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Uuring 1972 time transfer cxperiinents wcrc run I~etwccn t l ~ c  U. S. Naval 0bsc.r- 
vatory nnd the Royal Greenwich Obscrvator'y :~nd, in 1973, l~etween Ihc U, S. 
Naval Observatory and thy nivislon of N:~tion:tl Mapping in Canberra, Austrnli:~. 

In both cascs thc time transfer agcnt was the 'I'IMATION I1 salellitc., 19[ i9-h213.  
The satcllitc cphcmcrides were uomp~xtcd by the N:~vnl Weapons Lahoratnry from 
data provided by the Dclcnsc Mapping Agency TKANE'I'. This net tr:tckecl thc 

@ satellilefs doppler transmissions. ! 

The phase of the satellite clock was dctcrminecl from ktiowlcclg-c of the position 
01 the satcllitc and of the obscrvcr ,znd thc cornpuleti tiistanccl bctween the two. 
By monitoring thc cloclr on s u c o ~ s s i v e  p:isscs the ra tc  of the s:itcllitc clocli was 
(letermined a t  Washington. Uy :ig:tln rnonltoring thc satellite clock at tllc distant 
station the satellite clocli- could hcl comparecl to lhe local (:lock ;~nd this loc:tl 
clock compared to the IJ. S. Naval Ohscrvntory cloclis. 

In 1972 the RMS o l  ol.~scrv:<tjons n t  Greenwich clcvintcd l)y npproxim:~ tely 1/ 1 
microsecond from ;t straight line when comp:trcd to tllc Naval Obsel.v,?tory. In 
1973 the observation e r r o r s  at C n n l ~ e r r : ~  wcrc approxiinntely hnlf as  grcat. 

TIME TRANSFEK 

A number of time transfer  experlrnelits have bccn run 1)y ineans o f  low frcclucncy 
navigation systems (LORAN-C, 0Mk:C;A) and by c1ocl;s c:trriccl by aircraft  and 
satcllitcs. 

The low frcqucncy systems :we usclul anti provide n large number of users  with 
jnexpensive clocks that have new ntr)mic standarcl sttibilities. Thc problem with 
thcsc systems i s  the shifts that occur in the propagation pntha. 



Atomic clocks carried in aircraft a r c  again a gootl solution to the problem of 
time transfer. This technique suffers only from the e r ro rs  duc to transporta- 
tion timc and the costs of this transportation. 

The satellite carried clock suffers from a number of e r ro r  sourccs that at f irst  
might makc this technique appear inferior to thc others. A closer look makes 
this one appear to have both the best present day capability and thc best chance 
for improvement. 

The problems with thc satellite carried clock transfcr mcthod a r e  (1) In contrast 
to the low frequency broadcast station ant1 the aircraft carricd clock one must 
now determine where the satellitc (and its clock) is at the time of mcasurcmenf. 
(2) The second problem is thc instability of the satellite clocks, which a r c  at  
prcscnt crystal controlled. 

The f irst  problem, that of the satellite location, is reduced by using a fact of 
satellite orbital mechanics. This fact i s  that the principal e r ro r  in  satcllite 
orbits is along track. By making the measurement when thc satcllitc is a t  its 
closcst point this e r ro r  becomes negligible. This satcllitc location e r ro r  is 
further minimized by using a navigation satellitc for which the techniques of 
location prediction and postdiction a r c  wcll known. 

The  second problcm of clock instability is partially solved by the high spccd of 
the satellite. The speed rcduccs thc cffcct of the instability. For instancc, in 
some cases thc satellite clock mcasurcment was made in the U. S. barely 15 
minutes beforc the similar mcasurcmcnt was made in England. A check carried 
by a i r  and road would take roughly 50 times a s  long. From this calculation one 
can see  that thc satellite clock can have only 2% of the stability of the aircraft 
carried clock to have equal pcrformancc. 'The satcllite clock has another nd- 
vantagc. By wailing an entire orbit and measuring the satellite clock again from 
thc same site and thcrcby determine much of the clock's instability durjng the 
intcrval between thc two previous measurements. 

The satellite used is TIMATION 11, launched on September 30, 1969 and shown 
i n  Figure 1. The orbit of the object is  circular, inclination 70°, and altitude 
500 n. miles. 

