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Abstract

A rEthod is described horr to r.rse d.raL frecpency P-Code- and carrier phases to solve atüiguities rith therrextr8 r ide [aningn techniq.rc in the kincrmtic mde. The üüiguit ies are sotved r i thin a fer mirutes ron
the räy't ,  that mans r i thotl t  the ncccssity to strrt  on a knorm posit im. This nekes the mthod atso
appticable for nnving ptatfornrs in rerptc arcas. &rce the diguit ies are solved the futt  carr ier phase
accurscy can be exptoited, thr.rs a fen centi iEters in retat ive posit ions are achievable.

Trc exalptes rith real datc arc prescntcd and anatyzed:

- 3'D ships l t t i tude control ras investigated by r,rse of three TI41OO equiFnrents on the Gefl ian research
vesse I rrlleteotr' .

-  ne[8t iYe kinernatic.^posit ioning- ras pcrformed to controt the cafiEr8 posit ions in a photogrannetr ic
airplane r i th 2 TI4100 operated in the high örngnic mde.

Final ' l 'y sonE aspects are discussed hon the mthod r iay be used r i th d' tst freqercy c/A-c& receivers.

1 .  K ine f lE t ic  Pos i t ion im r i th  Car r ie r  phsses

Ki rpmat ic  pos i t ion ing  r i th  car r ie r  phascs  inp l . ies  the  so lu t im o f  a rö igu i t ies  in  onder  to  exp to i t  the  fu i l .
accufacy potmtial of the carr ier phese rrasurettrnts. l{ost apptications r.rse a npthod r ir ich ras f irst
described by REllOllDI 1985. Tno receivere st6rt in a stat ic rpde on tr,o stat isrs A and B in order to
determine.a piecisety knorf i  start ing vcctor and to sotve the init iat atüiguit ies. The second receiver is
then rDvcd to other stat ims r*rere i t  is stopped for a very short t inre. In order to shorten the init iat
starting period, änterba exchange tmhniqres bctrcen A ard I have been proposed and srrcessful,ty used
(anterhä srapping). one esscntial aspect is, that phase Loes (cycte st ips) shoutd be svoid€d drr irB the
noving periods. Otherrise ! return to al,ready knotin points n8y be neceisary, i f  cycte sl. ipe carrnt be
recovered- This makes the mthod rcstr icted to use on tand r i thin rather shori distarres; ot i  a start ing
airptane, for instsnce, or ä rerbte vcssel in heavy sea, cycte st ipe are nearly rnavoidsbte.

An tn iversa t  so tu t ion_for  k inemat ic  pos i t ion ing  r i th  car r ie r  phases  req t i res  the  so lu t ion  o f  a rb igu i t ies
by using the kinematic data mty, r{ i thout a stat ic strrt i rp procedt re. l le cal.  t  this 'on tf ,e ray"
arüiguity sotut im. l t  can be r.red in post-processing and in real,-t inE rpdes and does not regl ine any
return to a knotn point *ten cycle et ipe occur..

In the fot l 'ol ing 6 rethod is described hor to use d.rat frcq.rcncy p-Code and carr ier phases to sotve
albiguit ies xon the ray{- The eff iciency of the iEthod is dermnstrated r i th ncal, data frcrn a ship ard an
airplane expcri[Ent. Three Tt4100 reccivers have been instal. tcd d.rr ing a cruise of the German research
vesse l  xETEoR in  thc  E ts t 'A t tan t ic  in  Jannry  1988.  These a l , to r  to  inves t iga te  3 -D sh ips  a t t i tud€
control.  Retst ive kinenatic posit ionirp ras perforred rndcr cmtrol, ted coodit ions on a phoiograrnEtric
airptanc in August 19E8.

2. The xOn the garat At$iguity Sotution r i th Duat-Fre<r.remv p-code Receivern

Frol d.pt f reg.rcncy phase rrasureflEnts several I incar consinatims can be ccfllr"rtd r*rich have certain
characterist ics. Sinitan t incar corüinations can atso be forned frqn drel,  freqre*v p-code observations.

