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Establishment of a GPS High Accuracy
Reference Geedetic Network in the Caribbean

Tomas Soler, Lucy W. Hall, and Catherine K. Reed

ABSTRACT. A pracucal implementaaion of a new spatial reference frame throughout the Carib-
beaun was receaily compleied by the Nanoral Geodeuc Sur/ey {(i8GS) of the Natienal Occanic and
Armospheric Admmnstuation (NOAA), using ligh-accuracy GPS methodelogy and techuiques. The
fundamensal purpase of the campPaigis was 1o cstabiish pAimary and secondary geodetic cenael at
21rports selected by the Federal Aviadon Adminisuatien (FAA) to impreve Arca Navigaden Ap-
prezch (4NA) rcliabibty. Evcnivally, this conrrol can suppert leal densification of geedetic net-
werks te mieet future réQuirements for chaiting, mappmg. and modein geographic infermauon
systens (GIS) application. A prejest of this magniude would net have been feasible withsut the
cooperation of the Internadonal Covil Aviation Organizatién (1CAO) and several Cartbbean-based
simveying agencies This paper addresses the procedures used te precess and evaluate GPS ohser-
vadons and the nzture of the different types of thiwedinknsienal zeardinate systems used in GPS

Introduction

coeperatien with the Intemzstonal Gwl

Avisnon Organizaton (ICAQ) and vaneus
Caribbean-baced surveving agendes, conduced a
GPS contrel sunvey at severzl Canbbean airpens
chesen by the Federal Awviatien Administratien
(FAA). The main purpese of the cmpaign was ©
establish Primary and Secondary Aurport Connol
Stations (PA®R and SACS) and, ulumately, te posi-
tien runway peints in suppert of [CA@® and FAA
Area Nawvgenon Agpreach (ANA) projeas folleving
NGS's standard suvey procedures.

The GPS precessing methodology used in this
pariicular preject was apyilied in two distinct phases.
First, A-order stations were establisiked at esch ar-
poIt to previcle an asurzic geoweniric {Tamewerk
These A-order siees are generally detcrmined using
more sinngent Tequuremenis (FCGCS 1088) than s
the case¢ for pnmary contiol stanons {Leigh 1995)
but, in the context of the projec Teperied here. the
characeesistics of A-erder and pnmany 21ITPOM cex-
el statens witl he censidered siniler and imrez-
changeable. After the prumarny crauens were in piaee.
a more dense, lecalized survey was used e pusilien
secondary centrel stagens and sther relevant peines
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{bench snarks, minway potnis. etc.) at each individual
apport osing shovtey interswtion vectors. This paper
will address only the eseablishment of pramary air-
pert cwadel sweiiens.

When GPS data are precessed, the tetm “fiducial
stagon” 18 loosel) applied W desaribe cominuously
operaung GPS siics whose dats are electronically
1nade avajlable to the geodetic aurveving cemunumty.
Cenerally. the geoeentne coordinates of these per-
manent siauons are well known {te £2em v the
honzenml component and *4 an in height) with
respect i@ a given pre-defined reference {tame, and
they are often used e propagate coordinates (o
other arbitrary peints cither direcily or by a “leap-
freg” sequence.

All the Caribbean PAGS eseablished at the first
procosang stage wese pesitioned directy frem cen-
tirueudy operaung GPS receivers. Hewever, as will
be explained later. a GPS sefuten (selutien B} was
also completed using “hub” statiens, A hub sice ie
selecied as a postible counscing peint because it is
ecaupied by recéwers which cellect dara at that par-
ticu:ar site for a number of censecune daysweeks
dizzng the duranen of the preject. The coordinaies
of the hub sites are not known in atlvance atd arc
dexrinined from the fidugal stadons during the
pr esémg stage. In this particular campaign. tvo
sauer —one at Grand Cayman [sland (¢ 304) and
the other at Trinidad {vTpa)—were selected as hub
stations. The Cununueously @peratung Reference
Svauens {CORS) mrane, in Flerida, and s croix, In
the TS, Virgin Islands, weve designated as licducial
szuenys. As deanbed later, another site, xoteou,
belonging e tlie Intesmational GPS Service fer
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Geochnamics (|GS) vetwork (Neatan 1996) was alco
usetd s a fidudal s1ation during the analvsis of re-
sults. 1he selecdon of ihese fiduqals was based en
avatlability and geograplvic proximicy to the Casib-
bean primary airport cenuroi wiations. Finalls, frem
the newly: determined primuty conwel stations. local
geocenine geodetc contrvl was subsequenth ex-
tended 1o support the high-accuracy ANA survevs of
airport fcatures and nearby ninway appreach ob-
strucuons (see perinent definuons in FAA 1995)

Besides the mmmediate technologa! wansfer
and know-how pioivided by NGS to local survey
suthosities, 1his intemationa) cooperzuve project has
estabhished che basts fer forure surveys relswed to
mapping chamting, navigation, hydrogrephy and.
possiblly, support saentific swches such as uvesagat-
tag sea-level varmauons, modeling the geeid. and
analyzing deformacions ef the Canbbean tectonic
plare.

Terrestrial Coordinate Systems

Users fanuliar with GPS 1echnology and methods are
aware that the Qiree-dimensiona) coordinate sysient
to which all reduced vecter componenis cufer is
detenuined by the inharent dhaactensties of te
satellite ephcrmandes emplovesd while processng the
obsenvanons. In mest s (except when applving
orbitl relaxanon methods). the position of the satel-
lites ui thewr orbits 1s assumed “rue” angd fied Gnier-
nally) by the r~ducion sefiware. This wechnique
automanaafly designmates the epherneris frame as the
threc-dinyensional Cortestan frasne in which all re-
sulting coordinates and vecior componuts will be
expressed.

