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Assessment of GPS Carrier-Phase Stability for
Time-Transfer Applications

Kristine M. Larson, Judah Levine, Lisa M. Nelson, Member, /EE, and Thomas F. Parker, Fellow, IFEFR

Abstract- We have conducted global posilioning systom
{GPS) carrier-phase time-transfer oxporiments betwoean Lthe
master clack (MC) at the 11,8, Naval Obscrvatory (USNO)
in Washington, DC and tho alternate master clock {AMC)
at Schriever Air Force Base near Colorado Spriugs, Col-
orado. These clocks are alse monitored on an hourly ba-
sis with two-way satellite time-transfer (TWSTT) measure-
monta, We compared the performance of the GP8 carrier-
phase and TWSTT systems over a 236-d period. Beeause of
power problems and dala outages during the carricr-phase
exporiment, Lthe longest continuous time span is 96 d. The
data from this period show agreement with TWSTT within
41 ns, apart from an overall constant time offset {caused
by unknown delays in the GI'S hardware at hoth ondds), For
averaging times of a day, the carrier-phasce and TWSTT sys-
tems have a frequency uncertainty of 2.5 and 5.5 parts in
10VE, respeetively.

I, INTRODUCTION

ERY ACCURATE freguency- and time-transfor systoms
Vwill be required to compare cesilan fountain primary
froquency standards [1]. With that in mind, we have con-
ducted a study of a GI'3 earrier-phase timing system Lo
assoss its long- and short-term stability. Initial analysis ol
carvier-phase data for time-transfor applications has hecn
extremely promising [2]-[10]. Specilieally, comparisons be-
twoeen carrior-phase and code-based common-view GIPS
show good agreement at times greator than L d [2], [4]-[6].
Because both systoms depend directly on the GIS con-
stellation, this is vot a truly indepondent measnre of the
acenracy of G carrier-phase thoe-transfer. Farthermore,
the uoise of the common-view technique for periods of less
than a few days limits the value of comparisons between
the commnon-view and carrier-phase techniques.

In [B], we analysed GO d of carrier-phase data collected
ab the USNO in Washinglon, D.C. and at the National
Institute of Standards and Technology (NTST) in Boulder,
Colarado to compare the carrier-phase toehmigue with the
TWSTT toechnique, Unfortunately, the rregular TWSTT
obsorving schodule (ne wore than three measurements
par wock) limited our ability to delermine the carricr-
phage iime-iransfer stability for intervals less than 1 d.
Althongh agreemnent botwoeen TWSTT and carrier-plinge
Lime-transfer over 2 mo was promising, a longer cxperi-
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menl. was needed Lo establish long-terin stability, I owr
current study, we have used the TWELTD systom betwoeen
the MC at USNO awd the USNO AMC at Sclivicver Air
Force Base {Colorado Springs, COJ. This TWSLL' sys-
tem is both highly precise and makes hourly measure-
ments, providing maore reguent measurements than the
NIST TWSTT link with USNQO. These data allow us:

s Lo assess stability of the carrier-phase system at peri-
ods of less than 1 d,

» Lo assess stability of the carrier-phase system over
& 1m0,

» 1o determine the importance of the thermal environ-
ment on carrier-phase preciston, and

o Lo Investigale the polential stability of real-lime
carrier-phase thne-transfor.

11, GFS Cariuii-Puass Txara ANALYSHS

We use geodetic analysis teelmigues and geodetic GPS
receivers in this iime-teonsfer experiment. Geodelic re-
coivers record both carrier-phase and pseudorange data for
all visible sateliites at specified intervals. Tn geadetic aual-
ysis, both data types are combined with precise models to
estimate relative clock cstimates, The sensitivity of cach
data type to clocks used in the systom is eagily seen in the
observable cquations. The carrier-phase A¢é and pseudo-
range 27 obsorvables for a given satellite s and recelver 7
are writlon as

ANy | eBTed b NIAL - b g - o
(1)

andd
Y py 1268 = o A prt pi A P+ e (2)

where A s the carrier wavelength; p, is the geometric
range, defined as |ff“‘ - )T'T|:, X is the salellite position
al the time of Lransmission; f}. is the receiver position
al reception time; &, and 6% are the thne of the receiver
and salellite elocks, respeclively; NP is Lthe earricv-phasce
ambiguily or hias; pr and p; are the propagation delays
caused by the troposphere and ionosphere; gy ond fp.,
are multipath crrovs; and e, and e, ropresent unmodeled
errors and reeedver noise for earrior-phase and pseudorange
data, respectively. Included In NS are phase delay terms
originating in the recoiver aud the satellite tragsimittor.
Fach observable depends linearly on the receiver clock.
Thus, in pringiple, these data can he used to compare ve-
ceiver clocks. There ave bwo iimporbant differences between
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the carrier-phase and psendorange data that fmpact tine-
transfor cxperiments, Tirst, the carrier-phase data ave am-
bigions and, to be nsefal, require the estimation of the
carricr-phase ambiguily, The psendovange data arve not
ambiguous, but ¢, is nearly 100 timoes larger than gy, The
muliipath errors for psendorange data are also much largoer
than those observed in carrier-phase data [5], For many
geodelic applications, the ambiguous carvier-phase data
arc preferred becanse of their great preeision. Ihe geodetic
problem is privarily motivated by she need Lo know sta-
tion coordinatos }?r, which for a statlonary rocoiver can
he averaged over many daga epochs, most commonly for
24 . In a time-transfer experiment, a clock estimate will
be made at cach data epoch, and so the pseudorange dala
and their daka noise ¢, are Important for solving the time-
transfor prohlem.

