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AIXWRACT

A fully automated near real-time GF’S tracking system
has been dcvclopcd  around JPL”s GIPSY/OASIS  11
software. The systcm produces <25 cm (3D rms) GPS
orbits and one-half nanosecond (15 cm) clock estimates.
The process starts automatically when a favorable global
distribution of ground data from the IGS network
(International GPS Scrvicc for Gcodynarnics)  bccomcs
available, lonosphcrically corrected phase and
pscudorangc  data arc optimally combined to remove
satellite and ground rcccivcr  clock errors, including
sclcctivc availability. After the GPS orbits arc dctcrmincd
within the data arc, they arc then propagated with
crnpirically  determined dynamic force modc]s.  Real-time
<2 meter (3D rms) GPS orbits arc always available. As a
by-product of this process, other calibration estimates
such as station clocks, troposphere estimates, and earth
orientation parameters arc also produced. For daily arc
fits, the process requires 7-8 hours of CPU tirnc on an
HP9000/735  workstation.

Additionally, a scconcl process has been cicvclopcd  that
automatically starts wbcn data from the ‘1’opcx/Poseidon
GI’S rcccivcr  and a favorable distribution of ground
stations bccomcs available. An optimal selection of
ground stations is dctcrmincd  and data from these sites arc
then used to SOIVC  for the GPS clocks as WCII as the
Topcx/Poscidorl orbit. This process makes usc of the



p r e v i o u s l y  dctcrmincd  prcdictcd,  GPS orbi ts .  The
‘J’opcx/Poseidon orbi(s dctcrmincd within the data arc arc
prcckc to 5 cm radial (rms)  and 18 cm 31> (rms). Rea]-
timc prcdictcd  orbits arc also produced prccisc  to 1s

meters 31> (rms).  ‘J’his process has been adopted to also
support tbc prccisc  orbit determination of the GPSMct
cxpcrimcnl.

INTRODIJCTION

l’hc Topcx/Poseidon (’J’/P) spacecraft was launched
intoa 1334kn1  circular orbit in August 1992 andcarricsa
high precision dual frequency GPS rcccivcr. When the
(31’S  Anti-Spoof function is off, the GPS rcccivcr uscs F’-
codc to obtain GJ’S pscudorangc  and carrier phase
obscrvab]cs  at 1,1 and 1.2 frcqucncics,  p r o v i d i n g
ionosphere-free pscudorangc  and phase obscrvablcs.
When lhc Anti-Spoof function is on, the GPS flight
rcccivcr  tracks only (I1c 1.1 C/A signal which prccludcs
the computation of ionosphere-free obscrvablcs.  Since
January 31, 1994 (cxccpt  for 2 three-week periods in
June/July 1995 and April/May 1995), the Anti-Spoof
function has been turned on and T/P’s GPS rcccivcr  has
been operating as a single frequency rcccivcr [ 1].

GPSMct is an cxpcrimcnt on tbc MicroLab 11 satellite
which was launched into a 790 km circular orbit in April
1995. It carries a modified version of a dual frequency
‘J’urboRogucl  M (31’S  rcccivcr  [2]. When the Anti-Spoof
function is on, the rcccivcr  tracks tbc 1.1 C/A signal and
full wavelength 1.2 in cross-correlated mode. This
provides tbc generation of ionosphere-free pscudorangc
and phase obscrvablcs.

‘1’hc Topcx/Poseidon spacecraft requires near real-time
orbit determination for 1.) tbc production of lntcrim
Geophysical Data Records [3] and 2.) integration with tbc
U.S. Navy’s Altimetry Data I~usion Center (ADFC)
located at the Stcnnis Space Center. The ADFC’S goal is
to combine altimetry data from available sources into
oceanographic produc[s  and to distribute thcm to the U.S.
Navy in a timely manner. lo make usc of the
Topcx/Poseidon altimeter data, an estimate of T/P’s radial
orbit component to ICSS (ban 1 meter must bc available in
lCSS than 24 hours.

The goal of tbc G1’SMct cxpcrimcnt  is to make
mcasurcmcnts  of the Earth’s neutral atmosphere such as
refractivity index, tcmpcraturc,  and water vapor using
radio occultations of GJ’S signals with the onboard GPS
rcccivcr  [4], Precision orbit determination is ncccssary
for proper calibration and processing of the GPS radio
occultation data. Although near real-time orbits arc not
ncccssary  to perform tbc cxpcrimcnt,  being able to
demonstrate  tbc capabi l i ty  of  providing these

mcasurcmcnts of the Earth’s atmosphere in a timely matter
is imporlant.

