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ABSTRACT 

Since t h e  launch of t h e  f i r s t  NTS spacec ra f t  i n  1974, 
i n t e r n a t i o n a l  time t r a n s f e r  experiments have been per- 
formed as  p a r t  of the  concept v a l i d a t i o n  phase of t h e  
Global Pos i t i on ing  System (GPS). Time Transfer  r e s u l t s  
from both NTS-1 and NTS-2 w i l l  be presented,  including 
recent  measurements from rece ive r s  loca ted  i n  South 
America, Germany, Japan and t h e  United S ta t e s .  A time 
l i n k  t o  t h e  DOD Master clock allows submicrosecond 
intercomparison of UTC(USN0,MCl) with clocks i n  t h e  
r e spec t ive  coun t r i e s  v i a  the  NTS l i n k .  Work i s  pro- 
g re s s ing  toward a  r e t r o f i t  conversion of e x i s t i n g  NTS 
rece ive r s  ( loca ted  a t  NASA and fo re ign  obse rva to r i e s )  
i n t o  GPS time t r a n s f e r  rece ivers .  

I n i t i a l  r e s u l t s  w i l l  be presented on t h e  long term 
rubidium frequency s t a b i l i t y  as  measured from t h e  GPS 
NAVSTAR-4 space veh ic l e  (SV). Analysis has been per- 
formed f o r  sample times varying from one t o  t e n  days. 
Using a  154 day da ta  span s t a r t i n g  on day 3 6 ,  1979, 
d a t a  was c o l l e c t e d  from t h e  four  GPS Monitor S ta t ions  
(MS) loca ted  a t  Vandenberg, Guam, Alaska, and Hawaii. 

A time domain es t imate  f o r  t h e  NAVSTAR-4 SV clock of f -  
s e t  i s  obtained f o r  each SV pass over t h e  GPS monitor 
s i t e s ,  using a  smoothed r e fe rence  ephemeris, with 
co r rec t ions  f o r  ionospheric  delay,  t ropospheric  delay,  
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 .  Conversion 
from t h e  time domain t o  t h e  frequency domain is made 
us ing  t h e  two-sample Allan Variance; sigma-tau p l o t s  
a r e  used t o  i d e n t i f y  the  noise  processes.  Estimates of 
f l i c k e r  and white  frequency noise  f o r  t h e  NAVSTAR-4 
rubidium frequency standard a r e  obtained.  The c o n t r i -  
but ion of t h e  re ference  ground clocks and o the r  e r r o r  
sources t o  t h e  frequency s t a b i l i t y  es t imates  a r e  
discussed.  



INTRODUCTION 

The Navigation Technology satellites (NTS), developed by the U.S. 
Naval Research Laboratory (NRL), have provide n-orbit test vehicles 
for the basic satellite navigation te hnology P'q'3 currently used in 
the NAVSTAR Global Positioning System' (GPS). Two satellites, TIMATION 
I and TIMATION 11, were flown in 1967 and 1969 to demonstrate the con- 
cept of s ng synchronized c o ks to provide time-ranging for time 
transfere*' and navigational''8 purposes. Navigation Techno ogy 4 Satellite One (NTS-I), flown in 1974, introduced a bidium atomic f8 clock and NTS-2 (Figure I), flown in 1977, a cesium clock. These 
spacecraft have demonstrated (Figure 2) a two order of magnitude 
improvement in timing precision from 300 ns in 1967 to a current value 
of near 3 nsl 

Measurements from TS-1 and NTS-2 will be presented that demonstrate 
the tiy5 transfer1' capability, frequency offset and frequency sta- 
bility of the spacecraft clock. Measurements from NAVSTAR-4 (Figure 
3) will be presented that estimate the long term frequency stability 
of the rubidium frequency standard from the pseudo range measurements. 
Time transfer results for the Hawaii, Guam and Alaska monitor sites 
have been made using the Vandenberg monitor site as the central 
station. These time transfer measurements are further processed to 
estimate the frequency stability of the Hawaii, Guam and Alaska clocks. 

PTTI MEASUREMENTS 

Two different types of time interval measuring techniques are used to 
obtain the results reported in this paper. The first is a sidetone 
ranging technique in which a set of tones is generated in the space- 
craft, and then modulated onto the carrier; the receiverl3>l4 synthe- 
sizes the same set of sidetones and after detection and down con- 
version, compares the phase of the received tones to the phase of the 
synthesized tones. The set of phase difference measurements is then 
combined to produce observed range with progressively better reso- 
lution. Figure 2 presents th timing precision obtained as a function 
of time. The best precisionf5 was less than 5 ns with a resolution of 
1.5 ns employing a 6.4 MHz sidetone. 

A spread spectrum technique, first demonstrated on NTS-2 in 1977, is 
used for the Phase I AVSTAR spacecraft. This ranging signal is 

1Pi comprised of two PRN (pseudo random noise) codes, biphase modulated 
on the carrier frequency. A short 1.023 MHz C/A (coarse/acquisition) 
code is used for acquisition and a long 10.23 MHz P (precise) code is 
used fo resolving range to at least 1.5 ns (46 cm). A navigation 
messagef7 is also modulated onto the signal and is available upon 
acquisiton of the CIA code. Information exists in this message which 
enables acquisition of the P code. It also contains satellite ephemeris 
and health information. 