A short descipt icr of the irFortant sigrnel,s fol,  l ,ons, a detr i tcd discr.ssion can be fand in u$BENA 19g9.
Thc ridc tarrc is corp.rtcd fra th. diffcrcrrce bctx.cn the L1 lnd L2 carrier phases. The ravctength of
thie eignat is rpproxirntcty 4.2 ar Thc norror trnc is obtained frcrn the stnr of the L1 ard L2 cirr ier
phases, i ts ravctength ie aproxirrtcty ' t0.7 cn. Thc dif fcrencc bctleen narror and yide tarc propegatim

,:
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tiiEs depcnds alty on thc ianospheric propcaatim dcl,ay and on eignat detays dre to satettite ard recciver

hardlarc. t .e. thc dif fercnce is irdepcndcnt m the reccivcr to satctt i te gcomtry. undcr mnn[

circqnstarces the hardrare dctays shol mty smtt variat iar in t im, so they can bc descriH by sirpte
;pdcts. The differcrce bctnccn thc n rrorl and ride tanc prop{ttim tims is cattcd the icroepheric
s ignat .

The r idc tarr trcrrrnission epoch is idcnticeL r i th thc tratnission cpoch of a t inear colöination of thc
Ll .rd LZ P-codc pheses. This lirrar cqöinatiqr corrcap*ds eproximtety to thc ran of the code

draecs. ThrJs thc noisc in thc code phases ie epproxintcty rcdrcd by a factor of 1.4 in this signat.
ite ridc tanc aöipity can bc detcrnincd through a direct co4criem Hith thc transnigsion cpoch of the

code phasc coröinrtion. Systcrütic diffcrmes @ mty cr sctctIitc and receivcr hardrare detays.
Strmg rutt ipath effccts nay ateo tead to syst*t ic crrora. As Hith the ionospheric signat the

diffcrcrce bctnccn thc P-code ard ride tanc is irdepcndent m gcctry, i.c. both signel,s can be used for
kinenatic appt icat ions.

Thc aröiguities in the xide and narror tatr arc mt indepcncfant. tf ott of thc aüiguities ie even, the
othcr hrs to bc even and if anc is odd thc other has to bc odd, sincc both arc tincar colüinatims of the
Li lrd L2 röiguit ics. This condit ion tcods to the frct that the cffcct ive ravetcngth of me of thc
sig65ts irrrcases bry thc factor of 2 i f  thc r* iguity of thc othcr signat is rcsotved.

The r idc larr ravetength is approxinrtety 8 t ines the nsrroe tcne ravetength. Frcnr this fot lors that i f
the r ide tane röiguity is knonn f i th an lccurocy of +/- 3 cyctes the ionospheric signat can bc treated !s
r aignat r. i th the nrrror lanc fsyetength ard an integer rrbiguity. I f  this arüiguity can be f ixcd the
effectivc ravete.ngth of thc ride lane incrccses by the factor of 2 d.re to thc evcn-odd conditidl. l.e.
the r idc tarc arüiguity hrs to bc resotvcd for an cffcct ive ravetength of 1.72 rt tens. This techniqre is
ca t ted  r 'ex t r r  r ide  lan ingx .

tf the distcrrce bctncen trlo obeerving rcceivers is snraI I (scne ki lmters) thc anüiguity of the
ianospheric signal. can easi l ,y be f ixed thror.rgh thc lssr-nptim that the sirgte dif fercrce ionospheric detay
vanishcs. This condit ion is ful, f i t ted for the experinrnts dcscribed in this paper.

The l0'r the lJaft aröiguity sotut im procedrc is the fol, toring. First the r ide larc alüiguity is
approxinatety estinstd fron the ccnparison r i th the l inear conöination of the P-code phaees. As tong !s
cycte sl, ipe do not occur !n accurutat ion in t im is posaibte and reduces the 

"st im.t ion 
crror. The

ianspheric sigrnal, is accurutated ovcr the ggm intervat ard i ts alöiguity is est imted ard f ixed to an
Intcger i f  a centain sccurscy tevct is rcached. This mrmetty attors the f ixing of thc cxtr!  r ide lane
a$iguity. ln this case alt  arsiguit ies rre recovered and the narroi tane, r*r ich hes the tolest
lrrsurcnnnt noise, is uscd for posit iming.