I’o support the near real-time orbit determination of
both these spacecraft, a fully automated GPS tracking
systcm has been dcvclopcd. The core of this data
reduction systcm is the second generation GPS data
processing software systcm, GIPSY/OASIS lJ, dcvclopcd
at JP1. [5]. This core software set is driven by a highly
automated cxpcrl  data processing systcm that incorporates
various UNIX utilities such as c shell, awk, scd, and pcrl.
When there is a sufficient global distribution of ground
data available, the process automatically produces a 27-
hour GPS orbit solution. l’hc 27-hour data arc includes 3
hours of the previous day and 24 hours of data of the
current day. In this way, 3 hours of GPS orbits in the
overlapping data segments arc used to quickly assc~ the
quality of the GPS orbits. After cacb daily GPS process
complctcs,  prcdictcd GPS orbits arc also produced that
span 3 additional days past tbc cnd of the data arc. It is
primarily tbcsc prccisc prcdictcd GPS orbits that arc used
to support the near real-time orbit determination of
Topcx/Poseidon and the GPSMct cxpcrimcnt.

After this GPS process has been complctcd, an c-mail
rncssagc is automatically compiled and distributed to
potential users. ‘J’hc  message reports orbit precision, data
residuals, data outlicrs, and any potential problcrns that
may have arisen in the processing, All this occurs within
18 hours of UTC midnight (which is the cnd of the data
arc) of the current processing day,

Both the prcdictcd  GPS orbits and GPS solutions
within the data arc, along with GPS clock and yaw-rate
solutions [6], along with earth orientation solutions, arc
placed on an HP9000/735  workstation. These solutions
arc available via anonymous FrJ’P f r o m
sideshow.jpl .nasa.gov (128.149.70.41)  under
pub/gipsy_products/RapidScrvicc/orbits.  A revolving
buffer currently allows availability of the two most rcccnt
weeks of these RapidScrvicc  orbits. l’his occurs on a
daily basis and has been in operation since March of
1995.

Besides supporting orbit  determination of
Topcx/Poseidon and the GPSMct cxpcrimcnt,  these GPS
orbits and clock solutions arc also used by JPL’s lGS
Iilinn Analysis [7] to scrccn all data from the IGS
net work. Over 100 sites pcr day arc prcciscly  point
positioned with these GPS orbits and clock solutions. The
tcchniquc of prccisc point positioning refers to processing
ground data with fixed GIN orbits and fixed GPS clocks.
Only the station’s clock, troposphere, station location, and
phase biases arc estimated. l.argc postfit residuals of the



phase data arc a direct indication that data from a
particular station may not bc valid.

The paper will cover briefly tbc automated data
acquisition of the lCiS data, the determination of a global
distribution of ground sites, problcm  detection and
correction within the automated GPS processing, and the
results of this processing. The results will indicate orbit
precision, bc)tb within the data arc and of the prcdictcd
GPS orbits, clock precision, expcctcd user position error
of using (IIC  prcdictccl GPS orbits for WAAS, precision of
the Iiarth  orientation estimates, and prccisc  point
positioning of global stations. A comparison will bc made
bctwccn  the solutions produced by this automated
processing and the solutions produced by JPI.’s  IGS Flinn
Analysis (JP1. F]inn)  [7]. The orbits and clock solutions
produced bv the automa(ccl  rwoccss  will bc rcfcrrcd to as
the JPI. ctuick-look solutions. ‘1’hc nomenclature “quick-
look” refers to the fact that these solutions arc available
within 18 hours of lJTC midnight of the solution day,
whereas the JP1. lVinn solutions arc generally not
available until two-weeks after UTC midnight of the
solution clay.

‘Ilc paper will conclude with the production and
results of the near real-time Topcx/Poseidon orbits and of
the MicroI.ab II salcllitc,

GROUND l)ATA ACQUISITION

J}’I. uploads data via regular tclcphonc lines, lrrtcrnct,
and NASCOM (direct NASA communications lines from
the three DSN stations) in 24-hour file segments. All
routine data uploaciing and handling operations at (I1c JPL
have been automated. The data transfers start irnmcdiatcly
after U’I’C micinight, and under ideal conditions all the
data is obtained within 12 hours. In practice, 95+% of [hc
data is collcctcd  automatically every day, with the
remaining data uploaded the next day by the automated
upload systcm.

The data is uploaded automatically via tclcphonc
lines or direct serial connections using Microphone Pro
scripts running on Macintosh computers, ‘1’hc networked
Macintosbcs  at J]’I. usc Tclcbit  ‘1’2500  Tra i lb l aze r
modems to dial up 30+ s{ations  with standard tclcphonc
connections. Data from 8+ stations is uploaded from the
rcccivcrs with direct serial connections via Internet. The
resulting files arc stored on the Macintosh computers until
a IIIiC 3000/500 Alpha workstation at JP1. complctcs a
succcssfu]  l; ’l”l’ t ransfer . I’bc Alpha workstation
additionally dccomprcsscs, inventories, validates, formats,
and distributes the data. The process requires about a
minute of CPU time on the D1iC workstation pcr station
pcr day.

GPS ground data acquired from agcncics  besides JPL
is additionally obtained via Internet. All data for a
particular day is combined and may bc acccsscd  via
anonymous 1’”l”P from bodhi.jpl.nasa.gov (1 28.149.70.66)
undcl- pub/rincx. Approximately 100+ stations pcr day
arc eventually acquired, with about 60+ stations available
within 12 hours of UTC midnight.