Measurements of spacecraft doppler can be obtained by tracking the 
received carrier signal for a fixed amount of time or by counting a 
fixed number of cycles. The received frequency is mixed with standard 
frequencies generated coherently from the user's frequency standard. 
The respective difference frequency then enters a phase locked track- 
ing filter. Measurements of doppler obtained from the PRN signal, 
called delta pseudo range, are taken every 6 seconds. 

NTS Tracking Network 

Figure (4) presents the four station network employed for tracking 
the NTS spacecraft. The limits of visibility for the Chesapeake Bay 
Division of NRL (CBD), Panama, Australia and England tracking 
stations are depicted by the symbols C,P,A and E, respectively. 
Reference to Figure (4) shows that the Panama station could track 
for 12 consecutive hours, or one complete revolution of the 2 rev/day 
NTS-2 orbit. This four station network provided 97% coverage of the 
NTS-2 orbit, averaged over one day. 

Ground station timing was provided by cesium clocks which were inter- 
compared with other cesium clocks. Timing at the England NTS tracking 
station was coordinated with GMT and in Australia with the Division 
of National Mapping. The CBD tracking station had portable clock and 
TV links to the U.S. Naval Observatory DOD Master Clock. This 
arrangement provided control and timing checks for the time trans- 
ferred by satellite. 

Frequency Synchronization Results 

Frequency tuning results from the first 150 days of NTS-2 operation 
are presented in Figure 5. For the first segment, beginning at launch 
on June 23, 1977, the transmitted frequencies were derived from the 
quartz oscillator subsystem of one of the two on-board cesium 
frequency standards. Using time difference measurements from the NTS 
network, the frequency offset with respect to UTC(USN0,MCl) was 
estimated. The quartz frequency was then tuned close to the cesium 
resonance frequency. The quartz frequency was then passively locked 
to the (nominal) cesium resonance at 9192 MHz. 

The cesium resonators, which are primary standards, were expected to 
provide an absolute frequency reference to 1 part in lO(12) while at 
rest on the earth's surface. The cesium frequency, in orbit, was 
expected to be influenced by the relativistic clock18 effect, which 
is (nominal prediction) 445 parts in lO(12) for the GPS constellation. 
The frequency offset of each frequency standard was measured with 
respect to the DOD Master Clock before launch. The second segment 
presents the results of on-orbit estimation of the frequency offset, 



which caused a (nominal) accumulation of time difference of 38,500 
nslday. By comparison of the theoretical and measured frequency 
offset, the Einstein relativistic clock effect was verified to less 
than one-half percent (0.5%). 

Verification of this relativistic clock effect has resulted in a two 
part correction for GPS. The first part of this correction is 
obtained by (hardware) offsetting the transmitted frequency by 
445pp10(12). This hardware correction accounts for more than 99.6% of 
the relativistic effect. The remainder of the correction is provided 
by software, with the necessary coefficients included in the navi- 
gation message. 

Time Transfer Theory 

Time transfer via satellite (Fig 6)  is accomplished by measuring 
the time difference, beginning with the reference clock, for each 
of the time links and combining the results. Four links are necessary 
for GPS operation. These links are: 

(a) From DOD Master Clock to Master Control Station (MCS) 

(b) RF link from MCS to each GPS SV 

(c) SV clock update 

(d) SV to user RF link 

These four links, and subsets thereof, have been used to analyze 
time transfer, navigation, SV clock and frequency stability, and 
orbital accuracy for GPS. 

The link from the DOD Master Clock, which is denoted as UTC(USNO,MCl), 
has been demonstrated via portable clock and a TV time link to the 
NRL CBD (Chesapeake Bay Division) station. Measurements are then made 
at CBD to the NTS satellites for the second link. The third "link" is 
that of the satellite clock maintaining and carrying forward in time 
its measured offset with respect to the DOD Master Clock, through the 
CBD link. The fourth link is made by the user who makes the RF 
measurement to one or more satellites. Each satellite is synchronized, 
by combination of hardware and software, to a common time reference. 

A GPS user who takes four simultaneous pseudo-range measurements to 
four GPS satellites can then use his assumed position and information 
in the navigation message to calculate four time transfer values. If 
the four time transfer values agree, his position is correct. If the 
four time transfers disagree, the four parameters (t, x, y and z) can 
be solved for simultaneously. Calculation of the time transfer value 



first requires a coarse time synchronization of the user's receiver 
to GPS time, as maintained by the satellite clock. The satellite 
ephemeris, which is a function of GPS time, can then be used to 
calculate the geometrical range from the satellite to the user's 
assumed position. Corrections must be applied for antenna and equip- 
ment delays, the effects of ionospheric delay, tropospheric delay 
and earth rotation during the signal propagation time. The time 
transfer to the DOD Master Clock is obtained by a software correction 
which combines the offset of each GPS satellite clock with a rela- 
tivity correction. This software correction is small because each GPS 
satellite clock is kept in near synchronization using an atomic 
frequency standard and most of the relativistic clock effect is hard- 
ware corrected. 

The user's frequency offset and three dimensional velocity can be 
solved with four delta pseudo-range measurements to four GPS 
satellites. Alternately, frequency offset and three dimensional 
velocity can be obtained using a sequence of time transfers and 
successive x,y,z position estimates. 

