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1 S tate-of-the-Art CPS Positioning 

the Global Posinoning S:- stem (GPS:i ~ lllgi11 ;. erTe-:m:e geodellc cechnique. 

\\~iL~ a pair ..:;f geodelic OPS r::C-:Lvers and a co rrun~rC1 al software package, one 

can novv casil:: obtain relati \e p0~l(ioning aCC lJ.ra\..'l ~S vI' the order of a. fevv 

milL.l!::rres an~i 1 or 2 parts per miLlion (-ppm !. --:- hlS can be jone qUIckly, 

reliabl), cheapiy, in 3-d, and by op~:rarofs wlLi-_ unly rnmimal training, It is 

therefort:! ea~)' ro tL.'l.dersta..f1d \.\"hy GPS "urveY1Elg lS qUlckiy rep lacing more 

traditional sUIveymg iUSU'l..L."'1lents and redmiques. :such as manguia!ion, 

(riid : ~ration, traversmg and tevdling, \Vith the incr~aslllg populanty of GPS 

surveying, the prices of geodenc reCel V~!S a.T"J.d soihvare rue: alSO '.::~)ming down., 

One can now buy a pair of recel v~rs and. a .:;!am.-iard cOIT'..m~rcial software 

package for about $ 20,000 or less. 

The applications of GPS surveying are now \'ery numerous and diverse. GPS 

surveying is used in Land a.T"J.d engineering s\.tr\eyin8 . setting-om, kvelling, 

control su:r:~ying, positioning for Geograpiucal Infom:'8..uon System (GI S). 

srrucmral deformaTion monitoring, offsD.Oft' and. hydrographic sLL.veying. [n 

addition to these standard 5ur .. .-eying applicanons , GPS now offen; a new 

potential for very hlgh precIsion POSi"llOmng and nClghung ~ fl geophysICS and 

oceanography, One Ca.l nov,' detem1ine the rei ;u i\'-: po::;itions and heighls of a 

large number of points, situated hundreds a.l1d mous3J.lcis of kilometres apm, La 

hit.h.el1o Uflllea.rd of accuracies of a few cennmc:m-:s or -:\-:n millimeaes. 

However, this requires che adopLion of special field oosi;p:mional procedures 

and compwational strategies, vvhich are broadly known as 'fiducial GPS', 
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2 Fiducial GPS and the IGS ~etwork 

The flduc·ial G PS tech.I1.1C:. :..l ·~ 1m oj -, es \ 

LIlt 

I' : \" -4 1 " ' co ')fCl2.2[cS art: K...nO \\Tl co a very mgn or-eer accuracy' mag ooal rererence 

frfull.e, and a number of neV\' smtions \"vho~c coord1na1:~S a-:'i; required, Full details 

of the meLhod are gi\'cn by Asbk.enazl et al (1989), and only a brief outline is 

g lven bere. 

The ~ljucia: process illyolyes ,he l..'umpu~ :.Hion of '3. rheO!I!:.!cal (:inTc'::;fated) orbit 

fo:- each of the salellHe.s, based. on the force::.: acnng on ir The lOJ(;es modelled 

include g!a\'t[2[lOn~ lctrc.,,:!10L i,of rh~ moon, $un and the planets, and ea..n:h and 

ocean tides), surfac-; forces {,e,g, 30[ar radiation; 2:ud ot.~er pcrVJIbt;"lg il1I1uences, 

The ~heor~tlcal orbi~ :'or each satellite IS ;;umputed by nurnerica.l idegracion of 

the acc-=lerailOn veCior, s~aning from a initi.al Slate vector (3·d pOSition and 

velocities) obtained from a previous oroadcast or the precise ephemeris. These 

cheorencal orbits are impro ved during ehe nen'.;ork adjustment. The complete 

set of carrier phase measurements from all the stations is adjusred by leaSl 

squares, holding the 3-d coordinates of a minimum of three fiducial stations 

rlxed, and solving for the 3·d coordinates of the new stations, as well as for the 

corrections to the sa'Cellite orbits and other bias parameters. The resulting 

adjusted ne(\\'ork of grOlmd. sL.1tions and satelli'le orbits is posilioned: sc~ed and 

oriented to the reference frame defined by w.1e adopted coordinates of L~e 

tlducial stations held fixed, The high accuracy of the coordinates of the fiduc ial 

stations are men tra.n.sferred to the ne'vv stations, via the satelvte orbits. 

