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A t  last year's PTTl wc ran an actual tirnc tra~lsfer between two buildings approximately 300 
fcct apart. We did this by means of a satellite approximately 500 miles away. Figure 1 
shows the results obtained. 

'This year the Naval Observatory asked that we perform a similar experiment with the Koyal 
Greenwich Observatory (RGO). T l ~ e  Royal Greenwich Obscrvatory, with headquarters in 
a fifteenth century castle, is a t  the site shown on the rnap (Figure 2). 

'I'he final data, which we will describc more fully, is shown in Figure 3 .  The two scts of data 
al-c displ;iccd 15.2 microseconds. This d i sp l a~emel~ t  represents the difference between the 
Naval Observatory and RGO clocks as measured in this experiment. 

Last year we showed a bit about the theory of time transfer. Ilowever, since there is always 
someollc in the audience who is new and did nu t  get tlie word, I will repeat myself briefly. 

REVIEW 

The satellite has four advantages for navigation and time transfer: ( I )  well-known position; 
(2)  linc-of-sight signal, which allows the use of UHF; (3)  worldwide coverage; and (4) a 
celestial navigation solution identical t o  the one used in celestial navigation for 200 years 
(see Figure 4). The diagram indicates the observer on a ship and his method of measuring 
the range t o  the satellite. HI: knows the radius of the earth and the distance from the center 
of the earth to the satellite. Triangulation gives him the angle 6 ,  the same angle a celestial 
navigator would have used to observe a star in the same geographical position of the satellite. 

Figure 5 is a diagram of range measurement by phase measure. The satellite has a clock (in 
this case, a 100-kHz clock) that is counted down: 100, 10, 1, 0.1 kHz. The observcr has a 
similar clock. The observer receives the signal from the satellite and compares the phase of 
the 100-kHz received signal to his own 100-kHz to  get a phase reading; he repeats this step 
for the other frequencies. 1f the satellite clock is synchronized to the observer clock, this 
phase reading gives a measurement of the time delay betwecn the satellite arid the observer. 

Figure 6 is a s~f-lernatic of the acl~lal  r~rocedure rncasured in 6800, 920, 18, and 8.6, 10 
microseconds; with 100-cycle, 1000, and 10,000 microseconds countdown. The satellite 
clocks and the navigator clocks are synchronized in this case. Howevcr, by the time this 
signal gets froin the satellite to tlzc navigator, his clock has clzanged because it took 6800 
microseconds for t l ~ c  signal to arrive. The phase comparison for the first clock is 0.68 of a 
cycle, which gives a rough reading of 6800 microseconds. Fo r  the second clock, the read~ng 



m is 0.92, so i t  sho~rld rcad ( ~ ~ 1 2 0  m~croscconds. For  thc tliird clock thc rc:~cl~ng is 0.18, so ~t 
sliould rcad 6918 niicroscconcls: and for the fourth clock i t  1s 8.6. so i t  siiould read 0018.0 
rnicroscconds. 

Figure 7 is all i i~tcrccpt cliart invcntctl ,I huridreri years iigo by St. liilairc, ii French naval 
ol'f'tccr. ?'he prcconiputed chart s i~ows tlic assunicti posttloii. thc, dirrction o f  tllc satrllitt. 
:it I h rriirlirtcs past thc l ~ o u r ,  and thc computed t~rnc. tlclays froln thc \alcllrto at I h minutc5 
[xist thc hour ( 10,870 ~nicroscuon~is).  Tlius, one can plot tlic pruclicted satellltc positions 
For tlicsc timcs, conlp[~tc thc distuncc f'rom tlic satellite t o  thc  assumed positioli, and collvuri 
this t o  tinlc delay. 

Figurc X shows ii fix tictcrrilinud on thc intcrccpl chart. At 16 ~nitiutes past thc hour  the 
tirnc tlcl;~y is r u ~ d ,  a right anglc is drawn, ant1 3 line of position (l..OP) is establishctl. Otlicr 
I.,OPs :ire drawn in a similar fashion. If there arc no  crrors, the fix is pcrfcct. Rut rnore 
0ftc11 than not. the result will be similar to  that picturcci i n  Figurr. 9. an intcrccpt chart 
showing the cfi'ct o f  synchronization ci-ror o n  plot, wliicl~ is iduntic;~l to 11;lving an  instri~- 
ment  crror for 3 cclcsti;~l fix. T'hc llnvigator is at thc cclltcr of the  arc of tht. circle; and tlic 
radius is the l i n ~ c  crror between his clock :ind the satcllitc clock. Thus thc usc 01' this tcch- 
niquc allows both r~avig:~tion :tnd t i n ~ c  transfer. 

Figure 10 is a photograph o f  thu satcllitc ill  currcnt usc, Timation 11. It was launchcd ovcr 
t w o  years ago on the aft rack of an Agena rocket. 'I ablc 1 lists the chartlcteristics uf ' l ' i~na-  
tion I (which fuilcd aftcr two ycart, because of tlic failure of thc gravity-griidlunt boom),  
Tlmstion 11, and  Timation I I I  (scheduled for l i i i~t~ch in Decr~nbcr  1972). 