A danfication. though. is 1n erder. Because in
eyl GPS geedeuc applicadons a relauve (diffcren-
tial) pesiuoning method 15 used, 1 is Imperztve
start with knewn enordiiates of at least one refevence
(base) sanon. The posinonal 3cwacy exwaced
from sueh a rclauve technique degrades as the cis
once between dw base and “remoc” sauen: m-
scases. Independent of the souree of the inidal
coodinates employed (o bold fixed the bas: stanon
(e.g.. N.\AJ) 83, TTRF94. ewc), the frame te whish the
final veclor cemponents witl be referred is nec al-
tered. Invanably, this i1s the Cartesian referesec
franie impliet it the cphemens used to fix the satei-
lite pasitons.

Fortunatelv, the diffirences in oncntanen and
scale botween anr ephemens.defined  coordinace
Garne and frames btased on modem wachenl2)
datumns (e.g, NAD 83 and EUREF89) are net sig-
nificam. The merc wmportant non-geocentricity of
the cdatum itself plavs a minnnal role when onlv

“remote”

dealing with vecver compeneris duc. ity part, to the
velatve raugr of the problem, 1.e.,

-
components of vecior b = coord inates of poini B

{comprued) - coordinates of point A (fixed)

Thus, ervors due t yeocentiic inaccuracies of
pount A will not affect the vector compencnts be-
ween A and B. The esordinates of newly deteniuned
stanons {peints B, C. etc.) will be prepz-
gated on ihe daum's relaence fame g,
NAD 83) if GPS veasr componcnls {not necessaniy
on the NAD 83. bt close o 1t} are added to the
assurmed datusa ceerdinates of point A. This is com-
menly umplemented dwing the final swges of the
newerk adjusiment process. | lowever, mixing da-
wni and prewse ephemens fiames is not cncouraged
when procesong GPS data that ave expected to have
the highest achievable akawacy. Evenonally, there
nay be dewcable differences in frarne erientaton
and scale whiah, alshough small, may affect the eom-
ponents of loug (> 150 kam) interstation veaors

In summary, whenever 1he GPS diffcrendal
method 1s applied. two independent sets of quan.
uucs are fixed in a grpical processing session:

|) the coordmates of onc or nore base sta-
tons: and

2) the voordinates of the satcflues as given by
their cphements.

If these wo groups ol required a proe values
are not referenced o the same eoondinase sysiem.
oTUrS afe insodused into the reducuon process.
This 1s so because GPS ohscrvables are mnwvarian
physcal qunntes which cannot be changed or
modified (onlv waighted} during processing. ievw-
cver, If the ceerdinates of the fixed base siaden(s)
and the cphemeris of the sawellites vefer to differe
coordinale systems, in essence, tw program uies to
ftt the observatens benvaen these fixed peints frefer-
ence smue(s) and satellites posiueis) the best ic een,
1$honng that ey are defined by sets of coordinates
expressed m uruciated coocrdinate frames. The pro-
gram always asanaes thai the coortdinases of the base
stauon are in the jvease ephemens frame, which
samewnes is ncerrect Theorencally, this cou)d
ingoduce undeswable biases into the observalien
madel, thus affecang the final values of the vecter
componenw. This anomalous sttuation sheuld be
avoided when ngareus geadetc results are songtit.

In order te preduce accurate vectors, the
quantiues to be fixed, namely, the coordinates of
the basc stanonts) and the cphemens of the satel-
lites should refer to identical coordinate sysiems.
Should this precaution not be wken the size of the
errors inroduced would be difficuh to prediet.
ulimacely depending on such vartables as the
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magnitude of a 7-parameter tansfermanon be
twveen frames, length of the vectors, number of
GPS sesssens sequentally connscied. and t.pe of
orbit used (sec. e g, Beurjer et al. 1988).

TTie main point ie be emphasized 1s the cbuous
one: axwate reduction of veaors can only be ac-
cemplished if consistency M all perunent coordinzie
systems is enferced. In wday's GPS envirenment.
this requarement should be easy w fulfill by the prac-
titioner. With the vecent esiablishment of 18GS
CORS netwerk (e.g., Swange 1995}, noxng of coer-
dinzte frames duming GPS procesang an be com-
pletely avoided.

Te the authors' best Knowledse satellite
cphemerides are not avaitable anywhere with respect
to coerdinate frames defined by contnenial dacams,
e.g. NAD 83, EL'RE288, cre Yet, to gbin the mcst
acauate resules. te base simnen cosrdmates used Lo
precess GPS surveys should be known in one of the
vartous geocentric coordinate systems empleved to
dsscminate GPS satethite epheincrdes. The bwo
immediate choices, in eruer of preference, that ceme
10 mind are presise and breademst ephemendes.

Breadcast ephemendes are net recermended
for geodenc work. Hevsever, thev are the only ones
available on a real-mnc #asis and, consequently. the
only pessible alternative ter any ¥ind of mstemanc-
ous Tavigaton using pseudo-ranges and poiit posi-
aemng methods. @ne of e crawbedks of usng
broadcast ephiements is the user’s difbauly In esti-
;maling its real accuracy, which is needed to acwss the
overall quality of the more saingent gesdete aclivi-
ties. The primay reason for ths is that breadciet
ephemendes 2rc prediacd wefore the facr. which
etiraily cerain approxiniations nel present i post-
litred preasc cphemendes. Cemparison of GPS
broadcast ephiemeris with prease ertatal soluuwtis
shews discrepances m the erder of 1.3 m. 3.6 m.
and 4.7 m: along the rpdia), qoss track, 2nd along-
aack cempeneilts. respectively (Zwnberge and Berti-
ger } 486),

The Keplerian elemeris of the broadcast
ephemerss conrently available threugh the navigatien
Imessage are gwven since january 29, 1997, o the
so-called WGS&4 (GS73), epocii 1997.0. coordinare
frame. This i1s the latest realizanou of a senes of
WS84 frames mplemented by the Defense Map-
Py Agency (DMA), recentdy reerganized hta the
National Imagery and Mapping Agency (NIMA).
The WGS84 (G873) rame replaces WGCS84 (G738)
(Malys and Slater 1994). The leuwer “G" 1 G373
stands for "GPS,” mdicsting that archived Beppler
data were exduded from the anahyss, the “873"
indicates the GPS week number (¢ UTC. Sepuember
29, 1096) of the starting date when the cocrdinate
frame was unplemented in die premsic cphemens

(Mah3 et al. 1997a). Gonsequently, when bxeadcast
ephemens are now employed, the componeiits of all
the vecters that are dewammined \hrough the rechic-
uon precess refer to IWGS84 (G873). thereafter sim-
ply czled W(GS34.

