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Abstract 

R e  National Geodetic Survey (NGS) independently gener&e.v preche ephemerides for all avail- 
able Global Posilioning System (GPS) satellites. Beginning in 1991, these ephemerides have been pro- 
duced from doubk-di8erencedpha.w observalions solely from the Cooperative International GPS Network 
(CIGNET) tracking sites. The doubk-difference technique combines simultaneous observationr of two 
sate&s from two ground stations effectively eliminuting satellite and ground receiver clock errors, and 
the Selective Availabilitj (SIA) signal degradation currently in eflect. CIGNET is a global GPS tracking 
network whose primary purpose is to provide data for orbit production. The CIGNET data w e  cokcted 
daily ul NGS and are available to the public. Each ephmeris covers a single week and is avuilable within 
o m  month after the &a were taken. Er@cation is by baseline repeatability und direct comparison with 
other ephemerides. 7jpicaUy, an ephemeris is accurate at a few purrs in 1 07. This corresponds to a 10 me- 
k r  error in the reported satellite positions. NGS is activety investigating metho& to improve the accuracy 
of its orbits, the ulfimute goal being one part in lo8 or better. T h  ephemerih are general& avuihble to 
the public through the Coast Guard GPS Information Center or directly from NGS through the Geodetic 
IMormation Service. An overview of t h  techniques and software used in orbit generation will be given, 
the current statwr of CIGNET will be described, and a summury of the ephemerk verficutiun results will 
be presented. 

CIGNET 

The Coop~rat ive  International GPS Network, or CIGNE:T, was created to rnake available rcliable 
and continuous GPS tracking data  from a global network of fiducial stations. Thc tracking site 
positions are defined in the Interrlational Earth Rotation Service (IERS) refercnc~ frame, and the 
sites are maintained for crustal motion studies and as a cotrlrrlon starting point for GPS satellite 

k ephemerides generation. The National Geodetic Survey (NGS) has been an active participant in 
CIGNET since its inception and serves as the CIGNET Information Center (CIC). Figure 1 shows 
the distribution of CIGNET tracking sites. Facilities at each sitc are provided and rurl by the 
sponsoring organizations. All sites arc equipped with a personal or mini computer and power backup 
systems for automated routine operation. External frcqucncy standards are available at  most sites 
providing superior receiver clock performance. Data are taken contiliuously at  30 second intervals 

1 and surface meteorological measurements taken hourly. A rni ni~nuln satellitc observation clcvation 
of 10 degrees is imposcd. Many sites are equipped with high spccd 111odelns making possible rcrnote 
receiver control. Table I contains a list of the CIGNET locations displayed in Figure 1 wit11 their 



Table 1: CIGNFT DEVELOPMENT 

STATION INnALLED RECEIVER SPOSSOR 

MOJAVE CA 

YELLOWKNIFE 

wlmzmr. 

'IROMSO 

ONSAU 

RICHMOND FL 

KOKEE PARK HI 

'ISUKUBA 

HOBART 

WELUNGTON 

TOWNSVIUE 

HARmBEESIZIOCK 

AN= 

vICPOIuA/PPTIlCTON 

MEISAHOVI 

TMSHI 

HERWMONCEUX 

K007WITK 

PL4TIFVILI.E CO 

M A m  

ORRORU 

FORT- 

awrm 

PORT HARCOURT 

BADARY 

USA 

CANADA 

GERMANY 

NORWAY 

SWEDEN 

USA 

USA 

JAPAN 

AUSIRALlA 

NEW -!AND 

AUSI'RALlA 

S. AFRICA 

TURKEY 

CANADA 

F I m  

TAIWAN 

GREAT BRlTAlN 

NEMERIANDS 

USA 

ITALY 

A U r n L l A  

BRAZIL 

BRAZIL 

NlGERU 

USSR 

NOV 1986 

JAN 19R7 

NOV 1981 

DEC 1987 

DEC 1981 

FEE I9&S 

APR 1988 

JUL 1988 

DEC 1989 

JAN 1990 

MAR 1990 

IAN 1991 

JAN 1991 

APR 1591 

MAY 1991 

JUL 1991 

JUN 1991 

JAN I991 

AUG 1991 

JAN 1991 

JAN 1991 

( r n R E )  

( r n R E )  

(-1 

( W R E )  

MiniMac 2816AT 

ROGUE 

ROGUE 

ROGUE 

ROGUE 

MiniMac 2816AT 

TfUMBLE 40WSST 

MiniMac 28164T 

MiniMac 28I6AT 

TRlMBLE 4000SST 

TRIMBLE 40WSST 

ROGUE 

M i a c  28164T 

ROGUE 

ASHIECH 

MiniMac 2816AT 

ROGUE 

ROGUE 

TRlMBLE 4000SST 

ROGUE 

TRIMBLE 

ROGUEflRlMBLE 

TRlMBLE 

TRIMBLE 40WSST 

MiniMac 2816kT' 

