sample k time, and t h e  b r a c k e t s  < > d e n o t e  t h e  i n f i n i t e  time average .  Two o t h e r  
pa ramete rs  a r e  invo lved  i n  t h e  Al lan v a r i a n c e  a n a l y s i s .  The f i r s t  is t h e  
r e p e t i t i o n  i n t e r v a l  T ,  which is e q u a l  t o  t h e  sample time i n  Eq (8) .  The 
o t h e r  parameter  is f , t h e  sys tem n o i s e  bandwidth ,  which d o e s  n o t  e x p l i c i t l y  
appear  i n  t h e  ~ l l a h  v a r i a n c e  e q u a t i o n .  The system n o i s e  bandwidth is 
r e c e i v e r  dependen t ,  and depends  upon use r  dynamics. In format ion  on t h e  GPS 
moni tor  site r e c e i v e r s  may be found i n  r e f e r e n c e  13. 

The f r a c t i o n a l  f r e q u e n c y ,  denoted by t h e  v a r i a b l e  y ,  is g iven  by 

where v d e n o t e s  t h e  i n s t a n t a n e o u s  f r e q u e n c y ,  and v is t h e  r e f e r e n c e ,  o r  
V 

nominal f requency .  The average  f r a c t i o n a l  f r e q u e n c y ,  denoted by $ 9  is 
g iven  by 



Hef e r e n c e  t o  Eq ( 10) shows t h a t  7 depends  on t and T , as well a s  y(t ) ; s o  
yk could  be w r i t t e n  a s  T ( t k ,  T )  $0 show t h i s  $ependence on tk and T .  The 
v a l u e s  f o r  y used i n  t h i s  r e p o r t  a r e  o b t a i n e d  f rom v a l u e s  of clock off  s e t ,  

, cornpaed a c c o r d i n g  t o  Eq ( 3 )  The average  f r e q u e n c y  yk may b e  
i n  t e r m s  of x( t) , as given by 

The i n f i n i t e  t i m e  a v e r a g e  r e q u i r e d  i n  Eq  ( 8 )  f o r  t h e  Allan v a r i a n c e  i s ,  of 
c o u r s e ,  u n o b t a i n a b l e  i n  t h e  r e a l  world.  Theref o r e ,  a Y i n i t e  approx imat ion  
of t h e  Al lan  v a r i a n c e ,  g iven  by Eq ( 12) ,  is used .  

The arguments of t h e  f i n i t e  approx imat ion ,  o 2 ( 2 , ~ , M ) ,  a r e  2 ,  i ,  M ,  
r e s p e c t i v e l y .  The number- 2 s p e c i f i e s  t h a t  p a i r s Y o f  f r a c t i o n a l  f r e q u e n c i e s  
a r e  u s e d ,  r d e n o t e s  t h e  sample t i m e ,  and ( M - 1 )  d e n o t e s  t h e  n ~ m b e r  of 
f r e q u e n c y  p a i r s .  

The d i f f e r e n c e  between o T and o ' ( 2 , T  , M )  t h a t  a 2 ( T )  i s  t h e  d e s i r e d  
q u a n t i t y  d e f i n e d  by an ' i n f i n i t e  s&ies; o '(2 , T  ,M) Y 1s a p a r t i a l  series 
o b t a i n e d  from a f i n i t e  number of d a t a  p o i n t s .  Tne use  of a  fi i t e  number of 2 d a t a  p o i n t s  d o e s  not i n t r o d u c e  any b i a s  i n  t h e  y t i m a t e  of o ( ) ,  as  shown 
by  r e f e r e n c e  14. Ihe r a t i o  of t h e  v a r i a b l e s  o ( 2 , ~  ,M) and '0 '(T) w i l l  b e  
used i n  e s t a b l i s h i n g  c o n f i d e n c e  limits f o r  t h e  f i n i t e  e s t i m a t e  %f o 2 ( ~  ) . 

