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Time t rans fe r  equi-pnent and techniques used with the  NRL 
Navigation Technology S a t e l l i t e s  have been modified and 
extended for  use with the  GPS sa . t e l l i t e s .  A prototype 
receiver was bui.lt and f i e l d  tes ted at NASA's Kennedy 
Spaceflight Center. 

The receiver uses the GPS TJ1 l i nk  at I575 MIk with C/A 
code only t o  resolve a measured range t o  the s a t e l l i t e .  
A theore t ica l  range is computed from the  s a t e l l i t e  
ephemeris transmittd i n  t h e  data  message and the u s e r ' s  
coordinates. Results of user o f f s e t  from GPS time a r e  
obtained by differencing the  measurd and theore t ic ,d  
ranges and applying ca l ib ra t ion  corrections.  These 
r e s u l t s  may be referenced t o  Naval Obsrvatory T i m e  
through published values of o f f s e t s  of GPS Time from 
USNO Master Clock 1 .  

Results  of the f i r s t  f i e l d  t e s t  evaluation of the  
receiver are presented. Measurements were made at NASA 
Goddard's  MILA f a c i l i t y  1-ocated i n  t h e  Kennedy 
Spaceflight Center, P1.a.. Portable clock mea.surernents 
were made fo r  cornprison, (and all measurements were 
referenced t o  the Nwal Observatory. 



P r e s e n t  t ime  synch ron i za t i on  t e chn iques  wi th  t h e  NASA l a s e r  
network re ly  on LC)RAN-C and portable clocks t o  provide very 
accurate time tagging of l a s e r  ranging data. In  appl icat ions  
where the  d a t a  from two or more s t a t i ons  w i l l  be merged t o  
determine b a s e l i n e s  f o r  g e o d e t i c  work and p o l a r  motion 
determinations, it is necessary t ha t  the  clocks at the  several  
s t a t i o n s  be synchronized t o  within + 1 microsecond with respect  t o  
a master clock, such as t h a t  of the-U.S. Naval Observa.tory (USNO). 
Best synchronization r e s u l t s  using the  LORAN4 system have been 
obtained f rm the West Coast chain at the  Goldstone, Cal i fornia  
l a s e r  tracking s t a t i o n  (MOBUS 3). Figure 1 shows t he  MOBLAS 7 
clock r e l a t i ve  t o  the  USNO Master Clock for  the  period of July 
1980 th rough  June of  1981. The x ' s  a r e  phase d i f f e r e n c e  
mea.surements made through IDRAN-C referencd.  t o  USNO, and t h e  0 ' s  
a r e  the  phase measurements corrected f o r  lmowi o f f s e t s  such t h a t  a 
l i nea r  l e a s t  squares f i t  may be performed on the  data. The 
s t anda rd  d e v i a t i o n  of t h e  f i t  t o  t h i s  d a t a  shows a t ime  
synchronization of about a half  a microsecond. 

MOBLAS 5 located in  Yarragadee, Austra l ia  has obtained a 
synch ron i za t i on  of only  f o u r  microseconds u s i n g  t h e  LORAN-C 
Northwest Pacif ic  chain as evidenced by the  da ta  i n  f igure  3.  
Direct  reception of LORAN-C s igna l s  is not possible at t h i s  
locat ion,  and uncer ta int ies  i n  the  pith length of bounced s igna l s  
cause large  errors .  In  t h i s  instance MOBLAS 5 required frequent 
portable clock measurements ( a l s o  shown i n  f igure  2 )  t o  maintain 
microsecond synchronization. 

