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IMI’I{OVIH ) TIUCA’1’MICN’1’  OF G1’S SOI JAR ltAl)l ArJ’ION IWRCIW IN I’I<IcCISIC

01{111’1’ I)IC’I’ICI{N1lN  A’J’I{)N Al’]’] ,ICA’1’1ONS

YVO1lllC  vi~LIC* , ~tc]kn  M. ] ,khkJ)’1 , ]<on J. hflLICllC.ISCIIOCJ)~,

Geoff l;lmvi(t’”””,  ‘rind Michael 13. IIcflin”l’1

Ak(rac(

l)ata COllCCtC(]  fJWJll a WO1’](]Wi(k  ] ~~~ CX])Cl”illlCJlt  ]l~VC bCCJl  ]W(KXSSC(]  at J } ’ ] .  iO dCtCllllillC

prccisc  orbits foJ tk satellites of the GIolml l’ositioning  System. ‘1’hc Sod of this study was to

improve salcllik  force modeling in OIXICJ to achicvc centimeter-level accuracy for global

$coccnlric coordinates. A fi]tcl”in~ tcchlliquc  has been tested  to inlpwvc  mdc]ing  of so]iil”

radiation prcssme force parameters for GI’S satcllilcs. ‘]’hC l)CW 2t])]N’O:lCh  iJll])J”OVCS  01’bit  (]lldity

for eclipsing G1’S satdlitcs  by ii fdctor of two, with typical rcsu]ts in the raJ)gc  of 25-50 CID.

Nmmclaturc  and lJnits

~] )]<SS = tt)l’CC-(iiJllCl)  SiOJl:ll  loot” S11111  S(]ll~J’C

dfj~, = S-(liJlllCJISiOJlal  (liStallCC tX2.tWCCl)  COJ”l”CS~X)Jdill~  ~M3iJltS  0112  (WC1’]:q)pill~  SC~,lllCIltS

[)SN = 1 )cc]) Space  Net work

Id ,INN = I;i(tucial  1,abcwatorics for an lntcmational Natural Scicnc.c.  Nctwml

(:;]~s = Global  l’ositimliJlg  System

GII’SY = G1’S lnfcrred Positioning SYstcm soflwarc

(:;~ c solaJ’  radiation pressure scale. fxtoJ. for X direction, spacecraft body-fixed coordinates
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(;YC = the ROC1K4 “y-bias” so]ar radiation pressure paramctm

(;7, c SOIW radiation p’cssurc sca]c fxlm for 7, dircc[ion,  spacccraf[ bdy-fixed coordinates

lGS’92 = 1992 lntclmalional  61’S Gcodynmics  Scrvicc  cxpc.rimcnt

j -— the GPS satellite I’RN number

J1’1 , = Jet Pmpllsion  1.;iboratory

L = indicates which orbi( ovdap scfg,lmm[

NASA = National Acronaulics an(i  Spxx A(il~)il)is(l:iliol)

IOASIS = Orbi[ Anaiysis  an(i Sof(warc. integration Systcm

:i’RN = jlscLIcio-rtIII(i(JIll  noise (unique i(icntificr for cad GI)S salcliitc)

:RMS =root  IllCall Sqllm

lRO(~K4 =Cil'Ss()lttll  :i(ii;iti()llf(  Jrccl~lo[lcl(i  cvcl()]~c(il}y l<c)ckwclllll  tell~[t[i()ll[il

s] ,1< == siitcllitc laser Itmging

SR1’ == sol; llll”a(lia[icJl] ]>l’cssLllc

1 =- time imlcx

7’ = the. number of epochs within both orbit overlap sc.gmcnts

]nt reduction

‘1’hc s:tlcllitcs  of the Global Posilionillg  Sys[cm (G} ’S) arc maintaincci  b y  t h e  U . S .

1 kpaIlmcIIl  of lkfcnsc  for mlvigalionai  purposes. “J’ime sateliilcs  arc (iistrii>utcci  in six evenly

spam(i  orbi( planes, at  an orbit aililu(ic  of 20,( ) ( ) ( )  km,  with an orbit pcrimi of ;t]>]]lc)xilll:itcly  12

hours.  G}’S mciisurcmcnts  collcdc(i  from globa]ly  (iistributc{i groun(i rcmivcrs  arc also being

usc(i  by many in the scientific community for a]lplicittions  which inclu(ie  cstim:itillg  earth

I otalion,  pol:ir motion aII(i  geocentric station comiinatc.  s. l;stimation of such parfimetcrs as the

gcoccntcr,  or ]lar[.h center of Intiss, has gmphysic.al  fin(i  scimlific  implications as wcli.  Aiso, the