The Imernational GPS Geodynamics Service (lOS) is a permanent lnternational 

service established in 1990 ' by the International Association of Geodesy (lAG). 

Th~ primary goals of the IGS are w provide 'ihe sci~ntific community with high 

qualit), GPS orbits on a rapid basis, and earth romtion para..meters of high 

resolution! to expand geographically the CLL"Tent Imemadonal TerresTrial 

Reference Frame (ITRF) maintained by the Intemational Earth Rotation Service 

(IERS), and lastly to monitor the global deformations of the eanh's crust 

(Mueller, 1993). The lGS is bas~d on about 40 pennanent tracking GPS 

stations, f01TI1ing a permanent GPS uacking network. The IGS network is 

t.herefore ideally suitable for [he cominuou.s global monnonng of GPS 

satelliLes a1 the tracking stauons, and could therefore effectively provide fiducial 
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station coordinates at the epoch of a fiducial GPS campai gn, The formal Stfu"'"t of 

lOS routine oDerations \\'as on 1 JanLlal'v 1994 . . , ~ 

The first GPS experiments m Brazil were carr i,: d ()ut in 1988 . The main 

objectives ~"vel'e to introduce (he GPS tec~iIlolo gy in Brazil and to stan research 

in the Ileld of GPS applications. Carnpos et al (1989) d~scri be. 30rm: early GPS 

projecTS in Brazil. One of these "vas t.he reMoccupation of paI1 of the Southern 

Brazihan First. OIder GeodeIic l\'en.vork, and ' another a GPS .\tletropolitat1. 

Geodetic N~I\~/ork for cadastral plli-poses in CuritibahPR. Fortes and Blitzkow 

(1989) also repor( on tests which -vver·-;; carried out, comparing GPS and the 

classical Brazilia.l1 netvmrk. 

These first fe\v GPS exp~riments were follo\ved by more subsumtial GPS 

campaigns ar nmional and intematiollal levels, Several insti tutions in Brazil 
participated in the foll~wing international campaigns : 01091, BRASION91 , 

BIV\SION92 a.n.d t.Qe lGS Epoch '92, At the national Level, IBGEl p:-oposed the 

establishment of a Brazilian Network for the continuous tracking of GPS 

satellites, referred to as RB1vlC (Fones~ 1991), Th~ proposed network, with 

some 8 stations would have the characteristics of an Acti\'e Control System 

(ACS), like the Canadian system (Delikaraglou et al, 1986), LJsers could access 

data collected at these stations, either via communication links or off-line, with, 

floppy disks. To date (March 1995), only three of these 51ations are operational. 

lBGE has also made an effort to coordinate and collect GPS dataubtained by 

users on various projects throughout Brazil. The aim was to include the results 

(expressed in tenns of coordinate differences) tIl the adjus~ment of the classical 

net~vork. This could then be used to improve the most recem Brazilian Geodetic 

System based on SAD-69, the South American Danun 1969. 

Another local GPS project in Brazil is the Sao Paulo State ~;etwork (Blitzkow 

et al, 1993). It comprises 24 passIve stations, at ranges of about 200 km, which 

has now been completely observed . Some lOS Stations vvi11 also be included in 

IDe processing, which is currently being carried out 

1 Funciayao Instituto BrasHe.iro de Geografla e Estatistica 
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At the South .A.merican conti nental kveL tile South Ameri can Geocentric 

RefeTe.nc~ System (SIROAS) project \\ <3.5 creatt;d in 1993, [ts alms ar~ to defi.ne 

a ne." .... · re ference system rOl" S ':.;u ~h .'\.il'!eril2a, to e;;stabllsh and mainL.:=tin a basic 

reft-:' en\.~~ netv,'ork, 3..r:o tc dc.IiL;;;' a~ld realist a gto(;e;ntric dawn') (SIRGAS~ 

