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Time domain measurements, taken between the  NAVSTAR 
6 Spacecraft Vehicle (SV) and the  Vandenberg GPS 
Monitor S i t e  (I%), by a pseudo random noise (PW) 
receiver,  have been collected over m extended 
period of time and analyzed t o  estimate the long 
term frequency s t a b i l i t y  of the  NAVSTAR 6 onboard 
frequency standard, referenced to the V,mdenherg 
frequency s tmdnrd.  

The technique employed separates the  clock o f f s e t  
from t h e  composite s i g n a l  by f i r s t  app ly ing  
c o r r e c t i o n s  for equipment d e l a y s ,  i onosphe r i c  
delay, tropospheric delay, ea r th  ro ta t ion  and the  
r e l a t i v i s t i c  e f f ec t .  The data, a r e  edited and 
smoothed u s ing  t h e  p r ed i c t ed  SV ephemeris t o  
calcula te  the geometric delay. Then all avai1abl.e 
passes frm each of the four GPS monitor s t a t i ons ,  
a.re collected a 1-week interva.1.s and used, t o  
c a l c u l a t e  t h e  NAVSTAR o r b i t a l .  e lements .  The 
procedure is then compl-eted by subtract ing the  
corrections and the  geanetric delay, using t he  
f i n a l  o r b i t a l  elements, from the  composite s igna l ,  
thus l eav i rg  the clmk o f f s e t  and random er ror .  

Frequency s t a b i l i t y  estimates of  clock prformaulce 
are  then made using the  clock o f f s e t s  t o  ca lcu la te  
the Allm Variance, ( 7 ) , f o r  the  spacecraft 
o s c i l l a t o r ,  using sampl.$ times that vary f'rom 1 t o  
10 days. The r e s u l t s  i n d i c a t e  a combllq5d 
clcck/ephemeris frequency s t a b i l i t y  of 1 . 7 ~ 1 0  , 
or  l e s s ,  f o r  sample times varying from one day up 
t o  ten days. Future work wj.l.1 include analysis  o f  
cesium standards on SV 5 and 6 a s  w e l l  a s  a 
rubidium standard on SV 5. 



A s  part of the Navy support t o  the NAVSTAR GPS Clock Development 
Program, the Naval Research Laboratory (TWL) has continued ( 1  ) 
research and developnent of precise time and frequency standards. 
This pa.per describes the on-orbit performance evaluation of the 
NAVSTAR 6 cesium clock. 

The cesium clock in NAVSTAR 6 is the f i f t h  one t o  be orbited i n  
the GPS clock developnent program. This cesium clock was b u i l t  
under contract t o  the Navy by Frequency and Time Systems ( I T S ) .  
The NAVSTAR 6 cesium clock was activzted on 26 April 1980 ( D ~ Y  
number 1 1  7, 1980) and has been in continuous operation for  more 
than one year. 

The FTS clock is a preproduction model (PPM) which is designated 
as PPM-11 The preproduction ser ies  of c e s i m  beam frequency 
standards is an evolutionary developnent from the prototype model 
orbited in the Navigation Technology S a t e l l i t e  11 (NTS-2) . The 
preproduction cesium frequency s tandards  built by FTS a r e  
scheduld t o  be placed in the NAVSTAR 5, 6,  7, and 8 spacecraft. 

The NAVSTAR 6 spacecraft is also hown as SV 9. The SV 
ident i f icat ion is given as part of the navigation message. 

GPS SYSTEM DESCRIPTION 

The NAVSTAR Global Positioning System is a Department of Defense 
( DOD ) space-based system employing a constel la t  ion of s a t e l l i t e s  
which broadcast signals tha t  a re  synchronized in both time and 
frequency. Information is given in  the ephemeris message which 
can be conbined with measurements from four GPS s a t e l l i t e s  and 
used to  calculate the user ' s  instantaneous position and velocity 
in  a11 three coordina.tes, as well as precise time and frequency. 
Signals f r m  the GPS s a t e l l i t e s  can be rapidly acquired and 
processed independently of all other systems. The precise time 
and frequency information can be used t o  provide a comon, 
worldwide time g r i d  for  referencing scientific: measurements by 
laboratories al l  over the world. 

