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Abstract- ‘We have conducted global posilioning system
{GPS) carrier-phase time-transfer oxporiments betwoon 1the
master clock (MC) at the 11,8, Naval Obsorvatory (USNO)
in Washington, DC and the alternate master clock {AMC)
at Schricver Air TForce Base near Colorado Springs, Col-
orado. These clacks are alse monitored on an hourly ba-
sis with two-wiy satellite time-transfor (F'WST'T) measurec-
monts. ‘We compared the performance of the GPS carrier-
phasc and TWSTT systems over a 236-d period. Becanse of
power probloms and dala ontapes during the carricr-phase
exporiment, Lhe longest continuous time span is 96 <. The
data from this period shew agreement with TWSTT within
41 ns, apari from an overall constant tlme offset {caused
by unknown delays in the GPS hardware at both oneds), For
averaging times of a day, the earrier-phase and TWSTT sys-
tems have a frequency uncertainty of 2.5 and 5.5 parts in
108, pespectively.

1. INTRODUCTION

ERY ACCURATIE [requency- and time-transfor systems
Vwill he requirad o compare cesiin fountain primary
frequeney standards [1]. With that in mind, we have con-
ducted a stndy of A GI'S carrier-phase timing system to
assoss its long- and short-term stability. Iniiial analysis of
earrior-phase data for time-translor applications has heen
extremely promising [2]-[10]. Specilieally, comparisons be-
tween carrior-phase and code-based common-view GIPS
show good agreement at times greater than L [2], (4]1-[6].
Because both systems depend directly on the GI'S con-
stellation, this is not a truly independent wmeaswe of the
acenracy of G1’8 carrier-phase thne-transfer. Turthermore,
tho uoise of the commeon-view technique [or periods of less
tlian a fow days limits the value of comparisons between
the commnon-view and carrier-phase techniques.

[u [5], we analyzed G0 d of carvior-phase data collected
ab the USNO in Washington, D.C. and al the National
Institute of Standards and Techinology (NIST) in Boulder,
Colorado to compare the carrier-phase techuigue with the
TWSTT techinicue. Unfortnnately, the iiregular TWST T
observing schednle (ne amore than three measurements
por weck) limiked our ability to determine ihe earricr-
plinge Lime-transfer atability for intervals less than 1 d.
Althongh agreanent between TWSLTT and coarrier-pliase
time-transfer over 2 mo was promising, a longer experi-
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ment was needed Lo estahlish long-terin stability, In oure
current study, we have used the TWS'T'L systom between
the MO at USNO aud the USNO AMC at Schriover Air
Force Base {Colorado Springs, CO). This TWSI'I' sys-
tem is both highty precise and makes hourly measurc-
menig, providing more frequent measurements than the
NIST TWSTT link with USNO. Thoese data allow as:
» Lo assess stability of the carrior-phase sysiem at peri-
ods of less than 1 d,
s Lo assess stabilily of the carrier-phase system over
& mo,
» 10 determine the importance of the thermal enviren-
wmont on carrier-phase precision, and
o o investigale the polential stability of real-time
carricr-pliase time-transfer,

IT. GPS Camuiir-Puase DATA ANALYSIS

We use geodetic analysis techiniques and geodetic GBS
receivers in this tlme-teansfer experiment. Geodelic ve-
coivers record both carvier-phase and pseudorange data for
all visible satellites at specified intervala, Tn geadetic anal-
ysis, both data types are combined with precise modoels to
estimate relative clock estimatos, The sensitivity of cach
data type to clocks used in the system is easily seen in the
observable cquations. The carrier-phase A¢é and pseudo-
rauge P obscrvablos [or a given salellite s and reeciver 7
are writlon s
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where A i the carrier wavelength; p, is the geometric
range, defined as |}_{"“ - )?,A|:, X* is the satellite position
at the time of Lransmission; f,‘ is the receiver position
at reception time; &, and 8% are the thne of the receiver
and gatellite clocks, respeetively; N7 is Lhe carrier-phase
ambignily or hias; pr and p; are the propagation delays
caused hy the troposphere and ionosphore; gy, and g,
arc multipath crrors; and ey and ¢, represent tnmodeled
LTS ill’ld I'C(:(‘-i\u"[!l' Il[)iﬁ(} f()l' (5?].1‘1'i(!1’—[)}.1}l?‘i(! il.ll(l llSClldUl‘ﬂngC
data, respectively. Included in NF are phase delay Lerms
origlnating in the recciver and the satellite transimicter.
Fach abservable depends linearly on the rocciver elock.
Thus, in pringiple, these data can he usod to eompare re-
ceivar clocks. There arve two important dilferences betweon
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the carrier-phase and psendorange data that impact time-
wransfor experlments, TPirst, the carrler-phasoe data are am-
biguous and, to be uselul, vogqnive the estimation of the
carrier-phase ambiguity. The psondorange data ave not
ambiguous, bt g, is neatly 100 titmes larger than g4, "Lhe
mltipath errors for paendorange data ave also nuch larger
than those ohserved in carrier-phase data [5], For many
geodelie applications, the ambiguous carrier-phase data
are preforred heeanse of their great precision. 'The geodotie
problem g primarily metivated by the need Lo know sta-
tion coordinates }Zz,., which {or a statlonary receiver can
be averaged over many data epochs, nost commonly for
24 . In a time-transfor experiment, a clock estimate will
be made at cach data epoch, and so the pseudorange daia
ancl their daka noise &, are impoerbant lov solving the time-
transfor prohlem.