Time t rans fe rs  by s a t e l l i t e  have been p~trfomed by NASA Goddard 
Spaceflight Center (GSFC) and the  Naval Research Laboratory 
(NRL ) i n i t i a l l y  using the  NF& Navigation Technology S a t e l l i t e s  
(NTS) . ( 1,2) Accuracies  of s e v e r a l  hundred nanoseconds were 
obtained. (3) A s  an outgrowth of the  NTS e f f o r t ,  a Time Transfer 
Receiver (TTR) which operates with the  NAVSTAR Global Posit ioning 
System (GPS) s a t e l l i t e s  is presently being developed j o in t l y  by 
GSFC and NRL. GbW w i l l  use the  GPS TTR in  t he  Laser Ranging 
Network. The network cons i s t s  of e ight  mobile vans, a permanent 
i .ns ta l la t ion at, GSET, a d  eventually four highly transportable 
l a s e r  systems. The l a s e r  systems w i l l  be deployed t o  various 
locat ions  around the  world ( f igures  7 and 4)  and w i l l  be used i n  
support of the  NASA ?&YFC Crustal Dynamics Program. 

NAVSTAR GPS is a t r i - s e r v i c e  Department of Defense ( D O D )  
program. (4 )  The first GPS s a t e l l i t e  flown was NTS-II(5,6) which 
was designed and b u i l t  by NRL personnel. GPS wi1.l provide the  



capab il. i 2;y of very prec i s e  i n ~ t a n t ~ a n e o u s  na.viga t , ion and t r a n s f e r  
of time from :my point, on-or-around t h e  e a r t h .  A t  present, s i x  
NAVSTAR s a  t e l l  i t e s  :ire o n - o r b i t  , p r o v i d i n g  ins - ta ,n ta .neous  
naviga t ion  over s e l ec t ed  a r e a s  f o r  l i m i t e d  p a r t s  of each day. 
This  c o n s t e l l a t i o n  is part of t h e  GPS Phasc I conf igu ra t ion .  
Addi t iona l  space v e h i c l e s  (SV) a r e  t o  be launched du r ing  t h e  next  
year. 

The major o b j e c t i v e  of a s a t e l l i t e  t ime t r ' x l s f e r  r e c e i v ~ r  is t o  
determine p r e c i s e  time dif : ferences between a. given s a t e l l i t e  a,nd a 
1.ocal ground c lock  referenced t o  t he  Tr!'K !f igxre 5). P r e c i s e  time 
can then be o b t ~ i n e d  between t h e  SV arid a s i n g l e  remote ground 
s t a t i o n  c lock  o r  betwcen t h e  SIT snd ,V~JT nmber of remote s t a . t i o n s .  
The remote s i t e s  can then be synchror i iz~?  amor47 themselves.  

THE NAVSTAH G1X)BAL PC)SITTONTNC; SYSTTM (GPS) 

GPS is comprised of t h r e e  segnents .  The space s e m e n t  c o n s i s t s  of  
a cons t e l l a . t i on  of s a t e l l i .  t e s  f o r  g loba l  coverage. ( 7 )  Phase TTT 
GPS w i l . 1  have a. t o t a l  o f  24 s a t e l l i t e s ,  e i g h t  i n  each of t h ree  
o r b i t a l  planes.  The GPS o r b i t s  a r e  near -c i rcu lar  at an a l t i t u d e  
of  approximately 10,000 n a u t i c a l  mi l e s ,  incl-ined at 55 degrees t o  
t h e  equator .  The p r i o d  i s  ad jus ted  such t h a t  a repea. t ing ground 
t r a c e  is obtained for a given ground trackirq? s t a t i o n .  Fs.ch 
s a t e l l i t e  t r ansmi t s  i t,s own i d e n t i f i c a t i o n  :md orbi l ;al  information 
cont inuously.  The GPS signal is spread spectrum i n  n a t u r e ,  formed 
by adding t h e  d a t a  to a d i rec t  sequence code which is then  h iphase  
modulated onto a c a r r i e r .  