The NAVSTAR GPS system is comprised of four segments: 

( 1  ) Control Segnent 

( 2 )  Space Segnent 



(7 )  User Segment 

The Space, Control, and User segnents of GPS w i l l  be djscussed 
with emphasis on fac tors  t ha t  are  important t o  t h i s  pa.per. 

The GPS Control Sewent  consis ts  of a Master Control S ta t ion  
(MCS) , located a.t Vandenberg, CA,  and four remote Monitor S i t e s  
(MS ) , located at Vandenberg, Hawaii, Ala.ska., and Guam. These 
four s t a t i ons  track the  GPS sp.cecra . f t  vehicles (SV). Data from 
these s i t e s  a r e  collected a t  t he  MCS m d  processed t o  determine 
SV he,alth, o r b i t s ,  (2nd cJ mk o f f s e t s .  

The GPS Space Segment current ly  cons i s t s  of s i x  NAVSTAR SVs, with 
a t o t a l  of 18 satel . l i . tes scheduled t o  be operational  i n  the  
198647 time frame. These s a . t e l l i t e s  a r e  placed i n  (nominal) 12 
hour near-circular o rb i t s  , with occasional o rb i t  ad jus t  maneuvers 
which maintain a repea.ting ground t rack f o r  each SV. The 
configurations of the  NAVSTAR haw been under act ive  study s ince  
the o r ig ina l  recommended conste l la t ion ( 2 )  . Recent s tud ies  (7  ) 
have p r d u c d  configurations which resu l t  in  a mall. improvement 
in  the  GPS coverage. 

Each GPS spa~ecr~af t ;  brordcss ts  spread spectrum modulated s i g n ~ . l s  
which a r e  p r e c i s e l y  r e l a t e d  t o  the on-board [:lock. The 
spacecraft  navigation mess:%? ( 4 )  is  SO modulated on-to the  
s ignal  a.t precise epochs which a i d  i n  defining GPS time. 

The " p r e c i s e " ,  o r  P-code modulation is genera ted  a.t two 
frequencies i n  the  l i b a n d ;  these a re  designated as the  L1 a n d  L, 
s igna l s .  The P-code s igna l s  a.re modulated a t  a, r a t e  of 10.2% 
Mbps (mil-lion b i t s  per second). The P-code mdula t ion  provides 
the  capabi l i ty  fo r  high precision time difference measurements, 
and is r e s i s t an t  to  e lect ronic  countermeasures ,md multipath 
in terferences .  The P-code employs 3 very long ::ode t ha t  is r e se t  
once pcr week. The second code which is designated zs the  
coarse/acquisi t ion code, or ( c / A )  code, is modulated a t  1.027 
Mbps and repeats every millisecond. T-t, provides n coarse signal 
t h a t  is a factor  of ten l e s s  precise t h m  the P-code. The C/A 
s ignal  is biphase m d u l a t d  with the P-code a.nd may be rapidly 
acquired by all users .  Fach GPS SV h a s  an atomic frequency 
standard which controls the broadca.st frequency of each s a t e l l i t e  
t o  t h e  s,me nominal value. The use o.f the spread spectnm 
modulation and separate codes fo r  each CrRT SV permits mult iple 
access to  any of the  sxtel  l i t e s  tha t  a r e  above the userts 
horizon. 



A GPS user would be required t o  have an appropriate antenna, 
receiver, processor, and output device t o  receive the precise 
time and time interval signals and perform a navigation solution. 
A fu l ly  operational GPS user would select  four NAVSTARs from the 
6 to  9 s a t e l l i t e s  that  would be available in  such a fashion as t o  
minimize the Geometrical Dilution O f  Precision (GDOP) , a quantity - - 
[5,2] t h a t  r e l a t e s  to  the-navigation accuracy available from GPS. 
The user would acquire and lock the receiver to  signals broadcast 
from four of the SVs, and then make simultaneous measurements of 
time d i f f e r e n c e  (pseudo-range) and frequency d i f f e rence  
( pseudo-range-rate ) between each of t h e  SV clocks and t h e  
receiver clock. The user would then use the four pseud~range  
measurements t o  calculate clock o f f se t ,  l a t i t ude ,  longitude, and 
height. The four pseudwrmge-rate me,asurernents would be used t o  
calculate frequency of fse t  and velocity in  a l l  three components. 