Recendy, NIMA started to disaibute © the gen-
eral public WGSS84 post-fitted piecise ephemeris in
the sendard sacellite state vector furmat—the so-
clled SP3 formar—ar tatervals of 13 mmates. Un-
questonably, this is a step in die vight directiou w
impreve the quahty of GPS results expressed on
WGS84. Nevertheless. there still reczins an impes-
taix logstic preblem: the unawilabilicy m North
Amenca, or for that matrer practieally anywhere €lse,
of \WGS84 relerence sites useful as Gduaal <rations
for differemdal posiionmng and peint-to-polnt coer-
dinate prepagation of geodetic networks.

Thus. although the ceordinate frame WGS#4 is
zccessible  through broadceas/precise  ephiemnerides,
no access to CONLNUOUSlY Operatng stalions €x-
pressed on this relerence frame is available frem
which to densify high-acaiacy geedetic contral. It
alsa shiould e menuoncd thae the reahzatien of this
military-enenied ceordinate fiame is not mmonitored
on a regular Yasis by any ineetnational GPS nsers
greup: consequently, its day-te-day canges are not
publiezed and remam unknewn te rthe geecletc
commutity at targe. These nconveniernces may
change m the funive, although the great utility of
WS84 essennally resides not m 1t acouragy, but in
15 real-ume accessbiliey thoeugh the inlormation
provided 1n the broadaast naviB3tien message.

{n conwast, one adianiage ol relying on NGS
prease ephetnenides (instead of NIMA orbis) or
cgsuvalendly, any other ephemerides under the aus-
piees of the International GPS Service for (Gewdy-
nasnics ¢(IGS), is the assurance of geung pesinoning
results consistent with the well-known International
Earth Ratztion Service ([ERS) Termestnal Reference
Frame (TTRF). The TTRI frame is a cenventional
Famme created under internauonal spensorstip iu
orcer 10 sausfy the asowracy requireenonces of vartous
nioderL spzce teelnliques (Feissel and Gamnbis 1993).

Toe erigin. ceerdinate axes orientadon, and
sagle of the TTRF fiames are implicitly défined by the.
coordinates adapted for the worldwide tracking sites
(VLBIL. SLR, DORIS, and GPS) involved in cach
IERS veart, global solution. Related to cach JTRF
freme i1s an assoqated veloaty keld {not koown for
the WGSRY). Fer jostance, each stanon hasa veloctly
vecter ndictng s ume-depetident absolute dis-
placement asoadatcd wrth plate tecconies and ether
types of eusal mouon. These secular displacements
e be spproximawed arvwhiere on the cardh’s erust
bv geophysi@l “tio wuet rotauon” modéls such as
NNR NUVELLA (McCartliy 1996, p. 14).
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Data Collection and

figuze 1. Gsogranhic location of prmary atrport control s1ations poshioned duning

the Caribbear campaian.

The Nanonal Gesdetic Survey began releasing
prease weekly ephemans to die general public on a
regular bass in July 1981 (G¥S week 602). Daily
orbit prodiiction began en Febrvary 26, 1992 (week
633). The aquality of the NGS cphemeris has nn-
breved censistendy over the years (Mader et al.
1995). The ephemerides from NGS have alwavs
refeered 10 frames of the ITRF family, adopung the
ycar of the Tawst [ERS putdished solution and epoch
Thes dates change penodically to 1ake advantage of
newer ebservations and refinements to die saftware.
The Navenal Geedetic Survey disseonnaus predse
GU'S satellite ephcmertdes as well as CORS antenna
positions and velodiucs fer about | 120 statuens 1 the
us.

These data arc ecnastent with the curently
{(Angust 1997) published IERS solunen ITRF®4
(IERS 1985): the chusen epech is 1996.0. This epoch
denotes the date for which the estinated positions
correspond. This reference date 15 used to updaie
statuon coardiiiales at a0y other observanon ame by
wking mnite account the station’ veloques and axnrea-
ing the site by the awsclute displacements caused by
plate weaamies. ‘Through the sombinaton of CORS
GPS dawm, st informaiion. and IGS or NGS presse
ephermendes, any interested GP'S recarcher or prac-
htierier aan rigorously deicrmine vector curmpenents
between siations and, therefure, propagzte coordi-

Processing

A tota]l of 32 pnmay aiport

conuvl #tatnons were swveyed
cunng the Canbbean campaign. Figure 1 depicts the
approxinate geograpluc loauuns of the stauens
posidenad. Table | shows the nane of tie sites. their
4-character 1Ds, the 1996 day of vear (dey) the ob-
servafions were 1aken. the receiver manufaceirer
(TR=Trunble), and the ameruiz model vsed. All
GPS primay esntrol station data were processed at
NGS hadguaners in Silver Spang, Maryland, nsng
the PAGE4 program (Schenewerk 1993) which runs
on UNTX-type HPI000/ 700 sencs worksaons.

The PACE4 progromi is a new-generauon pro-
gram uswd to process GPS RINEX data in the stauc
mocte. It replaces OMNL the original NGS vecior
pracrswor softwars (Hillza and Schenewerk 1992).
Amaog the imprevemems inawporaied W the
PAGES software arc:
¢ Generaacon of an opumal sakeliite reference

scenano,

*  Retter ability to deteci ¢vcle slips;

¢ Beuer outlier deection and automatic re-
moval routines; and

¢ Application of antenna/clevauon.dependent
phasc corrections - —a nrast when an obseiving
session involves stattons haviag different types
of antennas.