'To ostimate 8, from the carvicr-phase and pseadorange
data, we need to model all the clements in (1) and (2)
properly. This requires accurale satellite orbits, station co-
arcinates, and precise transiormation parameters belween
the inertial and terresirial reference frames, 1.o., models
of precession, nutation, polar motion, and UT1-UTC. We
nse GPS satellite orbits computed by the lnicrnational
GPS Servico (IGS), which have a radial precision of a fow
centimeters [I1]. The offect of the ionosphore is removed
by using an appropriate linear combination of the L1 and
L2 phase data. Varialions in the troposphere, motions of
station eoordinates, and carrier-phase sanbiguilics arc es-
timated from the data. We do not explicilly modol site-
specific mnltipaik, bt we try to minimize it by discarding
all data observed below clovation anglos of 15 dogrees. A
mora detailed deseription of onr analysis strategy is given
in [5].

Although carrvier-phase receivers typically record data
at 30-s jutorvals, we have reduced the data to G-min in-
lervals to rednee the computlational buvden. Although, in
theory, we roquire only the dasa from the bwo receivers par-
ticipating in the time-transfer experiment, in practice, we
have also wsed data from Algonquin (Ontario, Canacda) to
help deline the torvestrial referenee fvame and from God-
dard Space 19Hght Center {Greenhelt, M1 o help resolve
carrier-phase ambiguitics.

"T'he geodetic software we used to analyze the GI*S data
(GIPSY: Jet Propulsion Laboralory, California Institute
ol Teclnology, Pasadena, CAY is most often nsed Lo ana-
byze 24 T of data ab a time [12), Tt i floxible ecnough that it
- analyze more than that, bt we have fonud that it is
not practical to analyze more than 4 d at a tine. To ensure
continuity, in each batch of data, we include 12 h from the
noxt batch., We then compute an overlap biag, which is the
mcan of the difference betwenn the two batches over 12 h.
All results shown in this paper have this overlap bias ve-
moved at the 4-d bonudaries, An ovorall nnknown hias re-
maing, relased to the fact that we do not have g calibrated
systom. The 8-mo Lime series can be analyged in 24 1 on
a dual-processor 200-MIIz workstation. Nearly one-half of
that, time is spent on rosolution of ambiguities,

P11 DegoerirrioN or rHE CANRIER-1PTIASD
TIME-T'RANSFREIL SYS119MS

Dual-lrequency GPS rocoivers of geodetic qualily have
boem installed at TSNO and Schricver Air Force Dase,
These particular receivers sinmitancously track up Lo
12 satellites and produce both pseuds range and carrio-
phase mcasurements at J0-s intervals.

The USNGO GIS receiver is suppliod with s oxtonal
reforonce signal of 5-Mz rotn USNO-MC#8, This clock
iuncludes a hydrogen maser and an anxilisry oulpnt gen-
orator (AOG). Tis autpnt is steered to the MC, which is
known as USNO-MO:2. This clock is also realized using a.
hydrogen maser, USNO-MCy#2 clofines ULC {(TSNQ) and
is the reference seurce for TWSTL.

The Sehiviever GIS recoiver also has an external 5 My
reference, wlich is supplied hy USNO-AMCY4 1. This AMC
also contains a hydrogen maser and an AQG. It 14 skcered
to USNG-MC#2 nding the hourly TWSTT data belween
the AMC and USNO,

To compare the carrier-phsse and TWSTT estinales
batween USNO-MO#2 and USNO-AMCHE, wo musi
know the difference between MC#2 and MO at LUSNQ,
becanse the former iy the reference for the TWSTT system
thare, and the latkor drives the GPS carrier-phase recoiver.
This difftrenee is monitored using a switched /inulsiplexed
time-iuterval counter, 1he countor is conmectod Lo cach of
the clocks using a liber-optic link.

The GPS recelvers al TSNO and Schriever arve parl of
the TGS noetwork, i@ cooperative, continmously operaling
A8 tracking network, Uhe IGS site names for GI’S data
[ram USKO wnd Schriever are TSNO and AMCL, rospee-
tively. The GI'S data are reely available over the Internet
ane ean he accessed through anonyious fip. Descriptions
of all [G3 siles and data-archiving procedires can be lo-
ealed at hetp:/ figsehjplnasa.gov.