Y 

The c o n v e r g e n c e  of  t h i s  T i n i t e - s a m p l e  a v e r a g e ,  u 2 ,  M t o w a r d s  a 
t h e o r e t i c a l  1 i m i t  h a s  been i n v e s t i g 3 t e d  by r e s e a r c h e r s "  ( 13) .  The conf idence  
of t h i s  q u a n t i t y  a s  a  measure of a (i) h a s  a l s o  been i n v e s t i g a t e d  ( 1 4 ,  35). 
' lhese t h e o r e t i c a l  r e s u l t s  ind i c a t e Y t h a t  a high-conf idence  e s t i m a t e  of 0 ( T  ) 
ma:, be o b t a i n e d  th rough  t h e  use  of l a r g e  d a t a  b a s e s ,  which r e s u l t  i n  a Yarge 
number of f r e q u e n c y  p a i r s .  I n  p r a c t i c e  it is d e s i r a b l e  t o  have a  d a t a  b a s e  
l e n g t h  which is a t  l e a s t .  a f a c t o r  of t e n  l a r g e r  than  t h e  sample  time. 

The s q u a r e  r o o t  of t h e  Al lan  v a r i a n c e  is c a l l e d  t h e  Allan d e v i a t i o n ,  The 
Al lan  d e v i a t i o n  is d e f i n e d  by Eq ( 1 3 ) .  

Frequency S t a b i l i t y  Set S e l e c t i o n  C r i t e r i a  

The GPS measurements may be  aggrega ted  i n t o  s e t s  f o r  t h e  s h o r t -  and 
1-ong-term f r e q u e n c y  s t a b i l i t y  a n a l y s i s .  F i g u r e  4 p r e s e n t s  a  f l o w  diagram of 



t h i s  procedure. Tne smmthed pseudo-range measurements a r e  combined with 
t h e  reference  ephemeris t o  produce smoothed clock off sets. Each smoothed 
measurement is obtained from up t o  150 six-second pseudo-range and 149 d e l t a  
pseudo-range measurements.  Th i s  p rocedure  i n c l u d e s  c o r r e c t i o n s  f o r  
ionospheric , t ropospher ic ,  and equipment de lays ,  and a correc t ion  f o r  
r e l a t i v i t y  e f f e c t s .  The s e t  se l ec t ion  c r i t e r i a  a r e  then applied t o  
cons t ruc t  subs5ts  of clock off s e t  va lues ,  { x ( t k )  } , which a r e  then used t o  
produce the  a ( T  ) Allan variance values. 

Y 

For the  short-term frequency s t a b i l i t y  a n a l y s i s ,  t he  Allan variance is 
computed from the  s e t  of smoothed clock o f f s e t s ,  using one or  more s a t e l l i t e  
passes.  Reference t o  Figure 4 indica tes2  t h a t  sets of 5,  10, or more days 
have been used t o  compute one value of o (T). 

Y 

Figure 5 presents  an example of a f i v e  day s e t  of NAVSTAR-3 observations a s  
recorded a t  the  Vandenberg MS. The p l o t  presents  the  e levat ion  angle of 
NAVSTAR-3 a s  a funct ion  of time f o r  f i v e  days beginning a t  day 180. The 
e levat ion  angle is computed every 15 minutes, and p lo t ted  a s  a "dotn on 
Figure 5. Inspection of t h i s  p l o t  ind ica tes  t h a t  a p a r t i a l  pass may occur 
a t  the  beginning, or  ending, of the  f ive-day set. 

Note the  repeat ing  pass s ignature  i n  Figure 5 which is c h a r a c t e r i s t i c  of a l l  
GPS o r b i t s .  This repeat ing  s ignature  is a r e s u l t  of the  12-sidereal-hr GPS 
o r b i t s  which produce repeat ing  ground t r acks .  Therefore the  number of 
points-per-pass remains constant .  For example, i n  Figure 5 a t o t a l  of 28 
values of smmthed da ta  a r e  ava i l ab le  from t h i s  NAVSTAR-3 pass over the  
Vandenberg MS. A f ive-day s e t  would contain approximately 140 da ta  segments 
which could be used t o  obta in  smoothed NAVSTAR clock o f f s e t  values.  

The 5 4 a y  s e t  has been chosen f o r  use in  t h i s  paper because of a t radeoff  
between the  confidence in  the  Allan variance and t h e  length of t h e  s e t .  Tne 
primary reason f o r  choosing the  s h o r t e s t  s e t  poss ib le  is t o  see  changes i n  
t h e  NAVSTAR clocks as a funct ion  of time. The reason f o r  chms ing  longer 
sets is t o  increase  the  t o t a l  number of samples in  each Allan variance 
ca lcu la t ion .  

