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“Ibis paper will dcscribc the usc of precision GPS time
transfer to forln an cnscrnblc of hydmgcn mast.r clocks.
‘1’hc pr’rformancc  of this cnscmblc,  including (}IC  GPS
tirnc-tran.sfcr  systcm, was measured relative to a stable
1,incar Ion ‘1’rap Standard,

Very high-precision techniques have rcccntly bc.en
dcvclopcd  in support of efforts to achicvc  crn-level
accuracy in tbc usc of GPS for geodesy. A global
network of tracking stations, cquippe.d with prccisic)n
dual-frcqucmcy  GPS rc.ccivcrs,  has been in operation for
several years. The post-processing sof~warc dc.vclopc.d for
cm-level geodesy has been used to dcrnonstratc  sul~-
nanosccond (ns) timcsynchronization,  as reported in the
1’”1”1’1 confcrcnccs  of 1991 and 1993. I’hc global network
of GPS sta~ions includes 25 which arc run coherently
fronl hydrogen masers. ‘l’his paper explores the usc of
high precision GPS estimation techniques to transfer time
globally in conjunction with cnscmblc.s  of atomic tilllc.
stand arc]s, which in principle should bc superior in
pcrforlaancc  to a single clock. ‘1’ogcthcr, the.sc techniques
have potcntia] to provide a means of directly assessing
pcrfornlancc  of individual clocks for which statistical
information about stability is desired,

Advanced TurboRoguc  GPS rcccivcrs,  which
produce dual-frcque.ncy  psc.udorangc  ancl carrier phase
obscrvablcs,  bavc been dcvclopcd  to  f i l l  NASA’s
require.mcnts for high-accuracy CiPS rncasurcrncnts.  [ 1 ]
When anti spoofing is on, this rcccivcr  uscs P-codc]css
processing to gcncratc pscuclorangc  obscrvablcs  with sub-
dccirnclcr  plecision,  ancl mm precision carrier phase
obscrvablcs.  A sophisticated rnulti-pararnctcr estimation
package, GIPSY-OASIS 11, has been dcvclopcd to take
advantage of the mrn-level precision inherent in tbc carrier
phase ol>scrvablc to obtain cm-level baseline estimation
accuracy. [2] ‘1’hc combination of a global network of
advanced rcccivcrs  and highly-accurate post-processing
sof(warc  have cicrnons(ratcd  sub-nanosecond time-(ransfcr
capability at intercontinental dislanccs.  [3,4] The. JPI,-
dcvclopcd  I,inc.ar  Ion Trap Standard (1 .11S) which this

cxpc.rimcnt uscs as a standard to compare with the long-
Icrlll stability of the rnascr cnscrnblc,  including errors due.
to the GPS tirnc transfer, is dcscribcd clscwhcrc in these
proceedings.[5] The errors in the Jet Propulsion
Laboratory’s GPS tirnc transfer tcchniquc arc dcscribcd  in
rcfcrcncc 6,

~h!scr[lblc. Clock

Ihrscrnble  Conccpl;._As  the number of ncw gcneratimr—J-... — .— .—. ——
clocks such as mercury trapped ion standards and laser
cooled ccsiunl  standards con(inucs  to grow, rcrnotc
comparisons of their stability performance will bc highly
desirable, Until CTPS rcccivcrs  to compare these new clocks
arc in place, and as a first stc.p in characterizin~  tbc
lirllitations of current tirnc transfer tcchniqucs,  wc have
attcrnptcd to build an cnscmblc of hydrogen masers that arc
currently collocated with several hig]l  precision GPS
rcccivcrs.

About 24 of the high-precision (31’S  rcccivcrs whose
data arc used in J1’1,’s  geodetic solutions have their
internal clocks driven from masers. If GPS can transfer
the. timing information among these rnascrs  with enough
accuracy, if the drifts of the maser clocks arc indc.pcndcnt,
and if no clock is vastly rnorc stable than the rest, then an
cnscrab]c  clock formed from these 24 rnascrs  would have
sip,nificantly  better performance than any single rnascr.

l“hc conditions dcscribcd above were not fully nlct
for the cxpcrirncnt dcscribcd here; yet the concept dots
offer hope for formation of global clock cnscrnblcs with
sul~crior stability, especially for longer tirnc periods whcm
ncw high stability and accuracy frequency standards fi.rc
inc]udcd.

