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WD 2004/ 095055 PCT/ GB2004/ 001676 CORRECTI ON OF
TROPOSHERE | NDUCED ERRORS | N GLOBAL POSI TI ONI NG

WOSNMBIEMSs The present invention relates to deveCommRoidnolere

intended to increase the accuracy obtainable from
gl obal navigation satellite systenms (GNSS). 5 At

r c
e R S e SR S S T S R
by the Russian Federati on. These have been in
exi stence for around two decades, but in the near
future it is hoped that the European regional
augnentation of GPS will start to provide its

Ty prezest, invehticinveslatesMtd hienelapments VikhdeddYo andredsepB@rccuracy
system under the name of GALILEO 10 The existing
%W%‘Pé‘?*ﬁ froay globalawvigrien widlitpsystemna{GNEd) - so t hat using
a differential phase inplenentation a |ocational

y S a
ACBHEERLE hAShd DR A TRl Ry AR,

SwngUbytheODSANAnd GLONASS wenkdbgnhé Rusdifi Bederaiont MEhese have
| ocation. Real time or near real tinme neasurenents
brendn gxistases darpyRwihBYy decades: breothameanfutygdt thoped that the

%r%ﬁg ré::g{z)%alr ern%{m)ﬁtc?f épg \ﬂilgéi]arp Eoeéfo%ﬁ(fén tsl ?er%?% folcliowed

ona augnhent atrons -are necessarl

wihinupelveeantbytdBuropRinSysteh amb@t the AamE uf GIAQJID’BDE :
these could include a receiver taking nmeasurenents

frommany satellites, up to all those visible to it
Thepdsing ostems bayuben drosesivelydsfiashsotbat Y & qhéf‘ﬁrentlal phase

?&lgﬁ’llﬂ%gﬂ(ﬁ‘p 9 150%#18?# a%gutja of fésss' hfagt gﬁt &g Lpg%éﬂgﬁgg ég ear%hleved

€ accurac IOﬂ sol utt on.

Ry aﬂﬁa@elﬂ@tcﬁ fOOOmIMI@ vhhla@ cé¥ien compitalibbndth théQined taken to
GNSS satellites, GPS and GLONASS. t hough GNSS is

defeningi fﬂ?lequcéﬁOIesB&bll it'srm ntg tnﬁ_@ar Iredlatisn regasyremeats have a
gqar\é%g&s ey :ﬂov}/egrs ISSdéltltlljsua ‘ij fq%?%né%é%{:e@}‘ﬁ?mg‘%ts £ hif precision

fetiNahs ARl Suphes@tidRC alel MitesAfil ambRALY tknQiledient the
do not need to know. Single user p05|t| on determ ni ng

SRISS mﬁamagoron@‘che@@ewé}ese esfuld mchideiatreced Yeu ek Bicasysements

25 f f
BBfhemapFsaiur ot aurGOR KBRS ibiiErdy, §reatSRE an over

d&6ehiPPosiforpSoltifordh SRIRNE IndoAVIKEASd A tdTinlskbl & the accuracy
errors in calculated position. CONFI RVATI ON COPY WO

oib4 P09 E0m 50 1 M@TH. SBLID 6 4y<091 KRG use data from more than one constellation
of GNSS satellites, GPS and GLONASS.

Although GNSS is used mainly for establishing the location of a user having a
suitable, usually mobile, receiver, it is also used in respect of providing accurate time
signals to users whose locations are already known or do not need to know. Single
user position determining sets have simple receivers of satellite transmissions and
circuitry that effects modelling of at least some atmospheric effects that influence
signal reception so as to go some way towards eliminating errors in calculated

position.
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2 However, whether the user is interested in obtaining
a position or atinme neasurenent, a significant error

wW@eiog®ss0f3 omthe inability to nodel accurat el ypeieB2004/001676

delay to the GNSS signals caused by the atnosphere,

namely the ionosphere and trdposphere. 5 Satellite

navi gation users generate their three-dinensional

pdoweven whethei rtee sskutis cinterdsyedprimcetstsining fioposidomror a time

nor e pseudor ange. neasurenment to four or.nore

TUPEVRTERS 3 ETCER GOTOr Ao hnbeBy (afmitgb1 it ¢ faodel accurately the

Welal SoCME GRNSS &1L %s&?%?“h? taﬁ’ﬁ&g REK, hhdBlyAhe Sb@iBhere and

broadcast and user recelver cloc tpl nme at r gcept I on.

Tropospheredor ange observation is therefore related to

the radi o propagation tine and therefore range between
Llite 10 and user. estimates of the satellite )

Nttt 51 igAo HiswhEqnerisy et dhiseulmigasnabporifn and fime solution

%?tpﬁ%ée'sﬁﬁé f&r%sﬁrm%g)séﬁfoi’:ﬁlgre %d@aglﬁgmfeﬁﬁ%[) HIIMBR satellites. A

(three-dinensional position-and tine) using four or

psewlopBiga aiorasurgmentois ehe diffecmse bétsvepaltlic watellifeeclotketims at signal

navigation/tine solution filter pseudgorange o
DERA0F o P HerdFest v clasK e Rgieccpion a6 REcuorangs gbeervation is

| %&%&afeiléféh td il a8 Brb ti§H tiﬁ{eeﬁa%ﬂgﬁ%gorgé??i&lﬁt%go%?&%ﬂ- satellite

In the user’s navigation/tine solu

odrinesr. AAs estimatest ofahs saelditeapgitiodtart @nbWe (the@re broadcast by the
pseudar ange neasurenent includjng tropospheric, »
iSﬂﬁB%%h%rUF%r eafaselee der thesfone unkepynsc(thisaglimonpiqnal [pgsjtion and

’ e d.J - 9 0 agccommpdat ,
:?lon sgﬁggi fg)hg e?ﬂay%%%ugéja%e %gg ergﬁéngsb al ‘Zlise P efhe users
Siavigatid/dine Isolution dHtetiNEadsangt bbicgvAiods ateScorflRtddVRS variations
correction factors_ applicable to GPS receivers in the
Vi B3040 prppagatign dimer fer dhet of Hee-spreerprapggationy so as to be
recei ved by such a GPS receiver and used to nodify the
on-board nodel used to correct such del ays. For

o heaRbe ia®igdeb@Yifne sohitioh fiteRmusideRoSEiitdctidRs A8 HFEIRA to the
of signal path refraction and a nore significant

E¥aReRIdprANgS measureraend dnalyding Weposgléripy ionasphetio and ctlitongic
%Qg&g% [ are substantially constant over a period of

P Rt requires updating of correction data at

nost a few tines per day. Tropospheric effects on the

ot her hand are relatively fast changing (or

dtapstbepn gugpstaden Wieddr@H0093406 Ihpw tocetorsmddate ésngspheng delays

g:lrlc'i rt')n)a}ruisle bf fars%[rc]a eq tslgr%r Site gﬁltcﬁorcregeli\(/)e%i(gﬁ ES satellite signals, derives
correction factors applicable to GPS receivers in the vicinity before broadcasting them
locally so as to be received by such a GPS receiver and used to modify the on-board
model used to correct such delays. For ionospheric delays, which comprise a small
degree of signal path refraction and a more significant change in signal velocity, the
delays and corrections therefor are substantially constant over a period of time that

requires updating of correction data at most a few times per day.

Tropospheric effects on the other hand are relatively fast changing (or short-lived) and
geographically localised, resulting primarily from weather or meteorological

phenomena rather than climatic phenomena. However, the troposphere constitutes
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the troposphere constitutes WO 2004/ 095055

w4804/ 001676 3 one of the | argest identPdT/682004/001676

sources of error in the effect that it has on signals
propagatlng therethrough The3troposphere I ntroduces

ktl i.n @ refore an. increase in signal path
°H§t° J?H%F%t entified sprueesqef egorw e effeat rfhatuéri@edorbylgnals
PropdBiig th@fetkﬂ@ﬁlﬁf; L‘gg@%b?@égh%g%t%(ﬁlcesbyayﬁ %ﬁ]t;n[rgcq{u{g? exy efpre an

wat er cont ent 'ays dare

mmj@[se gi sipha} paffir thali donstitatek vt signbIo@8PREBICh Gs ﬂﬂu@ﬂceﬁ%ﬁf a number
en ha dIe y. the use of gl obal tropospheric
&a@r PIRECAWBTIOTS: riinpaBicularly etpten ¢amiens. pdirepreplars delays are

biratulf & @bdel Yol xnvarlant and can be stored in the
user receiver, t these paraneters at best constitute

an average or seasonal expectation, but not one that

Tsadateeme Uy, otk apispladricydebegystend, beth dtndlsd b &geeikeUdtOiobal Qropospherlc
garrent rﬁcent % predlcted weat her conditi ons.
EHMGHS that puprk from soncpllseh limaty peeamsiers that relatively i 1nvar1ant and

e s T TR

Sasomml expeatatide) burmanae tGi 36 dRtedfolbgEalld BRAY, that i 18, based upon
P05| tioning Systems / Wde Area Augnentation System

AT FﬁféanawrsﬁléWleqa ceyditdys, Novenber 2001. 15

Such nodel is useful insofar as it sinplifies

OhOREEP c saq% t t

herei n g@ﬁél thg?k 77 @S?ﬁ&égéﬁ{ﬁém Qi Ié rfjaﬁg; ﬁggde?edver is the

REQAt repaspheric eélﬁﬂﬁﬁelﬁﬁ mcfef @61t W ALRYSRErsb¥eskOMEd in "Minimum
clinations to the user. One such mappi ng

atelli
ﬂéﬁloqaiePe FaAngsedtapgdards &on Globat @osisishingaBypstergs / Wide Area

SEEpLATh $ Blepd AR BhESRRATAGN R EX Dhetdoriavertier 2601,
No B2, Pages 3227- 3246 20 February 1996. However,
&lChhmu(ifH is hessful imgbdhrsaar siindlifielC B6PRPREAOBelad & %erﬁﬁle(zalues

ce they age _inherently limted in ability t
@%’EBIL%WEB%FF@ %Sn%% §e4TD) but tstssipisel itlee @Qﬂddptmapntbeidlfat elevation

h
égfegﬁgélaﬁgédgg@ dpvfj g%tg iTe ﬁlgHﬁsﬁ%tn?% b eiysfeﬁ o@ﬁ% s%cé%@pgplgg( model is
deseribabd rbhyvNigl ﬁﬁ@lroaalemo;ls}ﬁ@g)ﬁﬂﬁﬁbhé?f&&h@ afidodpRkiengkld Pﬁétoradlo

account 25 the nmeteor ical conditions in one o
WF n 6%&9315% [ eahysicah Bessarabay ok, Ny B2pPaxtis SRR B13246,
é? | ocal i sed nature and thus | arge anount of

at a generated has

However, although these models permit incorporation into a user receiver they are
inherently limited in ability to accommodate changes in tropospheric conditions that

affect signal delays caused by the constantly changing, and localised weather.

Although models exist for deriving accurate tropospheric data by taking into account
the meteorological conditions in one or more regions, such as by numerical weather
prediction (NWP), the localised nature and thus large amount of data generated has
been perceived as confirming that presently they cannot be used to sensibly improve

upon practicable devices; that is, due both to this data being too large to be sent over
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cannot be used to sensibly inprove wupon practicable

walewioewss that is, due both to this data bei ngp€DGB2004/001676

| arge to be sent over WD 2004/ 095055 PCT/ GB2004/ 001676

4 conmuni cation systens that %re available to nobile

users and the limted capacity for processing wthin

somppisaton systamputhat a¢ available t&meobpleasemn tand theelithitedhcapacity for
rovi des f. obt ai ni.ng tropospheric delay data

Bﬁoﬁeffé%g Wﬁ’f“é’ rg%ﬁoggtfl?fné‘o}ﬁ’gﬁff‘%ﬁnl ng system or GNSS

conprising the steps of generating for a user 5

ITRE Ptdserkt, inPdntidn pP6AEdsO N meBIBR 08 obfaffihg G@pd&ﬁﬁémé @48} 185 for use

and from net eor ol ogi cal information, | east one€

ace satellite pasjposgrysien adheyS vethpneqm@mglstapa lof gertepatinigefor a user

el o8 Aol tu™ae st flec oo B 36 yRaR) metcorologica
AAGHAAOR, bl RAOSBHERESHE RPoMeHE el v E)Eﬂczﬁ)‘fe % the user
ccurate’tropos

ray tracing technique. The eric
trehatagn foatlcomsnumeoatibe asle tropasphénc ddiayemrtotich wensiidoset.
refractive index field generation. Furthernore, it is

0 refe red that s or ol ogi cal i nf t|on
PTG el PSR r o NS, P RAR) B dnf, tracing
1RenidqRé.cahe! QALEA TEHshhR BAGY PALE hid gPge pE&Neﬁ by three-
del ay val ue correction " derived therefor
dingemsioneldrefiaciive exiek yiebd genemd)nnﬁuﬁbcmiom@l it aﬂ aldatprefetred that
an .enbodi of .the.inve plicable to a user
A SBeHislREkoh OGO Bobased GiaR Bh R SVSRINeL REeiRMOaVP)

or! f nosle o
T RS EGoRERAl Hhodter P sl %ﬁ?‘i& e elth el Gopection
dedivey thatfoe mayhelaugmbhted by diredlyi dbearved ﬁreteg&ﬂgglaﬂlﬂamal
| ocati ons, generating froma neteorol ogi cal nodel

rrpl 0 such teor ol qgi cal ormati on a_ second set,
%B‘afg’ﬁwsﬂ er dbs é@veyag%e@pheﬂa? tar2 UsETc Whaste Pasition is not
0 p
?%b?g%@g%@w%bthggi\}gh%%fdﬁg lé%mggltgcr %%%%ﬁg Hb&]a;l first model which is
kool ipeatse,0a Sirkset usfeapirdimate dolbosphtncmdelley aabues happlitdble to

can provide a set of tropospheric delay val ues
wb%tSaquralgF«ggrmhl%Er KSARORS, vienFrating TQ@c gndnedearologiqal model

FARLSE A hhabarl MRANGIGPL 085038 1 Afaflerc aply ot
fait dardSagcuratheankdi mpplicabldelto i saidoaaddupruser geographlcal locatlons
non- met eor ol ogi cal paraneters, which parangters

devpinninsa set ofcdeday valee @pdtﬁCﬁ%O@ffow%@r WIth Sidt furatemaﬁ%l so that it
@M Ho%% I@teopggp&sfl&?g 8(!:19}9 lvgl‘ales substantially in agreement with the

second set, and expressing the set of modifications as a set of tropospheric delay

corrections for communication to a said user.

The first model is based on non-meteorological parameters, which parameters
comprise at least one of time of year, latitude and altitude. The non-meteorological

parameters may further comprise at least one of longitude and time of day.