-- 

NAnONAL GEODEnC SURVEY (NGS) 

GEOUXtICAL S U R W  O F  (GSC)/EMR 

INSllTUT FUR ANGEWANDTE GEODASIE 

STATENS KARTWElUC 

ONSALA SPACE OBSERVATORY 

U S  NAVAL OBSERVATORY 

CQP fGSFC/NASA 

GEoCRAPHlCAL SURVEY INSTITUTE (GSI) 

UNIVERSrtY OF TASMANIA 

DEFT. OF SURVEY AND W D  lNFORMATON 

DIV. OF GEOGRAPHIC I N F / D W .  OF UhJX 

CNESflGN FRANCE 

TURKEY ARMY 

PACIFIC GEOSCIENCE CLhTRE!/GSC/EMR 

FINNISH GEODETIC I N m  

INSlTlTBX OF EARTH SCIENCE 

UNIVERSITY OF NEWCASILE UPON TYNE 

DELFT UNIVERSITY O F  TECHNOLOGY 

UNAVCO 

lTALIAN SPACE AGENCY 

AUSTRALIAN SURVEnNG & LAND INFORMATION 

B W W  SPACE AGENCY 

INS OF GEOGRAPHY & STATISTICS 

RTVERS SPATE U. OF SCIENCE at TECHNOLOGY 

USSR ACADEMY OF SCl ENCES 



dates of installation, current receivers, and sponsors. Four future sites, indicated with crosses in 
Figure 1, are also listed. 

Figure 1 

Data retrieval a t  the CIC is accomplished, where possible, via modern or computer network. Upon 
receipt, the raw data  are converted into an ASCII exchange format. The reformatted data are then 
processed t o  provide receiver health, station clock health, satellite coverage, Selective Availability 
(S/A) status, cycle slip evaluation, and ~neteorological summary information. The entire operation 
is fully automated and completed each morning before 7:00 AM Eastern Time. The raw and 
reformatted data  are archived on 9-track tape or magneteoptical disk. Occasionally, situations 
require the data to  be copied onto floppy disks a t  each site and shipped to  the CIC via express 
mail services. Upon receipt these data  are processed manually and are typically available within 
one week. 

The reformatted ASCII and raw data files are available through the CIC. The most recent data 
may be accessed directly through ARPAnet from an HP9000/825 computer with UNIX operat- 
ing system. The network address is gracie.grdl.noaa.gov or 192.64.68.199; the system guest login 
name and password are anonymous. Individual data files are stored in subdirectories branching 
off /users/ftp/dist/cignet. The subdirectories are named d###a or d###b where ### is the 
day-of-year of the data. d###a contains the reformatted ASCII, and d###b, original binary 
files. Large quantities of data  are transferred on 9-track, 6250 bpi tapes. Smaller requests may 
be sent via IBM compatible floppy disks or 9-track tape a t  the user's discretion. All users are 
urged t o  retrieve the data  over the computer networks if possible. Requests, questions, or problems 



can be directed to  Miranda Chin, N/OES13, NOAA/NOS/OES, Room 418, 11400 Rockville Pike, 
Rockville, MD 20852, USA; phone: 301-443-8798 or 301-443-0139; FAX: 301-443-5714; ARPAnet: 
ernie@gracie.grdl.noaa.gov. 

GPS SATELLITE EPHEMERIDES 

The growing use of GPS has motivated NGS to take an active interest in the production GPS 
satellite ephemerides. In addition, NGS agreed in April 1990 t o  be responsible for providing GPS 
epherncrides through the Civil GPS Service. Tlle participation in CIGNET has made possible 
an effort to  produce these ephemerides at  NGS. Typically, the NGS ephemerides are available 
one rnonth after the data  were taken. These ephemerides can be gotten, via rrlodem and free of 
charge, through the Civil GPS Service Interface Co~nrnittee (GPSIC) bulletin board operated by 
the United States Coast Guard. Only the most recent ephemcrides will be available because of 
space limitations. The GPSIC bulletin board may be reached by dialing 703-866-3890 for 300 - 

2400 bps modems, or 703-866-3894 for 9600 bps modems. Tlle corrl~rlu~lication parameters are 
asynchronous, 8 data  bits, 1 start bit, 1 stop bit, no parity, full duplex, and XON/XOFF. Both 
Bell And CCITT protocols are recogllized. In addition to  the GPSTC bulletin board, all NGS 
epherrierides are available through the NGS Geodetic Information Branch. There is a $50 (US) 
charge for each wcck requested plus a 25% surcharge for distribution outside the United States. 
For additional information, the Information Branch may be telephoned directly at 301-443-8631. 