1994), The Lmai of GPS s ~ ati()ns is about 800, of which 85 \viU b~ located in 

Brazil. The first campaign is exptdcd to be held during tAay ··June 1995, .", 

for the project desclibed in this paper, i,e, the" High Precision GPS Network in 

Brazil '!, we have used data c oll~ctr;d during th¢: lOS Epoch '92 Campaign in 

Brazil, Chile and the USA. The project is desc.ribed in the following Chapter, 

4 IGS Epoch '92 Campaign: Brazilian Stations 

The Brazilian participation in th~ Epoch '92 campaign was as a regional centre 
(Bergamini, 1993) , It included several Brazilian institutions, notab ly the Federal 

University of Parana (UFPr), ISO£. the University of Sao Paulo CUSP), the 

Paulista State University (UNESP) and the >.rational Institute for Space 

Research (INPE). 

Three of the stations (Parana, Presidente Pmdente and Brasilia) were 

continuously occupied dUring 14 days of the lGS Epoch '92 campaign. These 

stations belong to the proposed Brazilian nerwork of continuous GPS tracking 

stations CREMe), A furthep· four stations in S~o Paulo State (TaqlJaru~su, Ilha 

Solteira, Avanhandava and Saito Grande) \ivere occupied for a of local project. 

Each one of these four stations was occupied for a period of 3 hours for each of 

2 days, The station Chua, the origin of SAD"69, was occuplhd for a whole day. 

In order to connect the stations occupied in Brazil during the IOS Epoch 192 
campaign to an international reference frame , i.e . ITRF, the collected GPS data 

vvas processed jointly with GPS data from scations outside Brazil, which were 

also occupied during this campaign. These stations included Santiago in Chile, 

and Goldstone and Richmond in the "Cnited States, Figure 1 shows all the 

stations which were involved in the Project described in this paper. 
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Figure 1 : Brazilian E poch '92 Campaign 

Although the lGS Epoch '92 ca.rnpaign involved 14 days of tracking data" we 

used no more than 7 days of GPS data rOL' each of the stations, This provided us 

with a repl"esentative sample of the fuli data, for the purposes of this study. The 

tracking stations and the amount of data used, from the Brazilian Epoch '92 

Campaign, to define the Brazilian High Precision Network (Brazilian HPN) are 

listed in the follovving Table 1, 

Name ! Site location 

BRAS : Brasilia - DF , BR 
PARA I Curitiba - PRo BR 
UEPP i P,Prudente-SP. BR 
A VAN I A vanbandava
ILHA SP>BR ' 
TAQlJ : Ilha Solt.-SP, BR 
SALT To.quarussu- SP, BR 
CHUA SaIto Grande-SP,BR 
SANT Minas Gerais ) BR 
RC1\12 \ Santiago -Chile 
GOLD Richmond - USA 

Goldstone - USA 

Data Processed (Julian Day) 

208-213 and 218 24 hours/day 
208 · 213 a..nd 218 24 hours/day 

, 20 8~213 and 218 24 hours/day 
: 210 and 209 3 hours/day 
I 210 and 211 3 hoursid:lY 
i 
, 208 and 211 3 hOllis;day 
I 

I 208 and 209 3 hO llIs/da> 
1 2 18 ~ 2 4 ho urs 
I 

; 20 8~ 2 1:3 24 hOllSs iday 
: 208-2 13 24 homs/day 
! 2 08~2 13 24 hoursiday 

Table 1: 

Stations and Data Sets in the Brazilian HPN 
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I Receiver 

I Trimble 
.. \j Tr~mble 
; Tnmble 
! Trimble 
, Trimble 
I Trimble 
, Trimble 

Trimble 
Rogue 
Rogue 

1 Rogue , 



-.... --.--===::::::==~~"""'""""~====~===:;;;;-::::-... :r«:zW - ca:o..-~ 
Ba5elio.e~ 1"<Le~lg~h ·G~111 .. ; B~~elilJe:----~ i"-I.~~"ith (km) 
SA:\T~P.~. ~--r~ 2,234 I -VEP? Sl~L'n'--'~ 168 
PAR.A-t'-EPP 4 .. 0! CHl.',-\-l-EPP i 432 
l,-~EPP-B R-' S i77 CHCA -P.<\R-\ 640 