MNG TERM FREQUENCY STABILITY 

The GPS system i.s capable of providing instantaneous precise 
navigation because the s a t e l l i t e  clocks are synchronized i n  time 
and frequency. Therefore a fundamental measure of system 
performance is given by the long term frequency s t a b i l i t y  of each 
of the SV clocks. 

The technique tha t  has been developed for  analyzing frequency 
s t a b i l i t y  performance of orbi t ing clocks md frequency standards 
was developed ( 6 )  at the Naval Research Laboratory (NRL) i n  1975. 

This procedure has evolved into an andlytic,d procedure depicted 
in  Figure 1 .  b c h  major component of the  long term frequency 
s t a b i l i t y  analyses w i l l  be described in the developnent of t h i s  
P P e r  - 
'FREQJENC Y STABILITY MODEL 

The Allan variance was adopted by the IEEE as the recommended 
measure of frequency s t a b i l i t y .  Reference 7 presents  a 
theoretical development which resu l t s  in  a relationship between 
the  expected value of the standard deviation of t h e  frequency 
fluctuations for  any f i n i t e  number of data samples and the 
in f in i t e  time average of the standard deviation. Equation ( 1  ) 
presents the Allan variance expression for  M frequency samples 
with sample period T equal to  the sampling time, 7 .  



I 

The average frequency values yk a r e  calculated from pa i r s  of 
clock o f f s e t s ,  A t ,  separated by sample time, 7 , is given by 

The clock o f f s e t  i s  not d i r ec i l y  obscrv~ihle from n pseudo-range 
measurement ; other v ~ r  i ables must be me~wur~ii  or est irnl-3 tea. 

Pseudo-range ( P R )  and accumulated delta pseudo-range ( A I I R )  
measurements a r e  taken between the  NAVSTAR SV clock and the  MS 
clock wing a spread spectrum receiver.  The measurements a r e  
taken once every 6 seconds <ma -then ,aggregatet3 and smoothed once 
per  15 mi-nutes. F igure  ? p r e s e n t s  a, p l o t  of a t y p i c a l  
pseudc-range signature obta.ined from x s ing le  NAVSTAFI pass over a 
monitor st8.t ion. Fach me:=urcrnent j s corrected for equipment 
delay, ionospheric del.:iy, tropospher i r delxy, car-t,h ro ta t ion ,  and 
r e l a t i v i s t i c  e f f ec t s .  Then the datn. a re  ed itec? ,and smoothed 
using the  predicted SV ephemeris to calcu.la.te the geametric 
delay. The clock off'set at the mid p i n t  o.f the 15 minute da ta  
span is e s t i m a t e d ,  u s i n g  both t h e  pseudo-range a.nd t h e  
peudo-range ra.te mecsurements which a r e  Yitted t o  a cubic 
polynomial with epoch at time corresponding t o  the  mid point of 
the d a t a .  

The peudc-range measurements a.re resolved t o  ( 1  164) of a P-code 
chip, which correspords t o  1 .5 nsec of time, or  46 cm in  range. 
Nominal values for  the peudo-range noisc l eve l s  :we '?R = 1.7m 

and 'FR = 2 . h  fo r  t h e  L2 measurements. 
rneasurement;~ a r e  combined t,o c o r r e c t  f o r  

which resu l t s  i n  Lm increase t o  4.57m f o r  
-the corrected pseudo-range measurement. The a.cci.mulated delta. 
pseudo-range measurement noise l eve l s  a r c  0.71 cm for 11 a n d  0.56 

h cm f o r  L2. These  measurement,^ a r e  also combined t o  c r r e c t  f o r  
t h e  accumulated pseudo-range measurements. The smoothing 
procedure uses the  ADR measurements t o  aid the PI< smoothing of 
each 15 minute segnent of data. This process results in  a 
smoothed peudo-range rna+surement noise l eve l  of lR.5cm. 