~’ir~~e-transfer Accuracy: ‘I”hc accuracy of the GIN
tinlc transfer systcrn  was dcscribcd  in rcfcrcncc 6 to bc 2 x

-15
10 over about 1 day. This error is dominated by 15 cm
lorlg-term errors in the GPS satellite cpbcrncris
dctcmnincd in the gcode.tic processing, which translates to
0.15 ns relative clock synchronization error over
intercontinental baselines. ‘Ilc accuracies that arc
discussed in this paper, and in refcrcncc 6, do not include
instrumental biases that are constant, and so the absolute
offsets bctwccn clocks arc not measure.ci with these
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~’i~u~c 1: AlIan deviation taken from 10 days of data for
each of the six hydrogen masers relative to the 1.1’1’S.
linear frequency drifts have hem removed. The
pc.t-forlnancc  shown includes GPS time transfer errors.



accuracies. Rather, the variations of (tic offsets between
clocks arc measured. The desired GPS accuracy for
formation of an cnscmblc clock is that the GPS cn or be
comparable to, or less than, the best clock stability at the

time intervals of interest. The  GPS time transfer stability

of 2 x 10 -’ 5 o v e r  1 05 seconds is similar to what
laboratory tests indicate for hydrogen mast.rs.

]l]clcp~nclcncc  of Drif!s:  The long-term frequency
drifts of the hydrogen masers, particularly those of similar
construction, laay be corl-elated, ‘J’his cxpcrimcnt did not
attempt to independently deter-mine this correlation, but
masers of various types were included in the cnscmblc.
‘1’bc types of masers used at cacb of the six sites chosen
for our comparison arc shown in l’able 1.

I’able 1: }kcqucncy standards used in the ensemble clock.

S1’Al’JON MASFW CAVI’J’Y
‘1’YPII Tt_INfil)’?

AI.(X) NR-9 NO
1 <Al R NR-5 PRF,-I’ROG
GGAO NR- 10 NO
SAN’I’ NR-4 PRli-PROG
‘1’11 )2 SAO NO
WI rl”ll HFOS 13 NO

sirnil?rity.  of Clock Stabilities: For the purpose of
this cxpcrinmrt,  the. ensemble was constructed of both
fixccl-tllnc mascls and those with prc-programmed cavity
tuning, but none with active cavity tuning,. Our approach
to forming this experimental cnscmblc from tbcsc clocks
is to apply uncclual weight to ci~ch standard, based on its
apparent stability relative to the 1,1’1’S, as measured with
G]%. Wc used the squared inverse of the AlIan deviation
at 10S seconds as the cnscmblc weighting factor.

Opcra[ional  I?roblcms: IXrring  this cxpcrirncnt i{
was discovered that the masers were occasionally
manually retuned to a different frequency; these masers
were cxcludcd  from the cnscmblc. In addition, others had
significant periods where their ctala were not availahlc for
various reasons, and so had (o bc cxcludcd on those
grounds. ~’hc result of these problems was that only data
from six masers over a 10-day time span were analyzed for
this paper, and only two of these masers attempted tc)
coml)cnsatc  for drift. TO chriractcrim  the long term
capability of the time transfer tcchniquc, exclusive usc of
cavity compensated masers wcmld be prcfcrrcd for any
future cnscmblc