IV, DIscussion

This cormparison covers a period of nearly 8 mo, During
thal period, USNO made sevioral changes to the curier-
phase system that Iniproved overall system porforniance.
To make the changes, there were ocensional periods when
one of the receivers was not operating; one period lasted
8 d, Othorwise, data outages wore infrequent with oe-
cagional gaps either because the receivor stopped track-
ing or becanse the C thal recorded the data Lailed {o
work properly. 10 we ignore the l-wk period when the
Schriever recelver ingtallation was boing improved, there
was 2 data loss rate of 3% over the $-mo period with a
tajal of 528 719 GPS carrier-phase ohservations. The for-
mal error for the carrier-phase clock cstiinates are on the
ordor of 125 ps. Recall that the carrier-phase data ware
analyzed in 4.5-d batches with 12 b of overlap between
liatehes. For comploseness, we have plotted overlap biases
in Fig. 1. The error bhars are delined as the RMS aboul the
ovarlap bias, Both the mean and the RMS ave computed



186 TR TRANSACTIONS ON UUTHRASONICH, FIHIOILIC PRICS, AND VREGQINENCY CONTIROL, VOL, 47, NO. 2, MARCD 200
Ovarlap Gias Values
th——- - e —
1.0
('.I.!' _:\: Ca)
e M 2
- a0 T ¥ Pl x -— = il v. w
@ L o - x &
S R Toere oo ) £l n
iE [ A ()} IRNAWS e !
£ sl _f = L @p S AAANIA A V\N\N\f\.\f \N\JW
-2
1o © WWMWW Yl
31
1 1 L | 1 1 1 1 1 L. . J_ . . . .
50920 50960 51000 51040 51080 51010 siots 51020 5026 5030 S1938
MJD {oays)

Irig. 1. Oworlap bias values computed for periods without data out-
ares and equipment changes, The bias values are the moans of the
differences over 12 hin two 4.5-¢1 clock solutions, "Phe slandard de-
viations are computed as the M8 about thal mean.

from the overlapping 12-h elock estimates. The overlap bi-
ases ave due o our analysis slrategy, model orrovs, and
data noige. The overlap biages have a mean value of 35 ps,
and the BRMS scatter about this mean is 222 ps. This iu-
dicatos that the formal error of 125 ps is al least a faclor
ol two smaller Lhan that ebserved in the estimates. This is
consistent with the results of other geodetic carrier-phase
analyses [13].

The TWSTT measurements are made on an hourly ba-
sis, with 4367 measuverments during this period (an average
of about, 18 measurements/d}. The formal errar for an in-
dividual TWSTT measurement is generally 225 ps, USNO
also computes smooth TWSTT measurements nsing a
Kahnan filker. Details sbout tle TWSTT measurement
systewn ean be found in [14]. The data rom USNO MC#3-
MC#2 are made available as hourly messurements [15].
We lincarly interpolated thesc dala to compute the cor-
rection Lo the GPS carvicr-phase clock estimates,

Recause the delays through the GPS receivers were not
Jeriewn, all earvier-phasge clock estimates have an nnkuown
time offset with respect Lo the two-way observations. We
have adjusted the mean of the earrier-phase data to com-
pensale for this overall time offset.

V., CapLl DELAYS

Tn our initial analysis of the carrier-phase clock
estimates, we noticed large  {peak-to-peak  amplitude
of ~400 ps) dinmal signals. Comparisons with records af
[TSNQ snggestod that these periodic signals were highly
correlated with local air temperature. The antenna cahle
used at USNO to connect the antenna 1o the GPS re-
coiver wag 89 1n long, and nearly all of it was exposed to
the clonents, A similar cable was tosted and was formd to
have sensitivity of (.53 ps/(m-°C), Assiming that 90% of
the cable was exposed to a daily temperature variation of
10°C, a cable with this sensitivity o temperature would
have a 420-ps p-p diurnal chauge in its delay. Seo [16] for
more details.

In 1Mg. 2{a), wo show typical carrier-plase clock cs-
timates for the Schriever-USNO bascline. Superimposed

WD (days)

Tip. 2. (a) Carrier-phase clock estimates plotled with TWSTL mea-
surements, (1) data from {a) with low order polynominal removed,
{e) local USNO wir temperature records converted nsing 40 pa/*C,
and {dl} earrier-phase clock estimatos with 40 /%0 tenperature
correction applicd. The time serics ave oflsel with respect to cach
other for display purposes only.
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Fig, 3. Carrier-phasio estimates of USNO-AMCH#1 relative to USNO-
MO#2. Note change in dinrnal signal apparent after the cable was
changod at USNO.

o the ostimates are the hourly TWSTT measurements,
which indicate that the long-tonn behavier of the carvier-
phase estimales is in good agreement with TWSTT. Nov-
ertheless, the diurnal variations in the earvier-phase esli-
mates are readily apparent. Tn Fig, 2(b), we remove a low
order polynomial from the time series so that we can com-
pare move directly with air-temperature recards, which are
shown in I'lg, 2(c), nsing a conversion tactor of 40 ps/°C.
In Irig, 2(d). we havae subtracted the correetion plotted in
Fig, 2((1) from the cstimates shown in Fig, 2(a), signifi-
cantly improving the precision of the GPS carricr-phase
clock cstimates.