The equati-on which r e l a t e s  the p~eudc-rarge measurements t o  the  
clock difference between the NAVSTAR SV md -+he monitor s i t e  (MS) 
is given by Equation (3) . 



where 

PR = the measured peudo-range 

R = the s l a n t ,  or geometric range, from the SV (at the time 
of transmission) to the MS (at the time of reception) 

c = the speed of l i gh t  

t~~ = the MS clock time 

tSV = the SV clock time 

tA = ionospheric, tropospheric, and r e l a t i v i s t i c  delay, with 
corrections for  a n t e m  and equipent  delays 

E = the measurement error 

The clock difference, denoted by A t k  f o r  the kth measurement 
is obtained by rearranging Eq (7 into 

The particular evaluation of Eq (4) that  w i l l  be used in t h i s  
paper is obtained by designating the NAVSTAR 6 by SV 9 and by 
designating the Vandenberg Monitor S i t e  as VMS. This particular 
case of l!q ( 4 )  is given by 

A l l  of the smoothed pseud+range measurements a re  collected from 
the four GPS monitor s i t e s  for  one week. The Naval Surface 
Weapons Center (NSWC) then estimates a smoothed NAVSTAR orb i t  
using an orb i t  estimation program which extensively models the 
dynamics of the s a t e l l i t e  motion, including solar  radiation 
pressure ,  and o r b i t  a d j u s t  maneuvers. The NSWC p o s t - f i t  
ephemeris c a l c u l a t i o n s  employ the  h ighly  redundant s e t  of 
range-di.f fe rence  (5 )  va lues ,  which are ca lcu la t ed  from the  
smoothed 15 minute peudo-range measurements. 

The purpose of the smoothed orb i t  estimation is to  separate the 
clock and o rb i t a l  components by modeling the clock as a constant, 



(but  unknown frequency) dw-i.ng the  one week span. The model 
incorporates the feature  of inclusion of an (unknown) aging r a t e ,  
which may be used fo r  frequency standards t ha t  exhibi t  aging. 
The model ,430 is capable of s e q e n t i n g  the  c l m k  b i . ~  solution 
t o  allow fo r  f~equency  r2djust;ments of the M3 or  3V clock. 

The clmk differences used for :m:jlyzing t h e  spacecra.ft clock 
i nco rpo ra t e  t h e  :;rnoothed orbi t :  and the s e t  of  1 5  mtnute 
pseudo-range measurements t o  calcula te  the  clock difference a.t, 
the  time of each me<surement =cording t o  Eq ( 4 ) .  The clock 
diff'erences fo r  each NAVSTAR pass are ther, used t o  estimate the 
cl ock differences at thc  timeof-closest-a.pproach (TCA ) o,f the 
WVSTAR SV over the  monitor s i t e .  Thjs procedure r e su l t s  i n  
e i t he r  one or  two p i n t s  p r  day. The NAVSTAR o r b i t  a n d  the 
monitor s i t e  locat ion determine whether one or two p i n t s  per day 
w i l l  be avai lable .  14'01- NAVSTAH 6 ,  one yise ~r day is avai lable  
f rm the Vandenberg Monitor iSi te (WS). 

The evaluation of the cl ock difference 2.t ?;he TCA point mini.mizes 
the  effec, t  of the  NAVSTM o rb i t  estimati-on fo r  alongTthc- 
s a t e l l i t e - t r ack  and out-of-plane e r rors .  However t h i s  procedure 
does not reduce the  e f f ec t  of r ad i a l  o rb i t  er rors .  Hence t h e  
estimate of radial orb i t  e r ro r  will be one of the  f ac to r s  t h a t  
l im i t  t he  accuracy of the  long term frequency s t a b i l t y  analysis .  
The effect  of the rad ia l  e r ro r  on the  frequency s t a b i l i t y  is 
given by 

where 

CT 
RK = standard deviation estimat;e of r ad i a l  component of 

o rb i t  error 

c = the s p e d  of l.ight; 

7 = sample time 

The clock differences between the  NA'JSTAR 6; cesium clock and  the  
Vandenberg Monitor S i t e  (VMS) cl ozk a r e  presented in  Figure (7 ) .  
Each "X" symbol corresponds t o  a si-ngle rnea.suremcnt obtained from 
the  smoothed 15 minute pseu.do-ra.nge measurement. A t o t a l  of 27 
p i n t s  a r e  plot ted f o r  t h i s  NAVSTAR 6 pass over the  VMS. These 



23 points are analyzed and a subset of these data. a re  wed t o  
estimate the clock of fse t  at the TCA point. 