NTS Time Transfer Results 

Time transfer techniques were first demonstrated by NRL in the 
formative development of GP y aircraft in 1964, by satellite 
in 1967 and on a worldwide lgizB basis in 1978 to the submicrosecond 
level of accuracy. Figure 7 tabulates a summary of those results from 
a six nation campaign as compared with portable clock measurements 
from USNO. The average accuracy obtained was 60 ns. The primary source 
of error was the lack of an ionosphere delay correction. 

Recent time transfer results from South America, ~ a p a n ~ '  and 
Germany (Figures 8 through 13) complement and confirm the previous 
time transfer results. These figures present continuous satellite 
time transfer results over a period of about 150 days through day 190, 
1979. The entire worldwide net of stations participating since 1978 
yields a history of worldwide submicrosecond satellite time transfer 
for the last two years. 

Figure 14 presents time transfer to the NTS Panama Station over a 100 
day span. During the first segment, NTS-1 was used to transfer time 
without the aid of an ionospheric correction. The last segment 
presents the NTS-2 results which had the benefit of an ionospheric 
correction and a cesium clock in the satellite. Figure 15 presents 
an 11 day segment of NTS-2 time transfer data. The 9 ns precision of 
these measurements indicates the potential of GPS to transfer time. 



Long Term Frequency Stability 

The Allan Variance was adopted by the IEEE as the recommended measure 
of frequency stability. Reference 22 presents a theoretical develop- 
ment which results in a relationship between the expected value of 
the standard deviation of the frequency fluctuations, for any finite 
number of data samples, and the infinite time ?yerage of the standard 
deviation. Eq (1) presents the Allan Variance expression for M 
frequency samples with the sample period, T , equal to the sampling 
time, 7 .  

The average frequency values yk are calculated from pairs of clock 
offsets, At, separated by sample time, 7 ,  as given by 

The clock offset is not directly observable from a pseudo range 
measurement; other variables must be measured or estimated. Figure 16 
presents smoothed pseudo-range measurements that are evaluated 
at the Time of Closest Approach (TCA) of NAVSTAR-4 to the Vandenberg 
MS on day 77, 7979. ~igure 17 presents the Long Term Frequency 

2 i  Stability Analysis Flowchart which outlines the steps required to 
obtain estimates of D (2,'T) for the NAVSTAR-4 rubidium clock. Pseudo 

Y range and delta pseudo range measurements, taken between NAVSTAR-4 
and each Monitor Site, are transmitted to the Vandenberg Master 
Control Station (MCS) and are processed in real time to keep track 
of the NAVSTAR-4 clock and ephemeris. The measurements are collected 
and sent daily2' to the Naval Surface Weapons Center (NSWC); once 
per week a reference ephemeris is calculated using the delta pseudo- 
range measurements in the CELEST'~ orbit deterimination program. 
Copies of the reference ephemeris are then transmitted to the Master 
Control Station, NRZ, and other GPS users. NRL then calculates the 
NAVSTAR-4 clock offset at the TCA for each monitor site pass, using 
the reference ephemeris and a smoothed value of pseudo range. This 
smoothed value of pseudo range, named SRTAP, is obtained from a 15 
minute segment of 6 second pseudo-range and delta pseudo-range 
measurements which are used to sequentially estimate coefficients 
of a cubic equation. Corrections are applied for equipment delays, 
ionosphere, tropospheric delay, earth rotation and a small relativity 
correction. The significant effects which are not corrected are 
spacecraft orbit, clock offset and random effects remaining in the 
measurement. 



The clock o f f s e t  is est imated using t h e  re ference  ephemeris and t h e  

a. c o e f f i c i e n t  from t h e  cubic c o e f f i c i e n t s  ( a  , al ,  a 2 ,  a3) ,  which 
a r e  reevaluated every 15 minutes of the  NAVST~R-4 pass. For a  t y p i c a l  
6  hour pass ,  t h i s  procedure r e s u l t s  i n  24 va lues  of clock o f f s e t ;  
a  subset  of these  values i s  used t o  es t imate  the  clock o f f s e t  a t  TCA. 

Figures 18 through 21 dep ic t  t h e  a c t u a l  amount of information col-  
l e c t e d  from each MS. Reference t o  F igure  18 presents  90 days (from 
day 036, 1979 through day 126, 1979) of observat ions from the  
Vandenberg MS. Figures 22 through 25 present  the  NAVSTAR-4 ground 
t r a c k ,  a s  observed a t  each MS on 4 Mar 1979. 

Reference t o  F igure  22 shows t h a t  NAVSTAR-4 rose  above t h e  horizon 
a t  2350 UTC on 3 Mar 1979 and s e t  a t  0410 on 4  Mar 1979. Consequently, 
NAVSTAR-4 could be observed f o r  a  maximum of 4  hours ( h )  and 20 
minutes (m) f o r  t h e  f i r s t  pass .  The second pass  i s  longer ,  with a  
pass dura t ion  of 5h 20m. I n  F igure  22 t h e  dots  along the  SV ground 
t r a c k  a r e  placed a t  10  minute i n t e r v a l s ;  t h e  shor t  bars  perpendicular  
t o  t h e  ground t r a c k  a re  placed a t  1 hour i n t e r v a l s .  The TCA f o r  each 
pass  occurs  approximately mid-way i n  t h e  pass;  the  clock o f f s e t  i s  
ca l cu la t ed  a t  t h i s  time. Reference t o  F igure  24 f o r  t h e  Guam MS shows 
t h a t  MAVSTAR-4 has only one pass  each day, with a  poss ib l e  maximum 
pass time of 9h 5 0 m .  Reference t o  Figures 22 through 25 shows t h a t  
t h e  t r ack ing  network can t r a c k  NAVSTAR-4 f o r  a s  much a s  66% of t h e  
time, averaged over t h e  2 revlday o r b i t .  