Sovoral days aftor the daka shown in Fig, 2 wore eol-
lected, a new cable was inatalled at USNQ. This cable wag
cxpected to a have a Llemperaiure gensitivity of Iess than
0.02 ps/{m-°C}) [L6]. This now cable was installed in the
coiling of the building instead of on the roof, In Tig. 3,
we show carvier-phase elock estimates divectly bofove and
aftor the vable was changed at USNO. It is clear that this
new cable has substantially Improved the stability of the
GIS carier-phase clock estiinates, or the remainder of
this paper, all carrier-phase clock estimates will include a
40 ps/°C correction for data collected hefore the new cable
wis Inskalled at USNO.
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V1, CrLock TREskrs

A previous analysis ol data from this particular kind
afl carrier-phase receiver demonstrated that there were dif-
ficultios with the carrier-phase time-transfor system [5].
During this experimnent, the AMCT receiver requently ve-
gof its intornal clock. This canses a jump in the earvier-
phase dock eskimates. These resots ocenr under fwo cie-
enmnstanecs: when the infernal clock has driftod by more
than 30 ms or when the recoiver has recorded o “elock
set” command. The ficst scenarvio should not be relevani
to receivers that are connected to hydrogen masers. The
second ocenrs when power has been furned off or when
the receiver hag lost track of several satellites, rendering it
incapable of deiermining position. Because position is the
primany oubpul of a geodetic recoivor, the recciver resets
all parameters, including the clock, ard dearehos the sky
o re-acquire all visible satellibes. Becanse geadetic GI'S
receivers were designed to be used hy surveyors mud geo-
physicisls, it was expoeted that Lhe units wonld be nsed
in the field on battory power. Thus, power is [requently
turned off. For precise timing applications, power outages
must be clitninated ag much as possible,

W still do not understand fully why the Schriever re-
calvar regot its clock so [requently. A different receiver of
the sane model was installed at Schvicver in October 1988,
The hehavior of this receiver was significantly betier, with
only one reset recorded per 1-mo period, GENO continues
to monitor s reset behavior.

It hias been proposed shat reset calibrations ean be com-
puted using the ehange in the 1-Hy output pulses from the
receiver [17]. We were tmsure as to the quality of the |11z
data, so we originally averaged the clock estimates 30 min
belore and alter each veset fo calenlate the reset bias [18].
These caleulations ave only valid il the loeal roforence os-
cillator is well-behaved dnring this period. This method 1y
straightlorward but is obviously noi optimal. T¢ has bheen
noted that clock resets should be multiples of 24.4427-ns,
which is ono-half of the period of the receiver’s internal fre-
quoency reference [16]. Tn Table T, woe Lave compiled all of
the rosot events that occurred during the study, Using this
information, we noticed that of the 18 reset ovents, 15 of
Lhem agree exiremely well with the 24.4427 ns incromend.
Tor the 15 events, the mean agreement with the theoretical
value is 14 & 85 ps. The other three events ave not inkeger
inerements of the reference frequency. Upon eloser inspec-
tion of the AMCT station logs, il was discoverad that, in
cach of these three instances, the eperator of the GLI'S re-
ceiver *rebooted” the recoiver [19]. In these instances, the
resot hias shonld not be an integer inerement of the refer-
ance frequency. Becanse the [-ITz ontput depends on the
psendorange dala rather than on the cavrier-phase, it s wn-
likely that 1-pps monitoring will he significantly more ac-
eurale than nsing the nearest imternal-reference-froquency
incretment.
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TARLEY
CLOCK RIg1T8,

Time Orilset ol /24,4427 Vrror

ML {ua) [ayelos) {pa) Roecoiver
R0 026,620 195,560 .01 L8 AMCT
R0 4981150 —244.345 9,996 82 AMOT
A0 007 804 440.083 18,004 114 AMOT
51 000,516 BT TLG 21949 -24 USNO
71 002,841 07,774 4,001 S AMOT
51004004 B 878 2,000 8 AMOT
51012812 105.611 RANKS S0 AMOY
51 016,837 2101947 hIREE] 125 AMCT
51020007 --T82. 168 32,000 B AMOT
A1 047.712 - 26,602 42,000 9 AMOL
31 062670 196,518 70809 24 AMOT
A1 061.625 195,641 #4000 0 AMOT
A1 065.904% 162,130 RN R AMCT
1l D66.L08* 130,008 7.801 AMCT
51 070.608* 342 -1.249 - AMOT
51 0820808 097.754 3.508 18 AMOT
51 123,562 -105.373 7993 165 AMOT
51 129687 1124.335 45.0499 20 AMCT

*Asterisks denote power vesots by the skation operator.