The c o n t r o l  segnent c o n s i s t s  of a master control  s t a t i o n  (MCS) and 
monitor s t a t i o n s  (MS ) p l a c d  a,t; va r ious  l o c a t i o n s  around t h e  
world. (8) The c u r r e n t  Phase I MCS is loca.ted ad:, Vandenberg Air 
Force Base with  t h e  suppor i ; iw monitor trxckirlg s ta . t , ior~s aa.t 
Alaska, &,am, &wa.ii, qnd Vxtndenber{:. The monitor s t a t i  ons c o l l e c t  
d a t a  f rm each satel .1 i t e  and  t r ansmi t  t o  the  MCS. Thi? d a t a  is 
p r o c e s s e d  t o  dc t e r rn ine  the o r . b i t a l  charir::~c-i,er.i.stic=:; o f  e a c h  
s a . t e l l i t e  and t h e  t r a j e c t o r y  i r l f o r m s t i n n  is ! bnr, 121il.oaded to each 
s a t e l l i t e ,  once every ?4 hours 1x3 the  sp:ic?ecr-if+ p2sses over t h e  
MCS. 

The . ~ ~ e r  segment cow)sists of  a vrjr i e t y  oT plat ' r 'onx,~ contai  n i n e  GPS 
r e c e i v e r s  which t r a c k  t h e  s a t e l l i t e  s i g n a l s  :~nd process  t h e  data.  
t o  d e t e r m i n e  p o s i t i o n .  (9,10: C 0 v e r a . g ~  of' t h e  Phase  111 
c o n s t e l l a t i o n  is such t h a t  al, l e a s t  four  sa . te l l  i t e s  w i l l  cilways be  
i n  view from any p i n t  on t h e  e a r t h ' s  wnrfa.ce. 



TIMJi: TRA_NSFER METHOD 

To perform a satellite time transfer with GPS, pseudc-range 
measurements are made that consist of the propagation delay in the 
signal plus the difference between the satellite clock and the 
ground station receiver reference clock. Data from the satellite 
is processed to obtain satellite psition and satellite clock 
information (offset from GPS time). The propagation delay is 
subtracted from the peudo-range by lmowing the exact locations of 
the satellite and the station. This difference is then corrected 
by the GPS time offset to determine the final result of ground 
station time relative to GPS time. The Phase I GPS time is 
normally maintained at the Vandenberg MCS using a. cesium 
oscillator. The Phase I11 GPS time is planned to be referenced 
from the MCS to the U.S. Naval Observatory (USNO) Master Clock. 
The find results obtained from a single-frequency receiver, such 
as the one described in this pper, will contain a, mall error due 
to the ionospheric delay which m w  be modeled and corrected. 

GPS TIME TRANSFER ECFIVER (TTR) 

The GPS TTR is a microcomputer based system which was designed to 
replace existing receivers that formerly used the NTS satellites 
for time transfer. The design uses hardware and software from 
these receivers whenever possible. The following is a sumnary of 
the design requirements: 

A. GPS Signal Detection Characteristics 

1 ) Operates at the single L1 frequency of 1 575 MHz. 
2) Ilas sufficient bandwidth to track satellites 

throughout their doppler range from horizon to 
horizon. 

3) Uses only the course/acquisiton (CIA) code of 1.027 
MHz. 

4) Tracks the C/A code to within 3% of a chip (YO 
nanoseconds). 

5) Tracks any GPS satellite by changing to the 
appropriate code. 

6) Detects and decodes the navigation data as required 
to determine a time transfer. 

B. Opera.tiona1 Chasacteristics 

1 ) Requires a stationary platf o m  during operation. 
2) Determines the time difference between the 1 pps 

input station reference and GPS system time. 



7) Measures the time difference once every s i x  seconds. 
4) Has an RMS of l e s s  than 50 nanoseconds on the  time 

dif ference mea,surements. 
5) Controls the operation of the  receiver by inputs from 

a keyboard. 
6 )  &itputs data. t o  the  CRT display and records on a. 

f l ex ib l e  d i sc .  

C . Input Requi remen t s 

1 )  Antenna p s i t i o n  in  WCS-7? coordinates. 
2 )  1 pyx; frm the s t ~ t i o n  ti.me standard. 
) 5 MHz from the s t a t i o n  time standard. 