Wlien compused o @MNIL tie mae advainages
of PAGEA are the ability (0 solve moposphenc tiasis
for several intenvals of timie (instead of oae bias per
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Geographic 4-Char, Observing Sessions
Location Statica Name i0 (doy, 1996} Antenna Model
Anguilla TOPF A Waublzke Airport QPFA |108.109,110 TR#3-22020-00
Antigua TAPA A: V.C. Bird Arpont TAPA 1314115116 TR#9-22020-00
Aruba TNCA A- Reins Beatrix Airport TNCA |103, 104, 106 TR#10-14532-00
Bahamas MYEM B: Govemors Harbour Airport MYEB |089,100,301* TR#8-22020-00
MYER A: Rock Sound Int] Airport MYER  |O099,100,10% TR#9-22020-00
MYGF A: Freeport Intl Airport MYGA |099,100,101 TR#9.22020-00
MYNN A: New Providence |stand YNMA  |D%5,700,101 TR#9-22020-00
Barbados TBPB A: Grantly Adams Intl Airpont TBPA  |117,118.120 TR#8-22020-00
Curacao THCC A: Hato Intarnational Airpen NCCA |103,104.106 TR#8-22020-00 |
Dominica TOPD A: Mehille Hass Airport DPOA  [113*,114,115 TR#10-14532-00
Dominican MOPP A: Puerto Plats Int'l Airpont MOPA |113.114.115 TR#9-22020-00
Republic MDSD A: De las Américas Int] Airpon MDSA |113.104,106* TR#9-22020-00
MDLR A: Punts de Aguils La Romana MDLA |108,103,110 TR#9-22020-00
Grand Cayman |C 304: Owen Aoberts Int'l Airport C304 099 throwgh101, 108,108,102 TR#10-14532-00
Grenada TGFY A: Point Szlines Int] Alrport TGPA 7118720 TR#10-14532.00
Guyana SYTM A: Tumehn Airport YIMA |117.118.120* TR#9-22020-00
Haith MTPP A: Port-Au-Prince int'l Airport TPPA 103*,104.106 TR#10-14532-00
MTCH A: Cap-Haitien Int’] Airport TCHA 108,109,110 TR#10-14532-00
Jamaica MKJP A: Norman Manley Int] Airport KJFA  |099,100,701,102 TR#9-22020-00
MEJS A Sangster Int'] Airport KJSA 102,103,104,106* TR#9.22020-00
Mevis TKFN B: Newcaste Airport TENE 113,114,115 TR#10.14532.00
Pusrto Rico PSE E: Mercedita Int Airport PSEE [115.116 TR#49.22020.00
Z5U A: San Juan, Puero Rico Cerap ZSUA  [113.114°.115,116, 117°,118,120 [TR#10-14532-00
St Christopher | TEPK A: Raobert L. Bradshaw Int'l Airport TKPA 108,109,110 TR#10-14532-00
St Lucia TLPC A: Vigie Alrport LPCA 113,114, 116,118 TR#9. 22020-00
TLFL 5: Hewanoma Aupan LPLA 115,116,117 TR#%-22020-00
St Martin THCM A: Princess Juliana int] Airport NCMA | 108.109,110" TR#%-22020-00
5t. Thomas STT E: Cyml E King Airpon STTE 108,109 TR#£10-14532-00
St Vincent TVSY A: Et Joshua Airport VEVA 113,114%,115 TR#9-22020-00
Surinam ZANDERIJ CBL P4: Johan A Pengal Aport [78P4  [117,118,120 TR#9-22020-00
Tobago TTCP B: Crown Paint Int'l Awport TIC8 17118120 TR#9-22020-00
Trinidad TTPP A! Piarco Alrport TIPA 103*,104%,106%,113,114%,115, TR#49-22020-00
117+ 118120
*Rejected observations,

Table 1. Stations participating in the Caribbean project.

scssion as OANT currendy does) and to fix monre
than one staoon siamiensoudy, as well as alioate
bub staidons to propagate vecors New eonsolidated
advanages of PAGE4 are: mproved mathiemaucal
models for the obsenvables, flexable suateges for
esumaung unknowns and,  desired, the possibilicy
of pertorning hands-off (bawch) processing of ses-
sions involving several davssveeks of duta,

GPS data were collected during a 6" observa-
son window (approximately: 17* U'CC 1o 23"
UTCy. All 25 operanocnal sateliites in the GPS
consteilanon at the ame of processing were used
mn the reducnons of each ndividux) dav-scssien.
AL any given ume, a mininum of four and a maxi-
mum of seven satellites were simultancously visi-
bic abeve the horizon. Although raw data were
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collecwed at 13-second umtervals, the selecied sam-
pling raie to reduce the observacons of this pro.
Ject was set al 30 secongs. a reztriclion imposed by
the data collection mierval at the fidudal swauons.
A miminmm clevation angle of 20° was chesen as
the cut-oft angle: for all earmier phase chservables
duning the processing siage.

At the ume the GPS ebservaums were callecied
(Aprd 1996), NGS' pregse eplictnendes were ex.
pressed in ITRF93, epoch 19950 (abbresialed for
sinplicey TTRP93-95). This mplies that afl cempo-
ucnts of the veawrs onginally precesed i the GPS
Canbbean project “nenunally” refer to [TRFI3. The
reference fisme for disseomnaung IGS and NGS
prease ephetierides was changed o MRFY4. cpeclt
1996.0 (TTRF%4-96) on June 30, 1996. GPS week
868. Since 0 UTC March 1, 1998, (GS and NGS
preace ephemenides are refesyed 0 as the TTRFI6.
cpoch 1997.0 frane (TTRFSS97).

The adopted cosrdistates for the fidudal stauons
used m the reduciions desatbed herein are consis-
tent with the fraine of the prease sawcllite epheniers
empteved. A1 the ame of proasang, these coardi-
nates were known on the TTRFI3-83 frane. liow-
ever, bocause observadens were collecied on Apn)
1996, before the processing of GPS olservauons was
hegun, PAGE4 applies the INIRF veloar field to
update the coordinaces of the fiducaal stations {avail-
adle at epoch 1995.0) te the avtrage epach of cach
nubvidual observing sesson. As a nesult of this pre-
cauton. the components of all determined vettors
ar¢, in a sense, "wnistantaneous” and refer o TYRFO3
{the ephemens fne) and a vanable epoch which 1s
deiermined by the ume at which the observatons
were actually taken (e.g., April = 9 day-oi-year 100
= cpoch 1996.27. erc.). This I'TRF frame and epoch
idencfieazon tag bewome aquaal in cse the proc-
essed vecors ave used for fuawe saentfic
applicatiois.