Production is composed of three primary tasks or stages: the creation of a priori ephemeris, data 
pre-processing, and orbit adjustment. The a priori ephemerides are created with ARC, an orbit inte- 
grator program, provided by the Massa.chnsctts Institute of Technology. ARC employs an elcvcnth 
order Adams-Moulton predictor-corrector t o  produce satellite positions and partial derivatives to 
the initial conditions at  22.5 minute intervals. The constants used i11 the program were defined in 
the IERS standards (McCarthy, 1989) with an 8x8 gravity field taken from the GEM-T2 model 
(Ma,rsh et al. 1989). A simplified ROCK4 model (Colulnbo, 1989) for the satellite radiation pres- 
sure, ad hoc Y-bias, and the related partial derivatives are currently in use. Conversion between 
inertial and Earth-centered fixed coordinates uses polar motion and Url' 1- UTC values determined 
from VLnI observations, and niltation values generated frotn IAU 1980 Theory of Nutation (Seidel- 
mann, 1982; Wahr, 1981), In routine production, initial conditions taken from the previous week's 
adjusted ephemeris are used although any precise or broadcast eplicmerides can provide these. 

Pre-processing involves the creation of databases, and the identification and removal of cycle slips. 
Hoth tasks are accomplished with the O M N I  software developed a t  NGS; however, human inter- 
vention is required t o  verify and conlplete the cycle slip removal. Cycle slip correction, being the 
most intensive and time consuming task, is the current limiting factor in ephemeris production. 

Thc program PAGE2 combines the a priori ephemerides from ARC with the tracking data  in a 
least-squares adjustment to  produce the corrected ephemerides. Designed for background or batch 
operation, PAGE2 can process observations of 24 satellite from 20 sites. Dual frequency data 
are combined to  produce an ionosphere-free, double-differenced observable. Double-differencing 
effectively removes all clock errors. S/A, which manifests itself a, satellite clock error, is therefore 
also removed with this technique. A neutral atmospllere path length correction derived from the 
Saastamoinen dry atmosphere (Saastamoinen, 1972) plus the Chao wet atmosphere (Chao, 1972) I 

zenith corrections combined with the Center for Astrophysics 2.2 mapping functian (Davis et  al., 
1985), and an Earth tide correction (Melchion, 1978) for the tracking sites are applied. Data from 



a GPS week plus one day before and after are used to crea,te the weekly eplle~tlcridcs, The two 
additional days are included to  help smooth disco~ltinuities between subsequent ephemerides. Typ- 
ically, adjustments to all satellite positiorls and velocities, scale factors for the radiation pressures, 
Y-biases, and tropospheric delays, and phase bias values are determined. The site coordinates are 
not adjusted in normal operation. Currently, time and physical limitations allow only sub-networks 
in the U.S., Europe, and Australia to be processed for orbit determination. Planned software and 
hardware improvements, and the continued growth of CIGNET will allow other sites to  be included 
in the near future. 

Ephemeris verification is performed using two methods. The first is direct comparisons with inde- 
pendently produced ephemerides. Throtlgh the advent of continuous S/A in the Block I1 sa,tellitcs, 
agreement between d l  sources has been at a few parts in lo7.  Although this  neth hod is valuable 
for long term improvement of the techniques and rriodels used in the ephemerides adjustment, it 
does not satisfy the strict tirne constraints of routine production. To address the problem in a 
timely fashion, a repeatability study using tracking sites not included in t.he orbit solution was 
proposed. Three permanent tracking sites equipped with P-code receivers i11 soi~thern California 
were used in the example shown here. The three sites, designated JPLMESA, PIN 1, and SIO1, are 
part of the Permanent GPS Geodetic Array, a, NASA pilot project operated by the Scripps Insti- 
tution of Oceanography and the Jet Propulsion T,a.b with the assistance of the California Tnstitnte 
of Technology, the Massachusetts Institute of Tecllnology, and the University of California a t  Los 
Angeles. The relative positions of these sitcs is shown if Figure 2. Da8ta frorn August 18 tliroi~gh 
September 28, 1991 were processed. These data span GPS wceks GO6 - 611, days-of-year 230 - 
271. The position of $101 was held fix as thc reference position. Tlle variation of the estimated 
positions for the other two sites could then bc used to  judge the quality of the input epllemerides. 
The resulting baseline lengths were 171.2 krrl for JPLMESA to SIO1, and 110.9 km for P INl  to 
SIO1. Consistency required that sirnilar observing scenarios be used each day. If substantial data 
were missing from more than one site, the day was elirrlinated f ro~n  considera.tion. Thus, days 
236, 239, 257, 258, and 267 are not inc,luded in the subsequent disctlssion. In a,ddition, PIN1 data 
were unavailable for most of GPS week 611. The week 611 results for P INl  are included for com- 
pleteness and should not be considered a reliable diagnostic for that cplicrncris. Ionosphere-free, 
double difference phase measurements of the baselines were made using the OMNI software and 
NGS generated ephemerides. Hourly tropospheric path lellgth scaling factors were estimated to 
minimize tropospheric modelling errors. The data  were edited automatically, but only down to 
the few cycle level. Examination of randornly selected days revea.led that several srnall cycle slips 
remained in the data after the editing. Undoubtedly cycle slips of this magnitude exist in each 
set of data. Although these cycle slips will worsen the repeata.bility, in essence giving a worst case 
evaluation, the slips are not large or frequent enough to  prevent an evaluation of ephemeris quality. 
A single set of coordinates for all three sitcs were adopted to  simplify cornpa,risons. 