In the method of this embodiment the first and meteorological models develop sets of

tropospheric delay values comprising zenith tropospheric delays. The first model may
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paranmeters may further conprise at |east one of
| ongi tude and tine of day. In the nethod of this

wendseddzoent the first and neteorol ogi cal nodel BCHeB2008001676

sets of tropospheric delay val ues conprising zenith
tropospheric del ays. The first nodel may WO

2004/ 095055 PCT/ GB2004/ 001676 5 contain a nmappi ng

confem amappingtfimgjionrrelating treposphard delaptt a gijenesievation angle to

| evation angle t the zenith opospheri.c. delay, and .
2k FogPHeRe 0 av A0 sh et P PO gt Bighiians i Gpmprise
28kt (Fmdmédtiond fdreRs witlthd$8ppthg Rurchén FRMRIFRE rhotgt | on
of the first nodel. Preferably, the nodifications to

the delay values are the differences between 5
Senferablyortle ngodificatiansofo tthe dolays values iabutthb| diffeentdse between

first and neteorol.ogical L s T corrections t
e BaRe JEMEG P e TR fa e ot B ico@Tagical models
Mhelceiradtions to bBRoMRAInidatAlhNBe REPHESTREI RS rp%r se or, preferably,
fracti onal change fromthe values of the first set,

thermodifigatjsine expresseg as edractigmal ciimgs frone treredudsanf thafirsbeet, for
ted as an addition or nultiplier to any val ue

effe
5@%@%8?%8pmfﬁlﬁ?luse of the first nodel. The accurate
tropospheric delay values are derived by a ray tracing

TRENA cory€stioh Inayded EFfd¥tddCastAGdARIR RmiIlFliGab Ghy VhBe cenerated
signals through the troposphere to the user and heﬁce

by usaefithe firkmddelly from a direct path, and possibly

enpl oyi ng three- dinensional refractive index field
neratiaon. 15 |t. i ossi ble to effect conparable . .

387 et oo hetisofsle FENER isnderlVd dich T8 fiepigg technique, to

a&eehint Rd pathser mel satciRenidalshdrfchant @pBiphere to the user and

tropospheric delay. The neteorol ogi cal nodel nmay be

hensedessimateintbei delky weemher dipgce dpath,i end (PpeaBblyd aneploying three-

. regi on of the.eart r real tinme neteorol ogical data
glfneélg’toﬂ'fr‘]l rFﬁa%’eYret‘?%ﬂ‘l fgetl‘?g‘f“ﬁéanoﬁet eor ol ogi cal nodel or
each said tropospheric delay val ue correction may be

R0 posdipRte bRyt Bbhpahbly BREQI0AS o TRIPPH LRGSR ind@kR a first

such as available in two- di nensional "formfrom sone
moedgli thet adsstrelyhipos pathFhaéfectedibptropaspherdt ddlaydat a val ues
are obtained may be substantially global or may be a

[ler regign as,defined in NWP schenes, as SOSC
PR G L b P P r e Pt n B data
fr A %2iYnt &Y the @RR R 84l tinél BleBdbril8iefSdakPbr both. In particular, the
meteorological model or each said tropospheric delay value correction may be
augmented by directly observed meteorological data, such as available in two-

dimensional form from some imaging satellites.

The region for which data values are obtained may be substantially global or may be a

smaller region as defined in NWP schemes as mesoscale maps.

In both cases it is possible to generate a set of (zenith) tropospheric delay values for
each of a grid of locations over a region, as a two-dimensional array defining the
geographical points at each of which is a delay value. Thus it is possible to create

from the meteorological model and non-meteorological model zenith tropospheric
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t wo- di nensi onal array defining the geographica

w@eioanssoss each of which is a delay val ue. ThuBCT/GBR®4/001676

possi ble to create fromthe neteorol ogi cal nodel and

non- met eor ol ogi cal nodel zeni&h tropospheric WO

2004/ 095055 PCT/ GB2004/ 001676 6 del ay val ue

olay fyadig modificationsmanda st of cormsctionsnes aslata datyn havingywalues

et i R X o e
‘é@ﬂpﬁbé&%sdlﬁnght%rf odld rﬁBdlﬂf:atﬁfi\b dvERAl idab Gl mﬁe %ﬁ{ s frface.

| east part of the earth's surface. Havi'ng regar
the nature of the delay values and corrections, data
J‘@U%trpgm d thelnatge bk idedy valuehandcarreetonspdats e¢duction may be

ving a reduced data.set for .co cation to . a
B0}t B Bpocfe S Ser B g e S8R ok Smmiisich (o a user.
correctlon set produces a data file anal ogous to that

Pteferalyeins6ft &s ihdaatiré 60MHE thRetdh sEmOd@Jee a¥Haf®6i18 fand1Bous to
correction set is acconplished by an inmag

élt?ﬁmegsgrﬁmsogleo@éege r@blnv@rm(tfntlieydatbuslzmcuf the correction set is
sent sy data reducti on suc

b
accg}P i ¥ s iR st oDt D B cxsentsly, by

spHan G&fu@tloﬁyu&lfd(s%édrﬂﬁg% § Wavalel-Bade® \J‘PEGOZ‘OO@% @osme JPEG
uctlon it becones posSible to conmunicate

é@@d@étlon set data to a user over a connunlcatlon or
dat a channel of limted bandw dth. Thus havi ng

BRSSP SR it
&fé%&rﬂa@ﬂ@ﬁi s¥f ddta trbiaSusRBOsH MRBhnRhidafi6n i0d @R LIPANAL of limited
| east part of the correction set may be comuni cat ed

bandwidthi east one orbiting satellite by transnmitting
the correction set as a reduced data image file to a

' [ f
S 0L LA i LT, B LCE e B g
Biteliey aphaY rédiver,iifi aBEHI A6 iy th B B At dTghé B ention at least

corrections to at |east one orbiti ng 20
part of Fhet @rcht;m odtingdy bn@ecvmmgmeatvés'lasatglnaﬂt ont @rbltlng satelhte by

t abl.i { f t
e aliranE semcein Rhr £ SRt mapetaedorpasallit and re-

trhPAS g tae tabtf pai o the R8N hide thont & dBIUNAL ﬁ%ﬂ:\{héag es
communi cating the imge data to a sald satellite for

re-transm ssion of only that part of the correction
Bmﬁa’altlhahls csmclb@'edfbytmrnmeatmgethe pma:tlonegz atnleasit tohe rbiting

etlllllie%o gf,efg ?‘CCGIVCS sign maly to estaglrllshee\t/t%east one of position
and time. In order to reduce even further the amount of data to be transmitted or re-
transmitted, the method envisages communicating the image data to a said satellite for
re-transmission of only that part of the correction data that can be of use to a user in a
region within range of said satellite. This may be achieved by transmitting only said
part of the correction data to the satellite or transmitting all of the data but causing the

satellite to re-transmit only said part.

Insofar as such a satellite has limited capacity to transmit signals additional to those
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transmtting all of the data but causing the

W@ 200el0306% to re-transnmt only said part. | nsoPEIr/GB3004/001676

such a satellite has |imted capacity to transmt

signal s additional to those WD 2004/ 095055

PCT/ G(B2004/ 001676 7 already transmtted and is in

gbeasy afranspitfechiang isoint genesali enlyraplel 4o atransmul almiy nigta, including

n. dat a |odcal |tnu . be bor in
SRR TEh oo n B R BB FOGTRLIOY i Bt . O agieaiplogica
e@itdnieat S )éhaﬁgu‘i\%%ﬁﬁ’ﬁuofu@l@t Y QRathal Yednlted vaRP i ﬁg ition in
in relation to the napped ' region. Thus in a ditioh 1o
cRiation ta ghq mapp@qotﬁgrqnc Tded ayaddilonds drivmgdmipatsitricidetay values

nit is necessary to

e
AsofgRRaPLF PR R SF et reeigmprih fecesary to apply data
tddapsdi suFfieentob RihitWanPdistioRlof @11%?:p§rt ©Flaf %@f ddMsitions useable
useable by a user within a tine caedS
by anvseri wihiors time, dldbteﬂlhyyraasudls’sma nsaiabilitg and alfaﬁsrﬁl‘ssmn rate of

stanti a ower, than the validity
henéatg]ﬁl?et’ hise‘ltq?@f‘ggl? | 18YFt élmr%/-t ofalidity otimgsefy thg mefedrological
MRS @RAieh ALCH) th@‘i’ﬂﬁéoroﬂ)glc fmgikiure the validity of the
troposphericdl |y derive ata, It is preferred to
transmt said delay value corrections to a user
dorensgp dredvalylity ofahertropuspbériglly derieeddnguoa, at is prefeeredité @ansmit
of. .saj d teor ol O%I cal nodel inforpation of no greater
f%%ﬁia %yh e COfFesiops to @o‘fSF’ég%‘??BP‘HBng do 2 meteorological temporal

F@Slﬁ%ﬁ)bp&h@ ﬁ{ete%ﬁg%@%\l rﬁ%ﬁe‘rl) kﬂf&ﬁrﬂﬁoﬁ £ 8 efbater than 1 hour, and/ or

nmet eor ol ogi cal mat i on o no °gr eat er
%Tdspfqmdlmg of ar maeotalogca ratibl Stahenao L sdill nkedodio glcal model
eed . 15 of novenment_ of rel evant weat her features.

Rt & By Tk dhanmiden.dBiRiresdinesandedisianag e iltlkquby speed
PORST R &t Bpre@é\faﬁ?\tveﬁﬁér ﬁﬁllegn data transmssion to a

user at a data rate 1n the range 25 to 500 bits/s and

by selectively transmtting only parts of a gl obal
Byrtigeabapp lontizlod émbge eomisressidnntechnid@ledt isviglsyiblestardffect correction
r %I on thereof, to permt correction data_transm ssion

é@PF‘V@F‘;‘?naﬁo P 58S 2@l fata Jge B B Tenge £8poot0t hes/s and by
§éi’&9€elz £ eﬁ%ﬁ{éne{f‘énlgl ?Q]I't{l'glts £ 959411 Q%lag@&ppwggrﬁg tod% ﬁée\ll‘ f7a ?elatlvely

tropos ric rom

shabrdgesmethereof, o quamit wirepic@ddai tr‘aﬁﬁﬁlbﬁbn @ﬁf@@ﬁ\lellyoﬁtsraﬁ% well
or nore locations, that is, conditions which vary

one
Dilew the tep of the raagey ossj ble to pr edi ct tropospheric
delay values in the future from said neteorol ogi cal

IS5 AF BB tHLhedtblogical model derives a tropospheric delay values from data
employed elsewhere to forecast or predict weather conditions at one or more
locations, that is, conditions which vary with time, it is possible to predict
tropospheric delay values in the future from said meteorological information and
develop a prediction set of said corrections for a geographic region of the earth’s
surface, whereby each member of said prediction set describes a correction that
becomes current as a function of time from development. It is therefore possible to
communicate said prediction set of corrections as a batch and use members of the set

as the time for which each was predicted becomes current in respect of the forecast.
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25 develop a prediction set of said corrections for a
geographic region of the earth's surface, whereby

we2amh/omesber of said prediction set descri bes BCT/GB2004/001676

correction that becones current as a function of tine
from devel opment. It is ther fore possi ble to
ni cate said prediction set of corrections as a

nmmu
%é'f R compynicaponmayiestosn qriiting sptellife anghghe ingmbexsrre-transmitted

Wik P, §Rf |n_respect of
the for ecgasﬁlmé\ﬁ%{ %b% %%gg%gﬁfeﬁﬁfgﬁ?%lfé%” T4 1grespect of
tlonforscastat i on nay be to an orbiting satellite and the
menbers re-transmtted one at atine as the tine for

\(QQI ch ‘? @g red| cted becones current in respect of
pp] empediment SEpkYingeths denthachis a@nbcew;l@ Wlen tthee pesitiondof the
the o 0
R e FOER PR R B SR Spefifegs known. Tha

sEfbmhdtiohanay be IeanyedTHyamqe seREO ML thE %&&Molgglcﬁmf&iﬁ%@ion to
g@Fthe server with the neteorol ogical infornmation

Yo & tuad s anarped tegpperhetie sistas 5 draghedr ghany ad:nmsdelay values)
a [ I I ues (or conmuni cat | on
g'd'r éﬂﬁﬁﬁﬁslg?t o‘r?(p tﬂ{l‘le ug%r pos c)g?t bettbrfg s rCPB'E?ti%gthe user
t‘dttelvals ﬁfeudbﬁﬁglmg%fndﬂﬂﬂaiﬂﬁl’gad&%rﬁﬁ @theORAI@dsNISNBh communication
accurate timng val ues. Such conmmuni cati on 10 nay 81

Biay detdiget oFjvaa a nararksr Ik mthalsnégkeaﬂw tiakee pt moee sateihtes such
ellites GNSS satellites

Qyﬁlg legggs‘? §t8ﬁ1 %Soa\llseélscéllsﬁ‘iio Qﬁe c?it?lguglr]’e%?: f ‘?délﬁ“ﬂ%li}nabf e required.

Ireafat bethe ustrd 36da8bn 3Skidwh, HSEhSt dxPe@bd Rbd QW Yo

i s not expected t onbe necessary txg deri vt()e 13%“5 dehive and

%mumetataeseho@@ﬂay@vfalmoaych repressnting b drsm;butlon over a region.

L sent di.stri.puti pon over.a region.
HERE AR Rs RV, B i it o Pieastovpanhsy gigions for

hdRe loca sl a
gﬂ ee ? ¢ angﬂddgs{é? \Ill’éa?; beélfﬂeﬁl%%egﬁ@ e[%r@&]?{eg%@t BP&elyf drrections

¢aspmpnppale thasd ix batai fioronfoe ushby ¢he m;ebadcehref o i &Y the time
in turn as the tine for

user receiver
#@ﬁiw éf"e ﬁ”ﬁ@ﬁ’ﬁé?’vaﬁ/ﬁ@d cdhecomes guteBhes current .

According to a second aspect of the present invention

Ab&i@ink %o Rs800ndEp P Bﬁﬂﬁtﬂ%&eflpﬁwelﬁ%"’\h@e N9 yg)az'ic?edf %f)aratus for

use by a user of a satellite positioning s
@(B&ngdbtmﬁor ubalpy a DEer gé peatallitnpositeains fystenrg@nN@NSS| dt@nprising
a.server at'%cat' on.renpte front)t he user from

%Pél? @8%“’6@"\“& FigSRPRG i Brf server logation Framele dfpmtthe user from
ThERBRTIA iFolRitaN, ‘itaﬂeh'sef AP BbFAR R o%peas? ﬁelld? %lue applicable

| ocati on and neans to conmuni cate a
tofthe uscatildcatiah wad tnmeans to communicate at least a function of a sald value to

the user as a tropospheric delay correction.

The server may be arranged to derive a set of tropospheric delay values applicable to a

plurality of user locations.

In a first embodiment, the apparatus of the preceding paragraph comprises first
generating means for generating a first set of approximate tropospheric delay values

from a first model which is known per se, second generating means for generating a



10

15

20

25

the user as a tropospheric delay correction. The
server nmay be arranged to derive a set of tropospheric

waledoapoinsd ues applicable to a 25 plurality of PeIBEEB2004/001676

| ocations. In a first enbodi nent, the apparatus of the
precedi ng paragraph conprises?first generating neans

for generating a first set of approxi mate tropospheric
dedoay sghlofiaore facourats tropospharnsdddlaywmaloes fremkacaid meteorological

S5} SEeBs” PR ROB O BB PO oAl MethonF developing
Fomt 5 Sirdt MACSRGRY a&a%@tsay ﬁ%ﬂ{?@&ﬁﬂéﬁb Yehi :\alue modifications

net eor ol ogi cal nodel "based on neteorol ogic

iforf wrerveith smd fiastdnaliel ed Gpit mgcamgaoadé o setdefitedpopphiegic detaynalues
said first. and second_del ay sefs a set of tropospheric .
6@‘1’%%’“‘9@1’ 4R aghRement éi‘t‘?hoﬁ’é’ QleFBIPf{ §€e aw? SRidsdgvgloping means being
TRARdedSH ekiiels o THidafioNd L&

TR O30 i e ht pERAMALGH £ @1 SorR oo RERH Blpions.
second set, and said devel opi ng neans being arranged
tPocferablyessd tfing gepeiating an¢anmsitilisesaa saitl fixfst trodpb&pbesed on non-

delay corrections. Preferably said first generatin
melortolggion) pasamelets, Alsqs the, fevrippare meansy@ay B privaaed © express

REHRL! & QHceBbnPRALRTE L &ifFereMtletRetwldiCed YRR GRS he first
may be arranged to express said set of corrections

and kecasd setglipofsblgns e flaetiovend thange freapihn dhlugs 1o ciesreofed.

the first 10 and second sets, possibly as a fractiona

ﬁga e fromthe values to be corﬁectedn The devel opi ng
§15VSIaPIaE MRt %Wﬁi%@@r?%é TEVFLPPHAS2 gistrbution over a

o3dd bPel ARh QYR fale, lpﬁ]&gt;taggl igfthé ﬂ}ﬁ'ﬁ@f 1 Batg /Y E&‘?&sﬁonc%igg to a

preferably in the fo ata e correspondi ng

areyswady suageefimultjebivivonds| tachbivérdweprdsentiag@hovaiodl of the region.

g:eg{lesenti ng a locatiagn of the region. Furthernore .
HeherpIoxs e dapsrals My BdlRdh s froronesrtsingsichist gheqrrections.