VIT. Data Ouraces

Unlike the clock resels, for which the data loss is typ-
ically small {penerally less than 10 win), a lengthy dafia
outage {e.g., caused by a power outage) would produce a
hiag in the clock osiimates thal would be difficult to re-
move bhecause the assiumption that the reforenee oscillator
ig stable over a long period of Lime would not be true. Tor
this study, we have not allempled to use the GPS clock
estimates Lhemselves to bridee the gaps in the data. In-
stead, wo have uged the smoothed TWSTT data as truth,
adjusting each eavrier-phase segment by a constant thine
offset with respect to the smooth TWETT data. In a-
hle II, we have listed the thne and length ol significant
data gaps and associatled power ontages, with additional
information as available.

VTTT, CARRIER-I’ 114818 NOISE

In Iig. 4, we display bath the individual eacrier-phase
elock estimates and the TWSTT measiwements. Although
the TWSTT measuremonts arg noisier than the carricr-
phase estirnates in the short-torm, there is no indication
that this i3 necessarily tue in the long ferm, In Mg, 5,
we subtvact the carrier-phase estimates from the TWSTT
data. The TWST T-miuns-carricr-phase combination gives
us an npper bonmd ou the orrors in both time-transter
sysiems,

To investigate the errors in the carrier-phase estimales,
we have compared them with the smooth Kalmau-filtered
TWET'L data. In Fig. 6, woe show tho difference betwoon
the carvier-phase cstimates and smmooth TWSTT data.
I'g. 6 also helps identify whiclh parts ol the residnals are
carrior-phase error and which are associated with other
parls of the thne-trausle system. ‘The largest residuoal is
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TABLE IT
Fax e rimeNT JvENTS.,

Tirne

ML Tleeniver Conmnents

50 930 USNO a. 8.47C apike

5L 005 UBNG h. §.6°C) spike

Sl 007 USKNO e, 22-h data onlagoe

51 014 AMOCT d. 11-h data onlage

31 015 USNOG a 2.0°C spike

AL 3L USNO f. 2.4°C spike

51 7 USNO g, cable chauge: thermal chamber installed; data cutage
Al 042 AMOT h. A6-h outago

5L 098 AMCT 1. 8-l ontage; recciver swap/cable problens
51110  USNO J» MO stearing

51 122 AWCT k. 24-h ontago

51126 USNO L 119 spika

51 130 USNO m. roof repairs; 16-h ontapo

ol g USNO n. 9-h outage

Carrigr--Praose ang TWETT
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Fig. 4. Carvier-phase clock esthates shown as a line, and individual
TWETT measnrements shown as dois.

shown at MJTY 51 111 [Fig. 6(1); Table [I]. Closer inspoec-
tion of the MCOFH2-MO#3 hourly data show that MCOF#2
was steored ab that time (as shown in Mg, 7). The carrier-
phase data very accurately track this steering. Note that
the carrier-phase date were available every 6 min, whereas
the loeal measurements betwaeen MCFH#2-MCHE3 and "T'W-
STT are reported hourly. Both the TWSTT and carrior-
pliage seheme measnre differences botween AMOHEL and
MC#2 (2000 k), whoreas the local incasurements are
over a distance of soveral hundred metors,
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Fig. 5 TWETT inus carvier-phase clock estinwtes,

Thore s anothor large residual at MJD 50 939
[lig. G{a}]. This correlates with a recorded temperature
spike in the room where Lhe USNQ receiver was kepl. An-
other smaller lemperature spike is shown in Mg, 6{b). We
can look at these evonts more closely in I'tg. 8. The carrior-
phase estimates are showing approximately 200 ps/°C sen-
sitivity to the temperature of the voom where the GIS re-
colver is housed. This is consistent with other work which
Liag shown that clock estimates are sensitive Lo receiver
teruperature [4], [10], [16], [20). In an effort to improve
earricr-phase systom precision, USNO placed the GPS re-
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g, 6. The diflerence hetweon carrior-phase clock estimates and
smoobhod TWSTE'L. Notes a throngh 1 are deseribed in Table IT.

coiver in an isolaled thermal chamber on MJD 51 037
[Tig. 6(g)]. This has effectively removed the offecls of room
temperature on the carrior-pliase estimates. Ioven so, there
way a large thermal apike on MJ1) 51 126 that has affected
the carricr-phase estitates [I7g. 6(1} Unlike the ovents
shown in Fig, 8, the carrier-phase estimates were nega-
tively rather than positively correlated with temperature
and were five tiines less sensilive Lo lemperature. Woe be-
lieve that ai leash some of the discrepancy alb 51 126 is
due to the MCyt2-MC#3 calibration data, which shows a
marked dependence on iemperature,