Only statuc, mulu-stauen, relative GPS proce-
dures betweet) selected “base” and "remete” stanons
were implencated. When all non-avtomaually
caoeaed daw outers and ovde dips, if amy, on
frequenacs L1 and [2 were manually acceunted for
{rclving ety pout-fined residual ploss for quality con-
rol), Aral solutions were deternuned using double-
difference camer phase measwemenis, and the
ienesphere-free lincar cambinavion of die L1 and 1.2
model {Leck 1993, p. 386} A zenyth Topesphenc
scale faceer was esumated for every 3 hours. Consid-
¢ring the average length (838 kin) of the vectors
itvolved, no auempr was made o fix ambiguley
hiases.

At the ume the Canbbean project was being
ebacvved. the IGS jua saned vnal epcunons of
stason se. crorx in the U'S. Virgin Islands. However,

T

acaurate coerdinates for this site m the TTRF frame
were not yet computed and elhaally published.
Bacause this staten is cenrally located itt 1he Carib-
bean istand arch (see Figure 1) and because NCS was
piznning to indude it m its CORS ecvark, siatuon
ST. CROSX w2$ seleated as a fidycial sitz in conjuncamn
with snami. To speed up the process as miuch as pes-
sible, the approximaie (to 2 few cendmeters) §€0Cen-
tric coorcinates of st. crox were initially daternunect
using fonr other known Bduaals (e and EcMexT
xev. Flerida; kuugrs, Frendl Guiana: and chETUMA:,
Mexieo.)

With the valies of the coerdinates of $1. CReIX
determined, processing was starced using exciu-
sively atamt and sv. creex {kOurer was addul later)
ast e sclected fiducials in the Canbbean project.
Smice September 1996. new  ecordinates were
computed for st. cresx, consistent with the CORS
metwork. and posied on NGS' Web home page
(hitp:/www.ngs.noza.gov), lThese new values for
ST. crOwx were used e recompute the cotmponents
of all observed vectoss.

Antenna Height Measurements

@:1c of the most naportint operaiiens perfertned in
the field during GPS surveys relates o deteriruning
the ex2a spanal relauenship between antenna phase
centers L1 and 12 and a designaied phvsioal poin
of refownee mark. Gruopa ume and cencenuation
should always be devoted 10 acdlueve this imporant
rask. The sitiauon is even niore sereus when cnustal
moton is being irvestigated ahid unknown systeniatic
crors, ihvoduced by carcless setung of the anwgua
{(eniering and hesght measunng errers) could be
inoorrectly inteTpreced at the analysis swage as pessi-
ble displasements zused by nonexistient geophysical
phenomena.

For ardiival purposcs. each GPS survey site must
have a unique, well defined pomt to which to assign
all processad vector eomponcnts andior coordinaces.
Ths “stauon refarence point™ (SRP) could be de-
fined differently, dspending on the pariiculur prop-
erties and requireraencs of the tracking station: ¢.g.,
CORS (geodeuc surveying apphauous), 1GS (GPS
erecse orbit generanon), NGS™ ANA projects (FAA
ATPOTT SUrveys), et

Another commaniv used word in standard. aut-
veytng pracuce is that of “meoumeat” usually a
brase disk at greund level, Tins ictm elten alludes 10
the center of 1he physical disk attached to a metallic
rod buned i mmagete in the ground and used to
pomanenty mack the locauon of the sumon. In
dassica) geodesy and:or surveying, the SRP 15 nadi-
donally die menmment. ‘This 15 a logical chaice
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considering that it is the only remaning pome-
neni warker enec the obsenanans are com-
pleted. The s2me resmcuon docs net apply to
conunueusky operaung GPS receivers.

Most 1GS staitons have as the stauon
reference peint the so-called antenna refer-
ence poun (ARP) wlich is lecated at the cen-
ter of 1he botiem surface of 1the amenna,
Emptiasis sheuld be placed on the differences
between antenna and monmnen: reference
pomts. The forvaer is a2 point ot the anienna’s
body and will change i the anlenna 15 te-
placed. In the case of sT. cROW. and owing te
unprediciable «easonal humcane threais, a
compremise excepuon was made pner to the
processing of thi: Canbbean data. To have a
future permaneut phy‘sical pPalitas ongm for
all vecter componems deterimined frem this
site, the menument ground mark vas sclecied
as SRP. This logic was (ellowed for all ether
stauens except sami, where the L3 phase

— T ———— e YT P sy

C2ANE WASGEEL B¢ T ANTENNA
(S507 3% 8T, CRNK)

SEFEAINCE LLLIPSGOI0 [GASAD]

= 0,1 B g
b 0,1 2l s

e )

i

E

:

o

S k4
MONUME N

Figuid AOt GrCun 10 68CEIE

center was reained as the stanon eference
point beczuse of the absence of a physical
nark t e which coordinates could be rigorously
assigned.

Figuce 2 depicts the anteuna nype at sT. CROIX
and the relaionstup of s vaneus constsnts, With
this infermatien, it desired, wransformatons be-
tween L1 phase center, ARP. and msnument
could Be easily accomplished. Notice one well
known charactensuc of Domne Margolin T model
antennas; the L2 phasc center 1s abeve dhe LI
phase center. This dkewck is also consistent with a
negauve value of the cllipsoid height 2 for all
points locaied wy the Caribbezn hasin. (n thns
parucular region, the surface of the geocentnic
GSR80 reference ¢llipsoid 15 nor. as usaal, kelow
the wauon menument, tan abeve 1 thus A<0
Consequendy, the value of the ellipscid (geodeonc)
haght as given in the CORS database feor the L1
phase cenzer of the antenna at st. croix reduces 10
& = -31.908 m, if referred to the mowvmment (sec
Figure 2).