To estimate & from the earvier-phase and psewdorange
dala, we need to model all the elements in (1) and {2}
properly. This requires acenrale satellite orbits, station co-
ordinates, and precise transformation parameters helweoen
the inertial and torresirial reference franics, ie., models
ol precesaion, nutntion, polar motion, and UT1-UTC. We
use GPS gatellite orbits computed by the lnlernaiional
GPS Service (1GS), which have a radial precision of a fow
centimeters [I1]. The effoet of the ionosphore s removed
by using an appropriate lincar combination of the L1 and
L2 phase data. Varialions in the troposphere, motions of
station coordinates, and carrier-phase sanbiguilies arc os-
timated from the data. We do not explicilly modal site-
gpecific mnltipath, but we try to minintixe it by disearding
all data observed helow clevation angles of 15 degrees. A
more detailed descriplion of onr analysis strategy s piven
in [5].

Although carricv-phase reecivers typically record data
at 30~ intervals, we have reduced the daia to G-min in-
tervals to rednee the compulational buvden. Although, in
theory, we requirve only the data from the Lwo receivers pan-
ticipating in the time-transfor experiment, in practice, we
hiwve also nsed data from Algonguin (Ontario, Canacda) to
help deline the tervestrial velerence frame and from God-
dard Space 1Mght Center (Greenbelt, MDY Lo help resolve
carrior-phase amhiguitics.

'I'he geodetic software we used to analyze the GI’S data
(GIPPSY: Jet Propulsion Laberatory, California Institute
ol Technology, Pasaclena, CA) i most often used Lo ana-
lyze 24 v of data sl a time [12). Tt is fexible enough that it
can analyze more than that, hut we have foinud that it is
not practical to analyzc more than 4 d at & tine. 1o ensure
continuity, in cach hateh of data, we inclucde 12 h from the
next bateh. We then compute an overlap biasg, which is tho
weat of the dilference betweon the two baiches ovor 12 L.
All results shown in this paper have this overlap bias re-
moved at the 4-d honndaries. An overall nnknown hiag re-
maing, relaked to the fact that woe do nol have a ealibragiod
systent. The 8-mo lime series can be analysed in 24 h on
a dual-processor 200-MIIz workstation, Nearly onc-half of
that time is spent on resolution of amhiguitics.

1 Degerur1oN or T CARRIER-1 TIAS
TIME-T'RANSFRIL SYS'T1IMS

Dual-lrequency GPS roceivors of geadetic quality have
boen installed at USNO and Sehricver Air Foree Base,
These particular reccivers sinmitancously frack up Lo
12 gatellites and produce both pscudo range and carrie-
phase measurements at 30-s intervals,

The USNQO GI'S recciver is supplied with an oxternal
reforence signal of 5-Mlz rom USNO-MC8, This clock
includes a hydrogen maser and an anxiliary outpnt gen-
erator (AOG). Its output is steerad to the MC, which is
Inown as USNO-MOf:2. This clock is also realized using a
hydrogen mager, USNC-MC#2 defines U'TC {USNO) and
is the reflerence souree for TWSTT.

The Schriever GI'S receiver also has an external 5 MHz
reference, wlich is supplied by USNO-AMCYEL This AMC
also contains o hydrogen maser and an AQG. It s steored
to USNQ-MC#2 wsing the hourly TWSTT data belween
the AMC and USNO,

To compare the carrler-phase and TWSTT ostimaloes
batweon USNO-MC#2 and USNO-AMCH, wo musi
kuow the differonce between MC#2 and MO4:3 at USNQ,
because the former iy the velerence for the TWSTL system
there, and the latter drives the GPS cavrier-phaso rocoiver,
This diffovenee is monitored using a switched /imulsiplexed
time-iuterval counter. The countor is connccted Lo cach of
the clocks using a liber-optic link.