The TIMATION I1 satellite transmits jn both the 150 MFJz tind 400 MHz bands. 
Tllc satcllitc carr ies  a clock drivcn by a vcry stable quartz crystal oscillator 
opcrating at  5 MHz. Activc temperature control of thc quartz crystal frequency 
standard to within a fraction of a degree is achieved by (a) careful design of the 





satellite and (b) use of a thcrmoclcctric clcvjcc for fine temperature control. 
The satcllitc antennas a r e  kept earth-pointed k)y n two :mis gravity gradient 
stabilization systcm. 

Two car r i e r s  a r e  coherently derived Irom this signal, one a t  149.5 MHz and the 
othcr at  399.4 MHz. Other frequencies a r e  derived in thc 149.0 to 150 MHz and 
598.9 MHz bands to providc thc ninc moclulation frcqucncics from 100 Hz to 
1 MHz. 

The ca r r i c r s  a r e  trarnsmitted continuously to allow doppler tracking o r  orbit 
computations. The use oI two frequencies provides the data ncccssary to correct 
for both rangc3 and dnppler ionospheric effects and thereby insure a more ac- 
curate orbit trajcctory. 

The range tones a r c  transmittcd in a tirnc sharing modc 4.14 scconds cvcry 
minute. This tr:lnsmission allows a user with a TIMATION I1 receiver, which 
also contains a clock, to mcasurc the time difference between the sjgnal r e -  
ccivcd from the satellite and the ground receiver clock. This time difference 
includcs thc propagation time of the signal from satellite to ground plus the 
synchronjzation e r ro r  between the satellite ant1 ground clocks. 

Since launch the satellite has becn traclretl by the TRANET cloppler tracking 
sites listed below. 

l3r:lzil Philippines 
Japan Australia 
Alaska Scychcllcs 
England South Africa 
New Mexico Thialand 
A P L  Wake 
Snmo :i Cyprus 

Thc data has hecn sent by the AUTODIN circuit to thc Applied Physics 1,ahora- 
tory of ,Johns Hopkins University zit IIowxrd County, Maryland for prcproccssing 
bcforc being sent to the Naval Weapons Laboratory in Dahlgren, Virginia for use 
in the computation of thc orbiial elements. The orbit i s  computed using observer1 
data over a two day span. An additional scvcn days of predicted minute vectors 
a r e  thcn dcrived. The orbit Iit in the observed region i s  accurate to approxi- 
mately 10  meters. The furthcr into the predicted region thc morc inaccurate the 
trajcctory becomes. 



COMMUNICATION LINK 

The prcsent  location of the Koyal Greenwich 0bserv:liury i s  n t  Ilerslrnoncc:ux 
l7nglnnd about 50 mi lcs  south uE hnrion.  The communiu:rt~ous I ink (Fig. 2) uscrl 

rn the eluperirncnt wns prirnarily the  (;cncral Electric commercial tirncl q l ~ n r e  
systcm. A Post  Officc (PO) telephone linc was n r a n g c d  X~ctwcen IIerstmonccux 
and 1,ontTon. The GE t ime s h a m  system could bc activ:rtccl by dialing a local 
London telephone number. and nc :~r ly  imrnediatc ncccss ~ 1 3 s  3v:~il:lblc to tlic corn- 
putpr locater! in Clevel,zncl, Ohio. T h e  only ecyuiprncni nrJcessary a t  thc RGO si te  
was a Model 35 teletype tcrmin:il and acoustical r~oupler.  A simil:t~+ lerminnl 
was :iv:iilable to pcrsonnsll a t  KI'LJ,. 

Alter t l ~ c  orbi t  was corrlputcrl nt the  N:tval Wcnpons Lahorntory tllc m r nute vector 
t ra jectory dale was p1:tceti i n ~ o  t l~c  ,WI ,  t ime sharing files. I1 was then t rans-  
pnsetl by NKL personnel into thc I;k: f i les in the cornputcr 1oc:tlecl in Clcvelnntl. 
By using the terminal at  RGO the (lala could then be rctricvcrl from C;E. The 
cycle coultl be accornplishcrl in near r c a l  time. Ihlring thc ent i re  expc r~men t  
absolutcly no c r r o r s  in Lr:insmission were  exporicnccd on tlie Clcvclanrl to IIGO 
link. 