The processing of th. data eets prescntcd here ras donc rith the G€Oi{AP GPS sdjtJstrEnt systen.

3. Ship,s Att i tude controt on the Rcsesrch v"sset HETEoR

3.1  xETEm Cru ise  6 /4

Betr€cn Decelrüer ZE, 19E7 and Jarxrary 12, 1966, the Gcnnrn Research Vessel XETEOR operatd in the Rcrnanche
Frccture Zmc of the l l iddte Attantic Ridge in order to test the pcrfonrarre of the rä. rutt ibeüt srath
system HYDROSIJEEP. l{ain punpose of the cPS operation Hss to sr.PpLy precise positions for the occsn bottqn
survcyirp. The avaitabit i ty of in totat 3 TI4100 receivers sr bosrd the vcsset gave the opport$ity of
further irvcetigatims into the use of GPS for aziruth dcterninatim ard tt t i tude control.  One antefr|s
rus  ins ta l . t cd  on  the  fo renr rs t  (G lH)  Erd  tHo m the  ou tn igger  ends  o f  the  na in  t rgs t  (Au l , lFE) (F iS .1) .  The
rccciver datr rcre necorded contirr.ror.nty dl iEgn€tic tapc ffd ftopp'y, disc. Thc fol,tofing exalptes refer
to r rrther short salple of the coiptete data set.

3 .2  Ver i f i ca t im o f  the  l {odc t

The aöiguity est in t im r i th the l{ETEm data set could nearty bc donc in reatt irr .  The behsviour of the
icrocpheric aignat ard thc code sigxral.  is rhosr in f igrure 2. The tpper ptot sho{s a tylr icat singte
differerrcc ionospheric eign t,  drere a constrnt bias d.re to rcceiver detays is rcmvcd. The ul i ts m the
ordinate arc cyctes of the ionosphcric signat ravetcngth, i .e. 1 cycte = 10.7 cet. Firgt i t  can be mted
th.t thc recciven detays are obyior.rsty constäri t  ovcr the drotc pcriod. Thc noiee is ebottt  0.15 cyctes
tat ich correspard to approxinntety 1.5 crn. Thc crror reachee the +/- 0.5 cycte [eve[ anty rt  tr .o Points.
Thie mans that thc correct anöiguity of th. signal. can be obtsincd in reatt ire cxcept for this t lo
poi nts .

f tEC thc anbiguity of the imospheric signat is f ixcd, the extrr r id€ taning tcchniqre can be appticd to
d.tcminc the r ide Lanc aÖiguity. The to.cr pürt of thc ptot shoes the offset of the code frcn the r ide
trr r ignat. Again r cmstrnt receivcr dctay bias is rclovcd. Thc noise in this ptot is sbout 0.7 cyctee
of the r ide taoc xawl,cngth. The correct r ide tcrc arüiguity ie foüd i f  the crror in the signet is
3Eltar than I cyctc. Thcrc rre sorrr pcake r*rere this lcvel is excecded, honever cn intcgrstim over !
f* rccrrds yicl,ds thc corrcct aröiguity.
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3.3 Distarres betneen Anteffirs

The distanccs betnecn anternr instattatid|s, ccnplJtd frcn Gps corrier phase data, rr.rst be invariant.They crn thercforc bc r'rcd as c rctiabtc chcck of tirc mthod. Figure 3 shons the resutts frcn the cEot^psolutions for thc rntclYlrs. It csr bc lccn thrt thc misc level, of thc nsrroH t8nc sotution is abor.rt Ic|n' It is furthcrm. provcd.thtt thc cyctc stipe ccn bc rccoviret al,ready after a fe seconds. Thrrs thecfficiency of the mdet coutd bc vcrifild ttrro,.rltr ttt. xerem-d"i.. Figure 3 dcn'nstrltcs in sddition thEta PDoP-pcak hcs a considerabl,e cffcct qr thc eol,utiqr. For tsrgc poer" * gooo i-o sol,ution can befond, *r ich is setfevidcnt for nsvigrt im appticct i ; .