With these design requirements, the receiver block diagram jn 
f igure  6 was implemented. The following is a. descr ipt ion of the  
major cmponents shown in  the  diagr,m. 

I* Subsystem 

The RF subsystem provides ca.r r i e r  and code tracking capabi1.i t i e s  
fo r  the  GPS s ignal .  It demcx3ul.ates the  da ta  message in to  the  
non-return t o  ze ro  ( N R Z )  format  and prov ides  t h e  v o l t a g e  
controlled c ry s t a l  o s c i l l a t o r  (VCXO) frequency f o r  coherent code 
generation. An external  control  voltage input t o  the  VCX.0 is used 
f o r  acquisiti .on tuning. 

CIA Code Generator 

The CIA code gencrator accepts the  code sequence of my GPS 
sa t e l l - i t e  from the microprocessor. I t  then derives the  1 -023 MHz 
C/A code from the  VCXO frequency ,and outputs i t  t o  the  FP 
subsystem fo r  code tr ,xking.  A s a t e l l i t e  time epoch is derived 
from the  C/A code pcriod and  output Yor the time in te rva l  
pseudc-range measurement. 

Time I n t e r v d  Measurement 

A time in te rva l  counter is controlled by the  microprocessor t o  
measure the  time dif ference between the  s a t e l l i t e  epoch and t h e  
s t a t i o n  reference. This measurement occurs once every s i x  seconds 
as comnanded by t h e  microprocessor. The time dif ference,  which is 
pseudo-range , is output t o  the microprocessor fo r  determining the  
t ime  t rans fe r .  The time interval counter is a l s o  used t o  
determine the VCXO frequency f o r  tuning control .  



110 Terminal 

The receiver contains a CRT display with a keyboard and a dual 
f l ex ib l e  d i s c  dr ive  recorder. The keyboard provides an operator 
in te r face  f o r  inputs and control  of the  receiver.  The time 
t rans fe r  r e su l t s  a r e  displayed on the  CHT and recorded on t he  
f l ex ib l e  disc .  

Microprocessor 

The microprocessor controls  hardware functions i n  the  receiver,  
decodes the  navigation message, and calcula.tes the  time t rans fe r .  
Receiver tuning is provided during acquis i t ion by taking frequency 
measurements of t h e  VCXO, comparing t h e s e  measurements t o  
predicted values and outputt ing corrections t o  t he  control  voltage 
throupa a digital-tc-analog converter. 

The appropriate s a t e l l i t e  C/A code is loaded i n to  the  code 
generator a f t e r  being calculated using a l i nea r  feedback s h i f t  
r eg i s t e r  algorithm impl.emented i n  the microprocessor. The code 
phase is a l so  controlled by the  microprocessor u n t i l  a cor re la t ion  
o r  "code lock" is established i n  the  RF subsystem. After sign,& 
cic,q~lisition, the  microprocessor decodes t he  navigation da ta  and 
commands pseudwrange measurements t o  be rformed w i n g  the  time 
intervaJ counter t o  calcula te  the  Final  time t r m s f e r  r e su l t .  
This result is output t o  the  CRT display and recorded on a 
f l ex ib l e  d i sc  once every s i x  seconds. 

TIME rnANSFER FIELD TEST 

The prototype GPS TTR w a s  ins ta l l ed  and  tes ted at NASA's Merrit, 
Island tracking s i t e  (MILA) at Kennedy Spaceflight Center, Fla. 
Figure 7 shows the  horizon of the  M1LA f a c i l i t y  and the  port ion of 
the  o rb i t  of NAVSTAR 5 i n  view at the  M T L A  s i t e .  Figure 8 shows 
the  o r b i t s  of a l l  f i v e  NAVSTAR s a t e l l i t e s  along with approximate 
r i s e  and s e t  times fo r  the  period during which the t e s t s  were 
wrformcd. Most of the  data  w a s  taken during a segment of timg 
when 811 the sa.telvlmites pssd through a high elevation angle (60 
t o  90 ) wlth approximately the  same azimuth. Figure 9 shows the  
segnents of each orb i t  where the  da ta  col lect ion was concentrated. 