1X, Canrienr-TFrAagl STATISTICS

The tune deviation a,(r), ov TDEV [21], is usced to
guantifly the time delay instabilitios in Lime-transfor sys-
tems and is related to the modificd Allan deviation by the
eXpression

o (T) = %i‘/f()dﬂy(T). (3)

in computing a,(7) and the Allan deviasion, a,(7}, we
have again resiricled our comparison to the first 197 d. Tn
this way, we avoid the 9-d gap in the carrier-phase time se-
rics, Beecause botl time serics have some unevenly spaced
data, we have commied a,{7) and e, (v) using adjucent
time values as il they were cvenly spaced. We used a 7,
value of 380 and 4644 s, for carrier-phase and TWSTT,
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Fig. 7. Carriev-phase (trisngles) ostimates il smwooth Kalman-
filiowred TWELT {circles) mensurements of USNO-MCHE2 - USNO-
AMCHL Also shown are local measurements (diamonds} of USNG
MOFE2 - MO, Data are consistent with local steariug records [LB].
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Tig. 8. Hourly temporature records (open cireles) for the TSNO re-
cotver roomn plotted along wilh detrended corrvier-phase elock esti-
wates (triangles). The carrler-phase estimates Tave beon converted
to OC assining o convorsion relation of 200 ps /2O

vespectively, which is tho average measurciment Lme inter-
val hotweon data points.

Tig, 9 summarizes the o, (7) information in the two
systems. Lor periods of Tess than 1 d, the carrier-phase
cstimales are significantly move stable than the TWSTT
systen, with carricr-phase time doviation of 15 Lo 88 ps be-
tweon § min ane 12 b Al approximately 1 d, the two sys-
temns overlap in 4, (7) aud agree for longer periods whore
clock noise dowinases. This is consistont with their long-
term agroomnent in the time domain in Tig. 6, The voll ofl in
time devialtion at long time intervals is also consistent with
the fact that USNO-AMCH] is steered 1o USNO-MO#2,
A time series showing the dilference of the carrior-phase
and TWSTT datn (Fig 5) is particularly usctul beeause
it: eliminates the clock noise. By ealeulating o,.(7) on this
differenced dasa, the comnbined iustability of the two trans-
fer techniques ean be quantificd without being covrupted
by clock noise. This dala in Fig. 9 show that noearly all
of the noise ot poriods less than a day comes from the
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Fig. i), Allan doviation of carrier-phase, 'TWSU, and thoe differencen
hetween TWETT and carricr-phase.

TWSTT system. In the range of | to 30 d, tho comnbined
noise of 1T"WSTT and carrier-phase is flicker PPM in nature
with a level of about 100 ps. A very conservalive osti-
mate for the upper Hmit fo the long-torm time deviation
of carrier-phase can be made by assuming all of the noise
is in earviov-phase (this is not very likely). Thus, it can be
concluded thal o.(7) for carrier-phase using 6-min avor-
ages is less than about 100 ps for thine intervals from 6 min
to 3¢ d. The Allan deviation plots iu g, 10 give an in-
dication of the frequency mcertainty of carrier-phase. We
goo that earrior phise is no worse than 2.5 % 107" at 1 d
and 8> 10 L8 ap 10 d. Unsmoothed TWS1TT is 5.5 10718
at one day.

X, LoNG-TrrM STABILITY

Ay shown in IMig. 7, a earrvier-phase system can pro-
cisely track clock changos over long distances. Although
the agreement befiweoen carrior-phase and TWST'L in Mg, 4
¥ oneonraging, we wore required Lo “recalibrate” the
carrier-phase cgtimales with the smooth TWSTT when-
ever there were significant data oulages (all carrier-phase
dala oulages are listed in Table I}, Because the USNO-
AMCT carrier-phase system was an experimental set-up,
it way inevitable thal there would he data gaps, equip-
ment changes, and power outages, bul this does limit our
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Fig. 11, Carries-phase esiimades idnus smoolh TWELT without tak-
ing hito account data ontages in the carrier-phase system. The verti-
cal lines indicate carrier-phiase data outages preater than 1-h, Thesc
realduals place an upper hound ou the long-term stability of this
earrier-phase systom, The difference hotween smooth TWSTT and
carrier-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 both USNO-
AMCH | and USNO-MO42 do not drift with respeet to
cach other during these data outages, we will be able to
put an upper bound on the errors in the carvier-phase
gystern, Tn Fig. 11, we show thoe difforence hetween the
“upper-honnded” earrier-phase ostimates and the smooth
TWSTT data between MJID 50011 to 51098. {We bave
regtricted otwsclves Lo this time period becanse ol the
longthy data outage wlien new equipment was installed at
Schriever.} The agreement between TWSTT and carricr-
phase over this period is +1 s, with a dvift of 5.4 ps/d.