The SV pass time i s  a  c r i t i c a l  parameter i n  t h e  o r b i t  es t imat ion;  
t h e  A p  ( in t eg ra t ed  pseudo range r a t e )  r e fe rence  t r a j e c t o r y  o r b i t  
es t imat ion  assumes t h a t  the  frequency o f f s e t  (between t h e  monitor 
s i t e  clock and t h e  SV clock)  w i l l  be constant  f o r  sample times 
varying from 7 = 0.11 days (F igure  23, Hawaii MS, second pass)  t o  
7 = 0.41 days (Figure 2 4 ,  Guam MS). Reference t r a j e c t o r y  ca l cu la t ions  

a r e  made one per week, using da ta  co l l ec t ed  f o r  7 days. The four  
monitor s i t e s  c o l l e c t  ( t y p i c a l l y )  49 passes per week, 7  passes from 
t h e  Guam MS and 14 passes each from Vandenberg, Hawaii and Alaska. 

The clock o f f s e t  c a l c u l a t i o n  a t  TCA produces a  r e s u l t  t h a t  i s  
independent of (small)  along t r a c k  o r b i t  e r r o r s .  This can be seen by 
reference  t o  Figure 16; t h e  pseudo range r a t e  i s  zero a t  TCA. A 
s i m i l a r  s tatement  app l i e s  f o r  (small)  normal t o  the  o r b i t  t r a c k  
e r r o r s .  Radial (between t h e  SV and t h e  use r )  o r b i t  e r r o r s  behave 
d i f f e r e n t l y ;  they look exac t ly  l i k e  c lock  e r r o r s .  Therefore, 
t h e  c a p a b i l i t y  of t h i s  technique t o  give s i g n i f i c a n t 0  (2,'T) 
es t imates  depends on t h e  o r b i t  smoothing t o  sepa ra t e  o z h i t  e r r o r s  
from clock e r r o r s .  The s a t e l l i t e  dynamics have been extens ive ly  
modeled; hence, the  r e s u l t s  a r e  u l t ima te ly  determined by t h e  q u a l i t y  
of t h e  observat ions which a r e  obtained by measurements between the  
spacec ra f t  clock and t h e  monitor s i t e  clocks. 



NAVSTAR-4 Rubidium Frequency S t a b i l i t y  Resul t s  

The clock o f f s e t s  from t h e  Vandenberg MS f o r  a 90 day span a r e  
presented i n  Figure 26. During t h i s  time span, the  clock o f f s e t  
of NAVSTAR-4 was wi th in  lows of t h e  Vandenberg MS c lock ,  except 
f o r  a  shor t  time near day 055 when the  cesium standard was ac t iva t ed .  
Two o the r  clock r e s e t s  a r e  p re sen t ,  one near  day 095 and another  
near  day 118. The clock o f f s e t s  f o r  t h e  o the r  t h r e e  monitor 
s i t e s  e x h i b i t  more f requent  r ece ive r  r e s e t s .  

The frequency s t a b i l i t y  of t h e  NAVSTAR-4 rubidium frequency s tandard ,  
referenced t o  t h e  Vandenberg MS, i s  presente  i n  Figure 27 f o r  sample 
times from 1 t o  10 days. A va lue  of 6.1 ~ l O - ' ~ ' w a s  measured f o r  T = 1 
day. The frequency s t a b i l i t y  remains cons tant  f o r  up t o  T =  4 days,  
followed by an inc rease  i n  frequency i n s t a b i l i t y .  These e s u l t s  were 

-1 Z not  cor rec ted  f o r  aging r a t e ,  which averaged -8.7 x  10 /day f o r  t h e  
154 day span. Aging r a t e  co r rec t ions  were appl ied  t o  each da ta  
segment and t h e  u ( 2 , ~ )  was r eca lcu la t ed ;  t h e  frequency s t a b i l i t y  
with respec t  t o  t h x  Vandenberg MS i s  presented i n  Figure 28. 

-13. For T =  1 day,O ( 2 , ~ )  = 6.1 x  10 , 
Y 

13 f o r  T = 10  days, 0 ( 2 , ~ )  = 2.4 x  10- . 
Y 

Frequency s t a b i l i t y  c a l c u l a t i o n s  were made f o r  a l l  fou r  monitor s i t e s ;  
t h e  r e s u l t s  a r e  presented i n  F igure  29. The inf luence  of aging r a t e ,  
which i s  q u i t e  evident  i n  t h e  Vandenberg MS measurements, i s  not  a s  
apparent i n  t h e  Hawaii, Guam and Alaska monitor s i t e  da ta .  Aging r a t e  
co r rec t ions  were appl ied ;  t h e  r e s u l t s  a r e  presented i n  Figure 30. 
These measurements i n d i c a t e  a  cons tant  t rend f o r  'T = 1 day t o  
7 = 6 days, followed by an abrupt  change f o r  T = 7 days. 

The frequency s t a b i l i t y  va lues  from each monitor s i t e  were averaged; 
t h e  four  s t a t i o n  average i s  presented i n  Figure 31 with no aging 
co r rec t ion .  Figure 32 p resen t s  t h e  fou r - s t a t ion  frequency s t a b i l i t y  
cor rec ted  f o r  aging r a t e .  