The nmber of Allan variance values t h a t  a r e  ca lcula ted  may be maximized, 
using a procedure based on the  one given in  reference  15. This procedure 
involves de f in ing  a base sampling time T which is defined by Eq (14) .  

0 ' 
T = M I N  {(tk -- t . ) :  J k} 

0 J Eq (14) 

For the  short-term frequency s t a b i l i t y  r e s u l t s ,  a nominal base sampling time 
of 15-minutes (or  900 seconds) w i l l  be used. For the  long-term frequency 
s t a b i l i t y  r e s u l t s  a base sampling time of l d a y  w i l l  be used. Multiples of 
t h e  base sampling time may be ca lcula ted  according t o  

T = n-r 
0 

where t h e  va r i ab le  n takes  on in teger  values 1, 2, . . . . . A maximum value of 
n = 8 w i l l  be used f o r  the  short-term frequency s t a b i l i t y  a n a l y s i s ,  and n = 
10 f o r  the  long-term frequency s t a b i l i t y  analys is .  



The number of c lock  d P s e t s  i n  a s e t  w i l l  be denoted by t h e  v a r i a b l e  N .  
Assuming t h a t  a l l  of t he  clock o f f s e t s  a r e  equi-spaced a t  sample time T ,  t h e  
t o t a l  (with maximal use of d a t a )  number of Allan va r i ance  va lues  is given by 
t h e  express ion  ( N  - 2n) .  This  is not t h e  c a s e  with t h e  d a t a  used i n  t h i s  
r e p o r t  due t o  t h e  na tu re  of t h e  GPS o r b i t s .  For both t h e  sho r t -  and t h e  
long-term process ing  a lgor i thms  each sample time is c a l c u l a t e d  according t o  
E q  ( 5 ) ,  and each f r a c t i o n a l  f requency according t o  Eq ( 1 1  ) . 
A c a l c u l a t i o n  h a s  been  per formed t o  p roduce  t y p i c a l  v a l u e s  f o r  t h e  
confidence i n  t h e  Allan var iance .  The Allan var iance  va lue  is then 
converted t o  the  Allan dev ia t i on  according t o  Eq ( 1 1 ) .  Most of t h e  
r e f e r ence  l i t y a t u r e  expresses  f requency s t a b i l i t i e s  i n  terms of oy ( r  ) 
r a t h e r  than u ( T I .  

Y 
The confidence l i m i t s  a r e  ca l cu l a t ed  according t o  t h e  methcd ou t l i ned  i n  
r e f e r ence  15,  using a white  no i se  FM p roces s ,  because t h i s  is t h e  dominant 
n o i s e  t ype  t h a t  was encountered i n  t h e  short- term frequency s t a b i l i t y  
va lues .  The confidence l i m i t s  f o r  a 95% confidence l e v e l ,  c a l cu l a t ed  fo r  a 
f i v e - d a y  s e t  (F igure  4 ) ,  a r e  presented i n  Table 2. Tncse c a l c u l a t i o n s  have 
been made assuming 25 points-per-pass;  however, t h e  t o t a l  number of samples 
f o r  t h e  f ive-day s e t  has  been m d ~ i e d  t o  account f o r  t h e  pass-to-pass break 
i n  t h e  d a t a .  The pass-to-pass break in  t h e  d a t a  eFf e c t i v e l y  reduces t h e  
number of samples t h a t  may be computed. 

Table 2 
95% Confidence Limi ts  

f o r  a 
?-Day Set and a 

White no i se  FM process  

The t y p i c a l  confidence limits may be used  t o  s e p a r a t e  random sampling 

f o r  a 0.25 hour sample t ime ,  t he  upper 95% confidence would be ( 1 x 10- I L )  x 
(1 ,189)  1.189 A sequence of Allan d e v i a t i o n s ,  computed us ing  
succes s ive  f ive-day s e t s ,  could then be analyzed us ing  t h e s e  95% confidence 
l i m i t s  a s  a guide t o  s e p a r a t e  random sampling from sys temat ic  and o the r  



e f f e c t s .  Further  i n spec t ion  OF Table 2 i n d i c a t e s  t h a t  f o r  sample times 
g r e a t e r  than 2 hou r s ,  l a r g e r  s e t s  would be  requi red  t o  produce accep tab l e  
confidence l i m i t s  i n  0 ( T  ) values .  