The communicntions link usctl bctwrvln tlie ITw S, ancl Au:strnlin dill'crccl grcatly 
f rom that used bctwccn tljc IT. S. :tnd Lhc. KGO. F o r  the Australian csperimenl  
stanrlarrl diplomnlic circui ts  w r r r  used, :jugn3cntc.fl by telephone as ncclrlccl. 
While this  system did nut offer tlie response 01 the rijrect link usctl bclwccn the 
K G 0  xnd tllc U. S. i t  was :~tlequ:tlc once r't bccnxne l':~rnill:~r to tllc pnrticip:lnls. 

EXPERIMENT CONF1C;UKA'I'ION 

One TIMATION I1 rece iver  was loratcri at  the N:iv:il Rcscarcl-1 Laboratory nncl 
used a cesium bcaxn stnnclgrrl as :I lreclucncty sourrlc3 fo r  i t s  clock. Thc ccsiuxn 
beam r's rcfcrcnccd to a hyclrogcn m a s e r  :ilso 1oc:itcrl nt NltT,. 'Yhc 1n:lscr is 
kept to within a few nnnoscconds of the Nav:ll Obscrvato~-y's st:~ntl:~rd. Therelore 
the grounrl clock a t  the NKL TIlJIA'l'TON si te  i s  ultinlately rcfc.rcncbed to the time 
standard l rom thc Navnl Observatory, 

The  complete NRL station conf ipra t jon  consistecl of an :tnalog ph:~sc receiver ,  a 
ccsium beam stantiart1 and dual c ircular  polarixcltl hc1ict.s. The reccivcr  is 3 
single hnnd 400MHz range reccivcr ,  which t racks  :I c:irrier ancl tone sc.t. Thr  
lowest lone is 100 Hz and 1 MHz i s  the highest tone. 'I'lic ra t io  l~etween :itljscclnt 
tone frequcncics i s  approximately 3 to 1, 





a The site configuration a t  RGO and Australia consisted of :I digital TIMATION I1 
receiver (Fig. 3) ,  a cesium standard supplied by the local station, a digit;~l 
clock, and dual circular  polarized Yagi antcnnns (Fig. 4). The TIMATIOPU' I1 
receiver uscd automatically combined thc r m g e  tones and displayed a resolved 
range (time once a minute when the signal from the satellite was being tracked. 
Adjacent modulation frequencies had a 10 to 1 ratio a s  opposed to the 3 to 1 ratio 
uscd in the NRL analog receiver. The lowest tonc (100IIz) and the highest tonc 
(1 MIIz) were idcntical to those uscd at NRL. This larger  difference between 
adjacent tones required a tighter tolernnce on signal to noise ratio. Consequcntly 
some minutes of data which were correctly resolvcd at NRL had to be fjltered 
from thc RGO system, as will be shown later. 

ANA1,YSIS OF RESULTS OF T H E  RGO EXPEKIMENT 

Time difference measurements between the clock j.n the satellitc and the clock 
a t  cach ground station a r e  taken when the satelljte is ~tbove the horizon at eanli 
ground station. An epoch timc transfer can be pcrformec-l using just one simul- 
taneous measurement from cach ground station, however, the precision of the 
time transfer can be improvcd by using more observations collecteci over a large 
span. For  this experiment data werc collected for  1 wcck. The inc:lusion of 

a data over a 1 week span allowed a determination of the frcyucncy difference bc- 
tween RGO &and USNO in addition to the epoch transfer. The repeatability 01 the 
time t r m s f e r  via satellitc was demon strated and the contribution of several  
e r r o r  sources was reduced by using redundant measurements. 

Time dilferencc measurements at each site were obtained using ranging' receivers  
at 400 MHz. The use of rncasurements a t  only one frequency prcvcnted an ac- 
curate correction for  the group tielay to thc signal due to Ihc ionospliere. The 
contribution of the ionospheric: effect to the timc transfer was minimized by 
collecting data for the 1 week pcrioci, which caused any bias in the time tr,ms- 
f e r  due to this e r r o r  source to appron.ch zero, however the variance ol  the time 
transfers  measurements was not reduced. 