The clock d i f f e r e n c e ,  which is denoted by ( S V ~  - VMS), 
corresponds to  s t a r t ing  a time interval  measurement with the 
NAVSTAR 6 c lock ,  and s topping with t h e  VMS c lock  (wi th  
corrections for  the orb i t  and other delays). The clock of fse t  
changed by approximately 70ns during the SV pass. The clock 
offset  presented here represents a clock difference which may be 
further processed to  produce "GPS" time. The s I o t p , ~ f  these 
measurements indicates a frequency offset  of -1.08~10- between 
the NAVSTAR 6 clock and the VMS clock. The magnitude of t h i s  
o f f s e t  is normally what would be expected (8) a f t e r  t h e  
correction for  the r e l a t i v i s t i c  clock ef fec t .  

The clock differences for  one week are presented by Figure 4. In 
t h i s  f i g u r e ,  each "X" symbol denotes one clock d i f f e r e n c e  
obta.ined f r m  the smoothed 15 minute pseudc-range measurements. 
There are  seven groups of "X" symbols, each one corresponding t o  
a single NAVSTAR 6 p2ss that  w w  observed by the V,andenberg 
Monitor Si te .  The slope of; the clock diff 'erenc~s for  t h i s  
one-week segnent is -1 .56x10- - 
The clock differences fo r  the en t i r e  1 0  day data span are  
presented in Figure 5. Each ver t i ca l  mark corresponds t o  the 
clock difference evaluated at the TCA p i n t  of a NAVSThR pass 
over the Vandenberg Monitor Si te .  

Reference to  Figure 5 i n d i c a t e s  a t o t a l  change i n  clock 
difference of rxbout 10 in 103 days, or approximately 
0. I */day ( - 1  .16x10n ) I t  a l s o  nd ica te s  t h a t  a small  

13 frequency change, on the order of 5x10- , occurred between 
days 120 and 150. This small frequency s h i f t  w i l l  be fur ther  
analyzed before cmputing the frequency s t ab i l i t y .  

The frequency differences for sample times of one, three,  and ten 
days are presented in Figures 6 ,  7, and 8. Analysis of the 
resu l t s  indicates that  the t o t a l  frequency change between the two 

cesiY2 standards during the 1CX) day span w a s  on the order of 
1x10- . Reference t o  Figure indicates three s m a l l  frequency -i$ changes on the order of 3x10 occurred, with the majority of 
the frequency differences on the order of a few parts  in lO(14). 
Analysis of other GPS data (not included in t h i s  paper) indicates 
that; the Vandenberg MS cesium clock was responsible fo r  the 
largest  f req~nency changes analyzed. 

The frequency measurements were then used to  calculate the Allan 
variance for  sample times varying from one t o  ten days. An 



in ter leaving ( a l so  ca1.l.ed over1 a,pping) da.ta processing technique 
was used i n  order t o  obtain maximal use of the  data.  For 
ins tance,  with a sample time of one day and the s e t  of clock 
di f ferences  [A t, , A t?, P t A t two variances were calculated - 
The Ci.rst variance used ta; a ~ # s e  t, t ,  , t2, , .  and the  
second vari.ance was c a l c u l a t d  us i rg  the  subset . { b t ; ,  A t  A t  3 . 
Thus, the two U ( 7 )  vfilnes have t h e  subset I n  t;, 2;-I ' i n  
c omon. Y 3 

Frequency s t a b i l i t y  e s t i m a t e s ,  f o r  t h e  combined c lock  and 
ephemeris, are p r e s e n t 4  in F igu re  9. The r e s u l t s  a re  s ~ m a r i z e d  
by Table 1 .  

Table 1 
Smple Time 

( days) 
Frequency St ab i l i - ty  

UTT( 7 - 1  Par t s  4n l O ( l 3 )  

The U ( T ) may be characterized by four segments, u ~ i  np a model 
given gY 



The coefficients and sample times fo r  the combined clock and 
ephemeris frequency s t a b i l i t y  are  swnmarizd i n  Table 2. 

