TNTERNATIONAT, TIME TRANSFER B 'T"E“,N JBNO AND RGO
VIA NPE=1 SATKLLIT

ObservaTory )
A
soratory)

JoBmith, NoF & O'Hora,

v‘\

B Fastorn, . Bulsgon, 'L Webask: Yaval Rescearch L

Time Lransfer data was . .
July—RAugust 1975, lhe -T"L_L statilon
TENC via portable clock and Lorar—o
continuous sub-nicropccond clock oy
the expoeriment.

TNIRODUCTION

11l lanle Tor contbln—
fferent Toos
LEE10ns which now

the rfureau lonter—
internationsl zcale
oG clocks sl

The only operational system at present
uous preclse time comparisons ocolbweo DO
provided by the chalns of Loran-0 navigallonil
furnish bthe Tink betweern participallngs o
national de L'Heure for the formation
ol atomic lime. A gerious dlsadvantage 1o
ablishments oulside thie prosent LQJ ar~-0 covae
excluded. It iz aleo obviously ; :
should bhe made *to confirm the

periodleally

TlonE 1

arc sutomglically

clic

Y155 .

e varlogs ohas

&)

Such checks can bo
clocks between Thne various locallons
and cannobl be operated contlnuously.

“ie sXDenslive

In 1963 Study Group VII of the Internatio
Committee refsrrec Lo The i“iV-Iwu‘—L:’“t‘.,,T\"l,L\
from the use of bLime sigrnal cmiwslo

o6 eXpected Lo accruc

ateliites,

nveolvead.

and urged studies o1 The techn Whe: 10

R L BEauston of the 1 I Naval Rescearan reported on
tTime synchronisation o the ‘iLaallon
atlonal experimerta. (2). sollowing
sltes in the T 5 A, the low-altlitudc saTtellitc
a bricl period [or 1ime compariscns setweoor She J 3 Nava
and the Hoyal Greenvicn Obporvator : P
RGO and USNO was cheerved 1o be Loos
deviation of the ilndlividual Time wcas O Ater
ervicing a t NRL the rsceiver was sent Lo Australlas x:\"m;\x'e 1l more ex—
tended tests the standard deviatlon was roducen Lo approximately 200

sioved in

CupETLm
Tt Lo

el Gry

Tatwoon

mi. c:roseoc_md o L3

341




Timation %Eﬁ

The WRL Timation project was merged in 1973 with the U £ Alr force 6213
broject to form a combined Depariment ot Defornue (10D) programme called
Lhe NAVSTAR (Global Posltioning System (GP3) and the RRL Pimation II]
satellillbe was redesignated GPS Navigational Technology Satellite |
(WTS-1). Our interest here is restricted to the potentialitics of the
system ln a world-wide precisc time synchronteation facilily. The
sabtellite moves in a nearly clreular orbit with a radias 5.12 times the
equatorial radiug of the Earth and with an orbital inclination of 1250,
‘The period of revolulion is 469 minutes. The satellite metion is
monitored by Doppler measures atb 5 stations and the orbit calculated at
the U 3 Naval Weapons Laboratory (NWL). Predicted poslblcns are made
avallable at reception points through a data link to a centra computer.
NT5-T incorporates rubidium gas cell standards, a guarts wscillator,
ard a retroreflector pancl to permit direcet measnroe of rarnge.

Two programmes ol particular relevance in timekeeping have been planncd,
Orne is to make direct comparisons between the USNO and 300 both Via
Loran-C and via NTS- and to check these by occasional travelling clock
trips.  In this way it js hoped to delermine if therc are any signif-
Lecant scasonal variations and Lo cstimate the accuracy of the two B b=
Lems in practice. Another experimenl involves the intercomparison ol
standards in USA, Australia, New Zealand, Hawail, Japan and the UK., The
present reporl iz an interim discussion of the results ohtalncd in the
firgl month of the USA/UK compalrizong.