The G’ recelvors al, USNO and Schriover are pact of
the TGS network, 4 cooperative, continnously operaling
GP8 tracking network. The IGS site names for GI’S data
[ram USNO and Schriever are TSNO aned AMCL, respee-
tively. The GI'S data ave freely availalile over the Internat
and can ho neeessed Lhrough anonymous fip. Descriptions
of all IGS sites and data-archiving procedures ean be lo-
caled at http://igseh,jpl.nasa.gov,

IV, DIscussion

This camparison covers o period of nearly 8§ mo. During
that period, USNO made soveral changes to the curier-
phase system that ingroved overall system porformance,
To make the changes, there were ocensional periods when
one of the receivers was not operatiiyg; one period lagted
9 d. Otherwise, data outages were infrequent with oe-
cagional gaps cither heeause the receiver stopped track-
ing or becanse tho PO that recorded the data ailed 1o
work propedly, 10 we ignore the l-wk period when the
Sehriever vecciver installation was boing improved, thowe
was a data loss rato of 3% over the 8-mo period with a
total of 528 719 GPS cwricr-phase obsorvations. The for-
mal error for the carrier-phase clock csthnates are on the
order of 125 ps. NHecall that the carrier-phase data were
analyzed in 4.5-d batches with 12 h of overlap between
Latches. For eomplotoness, we have plotted overlap biases
in Fig. 1. The error bars ave defined as the RMS aboul the
overlap bias, Both the mean and the WMS ave computed
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g, 1. Overlap bias values computed for periods without date out-
ages and equipment changes, The bias values are the moans of the
differences over 12 hin two 4.5~ clock solutions, "ha slandard de-
viations are computed as the RMS about thal mean.

from the ovorlapping 12-h clock estimates. The overlap hi-
ases are duc (o our analysis slrategy, model errors, and
data noiso. The overlap biages have a mean value of 33 ps,
and the BMS scaticr about this mean is 222 ps. This iu-
dicates that the formal erear of 125 ps is al least a factor
of two smaller than that ohserved in the estimates, This is
consistent with the results of other peodetic carrier-phase
analyses [13].

The TWSTT measurcmenis are made on an hourly ha-
sis, with 4367 measurerents during this period (an averagoe
of aboul 18 measurements/d}. The formal error for an in-
dividual TWSTT measurement is generally 225 ps, TSNO
also computes swooth TWSTT moeasnroments using 2
Kahnan filter. Details about the TWSTT measuroment
system ean he found in [14], The data from USNO MO#3-
MCO#2 are made available as hourly measurements [15].
We linearly interpolated these data to compute the cor-
rection to the GPS carvier-phase clock estimates,

Rccause the delays through the GPS receivers were not
lknown, all carrier-phase clock ogtimates have an nunknown
Lime offsot with respect Lo the two-way observations. We
have adjusted the mean of the earrier-phase dala to com-
pensale for this overall time offsct.

V. Caprne DenAYs

In our initial analysis of the carrier-phase clock
estiinates, we noticed Jarge (peak-to-peak  amplitude
of ~400 ps) diurnal signals. Comparisons with records af
[TSNQ sngeested that these poeriodic signals wore highly
cotrelated with local air temperature. I'he antenna cable
used al USNO to conneet the antenna to the GPS re-
colvor was 89 10 long, and nearly all of it was exposed fo
the clinents. A similar cablo wag fostod and was foimd to
hiwve sensitivity of 0,53 ps/(m-"C), Assmning that 90% of
she cable was exposed to a daily tenperature yariation of
10°C, a cable with this sensitivity fo tonporature wounld
have & 420-ps p-p diurnal change in ifs delay. See [16) for
more details.

In Irig. 2{a), we show typical carrior-phasoe clock os-

timates for the Schriever-1ISNO bascline. Superimposed
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Vg, 8. Carrier-phasic catimates of USNO-AMO#1 relative to USNO-
MU#2, Note change in diurnal signat apparent after the cable was
changed at USNO.

on the estimates are the hourly TWSTT measurements,
which indicato that the long-tonn behavior of tho coarrior-
phase eslimates is in good agrecment with TWSTT. Nov-
ertheless, the diurnal variations in the carrier-phase esli-
mates are readily apparent. In Fig. 2(b), we vemove a low
order polynominl from the titne series so that we can com-
pare more dircetly with air-temperature records, which are
shown in Mg, 2(c), using a conversion factor of 40 ps/°C.
In Fig. 2(d), we have subtracted the comreetion plotted in
Tig, 2(d) from the estimates shown in Fig., 2(a), signifi-
eantly improving the precision of tho GPS carrior-phaso
clock estimates.