( ;1’S c.slima[cs c)f the gcocc.ntcr  can bc usc(i for precise rcfcrencc. frame calibration ;In(i

;iiignmcnt.  over time intervals of weeks to months, tk G}’S IIICfiSLIIC.JIICIItS  C: III bc usui  to

pJ’cciscly  Jllolli(ol”vatif{tiol)s”  iJl tJ”acking  s i t e  COOJ”(iiJl;t~CS  [illc t[)CJ’llSt~i  nlotio]l  :iJl(i collti  Jlc.lltal

(Irif[. ‘1’hc (iata usc{i in this amiysis  mc taken from tlIc lntcrnation;ti  Globai l’ositioning  Systcm



Gdynamics  Scrvicc 1992 campaign. lCiS'92collsis[ c(lof(lo7clls(  )fglcJlltlllyc  lisllil~Lllc(l  sites

tracking the 18 GI’S satcl]itcs  active during, this Iimc. ‘1’hc clata  Wcl’c  Collcctc(l  f r o m

il]~]]lc)xil~l;ltcly  30 tracking sites using the high precision Rogue rcccivcrs dc.vclopcd at J]’].. ‘1’hc

focus of this analysis was to assess the effects of mismodcling sate] Iitc force paramdcrs  duc to

sol;lrr:i(li:~ti{)l],  and ll()wotl~cr]  )aral])ctc.lsalc  i]lflLlcl]cc(l, sLl c}) ascstil]~atcs  oftl]cgcocc]ltcr.

IMimation Strategy

A lllli(jLlc stIcllgtl] of CiI'SIl~c[isllrcl~  lc1-ltsistllzlt  tllcsatcllitcs  iilcscllsitivct  c)tl~cgc(~ccIltcr,

yet relatively ill!iel}sitive.t  ocrrors in gravity field because. of thcirhigh  orbit altitude and the

rdativcly  short data arcs ( 30 hours  ) nccdcd  for the solution. Mismo(ic]ing  of satclli(c  form

paramc.lcrs,  however, can have a significant effect on satellite orbits, cspccial]y  in orbil

prcdidion.]  Simc the goal of this stucly was to improve satcilitc force modding  in cwdc.r  to

achicvc  cc.lltilllclcr-lci’cl  accu I”acy for g,iohl  gcoce.ntric  coordinalcs, it was cssca(ial  to inc]udc

lcorrcctions  for II ILIm C. IXNIS potential mars, including: IWh rotation aIId orientation; atnlosplmric

ldislor[ion  of the. radio signals from the satclli(c.s;  grfivihticmal  and lloll-grilvit;iti(~llill  forms  acting

Ion [he. sale.] l i tc.s ;  ;tIld various gc. ophysic. a] c. ffc. c.ts.

‘1’hcdatausc(i in this analysis we.rct;ikm from GI’S week 660, wl)ichconsisls  of (iala from

.All~llSt  30, 1992 thI”OLI#I %]WnbcI’5, 1992. ‘1’his wcd waschosen  spccificai]y  bccallsc  anti-

fspoofing  was ml cm (iuring this pcrio(i. in general, tilc(itttiicolltfiil]  ctillicl}~l]:lsc:ill(i  pscLl(io-

Irangc mcasurcmcnts  from 18 available. (;1’S satcl]itcs trackcxi  by :il>}Jloxil]lately  30 global]y

(iistribu[ui  J] ’l, p,oguc  rcccivcrs. “I’l]csc  tliickil~g,s  i(csalcsl ]ov~l~il~l~ig,  1 atl(ilis(c(iil]”l’iil>lc  1.

‘1’hc (iata were ]mccsscxi using  the G1l’SY/[)ASIS Ii software.2~~ All non-fi(iucial  slation

locations were cstimatc(i, as well as earth orientation parameters, GI’S carrier pllasc  biases,

ranciom walk x,cnith  tIo]Ios]~lIcIcCi  clays forcach  tracking site; ail tl”:i]~sjllit[e,lzlll(i  rcccjvcrc locks

bu( onc werclrcatcci as w}lilclloisc  ]>araillctcls. X aaci Y polar motion, po]c r~itc,  an(i 11’1’1 -lJrJ’C

rate wcrccstimatc(i  asconstaat  paramc(crs  ( rcscl every 24  hours ).

