
b .

AAS 97-701

DEMONSTRATION OF MI CROGPS  FOR LOW COST
ORBIT DETERMINATION

S. C. Wut, D. Kuan ~, S. M. Lichtent, S. Nandit-,
?L. J. Remans and J. M. Srinivasant

The capability of low-cost orbit  determination with a nllcroCiPS
space receiver for a low earth satc]litc, SNOE, is demonstrated
using actual GPS cl~ita from the GPS/MET  sate] litc. The
measurements acquired by the nlicro  GPS receiver will bc
snapshots of carrier dopp]cr and ambiguous pseudorangc. Among
the challenges in orbit determination are the resolution of the
pseuciorange  ambiguity, the estimation of the nmasurcmcnt  timctag
drift which affects the in-track orbit position solution, and the
convergence of orbit solution from a cold start with essentially no
knowledge of the orbit. The effects of data gaps and dopplcr data
quality are investig:itecl.  An efficient data acquisition scenario for
SNOE is derived.

INTRODUCTION

GPS measurements c:in provide precise positioning for LIsers on earth and in earth
orbits. Positioning to l-cm accuracy has been reported for users on earth (Refs. 1, 2), and
2 cm for a user in low earth orbit (Refs. 3, 4). SLIch high-precision positioning requires a
state-of-the-art GPS receiver onboard to acquire precise GPS carrier phase and/or
pseudorange  data, to be processed with ground data from a network of tracking sites over
a period of time. Such full-blown onboard receivers arc not only costly, but also heavy
and power hungry.

Many NASA, military and commercial satellite programs have a need for tracking
systems with ultra-low power, mass and cost for medium accuracy (few hundred meters)
orbit determination of small, low-earth orbiting satellites. Jet Propulsion I,aboratory
(JPL) and the University of Colorado have collaborated to dcvc]op  a tracking system
using a novel GPS technology, to bc called n]icroCrPS.

1’WO missions are schcdLI1cLI to carIy a n~icroGPS rcceivcr. ‘1’he first is the SNOIi
(Student Nitric Oxi(ic Explorer) mission, to be launched in October, 1997. It will have a
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The onboard nlicroGf’S rcccivcr is basically a “bit grabtmr”, c~)nsistillg  0( one or
more Gf’S patch antennas. an incxpcnsivc  oscillator, a signal  s:l[llplcl/(lowllcc)  llvcrtcr,  and
a memory chip. Such a rcccivcr will not only full-ill stringent power (<0. 1 W) and mass
(<1 kg) constraints, but with the inclusion of an onboard  processor collld potentially offer
autonomous tracking capability. “1’hc n]icro  GPS requires very low power because it
awakes from a “sleep” mocic only occasionally to sample CJPS signals for a short
dllration.

The mctisuremcnts acquired by the n]icroGPS receiver are carrier doppler  and
ambiguous pscuclor~inge,  with an ambiguity of 1 msec (-300 km). Among the challenges
in orbit determination are the resolution of the pscudorange ambiguity, the determination
of rncasurcment  timctag  which COLIIC] cirift  off by Llp to one seconci,  and the convergence
of the orbit solution from a COICI start with poor a priori knowledge of the orbit.

The processing procedure and the estimation scheme, as \vell as results of a
simulation analysis have been reported earlier (Ref. 5). This paper reports the results of a
demonstration for SNOE satellite using the actual space GPS data from CiPS/MET
satellite (Ref. 6). The Real-1’ime  Ciipsy (f<TG)  software system (Ref. 7) developed at JPL
is used for the analysis. Based on the results of these demonstration, an efficient data
taking scenario is determinccl.  The maximum data gap is clctermined  beyond which
convergence of orbit solution may not be rcalizecl.

BACKGROUND

This section provides a brief ckscr-ipticm on the nlicroGF’S reccivcr architecture, the
SNOE mission and the ambiguity resolution of GPS pseudorangc clata.  A more detailed
description has been given in Ref. 5.

h4icroGPS  Flight Ilardware

The nlicroC;PS flight receiver clevcloped at JPL is an ultra-low mass and power flight
receiver. It employs a new tracking paraciigm we call sparse sampling. All signal
processing functions are shifted from cicdicatcd  hardware to flexible, portable software.
The ultra-low mass of the nlicroGPS rcccivcr is partly  attributed to the LISC of a mociificd
h:ild\\~ire/soft~~irc  architecture in which all GPS specific signal  processing typically
inlplemcntcd  in hardware has been moved to software (SCC Figure 1 ).