Sovoral days aftor the data shown in IFig, 2 were col-
lectad, a new cable was installed at USNQ. This cable wag
expocted Lo a have a lemperalure sensitivily ol less than
0.02 pa/(m-°¢) [16]. This new eable was installed in the
coiling of the building ingtead of on the roof, In [fig. 3,
we show carrvier-phase clock estimates divectly hofore and
aftor the cable was changed at USNO. It is clear that this
new cable has substantially fimproved the stability of the
A8 carrier-phase clock esthnates. Por the remainder of
tlds paper, all earrier-phase clock cstimates will include a
40 ps/°C corraction for data collected boforo the new cable
wis ughalled at USNO.
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V1, Crock Resers

A previous analysis ol data from this partienlar kind
of carricr-phase receiver demonstrated that there were dif-
fienlties with the carrier-phase time-translor system [5].
During this experiment, the AMOCT recoiver lrequontly re-
got ita internal clock, This canses a jump in the carvier-
phase clock estimales, These resots ocowr under two cir-
cmnstances: when the internal clock has drifted by more
than 30 ms or when thoe recolver has recorded a #elock
set” command. The first scenario should not be relevaut
to receivers Lhat arve connected to hydrogen masers. The
second ocenrs when power hag been furned off or when
the recoiver hag lost track of several satellites, rendoring it
incapable of delermining position. Because position is tho
priviny oubpul of a geodetic recoiver, she receiver rogefs
all parameters, including the clock, and searches the sky
Lo re-acquire all visible satellites. DBecause geadetic GIPS
receivers were deslpued to bo used by surveyors aud geo-
physieists, it was oxpocted that the units wonld bo nsed
in the field on battory power. Thus, powor is frequently
turned off. For procise Liming applications, power outages
must be clirinated as much as possibla,

We still do nob understand fully why the Schriever re-
coiver resot its clock so [requently. A different receiver of
the smne model was installed at Schriever in October 1968,
The hehavior of this receiver was significantly helier, with
only one reset recorded per 1-mo peried. USNGO continues
to monitor its resel behavior,

It has been proposed that reset calibrations can he com-
putad using the ehange in the 1-Hy outpaut pulses fron the
recetver [17]. We were umsuve as to the quality of the 1-11x
data, so we originally averaged the clock estimates 30 min
before and after cach vosot o calenlate the reset bias [18].
These caleulations are only valid il the local reference os-
cillator is well-bebaved dnring this period. This metlod iy
straightforward but is obviously nol optimal. Tt lins been
noted that cloek resots shiould be multiples of 24.4427-ns,
which is one-half of the period of the recoiver’s internal ro-
queney referonce [LG). Tn Table T, we Lhave compiled all of
thae reset events that occwrred during tho study, Using this
information, we noticed that of Lthe 18 reset events, 15 of
bhem agree extremely well with the 24.4427 ns incroment,
Tor the 15 events, the mean agreement with the theoretical
value is 14 + 85 ps. The other three events ave nol nteper
increments of the reference frequency. Upon closer inspec-
Ltion of the AMCT station logs, it was discoverad that, in
each of these three instances, the operator of the GI'S re-
ceiver *rabootod” the reeelver [19]. In these instances, Lhe
reset bias shonld not be an inbeger ineremaont of the refor-
ence frequency. Because the (-1Tx ontput depends on the
pacudorangoe dala rather than on the cavier-phase, it ts wn-
likely that 1-pps monitoring will be signilicantly more ae-
curale than using the nearest intornal-reference-frequency
increment.
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Crock Resns,

Time Clsot Ollsot /24,4427 oreor

MLIL {us) [cycles) {ps)  Receiver
[0 026,620 HLRIEN 8001 L& AMCT
A0 OB LG —244.345 9,906 82 AMOT
80 097854 440.083 1R.004 4 AMOT
G1 000,516 BA7.71G 21.080 -2 IANO
A1 002.841 CUTTTY 4,000 3 AWMOT
51 00304 48878 2.000 8 AMOT
61 012,812 195.611 R.003 - {30 AMCYL
51 016,837 210L.947 80,040 125 AMOT
A1 2000 --TH2.168 32,000 8 AMOT
RL{47. 712 - 026.602 42.000 i AMOCT
51 062,670 195,518 7900 24 AMOT
01 061.625 185,541 &.00H) 0 AMOT
Al (65.904% 162,130 [IRIN K] AMCT
il 066.608% 180,008 ST AMCT
51 B70.608* 3642 -1.249 - AMOT
31 082,608 G770 1,999 18 AMOT
531 123,662 - 105,374 7.993 168 AMCT
Hl 120,587 1124.335 45.999 2% AMCT

*Asterisks denote power voscts Ly the station oporatar,

VII. Dava Ouracis

Unlike the clock resels, for which the data loss is typ-
ically sinall {genorally less than 10 min}, a lengthy dala
outapge {0.g., caused by a power outage) would produce a
biag in the clock estimates that would he difficult to re-
move heeause the assumption that the reference oscillator
is gtable ovor a long poriod of time would not bae trie. Tor
this stwly, we have nol attempted to use the GIPS elock
estimates themselves to bridee the gaps in the data. In-
stoad, wo have sed the smoothed TWSTT data as truth,
adjusting oach cinricr-phase segment by a congtant tine
offset with respect to the smooth TWSTT data. In 'Ta-
ble T, we have listod the thine and length of significant
data gaps and associated power ontages, with additicnal
information as available.