Onc of the most important rcccnt innovations is a ncw approach to mmicling  IIIC effects of

SO];~I. ~a~]j[~ti~)l~  pICSSLIrC  on lilt  satc]iitc orbits. ‘1’hc solar ra(iiation  environment of the GI’S



salcl]ilcs  is ~cncral]y  conslmt  cxccpt  for the pcrjocl  durjng  which a satclli[c’s  orbj[ is in cclipsc

season. When this occurs,  the satclli(cs  pass through tk carlh’s shadow changing the amount  of

solar rditition  that the satellite rcccivcs. III gcmrul,  three. bdy-fixed solar radiation pressure

l>iil;llllclcrsz  tlcc!itil]lztlcclfO  1all [il'SsiIlclliic  (lr[3its, rcg:lrcllcss (lf\vllc.tt]cr  {Jrll(~t tlmscsntcllilcs

;irc in cclipsjng lorbj(s. ];or this analysis however, the. Cil’S orbits were. estimated with 5 solar

pressure pmtmctcrs  which arc slmwn ili ‘1’able. 2. “1’wo solar radiation pressure paramclcrs were

cst imtcd as c.oIIstaIIt, GY(I and GX/GY,, WIICYC X, Y, and Z Icprcscnt spacecraft bdy-fixed

coordinates ad GYC; is the, “Y-bibs” paramclcr.4 ~TX/~IZ rcprcscnls a sing]c cwmbincd  scdc

5 hilt GX md GX arc scdc fac[ors for Xfac[or for the. ROCK4 solar radiation force paramdcr,-  w

i~wl Z dircdions  indcpcndcnt]y.  “J’hc three re.mainin~, solar pressure parameters arc estimated as

stochastic corrcdions  [0 the constant soliIr pressure parameters, lnodclcd  as firs[-order GaLIss-

Markov J>I’OCC.SS.’6 ‘1’his tcchniquc has cnab]c(?  the achicvcmcnt of fcw-ccntimctcr  g,coccntric

coordi nat c accuracy. 7

I< CSUIIS  and l)iscllssk)n

‘1’hc  G1’S constellation consists of satellites in I{ar[h orbit configurc(i  in sjx cvcn]y spaced

orbit planes. At Iimcs, salcl]i[cs in ccr[ain orbit planes cxpcricncc  what will bc rc.fcrrcd 10 in this

paper as cclipsit~g, or shadowing. 1+’jgurc 2 shows a satcl]itc  in aIl eclipsing orbit plaIIc. GJ’S

satcl lilts which WCIC eclipsing during G1’S week 660 were. I’RN02, PRN 14, PRN 16, PRN20,

I’RN21, at](i PRN23.

‘]’k 1’CSll]tS  prcscntccl  hcl”c i]]llStl”~tC  rcccmt imJm)vcnlcnts  ill G}% Ol”bjt  a c c u r a c y ,  ‘]’hc ~-

dimcnsionfil  orbit rcpcatabj]ity  for each G1’S sti[cllilc [j) is defined as:~

d
,,

31)1<ss  (j ) = :, ~ (l;k,
1 t=]

‘1’hc. orbit quality of a single (iay is quwltificci as the RMS diffcrcncc

computed over the Corrcs]mndins  3 hours of orbit ovc.rlap at both

concept is illustrated in l:ig. 3.

(1)

bctwccn  the cphcmcridcs

ends of that day.8  ‘1’his



1 ‘igurc 4 shows the 3111{SS orbjl rcpcatabili(y  for all G1’S sa[c]litc.s  adivc during  G1’S Wcc.k

66(1. 1 n the cases whcm stochastic solar radia[ion  patamc.[c.rs  WCR INN cs(imatcd, (IIC l<O~;K4

solar radiation fforcc.  mode] was uscjd as nominal,s with a nominal “Y-bias” of mm. ‘1’lN

ilnpmvcnwnt in lhc orbits with stochastic s(JlaI]>Ic.ssLIIc]I  ~~rtiII~ctc.Is  is approximately 25 percent

ovc.mll  for all the GI’S satellites (avcra~cd), with  a 44 pcrccnt improvement in lhc eclipsing

orbits  and only an 8 percent improvcmcn[  in [hc mn-cc]ipsitlg  mbits. ‘1’his demonstrates how

mismodc]ing  of sate.l]itc force paramctc,rs  duc 10 solar ra(iiation cm have a significant cffcx[ OII

IG1’S orbit accu Iacy, especial] y for aII eclipsing satcl 1 itc. Also, this is in agrccmcnt with the

physics] environment of an eclipsing satc]litc.  in an cdipsitlg  orbit, the solar radiation forces

;acting  on a satellite vary dramatically throughout the orbit arc.