The nlicroGpS reccivcr  consumes ICSS power than typical flight  GF’S receivers
because it uses a sparse sampling (cchnic]ue  in which the rcccivcr awakens and acc]uircs
Gf>S clata only periodically, remaining “asleep” between samples. 7’hc nlicroGPS
acquires ancl stores snapshots of raw GI).S signal at a programmable ra[c (typically a few
times per orbit). In addition, inclividua]  snapshots can be single , short duration samples
(typically a few milliseconds) or bu[”sts  ot s: Inlplcs whose number :Lnd s:lmplc spxing  arc
also 1>1’~~:[’:~ll]ll]:lble.
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The raw GPS signal samples arc tinmtaggcd  by the nlicroGF’S’s real-time clock and“ . —.
then transterrcct  to the i-light computer. These transfers can occur at a convenient rate
constrained by the depth of the instrument memory and the rate of the data transfer. Once
received by the flight computer, the GPS sample  bits will be stored for later transmission
to the ground (and subsequent ground processing as planned for SNOE & STRV) or
processed in real or near-real time by on-board softw:ire. With proper processing
software, these snapshots of the CiPS constellation can produce moderately accurate
orbits.

SNOE  Mission

The first mission to use the nlicroCiPS technology is the student Nitric Oxide
Experiment (SNOE). It is a Student Explorer Demonstration Initiative (STED1) mission
funded by NASA through the University Space Research Association (CJSRA).  The small
scientific spacecraft has been clesigned,  bL1ilt ancl will be operated entirely at the
University of Colorado, Laboratory for Atmospheric and Sp:ice Physics (CU/LASP) and

550 km orbit at 97.5° inclination. SNOE willwill be liiLlnchecl  into a sLln-synchror]ol]s,  .

carry the first nlicroGPS instrument, whose development is a NASA sponsored joint
effort between JPL and the Coloraclo  Center for Atmospheric Research (CCAR). SNOE
currently anticipates for a Pegasus ]aLinch  scheduled for October 1997.

The goal of SNOE’S nlicroGPS will be to determine the SNTOE orbit to within
200 m. Nominal data sampling time is 2 mscc with only a few samples taken per orbit.
The data volume will be a few tens of kbytcs  per day. The overall weight of the SNOE
receiver will be :ibout 0.5 kg. The power consLin~ption  will be <0.1 watt average and
<2 wa[ts peak.

Ambiguity Resolution of GI’S Pseudorange I)ata

The simplicity of the nlicroGPS  receiver precludes the acqLiisi[ion  of tr:idition:tl GPS
d:ita types, namely, carrier ph[ise  :ind pscudor:tnge.  Instead, the data types avail:ible  arc
carrier doppler and ambiguous pscudorangc  with an ambiguity of 1 ms (-300 km). These
d:it:i  [ypcs, acquired at ;i few time points, are not sufficient for orbit dctcrmin;ition  c~’cn at
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the kilometer Icvcl. 1 [owcvcr, the pscLIdoIangc  dnlbigui[y  can be rL’solved with the help
of tk dOpp]CI-  ddt:l,  pI”OlllOti  Ilg the ambigLloLls pSCUdOI”MgC  lIltO a fill’ St[O[lgCl”  ciata t y p e .

The resolution of pscudorange ambiguity is done in two steps. f:irst, a crucic orbit
solution accurate to better than 50 km is dctcrlllined  with the dopplcr data. Next, a crude
but Llllalllbi:UOUS  psCL1dOrltlgc d~i(il  Set arc COIllpLltCd  based 011 this Crlldc orbit and the
known (to a far better accuracy) GPS orbits. “1’hc accuracy of ttlcsc CO1llpLltd

pscudorangc  mcasurcmcnts, which is better than 50 km, is well within the 300-knl
pscu(iorange  ambiguity. This facilitates ti~c resolution simpiy  by [iircct  comparison of
these computeci  pscuciorangc mcasurelncnts  an(i t h e  actuai :llllbig LIOLIS  pscu~iorange
llletlsllrcllletlts .lhcproccss  hasbccncicscribeci incictaii in Ref. 5.