Table 2 

Sample Time Coefficient "a" EXponent " 1-1 I' 
( days ) PP lO(1'1) 

Comparison of t h e  exponents with t h e  type of noise process 
ident i f iable  in  reference (7)  i n  atomic frequency standards indicate 
tha t  the segnent for  sample times from three t o  f ive days is 
classif ied as f l icker  noise frequency moduJ.at ion (I;M) . The segment 
for  sample times of nine to  ten days may a l s o  be classif ied a s  
f l icker  noise FM. The other two segments can not readily be 
classif ied,  however the f i r s t  s e s e n t  ha? an exponent of 4.18, 
which is cl.ose t o  f l icker  noise FM, and the th i rd  segaent has a 
slope of 0.633, which is close to that expected from a random walk 
in  frequency (with an expnent  of 1 .O)  . 
The error sources tha t  are believed to  be most s ignif icant  in  
l imiting t h i s  ctna.lysis are 

o the use of a single monitor s ta t ion  frequency standard 
o the radial  component of orb i t  error  

The f i r s t  factor can be reduced by incorporating into the ana,lysis 
multiple frequency standards at a single monitor s ta t ion ,  or  by 
analyzing the spacecraft clock performance using multiple monitor 
s i t e s .  For example, the use of the other three GPS monitor s i t e s  
w i l l  permit t h e  i d e n t i f i c a t i o n  of frequency changes such as 
evidenced i n  Figure 7. A time scale could then be formed in a 
manner similar to  that  described in  reference (8). The ef fec t  of the 
radial  orbi t  error can be estimated by using equation (6) .  For the 
best  fit ephemerides used in t h i s  ma1 the average radial  error 
was 2.lrn, which corresponds t o  1 .4x10q"for a sample time of one 
day. Additional orbi t  smoothing could produce be t t e r  estimates for  
the orb i t ;  however, the exponent of -1 (from Equation ( 6 ) )  is 
unchanged by additional smoothing. Ultimately, the I8cm noise level 



obtained from the  s m  thed f i f t e e n  minute measurements yields  a 
lower l i m i t  of 1 . 2 ~ 1 0 - ' ~  fo r  a one d a y  sample time. 

CONC WSIONS 

o The frequency s t a b i l i t y  perform;xlce of thc  
NAVSTAR 6 cesium clock, t o  date ,  i.s ~ ~ c c e p t a b l e  
and within s p e c i f i c - t '  cz ,ions . 

o The combined (spacecraft: c l w k ,  si ngle monitor 
s t a t i o n  clock, and ephemrr is) f r eqy~ncy  s t a b i l i t y  
is equal t o ,  or less  than, 1 .3~10-  >' fo r  s,mplc 
times of one t o  t e n  d3ys. 
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Figure 1 - GPS Frequency stability analysis procedure for analyzing on-orbit clock performance 
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Figure 2-Typical NAVSTAR pseudo-range signature, 
plotted every 15 minutes 
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Figure 4- One week of clock differences between 
NAVSTAR-6 (SV9) and the GPS 
Vandenberg Monitor Site (VMS) 
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Figure 3- Single Pass Clock difference between 
NAVSTARB (SV9) and the GPS 
Vandenberg Monitor Site (VMS) 
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Figure 5-  100 days of clock differences between 
NAVSTAR-6 (SV9) and the GPS 
Vandenberg Monitor Site (VMS) 
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Figure 6- 100 days of frequency differences between 
NAVSTAR-6 (SV9) and the GPS 
Vandenberg Monitor Site (VMS) for a one 
day sample time 
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Figure 7.- 100 days of frequency differences between 
NAVSTAR-6 (SV9) and the GPS 
Vandenberg Monitor Site (VMS) for a 3 
day sample time 
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Figure 8 -  100 days of frequency differences between 
NAVSTAR-6 (SV91 and the GPS 
Vandenberg Monitor Site (VMS) for a 
10 day sample time 
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QUESTIONS AND ANSWERS 

DR. VICTOR REINHARDT, NASA/Goddard 

Look ing a t  you r  h i s t o r i c a l  da ta  o f  f requency d i f f e r e n c e  between t h e  
s a t e l l i t e  c l o c k  and t h e  Vandenberg c l ock ,  have you been a b l e  t o  
c o r r e l a t e  any o f  those  changes w i t h  h i s t o r i c a l  events  a t  Vandenberg, 
o r  any p l a c e  e l  se? 