Anotler somee of aror that we cannot address with
these data is the long-term stability of the MC#3 -MC#2
moeasurement systom. This is cwrrently being stadied by
USNO. 11 ig helioved to be stable Lo within 1 ng over peri-
ods of a year {19]. Note that this uncertainty is comparable
with the disagrecment mentioned previously.

X1, Prosprers ror BEAL-TIME CARRIER-1PIASLE
TisE-TRANSFER

The carrier-phase data used in this study were analyzed
aller precise IGS orhits were made available on the Tnter-
net, 1 to 2 wk after the data from the 1GS tracking notwork
were collocted, *Rapid® orbits are made available 24 o aftor
the data are collected and, for time-transfer applications
al these distances, are nearly as accurate as the procise o
hits. The vadial precisions for precise and rapid TGS orbits
arc 3 and 5 em, respectively [22].

Both the precise and rapid 1GS orbit products are carm-
puted using GI’S carvier-phase data lrom the global TGS
network. To use carrier-phase Lechniques for time transfor
in real time, one will have to use “prediciod orbits.” These
are projections based on the provious day’s orbits and will
never be ag accurate as orbits computed with data. P
thermore, no analysis can predict the behavior of satellives
that are maneuvered by the Depavtmout of Delense. Jven
50, if a mancuver is not annoneed in advanee, the satellite
can easily be isolated awd ramoved from the solulion via
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g, 12, Carrier-phase clock estimates using precise ovhibs, predicted
orhits (with and without GPS 293, and ‘TWSTU for MJID 51 081,
PWETL measurements are shown with crror bavs indicating 1 stan-
dard devialion.

ingpection of post-fit carvicr-phase data residuals,

Predicted orbits are produced on a daily basis by the
1GS. The projected accuracy for each satcllite is also pro-
vided in the orbit file, although in practice this irforina-
tion is often neglected. Tn the absomee of such information,
cach satellite’s orbit is assumed to be of the same quality.
Tha acenracy of IGS predictod orbits is partially limited
by how cuickly the data from the 1G8 network ean be
downloaded aud made available to the IGS analysis cen-
bers that compute thie orbits. Originally, data lvom the 1GS
tracking nebwork wore downloaded once daily. In the last
several years, many of the key TGS nelwork sites have up-
graded their systems to download thelr data once hourly.
Tlis has heen done primarily to support low-Larlh-orbiter
projeets and roal-timae troposphere studicos. With more IGS
receivers downloading data on an howly basis, the 1GS
expects to see significant improvements in predicted orbil
accuracy by the year 2000 [23].

Iig. 12 demonstrates the quality of earrier-phase time-
transfor using IGS predicted orbits (MJD 51081}, The
line shows the carricr-phase estimates with precise arhits,
along with TWSTT meagurements and their one-standard
deviation error bars. We also show clock estimates ns-
ing predicted orbits lor Lwo cases, one which included
GPS 29 and one that did not. Tn the former case, inspoction
of carrier-phase data vesiduals (not shown hore) cloarly
domoustrated thai the data for GPS 29 were not fit by the
model of the orbit. Fliminating GIS 29 improved ihe (it
of the data to the model and also improved Lhe agreament:
with TWSTT to 1 ns. The predicted orbit uncertainty for
MID 51081 is Tairly good with a mean value of 27 em [24],

In Fig. 13(a}, we show carrier-phase time-trausfor ve-
sults using predicted orbits for MJITY 51004, As in Fig. 12,
wo also plot the results using precise orbits and TWSTT.
The clock cstimates using predieted orbits do not agree
with the TWESTT measnvements. Tu this oxamnple, we in-
spected the carrier-phase data residuals, bub there wag
no single outlier satellite, as was scen for MJD 51 081,
On this dey, the mean orbit uncertainty s 59 cn [25],
with exiremely poor accuracies lor GPS 38, GDPS 39,

401

7| @l — presise orbiis
- .. predicten orbits
§ o THSTI
b
- ‘\_{;"\ v
[ - )
H10%4 8
21 B
X ¥
[ s = T TSN E N N
C e
13
______ I R =l _—— b e ——
10940 YRV EE S51084H

K.Y (duys)

g, 13, Carviec-phiase clock estimates wsing {a) precise and pre-
dicted orbits and () differentially weighled predicted orbits for ML
G100 WS LT measurements are shown witle error bars indicaling
1 standared dovintion.

GPS 14, GPS 19, GI'S 24, and G 25 (138, 115, 125,
371, 221, and 138 o, respectively). On MJID 51081, we
ware able Lo weight the data from all satellites the same; on
MY 51094, it is necessary bo welght the satellites diflferen-
tially to rellect Lthe relative accuracies of the ephemerides,
In Fig. 13(h), we show carvier-phase time-transfor esti-
mates nsing predicted orbits for which we used the ac-
curacy inlormation. Because we have downweighled some
ol the data, the formal error of the clock estimales double,
but the gualitative agreement helween the predicted and
precise orbil solation has dgignilicantly improved.