Y 
The Allan va r i ances  obtained from succes s ive  5-day sets can be  f u r t h e r  
averaged t o  ob t a in  one va lue  f o r  t h e  e n t i r e  d a t a  span. For a 1-year p a t a  
span ,  a  t o t a l  of 72 Five-day sets would be a v a i l a b l e  f o r  t h e  a ( T )  

c a l c u l a t i o n .  Mul t ip ly ing  t h e  deg rees  of freedom f o r  a  t y p i c a l  5-day set 
(Table  2) by 72 f ive-day sets per year r e s u l t s  i n  3240 Allan va r i ance  
samples f o r  a  2-hour sample time, and f o r  a  15-minute sample time. The 
number of Allan var iance  samples versus  sample time is presented i n  F igure  
(7)  For a 5-day se t ,  and a  I-year d a t a  set From t h e  f o u r  GPS monitor s i tes.  

For t h e  long-term (1 -  t o  10-day sample times) frequency s t a b i l i t y  a n a l y s i s ,  
one pas s  of a NAVSTAR SV over a monitor s i t e  is used a s  an o p e r a t i o n a l  set  
s e l e c t i o n  c r i t e r i a .  Figure 6 d e p i c t s  one pass  of NAVSTAR-6 a s  observed Prom 
t h e  Vandenberg MS. Using t h e  set of c lock  of Psets from one p a s s ,  a s i n g l e  
va lue  of c lock  off set is computed f o r  t h e  pass .  The epoch f o r  t h e  
c a l c u l a t i o n  is chosen t o  be  t h e  Time-of-Closest Approach (TCA) of t h e  
s p a c e c r a f t  t o  t h e  monitor s i t e .  Tnis  va lue  of c lock  off set  is denoted a s  

A l e a s t  square  o b j e c t i v e  func t ion  is used with d a t a  e d i t i n g  t o  2;k~d; and remove s t a t i s t i c a l  o u t l i e r s ,  and t o  l i m i t  t h e  set p o i n t s  wi th in  
+ 1.5 hours  of TCA. I n  a d d i t i o n  t o  t h i s  procedure,  a pass-to-pass c o n s t r a i n t  - 
on t h e  sample t i m e  T must be met be fo re  an Allan var iance  can be  computed. 

For t h e  long-term frequency s t a b i l i t y  v a l u e s ,  two types  of no i se  p roces se s  
were encountered. Tnese two types  of no i se  processes  were: random walk F'M 
f o r  t h e  NAVSTAR rubidium c locks ,  and f l i c k e r  no i se  FM f o r  t h e  NAVSTAR cesium 
c locks .  Tables  3 and 4  p re sen t  t h e  95% confidence l i m i t s  f o r  a  1-year d a t a  
set assuming no pass-to-pass break i n  t h e  d a t a .  

Table  3 
95% Confidence LIMITS 

f o r  a  
I-year set and a  

Random walk FM n o i s e  process  

Sample Time Confidence Limi ts  Nuyber Degrees of 
(days UPPER LOWER 0 (T  1 Freedom 

a>--- -- ~Xrn~les 



Table  4 
95% Confidence LIMITS 

f o r  a 
I-year s e t  and a 

F l i c k e r  n o i s e  FM p r o c e s s  

Sample Time Conf i d e n ~ e  L i m i t s  Num e r  of 9 Degrees  of 
( d a y s )  IJPPEK LOWER 0 (T ) Freedom 

sXmples 

NAVSTAR-3 On-orbit  R e s u l t s  

Two t y p e s  of p l o t s  w i l l  be used t o  p r e s e n t  t h e  NAVSTAR time domain c l o c k  
d a t a .  'The f i r s t  t y p e  of p l o t  p r e s e n t s  t h e  Al lan  d e v i a t i o n ,  averaged o v e r  
5-day s e t s ,  a s  a f u n c t i o n  of runn ing  t i m e .  The second t y p e  of p l o t  p r e s e n t s  
t h e  Al lan  d e v i a t i o n  a s  a f u n c t i o n  of sample t ime .  