MR. MCCASKILL: 

We have been a b l e  t o  c o r r e l a t e  t h a t  f requency change, and even 
though we do n o t  have t h e  r e s u l t s  today, i t  appears t h a t  t h e r e  was 
a  smal l  s h i f t  i n  f requency o f  t h e  mon i t o r  s i t e  f requency standard.  
We a r e  i n  hopes t h a t  a t  t h e  Frequency Con t ro l  Symposium t h a t  we 
would be a b l e  t o  p i n  i t  down a  l i t t l e  f u r t h e r  as t o  what causes 
f requency change. 

DR. RE I NHARDT : 

So, t h e y  have been m o n i t o r i n g  t h e  Vandenberg c l o c k  a g a i n s t  USNO, 
b u t  i t  i s  j u s t  n o t  i n  t h e  da ta  t h e r e  now; i s  t h a t  i t ?  O r  i s  t h e r e  
j u s t  no da ta?  

MR. ALLAN: 

I t h i n k  Dr. Wink le r  can address t h a t  d i r e c t l y .  

DR. REINHARDT: 

I t h i n k  t h e r e  have been some p o r t a b l e  c l o c k  t r i p s ;  i s  t h a t  c o r r e c t ?  

DR. WINKLER: 

There have been p o r t a b l e  c l o c k  t r i p s  and t hey  have a l s o  made a v a i l -  
a b l e  t h e  m o n i t o r  da ta  which go back t o  October 1980 o f  a l l  t h e  
s a t e l l i t e  c l o c k s  and t h e  Vandenberg c l o c k  i t s e l f  d i r e c t l y  a g a i n s t  
t h e  Observatory .  I d o n ' t  unders tand why you d o n ' t  t a k e  these d a t a  
i n t o  account because t hey  show ve ry  c l e a r l y  t h a t  t h e  mon i t o r  s t a -  
t i o n  c l o c k  has a  v e r y  poor performance, and, i n  f a c t ,  d u r i n g  t h a t  
p e r i o d  has s u f f e r e d  a  f requency change and on t h e  bas i s  o f  ou r  data,  
which a r e  p u b l i c l y  a v a i l a b l e ,  you can see t h a t  the space v e h i c l e  
No. 9 c l o c k  was much b e t t e r  than t h e  re ferenced c l o c k .  

Thank you. 

MR. MCCASKILL: 

Thank you f o r  t h e  comment. 
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MR. KELLOGG, Loc kheed 

I n  your  f u tu re  plans, do you s t i l l  p lan  t o  s t i c k  w i t h  t h i s  batch 
average of a  week t o  ge t  t he  ephemerides data when you s t a r t  com- 
pa r ing  more o f  t he  c locks? 

MR. MCCASKILL:  

The answer i s ,  yes, we do i n tend  t o  s tay  w i t h  a batch type of e s t i -  
mat ion procedure. There cou ld  be some changes i n  t h a t .  I t h i n k  
the re  i s  a c t u a l l y  room f o r  a good paper by the  Naval Surface Weapons 
Center i n  desc r ib ing  t h e  type of o r b i t  es t imat ion  procedure t h a t  i s  
used. That i t  i s  a model t h a t  has been h i g h l y  developed over a  
number o f  years, bu t  t o  d i r e c t l y  answer your quest ion, yes, we w i l l  
s tay  w i t h  a  batch type of es t imat ion  procedure. 

MR. KELLOGG: 

And a t  some t ime f u r t h e r  i n  the  future,  would you consider  t he  sug- 
ges t i on  t h a t  l a s e r s  which are  t o  see whether the e a r t h  moves th ree  
cent imeters might  g i v e  you a b e t t e r  ephemerides data base from which 
t o  see whether i t  i s  e r r o r s  i n  t ime o r  ephemerides t h a t  you are  
l ook ing  a t ?  

MR. MCCASKILL: 

There are  no plans, t o  my knowledge, t o  pu t  the  l a s e r  r e t r o -  
r e f l e c t o r s  on t h e  GPS s a t e l l i t e s .  
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