@ne word of cauvgion. muxing antenna epes
can lead to errors ofup to 10 an in heighe unless
the anteuna-phasccenter vapaton is property

Figure 2. Antennz parameters at fiducial station st. ceom.

modeled (Meerens et al. 1996). The modeling of
mdividaal anteuna phase paterns is imperative in
any modern GPS vecler.processing seftware which
aims to ob@in accurate resulis and should ol be
ignered.

Results

As proswusty descnded, for e Caribbean pro-
Ject, he coordinates of the fiduaal stattons and
the resultant precessed vector compornents refer
to the same frame as the precise ephemeris avail-
able at the wme the obsetvations were taken, 1hal
is. TTRFU3. Fer the analysis of tesults, several
selugens were compnted and cempared (Tatle 2).

In soluton A PACS coordinates werc deicr-
mined as ovo independent soluuons. with vectors
radiaung fiom suavt and sT. cRom, [Especuvely.
Thus, no ponits are conunon to either network. s
1s schemaucally represented by two uen-everlapping
Lirnung blodss in Figures 4 through 7 which contan

the  satons  prec-
Solution |  Fiducial Stations Hubs Type of Solution cssed  frem  cach
iducial.

e ——— ——————————————| —— -
# sy and 51, oo Nans - independent ¥ _solunon B.
= - three fiducal sta-
. B s, 57.cR0and «ousow | Grand Cayman and Trinidad Simultaneous fiohé were used
. C LM and 5T.C000 Mana Smudtaneous (xouroU was added).
. D saan and 51,800 Mane Made independentof resus forC | L w0 hubs. one in
IT bl 2 P : T - Grand Cayman and
able 2. Frocessing strategies investigated. - othicr i
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established pracuce of (ixing fiducial
pomts 2bsolutely se as to guaramee a
constant reference to which ts com-
pare fature results.

= Finally. a medificauon to seluioil C
{rferred here as solution 1) was vuple-
tented. Soluton D reuses alf the vee-
tors already determined i solution C,
except that the vectors conneaing the
two fidugal statons are discarded. ‘This

agat g
-

o=

> _— w | alteruacve requires the modifuznon of

“we the smndard NCS' G-File (Yeager 1994)

) ‘\'\ RPTED " | preduced by selution G, to ensure ini

AT w | the cotrelanons besvéen 1the remaining

= ?’\: veaor components are nol corrupted by

b - 5 R | e deletion in each session of the inter-

P S v X . \Q\\ N =, fidudal vectors. For ecach CPS session
£ \‘ﬂ; s I, T, the G-File contains the three compo-

i - LBt S gzg nents of the ner-tnwial (independent)

veoors. thar seodand ervors, and the
conclanons ketveen all conporents.
Coordinates for all primary air-

Figure 3. The netwark used in solution B, congisling of three fiducis sia-
tions (vaam, s. crox, and musou) and two Twd” stations leane cavan a6

TRINDAD].

Trinidad. were uiroduced. When hubs are inces-
poraied o any newwerk design, the PAGE4
softwarc determines the opti- mum sombinanen
of vectors cenniceling the hubs te ether scauons
and iternally selects them without further nter-
vention. Fowcver, it 13 also possible 1o select an
wnteracuve processing technique where the oper-
tor can speafy, a fnon, e desired geomemic
arrangemcin of vectors between stations.

Figire 3 graphically depicts che set of vectors
{i.e.. baschines} selected mstomauczily by PAGEY
m sohition B which indudes swations ¢384 (Crand
Cayman) and T11rA (I'nnidad) as hubs. As ex-
pected, seme vectors arc forced by die softwase to
gass through the two selected hubs.

Solution Creplaced the hub option in favor of
a single sinulaneous selutien, holding fixed onls:
sIAmt anxcl ST. croix. Notce that Lhis sofuton 1s not
equivalcnt te selution A. beeause m sslution A the
two fiducal stanons were not fixed ssmultaneousk-
m a unique GPS nework: anrangemeny. In other
words, the vectors cenncectmg the we liducial
stations were net computed Interhducal vectors
that are present in solunons B and C ateall iden-
acal and stncily' obumed from the values used te
constrain ihe coordinates of Mramt and str. CROIX.
Althiough PAGE4 could assign vanable sigmas te
the coordhinates of the ldudal srauons. this opuon
was not unplemenied. Insiead we followed the

port control stations were deteninined
by execuung four three-dimeasionat
lcast squares ad usimesms—consaain-
mg nami and S¥. CRoIX—UsIbg  as
obsen-ations the components of all
processed vectors obtained through solutions A,
8. C. and D. The a poslenion standatd devianons
of unit weighi for the four adjustments were 6.0,
11.9. 11.8, and 7.6. These moederately hugh walues
of ane posteriort siandard deviation of unit weight
reinfarce the theory thai seanstcs resuhing from
GPS reduction seftware are optauisuc, thus they
underesttmate “wue ¢rrors”  affecung  carrier
phase ebservauons caused by unmodeled eftects.

The coordinates from the solution with a
munimum ¢ paeron variance of unit weight were
then compared against the ether three solutions.
Figures 4 and 3 depict horizontal (latitwde wici
longitude) and verncal {ellipsoid heighi) differ-
ences between aunvilinear geodetuc coordinates
resulung from solutions A and B. 11 @an easily be
s¢en that the displayed vector differences show
excellent agreement in latitude. While the diss-
greement in longiwde is Jarger than in latiwde,
the didferences sall remam wilun the vequire-
nienss of this tvpe of project. Recall that, e.g., an
error of 3 ¢m fer any peinc on the surface of the
Earth is equivalent to a relative geocentric error of
4.7 ppb (parts per billion = 10%). This wiceniainty
15 mere than accepmeble for most geodetnc work
ancl exceeds all tpes of mappuig and/er CIS
requirerments