AN OPTIMAL G1.OBAL DATA DISTRIBUTION

To obtain the GPS orbits and clock solutions within 6-
7 hours of processing time on an HP9000/735
workstation, 18 stations arc sclectcd from the available
data base and used for the daily processing, An optimal
selection of 18 stations is dctcrtnincd by computing the
rms value over the Ilartb of the distance-to-nearest-site
function [8]. At an arbitrary point on the Ilartb (o, $) the
quantity

rn(~, $)= Rc cos ‘] [sin (1 sin e,,c05  ($-$,,) +

cos e cOse,)l
( 1 )

is the great-circle distance from (8,$) to a ground site n

located at (On, $n). I.ct

r(6, ()) = mh [r], r’2,... rN] (2)

bc the distance from (6,$) to the nearest of N ground
sites. Define a function “zeta” as the rms value over the
Iiarth:

( =(4n)- H‘2[ C@ d61 s ine  rz(o,$) 1  “2
(3)

For uniformally  distributed stations:

(4)

22 uniformally  geographically distributed sites arc nccdcd
to achicvc a zeta of ICSS  than 2000 km. Given however
the non-uniformity of the IGS network, tbc smallest zeta
that can bc achicvcd with 18 stations is 2800 km. In
comparison, JPL’s  IGS F1inn Analysis, which uscs 34
stations to compute GPS orbits and clocks, realizes a 2400
km value for zeta.



As ground data  is accumulated and the global
distribution improves, tbc value of zeta for a particular
solution day dccrcascs. Table 1 shows the local PDT
(Pacific Day-light Savings ‘13mc)  time that tbc value of
zeta crossed 3400 km in the first two weeks in August of
1995.

~.eta (km) local PDT time
solution day for 18 x,cta crosses 3400

stations ktn and auto
processing starts

95augOl 3386 Aug 02 02:06
95aug02 3096 Aug 03 04:10
95aug03 3022 Aug 04 04:13
95aug04 3297 Aug 05 03:11

I 95aug05 I 3158 I Aug 06 04:04

95augl 1 3000 Aug 12 04:02
95aug12 2962 Aug 13 04:06
95aug13 2969 Aug14  04:11
95aug14 2994 Aug 15 04:15

‘RIMc  1) l,ocal  1’1)1  time when an 18 station
distribution crosses the 3400 km “zeta” threshold.

When zeta crosses this 3400 knl threshold, the
automated CiPS processing is initiated with the 18
optimally dctcrmincd  ground stations. An acceptable
distribution of stations is generally available just after
4:00 AM PD’1’. ‘J’his is 11 hours after tbc cnd of the
processing day’s UTC midnight, which is also the cnd of
the processing day’s data arc.

PROIII.EM DETECTION AND CORRECTION OF
TH1t G1’S 1’ROCESSING

Once an optimal distribution of stations is dctcrmincd,
a script is cxccutcd  (hat computes lbc GPS orbits and
clocks. This computation requires 6-7 hours of
processing on an HP9000/735  workstation.

Onc of the first steps in the processing is to perform a
fit to the broadcast cphcmcris  solution. This produces
nominal starling conditions of the GPS spacecraft. The
3D rms of this fit is generally a fcw meters, which is the
ICVCI  of the precision of the broadcast orbits. Should the
3D rms of any GPS satellite cxcccd 100 meters, tbc
satellite is automatically removed from the processing.
In this way, GPS maneuvers arc autonlatically  dctcctcd.

GPS maneuvers were dctcctcd  to have occurred on
95aug08 for GPS35, 95ju122 for GPS18, 95jul 19 for
GPS15, 95jul12 and 95jul14 for GPS23, 95ju101 for
GPS21, 95jun23  for GPS 10, 95jun22 for GPS34, and
95jun17 for GPS19.

Another step of this GPS processing is to perform
linear fits to the ground clock solutions as computed with
pscudorangc data and the broadcast orbits and clocks.
This serves four purposes. First, the prcfit (prc-filter)
residuals arc rcduccd  to at most a fcw hundred n~ctcrs. A
simple prcfit residual test in the filter is then used to
remove gross data outlicrs.  Second, clock jun~ps  are
dctcctcd and recorded. In the filtering process, since a
rcfcrcncc clock is required in the systcrn, it is undesirable
to usc a rcfcrcncc clock that has had a clock ju]mp within
the data arc. Third, this process aligns all the ground
clocks to GPS tirnc. This is particularly important since
onc of these clocks will serve as the rcfcrcncc clock. And
fourth, the detection of clock junlps  can also aid in the
rcrnoval of pscudorangc  outlicrs.

Even if a station appears to have a good clock based on
pscudorangc data, the phase data may not bc acceptable.
To determine this, after the first pass through tbc filter and
smoother, the postfit residuals of the phase data arc
examined to dctcrminc if there arc additional cycle-slips.
If there arc, phase breaks arc inscrlcd in the data file and
tbc data is rcproccsscd  through tbc filter/snloothcr. If
cxccssivc phase breaks need to bc inserted, the cn[irc  pass
is renlovcd  from the data file before reprocessing.