'I'ablc 1 
'Tinlation Satellite Characteristics. 
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Launch Date 
Altitude 
I~iclination 
Weight 
DC' Power 
Frequencies 
Max Mod Frcq 
Osc Stab 

-" 

1 

3 1 May 1907 
500 n n ~ i  
70" 
85 Ib 
6 W 
400 MHz 
I 0 0  kHz 
3pp101 

I1 

3 0  Scpt 1960 
500 iz.ini. 
70" 
175 1b 
I X  W 
150,1nd400MHz 
1 Mkiz 
5 - l p p l O 1  I 

111 
----- .- 

Proposcd 
7500 n.ini. 
135" 
425 Ib 
CIO W 
400,  1hOOMHz 
8 Mtiz 
1-7pp101 



Figure 1 1  shows the agirig rlitcs of' the oscillators o n  Timation 1 and 11. When the crystal 
oscillator on Tirnation J I  (which is tunablc from the ground) was launchcd into space, it had 
a positive aging ratc, 2 pi~rts  in 10' ' pcr day. 'This rapidly decreased to rriore than minus 4 
parts in 10' ', but has now cornc back up to  minus 2 parts in 10' ' per day. ?'his would not 
be cxpcctcd frorn any groulld measurements. ?'he rate o f  'l'imation 1 started at a much 
lower rate and gradually became more negative. 'I'he djffcrcncc was causcd by prolo11 born- 
bardrnent on the crystal. 'Ihc rcnsorl I-or the dil'l'erent shapes o f t h e  curves is that Timation 
I had a much higher positive coel'ficirnt wlic~i it was launchcd and the proton bombardriicnt 
(largely proton, some electron) cornpcnsatcd for it almost dil-cctly, thus the almost zero 
aging ratc. 'I'irnatiol~ 11 had a rntrcli lower aging rate and the protons overcornpexisatcd for it, 
which caused the highly negative aging rate for part of thc time. It  was determined that the 
rate was largely caused by protons bccausc Timation I 1  had a lead shield that shielded out 
the electrons, and it still had almost the sar-ne ratc that would liave bccri cxpccted without 
the lead shield, 

T H E  RGO-NAVOBS EXPERIMENT 

For the KG0 cxpcrilricnt wc ilscd the samc RC'A receiver we showed last year. This receiver 
used the 101 1 frcbqtrency stup in the satellite tranqrnitter, thuq resolvtng the arnbigtrity 
between tones to  give a final arlswcr on range dcluy. Howcvcr, altliougli this receiver resolves 
the ambiguity, it does not always d o  so correctly, as will be shown. 

While we were making these measurements in England, other pcoplc wcrc rnaking stmilar 
ones here i n  Washington o n  other (and less arnb~guous) cquipi~icxit. Points were read oncc 
per tninute at each site. However, England is far enough from Washington that 110 points 
were run concurrently. Figure 12 shows the data links used in the computations. 

Figure 13 shows the rc1r:tionship of the data for three near-consecutive passes as corrected 
postdtction for satellite position, satcllitc frcqucncy, and satcllitc clock phase. 

Figures 14 and 15 show expanded data for two of the passrs shown on Figure 13. It  IS sccn 
that the equipment used at  RGO does contain sornc arnbigu~ ty. '~lrese ambiguous poirits 
caused some problems but were corrected by using the  Iitrgc number of good data potrlts 
available. 

Each pass was smoothed at  the point of nearest upproacli to  provide a single point in Figure 
16. The results we obtained agree within 1.5 nlicro\cconds with LORAN C measurements 
made at RGO. A travcllrlg clock chcck rriadc bcfore the cxpcrtrncnt indicated a discrepancy 
of approxln~ately 1.5 rnjcroscconds wlicn compared to L.OKAN C. Tlic next clock coniparl- 
son IS sclieduled for later this year. So, while the ahsolute accuracy of the tlrne-transfer 
tcchniqirc used is not  known, it appears that uccuractes of one-h;ilf microsccond arc readily 
available. 
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Figure 2. Location of the Royal Greenwich Observatory. 



T I M E  TRANSFER - T I M A T I O N  I I  S A T E L L I T E  
N A V A L  R E S E A R C H  LABORATORY AND ROYAL G R E E N W I C H  O B S .  
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Figure 4. Transform t o  celcstial tiavigation. 
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Figure 5. Range measurement by phase measurement. 
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Figure 6 .  Schematic procedure, 
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Figure 7. Precomputed intercept chart. 
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Figure 9. Intercept chart showing effect of synchronization error on plot. 
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Figure 12. Data links for the NRL-KG0 time-transfer experiments. 
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Figure 13. Relationship of data for three near-conscuutive passes. 



TlME COMPARISON 

NAVAL RESEARCH LABORATORY, US4 - TIMATION II 

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

.9 .8 -7 -6 -5 -4 .3 "2 .I 0 1, 2 3 4 5 6 7 8 

MINUTES FROM MAX EL 
38 39 40 41 42 43 44 45 46 

Figurc 14. Expanded data from Figurc 13. 

TlME COMPARISON 

ROYAL GREENWICH OBS., ENG. - TIMATION I I  

PASS 561 6 DAY 216 BIAS 7818.65 RUN 363 M A X  EL 13 

MINUTES FROM M A X  EL 
52 53 54 55 56 57 58 59 60 101 102 103 104 

Figure 15. Expanded data from Figure 13. 