The four  s t a t i o n  average frequency s t a b i l i t y  f o r  

a y(2 ,  1 day) = 9.1 x  10-13. 

The peak depar ture  of any monitor s i t e  average from t h e  four  s t a t i o n  
average i s  indica ted  by t h e  e r r o r  bars .  The frequency s t a b i l i t y  
improves up t o  7 = 4 days, followed by an inc rease  with an apparent 
change i n  s lope  f o r  5  < 7 < 9 days. The f l i c  r f l o o r  i s  reached a t  -'f5 
7 = 9 days,  with 0 (2 ,  9  days)  = 2.5 x  10 . The c o e f f i c i e n t  f o r  

Y .  white  frequency noise  i s  est imated t o  be (8.3 x  IO-~ ' ) / JT  , f o r  
1 5 7 5 9  days. Other f a c t o r s  a r e  present  i n  t h e  da ta  with t h e  most 
notable  being t h e  change i n  U ( 2 , ~ )  s lope  f o r  7  7 5 days. 

Y - 



NAVSTAR-4 Time T r a n s f e r  R e s u l t s  

Time t r a n s f e r  c a l c u l a t i o n s  f o r  t h e  t h r e e  remote GPS m o n i t o r  s i t e s  
(Hawai i ,  Guam and Alaska)  were made u s i n g  t h e  Vandenberg MS a s  t h e  
c e n t r a l  s t a t i o n .  The Vandenberg MS c l o c k  was l i n k e d  t o  
U T C ( U S N O , M C ~ ) ~ ~  by a  s e r i e s  of p o r t a b l e  c l o c k  t r i p s .  The SRTAP 
pseudorange measurements were used t o  o b t a i n  moni tor  s t a t i o n  c l o c k  
o f f s e t s  w i t h  r e s p e c t  t o  NAVSTAR-4; t h e  Vandenberg MS pseudo-range 
measurements were used t o  o b t a i n  t h e  NAVSTAR-4 c l o c k  and c l o c k  r a t e  
v a l u e s .  Measurements were a v a i l a b l e  from day 036 ,  1979 th rough  Day 
189 ,  1979,  a  1 5 4  day t ime  span.  The i n t e r n a l  r e c e i v e r  d e l a y  was n o t  
a v a i l a b l e ;  a  v a l u e  of z e r o  was assumed. 

T i m e  t r a n s f e r  r e s u l t s  from t h e  Hawaii MS a r e  p r e s e n t e d  i n  F i g u r e  33 
f o r  a  25 day t ime span w i t h  an  epoch of day 175 ,  1979. A t ime t r a n s f e r  
v a l u e  o f  75031.121 u s e c  was o b t a i n e d  f o r  day 175 w i t h  a  s l o p e  of 
-4.80pp10(12) and a  n o i s e  l e v e l  of 17 ns .  Each p o i n t  i n  F i g u r e  33,  
denoted by t h e  symbol "X", was o b t a i n e d  u s i n g  smoothed v a l u e s  f o r  
each  of t h e  f o u r  l i n k s  invo lved  i n  t ime t r a n s f e r .  The t i m e  t r a n s f e r  
i s  g i v e n  a s  t h e  c l o c k  d i f f e r e n c e  (UTC(USM0,MCl) - UTC(HAWAI1)) which 
i n c l u d e s  a  1 l e a p  second c o r r e c t i o n  s i n c e  GPS t i m e  i s  no t  reset f o r  
l e a p  seconds .  The average  f r e q u e n c y  o f f s e t  computed over  t h e  e n t i r e  
154 day span was 1-4.05 - + 0.41lpp10(12).  

Time t r a n s f e r  r e s u l t s  from t h e  Guam MS a r e  p r e s e n t e d  i n  F i g u r e  34 
f o r  a  25 day t ime span w i t h  an  epoch of Day 070,  1979. A t ime t r a n s f e r  
v a l u e  of  65660.025 u s e c  was o b t a i n e d  f o r  Day 070 w i t h  a  s l o p e  of 
4.24pp10(12) and a  n o i s e  l e v e l  of 72 ns .  I n s p e c t i o n  of F i g u r e  34 shows 
a n  e f f e c t  i s  p r e s e n t  t h a t  i n c r e a s e s  t h e  n o i s e  l e v e l  of t h e  Guam MS 
t i m e  t r a n s f e r s  when compared t o  t h e  Hawaii ?IS t ime t r a n s f e r s .  The 
a v e r a g e  f requency  o f f s e t ,  computed o v e r  t h e  154  day span ,  was 
L4.73 - + 0.141pp10(12). 

Time t r a n s f e r  r e s u l t s  from t h e  Alaska  MS a r e  p r e s e n t e d  i n  F i g u r e  35 
f o r  a  20 day t ime  span  w i t h  a n  epoch of  Day 162 ,  1979. A t ime  
t r a n s f e r  v a l u e  of 69314.634 u s e c  was o b t a i n e d  f o r  Day 162 w i t h  a  
s l o p e  of -0.56pp10(12) and a  n o i s e  l e v e l  of  55  n s .  The a v e r a g e  
f requency  computed over  t h e  154 day span was [-0.14 - + O.l l lpp10(12) .  