THE RTG SOFTWARE SYSTEM

The simulation anaiysis  rcportcci in ilcf. 5 was pcrformwi  using tile  GIPSY/OASIS 1 i
software set (Ref. 8) deveiopeci  in an epoch-state filtering arcilitccture  whicil  is not icicai
for real time applications or for useby an on-boarcicomputcr.  A new software set, the
Rcai-Time  Gipsy (RTG), has been dcvcioi>eci  at JP1. (Ref. 7).

RTG is written in ANSI-C and is cai]abic of processing generai ra(iio-metric data
types in rcai time on an on-board processor. RTG is aiso currentiy in use for the FAA’s
reai-time  GPS Wicic-Area Augmentation System (WAAS). It is near its completion and is
capable of processing nlicroGPS data types as weii as the usuai G1’S data types (phase
and pseudorange).

A numcricai  integrator is used to ailow arbitrary extension of the ciynamic modeis. A
current-state, generai  process-noise UD factorized fiitcr (Ref. 9) is implementcci  in RTG.

Currently, RTG executes on 11P workstations under lJNIX, anti on PCS. Its target
platforms for the SNCJE anti STRV missions arc ground baseci PowerPC Macintosh and
HP9000 workstations. The software has been written in such a way that cventuai
migration to a real-time, flight processor \\’iii  be straight forwmi.

GPS/MET DEMONSTRATION

The feasibility of microGI’S  has been invcstigate(i  with simulatcci GPS (iata an(i
reported in Ref. 5. Short of in-fright n~icro GPS data before SNOE is put in orbit in
October 1997, a demonstration with actuai GPS ciata from a sateliitc of similar orbit
characteristics woLllci  be highiy  cicsirable.  IIerc, the GPS ciata  acquireci from a low earth
satellite GPS/Met (Ref. 6) were a(iopte(i. GI’S/Met has a circular orbit at 71 S-km aititudc
and 70° inclination wiliic SNOE~ wili have a circuiar orbit at 550-knl altitude  anti 97°
inclination. To perform atmospi]cric  occultation exi>crimcnts,  GPS/Met orients its CJPS
receiver to bc aft pointing, iimiting the number of GPS satellites in view. I’hc orbit
determination from such sub-optimai  observing gconlc~ry simuid provicie an upiwr bound
estimate for SNOE orbit solution error with nlicro GPS.

Precise, after-ti~c-fact GPS ci>hcmcri(ics from a worlciwi(ie ground  network tracking
were use(i. IIowevcr, oniy iong-term iincar drifts of the CJI’S clocks \vcrc corrccte(i for;
[he effects of SA ciithcring were not taken out. ‘1’he prccisc GPS/Met orbit solutions \vith
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dil!ctcntial  Gf)S, bclicvcd  to bc accurate  (() bc(tcr than 20 CIII (f<cf’. (~), WCIC usui  as the
[rlltil forasscssing  thC orbit (iCtci’llli  [lil(iOIl accllracy.

‘1’() SiIllUliltC :1 COiCi StilIt SitUiltiOI1. wry pOor:l i)riori o r b i t  anti Clock WCIC &SSLl[]lcci:
500 km in orbit aititu(ic, 2000 km in cross-track an(i imtrack orbit position, 2 kn]/scc in
orbit vcloci[y,  iOO scc in SNOIi ciock (tinm[ag) anti i psdscc  in ciock rate.

GPS/Met data from two consecutive ciays,  JLIiy i (~--17, 1996, were ustxi. The L i
pseuciorange  data were samplcci at I 5-, 30- and 45-nlinutc intervals and convetlcci  into
ambiguous pseuciorangc  mcasurcmcnts by retaining only the fractional mscc parts. L, 1
carrier phase data at consecutive time points scparatc(i by 10 scc were  ciifferenccci  to form
carricrcioppler  nmasurcments  and then si~tl~[~lc~i  at the same i5- to45-nlinute  intervals. A
random-walk user ciock  error was acicic(i  onto these  diitii  and their tinlctiigs. Aciditionai
data noise was aiso adcicci  to investigate the eflcct on orbit convergence anti accuracy.

The orbit cictermimtion algorithm first tries to obtain a crucic orbit solution using
oniy a single epoch of ciopplcr data to resolve the pseu(iorangc  ambiguities. If this fails,
cioppler data at two epochs are collecteci  to solve for the crude orbit and to resolve the
pscudorange  ambiguities. The effects of SA on the doppler ciata  are cstimateci  to be about
0.3 m/see. The actual dopplcr measurements from the n~icroGPS receiver on SNOE arc
expected to have a higher data noise, -2 nl/sec. To account for this, white noise of
different sizes were adcicd to the doppler data to simulate ciifferent Icvel  of data noise. At
each leveI of data noise, a total of 6 trials were made to investigate the ciata  noise effects
on orbit convergence (and hence successful pseuciorange  ambiguity resolution). These
trials were taken at 1 hour apart from the first day of data.