TFurther study is required of predicted orbit uncortainly
for time-transfer applications, but these examples donon-
strate that carrier-phase bechnigues can be used in real
e Orhit aceuracy is erncial to precise carrier-phase
Lime-transfer. Thus, advances in predicled orbit acen-
racy [23] will continue to improve progpects for real-time
carricr-phase time-transfer. Only several minutes of CPU
Lime would be required to analyze the carrier-phase data
on an bhourly basis,

XT1T. CONCILUSIONS

The high quality TWSTT link between the USNO-
AMC#] and USNO-MCH2 provides a unique opportuuity
to obtain information about the long-torm stability of GLI'S
carvier-phase and TWSTT links,

o The carrier-phase data i the USNO-AMC/USNO-
M link {(after tempeoratwre correction) have axhib-
ibed o ostability similar Lo thal ohderved using the
NIST/USNO link reported in [5]. For time intorvals
less than 1 d, the stability of carrier-plese time-
transior is well below 100 ps.

» ITigh-qualily eables shonld he nsed for carrier-phade
titne-transfor experiments, and exposure to the tran-
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sienl temperature excursions that introdnce errors
ghouldl be minimized by installing the cables within
buildings wherever passible.

Whenever possible, clocks should be conneeted to the
GI'S reccivers direetly to eliminate potential orrors in
local timing links.

The carrier-phase receiver should be installed in a
thermally contrelled chamber,

Resets of veceiver clocks continue to be of concern,
although, in this study, simply installing a new re-
coivar diminished the numbor of resets substantially.
Correcting the clock resets with the geodetic recelver
we used s simply a mattor of finding the nearest inte-
gor inorement al 24,4427 ns. This technique does not
work when the veceiver is “rebooted,” which is equiv-
alent to o power outage. Tdeally the receiver manu-
factrer should disable the reset capability within the
receivor for a timing application user.

Although [urther stndy is required, the carrier-phase
technique has demoustraied promising stability for
real-time applications nsing predicted TGS arbits,

XIIL lrutunk Prosercrs

I this paper, we doscribed the stability of cavricrphase
tochnigues that were developed by the geodetic commu-
nity. As can be scen trom Fig. 9 ad 18, an important
advantage of the carrier-phase technique over TWSTT is
its bettor uoise performance at periods much shorter than
1 d. Lhis advantage is likely to persist qualitatively even
when corrections ave applicd to the caleulations in these
ligures beeause the data are not exactly equally spaced in
time and for the biases that are prosent in o, {7) al inter-
mediate periods hecause of the differant nuderlying noise
typoes.

The rough cquivalence of the different techudquoes ak
longer periods is lkely due to the fact that both arve limited
by the underlying clock noise at these periods. A residual
sensitivily to diurnal s other longer period extraneons
alleels is also quite likely to play a role in both cases --
TWSTT hardwire ig Loo large to make temporalure con-
trol very practical, and there are undoubtedly second-erder
tomperature ellects on carvier-phase receivors cansed by
changes in the impedance in the anteuna and the cable
that conmeects it Lo the receivor,

It is not clear at this time whether this advantage al
short periods can be utilized in any offective way be-
couse carrter-phase analyses will always require some post-
pracessing. Tt is certainly true that the mechanical delays
in collecting GPS data from the global tracking sites and in
analyzing these data to compule orbikal parameters can be
recneed to some extent. "Phis decrease in the time needed
to compuie orbital parameters can be combined with auto-
mated processing of the dala at the timing centers to pro-
vide sownetling closer Lo real-time performauce. However,
post-processing has an inherent advantage in providing a
relrospeclive look at the data, and that advantage may
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hecome less and less significant as the analysis approaches
real Girme.

In the end, the ehoice between carrier-phase GPPS mwd
TWSTT will likely depend on the application and cost.
TWETT may be the method of choice when the data are
to be used in a real-time applicalion, such as stecring the
AMC to the MC, Carrier-phiase data ave more likely to be
used in applications in which the inevitable delays in a ret-
rospective analysis are noi, important and the fundanen-
tal advantages that such an analysis can provide are worth
the wait, The bettor performance of carrier-phase at very
ghort periods may not. be the deciding issue in this case.
The significant operating costs assoeinted with TWSTT
and the case of installing and operating a carrier-phase
recciver compared with a TWIL'L system mey be more
important. For exanple, o carrier-phage receiver costs on
the order of $20 000, and there are no additional cosls
for satellite time ag with T'WSTT. Carrier-phase analysis
costs are tle same regardlesy of the sampling rate.

All of these comments apply only to frequency com-
parisons. We cannoi cirently calibrate the effective delay
through a carrier-phase GPS receiver in a way that is in-
sensitive to power failures and similar evonts. This is a
rosult: of enginecring tradeoffs that wore made in the de-
sign of these rocoivers to some extent, bnt the inherent
ambignitios involved in all phase measurowments also play
a role.
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