C : ef.f.e .

I8l Play AP AptofRE cobpretbion FFMELHCEE R0 redpotion, lossy

compressisnh omtherset. he set. Each of the first and second

generating nmeans may advant ageously derive corrections

for paraneters of at |east an el evation mapping . ,
Earieof B ryaadseandzenratine REw ey adyanpgraely Gesive corrections

(o8 ek Y 2V RhUES- eI &HAlbE flabPIS ATRY; ehl i
T o a5 A PR USRS R oo
welues td autuat elighayniabhasks) Gorréciohl emayereduperimpbsda@prhe aknish delay
al so transm ssion neans for transmtting said set of
eoreciiondataset as lgnger words for communication to the receiver

The apparatus also transmission means for transmitting said set of corrections to a

user, and preferably to transmit via an orbiting satellite, which may be a satellite of

the GNSS.

In a second embodiment, applicable to apparatus in which the position of a user
receiver of satellite signals is known, apparatus is arranged to receive from the user
information defining at least one of the user location with respect to the server or with
respect to the GNSS satellites and to provide corrections in the form of tropospheric

delay values per se rather than zenith delay values, although the latter could be
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user, and preferably to transmt via an orbiting
satellite, which nay be a satellite of the GNSS. In a

W@ emangsoeibodi nent, applicabl e to apparatus i nP@hGBR04/001676

the position of a user 25 receiver of satellite
signals is known, apparatus il§ arranged to receive
fromthe user inforrmt|on defining at | east one of
tpmevidekr | ocation with respect to the server or with
respect to the GNSS satellites and to provide

ot BR SR peifel it fanhig) R SANGS ufer iRt g pHge means
pbioBle 60ithekaRerYR 20RO EDHCRAAMARNTEal A 2 st of

provided . According to a third aspect of the
iappreninase teopohitEriosislayr edeésvanplicahipté sé@tlﬁem signals received

%Eﬁé i ‘g@f‘t& genigr a ﬁg{egaa%ﬁ @n piE %ogﬁapglg g{entnhcatlon signals

EQPRAPRSH §pﬂ1‘%&lﬁ¥ o‘f%hfdes%tél‘lﬁ’@i 'csﬁph@ Jnoaﬂpﬁj@ﬂf'dafé f@s&ﬁ&ﬁof the
signal s recel ved froma plurality of said satellites

aectiver gelativel tal ﬂlmyarﬂﬁst sergaca tnrdemheinsccmera:brhe % geralve a set of

received froma plurality of sajd satel S conput e
SATEINS x omeeid ﬁ‘%BPﬁﬂ 0946?%@3 R r\)’é ler By ilhe pedel, said
claﬁre@(ﬁ)rn% tﬂ)eﬁlgsc}é'hfv@& Frofil m(efeGFolo rEﬁtao é’feigt fn%‘aﬁ'lc\z’iﬁons to
a set rrections to sal roposp erlc

\saldudesiveé idielagtblabuek rim arddndance d\eih, ths @otrecttoms raﬁdtmms to compute
bei ng.derived from neteorol ogi cal data, nmeans to
dhg RRSILIORRY; i With SHA 3°M2Yai d deri ved del ay val ues
i n accordance with the corrections and neans to
t C
SHE i O BREh bRty ) BB W, 021y SECUFARY b o
lietgrpoéatiopedradxirapslati@f bLedid comteiopslaadarding ao computed position of
extrapol ati on of said corrections according
dbgrper esdathsde decgHory for phich fRggorrestians ave tbsen %eeaiefi ons
for which the corrections have been derived 15
PREPLERED 4 Rufin et U SPREIHD SO P FRMALpRrdRPS orbitng
aptetites, appaastuslef dafmdd abxmedof abtaiabigalatd angl adasearcadidera
user receiver. In the above di scussion, tropospheric

del ay val ues and zenith trop heric de val ues
Havhe @é@}ﬁe BCETIY HaposRERB e aﬁfe&%l%s ehuith toppapheric delay

\yﬂﬁgg ﬂﬁv | beehSeRARE 1Y 'xxf?thBﬁ’tl re@l 1 e Iﬁtﬁ}lg' Q}Vﬁér&%% %r}ﬁ{sﬁble to

yva ue for a particu position
Lt&tl&é atsﬁhg’l@ trdposphierel del@Svaﬁufs fbrcabdr&dﬂdn/\pdsm(dehtam ramﬁ wBual to
"dry" or "hydrostatic" delay. art from |
derive it as a so-called "wet" delay and a ' ry" or "hydrostatic" delay. Apart from
circumstances where it is important to distinguish, in particular in respect of data
reduction, in this specification, references to tropospheric delay or delays and their

derivation is intended to be read as deriving values for each.

Further details and advantages of the invention will be evident from the following

description with reference to the following drawings, in which

Figure 1 is a schematic representation of a GNSS positioning system known from the

art, illustrating a user positioning receiver device and a plurality of orbiting
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circunstances where it is inportant to distinguish, in
particular in respect of data reduction, in this

w@epmaiodiosat i on, references to tropospheric del BET/GB2004/001676

del ays and their derivation is intended to be read as

deriving val ues for each. Futther details and

advant ages of the invention will be evident fromthe

poditigupggpteliBsdescription with reference to the

followi ng drawings, in which Figure 1 is a schematic

Ff%&eegﬁ?taa%c;h?u g % gf%)lr%é@éti&? k! 1Y ?rﬂb§&'iﬁ1tegmokm ]E)cr)sqm)ning
, g a user positioning recerver

g vent eentbodyimgPther plesényt ialerioh) tilwgralify 2004drORning receiver

PCT/ GB2004/ 001676 11 positioning satellites, Figure

deviee, 4 gEqundrptation and gmbwaliy of PENtiRg Positianing saisHiissi ment

of GNSS positioning system enbodying the present

. on. i 2 it Toni .
SURRLO T bhEh TP Aot BPRR, 1 1S 506 Vo
positioning satellites, 5 Figure 3(a) is a graphica

Figuus3 (batsi goaphadal ilhstrhtiaco firgappingaredradtivi)y ficld da eayhitaclg,
illustration of mapping a refractivity field in ray

racging, Fig.4 i i ctori.al tati f .
L B ol et ook gr St SRR MooyB gy o
'E’é(mbx'é?&@n G?Mg%%%h&?es&i%ﬁ'?&hﬂi&ﬁés, Figure 5 is a

graphi cal Tepresentation of how noi se affects
conpression, and 10 Figure 6 is a schematic

Fidurs$ isat graphicalirepresentation Bf how @oide offects serupression, and
enbodi nrent of the invention for a user station at a

RV o™ Rge ARGERAH PistPse PRzl AetelfPRBEfmcg or e
#@ntich fof hakérationait 8 kBown Bbalied. POsitioning system
100 conprising a plurality of GNSS satellites 1101,

1102, 1103, ... in earth orbit and a user 120, in the
Refamieg toigwed; thisdpprescats 1p seheartic oot e secsion of the earths surface

nd-hel d_.or ..vehi cl e- nt.ed . t ove th .
a0 el 4o o R P i B3R LY o BT Lt of
CNBEHtdIRRAN 10RNTE! 113, f I entargndtbit @6&h visdr 1282inqhe form of a
signals transmtted fromthe various satellites within

vigaal recei yea @hd pracessaepchendtheldpraishictesmopnted &gsiahgr thoyashe
124 ,and.i nformati on display or |ike delivery apparatus
§§ﬁ1§§?ﬁ$ﬁe processi ng neans includes a digital

processor that responds to received

The user receiver 120 comprises, in conventional manner, a front end receiver 122 of

signals transmitted from the various satellites within view at radio frequency
frequencies, processing means 124 and information display or like delivery apparatus
126. The processing means includes a digital processor that responds to received
signals from, and characteristic of, the various satellites whose orbital positions are
known with respect to points on the earth and computes from the variations in
reception of these signals a solution comprising the position of the user receiver in

two- or three-dimensions, and, importantly in some applications, time.

The user receiver can determine from the plurality of received satellite signals via the

above outlined pseudorange measurements an approximate position, but
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signals from and characteristic of, the various
satellites whose orbital positions are known wth

WO e®peei0s3 0 poi nts on the earth and conputes fPONMGBR®4/001676

variations in reception of these signals a solution
conprising the position of t A€ user receiver in two-

or three-dinensiaons, and, inportantly in sone
spprranissbpsdelpysatlicted uppa thesagnalsdyielrationdn thitrenasphese

f WRAYE ' [ ignal s . via

R Y FesBlelbf ikl R e AL B 0] oo s

aprpthex fronts eSyvhstdpospherib uéfradibr A34/b0 YbMpbnsated for by, at least to a
PCT/ GB2004/ 001676 12 conpron sed by del aés. inflicted

§158 RPPIOEIEatRa DY 2pR)YING 19 BrOCEssINgIOf thescaly girst model
i i nci pal he. wat t ent ..of
U350 S s OB B RSl S AT IL S e

tineearSielre This soehlledtlirate Modebi eseiansiretefeofoldPical Fhsofar
least to a  first approximation, by applying to
3F HdeuRrdateyl ipfrequeatly andrapeaseris ghkesta eepfeseriatiomeldvemee 30

L ep ' | G: | ] ant i cipatedfor
AR AnTRI GREHoRb D AR i ot e

and prifdraily alliofftitr@ oT9ea] latifudesse Aftitald aé pertain to the position of the
non- net eorol ogi cal, insofar as it is updated

upsrad maytapjiondty hoddperematess eftlongitide and/entims efitla.i on
of average conditions. In known manner the clinmate

8l PG 5 g
&s aplicableno tie dsbs 1p@sioh itlgd nofy belgappBd HsREpean6lf JuBllite elevation

optionally hold paraneters of |ongitude and/or tine of
ainatiewih resaecs torhgdEceiver &g giap g arpre acyeate valtie of wapashheric

j . - lj.cable to
(AP SRELE oA LR A ol FHRERRb Pl o
datied detdieededignatpathNpartidhrl it heosatalite bs 4186w @Ldvation.t he
receiver to give a nore accurate val ue of tropospheric
del ay and effect pseudorange corrections having regard
g thig gndyitheHrst Bredalanawinclude ar glgvation mgppingfungen VY

. i v it L i ; e
SR Ryl b el anlihle P RAEioh sh ok Fflome "an
ehtevatinldyasgeppitrty Niehdi tierpapSGhentidpd alydvegHowever, it should

exanple as a_three-termconti nued fraction ) .
alsp b xndgistroh that theparamaterapssd g shesmepring megelnbeing derived

j - [ . I
00, P2RSL SR, PERG SRRl Pl 0 e
suljedt to &redrs gawbed by atktstolbpiond disterbahd¢es, AfhoM&arfor many purposes
| atitude and altitude paraneters nentioned above, are
Hesperrarg gjayde cppsiderediap smalkle ¢oBsctnet eor ol ogi cal
di stur bances, although for many purposes

This prior art apparatus utilises the zenith tropospheric delay, and if appropriate
mapping function, to effect an approximate correction to the tropospheric delays

enabling the receiver to compute a more accurate solution for position and time.

Notwithstanding its inherent inaccuracies, this first model is valuable insofar as it
permits a user receiver to be manufactured and used with this (albeit limited)

correction facility built in and not dependant upon receiving signals from elsewhere.
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these errors may be considered too small to correct.
This prior art apparatus utilises the zenith

wo ewpospberi ¢ delay, and if appropriate mappi PQI/GB2004/001676

function, to effect an approxinate correction to the
tropospheric delays 2s enabffng the receiver to
?fﬁ§Ute a npre .accurate qutlon for position and

rto.\B¢ R HHAH AFHERCY © “Fﬁﬁé?céh‘ter feReeh campEamisedipysa
flimBEr M&Brs'b%t XsaﬂhU%brlegoH/é" oras%u{ s reQiElEénnt i3 a?% Y r‘iat t{lat

receiver to be nanu ture use t'hi's
lmsrdlnabtﬂ()posphm*ro&teﬂaymmdsamlat lrem,aubaﬂdr sinp tlenfirsti®bdel are now an

8%?dant up ggﬁ#ece|V|ng signals fromel sewhere. WO
HOEYKS OpLINEHIDHIABHES?6 13 Hitherto, the

positioning accuracy of a user receiver has been

RRIPFAIThGL h Pipufe 2, M aRBEdAEe HAR MY Sl inRentidHEBEre | e is R%)tvided

resol ve, and érror sources reduce, it is appar ent
Ao @mtalloctatlop egpdadi Sd;at@el?@Q mnlvcmmttylmferned t@hereaf dserserver,

AL iy D ot B o8 RO BT QA Pbroer s o U arth's
bﬁ%fé%@oﬂhg 3956 M thB nﬁéﬂlﬁs RIr¢S&NMind AR sHhals il & do%glﬁd to

provid at an earth [ocation a ground station
cwave rﬁroan oheyonredremmetcorbwglvel @iganissioas ffomertion representigd the

FRHES Ot R ok picBcal iraihet arediptiog CXBIE) dor Rghiang a
TRANS p%ﬁi'hoﬁ@&x%hf{d 19 efth:ahé idefordignal %nﬂBHhatfo% HA'BL Edbal in

to receive fromone or nore neteorol oglca
oatgmrsanﬁmubtmméor e sub-glelml esggortsi ng t he 10 results
or suitable for, nunerical weat her prediction

ati ons at S itjons ar nd. t he
@EMP s bihided &t @18@8%@ PR oo s YRligalp 8T s mpds!
gllaﬂ)}‘ h€usel i %fds&ef‘éc&@eroﬂ'ﬁlcﬁ oIS tidtohRRabnddafinons -
here is provid in the server, and indicate t 230,
aletmpilogiaalecloﬁatt: headﬁllmgmarmtb@drs (130) as used in the
user receiver, which contains the aforenenti oned non

orol o al,, climate . _There
TR S8 st e s Seh P BelBroins bl TRl PG eengty &
50l iThad 1B6lddl Q&?Bﬁd@ ) r@éteor'e)@@lcal-rlhf&mﬁﬁéi&broﬂlﬁﬁmcﬁe N®P and
met eor ol ogi cal i nformation provided by t
determrinesresurateoalues donvAD (aswétand ALy ¢amsponentshnd dry
conmponents). The zenith tropospheric delay ZD val ues

r_the twy nodel.s ar 20 ord
5B i PR apie2 20, GATRIRE e e FivdelsBos Soviiatece 2 m
8fdePto Rtdriniindidifblefcdsdetween them that constitutes an error attributable to
the first model. The differences thus constitute modification values by which the
product of the first model might be modified or corrected in order to provide the same

result as the second model.