The clock on-board SNOE wili bc cirifting and may have an offset from GPS system
clock by many seconds. This will affect the CJPS measurements in two respects. First, a
common pseuciomnge  offset error wiil exist on measurements from all GPS satellites.
Secondiy,  the data timetags will also have a common offset which translates into an in-
track SNOE orbit error of -7 km for each sccomi of tin~etag  error.

It is a common practice to assume that timct:ig bias is consistent with pseudorange
bias and can bc adjusteci in the filtering process as a common piirameter,  if needed. This
is indeed true with common GPS (unambiguous) pscuciorange  measurements. Ilowever,
the assumption is invalid with ambiguous pscudorangc data acquired with a microGPS
receiver, even after resolving the ambiguity: while the timetag  bias could approach the
fuii clock error (as large as many seconcis),  the common bias on the ambiguity resoived
pseudorange data is limited to its ambiguity cycie, ] msec. Therefore, the timctag offset
anti the pseudorangc  offset Shoul(i be simu]lancously  a(ijusted  in the fi]tcring process with
ciifferent partial derivatives. A frequency bias was also acijustcd with ciopplcr [iata.

Figure 2 shows the succcss  rate of orbit convergence out of the 6 triais iis a function
of ciopplcr data noise. In general, two eimchs of data are ncccicd  for the orbit to converge,
except for onc of (he six triais at the lowest 2m/scc  ciata  noise. A 15-n]in  ciata  separation
works well for aii  diltii  noise LIp to 1 S In/see wiliic onc out of the 6 triais v.’ith a S()-min
dilta separation faiis to convcrgc.  N() soiLlti[)n wili converge witi~ a ~i~ltil separation 45-nlin
or longer.  The need of dopplcr  (iilt;~  at two epochs Cii[] bc explained by the formai error of
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(Ilc dopplcr inlcmxl orbil solll(it)n :1s Shown in Ijigurc 3. Wilt] sin:lc cp~~c>h  {~1 data, tllc
ft)rm;il crrt~r is far gtcalcr th:in the - .}()()-KIII  [McudL)riLngc alllbiguity.  “1’hc crrt)r drops by
:Illnost 2 orders of nl:igni(udc  wltb d:it:l  :it two epochs, even dt d small scp:lr:ltion  of
3 [ninl](cs. At I:irgcr scpar:l[ion, the fornl:il cm)r  rcmdins ut the S;IIIK level; but the crmr
duc to nlismodclcd  velocity and dyn:lmics will donlin:itc, kccpin:  the orbit  from
converging with a clatu  intcrviil of 45 minulcs  or Iar:cr.

The 3-D RSS error of the crude orbit solution for a 30-rein dala sepitration  is shown
in [:igure  4, :Igain as a function of doppler  d:ita noise. “I-he error’ is ci~lculatcd  by
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ditlcrcncing  the dopplcr  int’cmd orbit solutit~n frtJIII the truth  orbit (the prwisc CiPS/Met
orbit ). ‘1’hc error is lower than 50 km for a daIiI noise  5 m/see or better. Note that
pscudt}r;lngc anlbiguity  resolution was SUCCCSSIUI  in onc CMC wt]cn the crude orbit error
was as Iargc as 120 km.
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of Doppler

As mentioned earlier, it is desirable to have a low clata  sampling interval in order to
conserve power consumption and keep the data volume low. From t-he above analysis, it
appears that a 30-min  sampling interval is appropriate with 2-m/sec cioppcr ciata.  With a
higher doppler noise, a smaller data intcrv:i] may bc ncccied at colci  start; thereafter, a
larger interval can be used as will be dcmonstratec]  in the following. This will rccluire  the
receiver to wake up only a few times pcr orbit revolution. In the following analysis, a 2-
In/sec  doppcr noise with a W-rein cint:i  sampling interval will bc assumed.

With two epochs of dopplcr measurements, the orbit solution converges in a few
iterations, as shown in Figure  5. I[ere, the orbit position components mc given in terms of
the inertial coordinate system usecl in orbit integration.