Figures 10 through 14 present data collected from i n d i v i d u ~ l  
s a t e l l i t e  passes which gives the  di f ference between the  MILA 
s t a t i o n  ground clock and the  GPS spacecraft  clocks. On each graph 
a calculated time t rans fe r  is presented f o r  an epoch close t o  the  
mid-time of the observcd p r i o d .  The RMS of a 1.emt squared data 
f i t  is a l so  given. The RMS of any one pass var ies  from 1 1  t o  1"; 



nanoseconds f o r  a given ~ ~ ' l t e l l i t e .  Figure 15 is :3n extended t r a c k  
(two hour)  of a, NAVSTAR 6 pass and- a l s o  sho-ws :m KMS of  17 
nanoseconds. NAVSTAR 1 has  a qun.rtz c rys ta .1  oocil  1 a t o r ,  NAVSTAR :3 
and 4 have rubidium o s c i l l a t o r s ,  while  NAVSTm Lj and 6 have cesium 
o s c i l l a t o r s .  

Figure 16 swnm:rizes t h e  resl- l l ts  r e l a t i n g  the ?1TA r::lock t o  t he  
USNO clock :s determined through GPS, LORAN-(: :1n3 por t ab le  cloclr 
measurements psrf'ormed dur ing  t h e  te:;t. The GPS r e s u l t s  :ire 
p r e s e n t d  ass s i r lgle  pojrlt:; w h i c h  q.rl.1 f,'ri? 3NerRGP of  t h e  f ivi?  
s a t e l l - i t e  va lues .  The b:3r Over ~);:-::",(:b. p i l : '  r ' ~ y ~ ? s e n I . s  thc r3nge of 
t he  f i v e  v a l r ~ e s  . The 3P? -t?:;ull.s :;how j)~:~l<-+c+p::d,: :jgr.eement o f 
700 ns  o r  l e s s  wi th  the p)rt:ible clock n?en:;ure:nent::: which a r e  
considered t o  be t r u t h .  Duri r y ,  Ph:~.se T of the  NAV3TAK GPS 
p r o g r m ,  no a.t;l,empt is he ing  mde  t o  precisely synchronize the 
sa.tel.J.ites. Tn Phase TIT of the program, it .is p l m e d  t o  
maint3.i.n s a t e l l i t e  synchroniznt  i on  Lo wi th in  I nC) nsec . 

Figures 17 through 25 present  rewnl ts u s i r g  on7.y t h e  (3a.ta. t&cn 
.Crom NAVSTAR 1 , which uses a c r y s t a l  osc i l  l a t o r ,  snd NAVSTAR 5 ,  
which uses  a ces i  urn o s c i l l  a t o r .  ii'igurcs 1'7 :jnc! 1 9 show l;he MILA 
s t a t i o n  c lock  rbe l a t ive  t o  GPS -t;i.~nc as by thc! d:~t;:i from 
each s n t e l l  i.te. Each po in t  i s the r - e s~~ l .  -t of a 1 i near 1 pas-t, 
s q m r e s  f i t  t o  :j.pp!'ox irn::1te7 y ?(? rni111.ltps of data from :.XI i n d  i v i d u l  
s a t e l l i t e  pass. Whm m o t h e r  Lincar !'it is perl'orrned on t h i s  
day-to-day drzta., t h e  r e s t ~ l t s  show t,h:~t t he  Lime t r a n s f e r s  have an  
KMS o f  25 n s e c  and 2G nsec for NAVSTAR 1 and NAVSTAl? 5 
respcctive1.y. i r e  18 :-ind 29 show the same a a t c l l i t e  dsta 
referenced t o  USNO through published ci i f ferences of GPS time and 
USNO t i m e  3s de te rmined  by a GF3 r e c e i v e r  a t  t h e  Naval 
Obsenratory. The time t r a n s f e r  r e s u l t s  again show an HMS of  25 
nsec and 24 nsec. T h i s  res l r l t  is wi th in  .the e x p c t e d  noise  of 3. 

s i n g l e  cesium t o  wk:j.ch all the (3at2 is refer~ncec l  a t  t h e  MTTA 
ground s t;atiorr. 