F i g u r e  ( 8 )  p r e s e n t s  t h e  NAVSTAR-3 u (.r ) v e r s u s  runn ing  t i m e  t ,  f o r  1982. A 
t o t a l  of 64 f i v e  day  sets were 'used t o  produce t h e s e  r e s u l t s .  These 
c a l c u l a t i o n s  were made u s i n g  t h e  1-year a v e r a g e  a s  a r e f e r e n c e .  ' h e  95% 
conf idence  limits used were t h o s e  p r e s e n t e d  i n  F i g u r e  (8). I n s p e c t i o n  of 
F i g u r e  (8) i n d i c a t e s  o n l y  two o u t l i e r s  t h a t  o b v i o u s l y  exceed t h e  95% 
conf id'ence limits. 

For b r e v i t y  o n l y  one 0 (T ) v e r s u s  runn ing  t ime  t p l o t  w i l l  b e  p r e s e n t e d  i n  
t h i s  p a p e r .  R o s e  r e g d e r s  i n t e r e s t e d  i n  a more complete  t r e a t m e n t  may 
r e f e r e n c e  t h e  f o r t h c o m i n g  NHL r e p o r t  #8778. 

F i g u r e  ( 9 )  p r e s e n t s  t h e  NAVSTAR-3 f r e q u e n c y  s t a b i l i t y  r e s u l t s  a s  a f u n c t i o n  
of sample t ime .  The independent  v a r i a b l e  i n  F i g u r e  (9) is t h e  sample time, 
which v a r i e s  f r o m  900 seconds  t o  10 d a y s .  The NAVSTAR-3 a g i n g  r a t e ,  which 
averaged -3.5 PP10( 13) /day f o r  1982, was removed b e f o r e  c a l c u l a t i n g  t h e  
Al lan  v a r i a n c e .  The ag ing  r a t e  was c a l c u l a t e d  u s i n g  a l e a s t - s q u a r e s  c u r v e  
fit t o  a q u a d r a t i c  e q u a t i o n ,  g iven by Equation ( b ) ,  and a d a t a  l e n g t h  
s i g n i f i c a n t l y  g r e a t e r  than  10-days, which was t h e  l o n g e s t  sample time 
a n a l y z e d .  The t h e o r e t i c a l  c u r v e s  For t h e  SV rubidium and MS cesium c l o c k s  
a r e  p l o t t e d  i n  F i g u r e  (9) a s  s o l i d  c u r v e s .  The o n - o r b i t  measured v a l u e s ,  
which a r e  r e f e r e n c e d  t o  each of t h e  GPS moni tor  s i t e  cesium c l o c k s ,  a r e  
p l o t t e d  a s  d i s c r e t e  p o i n t s  connected by dashed l i n e  segments.  The shor t - t e rm 
sample  t i m e s  v a l u e s  r a n g e  f rom 900-seconds t o  2-hours,  wi th  inc rements  of 



900-seconds. ?he long-term sample times vary from 1 t o  10 days, wi th  
increments of I-day. 

Figure ( 10) presents the NAVSTAR-3 frequency s t a b i l i t y  r e su l t s  referenced to  
an ensemble of c locks ,  cons i s t ing  of the  fou r  GPS MS clocks.  The 
presentation of the NAVSTAR-3 p lo ts ,  referenced t o  individual GPS monitor 
s i t e  clocks, allows s t a t i s t i c a l  comparison of the reference clocks, in 
addition t o  the NAVSTAR-3 clock. 

The NA'VSTAR-3 short-term frequency resu l t s  indicate a value of 21.3 PP 10( 13) 
fo r  a 900-second sample time. From 900- t o  1800-seconds, the NAVSTAR-3 clock 
followed a white noise F'M process. Inspection of Figure ( 9 )  indicates an 
anomally that  was f i r s t  noticed for  a 2700-second sample time. This anomally 
reaches a peak value of 17.1 PPlO(13) f o r  a 1.25-hour sample time. Following 
presentation of the NAVSTARs 4, 5, and 6 r e su l t s ,  it w i l l  be concluded tha t  
t h i s  anomally is ent i rely due t o  the NAVSTAR-3 clock. 

The NAVSTAR-3 long-term frequency s t a b i l i t y  resu l t s  indicate a s t a b i l i t y  of 
1.11 PPlO(13) fo r  a 1-day sample time. For sample times of 1- t o  6-days, the 
NAVSTAR-3 rubidium clocks follow a random walk FM process, which was 
expected fo r  the rubidium type clocks. For sample times of 6- t o  10-days, 
there was a small departure from the random walk FM process. Reference t o  
Figure (9 )  indicates that  t h i s  is due t o  the behavior of data received from 
the Guam MS. 