To remove c~utlicrs fronl the sc)]ution, a simple
windowing rncthod is used. If postfit (post-smoother)
pscudorangc residuals cxcccd 3 nlctcrs or postfit pbasc
residuals cxcecd 5 cm, the outling data points arc rcrnovcd
with a dcccntrali~,cd  SRIF downdating process [9]. When
all the residuals arc ICSS than their spccificd window, the
GPS orbits arc then nlappcd within the data arc, and the
smoothed GPS clocks are tabulated.

RIM(JI.TS  OF THE  GPS I’ROCXSSING

GPS Orbit Precision Within the Data Arc

Orbit overlaps provide a preliminary asscssnlcnt of the
orbit precision. Figure 1 compares the 3-hour orbit
overlaps between the JPI, blinn GPS orbits and the JP1.
quick-look GPS orbits. ‘1’hc average 31) rnls overlap for
the Flinn orbits is 18 crn; the average 3D rnls overlap for
the quick-look GPS orbits is 34 cm. Assuming that the
daily orbits arc relatively uncorrclatcd,  dividing by (2
yields an approximate 3D orbit precision of 13 cn) for JPL
Flinn orbits and 24 cnl for JPL quick-look orbits. This is
a pcssinlistic estimate of the precision since only the tails



of the orbits arc being used in this statistic. The overall
precision of the orbits should bc better than this, and
especially so in lhc nliddlc of the data arc.

I$igurc 2 shows tbc 31> orbit diffcrcncc  bctwccn the
JPI. F1inn CiPS orhits and the JP1. quick-look GPS orbits,
Tbc average 31> rn~s orbit diffcrcncc is 21 en). Assunling
that the I?linn orbits  arc truth, the 3D precision and
accuracy of the quick-look orbits arc then 21 cnl. This is
in CIOSC  agrccmcnt with the 24 cnl 311 precision obtained
fronl the orbit overlaps

i I I
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I

1-””. JWI
days  pas t  95jun13 ( s p a n s  p e r i o d  95 Jun14 to 95aUg10 )

Figure 1) Orbit overlap comparison bctwccn JPI.
]?linn or~ifi  and JPI, quick-look orbits. Ovcr]aps

indicate a 3D precision of 13 cm for the Flinn orbits
and 24 cm for the quick-look orbits.

Orbit Precision of Prcdictcd GI’S Orbits

After  cacb GPS process conlplctcs,  prcdictcd  GPS
orbits arc produced by ccmbining  the orbits of (I1c current
day with orbits fronl three previous days. Cosine
sn~oothing  is used to rcn~ovc discontinuitics  in  the
overlapping orbit scgnlcnts. I’hc con~bincd 4-day solution
is tbcn fiticd  to cn~pirically  dctcrmincd  force rnodcls
which include a solar-scale factor, a y-bias paran~ctcr,  a
constant down-track accclcraticmr, and once-pcr-rcv cross
and down-track accelerations. Iistinlating  iwicc-pcr-rcv
accclcrtrtions  or going to longer or shorter than 4-day fits,
degrades tbc precision of (I1c prcdictcd GPS orbits.

‘1’his  solution is then integrated 3 days past the cnd of
the data arc of (I]c current day. Figrrrc  3 shows the rcsrrlts
of averaging 10 days (95ju127-95aug05)  of CiPS orbit
ciiffcrcnccs bctwccn the prcdictcd (3PS orbits and the GPS

orbits cstirnatcd within the data arc. After 24 hours, the
3D precision of tbc predicted GPS orbits is 1 rnctcr (rnls).
After 42 hours, the 3D precision of tbc GPS orbits is 2
rnctcrs  (rrns).  At the 42 hour mark, ncw GPS orbits from
the next day’s processing arc now available. (In Figure 3,
the end of the next ciay’s data arc occurs at 24 hours, the
data is accumulated 11 hours after that, and the auto
processing requires 6-7 hours to produce the next day’s
solut ion.)  Thcrforc ,  < 2 rnctcr 311 CIPS orbits arc
available in rcai-tin~c.
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Figure 2) Orbit difference bctwccn JI’I. Flinn orbits
and J PI. quick-look orbits. The orbit difference shows

the quick-look orbits have a 311 accuracy of 21 cm.

l’I’I’i  -’l ‘ -J

,.
o 12 2 4 3 6 4 8 6 0 /2

hours past end of data arc

Figure 3) Precision of JP1. quick-look prcdictcd orbits.
At 42 hour mark, next day’s GPS orbits arc available.