These corrections are encoded and subjected to data reduction at 270, as described in

detail below, and then communicated to the user receiver by way of a communication
channel 280 that constitutes an uplink to one or more of the GNSS satellites 110, etc

by way of transmitter 275 and re-transmission from the satellite or satellites to the

user receiver, indicated generally at 220.
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the first nodel. The differences thus constitute
nodi fi cati on val ues by which the product of the first

woreaelossyht be nodi fied or corrected i n or derP€DGB2004/001676

provide the sane result as the second nodel. These
corrections are encoded and %‘bbj ected to data
reduction at 270, as described in 25 detail bel ow,

ahelusen sgretvshringhidesa decoder 3 3feofiibeeorrastion yaluehgetpthat tis g

[ ' I [ l,i. nk
PRVEHE 274 fof PR BB oL Phy RTS8y B iperm

Hat §anPGTF HérdVedAéburaiRly Byethé bedadhodeDteden® Bl € the remote
satellite or satellites to the user receiver,

PeTH¢Te Or &g Hiethe navigstiontand sine aampptiog,/ 095055
PCT/ (B2004/ 001676 14 The user receiver includes a

: ' { t
OREGaT S ot HEeIOFht Pt R ol BT W' dftfoabte o
wappiag fuetibacof e lfyst ieddengy thhieboth kdiath deayeand sndplping function
derived accurately by the second nodel present only in
vilues Bprgtven agapalaccyragy fos theipesitin apd imgLompHtatian. ti nme
computing. 5 Optionally, as al so described bel ow, the

?Hé ﬁl?dueiogeﬁlljé?ﬁfé fh? I%#féﬂgﬁ ig ¢ de%%#v? Whﬁ%gcglssiiﬂ?ﬁp%\gﬁgy

unctions o st nodel so that bot en
faathrosthpti dag bewnpleyed indieidusby hr evhitheherousgd eéadeeiter interrelate
accuracy for the position and tine conmputation. The
abvERSeMsNi ew of the systemis expanded bel ow with
di scussion of further features that can be enpl oyed
RS forbH 200E oG ) RTINS ipb S B R sional
ardyeol grldyghinta formmitieh meedordsgivgd amfoam dtivneie adaitabiesindnaés such
array of grid points. for_which nmeteorol ogical
IierRatignite Aer e axpiprthniydicis thayREqts gphiraqing Betiaen deroppd

. it o SO ing
L e e b3 hiriceldh Bl Bl T el ROTARLAS
rapdsphericadel satabhd (foregachof therves ahd dofdeldyscdandelfbund.
tropospheric delay value (for each of the wet and dry
ggl ag/s%j. can be found. At this point, it is appr o riate

i RN FRARPERAEGF O Y TR ST B AR bR Bipgagation ahd

e fradtRfity Rl aMhdphederalfos et 8 brici d

tgt:r][ggﬁ‘?%lﬁat eato tl|;yay-tar aci ng and I\I\/\%F‘%"rrhe sperg}g o%lﬁgan
piVéP.agati on of an el ectronagneti ¢ wave through a
medi um can be

The speed of propagation of an electromagnetic wave through a medium can be
expressed in terms of the refractive index, n, defined to be the ratio of the speed of

light through free-space to the speed through the medium (Equation 1-1).

no©
v (1-1)

where:
n is the refractive index

c is the speed of light in free space

v is the propagation velocity
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30

20 expressed in ternms of the refractive index, n,
defined to be the ratio of the speed of |ight through

wo emenspste to the speed through the medi um ( BRCEGBRIV4/001676

1-1). C n =- (1-1) V where: 25 nis the refractive

index ¢ is the speed of Ilgh% in free space v is the

gsopagat|on vel ocity WO 2004/ 095055 PCT/ GB2004/ 001676 .
pragtics, e aseillugtriedhin Figures Btat e nath | erved By apfraation as it

QQ%S% P g&gﬁ? Seagéri ’egnda aﬁ'tlh of’ {h Oseﬁagseiﬁg%tmposphenc

timedesayh) edrioging trelagividat affects,ds @éﬁM troeéeaﬂlle\@rﬁﬁdgﬁtlon time of the
effects, Is defined to be the propagation tinme of the

NS signph flon the setellise torthe nser minussihe free spase prapagatianine:
free space propagation tinme: 5 SV SV drop = fn(s)ds-

ds . (1-2) r User ere: s is the distance al ong
t he plré)paga n_ pat.h. The first integral is along
the cuygd=pr dSon q% second integral is
along a geo Jic straj pt pa The differenti al

equation descri bi ng the curved ray path can be
Wﬁgressed in cartesian coordinates, as: 15 d n dr =
(el 3 IS the vect or

descrf it gisf?élc? \Qf; g}qpropaggtlgn path.

The first integral is along the curved propagation path; the second integral is

along a geometric straight path.

The differential equation describing the curved ray path can be expressed, in cartesian
coordinates, as:

d{( dr
\%
ds ( dsj " (1-3)

where r = r(s) is the vector describing the ray path,
s 1s the length of the curved ray path up to r,
n is the refractive index scalar field,

Vn, a vector field, is the gradient of ».

The differential equation can be expanded as

d’r 1 dr\dr
r _lvn-|va L\
ds* n( " [ " dsjdsj'(l K

A first order ordinary differential equation (ODE) with known initial values can be
solved using numerical methods: for example Runge-Kutta or Adams-Moulton
methods. Higher order differential equations can be solved numerically by rewriting
them as an equivalent system of first order equations. Using the substitution r; = r
and r, = r' (the first derivative), the ray path differential equation (1-4) can be

expressed as an equivalent system of two first order differential equations 1-5 and 1-
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s is the length of the curved ray path up tor, 20 n
is the refractive index scalar field, Vn, a vector

wo e@ka9soss the gradient of n.  The differenti aPCT/GB2004/001676

equation can be expanded as 1 25d 2 =1Vn - Vn . dr
dr (1-4) ds n ds ds A first~order ordinary
gifferential equation (ODE) with known initial values
an be solved using nunerical methods: for exanple
Runge- Kutta or Adans- Moulton nethods. Hi gher order

di fferential equations can be solved nunerically by
rewitingdB0 them as an equivagsnt system of first
orderrédhégrﬁhs. Usi ng the sibsVitution r1 = r and r2
=r'" (the tirst derivative), the ray path differenti al
equati on 21-4? can be expressed as an equi val ent

syst emy'ef—fwo- (Wr-sfvroride)y di f@les)ential equations 1-5
and 1 WO #004# 095055 PCT/ GB2004/001676 16 6: dr r
=ds =r z (1-5 z 5r2"=dsr = n (Wn-(On.r,")r1")

The dyternpigatien efrthe retpatnthefeforh emoayts pathe sohwioafofaasystem of two

ts, t.o.t | utd f.t ODE i th
BT i Bl $oREy. o e R G P Bedo e B ok (iseke the
brobieh:VRr lehemple! @ Hi@BE-Kia RBHPMEh A1aBHPY §t‘ei§%t](_)§01ﬁ% ct:chnsistent

met hod wi th adaptive step control consi stent
watrusetedefineditalerhreeasnces. Wth the ray path sol ved, the
tropospheric delay can be conputed as: b c ¢ drop =
Jn (s) ds + Jds - Jds (1-1) a b a 15

With the ray path solved, the tropospheric delay can be computed as:

b c c
d,op = |n(s)ds+ .fds— Ids (1-1)
a b a
where a, b and c¢ are as shown in Figure 3(a). Point b corresponds to the point at
which ray curvature and refractivity can be assumed to be negligible, in this

specification above an altitude of 70km.

The ray-tracing process to determine the path from user to satellite (a to & in Fig. 3(a))
starts at point a and assumes a starting elevation angle of tapparent. Although the
precise satellite position and therefore ot is known, capparent (Such that the ray path
Intersects point c) can initially only be estimated. Because ray tracing starts off at an
angle that is at best a guess, the resultant ray path will in general not intersect point c.
By deriving at least two ray traces and using interpolation or iterative methods it is
possible to establish an angle of suitable accuracy from which tropospheric delay is
derived. The present invention is predicated upon deriving for use a more accurate

value for each tropospheric delay.

At least part of tropospheric delay determination is based upon Numerical Weather

Prediction (NWP) modelling which forecasts the evolution of atmospheric physical
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where a, b and ¢ are as shown in Figure 3(a). Point b
corresponds to the point at which ray curvature and

wo edonaetosyity can be assuned to be negli gi bl e, PETIGBRI03/001676

speci fication above an altitude of 70km 20 The
ray-traci ng process to deterhine the path from user to
satellite (a to b in Fig. 3(a)) . starts at point a and
PIOSEREeSs by applying 129VenB\gatqustionsh gineludmgaths peanservation of mass,
r egd ] Sid ] nd therefore ..
Ao BBUAT ol Enoel. S TBRE SRR HeRRXr RIS RS Hcfuaing
huthiglitge Qirésspi@l, NMenperabi® and t vebdity Qmnd ymhﬁerﬁﬁllk MpfREssed and
Because ray tracing starts off at an angle that is at
petsprodogicad featuiepeineliiding: weatherafjorgstase weqondary dgsived groperties.

| olnt.c... 25 By deriving. | east. ra
BNagel) & AESLrRRY e b inft e HuPp G0 yERTant it ferace
tafiospriesardl €atéllitec Sbseblatiohs. AITHRNGAEr 016 Ué ndddlefled including the
accuracy from which tropospheric delay is derived.
offrstspfdeEain maisiung: segrsuifacoiemperabre ¢landdarmarsionand grécipitation.
use a nore accurate value for each tropospheric
delay. 30 At | east part of tropospheric del ay

Neinericdl rasdedd cars bbageuhl Wp T IMit®R) heal Médteiedrea high-resolution
Prediction (NWP) nodelling which forecasts the

wodele ereorfian tegmerbBishseile el asathe\firobmegBsgs neteorological
RETLGRAA0% BRSTL. L REPSERSER, Dok, APPLYT NG governing

equat’i ons, e conservation of nass,
nmoment um and energy. Three-di nensional fields of

conti nuous variabl es includin hum dity, pressure,

T Metporolagisal\(ffige ihay ang makemavailaldf sg-cpilescdnifisd Meodtls of
' at j ncludi ng. weather fronts re. .,

BELSRHERFPLBRN PR BEhAF, UERLPGhe b e s

FORRAIGE BdPRGH SndOBE nfddels PRdMidd REPbspRRicrHENEE hf@relPsifiing points.
i ncludi ng surface, radiosonde and satellite

Byseampld, dhes UKM@ heattwe NWE modes,rthelepicalied globaldneds! and the

he eff f ' st surf
oefpelactiiet Bre g faT bt 2Rl of s semrees (51
ddREE) MAbnITRME afid 0F3 5D A te@N@I9 @grédh) fni 18Hit86 gl grid of 432

Limted area high-resolution 10 nodels are often
X SEhrmeinie doflining dharparthssurface, ivagh peint asspciatsd oxiglaiaecell of about

A PP B spE pppdE P S groBR T e atomey BE ueed
e QEa 8ok it bBus@re pbinBfok i nfesSxdalvReiies whfch 158 $56 hodel

and gl obal data. The NWP nodel nmaps each define a grid
eontred onethedjritish [sBs goddreageraselytiom ol it Hegraesdisl bongitude and

l%{it%\(/iie (zﬁlet ér?cp 831&? %r)tia?edd\%{tﬁ%ssh?ﬁieg %rcﬁeegop I%gldnitaqg &?fioprg Sh'orizontal
resolution) and has 146 x 182 grid points which correspond to an array of cells of
approximately 12km x 12km. Both models have 38 vertical levels and extend to
about 40km.

At any grid point of the relevant map The atmospheric refractive index (and therefore
the gradient of the refractive index) can be derived from numerical weather prediction
model pressure, water vapour partial pressure and temperature fields. Atmospheric

refractivity can be divided into dry (hydrostatic) and wet components. A simple two-
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For exanple, the UKMO has two NWP nodel s, the
so-cal l ed gl obal nodel and the nesoscale nodel. The

wo eooamysobas a horizontal resolution of 0.8333 PEnGB2®4/001676

(5/6 degrees) in |ongitude and 0.5555 degrees (5/9
degrees) in latitude giving ®grid of 432 x 325
oints defining the earths surface, each point
SEPEEEHN hAYing a refeactivigy acgBrsay 0B S¥oRm at i d |
| ati tudes and about 90kmin the tropics. This gl oba
map may be used inter alia to provide boundary points
for a nesoscal e nBggls whi ch jxs a regional node
cent réﬂ=@5\h,yt+hMWEBFF§}~{‘Wﬂ$81@ C)aﬁ]olghas a resol ution of
0.11 degrees in |ongitude a latitude (the grid
being rotated with a shiftied pole to maintain uniform
horizd%tﬂ106@ﬁsb ution) and hag)146 x 182 grid points
Lgh correspond to an array of ‘cells of 25
approxi mately 12km x 12km Both nodel s have 38
verti yas tHeaeh@ivapd extend to about 40km At any grid
poi nt of the relevant map The atnospheric refractive
i ndex” {sathe refrastise Bidex t he gradient of the refractive
|ndex}igagugg%gﬁ%%éﬁgeq&%ﬁba,nerlcal weat her

predicti on pressure, water vapour partia

pr esslisahandic Capsir ptddhge (halisly) At nospheri c

refractivity can be divided into dry (hydrostatic) and

wet coaplepwatature fKelviml e two WO 2004/ 095055

PCT/ GB2004/ 001676 18 term expression having a
refractivity accuracy of 0.5%is: N=N,,y+N el

P npmgged! Weqthergpredichon 1fpdds( tp ba Jus¢d -a89 expitessed: inN\a ispherical
the.refractivi.fy. n is the refracti.ve index 10 Pis
obfrcPrwep b s, fampy el SotgeniR, HBoRlve, « sagmte e
RIEGSSHEyorhdibht ih%ﬁl‘iéﬁcaﬂcdo?diﬁﬁgg%i?! C?l;'{vﬁic@l%ﬁh‘l% RénvEREd into local
nuneri cal weat her prediction fiefds to be usednare
axpeibsse doondimtes fherw)asing thé fatloonnl matséorhmatioe, it is
conmput ationally convenient, therefore, to generate the

[Vn] =?ﬁu L @v+l—a—nw 1-10
" or rsinag 060  roa (1-10)

A further rotational transformation is then applied to the local curveiliner coordinate
frame to give the gradient in a fixed cartesian frame (x,y,z in Fig. 3(b)) suitable for

numerically solving equations 1-5 and 1-6.