The obscrved time difference is given by 

where 

(I) Oobs is the measured o r  obscrvcci time difference. 

(2) p r o p  is the free-space propagation delay along the line-of-sjght from 
the satellite to the receiver. 





Figure 4. The Antenna Installation at RGO. The same 
antenna was used in Australia. 



(3) ( t  - tg) is the time diffcrence betwcen the satellite clock and the 
ground station clock. 

(4) At iono  is the ionosphcric group delay at 400 MHz. 

(5) A t  trap is the delay through the troposphere. 

( 6 )  K is the delay from the antenna through the receiver which i s  either 
calibrated to zero o r  precisely measured. 

(7) E is the random and unmodeled e r r o r  in each observation. 

The term tprOp is of the form ~ / c  where R is thc range from the satellitc to the 
rcceiver antenna and c thc speed of light in vacuum. The calculated value of R 
is influenced by the accuracy of the satellitc ephemerides as well a s  the h o w l -  
edge of the observer's geographical position. The largest component of un- 
certainty in satellite position is along the track of the satellite. The e r r o r  in 

prop due to this component can be minimized by taking the time difference 
observation when the satellite is near TCA (Timc - of Closest - Approach) to thc 
receiver. At TCA the satellite is a maximum elevation and is therefore moving 
normal to thc line of sight. Since the elevation anglc is at a maximum, the 
contributions due to the troposphere and ionosphere a r e  also minimized. 

The satellite ephemeris is used with the receiver antenna position to calculate 
thcoretical values of the time differences denoted by T or  Ti for  the "it' th point. 
Then a correction is calculated using the observed time differences which is 
denoted by (t-0) o r  (T-0)i. The (T-0)'s may be designated fo r  RGO, NRL o r  
USNO by (T-O)RGO, (T-0)NRL o r  (T-0)USNO. 

Thc Naval Observatory UTC time, denoted by t u S N  0 ,  is transferred to NRL by 
(a) a microwave relay link o r  (b) a traveling clock. Hence the (T-0)NRL values 
may be reference to  the Naval Observatory by Equation 2. 

(1'-0)USNO = (T-0)NRL + (t, , - t, , , ) (2)  

The NRL clock was corrected before each satellite pass to agree with UTC, 
hence there is no significant bias between the two clocks, and the second term 
in Equation 2 approaches zero (to within a few nsec). The two (T-0)'s may be 
combined to give (T-0)RGO - (T-0)USNO which yields the epoch transfer. The 
slope of the time transfer curve during the 1 week data span then yields a meas- 
u re  of the frequency difference between the ground station clocks at RGO and 
USNO. 



The TIMATION I1 satellite cloclr is driven by stable 5 MHz quartz crystal fre- 
qucncy source ,and is usccl to derive the satellite timc base which is designated 

by tSi,[ . Thc satellite clock is tunablc in both frequency and time, however for 
this experiment no corrections were applicd cluring the data span. The quartz 
crystal exhibits a low aging rate with respect to the UTC time base, hence tsi,+ 
may be ultimately relatcd to UTC by I3qu:ttion 3. 

The terms To, f, ,  and a,, represent the time, frequency and aging rate differences 
between the satellite clock and thc USNO time base a t  somc epoch to. If simul- 
taneous observations a r e  taken, then the satcllite cloclr is eliminated when the 
diffcrcncc (T-0)RCO - (T-0)USNO is computecl using Equation 1. The satellite 
clock was a factor in this experimcnt because the TCA's from RGO m d  NRL 
were scparatcd by about 15 minutes in timc for t h e  same revolution of the 
satellitc. 

Figure 5 shows a typical pass talren from the NRL site. The (T-0) values wcrc 
biased for convcnicnce in producing the computcr plots. These (T-0)'s exhibit 
a slope which i s  partially duc to orbit inaccuracies. Taking the reading of the 
(T-0) for  each pass at  the maximum elevation point rninimizcs the contribution 

a of several e r r o r  sources. 