GPS Clock Precision

GPS clock precision can also bc assessed by compiling
the dift’crcnccs in the ovcrlappling clock solutions of the
daily fits. Table 2 shows the GPS clock overlap
diffcrcnccs  for the JP1. }~linn  and JPL q u i c k - l o o k
solutions. Averaging these nun~hcrs  and assunling the
overlapping clock solutions arc uncorrclatcd,  the JP1.
F]inn GIN clock precision is 0.27 nscc and the JP1, quick-
look GPS clock precision is 0.57 nscc.

rms of rnls of Flinn
overlap period quick-look clock overlaps

clock overlaps (nscc)
(nscc)

95ju123-95ju124 0.952 0.285

95ju124-95ju125 0.713 0,354
95ju125-95ju126 0.783 0.318
95ju126-95ju127 0.675 0.356
95iu127-95iu128 0.912 0.581. .
95ju128-95ju129 0.703 0.436
95ju129-95ju130 0.897 0.367

Table 2) Differences of overlapping clock solutions,
Overlaps indicate 0.27 nscc precision of the JPL IHinn
GI’S clocks and 0.S7 nscc precision of the JP1, quick-

Iook GPS clocks.

Table 3 shows the clock diffcrcnccs bctwccn  the JPL
F]inn clock solutions and the JPI. quick-look clock
solutions. There arc two clays in this table with unusually
high clock diffcrcnccs.  On 95jul 11, the rcfcrcncc clock
sclcctcd by the quick-look processing was the rcccivcr in
Arcquipa, Peru, l’his rcccivcr’s  clock is not linked to a
hydrogen nlascr. Since the Flinn rcfcrcncc  clock is
always linked to a hydrogen nlascr,  the unusual large
clock diffcrcnccs  on 95jul 11 reflects the instability of
Arcquipa’s clock. On 95jul 16, the quick-look process
sclcctcd the rcccivcr  at Algonquin, Canada as a rcfcrcncc
clock. Within the 27 hour data arc, the Algonquin
rcccivcr had a data outage of 80 nlinutcs. This caused all
the clocks in the systcnl  to iloat with a conlnlon  error, and
hcncc caused the large clock ciiffcrcncc with the JPL Flinn
solutions, Since this occurrcncc,  additional rncasurcs
bavc been built into the autonlatcd proccdurc to detect
data outages at rcccivcrs and disallow their selection as a
rcfcrcncc clock.

solution day rms diffcrcncc of
clock solutions (nscc)

95ju102 0.52
95ju103 0.37
95ju104 0.48

\,,
/,

95julo5 0.41
95ju106 0.41
95ju107 0.30
95,ju108 0.43
95julo9 0.50
95.jul 10 0.52
95jull 1 114.25
95jul12 0.42
95jul13 0.52
95ju114 I 0.53
95jul15 0.61
95jul 16 I 249.28
95iul17 n sn

‘I’able 3) (Hock diffcrcnccs bctwccn JPL quick-look
and JP1. Flinn clock solutions. ‘I’he clock diffcrcnccs

7
show t t the quick-look clock solutions have an

accuracy of 0.46 nscc,

Assunling  that the JPI. 14inn GPS clocks arc truth, and
excluding the days 95jull  1 and 95jul16, the quick-look
GPS clock precision and accuracy is 0.46 nscc. This is in
C1OSC agrccnlcnt with the 0.57 nscc precision as obtained
from clock overlaps.

~sc Point Positioning

Prccisc point positioning uscs the prc-dctcrnlincd GPS
orbits and clocks to conlputc  cstinlatcs  of a rcccivcr’s
clock, troposphere, station location, and phase biases.
The processing tinlc to poin~ position a single station day
on an HP9000/735  workstation is 2-3 n~inutcs.  Once the
GPS orbits and clocks have been dctcrtnincd, this n~ethod
can quickly and accurately conlputc  the 100+ station
locations of the IGS network.

lablc 4 lists the 31J rms s t a t i o n  c o o r d i n a t e
rcpcatabilitics  of 17 globally distributed stations over the
5 week period 95ju102 to 95aug05.  Most of the 3D rnls
repeatability can bc attributed to the vertical precision of
the station coordinates, while the horizontal precision is in
general a fcw nlillinlctcrs. The average 31> rnls station
coordinate repeatability when using the JP1. Flinn solution
is 16 nlTn; the average repeatability using the JPL quick-
look solutions is 21 n~nl.

I:]inn quick-look
station solutions solutions

(111111) (mm)
Algonquin, Canada 12.7 14.1
Tidbinbilla, Australia 8.9 17.9
I;airbanks,  US. 14.6 12.7
Kokcc Park, US 9.7 8.5
Kootwijk,  Netherlands 7.5 11.1



Madrid, Spain 9.5 9.8
Santiago, Chile 31.7 43.6
T r o m s o ,  N o r w a y 8.7 11.6
Arcquipa, Peru 20.7 40.7
Bermuda, UK 16.1 18
Kcrguclcn,  Ikancc 17.2 25.1
Kitab, Uzbekistan 16.2 28.3
Maspalomas, Canary  1s. 10.6 13,2
NyAlsund,  Norway 11.8 15.8
R i c h m o n d ,  LJS 30.9 41.9
Shanghai, China 17.4 27.5
Usucla, Japan 27.2 24.9

lablc 4) 31J station coordinate rcpcatabilitics.
Average 31} repeatability is 16 mm (rms) with JPI.