3 .4  A t t i tudc  Cmtro t

Through the sinrrttaneous nEasuremtlts of 3 rcccivrrs orüo.rd thc vesset it Hss possibtc to detenninepitch, rolI  cnd aziruth tpt ions of thc wtr ictc. r ig.rre 4 
"t tolo 

üt. distarce betncen the IFE and Aultnterns and the pitch üd rot l ,  bclraviotr r i th 3 secmd i""oirt i* ore. 
"- i i*-"t ;- ; ;  

approximatety 35mirutes'^ The periods are clearty rccognircbl,c and csn x;enaiyreo. The i lpl , i tudes reach +/-4. for roi l .
9nd 

*/: ! ' for pitch. The angutar rcsoiut iqr co.re"po.d"-t; ;h! basel. ine l ,ength and refers to 1.00 mradfor rott  (1 cn over 9 n) and 0.25 nrad for pitch ( l  ä over CO i l .

The aziruth deterninatim corresPords to the pitch resolut ion ard reaches accordingl,y +/-0.01" this ism"nh npre accurate than. conventioä,al gyro navigation. l t  shotr l ,d be enphasized that the high accurateazimuth controI nakes higrhty ret iabl,e 
" irem 

deterninst im possibl,e.

3.5 Corclusions

uith GPS phase TEasurcrEnts j !  is possibte to mnitor the t i ln dependent behaviotrr of a ship r i thex t remty  h igh  reso tu t ion .  Th is  ho t i *s  fo r  l t t i t r rdc  c* t .o [  a r i  a tso  tb , .  s r , i t , s -h ; ; i , rg .  I t  shoutd  s tsobe possibte to rDnitor defonnatioos on tankers and other Large vessets in irearry sea xith 1 cm tevel, ofaccuracy,

4 ' 0  R " t " t i r "  K i * t i .  p o " i t i * i *  o f  ,  p h o t * . * t . i .  A i . o t " r *

4 .1  Pro jec t ,  Ob jec t ives

The use of GPS for photogrannrtr ic controt .  vi thin än airpl,ane has been r idety discr.rssed. t f ten j-D
coordinates of the project ion centre of the photogrmtric !*r" are knonn r i th suff icient accuracy, astrengthening of the hrdLe btock adjr.rstrcnt can be achieved and the required nrrüer of grand points canbe reduced' tn order to provide sui iabtc data for ecicnti f ic rescarch to this respect, a dedicatedexpeniment ras real ized in Aqust 1988. one Tt 'snterns Has lr{ntd of l  top of a photogrdmEtric airptanerith the receiver inside the cabin, and a eccond Tl4to0 eq,ritrncnt ras operated on 8 grornct cmtrol, point.

The f t igh t  pa th ,  8s  dc ter rn incd  f rc rn  the  GPS-so lu t im,  i s  ddrnns t r r ted  in  f igure  5 .  F ive  s t r ips  r i th  intotal 69 photograi lEtr ic pictunes lere used in the h.rrdLe btock cdj lst,r*, t  C"J-r is. 'el .  The coordinatesof the carcr 'a project ion centers.,  conning frcrn thc ptrotogr#ir ic sotut ion provide a very ret iabl,e 3 Dcontrol for the GPs results. The projcct r. !s carr ied- otrt  in cooperation r i th the " lnst i tut fürPhotogr$rEtrie |''ld lrpetrieurvencsst lgn (Ipl ) Univcrsity of Hrrrrover. The hndl,e btock rdjustrEnt rasreatized r i th progr*r package BLUE of t f i  Uy x.sc. Keren Li.

4 .2  Techn ica t  Reat iza t ion  and prob l ,ens

The retation betieen the sntern€ phase center and the photograrmtric c6|r€ra center coutd be detenninedHi th in  a  re fe rence f ran t  f i xed  to  the  a i rp tane.  The eccent r i c i t ies  in  he igh t  a re  about  1 .30  m and inposit ion sbout 0.5 n. Probtenrs arisc holever because the orientat im of the airpl,ane ctr ing the ft ightlras not measursd' consequentl,y rangh onientation val.r'tes hrd to be cstinatcd 
"rd 

*r" apptied for theeccentr ici ty catculat im. Renaining systcmstic errors lrc cetineted to be in the tevel. of a ferdecimters (sec Fig' 6), because a 1ö' change in orlentrt im teads atready to a 40 cm change ineccentn ic i ty '  F igure  11  shons  the  cPs de tc ra ined r rc lgh t  to i i ie  o f  the  a i rp ta rc  fo r  the  f i ve  s t r ips .Frqn this i t  nay be sc€n that the orientat im changcs rapidty.