VTTT. CARRIER-1'1IA81E NOISI

In Iig. d, we display both the individual carrier-phase
clock estimates and the TWSTT measuremonts. Although
the TWSETT measmromoents are noisicr than tho carrier-
phase estimates in e short-term, there is no indication
that this is necessarily true in the loug ferm, o Fig. 5,
we subtract the carrier-phase estimates from the TWSTT
data. The TWST T-mmiuws-carricr-phase combination gives
us an upper bonnd on the errors in both time-trausfer
systems,

To invostigate the crrors in the carrier-phase estimales,
we have compared thiem with the smooth Kalnian-liliered
TWETT data. In Fig. 6, we show the difference betwoen
the earrier-phase estimates and sinooth TWSTT data.
I"ig. 6 also helps identify which parcts ol the residnals are
carvier-phase error and which ave associated with other
parts of the thine-transfor system. Lhe largest residual is
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TABLE [T
FOX PIREMENT [HVHENTS.

Tirree

NI Leeciver Conunents

50 939 USNO n. 8.47C apike

51 005 USNG h. 6.67C spike

G007 URsNO ¢, 22-h ddata ontagoe

51014 AMOCT d. 11-h «data onlage

31015 USNO o 450 apike

51 031 USNO f. 2.47C spike

51 037  TUSNO g. cable chauge; thermal chamber instulled; data cutage
a1 042 AMCT h. 46-h outage

1098  AMCT i, 8- ontage; voecciver swap/eable problems
51 110 USNO j» MC steoring

51 122 AR ko 24-0 ondagio

51126  USNQO 1. 11°C spika

61 130 USNO m. roof repairs; 16-h outuge

ol L USNO n. 9-1i outage

Carrigr--Paose ang TWSTT
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Fig. 4. Carvier-phase cloek esthimates shown as o line, and individual
TWETT measnromends shown as dots.

shown at MJID 51 111 [Fig. 6(}); Table II]. Closer inspee-
tion of the MCH2-MCOH#3 howly data show that MC#2
was steored at that time (as shown in 1Pig. 7). The carrier-
phase data very acourately track this stecring. Note that
the carvier-phase data were available overy 6 min, whercas
the local measurements hetween MOCHF2-MCH£3 and "TW-
ST are reported hourly. Both the TWSTT and carier-
pliase scheme measure difforences between AMOHEL and
MC#2 {2000 k), whereas the local imeasurainents are
ovor a distance of soveral hundred motors,
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Fig. 5, TWETT winus carvicr-phase clock estimatos,

Thore 1s anothor large residual at MJD 50 939
[Iig. G{a}]. ‘I'his correlates with a recorded temperature
spike in Lthe room whetre the USNQO recciver was kept. An-
other smaller temperature spilke s shown in Pig. 6(1). We
can look al these evenis more closely in IFig. 8. The carrior-
phase eslimates are showing approximately 200 ps/°C sen-
sitivity to the temperature of the room where the GIS re-
celvor is housed. This is eonsistent with other work which
has shown that clock estimates are sensitive lo receiver
terporature [4], [10], [16], [20]. In an effort to improve
earrior-phasoe systom precision, USNO placed the GPS re-
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colver in an isolaled thermal chamber on MJD 51 037
[Fig. 6{g)]. This has eflectively remaoved the eflecis of room
temperature on the carrier-phase estinates. Iiven so, there
was a large thermal apike on MJ1Y 51 126 that has affeated
the carrier-phase estimates [Mig. G(1}. Unlike the ovents
shown in Fig, 8, the carrier-phase estimates were noga-
Lively rather than positively corrclated with tomperature
and were five fitmes less sensilive Lo lemporatiure. We be-
lieve that at loasi some of the discrepancy ab 61 1206 is
due to the MCH£2-MC#3 calibration data, which shows a
marked dependence on temperature,