Flinn and 21 mm (rms) with JI’I. quick-look solutions.

User Position Ih-ror  J/or a WAAS Network

The Wide-Area Augmentation Systcm  (WAAS)  being
dcvclopcci  by ihc l~AA to aici in aircraft navigation is
proposcci  to combine pscudorange  data from 20-30
stations in the WAAS network and provide a combined
GPS cphcmcris  and clock correction to the users of the
systcm. Unlike the clock correction which must bc
computed in real-time, tile cphcmcris  correction is
predictable. ‘1’able 5 lists  tile user position errors
computed in a WAAS network as a function of the type of
CiPS cpilcmcris  employed. The method to obtain these
user position errors is to simulate users throughout the
WAAS network will] prccisc GPS orbits and GPS clocks,
and then SOIVC  for tile user’s position and clock at every
data epoch using (I1c WAAS GIN cphcmcris (tbc “slow”
correction), and estimated GPS clocks (the “fast”
correction) as dctcrmincci by a WAAS network [ 10]. For
this lablc, the cstimatcci GI’S  clocks were computed with
pscudorangc data from 13 stations in the WAAS network,

type of orbit vertical rms 3D rms
(mclcrs) (meters)

broadcasl 1.79 2.29
cphcmcris orbit
dynamic orbii 0.76 0.90
compu(cd  with
WAAS network
quick-look orbit 0.43 0.49
1 -day prcdictc(i 0.49 0.55
2-day prcdictcd 0.58 0.64

I 3-day prcdictcd I 0.60 I 0.68

‘J’able S) User position error as a function of orbit.
The “2-day prcdictcd” orbits arc real-time GPS orbits.

Although the broadcast cphcmcris orbits arc accurate
to 8 meters (3D rms), the resulting 31> user position error
after estimating ti]c GPS clocks is 2.3 meters (rms).  This
is a result of the clock correction absorbing much of lhc
orbit error. I’hc column labeled “dynamic orbits
computed with the WAAS network” arc filtered orbits
which usc pscudorangc data from the WAAS network.
The 3D precision of tbcsc orbits over the WAAS network
is 2.5 meters (rms). The resulting 3D user position error
is 0.9 rnctcrs  (rms). The quick-look and prcdictcd orbits
arc those gcncratcd by the dcscribcd  quick-look GPS
processing. The 2-day prcdictcd orbits arc csscntial]y
real-time GPS orbits, The corrcspon(iing  311 user position
error is 0.64 meters (rms).

Estimates of Earth Orientation

An important by-product of this GPS process is to
provicic  timely estimates of 13arlh orientation parameters,
pole motion and UT] R-UTC. The two components of
polar motion can bc directly observed by GPS. However
only a time rate of change of UT] R-UTC can bc observed
since the GPS constellation is insensitive to absolute
UT I R-U’I’C.  By integrating this time rate of change,
U’1”1  R-UTC can bc recovcrcd cxccpt for an initial bias.
‘lihc initial bias must bc provide’ by an external source
such as V1,J31 mcasurcmcnts. ‘1’%c error introduced into
the estimate of LJTI  R-UTC computed in this fashion
behaves like a random-walk. Thcrcforc it is not so much
tbc scatter in the estimate of derivative of U’1’1 R-UTC, but
the mean of this estimate that will determine how far
UT] R-UTC will wander from the truth.

-1-1 I l - i I i I
o 10 20 30 40 50 60

d a y s  p a s t  95jun13 (  spans per iod 95jun14 to 95aug05 )

Figure 4) Diffcrcncc of the JPI. quick-look polar
motion series and the lERS Bulletin B Final series.



Figure  4  shows tbc diffcrcncc  bctwccn the lHRS
Bulletin B Final series [11] and the JP1. quick-look polar
motion solutions. 1 mas (milli-arcsccond  ) is equivalent
to 3.1 cm at the Iiarth’s surface. The statistics of these
diffcrcnccs  arc compiled in Table 6. lhc mean in the
statistics rcprcscnts  a known misalignment of the station
coordinates, hcncc the sigma is a more rcprcscntativc
number of the precision.

I componcnl I mean I sigma I rms
(mas) (mas) (m as)

x pole motion 0,34 0.33 0.48
v nnlo mnf ion -010 0.34 0.35

Table 6) l~iffercncc of the J1’L quick-look polar
motion series and the lERS Bulletin R Final series.
The quick-look solutions yield an equivalent 1-cm

precision of the Rarth’s pole position.