The epoch of shutter operst ion ers deternincd r i th a photodiode ard retated to Gps t irE via a uTC t imsignal rcceivcr '  Tim infornatim is necessery in oräcr to rcl,r te Gps rEasunenEnt epochs (cvery 1.2seconds) xith the imge sc9ucncc . (approximtcl,y 4.5 seconds) via an ldeqJatc interpotction techniq.p.This synchronisation proccd.rre yiel,ds'a consideräbt..r .o. 
"o.r." i .  

For the opcrationat use i t  is proposcdto tr igger the canpra opcr6tion through th. GPs irrsursrrnt epoch, i .e. tor att  j  seconos . In cddit im,the cdtpra shoutd be f ixed to the ai ipl 'ane bod djr ing op..! i i*  .  rr t" orientat ion of the airptene inspace can be detennincd then fron cerotr iarputat ion r i l tr  suff icicnt 
"""u.""y, 

in order to sotve theeccentr ici  ty probl,an .
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4.3  Arö igu i ty  so tu t ion

Thc aröiguity resotut im for thig cxpcrinnt rrs Frc dif f  icutt beccuee the rrrasurei lEnt miec ras
relat ivcty high corp.rcd to thc tt t i tLde cqrtrol drtr Bet. The reasor for this is probabl,y the setectcd
high dyndnic opcration ;pdc of thc rccciycr. Figurc 7 shors thc singte dif fcrerce iornspheric signats for
tr.o 6atett i tcs. A cofttrnt bias ie rcrpvcd in both pLots. Rctat ivety high variat ions can be observed,
r*r ich arc cottmn to both satett i tcs. fhie mcns that thc recciver detay terrs are not constant. The
doröte dif fercncc iorospheric signal. is ehosr in f igurc E. There are rcmainirg systenEtic errors Hith
tong tern varist ims. This my bc r rutt iprth cffcct. Thc noiee is approximatety 0.5 cytces or 5 cn
rcap.ct ivtty. A rcrtt i i r  aöiguity cst ir t im ras irpoosibtc in this case, holever the integration over
the coetetc pcriod teads to mxinrn cFrois in the cst imtcd alüiguit ies of 0.15 cyctes.

Figure 9 shors a ptot of the sir€te dif fercrrc code-carr ier error in the r ide tene. The noise ras about
0.7 cyctcs t*t ich correspoids to thc vatucs obtaincd fron the ship data. The estimstion of the correct
löiguity in the r ide larre ras again possibtc Hith rnxinrn errors in the orden of 0.2 cycles.

4.4 Ccnparison of cPS end Photogrannetric Resutts

After sotut ian of aröiguit ies, thc posit iqrs Fcre estinatca r i t tr  the alöiguity-free pser.rdoranges through a
12-state Katnanfi t ter. The f i l , ter r€s ncccsarry in order to sotve the interpotat ion pnoblanr. l lorreyer the
d6anicat;rodcl ras given a high degrcc of fresdcrn in order to cxptoit  the hish accuracy potential of the
rElsureflFnts. The camra posit ims rrd vctocit ies coutd bc estinated frcn the stste vector for atI  inage
cpochs. These vatues rere used in order to detcrmine the grord vetocity of the airplane and to sl,pport
thc eccentr ici ty catculat ions. I t  shor.r l .d be enphasized that alI  those steps are sr] ject to errors r*r ich
can be avoided, r*ren a body-fixcd crrEra is trsed in syrhrorrcus ncde to GPS reasurefiEnts.