‘1’hc mbit rc.pcatabi]ity  for cad satellite. using both slr:itcgics  is showJ~ on ‘1’ab]c 3. ‘1’hcx

value.s rcprcsm[  the avcmgc orbit rcpcatabilily  over the 7 days in (il’S Week 660 with Ihc

eclipsing satellites shown with asterisks, ‘J’his  table shows the improvement in orbit accur:icy

(Iuc to cstimatinf;  stochastic corrections to Ihr C]l’S solar radiation pariimctcrs.  ‘1’ab]c  3 also

snows how the six eclipsing G1’S satd]itcs  benefit more from the improvccl estimation strategy.

IIuring G1’S wcd 660, all six dipsing  sale.l]itcs were oricntcxi  in their orhjl plains jn SLICII  a

way that their orbits crossd  ccntral]y  thro~l{~h  tllc shadow regions. ‘1’hc cclipsc durations for a]l

eclipsing GI’S satellites arc ~ivcn in ‘1’able 4,

Concluding Remarks

in this analysis, we have shown how G1’S orbj[ accuracy call  be improved by cstilnating

stochastic corrcctiions to the Cil’S dynftmic parameters. ‘1’his ncw approach improves orbit quality

for eclipsing satellites from 85 to 47 cm. ‘1’his lewd of orbit accuracy is in asrccIncIIt with results

g,ivcn  by ZIImbcIgc ct al., 8 W]ICIC  ~~~ll(illc  p~oCcssi[lg  of [ii% cIata shows mbit aCculaCy  in th

rat]gc  of 2.5 - 50 ICI~I. A clircct result of the illlj~rc)~~cll~c.ilts  in orbit accuracy can bc seen in the

il}lprovcmcnt  of the geocentric station c.oordinatc  accuracy.7  ‘1’hc goal of the analysis dcscribcd

by Viguc. ct al. was to achicvc.  cm-lcvc.]  accuracy for g,lobal  ~,coccntric coordinates.’j ‘1’hose (;1’S

rcslllts wc.rc obtained with 3 mmths  of GPS llIe.:\sLIIe.lI  IcIIts, and compared to S1 R solutions from



many yc.:ll’s  c) fl”c[)czitcd  Obscrv:itions. 1( was dcmonstra(cd  that the gcoccntcr  cstima[cs  from G1’S

arc accurate to bc[[crtllan  2 cm  in X and Y components and approximately 8 cm in 7, (where Z is

parallc]  to the axis of rotfition). ‘1’his  capability has imp(w[an(  benefits for NASA IISN tracking

and for gcoJJhysical  research such as gcoccn[ric  crusla] motion  sludics,  and unclcrslanding  the

JIM:, Jli[lldC :111(1 tilllC sc;i]c O f  ~COCClltC1’  V:iJ’i:itioJIS  :Illd (]lCil’ Ol”i~i  J1. l’rccisc  t r a c k i n g  o f

iJltcrp]aJlct  a r y  sp:icccJ’afl  atl(i  J ;ar[h  O J ’ b i t e r s  rcq Lli  J’cs  t h a t  N’ASA J)SN gc.occn[ric st at ion

Icoor(iil]atcs  bc (Ictcl’millcci  to h i g h  KCll  J”Wy. ‘1’his wili also ]Iavc aIl e f fect

;~,COCCll[J’iC COOKiillHtCS,  ~Jl(i  ]N’CCi SC l’CfC~CIKC  fJ’WllC  C:liibJIJti(m  Hll(i  di~JIJllCJl(.

J ~igurc  5 shows a history of the impmvcmcnts  iJ~ the GJ’S (ic[crJnit]at  ion

on prccisc  JISN

Of t}lC ~COCC1ltCJ’.

]~OSt  OftilC  l“CCCllt  iJll]MC)VClllClltS  C:lll  bC :lt[l’ibU[C(i  [0 thC C]l~Jl~CS ill thC tCC]llli(]LIC  USCCi fol”

mmicling  solar l;i(iiation  pressure that have been (icscribc(i  in this paper. ‘1’hcsc new rcsul(s

cnab]c  tbc tracking, sites to bc prcc.iscly spccific(i in a rcfcrcncc fr;imc whose origin is al the

~:COCClltC1’,2JlKi  Wil] CJlfib]C ]>l”CCiSC:l]igl)  JllCllt Of(iiffCJ’cl)t  I’cfe.rcncc

tracking,  interplanetary navigation, an(i ~cophysic.al ]l)ciis~llcll]cllts.
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TABI X 1 1 GS’92 (;1’S R()(;UIC RIKWVICR SI’J’KX

Al ,1311- Albcr[ IIcad, 11. [:., Gmada

Al GO - Algonquin, Gnda

(~ANll - (Uanbcn a, Allstralia

I;All< - l;airbanks,  Alaska (USA)