The time derivative of UT 1 R-LJ’I’C is more commonly
cxprcsscd as a length-of-day (1. ODR):

LODR= -86400$ ( UT] R-lJTC ) (5)

Figure 5 shows Ihc I.OIJR  for the JPI. quick-look
solutions and the lliRS  Bulletin B IJinal series. “1’hc rnls
diffcrcncc  bctwccn these series is 0.042 n~sccs (nlilli-
scconds);  the mean of 0.0002 msccs.  The rnls diffcrcncc
bctwccn the J1’1. quick-look series and JPL’s Kalman
Earth Orientation l;ilicr (K1iOF) which rnakcs usc of
VI.}]] mcasurcmcnts  over the period 95jun14  to 95aug28
is 0.034 msccs; the mean of 0.001 msccs,
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Figure 5) I.cngth-of-day of the JPL quick-look
solutions and of the lERS Bulletin 11 Final series.

Figure 6 shows the diffcrcncc bctwccn the integrated
I.ODR quick-look series and the IERS 13ullctin B Final
U’1’l  R-UTC series. An initial bias was first rcn~ovcd from
the integrated 1.OIIR series so that the diffcrcncc of these
series would start at ~.cro. The rnls diffcrcncc  is 0.18
msccs over the 2 month period. ‘l’his an~ount of rotation
corresponds to 8.3 cnl on the }~artb’s equator. lhc
random-walk nature of the integrated error is clearly
evident.
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Figure 6) Difference of J]% quick-look integrated
I.ODR solution and lERS Bulletin B Final series for

UTIR-UTC.

TOPEX I’ROCRSSING RI?SIJ1.TS

The method to compute the Topcx/Poseidon orbit is to
nlakc usc of the prcdictcd GPS orbits and SOIVC  for the
GPS clocks. It is sufficient to usc a network of 12 stations
for this purpose. Table 7 shows the local Pill’ tinlc that
the value of zeta, as con~putcd for an optinlal distribution
of 12 ground stations, crosses 4000 knl for the first two
weeks of fUl~USt ] 995.

zeta (km) local Pill’ tinlc
solution day for 12 zeta crosses 4000

stations knls
95augOl 3807 Aug 01 22:13
95au.g02 3827 Aug 02 22:03
95aug03 3956 Aug 03 22:07
95aug04 3873 Aug 05 02:11
95aug05 3899 Aug 06 02:06
95aug06 3901 Aug 07 02:13
95au.g07 3930 Aug 07 22:05
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95aug08 3877 Aug 08 22:04
95aug09 3995 Aug 10 09:01
95aug10 3827 Aug 10 22:14
95augl  1 3865 Aug 11 21:10
95aug12 3762 Aug 13 02:03
95aug13 3807 Aug 13 22:03
95aug14 3792 Aug15  01:11

Table 7) I.ocal time when a 12 station distribution
crosses the 4000 km “zeta” tbrcshold.

When z.eta crosses 4000 kn~, a secondary process is

automatically iniiiakxl  with the 12 optimally dctcrnlincd
ground stations. An acceptable distribution of stations is
generally available just atlcr  2:00 AM PIYI’.  ‘l’his is 9
hours after Ibc cnd of the processing day’s U’I’C rnidnigh~.
The process to dctcrminc  the G1’S clocks and T/P orbit
requires 2-3 hours on an HP9000/735  workstation. By 5
AM PDT, 12 hours after the cnd of the data arc, T/P orbits
arc available. If the radial component of the orbit overlap
with the previous day is ICSS  than 20 cn~, the orbit solution
is F1’l>’cd  to the sponsor’s computer. An “c-mail rncssagc
is compiled reporting the orbit overlaps, residual
infornla(ion, and any problems that may have occurred
during tbc processing.

Figure 7 shows the radial and dowa-track components
of the orbit overlaps for the period 95ju126  to 95scp02.
The average radial, cross-track, and down-track overlaps
for this period arc 7.8 cm, 8.8 cm, and 22.1 cm,

rcspcctivcly. ‘1’his  would imply a radial orbit precision of
5.s cm (rms) and a 31> orbit precision of 18 cm (rnls).

o 5 I ‘o 15 20 > 30 35 40

d a y s  p a s t  95ju125  ( s p a n s  p e r i o d  95 Ju126  to 95sep02 )

~i~urc ‘7) Radial and down-track components of
‘1’opcti’oscidon orbit overlaps.

An additional method for assessing the radial orbit
accuracy relics on a]timctcr  data collcctcd  by the

spacecraft. T/P carries a nadir-pointing radar altinlctcr
that can measure the range to the sca surface. These range
rncasurcrncnts  can bc used together with the raclial
cphcmcris to dctcrtninc the geocentric height of the sca
surface. At the points in the ocean where the satellite
ground tracks intersect on ascending and descending
passes, two such dctcrnlinations  of sca height can bc
made. In the abscncc of errors in the orbit and in the
media corrections to the altinlctcr  range, the height
diffcrcncc at the crossing point location is a measure of
the true variability of the ocean surface. The diffcrcncc of
the crossover variances with the NASA Prccisc Orbit
Ephemeris, which has a radial precision of < 3.5 cm
(rms), indicates that the radial precision of the GPS
dctcrmincd  ‘1’/1’  orbits produced by the dcscribcd
processing is 5.0 cm (rms).  This is in C1OSC agrccnlcnt
with the 5.5 radial precision obtain by computing the orbit
overlaps.