1X. CARRIER-PHASE STATISTICS

The timne deviation en(r), or TOEV [21], is used to
quantily ihe time delay instabilitics in Lime-transfer sys-
Lems and is related to the modificd Allan deviation by the
expression

i‘ Moda, (7).
V3

In computing ,(7) and the Allan deviation, o,(7}, we
have again restricied our comparison to the liral 197 d. Tn
this way, wo avoid the 9-d gap in the carrier-phase time se-
ries, Becausoe botli time serios have some unevenly spaced
data, wo have compnted o,{7) and o,(7) using adjacent
time values as il they were evenly spaced. We used a +,
value of 380 and 4644 s, for carrier-phase and TWSTT,

(3)

o{1T) =
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Fig. 7. Carrier-phase {trisnglos) ostimates ol smooth Kalmeaan-
filiered TWHLT {circles) measnrements of USNO-MCHE2 - USNO-
AMCHL Also shown are lecal measurements {diamaondg} of LSNO
MOH£2 = MO#S, Data ate conxistent with local steering records [15].
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Fig. 8. Hourly temporature recards (open circles) lor the TSNO re-

cotver room plotted along wilth delrended carrier-phase clack esti-

mates (triangles). The carrier-phase estimates have been converbed

fo 0 assuming & conversion relation of 200 ps /4

regpectively, which is the average measureient Lime inter-
val hotweon data poinks.

Pig, 9 summarizes e a.(7) information in the two
systems. Ior periods of less than 1, the carrier-phase
astimales arve significantly more stable © the TWSIT
systeny, with carrier-phase time deviation of 15 Lo 88 ps be-
tween § min sl 12 b Ai approximaiely 1 d, tho two sys-
toms overlap in o,.(7) and agree for longer periods where
clock noise dowinates. This is consistent with their long-
terim agreomoent in the time domain in Tig. 6, The voll ol in
time deviation at long tine intervals is also consistent with
the fact that USNCQ-AMO#1 is steered Lo USNO-MU#2L
A time sories showing the difference ol the carrier-phase
and TWSTT caia {Kig. 5) is particularly usetul because
it: eliminates the elock noise. By ealeulabing o, (7) on Lhis
differenced dasa, the eomnbined instability of the two trans-
for techniques can be quantified without being corrnpited
by elock noise. This data in Fig. 9 show that nemly all
of the neise ot poriods less than a day comes from the

hian
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TWSLT system. In the range of | to 30 d, the combined
noise of TWSTT and carrier-phase is Qicker PM in nalure
with a level of about 100 ps. A vory conservalive osti-
mate for the uppar it to the long-term time deviation
of carrier-phase can be made by assuming all of the noise
is in carvicv-phase (this is not very likely). Thus, it can be
concluded that o.{7) for carrier-phase using 6-min aver-
ages is loss than about 100 ps for thine intervals fromm 6 min
o 30 d. The Allan deviation plots in Mg, 10 give an in-
dication of the frequoency uncertainty of carvier-phasc, We
soo that carrier phase is no worse than 2.5 5 107" at 1 d
and 8 10 19 at 10 d. Unsmoothed TWSTT is 5.5x 10718
at one day.

X. LoNG-TrnrM STapiiny

As shown in Fig. 7, a carrier-phase system can pre-
cigely track clock changes over long distances. Although
the agreement helwoeon eavrier-phase and TWST"] in Mg, 4
¥ onconraging, we wore required Lo “recalibrate” the
carrier-phase cstimales with the smooth TWSTT when-
evor there were gignificant data ontlages (all carrier-phase
dala oulages ave listed in Lable 1), Decause the USNO-
AMCT carrier-phase system was an experimental set-up,
it. was inevitable thal there would he data gaps, equip-
meni changes, and power outages, but this does limil our
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Fig. 11, Carrler-phase estimados winos smooth TWSTT without tale-
ing into accomt data ontages in the carrier-phase system. The verti-
cal lines indicate carrier-phase data outages greater than 1-h, Theae
residuals place an upper bound on the long-term stability of this
earrier-phase systom, The difference botwoeen smoath TWSTT and
carricr-phase is 5.4 ps/d over 188 d.

ahility to study the long-term accuracy of the carrier-
phase system. Nonetheless, if we agsume that hoth USNO-
AMC# | and USNO-MC#2 do not drift with respeet to
each other during these data outages, we will be able to
put an upper bound on the crrors in the carvier-phase
gystern, Tn Tig. 11, we show the difference hetween the
*upper-honnded” earrior-phase ostimatos and the smooth
TWSTT data botween MJD 50011 to 51098, {Weo have
restricted owrselves Lo this time period becaunse ol the
lengthy data outage when new equipmoent was installed at
Schriever.} The agrecment between TWSTT and carrier-
phase over this period is +1 s, with a dvift of 5.4 ps/d.