CONCLUSIONS 

F i w e  21 p r e s e n t s  :I. cmpcr- i son  c.f 5 h ~  r e s u l t i n g  time t r c m s f e r  RMS 
of al l  t h e  GPS ~ a t e l l i t ~ e s  du r ing  the t c s t .  When d a t a  is 
considered on a s i n g l e  s : i t e l l i t e  basis, t h e   result,^ always y i e l d  :i 
t i m e  t r a n s f ' e r  w i t h  b e t t e r  t h a n  a 100 nsec: a c c u r a c y .  No 
ionospheric  c o r r e c t i o n s  have been m ~ d e  t o  ob ta in  these r e s u l t s ,  
and t e s t s  a r c  pl<mned i n  t h e  f u t u r e  t o  determine how much e r r o r  
t h i s  c:ontributes. Also, i t- w3s dcter-mir!e!li tn::~-it the? r ece ive r  has 
small bj.ases t h a t  a r e  frequency rlepcndent. Tmprc~v,vements a.re l ~ e i r ~ ~  
made in t h e  r e c e i v ~ r  t,o account for t h e w  b i a s e s ,  and -it, i:; 
e x p e c t e d  tha t ,  fol.low-on t e ~  t,s will jcmonstr-a? e even  he  t; t;er% 
accurac i e s .  



FUTURE PLANS 

Increased receiver performance and capabil i t ies  developent is 
continuing based on resul t s  and operational feedback frcm f i e ld  
t e s t s  and on-going experiments. Extensive evaluation of the 
receiver is planned through several additional f i e ld  t e s t s .  A 
joint experiment is scheduled with the J e t  Propulsion kbora tory  
(JPL) to  evaluate ionospheric d e l w  error.  Cc-location t e s t s  are  
planned to  compare nanosecond mcuracy VLBI data with GPS TTR 
da.ta. The cc-location t e s t s  w i l l  involve VLBI s tat ions a.t NRL 
Maryland Point, Haystack/~estford Observatory, NASA Deep Space 
Network (DSN), Goldstone, CA. ,  and NASA DSN, Madrid, Spain. 
Future ac t iv i t i e s  also include joint participation by GSFC, USNO, 
NBS, and NRL in the hhropean Space Agency (WA) S.THIO/LASSO time 
transfer expriment during 1982, This experiment w i l l  use a 
global baseline and w i l l  provide nanosecond accurate laser  time 
transfers  for comparison with the GPS time transfers.  

The first operational f ie ld  t e s t  of the GPS TTR is scheduled i n  
the second quarter of f i s c a l  year (FY) 1982 with the deployment of 
the N A N  GSFC Transportable Laser Ranging System (TLRS) prototype 
t o  Easter Island. Four additional receivers a re  schedul.ed t o  be 
deployed with mobile laser  systems l a t e r  in FY 1982. 
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QUESTIONS AND ANSWERS 

MR. ALLAN:  

I might make one comment. In regard to  the same noise from a l l  the 
s a t e l l i t e s ,  I think one can deduce from that  that i t  i s  basically 
not anything in the s a t e l l i t e ,  b u t  rather in the signal or in the 
receiver. 

MR. OAKES: 

Right, 

MR. ALLAN:  

And,  secondly, I think you can also deduce from the long-term data,  
the 25 nanosecond RMS numbers. That says probably nothing about 
GPS, b u t  only about t h e  clocks. 

MR. OAKES: 

Yes. I d idn ' t  point that  we were making a one clock comparison 
against the USNO ensemble. 

MR. ALLAN: 

Right. 

In the long term, that  i s  not bad performance for a clock, and 
that  i s  what you are  seeing. So, i t  real ly  doesn't say anything 
about GPS per s e .  