fhe coordinates of the photogrrimtric f id.rciat points on the grornd rere transf ormed to YGS84. The
hndl,e-btock adjustmnt ras carr ied out in a [oca[ systdn, t icd to the cPS refenence contfot point. Thus
datun probtcras cotttd be avoided. A coflpsrism of GPS ard photograrnetr ic coordinates is given in Figure
10 for at l  5 str ips. I t  is evident that the errors in the co.rponents are of the order of 10-40 cm and
conta in  sys temat ic  e f fec ts .  The res id .p l  vec tors  in  pos i t ion  ard  he igh t  a re  a lso  shom in  F igure  6 .  u i th
respect to GPs resutts i t  coutd be proved that al l ,  aröiguit ies 6ne solvd correctty, because s rrong
alöiguity routd cause discrepencies of mc than 40 on, since al.  l .  aobiguit ies are related to the r ide lane
(sce /+,3). l t  fot lors frcrn the correct narroi lane sotut ion that the pure GPS accuracy is in the order of
a  fe r  cen t ihe ters ,  The d isc repar r ies  cer ta in ty  resu t t  f rqn  remain ing  er ro rs  in  the  hndte-b tock
adjustnnnt and in the eccentr ici ty probterm.

4.5 Corctusions

Thc expcr i rcn t  p roves  th6 t  anü igu i ty  so tu t ims ro . r  the  H6f ,a re  a tso  re t iab ty  poss ib te  in  a
photogrmnetric airptane ard that r i th retat ive masure|rEnts to r groüld cofl trot point an accuracy of a
lev crn is achievable. GPS can thus be uscd as an i [port lnt toot in photogrannetry. l t  is horever
assential to ct ininate the 4'dircrsional, .cccntr ici ty probtem thro.ryh use of an airptane-f ixed cmra and
by cxposure tilrs retated to GPS nEssurefiEnt cpochs.

5. Prosoects

Thc dcscribcd rEthods are onty appticable r*ren the anbiguit ies are sotved I 'on the l ,a/ ' ,  This is possibte
ri th P'code receivers Like the TI4100 r i thout najor probtenrs bccatse of the rather lol  code neasureflEnt
no ise .  For  mst  ava i lab te  C/A-Code rece ivers  the  mise  teve t  i s  too  h igh  so  tha t  the  code/car r ie r
conbinatims rre not appticabte. Tro possibte sotut ion concepts seem to be successfut al. ternatives for
the near future.

(1) xer handtare devetopnents incttrde rcceivers yith extrenety Lorl  code reasureflEnt noise in the fer
cn-lcvel.  A 2'frequency receiver r i th tor ClA-cde mise should be applicabte because the /+O-cm ride
tane alöiguity can be solved r i th a 5-cn C/A-cod€ noise [eve[ in nearl.y real t im.

(2 )  I t  i s  poss ib te  to  in t rodrce  add i t iq ra t  cord i t ims t i ke  knor r  in te r -an tems d is tances .  l J i th  the
for thccnr ing  ava i tab i t i t y  o f  e igh t  o r  iF re  s imJt taneousty  v is ib te  ss te l , t i tes  and adeqr . ra te  r rJ t t i -chsrne t
rcceivers, sn arbiguity scarch furct im approech yit t  tead to rather rapid aröiguity solut ions.

At r cmseqrence, the authors bel ieve that the proposed technig.re xit l ,  be tniversal. ty appticabte for
futurc kinanratic r.rse of GpS.

6. AcknoltedqefiEnts

Ihc l l€TEoR experirEnt r ls carr ied out jointty xi th the Atfred Uegener lnst i tut frrr Pol.ar- rrd
Itccrcsforscht ' lg (Agl ),  Brcrnrhaven. Lecder of cruise 6/4 ras Dr. H.9. Schetrke. The photogranrmtric
Gxp.r i tnt ras carr ied out jointty r i th the tnst i tut für Ingenianrvenrnssrng urd Photogrrnnetr ie ( lPl)
t j r t iwrl l ty of xamover (Dir.Prof.or.Kmccny). The photogrurntr ic con;rutat ions rcre."r i ied out by H.sc.
fcr.n Ll.  Thc photo ft ight ras ende possibic by Hanca-uuftbi l ,d, t{ünster. The observations r.ere carr ied
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out bry staff srd students of the prrt icipatieg organisations. The sLpport of 8tI  individrats and

insti  tut ions to this research rrork is thankful I 'y acknoltcdged.
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