Clock Comparisons

Time dilferences between the satellite clock and the clock at the ground
shtation are made by a sequence ol phage measures made at ten related
frequencica. (4). The comparison frequencies are cmitted each minnie
between gceconds 55 and 60, It is normally poseible Lo commence a series
ot meagures shorlly after the satellite appears above the horizon, and
to continue measurcs throughout the pass until the sateliile disappears
below the horizon. ALl transmission lrequencics arc of Lhe order of

330 WHz and, in order to derive bhe lower froquepoies necesgary tor the
phage comparisons covering the range 1077 10 1077 gecond, an addlitional
[regquency in the same wave band is transmitted. This is known as the
satellite reforence frequency  and 1t is btransmilted over the whole tive
seconds 1n which lhe ten side torecs are radlated,

Data Acquisition

The ground stabtion equipment consists 2asentialliy of a radio receiver
togolher with circuits fop deriving from the stalion clock a rangoe of
comparison [roguencies matchlng those of Lhe satoilite and o comparator
for elffecting the phase comparisons. A1l incoming signals from the
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satellile arce atfected by Doppler shifle. These effecle are ellumlnated
using a method of differencing in which a recciver geacrated caclllation
iz firstly phasc locked 1o the incoming saicliite reference frequency
and thern dilfcerenced from the incoming wido 1060 The dilference
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Lraversed by the radio signals are continuously changlng so that
atmogpheric inhomogenelties aftfect both signal velocity and wave
refraction in a variable manncr. In passes where high altitudes are
attained the shorter atmospheric palh gives more consistent results.
Alszo, independent of the altitude atbtained, the best measures are ob-
tainoed around bthe time of closesl approach (TGA) i the satellite when
both the range and the rale of change of range arc minimum. Wherce the
T values do not iruly reprcsent fthe crivital behaviour of the sateilite,
the source of the errors in T can be deduced from the nature of the
variations i1n T-0 around TCA whoen conditions approaching "steady
state" exist in fhe experiment,

Figure 1 shows the measures obtained {0}, the 1 values and data for
varions stages in the reduction of pass number 1744 in which the N795
clock was compared wlth ctocks at HGO and al NRL., The results tor the
two stations arc quite independent but cach set exhibits the salient
featnres of the data cblained in a pass

flgure 1T shows:

7 - N . . . . -
\a) Tand O values for lthe minutes at which meaningful measures
were Oblalned at the two staticns

(b) T=0 differences, plobted with a scale 500 Limes that of (a)
(c) T-0 corrected by a linear term which has zero value at TCA,

Az explained above, an essential condition for obtaining equal T-0
values throughout a pass 1z that the relative rate of the two clocks
belng compared 1s zercs However, the sateliilte clock differs by about
49,2 x 10777 from nominal while the departures of the caesium beam 13
atomic clocks used in the two stations are only of the order 5 x 107 7.
The relatively very large rate of the satellite clock is refllected in
ihe two scte of T-0 values which, to first order, change by 0.3 usec
min ',  Because of its unique leatures the TCA ig the fiducial rel-
erernice time for which the adopted pase result la gquoted and rate
corrections are consequently applied to the results obtained at all
other times throughout the pass to reduce all results to the epoch of
TCA,

The rate is not required with greal precision al this stage but, as
may be geen in (b) and (c) of ligure 1, the adopted value has furnish-—
ed corrcctions thalt have removed about Qb% ol the drift in T-0.
Farthermore, although the final result is guoted tor the cpoch corres-—
ponding to TCA, 1t is clear that viviually all of the measures at both
stations are within 1 usec ol the values at TCA. For passes in which
gpurious measures are recelved at TCA, a T-0 value for this epoch can
he deduced from adjacent measurcs.
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ol better than 0.002 nsecs min_1 (equivalent to 3 x }OH11)to achieve
0.1 nsec precision in the staticn differences which are ftabulated in
the final column. The true statlon diflerence only amounts 1o a fow
mrorogeconds; the values giver 1n the lable are much larger due to the
prosence in the data of integer milliseconds that are included in lhe
software for convenience in data handling.

Loran-U recelvers at the RGO fyrnish a dally measure of the departure
of the station clock [rom the UTC system of the U3 Naval Observatlory
and even more rofined comparisons with this system are carried oub at
NRL, The gquality of the RGO-NRL link via TIMATION may be asscssed by
comparing 1t with Lhat achleved throungh Loran-C on the same dates.