Once the pseuciorange  ambiguities arc rc!solvc(i  using a cruclc orbit cIctcrnlined  from
doppler measurements, the resulting mbi:uous-free pscuc!orangcs  were used to SOIVC for
precise orbit position anci vciocity. Although the information containeci  in ciopp]er
measurements is much weaker than that containcci  in pscudoran.gc  measurements, the
former was aiso inclucicd in the final solution with very iittlc adciition:ii  computational
cost.

With two epochs of :llllbigui~y  rcso]veci  pscu(iorilngc  nlc:lsurcmcn(s,  the prccisc orbit
solution convcrgcs in onc or two itcratit)ns. as shown in I:igurc 6. The converged orbit



posi(iotl” and linlctag soluli(~ns  arc typiCillly  hctt~’ltllall lo[)III: II~L120111sL.c,”  r c s p u ’ l i v e l y .

● The orbit pmitlon will, in general, dcgr:ldc with tin~c duc to the Crrors in orbit velocity
and dynamic models. Wittwut dny Ill(xlcling 01 the at[lmsphcric  drag, the orbit can cirilt
iiw:ly b y  as Ill LICh as u fcw hundrc(l  meters in 30 nlin Lltcs W h e n t h e  n e x t  d:ita batch  is

;lv~iiiilblc. Ilowcvcr, pscudorangc anlbiguity  rcsolu[ion  is gllill”llntcc~l  at this level oforbit
crrorcvcn  without the help ofdopp]cr  lllc:isLll’c[llctlts. “I’hcrcforw, oncc :Lconvcrgcd  orhit
solution ist>bt~lit]eclwitllttlc  firsltw(~cpc~clls  c)fll]c~islll”ctllcl~ts  (se[l:ll’;ltcci  by ~~llli[llltcs),
sing]ccpoch  of[lIllbigLIOLls  pseLldorangc nlc:lsllrcnlcnts  ;Llone Will bc sLl!ficicnt  to Llpdatc
thcorbitevcry  30n~inutcs.
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‘l’o d~[nons[[il(~  (I]ii( Snitpsho[s 01 GI’S []]c:Isuwn]ct][s  ~It ~~p~)chs  s~p:i~tlt~d b y
o 30 minutes arc indeed Sllfficicnt to mainlaln  the orbit tt) Wlthlll  a t’cw’ hlllldl’cd  nlctcrs, two

c o n s e c u t i v e  d;Iys ot’ Cil’S/MCt  Sp:ICC  flight (.;1’S (iiitii, of Icngth 18 a n d  1 5  tloLlr S

rwspcctivcly, were proccsscd. [[cm, GPS ci~~pp]~~  illld illllblgLl(JUs  pscudorangc
nlcasLlrcnwnts were t:lk~n at ~()-nlin intcl”va]s. A ~ lldscc n(~isc Was added to the dopplcr
d~itil  :i[]d :1 1S-111 noise to the pseudoril[)g~  data (in iiddition to the -~f)-111 SA error). A
random-walk L]ser clock drift at the level of(l.1 scc every 30 n]in L]tcs was also iiddc(t  to
both ctatatypcs. Thctrcatnlcnt  ofallcstimatcd  parameters in the filtcrisslltl~llliiriz,cd  in
Table 1. Thc3-D  orbit vclocitycomponcnts  wcrctrcil[cd  asproccss-noisc  pariunctersto
reduce the sensitivity to mismodclcd dynamics. “~hC  qLlildratiCally  ilddCd ().54 Clll/SeC
velocity Llncertainty  at evcrydatacpoch  is cqLlivalcnt  tOLlstCildy-StLltC  process-noise force
Of ~ PI1l/SCC~.

TABLE 1

FILTER PA RAM ETERIZATION

Parameter Type apriori o added o between epochs

Orbit Position integrated 2000 km —

Orbit Velocity process noise 2 kmfsec 0.54 cm/sec (random walk)

Timetag random walk 100 sec 0.5 sec (random walk)

Pseudorange Bias white noise 300 km 300 km (white noise)

Clock Rate process noise 1 psec/sec 1 psec/sec  (white noise)

The filter UD matrix, which contains the parameter estimates and their covariances,
from the previous data batch was mappccl  to the new data epoch after adding the process
noise described in the last column of Table 1. The estimates were then used to update the
nominal values of the measurement models ancl then reset to zero. This modified UD
matrix was then efficiently combined with the UD matrix of the converged filter
solutions resulting from processing the new diltil batch alone. This post-filter UD
combining process is necessary to assure proper weighting between the previous UD
]lli~trix and the new data batch wherever an iteration process is involved. A cheaper way
of combining the information would  be treating the previous UD n]i~trix as a priori for
starting the filter iteration. However, this WOLIICI  tend to put more weight on the new data
batch as the number of iterations increases.