F u r t h e r  a n a l y s i s  i n d i c a t e s  t h a t  t h e  Alaska MS t ime  t r a n s f e r  v a l u e s  
change by 75 ns  every  12 hours .  Reference  t o  t h e  ground t r a c k  ( F i g u r e  
25) i l l u s t r a t e s  t h a t  t h i s  change cor responds  t o  s u c c e s s i v e  NAVSTAR-4 
p a s s e s  over  t h e  Alaska MS. T h i s  75 n s  change is r e s p o n s i b l e  f o r  t h e  
i n c r e a s e d  (55 n s  f o r  Alaska MS) n o i s e  l e v e l  as compared t o  t h e  Hawaii 
MS n o i s e  l e v e l  of 17 n s .  

The remote moni to r  s i t e  o f f s e t s ,  de te rmined  v i a  NAVSTAR-4, v a r y  from 
65  ms t o  75 ms. These v a l u e s  i n d i c a t e  t h a t  t h e  remote moni to r  s i t e  



clock o f f s e t s  approximate t h e  65 t o  85 ms delay required f o r  t h e  
s i g n a l  t o  propagate from NAVSTAR-4 t o  the  su r face  of t h e  e a r t h ,  
assuming t h a t  t h e  i n t e r n a l  delay i s  s n a l l  wi th  respec t  t o  85 ms 
(85,000,000 ns ) .  

The monitor s i t e  frequency o f f s e t s  f o r  t h e  Guam MS and t h e  Hawaii 
MS d i f f e r  from those expected of t h e  cesium s tandards .  The ground 
s t a t i o n  cesium frequency standard manufacturer quotes an absolu te  
frequency r e fe rence  of  7pp10(12); however, user  experience i n d i c a t e s  
t h a t  t h i s  i s  a  conservat ive value. The d i f f e rence  frequency between 
t h e  Guam MS and t h e  Hawaii MS of 8.8pp10(12) i s  s l i g h t l y  l a r g e r  than  
t h e  expected value.  

Remote Monitor S i t e  Frequency S t a b i l i t y  

The time t r a n s f e r  r e s u l t s  were f u r t h e r  analyzed by c a l c u l a t i n g  t h e  
frequency s t a b i l i t y  of each remote MS (Hawaii, Guam and Alaska) cesium 
frequency s tandard ,  a s  determined through the  time t r a n s f e r  measure- 
ments. This procedure involves a l l  four  l i n k s ,  s i m i l a r  t o  those given 
i n  Figure 6 .  Due t o  the  r e l a t i v e  pos i t i on  of t h e  four  monitor s i t e s ,  
t h e  NAVSTAR-4 clock was required f o r  an update of no more than 2 
hours.  I n  these  c a l c u l a t i o n s ,  t h e  clock update time was from TCA a t  
Vandenberg MS t o  TCA a t  each monitor s i t e .  This procedure involves 
NAVSTAR-4 clock and t h e  o r b i t a l  t r a j e c t o r y  f o r  a  segment equal  t o  t h e  
a r c  of the  o r b i t  t raversed  during t h e  clock update t i m e .  Hence, t h e  
0 (2 ,  7 )  values computed v i a  time t r a n s f e r  a r e  s e n s i t i v e  t o  t h e  shor t  

Y term s t a b i l i t y  of t h e  NAVSTAR-4 c lock  and t h e  d i f f e rence  i n  r a d i a l  
o r b i t  e r r o r  over a  f r a c t i o n  of a  revolu t ion .  

The frequency s t a b i l i t y  of t h e  Guam MS cesium frequency s tandard ,  a s  
determined by NAVSTAR-4 time t r a n s f e r ,  i s  presented i n  F igure  36 f o r  
sample time varying ffym T = 1 t o  10 days. For T = 1 day, a  value of 
O ( 2 , ~  ) = 1.0 x 10- was measured. The measured f  quency 

Y . .  f 5  stability decreases t o  a  value o f 0  ( 2 , ~ )  = 3.4 x 10- f o r  7 = 5 
days. For 7 = 6 through T = 9 days,'a s i g n i f i c a n t  increase  occurs;  a  
peak va lue  of 1.1 x 10-I' was measured a t  7 = 8 days. 

The frequency s t a b i l i t y  of t h e  Alaska MS cesium standard i s  p res  n ted  
i n  F igure  37. For T = 1 day, a  value of O (2 , T  ) = 7.9 x 10-1' was 
measured. A behavior s i m i l a r  t o  t h e  Guam MS g e s u l t s  (Figure 3 6 )  was 
noted with a  peak value occurr ing a t 7 =  7 days. The r e s u l t s  f o r  T =  3 
days a r e  l e s s  s i g n i f i c a n t  than t h e  r e s u l t s  from t h e  Guam MS. A s h o r t e r  
a r c  of the  o r b i t  was requi red;  a l s o ,  more equipment r e s e t s  r e su l t ed  
i n  a smaller  sample. 