Figures 8 and 9 show a 10-day average (95ju127-
95aug05) of the prcdictcd radial and 3D orbit precision
after 48 hours of integration. At the 36 hour mark, a ncw
T/P orbit solution is available fron~ the next day’s
processing. Hcncc real-tinlc T/P orbits with a radial
precision of 50 cnl (rnls) and a 311 precision of 15 meters
(rn~s) arc available in real-tinlc.

o 7 t ---– I - 1 1- -1
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Figure 8) Radial diffcrcncc of TIP’s predicted orbit
and the estimated orbit within the data arc.
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GPSMET PROCESSING RIISUI.TS

l’hc sanlc tcchniquc of using fixed orbits and solving
for GIN clocks has also been applied to tbc GPSMct data
to dchmninc the prccisc orbit cpbcmcris of the MicroI.ab
11 satellite. Precision orbit dctcnnination  is ncccssary for
proper calibration and processing of tbc GPS radio
occultation data. It is (hc accuracy of the velocity that is
most critical to tbc cxpcrimcnt.  Since the occultation
cxpcrinlcnt  is looking at GPS signals at low elevation
angles relative to the spacecraft ~.cnitb, the GPS antenna is
pointed perpendicular to (I1c spacecraft ~cnith.  This is not
an ideal orientation for orbit dctcrnlination.  Although
Anti-Spoofing (AS) dots not effect orbit dctcrn~ination, it
dots bavc a significant effect on the occultation
cxpcrimcnt. Data processing has thus concentrated on the
2 three-week periods in 1995 wbcn AS was off. Here wc
cxanlinc a onc week period fronl June 23, 1995 through
June 30, 1995. Currently, orbit determination is not the
linliting  error source for the occultation cxpcrimcnt and
Iittlc effort has gone into tuning tbc dynamic or rcduccd-
dynatnic orbits. Wc bclicvc there is substantial roon]  for
improving tbc orbits which arc currently at the dccinlctcr
lCVCI.

Rcduccd-dynanlic  phase and range residuals arc 2.4
crn and 76 cn) rcspcctivcly;  tbc dynanlic phase and range
residuals arc 3.4 cm and 79 cnl. Typically wc do not
rccovcr continuous tracking data from the GPSMct flight
rcccivcr.  These data gaps arc not duc to tbc reccivcr

operation but other spacecraft and ground systems. ‘1’able
8 shows a list of data gaps larger than a one-half hour
duration for the period of June 23-30. Note the large gaps
in data around midnight June 25/June 26 and around
midnight June 27/June 28. There is also little data on
June 24.

I’able 8) Data gaps in the GPSMct data, June 23,
1995-June 30, 1995.

Table 9 shows the rnls overlaps for this time span.
The large data gaps on June 24 and bctwccn June 25/26
arc responsible for the large orbit overlaps for these days.
Excluding these cxccssivc overlaps, the average rcduccd-
dynamic overlaps arc 6.8 cm, 4.8 cnl, and 11 cnl in tbc
radial, cross, and down-track components, rcspcctivcly

overlap pcried H (Cln) c (cm) I.(crn)
95jun23195jun24 10.4 04.9 19.6
95jun24/95jun25 39.7 16.3 226,7
95jun25/95jun26 67.9 43.5 1080.3
95jun26/95jun27 6.1 1.5 9.0
95jun28/95jun29 4.5 4.8 9.7
95jun29/95jun30 6.3 7.9 8.3

Table 9) Reduced-dynamic overlaps for MicroI.ab
II, June 23, 1995-June 30,1995.

CONC1.LJSION

A highly automated GPS data processing systcm has
been dcvclopcd around JPI ,’s GIPSY/OASIS 11 software.
The process dctcrrnincs  when there is a sufficient
distribution of ground stations fron~ the IGS network.
When such a configuration is achicvcd,  a GPS orbit
solution is computed. At conlplction, the GPS orbit and
GPS clock solutions arc placed in a data base and an c-
mail message is sent out reporting residuals and orbit
overlaps with tbc previous day’s solution. ‘1’hc 3D
precision of these GPS orbits within tbc data arc is <25
crn (rn~s). In addition, the GPS orbits arc prcdictcd such
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that the 3D precision of these real-time orbits is < 2
meters (rms),

A second automated process makes usc of the
prcdictcd GPS orbits for orbii determination of the Earth
orbiter ‘1’opcx/I’oscidon. When a sufficient distribution of
ground stations is available, a T/I’ orbit solution is
computed. At completion, the orbit solution is placed on
the sponsor’s computer and an c-mail message reports
T/P’s orbit overlaps, residuals, and data outlicrs.  ‘1’hc 31>
precision of these ‘J’/I>  orbits within the data arc is 18 cm
(rms). These orbits arc generally available within 12
hours after the cnd of the data arc.

Both tbcsc proccsscs  arc completely automated and
require no human intervention. Problems arc
automatically dctcctcd and corrcctcd by the expert systcm.
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