NAVSTAR-4 On-orb it Results 

The NAVSTAH-4 short- and long-term frequency s t a b i l i t y  resu l t s  are presented 
i n  Figures ( 1 1 )  and (12). Figure (11) presents the NAVSTAR-4 resu l t s  
referenced t o  each individual GPS MS clock. Figure (12)  presents the resu l t s  
referenced t o  the ensemble of the four GPS MS clocks. 

The NAVSTAR-4 short-term frequency s t a b i l i t y  resu l t s  indicate a value of 
21.3 PP10( 13) fo r  a 900-second sample time. From 900- t o  1800-seconds, the 
NAVSTAR 4 rubidium clock follows a white noise FM process. From 1800- t o  
3600-seconds a small change in slope occurs, which indicates a change i n  the 
noise process. From 3600- t o  7200-seconds, a d i s t inc t  change i n  the noise 
process is evident. The slope of t h i s  data indicates that  a f l i cke r  noise FM 
process is present. This solution is obtained by solving the power law mcdel 
of the Allan variance, given by Equation (15),  fo r  the coefficients a and 
the exponent p. Tnis solution yields a value of U=-0.17, which is close t o  
the value of 1l=0 for  a f l i cke r  noise FM process. 

2 51 
o (-c) = a(T)  

Y 
Eq (15) 

The NAVSTAR-4 long-term s t a b i l i t y  resu l t s  indicate a s t a b i l i t y  of 1.34 
PPlO(13) fo r  a I-day sample time. For sample times of 1- t o  G-days, the 
NAVSTAR-4 rubidim clock follows a random walk FM process. For between 6- 
and 104ays sample time, a small change in slope occurs, which is due t o  
data received from the Guam GPS MS. 

NAVSTAR-5 On-orbit Results 



The NAVSTRR-5 short: and long-term frequency s t a b i l i t y  r e s u l t s  a re  presented 
i n  Figures (13.) and (14).  Figure (13) presents the NAVSTAR-5 r e s u l t s  
referenced t o  each individual  GPS MS clock. Figure (14) presents the  r e s u l t s  
referenced t o  the  ensemble average of the Pour GPS MS clocks. No aging r a t e  
correction was calcula ted,  or necessary, f o r  the cesium clock. 

The NAVSTAR-5 short-term r e su l t s  indicate  a value of 23.5 PP10( 13) f o r  a 
900-second sample time. Tne NAVSTAR-5 short-term r e s u l t s  are  s l i g h t l y  higher 
than the NAVSTAR-4 r e s u l t s ,  except f o r  the r e s u l t s  referenced t o  the GPS 
Guam MS. In the ensemble r e s u l t s ,  presented i n  Figure ( 141 ,  the Guam MS data 
have been deleted from the ensemble average fo r  sample times between 1800- 
and 7200-seconds. Tne ensemble average r e su l t s  indicate a f l i c k e r  noise FM 
process f o r  sample times of 3600- t o  7200-seconds. 

The NAVSTAR-5 long-term s t a b i l i t y  r e s u l t s  indicate  a s t a b i l i t y  of 1.58 
PPlO(13) f o r  a l 4 a y  sample time. From 1- t o  5 4 a y s  sample time, a small 
s lope is noted. From 5- t o  l o d a y s ,  a f l i c k e r  noise FM process is present ,  
with a value of 1 PPlO(13). 

NAVSTAR-6 On-orbit Results 

The NAVSTAR-6 short-  and long-term frequency s t a b i l i t y  r e s u l t s  are  presented 
in Figures (15) and (16) .  Figure (15) presents the NAVSTAR-6 r e s u l t s  
referenced t o  each individual  GPS MS clock. Flgure (16) presents the r e s u l t s  
referenced t o  the  ensemble average. No aging r a t e  correction was required.  