Hovwe-er. Figune ¢ also sbows that the larger
disagresosts are somewhar peovliarly lecawcd. A
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closer seuwiny ndiates thai hey
i v Sgae  _mxt LEOe -2ée —° _gpe SRR kT —aA® —p% SEQT 80T —AET st ahg?
cerrespond mosily to points de- e b e
tennined ffom hub stedons | S = 5 Jopen i T .
and/or pomts  sunultaneously 4 e “:-.IF{:L*: - :
determined from vectors originar- 4 | -
mg at Maa and st. ersix. Selu- s Yoo Latitude HME mootterm( dem
iton C, wihich eliminaies the W ‘"“=: "*“»:,_M_ S T RS soattar=d.fem SRR il |
possible prepagacon of £TToTs N - e i ~ T TEBIEIEAN o .
Uweugh the hub alernaave, im- N e S - W ~.~‘°1_‘c_._,~-.h'
proved the honzontal differences il E e F#ITA’—’:’“* o a—= gt wastin g
ter Jama'iee, Fobago. and Barba- T 0% P FoaaTisuA
dos, although due i0 space restric- i 1 i P it .
uons the ftgure depicung them 1s e, : ' . m-_--afi,. (i
nol reproduced here. However, I S T L —
this perfarmznce coutd be visual- 154 S * GREARS e
ized by edserving the cesrdinase - /_i‘F_.-' == E—:;.RT;:?..H:.{CS
differences between soluuons A G N 2 14K ' H“. ¥
ard D (I 15 a byproduce of C) ol -:1__‘:"'I_.-"““..'~I___r” [N ' o =
which aye reprezented 1n Figures L2 L e L
fand’?‘ ¥ = {' FTRsA e b
1 i Y 5:_|'_w.q.|.~.g—"'-'\’
By comparing Figures 4 and T s e e e e T S Le
5 with 6 and 7. several eondrLsions

can be reached. @®ne 15 that the
indusion of hub sations may not
clways e (he West aliernalive,
partncularly when the «pality of
the obterved raw data at the hub 1s suspiaeus. Unde-
fined daw errors at the hub peint could be prop=-
gated te nearby connected wations. This preblem is
caainly more aacal at hub sies than at fiduoal
swtons hecause they are selected 10
ru for eelauvely shert pesiods of

Figure 4. Harzamta( differences [sofution B minus sofution Al when munn and sT.
U ar2 constrained in the netwerk adjustment.

frem the two fidudal statibus. In this respect, note
that anayt and st. crorx are Jecated on two different
plates—North  Amena and the Canbbean,
respecqvely

ame. and wnsuspecied error seurces

%)= M

+75° LTat LY JJm g 8% opat 02 L8 53" 56" -

=

(ruulopath effedts. 1adio freguaxny: I
ierferences) are net known in ad- | . |
vance., Once the da:a have been i
cellected with ervers; the glitches
ercate nolse wiudh 15 almost imposs-
Lie to cerect dunng precessing. &
Appatendy. this was the ase for
stanen TTPa i Tiuudad where, for |
ver unexplained reasons, five davs of | ™

ebservatlon were te)evted irom a L e

tolal of nine davs. beesuse of poor
daia quality.

The odier obvieus cendusion
trem the present investgadon ap- |
pears to be that the values used to fix | .|
the coordinmes of the Gducial sta- i
flons {MlanE ancd sv. TreIX) de not
seeim w beleng to a cormmon con-
veptonal (errwstnzl  fame. This i

e
afidvei ol $Flicry
& PACS

dem
3e"

oy Eligaaid height RMS scallei=1.3cm 2"

SN E AN
§ ST
T PUEETD

hypor_hcsis & supported by the

hegher dhan vsial ceordinaw dffor-

ences enceuntered at semc of the
statons simultaneeusly detcrnuined

Figure 5. Blipeo:d heig ditierences isolution B minus solutian A) when meany
and s7. orek ar2 constrained in the neswork adjustremt.
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may net as vel be very accurate and
Sfer -82. WP Spbe s amam LR 4bd AT EEY gt LAR0 et mAT oaa® om0 secondl. the plate retauom angular
@ mr——— 4 - i = A .
e B 3 T velearies applied to bring ihese
w1l v 85 arrcs — : i | coordinates to the epoch of obser-
1 L s ¢ s N i
Jd1 %] .| vaon are omly poor apprei-
il ’ 1 : maucns, based smictly on geo-
i = v 403.fuZe 3¢S 3201 ¢ w0 R 4
|t . e b h ‘S l d i
P .__-.%-*r__ — _h""—_ I'_'h lengitvze 3uS acdtieial eem P A" P -\'_Sca mo cs_' .
£ T F e . These positon uncertaiiles
] 4 [ % 251: DT " 5 =
W1 IzRanp Casvan Lo e SuEeve, el '™ could explain the rmprovemeul
! o= = , TCL. & ™ < g
. Ve Rlpew e ol usama . th_e.- _derec(cd eifferences when
dwsick | ISR TONCE. solugons A and D are contrased
,‘.__\—*"" - = i S T <w | (see Figures & and 7;. Notice the
| ! \ overall RMS scatter 1mmiprevemen
L) i ' ety " | inlengitude from 2.0 cni o 1.4 em
| — i ord ) S R in lengitude from 2.0 cni o 1.4 en
" 3 '-E*’ o " {sce Figures 4 2nd 6) and. move
R4 A PN ey g s sgnifianiy. i elhpsowdal height
| " - l - . from 3.3 an o 1.7 ao (see Figures
L—,‘a_:’“"‘_" e N e = i . 3 and 7). Nouice thar selunons A
it SR 5 1 and D are independent and do net
; A _ _ .
- — i <1 oo mdude divect vectors connecting
| iy, B ;
PP T T PU ~ LtT N Y y C TR o= ) s and ST, crorx which, pre-
sumably, were deternuaced from

Figure 6. Horzonial difierances {solution 0 marus solution Al when vea and

Y. cRox are.constrained in the aetwork adjustma,

Furthervnore, sT. crox is a relauvely new
stanion with 2 short histery of collected GPS data
Ceasequenty, sinall sysienade errors of two types
could be present. First. 115 geoceiric coordinates

Fducial coordmaies referved 1 ovo
slighily different frames. as solu-
uons B and C tend to prove.