The comparisons are set out in Table 2 in which the first data column
13 the final column ot Table 1, wilh integer milliseconds removed. Lt
shonld perhaps be stressced that in the table the time syatem designated
RGO 1e that of Lhe station clock (CsJd) uszed in the satellite com-
parisons and not the UTC syslem of the RGO which i1s based on all the
observatory clocks. As mentlioned above, the IO gystem cmployed here
i@ that of the U3NO, The comparisons indicate that; (1) there 15 g
systematic diflerence of 0,3 usec between the two methods and (ii) the
mothods are of the same order of accuracy. ssuming, as the data
suggest, thal UTC-RGO changes lineariy over the period, the departurcs
of the Lwo =ete aboubt a line with slope 0.0blusec day_ have heen cal-—
culated. The diaspersion 1s shown in Figure 3 1n which 11 may be seen
that in the small sample avallable Lhe+WlMATlON results are mgre COYI—
sigtenl, with a standard deviation of — G013 nsce as agalnst . 0,17
For Loran-C. '

The results may be seen as a success for Lhe time transfer experiment
with TIVATION becausc the accuracy 1s already of the same order as
Loran-C and the coverage ls virtually world wide. The comparison
accuracy al a single station is of the order 2 0.01 pzec; the dis-
proportionate logs in accuracy iln inter—statlon comparisons may be
attribuled 1o the critical dependence upon precise evaluation of the
rate - and aizo upon the stabilily of the rate - of the NTS-1 clock.
This limitation would hardly exist if Lhe satellite was furnished with
an atomic clock.

The continuation of the compariasons of the Timation and Loran-C links
between the USA and UK should thus prove of great valuce and it 1s
perhaps permissible to express appreciation ot the willing co-operation
of' NRL and the USNO., 1t is already evident Llhat, as the system is
extended and used by ground stations werld wide, bthe degree of timing
precision that can now be achlcved fully jusiifies the declsion to
incorporate a cacsium clock in NTS-2.,
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Figure 1. TFor explanation see opposite.

Figure 2. Subsatellite positions corresponding to TCA at
TRL (o) and at RGO (X) For explanation see opposite.

Pigure 3. Scatter in comparisons between RGO and UTC (USNO).
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QUESTION AND ANSWER PERIOD

MR. LUCK:
John Luck, National Mapping, Australia.

I have been out of Australia since before this latest

series of experiments was conducted. This is my first view
of the results, and I am quite delighted and I would like

to join with Mr. Smith in thanking Dr. Winkler, Roger Easton
and all the others in coming to Australia in particular and
the other places. I cannot express how grateful we really
are,

Referring to your slide showing the Australian and Japanese
results against USNO, the results seem to have two lines on
them., Is this just random scatter or do you suspect some-
thing more systematic there?

MR. SMITH:

Well, thank you for your very kind remarks and certainly I
join with you in expressing thanks to those who were respon-
sible for this. I do congratulate you on the excellent
results which have been obtained.

But, with regard to your specific question, I think I am at
a point where I call upon one of the NRL representatives.
Whether he will feel disposed to make any comment at this
stage, I don't know. You will appreciate that some of the
travelers have only just returned. These graphs have only
just been produced and they really haven't had a lot of time
to think about answers to all the questions which I know
they are asking themselves. But, would someone from NRL
like to comment and say whether we do, in fact, have some
systematic difference in the Australian results?

MR. LYNCH:
Don Lynch, Naval Research Lab.

I was fortunate enough to go on this trip. In regard to
John's question, this is true. These represent passes at
different times of day and there is a combination of reasons
for why there is this spread. There is a small amount due
to residual ionospheric effect at different times of day.

I think in this case, although, we haven't gone into the
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final analysis, I think you 'will find that this is primarily
due to the different geometry. That is, we are looking at
the satellite on a different part of the orbit.

There is a preliminary analysis we have been using, pre-
dicting the position of the satellite, which is several
weeks 0ld. Now, what we intend to try to do in removing or
examining this further, is to update our position of the
satellite, using newer data for tracking purposes, re-eval-
uate the position of the satellite and see if this doesn't
remove part of this error. But, I think it is primarily
due to these two cffects, the geometry duc to the old
trajectory and the ionospheric efflect.

DR. HELLWIG:

You refer to the importance of the performance of the
satellite clock; what kind of clock was really used on NTS-1
for these experimentsg?

MR. LYNCH:

The clock that was used in the satellite during the time
period of these experiments was the quartz clock.

DR. HELLWIG:
I would 1like to ask why wasn'{ the rubidium used?
MR. LYNCH:

We were using the quartz during this period. We had been
evaluating the behavior of the quartz and we had a little
more history on it. The other 'thing is that we did exper-
ience, in using the rubidium clock, some unlocking of the
rubidium and discontinyity and we thought, probably,
during this experiment we would be better off using the
quartz even though it might be less stable. But, we had
limited time to perform this experiment and we wanted to
use something that we thought was probably going to hold in
and not unlock on us, although we had no way of knowing
whether or not the rubidium would have stayed in, had we
tried it.