Figure 6 shows n pass talcen from thc RGO site. A bi:is was inscrtcd for con- 
venience in making the RGO computer plots, a s  is noted in Figure 6. For  this 
pass three points wcrc filtcrcd m d  two points show :t jump of approximately 1 
rnicrosec:ond with respect to the majority of the observations. As rnentioncd 
previously, this can occur for the digital rccciver used at the RGO site because 
of the 1 0  to 1 ratio bctwccn adjacent tones. The NIiL malog rccciver (which 
used approxjmately a 3 to 1 tone ratio) and thc digital receiver were calibrated 
at NIZL before this experiment to insure that the time differences measured 
represcntcd thc actual timc dclay. 

All passes collected over the 1 week l~eriotl :ire presented in E'igure 7. The 
lowermost plot gives the (T-0)USNO values which are  obtained from the 
(T-0)NRL values through the use of Equation 2 .  The middle plot givcs thc 
(T-0)RGO values directly* because their time stimdard was used to drive the 

... 

*A four microscco~id offsct was  irlsertcd for convenience, hence thc final valucs rcquirc a four 
microsecond corrcction. 
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NAVAL RESEARCH LABORATORY, USA - T I  MATION I1 

PASS 5616 DAY 216 BIAS-8649.81 RUN 363 MAX EL 21 

-8 -6 - 4  -2 0 2 4 6 8 
MINUTES FROM MAX EL 

38 39 40 41 42 43 44 45 46 

OFFSET - 4ps 

Figure 5. Data From a Typical NRL Pass 



TIME COMPARISON 

ROYAL GREENWICH OBS., ENG. - T IMATION I1 

PASS 5616 DAY 216 BIAS 7818.65 RUN 363 MAX EL 13 
r 

- 

- 

- 

- 

- 

- 

- 

1 1 1 I 1 1 1 I I I 1 I I I 

-8 -6 * -4 -2 0 2 4 6 8 
MINUTES FROM MAX EL 

52 53 54 55 56 57 58 59 60 101 102 103 104 

OFFSET 12ps 

Figure 6. Ua ta  From a Typical KCXJ l 'ass 





digital recciver. The effect of thc satellite clock has been removed from Fig- 
ure 7. The (T-0)'s can be subtratetl to produce the final (T-0)RGO - 
(T-0)USNO plot on the top of Fjgure 7. This yields thc tjme tr'msfer on a pass 
to pass basis between RGO mcl USNO, 

CONCLUSIONS 

EGO has two different methocls of clock synchronization with USNO, firstly the 
travcling clock expcrirnent which i s  performed approximatcly every 6 months 
and secondly, daily comparison with LORAN-C. Figure 14 shows the travcling 
clock closure madc about 4 montl~s bcfore the TIMATION timc transfer expcrj- 
ment tmd again 3 months aftcr the experiment. It is seen that a const,mt 1. 5 
rnicroscconcl dilfcrence was present between LORAN-C and the traveling clock. 
Figure I 4  comljares xhe results for August 2, 197% which shows agreement to 
less  tlim 0.5 microsecond, assuming ihthc same bias for IAORAN-C. The fre- 
quency difference between R G 0  rmcl USNO is given by thc slope of the (T-0)'s 
in Figure 13 and yields a vnlue ol' lcss  th,m 5 x 10-12 .  Thc RMS noisc level was 
+0. 3 rnicrosccond. 

TRAVELING LORAN A 
CLOCK C 

Figure 8. UTC Diffcrcnces  Made Bctwccn K G 0  and the USNO 

The Australian expcrirncnt W:LS :tided by Iulowlcdgc obtained at RGO. AItcr the 
completion of the RGO expcrlincnt the cligita! receivcr' hrss recnlibratecl using 
a largc number of satellite passcs. The !?liasc: ac~juslmcnts on the scvcrnl 
sidetonc frccluencics .cvcrhe user1 until the :~djustmi:ntcj p~oc1uci:d Lhe min i ln~m 
number of resolution I'aults. The rcaciings om this rcceiver wcrc then ac-ljustcc! 
to he equal to those obtainccl on Lhe ;malug receivcr a.t NIT. l.,. 

Figure 10  shows thc results of the first r u n  a i  the Xustr:~lian s ~ t c ,  In this casc 
the data shown is n djrect camparlson or' cnch sktlion with the satellite clocli. 