193 

166 
77 

CHl:A, -BR.'\S 
BRAS-RC!'d2 
BRAS -GOLD 

423 
\593 
8,438 

C£?P~ILSA 

L'EPp·A \' Al\ 
UEPP-TAQC 
~--~--~~~----~------~~---=-----=--~~----------~ 

Table 1: 

Sample Lengths of Processed Ba.selines 

Only three or the stations all oms ide Brazil (SANT, RCY12 and GOLD) , had 

krlO\Vn coordinales in the ITRt---: framework. Alt-DQugh these three: :;;I;Hions are ac 

very long distarlces aW8Y from the Bra.zilian s~a(ions , and therefx;;: nu[ very 

;guitable~ \Ve nevertheless dec ided w use chern as fiduci al ' stations, because of a 

lack of bener alternatives . 

5 High Precision Network In Brazil 

The network, described in the preYlous section, has been adjusted by using the 

GPS A11alysis Softvyare (GAS), developed at the Uni~ersity of Nottingham 

(Ste\\"art et at 1994) . T.'1e reference frame was defined by consuaining t.."be 

coordinates of the three tlxed stations 'to their k..TlO\vn ITRF93 values) v.ith a 

stan.dard error of ± i 0 em, Additionally) the satellite positions were held t"txed to 

values computed from a Jet Propulsion Laboratory (lPL) Precise Ephemeris. 

The atmosphere (i.e . ionosphere and troposphere) was modelled by standard 

l\ ottingham techniques . \Ye used the ionospheric free phase observable) and 

modelled the tropospheric r:fraction by applying the Nfagnet G10deL Within 

~1agnet, \ye used two zenithal scale factors per day-and-station; modelled as a 

first order polynomial, and estimated as u...rllmo\.VTI parameters in the network 

adj ustment. The effects of the earth body tides (EB T) were also modelled using 

the IERS sta..l1dards (McCarthy) 1992), 
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For the pu..rpose of this analysis; we only considered those stations which observed for 

at least 6 full days. The processing was carried JUT as two :eparate exerci ses, i.e. 

one involving six 24-hour data sers , aDd the other Lwelve 12-hour data sets 
, 1 T' 1 1 . -1 '1' J ' ~ , , 1 " , res·pectl'\~e), ;' . !1e reSlj~!~ CC't2.1neU SI t ll ll1 S:tateu i1". t~r.rl l S ',JI r~p ~ ~l(!~Ol 1t!$S t.l,t;. , 

rms differenCe'i from the m:::ail) , The filS ( i ~rn) -or the l'yvelve 12-hou.r data ;;:ts, 
r . h l' 1 .1 L i~ ' ..., . , d ' ,. 
IOr varymg L 2:::e me l ' ngL:"l~. ~L:e sUO',, ::' lL :! ~~l,-'~ ..: ~ d) , JJ 1 :.11\..:5'; corl'eSpOIl1llIlg 

to the six 2+hour da t~ set::. , a:."~ cb:."",l1 iD Fi ~'-l r~ 2(1) ). C ~c:3.l'h. the bner JisDlays 
• ..... \ • • • .1 !oo 

e Si9:1Uficant irnproveoem. du:; CO 6c I;iV~ra l2:lI1 .",'l out :.md IDe ·.::a..ll.cdliru! of long --. ' __ G ...., - __ 

Iefffi (24 bour) bias tenu:s, su::h as o(ean Iide loading . ~. -

'? 

"0 T 
! 