!Ylascr Pcrfcrr~E: Figure 1 shows the Allan
deviation of cacb of the masers relative to the 1.1”1’S, as
measured by the precision GPS tcchniquc.  The.sc

rnc.asurcmcnts  were made with the masers running
operationally in the f’rcld,  at the observatories where they
alc used for astronomical and spacecraft tracking timing
applications. lhc performance at a tau of onc day ranges
fronl  a few parts in 1015 for a prc-progr:immccl  cavity-
tuncd maser, to over a part in 1014 for onc of the non-
tuncd masers. It is cmpbasizcd that while these numbers
reftc.ct the entire system stability, inchrding the errors duc
to (iPS time transfer, the differences bctwccn  the
performance seen at onc day ancl Iongcr times arc probably
duc to the masers themselves. I;or cxali~plc, the C~PS
cn ors would bc cxpcctcd  to bc largest for the GOI,2 (CA,
LJSA) vs. 1’11)2  (Tidbinbilla,  Austratia)  comparison,
because this was the longest baseline, but this pair shows
one of the. most stable AlIan dc.viation n~casurc.ments  at
otie day,
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I;igilrc 2: AlIan deviation taken from 10 days of data for
the weighted cnscmblc of six hydrogen masers relative to
the 1,1’1’S. 1.incrrr frequency drift has been removed. Tbc
performance shown inchrdcs  GPS time transfer errors.

llnscmb!c.  P&rformancc:  Iiigurc 2 shows the AlIan
deviation of the experimental ensemble clock relative to
tbc 1.11’S. ‘l’he cnscmblc was weighted to optimiz.c its
performance at onc day. The stability of tbc cnscmblc
clock, including CIPS time-transfer errors, was about 3
ptirls in 1015 for onc day, which is slightly better ttian
tbc best individual I.IT-vs-maser pair (GOI.2/tiAIR).  In
this limited cnscmblc,  only the GOI.2~J’ID2  pair was
within a factor of two of the Allan  deviation of
GOI .2/J’AIR,  which explains why there was only a slight
ittiprovcmcnt.

QQJ.KkiQ!ls

‘1’hc errors introduced by GPS time transfer, wlicn
cornbincd with the sparse set of masers used in tbc
fomlation of the cxpcrirncntal  clock cnscli~blc  shown in
fig. 2, and a relatively short time span, do not allow



stability mcasurcmcnts  comparable to tbc 10-16 stability
cxpc.ctc.d from the 1.11’S.  [5] I:ormation of the cnscmblc
clock using the. c.avity-compensated masers in the GI’S
global nctwotk,  over a much longer time than the tcn
days rcpor[cd in this paper, together with the C~PS-systcn~
ilnprovcnmn(s  mentioned below, arc cxpcctc.d to allow
significant future improvements in ihc GPS-conncctcd
ensemble clock.

‘1’his paper dcscribcd  the first attcrnpt to usc the
gcoclctic-quality  GPS data to form a global cnscmblc of
high-pcrfor[nancc clocks for comparison with a 1,1’1’S.
lnirwovclncnts  in operational control of the c.xncrimcnt  to
obiain long unbroken segments of data from each
standard, and the inclusion of ac(ivc cavity-tuned masers,
is cxpcctcd  to allow improved long-term cnscmblc
pcrfornlancc.,  Another area ncc(iing improvcmc.nt  is the
algorithm usc.d to wcigbt  tbc masers in the cnscnlblc.
Dccrrusc the current GPS paramc.tcr  estimation process is
tuned for daily determination of geodetic parameters and
GI’S ot bits, in which rcccivcr  ciocks arc regarded as
nuisance parameters, the process is not optimal for
continuous estimation of relative ciocks over intervals of
more than onc day. Wc plan 10 revise this process as
ncccssary, if tllcrc arc future applications c)f JP1.’s GI’S
estimation software to precision clock transfer. Wc hope
to inelucic other high-stability standarcis, such as a
Cc.sium-fountain clock, to incrcasc tbc performance of any
future intercontinental ciock ensemble, Other future work
will focus on the GPS error bu[igct for clock estimation
over intervals of 1 day or longc.r. Since the dominant CJI’S
c.rror over I11OSC  intervals appears to bc from Gi’S orbits,
wc anticipate that alternative orbit estimation strategies
can bc [icvclopcd  to better optimiz.c the precision CiPS
process for long-term time standard monitoring.
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