The NAVSTAR-6 short-term r e s u l t s  indicate  a value of 21.6 PP10( 13) f o r  a 
900-second sample time. From 900- t o  1800-seconds, the NAVSTAR-6 clock 
followed a white noise FM process. From 1800- t o  3600-seconds, a small 
change in slope occurs similar  t o  the  N A V S T A R  4 and 5 r e s u l t s .  Likewise, a 
f l i c k e r  noise FM process was present Prom 3600- to  7200- seconds sample 
t ime . 
The NAVSTAR-6 long-term r e s u l t s  indicate  a s t a b i l i t y  of 1 . 1 1  PP10( 13) f o r  a 
l 4 a y  sample time. The s t a b i l i t y  continues t o  improve t@ a s t a b i l i t y  of 7.7 
PPlO(14) f o r  a 4-day sample time. Between 4- and 5 4 a y s  sample time, a small 
change is  noted. For sample times between 5- and 10-days, the NAVSTAH-6 
cesium clock follows a Flicker noise Fivl process. 

NAVSTARs 3/4/5/6 On-orbit Results 

The NAVSTARs 3 and 4 rubidium clock r e s u l t s ,  referenced t o  the  GPS MS clock 
ensemble, are presented i n  Figure (17 ) .  The short-term Prequency s t a b i l i t y  
r e s u l t s  a re  in c lose  agreement fo r  900, 1800, and 2700-seconds sample time. 
The NAVSTAR-3 anomally, a t  1.25 hours sample time, c lea r ly  depar ts  from the  
NAVSTAR-4 r e s u l t s .  Tne long-term r e s u l t s  are  i n  close agreement, w i t h  both 
rubidium clocks following a random noise FM process. 

The NAVSTARs 5 and 6 cesium clock r e s u l t s  a re  presented i n  Figure ( 18) . 'he  
short-term r e s u l t s  a r e  i n  close agreement a t  900-seconds sample time. For 
sample times of 1800- t o  2700-seconds, the NAVSTAR-5 r e s u l t s  indicate  more 



no i se  than t h e  NAVSTAR-6 r e s u l t s .  

The long-term r e s u l t s  i n d i c a t e  t h e  NAVSTAR-5 cesium c lock  has  more no i se  f o r  
sample times of 1- t o  4-days. The cesium c locks  agree  c l o s e l y  from 5- t o  
10-days sample time. 

The NAVSTARs 3 , 4 , 5 ,  and 6 r e s u l t s  a r e  presented i n  Figure ( 1 9 ) .  The 
short- term r e s u l t s  i n d i c a t e  c l o s e  agreement between NAVSTARs 3, 4 ,  and 6 f o r  
a 900-second sample time. Tne NAVSTARs 3 and 6 c locks  a r e  i n  c l o s e  agreement 
f o r  sample times of 900- t o  2700-seconds. The NAVSTAR-5 cesium i n d i c a t e s  
s l i g h t l y  more n o i s e  than t h e  NAVSTAR 3 and 6 r e s u l t s .  The NAVSTAR-3 anomally 
is s i g n i f i c i a n t l y  diPf  e r e n t  from t h e  o the r  c lock r e s u l t s ,  

The long-term r e s u l t s  i n d i c a t e  a random n o i s e  FM process  f o r  the  rubidium 
c locks ,  and a f l i c k e r  no i se  FM process  f o r  t h e  cesium c locks .  For sample 
times of 2- t o  4-days,  t h e  NAVSTAR-6 cesium c lock  is t h e  b e s t  performer,  
wi th  a s t a b i l i t y  of 7.7 PP10( 14) f o r  a 4-day sample time. 

The Allan var iance  power law model, given by Equation ( 1 5 ) ,  was f i t t e d  t o  
t h e  900- and 1800-second sample time d a t a  from a l l  four NAVSTAR c locks .  The 
p r o j e c t i o n  of t h e  short- term r e s u l t s  t o  a l -day  sample time i n d i c a t e s  good 
agreement wi th  t h e  measured Allan d e v i a t i o n  f o r  a l-day sample time. Because 
of t h e  c l o s e  agreement, a f i t  was made t o  t h e  900- and l-day Allan va r i ance  
s t a b i l i t y  r e s u l t s .  This s o l u t i o n  is given by Equation (16 ) .  

CONCLUSIONS 

* The NAVSTARs 3 and 4 rubidium c lock  (with d r i f t  removed) long-term 
s t a b i l i t y  va lues  agreed c l o s e l y .  A random walk F'M no i se  process  was 
presen t  f o r  sample times of 1- t o  1 0 4 a y s .  These measurements a r e  i n  
g o d  agreement with t h e  expected rubidium long-term performance. 