NWP field values between grid-points can be linearly and log-linearly interpolated.
Linear and log-linear extrapolation techniques can be used to extend the NWP fields
beyond the highest grid-point and below the NWP terrain. For an accurate
construction of the refractive index field, account must be taken of the variation of
gravitational acceleration with height and latitude. Hydrostatic equilibrium can be
assumed. With the three-dimensional refractive index field (n) defined, the ray path

equations can be solved and the tropospheric delay computed using Equation 1-2.
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refractivity gradient in spherical coordinates
(r,0,a), which can be converted into | ocal

wa@wnevdoshear coordinates (u,v,w using the fobP¢DEBR@4/001676

transformation. 20 [VnJ]U W=_can u + 1 an V+ 1 c9n W
(1-10) O rsin aab ras A fu?gher rotationa
transformation is then applied to the | ocal
curveiliner coordinate frane to give the gradient in

[ : kan: fr (X Vi ' j 3({Dh) ui t abl e
o #REBRHE SR RIANT TR (Chnnd aRald, o 4 O SBS\ g v
torapahents. ueThbew e @dmpohdht PPIsBEssesc ale berdet NPAiALY aAd demporal
I glg- l.i.nearly interpolated.  Linear and |og-Iinear
¥abiliy) At is Siftep cenvaniant fo dixiderietal zenithidslays inseavet ped diwrzenith
' S e hi.gh I 1= pai n w_t he
N er SRR Bkl b ey G B BB o0l RS o surface
pefssuae cusiremergxhdwdletltheawest aenith dBlst cabéot BK gdtustell B8termined
ariation of 30 gravitational acceleration wth height
g‘ﬁal pufface fpnidity dpessursmentse geiithaybitie it caprepuntativeseftd . above
g\ln%dg ﬁ%@_ t hree-di nensional refractive index field (n)
e |Re , the ray path equations can be solved and the
tropospheric del ay conputed using Equation 1-2. WD
ﬁg04/ 095055 PCT/ GB2004/ 001676 19 The at nospheric
Prisrcteialbundegtandingrefszenge s Made brinfly tadiscpspuir s peeseng)tion

e wet GAARe ossesses t.he
P bher e AERRR el A R OB IR FRE G i
orppiepiaeapplied tikreode total zenith del ays into wet and
dry zenith 5 delays. The hydrostatic zenith delay can
e a rat el del l ed, given a surface pressure
FnSdrTERE oposmlRisdsio Ha vavemim o ocrsdatpe saih o frsenodel, o
accurately determined fromsurface humdity ,
rebs thegnapotsheriasietdyey aaivenreddvatiepaeglens, & theeenith Hélgy ( d Trop )
above atnosphere. 10 In order to aid understandi ng
bemesresude happimgfanbtiorefh(¢))t 0 di scussing the
presentation of tropospheric delays as so-call ed
"wet" and "dry" conponents and el evation mapping as
appl i ther,eto, .In nodelling tropospheric delay, it
i s cofteent bﬂ?@ﬂaccordance with the first nodel, to
relate the tropospheric delay at a given el evation
angle, s, to the zenith delay (dTrop )

The hydrostatic zenith delay can be accurately modelled given a surface pressure
measurement but the wet zenith delay can not be accurately determined from surface
humidity measurements, as they are not representative of the above atmosphere. The

expression for the tropospheric delay at a given elevation angle can be defined as:
]z
dTrop - dhydmhyd (8) + d;etmwet (8)

It is noted that care must taken when applying the simplification of the superposition
of hydrostatic and wet atmospheric delays: the propagation path is dependent upon

both hydrostatic and wet components.
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15 by nmeans of a mapping function (ms)). = Z m(s)
The dTrop The hydrostatic zenith delay can be

waemungtosd y nodel | ed gi ven a surface pressure PRDGB2004/001676

measur enent but the wet zenith delay can not be
accurately deternmined fromséPface hunidity
measurenents, as they are not representative of the

abevestadicrand pras meappingefunetions esenrding to thetMigll tmashadydmriassess a

el.ay at a.given el.evati,on angle can be defi.ned as: .
glﬁho%eggeed?&%%ﬁaa(cg)wg}%lf #Re I?e(eg;‘jtjor E%or.I E egroﬁ%glcéag 1Pﬁ)ézpat10n, and
GRS @arfatsh of BESRPHERIdABPVith BRVAtR igEdah e Gafidiattydhodelled by
t he supe&§35|t|on of hydrostatic and wet atnospheric

depayrucdifrpstipn exiegaionon path i s dependent upon both
hydrostati c and wet conponents. WO 2004/ 095055

PCT/ GB2004/ 001676 20 Hydrostatic and wet napping
functions according to the Niell nethodol ogy possess a
hi gh degree of accuracy w thout the need for prior
Metearplogisgl dedturienftbatnpassess, a darde spatéal vandicat feorpoodl variation in

ropospheri.c delay w th el evati | e n be . . .
SPPRERES il Pt i Shaf o Nyl e uedlopopheric corrections
AP ARS bR widthVRIGERE ORI HMih/AINUSE S fePRNalPOS $RBEl Basis. The
| arge spatial and/or tenporal variation in
tenepralptnsl spatigleyaxiation |ih hydrostetic réfeactivity tsaggnerdlly small, whereas
NWP- derived .t ropospheric, corrections and the . :
DRERPBERET SrORPRrsaeh SEUhRRES Shengft 40 rgoemheric oproistre
GlgaliRanthamhact the@cPady@iiRawalth Adislicneigpl al variation in
hydrostatic refractivity is generally small, whereas
net eorol ogi cal features associated with rapid changes

Al G aRERAC o it e BedRrb e e GG e prediction mode
ReRhbf I%Sac‘éﬁﬁtéégfeﬂeb@& ir} fhlg NWPQletbbPRoMsph&iR: HBRfibE Al

predi ction nodel 15 wi not be accurately reflected
in the NWP-derived tropospheric correction. A weather

f,ront ks the interfac etween air ses: define :

AP s BF PR ey ey SpRDBEid Buedegy of ai

k%r)g@nﬂél%&rsieéﬁl HropeRiBOA18BEIR uhiofn? hotHA 1§ Rindreds of kilometres.
[ S.

The front can mark the occurrence of abrupt changes in atmospheric moisture,

temperature and therefore refractivity. Fronts can be divided into three classifications:

warm, cold and occluded.

The most rapid change in tropospheric delay is likely to occur when satellite elevation
and front inclination are equal. Generally, in the UK, frontal systems move at 30 to
50 kilometres per hour and can result in zenith delay variations of 3 cm/hour.
Tropospheric delays vary in accordance with inclination to earth insofar as they are
ray-tracing is taking place through meteorological features that vary differently with

both altitude and position.

The server 200 thus takes as input regional or global numerical weather prediction

model information including pressure, temperature and humidity data and computes the
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The front can mark the occurrence of abrupt changes in
at nospheric noisture, 20 tenperature and therefore

wo edor@etosyity. Fronts can be divided into threBCT/GB2004/001676

classifications: warm cold_and occluded. The nobst

rapi d change in tropospheric2aelay is likely to occur

when satellite elevation_ and front inclination are
Hyeaflimengigeal gefryctive indexe figld, fromothe anetegralogiesl detee Wat and dry

' result i
S Bpo 2yl AU 13 bl SACSRRER AP o
dehagttts vategporilirgCior Waaalatabide (thathiap 8é HRMNWEP ©ahih) These are
insofar as they are ray-traci n% is taking place

frandergiedrie: epibliallyi computeshes zenitht dedays v aFqr e fspme egrid| lpcations
MY : [ i.tion. The server 2

e Ring b Sl 5 2 BAR o bl i R o210

weat her prediction nodel information including

%ressureh tenperature and hum dity data and conputes _

T he seEen do £pmo B thecthe defaensedrtese first model and meteorological
ree-.di [ . [ 1.nd ' m the

PRKES, 00, RehpASLURR AT L Sl B A, g o

araketewi\aecurhite) derives ihdstedi feadiRas eaehal 8 FROMSHaNEhahge KB the first

NWP coverage, at heights corresponding to a terrain

aedelyalie, gxaRarcantagebe the NWP terrain). These are

transfornmed to, or initially conputed as zenith del ays

For the same grid locations 5 including height, wet

Thete dreytwdestntitt 6 EliaForsay & i€ R tHREndtvaikthitng iheSttual values of
nodel 210. The server, in conputing the the difference

thet dedayn anrthe diffsancesmribe diffescen bgile al smabiprage (apprbximately +

Lfi.catdon equired to the first del
JAF fion TSt M B L, 80052, b S s Mol o smaller
ehingerEneeRceRc haldss 2o ftraashit aRal i€ Bangevalueoliffef@ictd Wete used.
10 nodel value, as a percentage. There are two benfits
Beropglys it providesyfor tbefter formestion haft firso tropdeh szenithelidelpyt Yedues by
%ﬁ%ﬁﬁ%ﬂ%@lues of the delays and the differences, the
Ifferences lie in a small range (approximtely 10%

fromthe corresponding first nodel values; this

ermts d | oplng, a smaller 15 range Q orrection .

Sfeitsbforh o AR B Retrortage Pre o todheirs ol B8t includes
WRNAride8H of z&aaPashY witht hddgiAMik dRfsthRed PetteSdorrections are in the
correction of first” nodel Zzenith delay val ues by

formepH el griddsd. data soir r dbei war cBCHMparlyd eriterpethteasheir tropospheric

goerge% 1<r3]rtl ?r%r% t?lgracrlj%getnltg& pto?nté.he first model that includes

ZD,,, —ZD},,
BC,,(¢,,h,) =100.—22 P

where,

ZDho is the zenith delay, measured from height Ao, computed from the

nwp
numerical weather prediction,

ZDho_ is the zenith delay, estimated from height 4y computed using the a
prior
priori atmospheric model,
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20 the variation of zenith delay with height is
transmtted. The corrections are in the formof a

w@eioddesssziat a set. The user can linearly interpol/aBeo04/001676

their tropospheric correction fromthe adjacent set
points. ZD hO - ZD hO prior 35 BC% O, A, h0) =100. h O

prior where, ZDho is the zenith del%_, measured from
hei ghe 1Rrcthe clmigiit ehpver ogsn 1sea lexgh atuwbichctle Gwoaddastr correction

predi ¢t 0. .ZDhhO.is the zenith delay, estinmated
fromp%ecflgtﬁgeﬁgogl H’%&t ed using the a prior priori

at MDY Hei161itTBE 8 whi¥R MG IO 08P dtich/peiRéR3dgé Q%ﬁ%ﬁed,

22 ho is the height above nmean sea | evel at which'the
br oaddatite longihwietat whichghe broadagtecorsciianpartathgels tampited.
| atitude at which the broadcast correction percentage
is conputed, A is the |longitude at which the

broadcast correction percentage is conputed. 5 The
user can conpute the zenith delay as: ZDUser ZD 10
dihe eser(cin cB®@pnte¥hd zehi/delayher e, BC,ft% is the

i nterpol ated correction percentage, hl is the user
height. 15 It should be noted that this technique

avoi dg requiring the uEer receiver to store the NWP

terras t a=s D\/\thl%ﬂB(}'}&Nﬂ@@]}él evol ves, is
e

likely tos%rhange. PFo

where,
BCine 1s the interpolated correction percentage,

h, is the user height.

It should be noted that this technique avoids requiring the user receiver to store the
NWP terrain data set, which, as the NWP model evolves, is likely to change. If the
user is located at one of the grid-points corresponding to the broadcast corrections and

. . .. h
at h1=hy, the user applied tropospheric correction is equal to Zanvp

It will be appreciated that particularly for communicating by satellite and more
particularly by GNSS satellites there is a limit on transmission bandwidth. Although
improvements may in the future ease this restriction, for the present it is necessary to
plan to transmit data at less than 500 bit/s and typically 200 to 250 bits/s. This is
exacerbated by the satellites not being available to transmit at all times, but only
within certain transmission windows. To this end, it is appropriate that the correction

data derived from the models is suitable for data reduction.

The NWP model maps each define a grid over the map's coverage region and the
models provide zenith delays at corresponding points, and thus a set of differences
(modifications or corrections) is defined corresponding to said geographical points.

Thus for a particular set of meteorological information at a particular time, the server
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corresponding to the broadcast corrections and at
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equal to ZDho 20 It will % preci ated that
particularly for connunlcatl by satellite and nore

particularly by GNSS satelljtes there is alimt on

(P8 AYRPYS i g Ratpi gAY af FichReriffbdgpy mpdificatienselt thervagious

t QOn, for the present it
Hgﬁﬁéﬁgggg?8ﬂ%ﬁmgﬁ%§55§gE§W§£ mt data at |less than

500 bit/s and typically 200 to 250 bits/s. This is
doaexaniyde,cd nlngntibhead aiEWeJ thé UM Odtas bed DNOVRneddeibite sb@alled

t mt at all tines, 25 within certain
gobalmode! %Habﬁ magRReale *r’é? F]h TE et i3 3 IgSlBpeR BV ingaegrid of
S0P B Bopls GO lhe AR AuREEL S @r}rﬁpﬁf&%@?eﬁ%‘% Rhlefisa
dediomed ndgl ¢ethtred en thichRritighdsles ha:svle%agESZ @it poin@nd t he

nodel s provide zenith del ays at corresponding poi nt s,

d thus a set of,. di ffer nces &rmdl fications or
Jows et gy a o ‘dipensigpal 'G'P’i”é‘é%‘ﬁ&’ REIE poTEeetign sets each

gé‘ﬁ?&feﬁ&ﬁ'b%' mﬁ’l@i' ) @ordTﬂPg Jl&flaﬁhﬁ%ﬁﬁ he tﬁfs e?r%od% t be
et eor ol ogl cal information at a particu t1nme, ?rhe
sepresente\Dy 2034610950665 PCT/ GBZOO4/ 001676 23 can

conpile a matri x array of such zenith del ay

; ! |
I eSS tuhe el e Sogahppaticur (e ateeest o
%9@%’%}hl&ﬂ‘ QAistBoRRF cbMEL P eﬁﬁﬁé@ arl 81 Sﬁ%? Vo1t ﬁlqR image of
gl obal el f'o

model and the nesoscal e no rmer

rtrwwlrmm@rs 7@0 Whemg(tent ¢hrat ¢ heips uﬁd@t@tﬁndang,%lc]pamﬂpSs capable of
%ﬁ n earh rfac and the rresoscal e. nodel

ingpent Seate 48 R Eigre £ EamETises SHePhAHEPIESIFHOR Of @jgdabal
lBageckbf mapl82 grid points. Thus there exists a
two-di nensional matrix array of point correction sets
each represented by a nulti-bit word. In particular
Wilheseasdhe wisual disphiygepnatenthition it adueillyr/ rapcroafdiagtt@ thetigfoamation

rd. 10 Th t here exi.s n.the estatlon
At SR TP FT 5P el AW ForReaGE inormaton Tends

aeagroacratu @&ﬁprers%ﬁﬂeauﬁ 8 eafpro%a LR sLOD Bvo-BS&GRIh A hréges in

bit greyscale nap I mage of the corrections.
ohier exatedwde théaize of theelapadfila ndmfetandn figy, dissentinaionap i s
capabl e of being represented visually and Figure 4

Z\OOrBFr 13 eghosé%gorgpr%seso orner%ae;g] Eg Eme%yQJ, bt 1%' tggaelmbodiments the server
effects a lossy image compression ; the preferred compression is in accordance with
the JPEG2000 standard (wavelet-based) although other standards, such as JPEG
(cosine based) or other techniques such as simple sub-sampling may be used, to

reduce the file size of the information.