GOl ,1)-  Ci~I(lS[(}I]C.,  Glifm)ia  (USA)

1 IAR’1’-1  lar[cbccstlmck,  South Africa

1 IARV -1 larvcst  Platform, {:alifomia  (lJSA)

I 1 t ;1<S -1 lcrstmonceux,  Great Britain

t 10N1 ~ - ] ]cmcfoss, Norway

J1’1 .M - l%adcna,  Glifmmia  (USA)

KOKI1 - Kokcz, IIawaii  (USA)

KOSG - Kootwiik,  Ncthcrlancis

MAIJI< - Ma(irid,  Spain

MASI’ - Maspalomas, Gratlci {~anary  1s., Africa

M Arl’l~/ - Matm, ]tdy

.MC~MIJ  -McMurrio Station, ROSS 1s., Antarctica

.Mii’l’S - Mdsahovi,  l~inlan(i

NA1.I .- Ny Ahxm(i,  N(M”way

ONSA - Onsaia,  SwcCicn

I’AMA  - l’amatai, ‘1’ahiti

I’13N’I’ - l’cnticfol~, 13. C., Gmacia

I’CW 1- Vicloria,  Gna(ia

I’INY - l’inyon, ~~alifornia  (LJSA)

QUIN - Quincy,  Giifomia ([JSA)

R(~M2. - Richmomi,  }~lori(ia  (lJSA)

SANrl’ - Santiago, [lilt

S(3<1 - 1,a .loiia,  Glifomia  (LISA)

S“J’.IO - St .  Johns,  Gina(ia

‘1’AIW - ‘1’aiwan

‘1’ROM - ‘J’romso, Norway

WI ;’1’11 - Wctucll,  Germany

lJSIJIJ - lJsuda, Japan

YAR 1 - Yarragacicc,  Austrai ia

Y] i],1. - Ycllowknifc, Gna(ia———,—
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GXJWJ *.Colls[zint 100 %

[ix fllxt-or(lc!l”  G-N4 *4’ 1() %

GY fll”st-ordcl” G-N4** 0.1 Ilm/scc~

Gz fllst-or(icr  G-N4X:4’ 10 %——.
‘C-[d :iS COllSt  :tllt ~>:tl”:llllCt~W~tiJ~(~CCSS  llOi SC
“* (;auss-Markov  wi(h time constan[  of 4 hrs. :lnd steady -s[tttc sigm:i of 0.1 nm/scc2

‘Iiypica]  magl)iltl(lc of Gx :111(1 Gz a(’cclcl’atioJ)s  Is 100 llm/scc2



‘l’All] X 3 31)1<SS 01<111’1’  ltltI)ltArl’Al{  lI,I’l’}7 l’{)]{ (;1% WICICK 660———.— —.——
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with Stroll. S}<l’(lnc(crs).— w/ostoc.h.  sRP(mctcl’s)

2 * —..————
0.76 0.64

3 ().70 ():ii
11 0.38 ().32
12 0.43 0.45
13 ().32 0.56

]4 * 0.48 094
15 0.51 0.58] C* 0.28 1.02
1 ‘7 0.52 0.56
18 ( ) . 4 3 0.60
19 0.66 0.44

20 * 0.72 ].]9
2] * 0.30 0.75
23 * 0.29 0.54

:24 0.45 0.56
25 0.42 0.47
;26 0.30 0.83
;28 0.48 0.43——— —.——...—

-C-E Satellites



.
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1’RN 1]0. 92all@ 92allg31—.. —— ~k]~()] 92scp(12 92scp03  92scp(14 92scp05— —
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56:27 56:05 55:38 55:05 54:22 53:42 52:50

14 39:47 43:17 46:12 48:38 50:40 52:20 53:40

16 3S:42 39:59 45:01 47:41 49:55 51:46 53:15

20 5(5:09 55:52 55:31 55:02 54:29 53:49 53:05

’21 43:26 46:17 48:39 50:38 52:15 53;33 54:34

23 38:04 41:.52 45 “of) 47”?7 4[).4~ $]:~~ 53:04



1 Fig. 1 1992 G}’S ‘1’rackillg Sites frol~~ lGS’92. Glnpaign

l~ig.  2 Satellite. i]] }iarth orbit  witl] Simpk  Cylinclric:tl  Shadow Mo(1cI

1 ‘is,. 3 Assessment of G1’S Orbi[ AccLlracy

l~ig.  4 3111<SS  GPS Orbit Rpcatabili[y  - 7 days, (;1’S Week 660

I Jig. 5 l<cccn[  1 mpmvcmcnts in C;I’S Gmccntric  (kmiin:itc  Accuracy