Another somree of mrror that we canmot address with
those data is the long-term stability of the MC#3 -MCH£2
moeasurement systom. This is currently being stndicd by
SNO. L ig helioved to be siable Lo within 1 ng over peri-
ods of a year [19]. Nole that this uncertainty is comparable
with the disagrecment mentioned previously.

X1, PProsprCTS FOR REAL-T'IME CARRIEL-11IASIE
TiME-TRANSFER

The carricr-phase data used in ihis study were analyzoed
aller precise TGS orhits were made available on the Tnter-
net, 1 to 2 wk after the data from the TGS tracking notworlk
were collected, “Rapid” orbits are made available 24 Lafter
the data are collectod and, for thne-transfor applications
at these distances, are nearly as accurate as the procise o
hits. The radial precisions for precise and rapid TGS orbits
arc 3 and § em, vespectively [22].

Bath the precise and rapid IGS orbit products are cam-
puted using GI’S carrier-phase data rom ithe global TGS
network, To use carrier-phase iechniques for time transfor
in real time, one will have to nse “predicted orbits.” These
are projections based on the previons day’s orbits and will
never be as accurate as orbits computed with data. Fuoe-
thermore, no analysis can predict the behavior of satellives
that are mancuvered by the Department of Delense. liven
50, if & mancuver is not announced in advance, the satellite
can casily be isolated and removed fromn the solution via
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inspection of post-fit carvier-phase data residuals,

Predicted orbity are produced on a daily basis by the
IGS. The projected aceuracy for each satellite is also pro-
vided in the erhit file, although in practice this tuforina-
tion is often neglected. Tn the absence of suel information,
each satellite’s orbit is assumed to be of the same quality.
The acenracy of IGS predictod orbits is partially limiled
by how quickly the data from the 1GS notwork ean he
downloaded and made available to the 1GS analysis con-
bers that compmte the orbits. Originally, data from Lhe IGS
tracking notwork were downloaded once daily. In the last
severnd years, many of the key [GS nelwork sites have up-
gradod their systoms to download iheir daka onece hourly,
Tlis has heen done primarily to support low-liarth-orbiter
projoets and roal-time {roposphere stadios. With more IGS
recoivers downloading daba on an hourly basis, the 108
expects to see significant improvements in precdictod orbii,
aceuracy by the yoear 2000 [23].

Fig. 12 demonstrates the qualily of earrier-phase time-
transfer nsing IGS predicted orbits (MJD 51081). The
line shows the carrier-phase estimates with precise orbits,
along with TWSTT measurcments and thair one-standard
deviation error bars. We also show clock estimates ns-
ing predicted orbits lor two cases, one which included
GP8 29 and one that did not, Tn the former case, inspection
of carrier-phase data residuals (not shown here) clearly
demnonstrated that the data for G829 were not fit by the
modol of the orbit. Eliminating GI*S 29 improved the (it
of the data to the model and «lso improved the agreemeni
with TWSTT to 1 ns. The predicted orbit uneertainty for
MID 51081 is fairly good with a mean value of 27 em [24],

In Fig. 13(n), we show carrier-phase time-trausfor rve-
sults using predicted orbits for MID 51084, Ag in Fig. 12,
wo also plot the results using precise orbits and TWSTT.
The dock cstimates using predieted orbits do nwot agree
with the TWSTT measnremoents, Tn this example, wo in-
spected the carrior-phase dats vesidnals, bub there wos
no single outlicr satellite, as was scen for MJID 51 081
On this day, the moan orbit uneertaludy s 59 an [25],
with extremely poor accuracies far (GPS 48 GDPS 49,
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Fig, 13. Carvier-phase clock estimates using {a) precise and pro-
dicled orbils and (b dilferentially weighlod predicted orbits for MJLD
Gl 004, TWETL measurements ave shown witle error hars indieating
L standared deviavion.

QPS8 14, GPS 19, GPS 24, and GPS 25 (138, 115, 125,
371, 221, and 138 o, respectively). Ou MJID 51081, we
were able Lo weight the data from all sabellites the SOHIC; On
MDD 51094, it is nocessary 6o weight the satellites difleren-
tially to rellect the velative accuracies of the ephemerides,
In Tig. 13(b), we show carrier-phase timoe-transfer esti-
mates using predicted orbits for which we used the ac-
curacy information. Because we have downweighted some
of the data, the formal error of the clock estiinates double,
it the gualitative agreemoent hetween the predicted and
precise orhil solation has signilicantly improved,

Trurther study is required of predicted orbit mieertainly
for time-transfor applications, but theso examples demon-
strate that carrier-phase technignes con be used in real
time. Orhit acewraey is erucial to precise carricr-phase
time-transfer. Thus, advances in predicted orbil acen-
racy [23) will continue to inprove prospects for real-time
carricr-phase Lime-Lransfor. Only several minubos of CPT
time would be required to analyse the carrier-phase data
on an hourly basis.