The user orbit solution error components for the entire periods are shown in
Figures 7 and 8. The filter orbit position errors arc at integer multiples of hiilf-hour  where
snapshots of data are taken. Between these half-hour points, the orbit prediction errors
from the previous data epochs arc shown. ‘1’hc RMS filter orbit errors for the first day
(Figure 7) :ire 19 m radiiil (H), 7 m cross-track (C) :ind 67 m in-track (L). The predicted
orbit errors are slightly liirg~r ilt 31 m (11), 8 m (C) ii[](l 75 m (1.).

The large error for the predicted orbit near the beginning of the second diiy
(l;igLlre  8) is due to large velocity error as a result of using single epoch of diitii  for the
orbit determination from cold Stilrt. “I”hc filter orbit errors for the second  dily, ilr~ 23 m
(11), 15111 (C) and 98 III (1.); ilnd the prcdictcd  orbit errors (excluding the first 0.5 hour)
:I1”C ~~ 111 (~[), 15 111 (~) il[ld !)!) Ill ([.). ‘[’hC VC]OCity  ~llC)lS LlrC ilb OLlt  (). 1 111/\~C ( 1  [ ) ,
0.(1 1-0.03  nl/scc  (~ and 1,). ‘1’hc timctag crrfjr is 10--20 Iuscc.
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‘1’hcsc rcsui(s  indic:l[c  [h:it LI[l cft’icicnl  d;I[:i :Icquisilif)n  and t“il(cring sccn;(rio  is sLich

(hilt SIUlpStlOtS Of GPS dOp[J]CI  :I[ld :llUbl~LIOLIS [YWlldol”Nl~C IIIC:lSLII”CIIICI1[S  :IIC  t:lkCIl

every 30 mi[]Ll[cs.  At cold st:irt, [Wocpoctls  ol”dtl(aarc LISd i’orllS~LILi(~l’:lllgC  ambigLlity

rcsolLltion  us well as f(>r(~rbit  clc[cr[]]i[~:lti(~[] and prcdicti(}n.  Af[crw:Ird, only singlccpocll
ofd:ltaarc  used lororbit updating. l’ocIIsurc  stilbility at (hcco!d  Stii[l, it might be USCIUI

to LISC several nlorc  closely sp;iccd  cpoctls  0! dt~pplcr  dtlta  with n~)isc greater than 2
Ill/sCc.
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SUMMARY

T h e  f eas ib i l i t y  ot ll]c[lilllll-prccisit~[] orbit dctcrlnination for a lc~w earth  o rb i t ing
satellite carry in: a simple micro(;f% rcccivcr has been dcmonstralcd  with two days Of
actual GP.S dala from the Gf)S/Met satellite. ‘1’hc results t)l’ this ~lclll(~tl$tr:~li(l[]  indicate
that snapshots ofCIPS carrier dopplcr and ambiguous pscudorangc nlcasurcmcnts taken
ever-y 30nlinutcs  arc sullicicnt  to maintain the orbit within a lcw hundred meters. SLIch
sparse cl:lt:iac(llrisitic~[l  is the key to ultra-low mass and power forthc microGPS  receiver.
“1’hc fcw-hundrecl orbit accuuacy  can bc arrived only with the pscudorangc ambiguities
resolved using the doppler  data. At cold start, two epochs of data are uscct for
pseudorange  ambiguity resolution as WC]] as for orbit determination and prediction.
Afterward, only single  cpochsof  (l:tt:i:lt~itil]]e:lrc  llsc(Ifor orbit lll~cl:\Lillg.

The success ofpscudorarrge  :lr~~bigllity  rcsollrtiorl depends on c:lrr’icr [lopl~]erd:lt:l
quality. Doppler data of 2–5 m/see cluality arc shown to be appropriate. On the other
hand, the final orbit accuracy dcpencls on the pscudorange data quality. We anticipate,
basedon the GPS/Met datademonstration,  that SNOE orbit can bedetcrmined  to better
than 100 m ( 1 O) and O. 1 rdsec ( 1 6); and the data timctag can be determined to better
than 20 msec ( 1 a).
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