Ttis esunated chat, after a ngor-
ous analysis is fiuished and the ues o the local petnts
have teen eompleied. the final primary and sccon-
Ga:y arport conuel station coordinates uploaded
mio NGS' database seuld be grocentially accucate
te at keast 2.3 an in lauude and

. 5 longinade and  about  twice  Lhat
~pd DR a0 270 <20 evc” LF® w330 _M° _GEe _ger 2030 o0 524 _agf age® i 4
e I e AT T amewst in clipserd huight. ®ne
e Tt - hEia : — - 0 & .
W Somomheiet 5 | more indicaton of the quality of the
8o+ iy I 3 - 3 ]
’ LB, L results is presecsed in Figwres 8 and
- e TR N | 9 chich depic 2l] adjustrhent residu-
S \:: i als frem solution A projecied on the
L S TR Ve NS ~clgeioMBacwipcohier “#1 planes of the geodetic horzon (easL
[ ‘*? s, P buisicox ot | e north) and prime vertice! (eass
SRSNT B F——— o c d
. S ok ¥ a.  SUERTO "l..,:: - versus ellipsord height = up).
el dy =4y Ry = -l Persinen:  defitions  and
i Al & - P
. e | L2t st Bz goocentne-o-local cowrdinate rans-
e F e e t | formanons are gwen m Soler and
B - ' | Howman (1988). The GRSB0 eliip-
* 8T LLEis | B =
' [ o— o SR A yaepssss -QQId was usc:d. for these calculations.
wt | g A s A l;a wia + » Theplosin Figures&and gigrcsc-m
2 2R Tl - S e each observalien residual as obtained
- A e TR e g . TERELT L s
RN P o - t ¥ frosn the Jeast squares network ac-
RN, 4\ A ; N o L]
o} T ¢ r W ! . L jusnnan Notce, (or _e:lcamplc. lh_a
- Mo Yy , =t j l _ nc henzontal ebservation residual
g | | Ny B e ]l «| exceeds 2am and 3 cn1 in lanmde
| ) v X i l..tq A
Tor 83 ' T oTET afe o7 wrer 33° ges eev -;;_‘-I-::cf' S and loﬂglllldf:- respecu\'ely. i
over. the RS of die scateer of all

Figere 7. Effipsoid height dimmences (solAion D mews solution A] when s

and s1. crox are constrained in the network adjustment.

residuals ae enly 047 com and
1.4 an The large crvor i longi-
tudeanses from model errors related
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to tirming. which are rcflrcred i longiude
ue w varavons i the reamon of the earth
and the peeuhar GPS satellile greund.-pack
coverage.

Verdcal wicomainues are consstens with
the dfhauley in modeling the amcspheric
refracuen {ionesphere and iroposphére). The
magnimdes of the verdcal and horzontal
cTrotsare not nevessanlv ceirclated, although
a systemanc degiadauon in the or der [attude:.
longinade. and height 1s prevalent and has
been known since the muoducion of GPS m
geedeuc eperauons (see. e.g.. Seler €l al.
1991). Nevertheless, it 15 surprisitog that the
magnitude of tre RS for the varteal com-
ponent when cenvasied with previous A-
erder prejeds was iot larger. This may ndi-

Cantdean P ACS GPS Survey
it Mesicuala

cate a signifieant progress i the medeling of

phase-conter incmnpanbitines between anien-
nas, which was an unknown preblem a few
yearsago.

The plotied residuals are pracically
mvariant with respect te the choice of fixed

Figure 8. Adjustment residuas of solution A piatied an the geadetic
harizont plans,

station. but they are significandy -
enced by the unmodeled ervors Inirinsic 1n
the obsesvauons of each particulzr session.
Thus, tiey reflect a bewer measure of dis-
pevsien for each obsenvable than the for-
nal errors gencrated by the GPS vector
processing seftware. Large residuals are
generally cerrefated with uninodeled con-
ditiens at the ebsenaen ses. e.g. high
humidity, passing storm onts, mulupath
etfecss, or lonospheric acuvity. Conceptu-
ally, thexv indieate how consistendy c¢ach
ohservanon fus us average value which,
presumably, tepresents the outcome of
ideal standard ubse1ving conditons.
Another factor to consi'der when GPS
netwerks are adjusied 1s that redueed GP?S

Haight (om)

Caribbean PACS GPS Survey
Py iy
5
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2 = _-. L -.-1 D.- a
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vectoT componenis (the swservables} have

unplicit definitzon of scale and orienwuon.
Consequently', anly twee degrees of free
dem specifying the ongin (t.¢., three coor-
dinates = one siie pasiien) reinau to be deiined
10 account for the required misnimal set of geo-
metnc censtraints. Thus, no information about
the origin of the GPS meswvork 1s known in ad-
vance and an accurace coordinate frame (the same
10 wiuehs 1he vector componetits are referted, e. g,
FURF93) sliould be used te fix a tmitamuni of one
station. Once coordnaies are koown in a rigorous
geoccntne coordinate frame, final uzansformabons
o etier cenuncntal dawms {eg.. NAD 38,
EUREFS9) ceuld be unpleinented (Soler and
Hall. 1995).

Figuie 9. Adjustmamt siducis of solution A plotted oa the prime
verhica plane.

Conclusions

Conndering the quality of the results obtaned by
empleying ad ansed GPS sedmology and inethels,
NCS' objecuves with respett to the Cartbbean FAA
project have been fully accomplished. The Natnonal
Ceodeuc Survey has put in plase an acaurate sct of
pnmary anpoit coaudl statons, which sccures aceu-
tare geoecntinic posiaens for 32 airperts. The degree
of amoacy enaues (har other funire geodetic an«d
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cartegraphic uperauens in ihe regron @n meet the
most smingent geodec and rmappmg roquirernents
“I'his 1s anly the first step i the ardueus task o fel-
low. Now. individual Canbbean geodesc surveying
agendes are keft with the chalienge of addmg supple-
mental GPS points to densife their ewn grodetic
nenvorks. Only then can all acuvities related 10 geod-
esy, cadast’e, cartography, and GI$ in the regon be
¢xpressed in an accurate, commonly defined. spaual
framework. Final coordinates for al} scazens inmvolved
in s project are available on request from NGS'
Oleservanen and Analvas Division
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