At this point it is appropriate to refer again to the user receiver. Insofar as the
correction data signal is received from the GNSS (or the) satellite with the usual
signals, no special receiving circuitry is needed. The correction (image) data set is

passed to processor zenith delay computation which decodes the image for use of the
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15 Whereas the visual display representation is
actually / according to the information and its

wale@gmeydonat i on, it will be appreciated that theCct/cBaEY/001676

of the information lends itself to data conpression
techni ques enpl oyed with such?t wo- di mensi onal i mages
in order to reduce the size of the data file or

Indhatvr pixshvalues asicoerfionans described dwypeuchudechdingynay be

u
FRAREERDYY CBRap TP ook S REB SRR g e
pehedved bgdo R @ ATRI6Sdd Gikoithe wmap;ﬁ@é@m rédeiver; Softare for JPEG
JPE&0Q00 standard (wavel et - based) alt hough ot her
inagedte decompyessionds wol&noyvaosi ne” based) or ot her
techni ques such as sinple sub-sanpling may be used, to

FOAUGRRAder bt f 34260 BL phQRyd D8 Il Mandit 147k 8|ooi nt

pproprlate tore he user iver.
torapkssiorafactohof 3 2 fredwringefilek sme dﬂua)) sidicrads litde EQaPIcYR6h
fromthe GNSS (or the) satellite with the usual
BPigh puEIn %e%tswnanressmf\h Adtoclikpe comprgssian prisgiis¢videnie This

et is passed to processor

%g%%%ﬁbhggmgmﬂ%ngé%g&#%%§mhlch decodes the image for
use of the WD 2004/ 095055 PCT/ GB2004/ 001676 24
Itrvdil\be dppileciptedahat\tihd ceditions arwe delag fincéionsl@e did 6@ complex
above. Such decodjng may be acconplished by a

wadrméw& greater fle sues 1h@n dpt delaynanetions; Thas sgparatipgwet and dry
ge%}? I Whlpﬁcarpl% éo%‘é@l 69 c? 951{‘1 Es%d lf‘??gg (ﬁ%@? Olldlgle 9 kb

pr ocessor or rec vvare

amiDkb fdspectidelyptipreais seaﬁolcsssmidatdqb@wsgioﬁnbltsex anpl e,
if the file size of the unconpressed i mage is about
ressi.on factor of 35 (reducing f

41 kb
15 05 sPumy BF faafebasy vieels Teast cUSHSHHCTRA ool stion
gﬂal @e% aat EhbSAMRNLE R éb”htgfto r}f‘f&t ﬁg nlahmusga ﬁ%ﬁ'aqgw rate is

I's evident. Thi own grap Ica
&dhipveéd b cfﬂedztlngl thé triesna pyporewi the SN SSfmtellﬁthﬁ vﬁﬂmﬁb Iﬁllld)ﬁﬁages at

nore conp

_ wet del ay ctions are far
%ﬂ[a &r&%n@%le%faé? f Eﬁng dugstipp or PRy pagof thférr@ge F%fﬂ%lﬂeéﬁ‘é}th the

t
TR AR s A ) BRI
k)b re@ing dnlktherpagpelatedve ityperiiteing aifertiee €attéraf three reductlon in

di ssem nat e apout. 88,000 bhits. This data set may
Eeﬂaﬁ%ﬂ%%@négnea that pyy fransmyisgien augl reeeptionquld fake ab@utéé

ﬁlﬂﬂﬁ%s%la%i ke F29YBits/sdd. L hi s embodiment, the ability

fect data transm ssion at such a IOM/rate i s

Thus each of the GNSS satellites is able to broadcast, with the normal signals,
correction signals that each user receiver can employ with the zenith tropospheric
delay modelling to effect a correction to values employed with the model in
accordance with substantially current meteorological conditions pertaining to its

location.

It will be appreciated that the rate of data dissemination is of both technical and
economic importance. Firstly, the data transmission capacity available for slotting in

the additional information is limited, at least in current implementations of GNSS.
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15 achieved by effecting the transm ssion to the G\SS
satellites, with the full imges at high transm ssion

WO 2408/09505ng duration or only part of the i magECT/GB2004/001676

associated with the map region associated with a
particul ar satellite or spli?5annngst the satellites
for each too receive onhé the part related to it,

W

Meergas forrfher typastof dptaiths tlcmfmeshbfe@ prelgng theghuratipn of the

d
B RAETA et SEipcbiSE whnen doPORRLERLE iR hore
@Lfltanthﬂﬂith s €ar ad RreatheeHangds dnlbl evealienicatir€d hb¥Esver $he
able to broadcast, with the normal signals,

vt ewirfaenand Guaths eridsemplayrd insthe metrasolosicaloapdadntprrsys 2

[ S nogdel
ot oL i TARERRET A duo BF R BRI istie
trBpospREty AAMCEalnd isvaBdbRiSBEliecatd thatsiich @ﬁirency time is of the order
net eor ol ogi cal conditions pertaining to its 25
Phens s and/pr giid sizpefl HpiorWdinat @hu&, rﬁeﬁ u&ehes tp a¢l@ uppn dat a

g‘fe?e%?ci% é/ g%'ﬂ_e Epcps hg—l n n\'/a ues Y 8 Y g%g‘ gloﬂ/lt should

7 YFan
awnﬂhabdueh fv@nd@ t@hé bﬂgosuibn ﬁ;hezhaﬂcgehex@@al Thig, 9% feink @
is limted, | east 1 n current inplenentatlons of
ST S Qeome;rogmswm&zn@@nmmm@ thatshe\wssr earsrefeive and
g;olgg{s tflé/ Bl?(?rrr%%log %h?le 11!'] S st ff d gl d ﬂ?ye tra%srtnhsgﬁ)glg‘gtgg %rfe boﬁl

ura ransm SSI on eve

sipolah ibitgatseal hx&érn(ﬁﬁeﬁﬂﬂ adila8Bita fdrlios/nicadm@tsuch correction
sui tabl e é[‘g_tlon | nsof ar as weat her changes and

Wdammpsions dhuy tleese ifapdmpgeative freeffash p datagediighipn tapacgpamodate

T 1 S TR YA 5 TR 58 G’

|nterval and/ or dlstance for which a desired

Futipemehs thettirde takyn Yaddienlbsd thalcbtectioh dafa (Rahed werbhbhldinot be
such currency tinme is of the order of one hour and/or
grdudy dangeasgp cgpse the gerkim derhingsto wait for the timesit tekes dp gifect the

VAP l0a s LARRRLER Lo RSl il L ABRRRNRNOR O\ i

such validity time or position for which generated.

Thus, in terns of 10 transm ssion o a user,
Thus dhissismnswtant & effect ke degree af date dedyshipnfimage eampression that

%qg‘)ggﬁ?g? ﬁ&{s%%f%ﬁvéshe information while it is still

ransim ssion rates are both slowin

bit rate and intermttent in availability for

downl oadi ng such correction information. Thus, there
Heviag tegwrdr gt thgeahaye edipuission, of atiabibedaf delek yaues (and derived
ggr?e%ﬁ]g}ljsa}{ $hould be noted that employing data based on NWP model approach it
is in practice possible to predict the weather conditions and derive tropospheric delays
for any given point in advance, up to several hours, notwithstanding that the viability
of predicted tropospheric delay is relatively small (as described above) once current

for the predicted time.

Therefore, it is possible to develop not only a set of tropospheric delays (as Zenith

tropospheric delays) associated with a regions grid points but also to develop
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transfer of a correction data (inmage) set whilst the
data retains viability. 15 Furthernore, the tine taken

wo eoodovfosdad t he correction data (inmage) set shoOUGH2000001676

be wunduly long as to cause the user to decline to

wait for the tinme it takes t®feffect the downl oad,
deconpress the image data file and conpute position.
qureesponding sets predicteshfor timnasfin dlest future. dégt e thefseder aan derive a
reg%ggig%/inage co gession that 20 achi eves these
DEHCHOR S QT SOPRIOR SES i ng regard to the above

di scussion of viability of delay values (and derived
corrections) it should be noted that enploying data

Bhis sepyde | igHebervgrsan asly devoteiitself perpydieallyde developing delay
Posslble t%gpre ict the at her gggﬁitions and derive P
PEFULENEF e HETISHen 58 G PC SIRTCG LR FEmRers Rorgerlignses for a
patiERasenE R reRRYESwWhEPIhME {8 sdiiieRbardd At sdthalid.

viability of predicted tropospheric delay is

relatively small (as described above) once current

for the predicted.tinme. Therefore, .it.is possible to )
ABbrh et fipgaictoRRen o i Sl iR EEE W 8 sateite
7R nkiByal 3t e ARASRARSIoh G iR h RESACHALEHrWHibh fhe validity is
regions grid points but also to devel op WO 2004/ 095055

ACTRNGR2 @02l 9DEH7Rored én thereassyso fidiretgiesdt s predicted for
times in the future. That is, the server can derive a
predi ction set of correction sets. This may be usef ul

gﬁtwipﬁta&afn\ggﬂhe %ﬂitg b Yoole pRidecd ba®hbldRg graHEGH sots bP data, in

evel opi ng "del ay corrections, as the prediction se
partidee at ther mdmanty the datagrabsmission bottlectdckris sletaldadingarom the

arijcul ar tine, retr.i eved when that tine is
B blebart bt U el e 0o, | 0oty Boch’a
prediction set could be transmtted and stored within
the satellite for retrieval and re-transm ssi on of

boordec to oedusettbe aizetafnths cooectioni ddta tshiefiledl fodbd yransmittéd by a
cur.ent, or anal ogously stored in the, receiver. for .
satelfitedn 2 Usengt Viey fe AL 9o t1RasmH ot JelRLCPERCHORY Fliezple to
Ak i g gL 0SB B AERY B AR e
astoridrgmiite @f theogiobhie Thsah®! beé dehidved blyi thelkawerydaer@isBg which
satellite) to the user. 15 4n order tQ redeﬂﬁe ilhe, si ze

Bt phihecesirestion datacat tp wlpag fq @y pastigidar salgilis newpg pgeard to

fisers who can access it, or the server may upload global data set but the satellite

determine which part of the set to re-transmit.

The above description has concentrated on describing the derivation, communication
and usage of corrections to Zenith tropospheric delays which represent major sources

of positioning errors not correctable by the user receiver first model.

As mentioned above, the first model also employs a mapping function that employs
parameters that also depend upon the atmosphere and are accommodated by elements

used in the climate model, that is, a function of time of year (a) latitude (b) and
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only delay corrections applicable to wusers within

wo 200g@9505hat is, within sight of the satellitepCmbBR®u/001676

ignoring data for users at other points of the gl obe.
This may be achi eved by the Sérver det erm ni ng which
20 part of the correction data set to upload to any
phitydedq). aFhese maly|alsode aerestad by eeraection sets dewyesl intike geaver. This
SS ot .. ar e y upl oad gl obal data set
%%?S@%@é%&oglw%ﬁg &gg%ége:dr%gﬁe whi ch part of the set to
re-transmt. The above description has concentrated on
descri bing the derivation, conmunication 25 and usage
of corrections to Zenith tropospheric del ays which
resent_ pgj or sources of positioning errors not
%ggfﬁgt blgghzitgiggffr receiver first nodel. As
nment i oned above; irst nodel also_enploys a
mappi ng fuanLghLiﬁaL_enploys paraﬁ%ﬂbrs that al so
depend upofifféle at mngphere and are acconmodat ed by
el ements 30 usedn(entthé climte nodel, that is, a
function of time of yeane)ax |atitude (b) and WO
2004/ 095055 PCT/ GB2004/ 001676 27 altitude (c). These
may al so be corrected by correction sets derived in
the server. This mapping function nay be expressed
as: 5 mME a, b, ¢c) =1+a 1+b 1l +c (2-1) sin(E
+ asin(E) + b 10 sin(E) + ¢ where Eis the elevation
antgr€e islthe IRV atiomanghe further expressed as: 1+ a0+Da
1+ bo+Ab nm(s, a, b, ¢) 1 + ao co + + Da Ac (2-2)
sin(s) + bo +

This may be further expressed as:

a, +Aa
b, +Ab
I+¢,+Ac
a, +Aa
b, +Ab
sin(e) + ¢, + Ac

1+

m(eg,a,b,c) = (2-2)

sin(¢) +
sin(g) +

where ao, by and ¢y are the first model values and Aa, Ab, Ac are corrections to be

applied thereto to effect mapping of elevation derivable by the meteorological model.

By a fitting process operated such that sum of the squares of the residuals between the
equation (2-2) and the ray traced (truth) is minimised. Thus a set of correction values
may be derived composed of Aa, Ab and Ac as a similar data image file or
superimposed upon the Zenith correction data image file by increasing the word

length thereof to include word elements comprising these corrections.
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sin(s) + sin(s) + co + Ac where ao, bo and co are the
first nodel values and Da, Ab, Ac are corrections to

W eo04a008ppl i ed thereto to effect mappi ng of ePEVaBR@®A/001676

derivabl e by the neteorol ogical nodel. By a fitting
process operated such that sifin of the squares of the
residual s between the equation (2-2) and the ray
Traasmumetl rand mgceptsomﬁmﬂ rodBg is org e¥eqpt dat dlay vegeivprompw has

e de osed and C .as
iatdh VB sBlov Fila BT BEREITL o B, CRPTE AR Fnerety
¥aN R Gt dRfalyiaa itd ma'@ vhIiBg&e mdre akixrdtél resdenddt he
word length thereof to include word el enents

conpri sing these correctlons WD 2004/ 095055

2004/ 0
i B zapitstara A8 i B o R A in PSS TRpp i, fupggigns the
| rivin
e gy s ;| vt e e

amemqaksqmom pigéy nagyebaaxtendgd therdeel y represented. 5
It will be appreciated that it is possible to include
in elevation mappi ng functions the paraneters of

hanSighUH s RBAVenidie 2l ifl 3¥anyaRayst L anlgsts ap wgﬁ NWP, other

deriving a nunerical solution therefor may
mieteerrdegical senestd maAI tehengd oni ¢onitgnasomibeieath tarmllgmnt the data

R0 A e AR B Ry oR B atReS BRBimettigg! view of the
Etﬁﬁfsﬁl’{éré Hlay%el@dﬁﬁ'%ﬂzfi iht@addstt the NAWRI IARBYI®. beAipyreidiat, the NWP

nmet eor ol ogi ca that takes a three dinensiona

dérengs dfoppspheriatdetayp lare defineg for aegrpsl b@}@@g prestl stng lymitehdy the

N 3 e SRS S A B G g s o

Efddi BdpeSpieridl 888y, byuchhe thiRr ngestals, irhay$e. bdWYthe resolution
weat her features that have a hi gh mpisture content and

thaesho B offthedWR models #lhewwr,dh«trayxwtwamndoer Rliseheges of data such
hol d. 0

stor na be .bel ow resol ut )

RUPHTID g e o gt <Soériiay i Pastinal Raie BFE 5 Basflighfih nign
ploRabR tRUsikterRs 0330 @! fehfufesi MBURSInBImANE sSRAht@tHeYein can be
di mrensi onal nature that can identify with hi

gh
emplolyert toovary the héWPsxtaétm dond particHarf esitaf rtlesgrah@ takresuch features
information c herein can be enployed to vary
tW%a%WWﬂV§Fﬁé§l$ﬂ”¥ rticular cell of the grid to

take such features 20 into account across the NWP
Fhé dbove described embodiment is intended to enable a user receiver having a built

in first, non-meteorological model to determine its position more accurately than is
possible by use of the model alone. It will be appreciated that part of the computation
solution is to derive a time values to the accuracy permitted by the model's
interpretation of tropospheric delay. For some users, it is the time function that is of

importance and such user may know the precise location of a fixed receiver.