XTT. ConcLusioNs

The high quality TWSTT link between the USNO-
AMC#1 and USNO-MCH#2 provides a unique opportnnity
to obtain information about the long-torm stability of GI°S
carrier-phase and TWSTT links,

o The earvior-phase data in the USNO-AMC/USNO-
MC link (after temperale correction) have exhib-
ited a stability similar to thal ohserved using the
NIST/USNO link reported in [3]. For time intervals
less than 1 d, the stability of carrier-plhase time-
transfer is well below 100 ps,

o ITigh-qualily cables should be nsed for carricr-phase
tite-transfor experiments, and exposure to 1he iran-
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sionl temperature exctiesions that introdnce errors
shouldl be minimized by installing the cablos within
Imildings wherever possible.

Whenover possible, clocks should be conneeted to the
GI’8 receivers divectly o climinate potential crrors in
local timing links.

The ecarricr-phase receiver should be imstalled in a
thermally controlled chamber,

Resots of recelver clocks continue to he of concern,
although, in this study, simply installing & new re-
eciver diminished the nambor of resets substantially.
Correcting the clock resets with the geodotic roceiver
we used is simply a mattor of finding the nearest inte-
gor incrermnent af 24.4427 ns. This technique does not
work when the receiver is “rebooted,” which is equiv-
alent to o power outage. Ideally the recciver manu-
factwror should disable the reset eapabilily within the
receiver for a timing application user.

Alshough [urther stindy s required, the carrior-phase
technique hag demonstraied promising stability for
real-time applications wsing predicted 1GS orbits,

XILL l'uTunre Prosrrers

Tn this paper, we described the stability of earricr-phase
tochmigues that were developod by the geodelic commu-
nity. As can be seen from Fig. 9 awd 10, an important
advantage of the carrier-phase technique over TWSTT is
its botter noise performance at periods much shorter than
1 d. This advantage is likely to persist qualitatively even
when eorrections are applied to the ealewlations in hheso
figures heeause the data aro not exactly equally spaced in
time and for the biases that ave prosent i a,.{7) ai inter-
mediate periods hecause of the dilferent nwderlying noise
typoes.

The rough cquivalence of the different techiioques ai
longer periods is likaly due to the fact that both ave limited
hy the underlying clock noise ai those poeriods. A residual
sensilivily to diurnal sl other longer period extrancons
eilcels s also quite likely to play a role in both easas -
TWSTT hardware is Loo large to make temporature con-
tro! very practical, and there ave undoubtedly second-order
tamperatine olleets on carrier-phase receivers canged by
changes in the impedance in the antemna and the cable
that connosts ik to the receivoer, )

It {8 not clear at this time whether this advaniage al
short periods can be utilized in any offective way be-
cause carrier-phase analyses will always reqnirve some post-
processing. Ti is certainly truo that the mechanieal delays
in collecting GPS data from the global tracking sitos and in
analyzing these data to compuie orbital parameters can be
redneed to some extent. 'This decrease in the time needod
to compnte orbital paramotoers coan be combined with auto-
mated processing of the data at the timing centers to pro-
vide somnething ¢loger Lo real-time performance. However,
post-processing has an inherent advantage in providing a
retrospective lock at the data, and that advantage may
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bheecome less and loss significant as the analysis approaches
real lme.

In the end, the choice between carrier-plhase GPS sl
TWETD will likely depend on the application and cost.
TWST'L may be the method of choice when the data are
to be used in & real-time applicaiion, such as stecring the
AMC to the MO, Carrlor-phase data ave more likely to be
uscd in applications in which the inevitable delays in a ret-
rospective analysis are nol important and the fundmnen-
tal advantages thatb such an analysis can provide are worth
the wait, The betier peclormance of carrier-phase at vory
ghort periods may not. be the deciding issue in this case.
The significant oporating costs associated with TWSTT
and the case of installing and operating a carrier-phise
recaiver compared with a TWS'TT systein may be more
important. For exmunple, a carrier-phage receiver costs on
the ordor of $20 000, and there are no additional cosls
for satellite time ag with TWSTT, Carrier-phase aualysis
coats are the smne regardless of the sampling rate.

All of these comments apply only to fregnoncy com-
parisons. We caunel civrently calibrate the offective delay
through a carrier-phase GPS receiver in a way that is in-
sensitive to power failures aund similar evonts. This is a
result: of engineoring tradeoffs that wore made in the de-
sipgn of these reecivers to some extent, bt the inherent
ambignitics involved in all phase measuroments also play
a role.
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