8-2-72 

UTC [RGO) - USNO -11 .I 
[Loran C ]  

UTC [RGO] - USNO - 9.6 
[Traveling Clock) 

UTC [RGO] - USNO - 9.8 
[TIMATION 111 

Figure 9. EGO - USNO Time Transfcr Rcsults 

The U. S. station is thc solid line and the Australian is dashed. The time dif- 
fcrcnce between the two scalcs is twcnty microseconds. When the 'diffcrence 
betwccn the data lines is added to this 20 microseconds thc chart shown in Fig- 
ure 11 is obtained. Thc chart shows a systematic dri€L of approximately 0.1 
microsecond per day and the data deviation is 0.11 microseconds about this 
drift line. 

Two months aftcr thcse data were tcaken thc Australi,m group produced the data 
shown in Figurc 12 ,and F i ~ q r e  13. Thcsc graphs have R.MS dcviations approxi- 
matcly three times higher than previously. Presumably this higher valuc exists 
becausc the orbits were made using a single 400 MHz signal in contrast to pre- 
vious orbits made by means of both 400 mil 150MHz signals. 

Figure 14 shows the relationship betwccn the two se ts  of data. It is seen that 
the average drift of the two standards is 0.087 rnicroscconds per  day. These 
data were extrapolated further to compare it to thc USNO traveling clock mcas- 
urement made on G December. The diffcrcnce between this extrapolated m d  
the mcasured value was 0.09 microscconds. 

FUTURE MEASUREMENTS 

Further measuscmcnts a r e  being made in Australia. It is expected that the next 
satellite of this ser ies  will provide improved data for worldwide Lime transfer. 
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Figurc 11. Time Differences Obtained horn  Figure 1 0  
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Fjgure 13. Time Uiffcrcnccs Obtained from Figure 12 
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Figurc 14. Combined Timc Llifferences from the Two Australian Runs 



QUESTION A N D  ANSWER PERIOD 

DR. WINKLEK: 

Dr. Pe t e r  Morgan, f rom the Austr :~ 1i:in Time S e ~ v i c c ,  i n  Cnnbcz-r:t i s  cxt15emcly 
cnthusisstic n h u t  this direct ljnlz which he h a s  now with the r e s t  of the world. 
Of course,  1 ;trn also most  optiniistic that this system, p:trticul:trly af tcr  you 
a r e  going to have some more  satell i tes in the not too djst:int future. It will 
become n most important l i d<  to many use r s ,  and I rrlny s t r e s s  that I personally 
s ee  no competition betwccn, for  instance, this systeirl and the SATCOM trnnsfer  
which i s  cntirely different. 

SATCOM is  a two-way simmlt:~neous tjme transfcrb, using the wide band cornmu- 
nications linli. I t  i s  by jts very naturc a timc t ransfer  whicli you can coinpare 
to a trunlc line in  telecommunications scrvicc;  you go to maJor  a reas  which then 
a r e  used as local t ime rcfcrcncc stations. 

You cannot put a SATCCIM ground station c.vclywher5e you need time. It i s  
impossible, the cost grid the operation:~l inconvcnicncc would bc prohibitive. 

But you may be able, and T hope you will be able to u se  ground timing reccivcrs  
of considcrahly l e s s  complcxity fo r  a NAV-satcllitc if Ihc receivers  a r e  just 
designed fo r  t ime recovery mth(3r than the navigation. 

I think i t  may he useful a t  this planning conference to put sonietliing right up 
into the a i r  and to say that we a r e  pl:~nning tentxtively to develop ground 
receivers  for. the coming - 'I'im:itjon 3 Navigation 'I'echnology Sntelljte. 

We ought to know all  thosc rerluircmcnts for  ground rcccivcrs  which can hc 
anticipated a t  this moment. It is  c lear  to everyone that they al l  must be 
conso1id:itcd. 

So, 1 want to encourage you, as of thjs moment, to get jnto cont:~ct with M r .  
Easton o r  with myself, and hopefully in writing, lnalie your anticipated 
requirements known. 

DR. WIIWT,ER: 

Well, no more  questjons 7 

(No response. ) 

DR. WINKLER: 

Then thank you very much, Mr. Easton. 