Referring to Figure 6, this shows a schematic representation of a second embodiment
of GNSS 500. A user receiver 520 is similar to the user receiver 120 but lacks (or has

disabled) the first, non-meteorological model.
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The above descri bed enbodi nent is intended to enable a
user receiver having a built in first,

woe40e060r ol ogi cal nodel to determ ne its posPCT/GB2004/001676

nore accurately than is p055|ble by use of the nodel
alone. It will be appreC|atea that part of the

conputation solution is to derive a tinme values to

tAh seryetc 69 asy sipularrite el sasyer: 20 ergpt thet s first, non-meteorological
n%otd%f Rf aﬁgo %)rln(i)tlpedf anﬁictirréjrpsro‘rﬁfsﬂog]tr fsctgrres]tr%}f %gggr Eh%ﬁms %[11% Within

Ion

ShiC RetvBE T thRY 1K RWVIHEE D MestediBlokRER prédRsRl 65¢ |tKa&duses three-
receiver, Referring to Figure 6, this shows a

slimensianal refeagtive ma&tﬂeédw 8@fef%t10§1e¢§o¢?dcré?ﬂ§oﬂloﬁérhase<bﬁp0n NWP

r ar to
?ﬁ%@gﬁayl%ylﬁg? (@ltl %ﬁ etséal%é ago(fa 851tat %ﬁpﬁs[ray tracing
REFHLIES ol mﬂted layNRIZR Y H9RR&D d by the NWP d
PCT/ GB2004/ 01%6?688 29 Aes%r ver 600 is si (r:1(1)vleger tyot tehe ata.

Staweaer, grsesyer @fsp redeiesonbas storsd thasein, dasa edativigagi Qratlentlfymg
and tr m,SSi o terrestria

PR sl RO bt AP RERH S R BB S anel

wdithPregpec el @athe u¥et RGO tHRMHepk dBELEA Bl @28nHIBFenid$ @Slay value

three- dinensional refractive index field generation

&yt eble ioprampiio fom Bagew dafromn mmomlaﬂatrapospaenmﬂylamalue or

a nte teorolo C dat and

PO Mo PBE RSO RSN Pr Rl e PP Rler the wsers
Uafyn. VEHeUR S et Bus Q:oﬁﬁ—‘ﬂh@&té‘sQH@ ﬁ&ﬁalbﬁéla&rhﬂlw tH@hRr by wireless
However, the server also receives or has stored

Pheviggd medag &0 rtbhtattiengser canoderivdem mdry | avguratehime value and if
pos It an of ser _in th. or di nat :

BaRapTHE o St Fomostina gl nth e gPRreciain s fsofer, g5 the
ke orSIBEical [dHes ist NiRiveE foethe PAHsEO8F fIFRGSling tid Ha‘li\%tlorrl] of delay

zenith delay value 10 but is able to conmpute from
walwe @ad éraaﬁn@pﬂpn ased aokebe imorsek pimer bus qsbgldalye uaadmnoer of its use.

nb f . del

36 Babi maha inet BPRRe G SL My Be IS R e s way,
bius LRAIRMEIsER1S S0 tﬂhﬁ dasctived fd}qh@yysve% 150) taoprbél@né&?%t of delay
by wireless or wired nmeans so thdat the user can

velupy may beutesivad eud atoeed; ieach mainber efntieistt bapprapevedtand used

f t on. il 1 _ be appreciated tha X
Seh ety RaTenk Rina st I (b8 fimtlbh which Bttty L e server s
LhQ B Bse pafpokQy afastal prdictiBe derhiabl Qored 1ﬁeih@yserver for
val ue and transm ssion need not be in real tine, but

trendmaishien phitaohenabers abfdppmprlals eémes Nothesat mayrbg tran&mlttgdl &, and

tropospheric del.ay val ue be derived . and transmtted
T BRI bt et her it s e 6 HOSHRBE PR Also, it

G811 HeNSpRacedtednii AranBmRS R Aby 88 ¥LkaRflitd&ls?¥ data reduction if

necessary.
The above disclosure may be summarised as follows:

The tropospheric correction server takes as input regional or global numerical weather
prediction model information including pressure, temperature and humidity data.

Additional meteorological data, for example high-resolution water vapour estimates
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val ues may be derived and stored, each nenber of the
set being retrieved and used 20 when it becones

W@ oreyi0ss havi ng regard to the tinme for which POT/eBa®/001676

If the server is wused for other purposes, then a
prediction set may be stored9n the server for

transm ssion of its menbers at appropriate tines or

frorn infaredrgatelbite ehsenyatignst eniild be used do awgnoent FWR datatsed aid in the

iRl LA S B e 5058 0RRne

transm ssion may be via satellite, using data
reduction if 25 necessary. The above disclosure may
bee Sropespherite gomertipn| senifs computes tagp dyphdimansionalr faiton index

i, Rl RS et b BB A VPR el SRR e Cotmputed for
B8 Ufeq, cd daipUto ShENW I boWcttigk Yat hiights cofdgiohliAB @ a terrain

met eorol ogi cal data, for exanple high-Tesol ution water
Jaiphaee (tead tayeheethe WOVP Gamit0 9BOBE cRE Dl (B20041 DY 6RBGhe Sne grid

rominfrared satellit bser.yations, coul used to
b Ran RS B Ao By A el e sopytpadfort & pfiof fodel
PhebdrvdFRhOdoPhRdsGRe difRAINYE BEtweEPpri@ath&edBlodlcal observation
convective stornms). The tropospheric correction

based eenidiodhis s a precantagee-Tiergmddeddath setedfr wett dandedriy ipderntage

5 field fromthe nﬁt or o og%cal gata. Vet and de .
PP qiealien AR it SOTBEsd iiedelpssy dgase’ compression
O QD o1 ddthprésséd RnIYRnEI0NIAE A8@ redired Fb191lage decoding, is then
corresponding to a terrain database (that may be the
depermiratedaiorthe satellitewplitasfationf (parh ef he satellitex@@igafion systes ground

S [ ocations. includi hei ght, wei and dr
SERTRRbS: S Bhee B B S o Rhaly S ahg may also
mBRME beveh MoGRMTYWr&hctbd fnslich f ThenpRalial \WeARaRiah B Y one or
net eor ol ogi cal observation 10 based zenith delays as a

perecepiinkgiations endy cird He dpliked ts @ne of muse satalditedr yThe data can be

t t h fi d. .
Oohv P B TR ot lscSot AL LS e Biactmprog uch that
thB SatSINPIBSIEBMion PR desi glsHalElivRfgd Aliibuks Sah 8RO data.
i mge decoding, is then dissemnatedto the satellite

uplink station (part of the satellite navigation

S round infrastructure). The. i e.,data rel ates
T bR BoiPrne o bl o Re/ et owrsoblp il o naepgraybe 3ed to
telGdUHELHAYE bR theRRH4IIRe invi%?ﬁi@ﬁi kst o MRG S¥rasthit@ure. Each satellite
upl oadi ng of data can be from™one or nore uplink
rpaddastm theanast @pplidableymiostrduendnt; troposphaic immge as part of the satellite
satellites. The .data can be global or regional in

pAYigaHen sYFfroy g apysdiondatdy each satellite can be

area-limted such that

The user’s satellite navigation signal tracking system receives the tropospheric
images, the standard navigation data including satellite orbit determination parameters
and makes pseudorange and accumulated carrier observations. The wet and dry
compressed tropospheric correction images are decompressed. The prior wet and dry
zenith delays are computed. The prior wet and dry zenith delay model is the same as

that used in the tropospheric correction server. The user wet and dry zenith delays,
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al though each satellite's data. 20 The bat ch-upl oadi ng

wo eoogas®wbd it es of several hours of predicted | PEDE8B2004/001676

maybe used to reduce the burden on the satellite

navi gation system ground inftlastructure. Each

satellite broadcasts the nost applicable, nost
currespontding to ploss phrer locationa de they ¢mpputest using inrmwilationebetween
qﬁviﬁfthgp E%Ftenks navi gati on data. 25 The user's

adjpcey gidded So1apRn si gnal tracking system recei ves

the tropospheric inmages, the standard navigation data

i ncluding satellite orbit determ nation paraneters
et amchdry zepite pdpegatipe dghays argdhendoayertedciator sagallite specific

b ti ...Th t d : d L her
BE TR e s 0t 5y A TR PR e TR VAt g e
S8 Ydar & 84Vi § it &b RYiSn & SR bedwitd i 4afitdh dmetaﬁshogrcm-
zenith delay nodel is the same as 30 that used in the

obsspotiphbased troposmisric dplag eowentionghe user wet and dry

zenith del ays, WD 2004/ 095055 PCT/ GB2004/ 001676 31
orrespondi.ng .t o .t he user Jlogatio i n_c

B SPRPETRan AC s Ao b B st B BbRARHL 8 o

P&itidning %?@fenﬂ menRFi¥alZRAtHeR pRdREBE chAlaueLdrlyderiaiy dohefted

converted into satellite specific 5 pseudorange

tropasgltricodedayuisformation &pmi meteetotoginal measvEppemmgy and based may be

i . _Fi,nal | h . navi i Lution.
F4RGh B0 ans o TloPisbt PR A Gt Bp P in
ahseNvalchen-WasRek fre@PQSPREIds ¢ bl PyweOs Bekhéhd.J Gwen

nmore conprehensive discussion on the factors that .
givee ot the ReodenpingshefGNBE @R0D andiinclyded in thaiaplicgiien &rm which

nuneri.c weat her predi cti.on techni gues, and derivin
B e PRaeH ppfilinh A LSt AR fR G T el
net eor ol ogi cal neasurenents, and based may be found in
the paper " Tropospheric Delay Mdelling and
Correction D ssem nation using Nunerical Wather
Prediction Fields " by M Powe, J Butcher and J Owen
given in the Proceedi ngs of GNSS 2003 and included in
the application fromwhich priority for the present
application is clainmed, and included herein by
reference. 15 WD 2004/ 095055 PCT/ GB2004/ 001676 32
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CLAIMS 1. A nethod of obtaining tropospheric del ay
data for use in a satellite positioning system or

w@BF0e08Pri si ng the steps of generating for aPCEEB2004/001676

| ocation, at a location renpte fromthe user |ocation
and from net eorol ogi cal infoffation, at 5 | east one
accurate tropospheric delay value, applicable to the
cation for conmunication as a tropospheric

del ay correction to a said user. 2. A nethod according
ti0 gl.ai - S - at.ing, . f.r flrst del .. .
oy 73 o SR RpOSGHELAD ol AP 5 gl Boiconing
t r ogyeepher IGNSRecampyising ethe aephs | cfafdnerdiiag oAl @468 10&@on, at a
geogr aphi cal | gcations, generating fromsaid _
net leeAtONoEMOR frppdde user peatiemn Arl %@tn Brteordpgisyhiafdrmation, at
del V. (@ d Nkl l.e to said.
var Pt G JESuliSo Rl AR HIA) S RE A AREERD (e 48 Beflion for
of delmynivalonas auipbsphatit delay cdrodctios o sbdiusal d fir st
nodel so that it can provide a set of tropospheric
geggy val ues substantially in agreenent with_ the o

ecompetaes accapdingtoflanst pynpriinggsnerting nisem i firat meded which is
as t . of .t [ X ' f .
coroS i pisct § PRANRIGE ufiyfighite H8HSBREAC T hiues applicable to
acoaridisgsdr gecgraphival lodutions, ipehdratidg froin saiimktebfolbecR@nodel a
on non-_ neteorol ogical paraneters. 4. A nethod )
ac cBFAdnest b teopasRhesC ik craes dhal weircrHsRE I apgiieable to said
p ar a . . | r . .
o PELEer sEQPRIICS 16¢ayig By B0k sbe SFtcly, B modifications
cl aformude whtkr siid fissti idodud BonRiteid lcah @@ovidd apat aMiopspheric delay
conprise at | east one of |ongitude and tine of day. 6.
A refuss subtiensiedy g ageeeriept WHE the seqoad ft, And exprogiing dienset of
sai : r.o ' I V. I S
> roBERRIS ab LR P ASpbERCAE Bty MBS AP Lorifnication 0 o
cl asald wemherein the first nodel contains a mapping 25
function relating tropospheric delay at a given
gle atigg angle . to the zenith tropo§pheric del a

00/ 06569

5aop@=ﬁ,1@2@o: aigp fGVJ@eregB the figst modglqis b%s'edv%)n non-
ac §tg&gg)g§&1 ﬁir@ﬂn@ﬂe?s wherein said set of delay val ue
modi T1 caticons '

4. A method according to claim 3 wherein said non-meteorological parameters

comprise at least one of time of year, latitude and altitude.

5. A method according to claim 4 wherein said non-meteorological parameters

comprise at least one of longitude and time of day.

6. A method according to any one of claims 2 to 5 wherein said sets of tropospheric

delay values comprises zenith tropospheric delays.

7. A method according to claim 6 wherein the first model contains a mapping
function relating tropospheric delay at a given elevation angle to the zenith

tropospheric delay.
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conprise a set of nodifications for use with the
mappi ng function of the first nodel. 9. A nethod

W@ewaneiory to any one of clains 2 to 8 wherei nPCTI6B2004/001676

nodi fications are the 5 differences between
correspondi ng val ues of the ¥2ts attributable to the
first and neteorological nodels. 10. A nethod

&c comerthey @@Ocdlag e Slaim Whvherein Heidc #at rad cdelaynzalae enadifications
| fication d accor, in
\Nhl eh ﬁ 2286 P gé‘% |d6¢1bsa?§r 2 g l?lftfl?eg 31?8W§%8%tb%g§g’c? first

as npder.acti onal change fromthe values of the first

set. 10 12. A nethod according to any one of clains 2

to 11 wherein the set of corrections is.  devel oped as

& dhmethodraggording tagny ane esclgimase? i haderesy the mendj @amans are the
gri

9" nROAL Beben B SRE e SUE B9F: AANEREE 18l gt e
oV efietédrologizall mpdals. of the earth's surface. 13. A

nmet hod according to claim 12 wherein said set of
correctlons is derived as a. 15 digital data file. 14.
N-rfetsBwdacestiaeds clagn 15|“fh1@13th9vﬁ%‘if%i“ﬁ“% #e themogifications.
nodi fications is derived as a set of values from

YA iRl hdcoRdih®MS Bl 0 RN HRoH Qle%n%t:t?orﬁe%r@’e(ﬁg n? i flcations
grid points can be Interpolated or extrapolated from
saicgipressed wa h fimstioribb chaigenffohotlie aalnes off the firsd setl ai m 13 or
claim 14 conprising applying data reduction 20 to the

rrec n set,. and deri vi r ed data_set for
P fetnodthegeaig g g on oPBgindd ol aatatns grt af opections is

Cl ALRIdRACRPELLS aftby hEARHS VARe! B&eA@had BraRdiofduhn Bid points on
correction set by an I mage conpressi on process. A

nmetlrodadle’'s oswifacg 4l theaiseh 05 \catluasl eompris@s conjstiibutiogy  of said

redu0| the data size b Ios a reduction. WO
DR oot PEISBY G 08 S AR S AURACE A° ot hog

accor ding to claim 17 conprising effecting data

(BRUGHINA R¥bof £ Oim 1RGWERERQGId QP 0P 8brrf@ioAs fid h@nved as a
according to a EG 2000 or JPEG 90 standard. 19.

medig@! date fitedi ng to clai m1 including providing for
said derivation at |east one of the user position and

P .SI eﬁq”% accor%l?r}getlol é]£1%31§ %‘vlh%lt'e%ﬁ/ &ets%t &h Soditications is derived as a
set of values from which modifications applicable to points between said grid

points can be interpolated or extrapolated from said set values.

15. A method according to claim 13 or claim 14 comprising applying data reduction

to the correction set and deriving a reduced data set for communication to a user.

16. A method according to claim 15 comprising reducing the data size of the

correction set by an image compression process.