The frequency s t a b i l i t y  of t h e  Hawaii MS cesium frequency standard a r e  



p r e s e n t e d  i n  F i g u r e  38.  For 

I T =  1 day,  a v a l u e  of o ( 2 , ~ )  = 6.7 x lr13 
Y 

was measured. An i n c r e a s e  i n  0 ( 2 , ~ )  which i s  l e s s  t h a n  t h a t  observed 
Y a t  t h e  Guam MS, o c c u r s  f o r  T =  5 days .  The r e s u l t s  from t h e  Hawaii MS 

a r e  t h e  b e s t  of t h e  t h r e e  remote moni to r  s i t e s .  

i T h e 0  ( 2 ,  T )  v a l u e s  f o r  Guam MS r e a c h  a  maximum a t  7 = 8 d a y s  of 

1 1.1 xY1O-12. The Alaska MS 9 ( 2 ,  7 )  r e a c h  a  r e l a t i v e  maximum a t  
7 = 7 d a y s ;  Hawaii shows an i x c r e a s e d  f requency  0 ( 2 , ~ )  v a l u e  a t  

! T = 5 days  a s  shown i n  F i g u r e  37 and 38 r e s p e c t i v e l y .  
i 

Two f a c t o r s  were c o n s i d e r e d  a s  p o s s i b l e  c a u s e s  of t h i s  i n c r e a s e d  
f requency  i n s t a b i l i t y .  The f i r s t  f a c t o r  i s  t h e  seven day r e f e r e n c e  
t r a j e c t o r y  o r b i t  f i t  spans .  A t o t a l  of 22 seven  day o r b i t s  were made 
d u r i n g  t h e  154 day d a t a  span.  The t ime  t r a n s f e r  r e s u l t s  from Guam ( s e e  
F i g u r e  34)  i n d i c a t e  s m a l l  changes from t h e  average s l o p e  t h a t  c o r r e s -  
pond e x a c t l y  w i t h  t h e  seven  day o r b i t  f i t  spans .  The second f a c t o r  
c o n s i d e r e d  was t h e  once- er-week P code r e s e t s  f o r  t h e  pseudo 
random code t r ansmi t t e r2 ' .  I f  t h i s  was t h  f a c t o r  i t  would have 
appeared a t  t h e  same ampl i tude  ( 1 . 1  x  f o r  t h e  s i n g l e  s t a t i o n  
o ( 2 ,  T ) r e s u l t s  p r e s e n t e d  i n  F i g u r e s  27-32. It  i s  t h e r e f o r e  

Y concluded t h a t  " o r b i t  mismatch" i s  p r e s e n t  f o r  t h e  l o n g e r  sample 
t i m e s ,  of f i v e  days  o r  more. 

The average  v a l u e  of t h e  0 ( 2 ,  7 )  v a l u f g  f o r  t h e  Hawaii ,  Guam and 
Alaska f requency s t a n d a r d s  1s 7.8 x  10- f o r  7  = 1 day. Th i s  v a l u e  
i s  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  expec ted  f requency  s t a b i l i t y  f o r  
HP5061A, Opt 004 s t a n d a r d s .  However, it i s  c l o s e  t o  t h e  9.1 x 1 0  -Be 
v a l u e  measured f o r  t h e  NAVSTAR-4 rubidium f requency  s t a n d a r d .  These 
r e s u l t s  i n d i c a t e  t h a t  NAVSTAR-4 rubidium i s  s l i g h t l y  l e s s  s t a b l e  t h a n  
t h e  a v e r a g e  remote MS f requency  s t a b i l i t y ,  a s  measured by t ime  
t r a n s f e r .  

CONCLUSIONS 

o Worldwide t ime  t r a n s f e r  t o  t h e  major  t ime s t a n d a r d s  l a b o r a t o r i e s  
h a s  been demons t ra ted  w i t h  NTS-1 f o r  t h e  p a s t  two y e a r s .  The 
average  accuracy  achieved was 60 ns .  I o n o s p h e r i c  d e l a y  was t h e  
most s i g n i f i c a n t  u n c o r r e c t e d  e r r o r  source .  

o  A t ime  t r a n s f e r  p r e c i s i o n  of 9  n s  h a s  been demonstra ted  f o r  a n  
11 day span w i t h  t h e  NTS-2 s p a c e c r a f t  u s i n g  a  ces ium c l o c k  and a  
f i r s t  o r d e r  i o n o s p h e r i c  d e l a y  c o r r e c t i o n .  



o The NAVSTAR-4 rubidium frequency standard has a  measured 
frequency s t a b i l i t y ,  wi th  aging co r rec t ed ,  of 

U (2 ,  1 day) = 9.1 x 10-l3 
Y 

U ( 2 ,  9  days)  = 2.5 x 10-l3 
Y 

referenced t o  a  smoothed reference  ephemeris ca l cu la t ed  over  22 
seven day o r b i t s  using d e l t a  pseudo-range measurements. For 
7 > 5 days a  change i n  the  0 ( 2 , ~ )  versus  7 curve i s  present  

which c o r r e l a t e s  with t h e  o r b i z  f i t  span. 

o  Time t r a n s f e r  t o  t h e  t h r e e  remote monitor s i t e s  i n d i c a t e s  
c lock  o f f s e t s  near  65 t o  85 m s .  Time t r a n s f e r  noise  l e v e l s  of 
1 7  t o  55 ns were measured f o r  t h e  reported da ta  span over a  
154 day observed d a t a  span. 

o The frequency s t a b i l i t y  of t h e  t h r e e  remote GPS monitor s i t e s  
has been ca l cu la t ed  f o r  1< 7 < 10 days us ing  NAVSTAR-4 time 
t r a n s f e r  r e s u l t s  with the-Vandenberg MS a s  t h e  c e n t r a l  
s t a t i o n ,  l inked  by por t ab le  c lock  t o  UTC(USN0,MCl). These 
measurements i n d i c a t e  a  seven day o r b i t a l  e f f e c t .  

o  Comparison of t h e  on-orbi t  frequency s t a b i l i t y  of a  rubidium 
frequency standard versus  a  cesium f f ~ q u e n c y  standard 
i n d i c a t e s  0 ( 2 ,  1 day) = 9.1 x 10- f o r  rubidium and 
0 ( 2 , l  day)'= 3.7 x 10-l3 f o r  cesium a s  presented i n  f i g u r e  

Y 39, d e t a i l s  of which a r e  i n  r e fe rence  12. 