* The NAVSTAR-3 rubidium frequency had a s i g n i f i c a n t  d e p a r t u r e ,  f rom 
expected performance, a t  a sample time of 1 .25 hours .  A p o s s i b l e  cause  
is thermal  f l u c t u a t i o n s  with a 2.5-hour per id. Performance is nominal 
f o r  900- and 1800-seconds sample time. 

* For sample times of 1- t o  5-days, t h e  NAVSTAR-6 cesium c lock  exh ib i t ed  
b e t t e r  performance than t h e  NAVSTAR-5 c lock .  The NAVSTARs 5 and 6 
cesium c lock  long-term s t a b i l i t y  va lues  agreed c l o s e l y  f o r  sample times 
of 6- t o  lo-days. A F l i c k e r  no i se  FM process  was p r e s e n t ,  i n  bc~ th  
cesium c l o c k s ,  Pw sample t imes  of 1 t o  10 days.  

* For sample times of 2- t o  lo -days ,  t h e  NAVSTARs 5 and 6 cesium c locks  
have b e t t e r  f requency  s t a b i l i t y  r e s u l t s  than t h e  NAVSTARs 3 and 4 
rubidium c locks .  

* White n o i s e  FM was measured, f o r  both rubidium and cesium c l o c k s ,  f o r  
short- term sample times of 900- and 1800-seconds. For sample times of 
2700 seconds t o  2-hours, a g radua l  t r a n s i t i o n  t o  an appa ren t ,  a s  y e t  



unexplained,  f l i c k e r  noise FN process was observed . 
* The l -day  sample time frequency s t a b i l i t y  measuremenLs, f o r  both cesium 

and rubidium c l o c k s ,  were i n  c l o s e  agreement with an average va lue  of 
1.3 PP10(13), This average va lue  agreed closely with t h e  projection of 
t h e  900-seconds t o  1 day .  'he  Allan var iance  power law s o l u t i o n  f o r  
t h i s  white  no i se  FM process  is 
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QUESTIONS AND ANSWERS 

DR. BARNES: 

Jim Barnes, with Austron. A possible suggestion of why you find data 
that goes as tau to the minus one-half, It might be just the deadtime 
that you mentioned was in the data. Deadtime can mean that kind of 
a signature to the allan variance. 

MR. McCASKILL : 

These data were taken every s i x  seconds continually. So the deadtime 
corrections for that should be very small. Now, the long term results, 
we could have possible room for correction there; but I really wouldn't 
expect much of an effect on short term results. 

DR. VESSOT: 

Bob Vessot, Smithsonian. On the two hour data, I'm wondering if that 
anomaly couldn't be the fact that you are using data from a great range 
of elevation angles; and I think it's rather difficult to estimate the 
propagation qualities when things are down, say, ten, fifteen degrees. 
If those enter into the data, then it is likely to cause a wider spread 
of uncertainties and, hence a larger allan variance. 

MR. McCASKILL: 

That's a good point, but we do not expect it. We limited the sample time 
to two hours and if you start at TCA, you would go two hours on one side 
and two hours on the other, but the typical pass, unless its a short pass, 
could go up to maybe six hours or more. 

So it's possible, if we would have pushed the sample time closer to, let's 
say,  three hours, we could have seen some residual type of results and, 
of course, it could be there in a two hour sample time, but we just did 
not expect it at a two hour sample time. 

DR. VESSOT: 

The prediciton of atmospherics is kind of difficult, and these issues, 
I think, could increase the probability of having noise. That's the 
point I wanted to raise. 



MR. McCASKILL: 

It could be, but one thing--there was one slide missing, and I don't know 
what happened to it, it showed the number of samples, We have collected 
data for a year, and when you go across the full station ensemble, the 
number of samples goes into the order of 20 to 30 thousand, so whatever it 
is, we have high confidence that there's some type of process that flickered 
out for the short term results; and at the moment we cannot tell you exactly 
what it is, except that we believe that it's there and is a well defined 
measurement. 

MR. ALEAN: 

Dave Allan, N.B.S., two comments. No. 1. There would be no deadtime, 
because they're measuring time directly; so, t h e r e ' s  no deadtime affect 
on that data. As relates to the two-hour rise in the sigma tau diagram, 
the recent work we have done, using the separation of various technique 
has shown serious problems in the ephemeris prediction and, indeed this 
may be the problem, and is not as good as perhaps they thought it was. 