;o r 
" , 

(b) 

i ~] ~ .'--__ ,d?1-'-~-===\ ~ .. -~, 
'0 r .~/~ . ~'\~ : t>;; __ ~-" ____ l_'_'~_--'''' ' 
0'-- ~ 

(j 3 9 I 
========-=3=~="'d .. 5l8lt-_,::r_Xl_":_r'n_i ~ ____ ,~ 

GPS Precision over Long Baselines 

. Figure 2(.11): 12-hour solution F igu re 2(b): 24-hour solution 

The precisions illuslIan::d in Figw'e 2(b), con'~spond to 10 to 20 nm1 in all three 

coordinate components, for baselines of up \0 9,000 kIn in length, Te 

compr~hend this level of precision, which we achieved in our teslS, .. one should 

remember that a 10 mm rms error, over a lO,OOO km long line, corresponds to 

one·part~per billion (l in 109) of th-: 02.se line ~ ength' We also fou..nd thaI. Dn 

average, the rms or the height component \-vas rwice {nat or' G.1e tVVCI horizomal 

componems, 

F inally, as an external check, we compared the ccurdinal :s obtained for slation 

Chua, as part of our lOS Epoch '92 solution, with th~ \."Jfr~sponding I::oordinates 

obtained in earlier Tra.'1sit-Doppier campaign (F o~~ s ~l ai, 1. 990). The 

differences of coordinates bet ... ·Yeen the two SO Lutions , 3.5 given in Table 3, are 

remarkable tn that they are well below the 1 ill ieveL, i.e. the aCCl.iIacy of absolme 

\VGS84 coordina!es obtained by llsing the Trlli'1siL-Doppler system, 
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T~bir.: 3: 

ITRF minus \VGS84 Coordinate§ (m) for .st~Hioll Chua 

<5 Potentiall\.pplications vrith th e Brazilian N,etvrork 

This srudv has de monSrrr,Hfd the ease with w hich one. can obtain ven ' high , , 

pr(':c:ision 3 ad coordinates by us ing Fidud ~1 GPS and the lOS precise r;phemcris. 

These coordinates could, l11 CUI!'!.) J..; Lls,;d as tiducial :'ltaLlom coordinate 'S ~ fo r 

tlrrther GPS cicl1siflcation De.fl.vorks. High precision fiduc iai GPS networks have 

many scientific and engineering applications. Vv' e shalllisl som~ of them here, 

(a) The continuos monitOring of cnlstal dynamics in tectonk ,111y ~mstable regions , 

(b) The precise measuremen t of vertical land settlements at tide gauge sites, used 

to monitor changes in me mean~sea- level and river testuaries (Ashkenazi et at 
1993a). 

(c) The setting-out and deformation monitoring of long pipelines, 

(d) The establishment of high precision local geodetic cOl"l;trol network for large 

civil engineering projects . 

(e) The definition of a geodetic reference system for a Passive or Active Control 
System. 

(f) The establishment of local GPS control ncetworks for monitoring the 

defonnation of civil engineering structures~ such as reservoil'$ and dams 

(Ashkenazi et aI, 1993b), 
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7 Conclusions 

The' experiments r::arried Oi.l ~ ,,\-ith the IGS Epx. '92 GPS l ata set i~ d to tht; 

follo\ving achievemenrs and ::ondusions. 

(a) \V.: obtained a new set of coordinate values for a spar se High Pl'~ci$ ion 

Brazilian GPS ~erwork~ con5i:n:ing of 5 stations in t11<;; State of Sao Paulo, 1 

station in the State of Parfu'la, 1 slation in Brasilia, and Chua, Lhe datlLT11 point of 

SAD~69 . 

(b) These coordinate values are referenced to and expressed in terms of ITRF 93! the 

global IERS geodeti<: reIerence fr ame work. 

(c) Altb.ough we only m ed an lOS PreC1S(' Ephemeris : we achieved some 

remarkable levels of prec ision, expressed in terms of repeatabili ties of day- to

day solutions. The rms dlffer-ences from (h~ mefu""1 range rrom 10 to 20 mJ."'U; over 

baselines of up to 9,000 km. 

(d) The rms differen(;es in height were, on average, rn-ic~ as large as the rms 

differences in horizontal coordinate components. 

(e) The n~wly computed ITRF93 coordinates of Chua, the origin of SAD-69, differ 

from the currently used \VGS84 values by -0 .340, -0 .42 1) 0,171 m in X~ Y and 

Z geocentric coordinates respectively. These differences are remarkably small, 

as they are well below the 1 m level! the accuracy of Transit~Doppler derived 

absolute positions! using the Transit-Doppler Precise Ephemeris . . 
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