NRL, along wi th  o the r  agencies  and con t rac to r s ,  i s  continuing 
development of advanced cesium and hydrogen maser frequency 
standards f o r  use i n  f u t u r e  GPS spacec ra f t .  Other proposed work 
inc ludes  a  s tudy t o  i n v e s t i g a t e  t h e  seven day o r b i t  e f f e c t .  
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Fig. 14 - NTS-l/NTS-2 time transfer to 
NTS Panama tracking station 
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Fig. 15 - NTS-2 time transfer to Fig. 16 -Pseudo range vs time, 
NTS Panama tracking station Vandenberg MS 
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Fig. 17 - Long term frequency Fig. 18 - NAVSTAR-4 observed time 
stability analysis flowchart span, Vandenberg MS 
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Fig. 19 - NAVSTAR-4 observed 
time span, Hawaii MS 

Fig. 20 - NAVSTAR-4 observed 
time span, Guam MS 
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Fig. 21 - NAVSTAR-4 observed Fig. 22 - NAVSTAR-4 ground track 
time span, Alaska MS on 4 March 1979, Vandenberg MS 
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Fig. 23 - NAVSTAR-4 'ground track Fig. 24 - NAVSTAR-4 ground track 
on 4 March 1979, Hawaii MS on 4 March 1979, Guam MS 
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Fig. 25 - NAVSTAR-4 ground track Fig. 26 - NAVSTAR-4 clock offset 
on 4 March 1979, Alaska MS vs time, Vandenberg MS 
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Fig. 27 - NAVSTAR-4 rubidium fre- 
quency stability (no aging correction), 
Vandenberg MS 
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Fig. 28 - NAVSTAR-4 rubidium frequency 
stability (aging removed), Vandenberg MS 
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Fig. 29 - NAVSTAR-4 rubidium fre- 
quency stability four monitor stations, 
no aging correction 
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Fig. 31 - NAVSTAR-4 rubidium fre- 
quency stability four station average, 
no aging correction 
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Fig. 30 - NAVSTAR-4 rubidium fre- 
quency stability four monitor stations, 
aging removed 
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Fig. 32 - NAVSTAR-4 rubidium fre- 
quency stability four station average, 
aging removed 
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Fig. 33 - NAVSTAR-4 time transfer Fig. 34 - NAVSTAR-4 time transfer 
to Hawaii MS to Guam MS 
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Fig. 35 - NAVSTAR-4 time transfer Fig. 36 -Guam MS frequency stability 
to Alaska MS via NAVSTAR-4 time transfer 
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Fig. 37 -Alaska MS frequency stability Fig. 38 -Hawaii MS frequency stability 
via NAVSTAR-4 time transfer via NAVSTAR-4 time transfer 
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stability performance 



QUESTIONS AND ANSWERS 1 

DR. VESSOT: 

Are t h e  rubidium d a t a  d r i f t  cor rec ted  i n  t h a t  i n s t ance?  

DR. MCCASKILL: 

Yes s ir .  The d a t a  a r e  cor rec ted  f o r  aging r a t e .  

DR. ALLEY: 

Could you say  a few more words on j u s t  how t h e  d a t a  w i l l  be ex- 
t r a c t e d  and d id  you use t h e  f u l l  Kalman f i l t e r i n g  process of t h e  
GPS code t o  ge t  t h i s ?  

DR. MCCASKILL: 

The Kalman f i l t e r  was not  used a t  a l l .  This w a s  a l l  done i n  a so- 
c a l l e d  pos t  processing,  ba tch  type of mode. I n  t h e  batch type of 
mode we used a week's worth of observat ion.  I f  you had two passes  
pe r  day from each s t a t i o n ,  you would have e i g h t ,  you would have 
seven, because Guam only took one, s o  you would have around 50 
complete passes ,  s a t e l l i t e  passes of NAVSTAR-4 i n  order  t o  e s t i -  
mate the  o r b i t .  So it i s  ba tch  processing and it d i d  not  involve 
t h e  on-line use of t h e  Kalman f i l t e r .  

MR. PLEASURE: 

Are these  algori thms f o r  genera l  r e l a t i v i t y  co r rec t ions ,  a r e  they 
published i n  your l i t e r a t u r e  o r  not? 

DR. MCCASKILL: 

A s  D r .  Winkler mentioned e a r l i e r ,  t h e r e  was a workshop, I b e l i e v e  
headed up by D r .  Dave Allan,  who is he re ,  on t h e  r e l a t i v i t y  e f -  
f e c t s  t h a t  would have t o  be accounted f o r  f o r  GPS and I know t h a t  
t h e  r e s u l t s  a r e  published.  I do not  know the  a v a i l a b i l i t y  of 
them. You might check wi th  e i t h e r  D r .  Al lan  o r  D r .  Winkler t o  
f i n d  out  about t h e  a v a i l a b i l i t y .  

QUESTION: 

Since when a r e  they a v a i l a b l e ?  

DR. WINKLER: 

They have been published. 