Figures 3 through 6 show the estimated offsets frorrl the a priori positions. Lines connect points 
that  belong t o  the same GPS week. Table 11 sumrrlarizes the weekly and overall RMS deviations 
from the mean for these offsets. Two extreme cases appear i l l  the weekly results. GPS week 608 
shows a large variation in the east component for the PINl  - SIOl baseline. This variation is not 
seen in the JPLMESA - SIOl baseline and probably results frorn missing or improperly edited data 
from the PINl site. GPS week 607 is more troubling. Both baselines show similar largc variations. 
Again, missing or improperly edited data, this time from the conlrrloll reference station SIO1, is the 
likely source. Although an ephemeris error can not be completely ruled out, the north components 
do not show a similar variation which implies a specific event rather than a more global ephemeris 
error. Weekly RMS variations are typically 1 - 3 cm in the horizontal, 4 - 6 cm in the vertical 



Figure 2: Relative location of sites used in the  repeatability 
study. 

components of the baselines. Limitations of satellite geometry and coverage, errors in tropospheric 
modelling, and signal multipathing generally manifest themselves most strongly as errors in the 
vertical component of a baseline solution. The weekly results are consistent with these effects. 
These results imply NGS ephemerides are internally consistent a t  1 part in lo7. The overall RMS 
values are significantly larger for the east and vertical components indicating possible week-to-week 
ephemeris variations. Such week-to-week variations are expected and efforts are taken to minimize 
them. The overall RMS values indicates the "worst case" accuracy of slightly better than 1 part 
in lo6; however, the repeatability in the north component implies results an order of magnitude 
better. 

Table 11: RMS variqtions of the baseline components. 

GPS WEEK EAST NORTH UP 
606 0.0184 0.0105 0.0252 

All values are in meters. 

EAST NORTH UP 1 
I 

I I - - -  - 

OVERALL 1 0.1350 0.0130 0.0910 1 0.0972 0.0183 0.0927 

JPLMESA - SIOl PIN1 - SIOl I 



Conclusion 

CIGNET is a global GPS tracking network whose data are generally available for geodetic and 
geophysical studies, and ephemeris generation. The data are retrieved and available through the 
CIGNET Information Center daily. In turn, these tracking data are used in GPS ephemeris gen- 
eration a t  National Geodetic Survey. Each ephemeris covers a single GPS week and is available 
one month after the data  were taken. Direct comparisons with independent sources and baseline 
repeatability studies indicate the accuracy of the NGS ephemerides to  be roughly 1 part in 10'. 
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Figure 3: JPLMESA - SIOl estimated daily horizontal offset from the 
a prior position. 
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Figure 4: JPLMESA - SIOl estimated daily vertical offset from the 
a priori position. 
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Figure 5: PINl - SIOl estimated daily horizontal offset from the a 
priori position. 
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Figure 6: PINl - SIOl estimated daily vertical offset from the a 
priori position. 



QUESTIONS AND ANSWERS 

G. Petit, BIPM: Is tlie processing to produce the ephemeris a global process? This means that 
all satellites are equivalent? 

Mr. Schenewerk: At this point in time that is correct. I am sure that it is something that 
you can sympathize with and occasionally it is something that I am embarrassed about. A binding 
force in the universe is the establishment of a procedure for operations. We do have set procedures 4 

so that we havc? traceability of our ephemerides. We use equal weighting for all satellites and all 
stations that are involved. It varies of course from week to week depending on the availability of 
the data. Roughly, eight or ten stations, scattered around the globe, go into these ephemerides. 

Mr. Petit: Did you get a chance to compare your three station network with the other positions'! 
From VLBI or other? 

4 

Mr. Schenewerk: For this particular experiment, which is in actuality an attempt to establish l 

a procedure for our verification project, all the sites, both in the orbit production and S10 for 
this experiment were held fixed. In other work that we have done, we have estimated the position i 

of the tracking sites as well as the orbit when we do the solution. In those cases, we havc fairly 
consistently got a correspondence with the VLBI and other locations at about one part in 10'. 
Given the limitations of an incomplete constellation this is very good. I 

I 