17. A method according to claim 15 or claim 16 comprising reducing the data size by

lossy data reduction.
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5 20. A nethod according to claim19 wherein said
derivation at |east one of the user position and

w@omindoes of satellites relative to the user PGI/GB2004/001676

provi ded by comunication fromthe user. 21. A nethod
according to any precedi ng cf4i m wherein said accurate

tr%ospherl c delay values are derived by a ray _
nethadeasapidigsto clgnpb’ cqmnnmmg)qff%cél@s tarngdmlomtaa' nesducing

grleﬂquceo er | ve%'%get ‘3%1 tﬁ?@éﬁ%ﬁ)?m%%%gan]?ﬁ@ﬁ? ract |P%} %ﬁ g‘i‘(dsard'

field generation. 23. A nethod according to any

p9.e< adilind act@ilingwbelaghn includinge@adial éeH il defvdedn htSeast one
based on nunerical weather prediction &I\N\P) data for a

r e§f BY? user Rasitioagand positigns of sptellHevreltivetaithsgseto any one

of clains 21 to 23 wherein said neteorological 15

hinf | {O. r

387 EERORQHARECT IR, 9 YRR BRI IR e of the use
mefpesitioh ognd qiosdaina o SSateNitHEt hﬂﬂhvac aoritle Ngsdroisc|provided by
24 wherein said directly observed data has a

r eSOMOTRtQREPIhe UsEn " t he NWP data. 26. A net hod
according to claim24 or claim25 wherein said

s e aldiYo ORREEMNSEH to %%gﬂi%%@cﬁﬁ Icﬁ%c\élll fraﬁtsgld' E‘cctgﬁﬁé }?Sgosphenc

as a data set re to a Teglon of the ear
surlé]ayealuemreslpnmﬂb}gatag tatingeadhiquart of the NWP
data. 27. A nethod as clainmed in any one of clai ms 23

26 rein said regi S .substantiall
48 K RelloR oD SIREE] MG SHE SRt APHRsheens delgy values
comdeﬁwe@bgnﬁeﬂé &ﬁﬁéﬂglonaieﬁmﬁ%ﬁmrﬂem efafioyal ues in
the future Tromsaid neteorological informati on and WO

2004/ 095055 PCT/ GB2004/ 001676 35 devel oping a
1 ddinsthodracemdingfto gay preceding claino méhefedn sadinttqpedggiaphhodel is

Ca P eBamintPsn Cetnes iR R By nSicion e car

beconmes current as a function of tinme from

gleve BN ccordthg B Bt AR RA&Rsd ING 3P whBkiP Ekﬁd %etéd?@loglcal
precedi ng claime conprising 5 conmunicating t

comfercmat@n o cacdt saa;i tmos'pélcm clelayt valee petmmtrenusaugmnad by
co rH % on, ch q dd{e\ta i nk.
irectly observed me toro og1 al

25. A method according to claim 24 wherein said directly observed data has a

resolution smaller than the NWP data.

26. A method according to claim 24 or claim 25 wherein said directly observed
meteorological data is derived as a data set relating to a region of the earth’s

surface corresponding to at least part of the NWP data.

27. A method as claimed in any one of claims 23 to 26 wherein said region is

substantially global.

28. A method as claimed in any one of claims 21 to 27 comprising predicting

tropospheric delay values in the future from said meteorological information and



10

15

20

25

30. A nethod as clainmed in clains 29 when dependant
claim 28 conprising comunicating said prediction set

w@booso9IoexTt i ons as a batch and usi ng nmenbers OPCT/GB2004/001676

set as the tinme for which each was predicted becones
current in respect of the 18 forecast. 31. A nethod
according to clains 29 or 30 conprising comuni cating
at deeelepingar prediction ket chﬂraidemr'ragtigns for said| geagtapbiseregion of the

orb tin te n1tt ast.. part

¢ a3 Sudfler yhetef B Ebe iR ediftidhgt SEEPRTY dorrection
32 thef bEES AL uAGACLH fMfctich @tﬁwﬁ&% dePaBphentng
comuni cating the corrections to at 15 | east one
orbiting G\SS satellite fromwhich user receives
29.ghamethayd eascenditigsHoatany | enet OBn@eomrm@mgu @lalraﬂdcompnsmg

hod ac ordin 31 .or _claim

congrriiicsiaB T nieBERRh Sro%' & ufediopd Bl p gl Teer on &
I ecbhmilfiidabioh @Rarikl &daya idlat part of the correction
data that can be of wuse to a user in a region within
range of said satellite, 20 34. A nmethod according to
é?ry%oﬁ@ﬂwd & slamed 1int glagns wie vhge pdangadant graigl 8nraoprising
co cti
cor P fthuBE T B GR|AeB 8k Eopfl Bt hngRlbing gmbers of
I N the kS theatittle fe-wiiakn 840ht wasgedibed rme&d@@és&uﬁeﬁt ialregpect of the
tine as the tinme for which each was predicted becones
cudpisgasti n respect of the forecast 35. A nethod
according to any one of clains 31 to 34 conprising

?P DA He%dda%'é& %I?gﬁlolc?a%g t?.b %? 38 #B&bﬁélﬁgkoﬁa&uﬁﬁr {Hlo% at least part of

ransm ssion O a” sal correc

useldtarddlions toSaleast bhd Brb&ntg $uesllitdiagl aé-@dnddyitting at least part of

transm ssion availability and WO 2004/ 095055

PCthess toarso fionsa SQ@"W%‘F&W@%‘]@% rate of the

satellite, substantially [ower than the validity tine

?rie't% gr?eé cﬂ%{{c?g d@ﬁr%g)eﬁﬁhg%@fc%’h m%lh%go%{ih?glrc ’Mn%hl% co ectlons to at

35 ledseors orbithey GNISS saedtlite tfiomn wihichawsearegeidted sigpas m bstabhsh at

transn1SS|on of a said corrections to a user

confastonsRiinesition a8d #ft€eor ol ogi cal 5 tenpora

resol ution of said neteorologlcal nodel i nformation of

I:Jq?)al m actcé‘lfél S%Q%er el cr%at g@g%}?gnr gécr?flngﬁlclggng to a said
satellite for re-transmission of only that part of the correction data that can be of

use to a user in a region within range of said satellite.

34. A method according to any one of claims 31 to 33 when dependant on claim 30
comprising communicating said prediction set of corrections to said at least one
orbiting satellite in a batch and re-transmitting the members one at a time as the

time for which each was predicted becomes current in respect of the forecast

35. A method according to any one of claims 31 to 34 comprising applying data
reduction sufficient to permit transmission of all or part of a said corrections

useable by a user within a time, dictated by transmission availability and



10

15

20

25

arranged to permt transm ssion of a said corrections
to a user corresponding to a neteorological spatial

wo emaloefosdn of sai d net eorol ogi cal nodel i nforpet/Gapoano16c7é

no 10 greater than 50 km 38. A nethod according to

any one of claims 35 to 37 WRérein the data reduction

is arranged to Permt correction data transm ssion to
&

a u%@nsrrmsm i ﬂlﬁtseteﬂlﬁe,twbstmwélé lowsr then slpovalidity/tame of the
ac in.the data

reduﬁl on g gal rfggﬂge qfsg(?bi @tg%g%%bcrafl&?fl?lm dat a

transm ssi on in the range 200 to 250 bits/s. 40. A

st Aodlethbd acdordiag itt glair G osipEein itlee dath daduetiéOisSartaigéd to permit

GNSS receiver _having neans to derive nodelled

t r ofsUSPHESIQr: ofiel Wid Gamertions i ¥h cAEeWORSING P clameteorological

par t.
acc% tgﬁag Zes\(/)\ll L{?ﬁn%‘%tsgigg%&o#mfogfc ﬂ%og% ?fo% onr gitax}]o greater than 1
of kdu@i N8 21 to 39 dependant thereon as a set of 20

corrections, by the use of a first nodel corresponding

to the rmdel in.the receiver, remtely of th

ridcBi (ethogdnaecording e 1913iMy 38 Arqelaigt 36f W F@Hbéltﬂwé?‘iacfedmtlon is

del

e ot e L LSRR of SR8 HAGBALL £ G0y o

val me&omM@caﬂ agatty resdtutdh dffsaidrmeteonrodugicad deddel irdormdios of no

in accordance with the received corrections. 25 41. A

met HEHRLEBPAKAY to clai m 40 conprising deternining

within the receiver, from the non-neteorol ogical

Pl 9&%& bd a@&)Sdt{nEQO %H? She of‘@lgﬁﬁ%?%’d FRLIHRRLiA Bhe data reductlon is

troposp eric y val ues an ner ef rom an appr oxi mat

posm’rarxgﬂd of parhet coreeiioredaty\Padildsi@P0Obaser at a data rate in the range
éGBZOQ%AmO 1676 37 relative to the earth's surface,

and Jer St ropospheric del ay val ue nodifications

fromthe set of transmtted corrections relevant to

1992 AT REth8A abddrding D 91aRR138 wiRREh Qﬁ% (‘Hﬁ ?ecﬂ@t%ﬁ isoe{?rang to/permit

nmet hod of deternining position of user recelver

haveargctiaadata transmissien m/memmgeIZDQob timlplm$)her| c del ay

val ues from non- et eorol ogi cal paraneters, conprising

B Betho o boreesring JEpphSRiear lekiy SRS o S, reepiver having
t r ORESRNEY derite hidieMad %ﬁo@)‘ﬁ%& Ri_12§f ¥ MRs@ffom non- meteorological

parameters, the method comprising obtaining data in accordance with any one of

claims 2 to 18 or any one of claims 21 to 39 dependant thereon as a set of
corrections, by the use of a first model corresponding to the model in the receiver,
remotely of the receiver and transmitting said set of tropospheric delay value
corrections, receiving said corrections in the GNSS receiver and modifying
tropospheric delay values obtained by use of the receiver modelling means in

accordance with the received corrections.

41. A method according to claim 40 comprising determining within the receiver, from
the non-meteorological parameters and the model, an approximation to

tropospheric delay values and therefrom an approximate position of the receiver
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approxi mate position of the receiver relative to the
earth's surface, deriving nodified tropospheric del ay

WO 20048950551 accordance with claim40 and t her ef POMGB1®4/001676
determining a nore accurate receiver position. 43. A
met hod of reducing tropospheBi/c delay errors in a GNSS
havi ng a user receiver that includes neans for
derrelativgta the sedivis snifeced andaderiving fegposplaricaletryrialue modifications

met.eor ol ogi cal. nodel. he net hod conpr.isjing deri vi .
FerfER S St e TRETer PO DB eSO oy g thelifing s
nonppRix@aaepesitieal and froma meteorol ogi cal nodel a
set of 15 corrections to the values derived fromthe

first nodel for different |ocations about the earth's
$r A awethod raf rdat¢rmining nosiioseaf »fGNBS aypercmceiwet hayisg teeans to

orbjting satellites.  an e-transmtting the .

cor-BE i@l isbEGgAE Relay b B8 b ioldpdsFlppica pavameter,
I eCRImRIsingd HetefmirBhd OdlitRin [Mhed Weekivg ifoaP O efiditméRbYogical
values to a receiver at a known |[|ocation conprising
deriaggmgierst am approxanatiaic 4 itwnosnhetie edefayovalupse and therefrom an
receiver. using. 20.informtion,r.elati to,the user ., . .
r ecBPUEIMBS POTipH 9h df ot BN el o) P il Spiatsy deriving
| eanddifbe tiopefMeAb lelay WHhledYin \iatotBatRPlitE Rli@ A® ahd €herefrom
recei ver | ocation and conmmuni cating each said val ue

t 0 detremiryng a mege Rerate KBeivappsitinus for obt ai ni ng dat a
for use by a user of a satellite positioning system or

S RIS RO SRR BRI U o S5 R b e

MetBar ghdd@desaimdaid OfoFBddriing atopogsifetic 00€lafCeAlliés €rom a non-
tropospheric del aZ val ue applicable to the user _
| ocaeteerelagingl masleb thometheshsempaisimgaderivags remptely pidhe eeeiver,

of sai d val to the user. as ropaspheric.del a

corf R ST BB Gt Sk s AsE A B i GE e a set of
AP pdREtisnsas thd Pdli@terifved dinthé firvieddRl forsiffélent locations about
nmeteorol ogical information is arranged to derive a

setthefeantlh’s surfpees tiapsraiting theset o delpy comedtions t@ ogbiting satellites
| ur al | f. . | ocations. 47 . | ai_med
" e i gnisa i P s ionS Bom b AR B S 0y g R

generating a first set of approximte tropospheric

del ay methdiesf E}ﬁ@‘lfid'mgbir?dsphefrfcoﬁe}:laﬁ vaiues tto "D adedeivdii s2ha known

i s known per se, second generating neans for ] ]

gerlesattonrmemprisygcdanidingeat aofervasrlecaion ueraets from tesisaeiver using

del ig}(orr\{l%hgne ?elgt{nogrrt]oe}hgﬁge?%c%&v%g ngée}lion and meteorological information,
at least one tropospheric delay value applicable to the receiver location and

communicating each said value to the user receiver.

45. Apparatus for obtaining data for use by a user of a satellite positioning system or
GNSS, comprising generating means for generating, at a server location remote
from the user from meteorological information, at least one accurate tropospheric
delay value applicable to the user location and means to communicate at least a

function of a said value to the user as a tropospheric delay correction.
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nodel based on neteorol ogical information, and
devel opi ng neans for developing fromsaid first and

w@Eemangsosel ay sets a set of tropospheric del ayPperGB2001001676

nodi fications for use wth said first nodel so that it

can provide a set of tropospReric delay val ues
substantially in agreement with the second set, and

46 Appagatve [2p milagedan rdaibe #h gvkarein gl meteoexpgiesls inforeation is

nodi ficatjons.as a.set of .tr.opospheric del.a .
CorrabEet{sc88g s Ju3% eePowrsteRRRY Nalier 08 cHHIG tpra pluralicy of
whaised IBcgdng first generating neans utilises a 15

said first nodel is based on non-meteorol ogi cal

paraneters. 49. Apparatus as clainmed in claim47 or

61 oM pRaagusyasy élann@ﬁendélaén offt regnimssig ifigst gemesatiyed npeans for

S ect | h i ff
petien A FrASH oy G B RAE Ry 3ubish sPaiGER po trom

setasfirsbthodpaicht i kndS/mCpedi sBPsbcbild @bdrafirth/mesnsCloRiglhétBing a
wherein the developing neans is 20 arranged to .
expeeds sehiof were aequrandroposnhedie i dsinyl valhesnfent eometeprological

val ted,. 51. aratus .as _clai med in .
iy ERLbRe B oS T o PR okl BB R r BT oBvetoping
Megrdin $a3d afirsAnGEd sédne X PEIeP Ssetsh@ 6T LECHbPYIPhdt Aelay value
di stribution over a region of the earth's surface. 25

52 moifieatigng fon gise | withesdidy Airg| mpdelsse dikpgrigiqanspriodide a set of

region i.s..gl | VWD 2004/.095055 PCT/ GB2004/ 001676 = 39. .
55 Rl Y8R0 v R R P praenb I A ced B A4 said
V\hidébelbﬁﬁgd@\éﬁisoﬁéiﬂ? ARMREd 116 exirésRNBRANOAIRH¥ASBS Bs t8et of
corrections in the formof a data file of a greyscale
i ndpeosphkrigrdelay cofrectinns.ds, each word representing a
| ocation of the region. 54. Apparatus according to any

e ' . 1 nel udi ng neans. for .5 .
I8 aferfbd ol Baibled f Aol 35 MR SRSk Hegasthe apopps wiitises o
ac ik dirfignbdde] ¢d Bdsed bt nbi mikdoedlofibal paRaiierk Or
conpressing said set of corrections conprises neans
to effect |ossy conpression on the set. 56. Apparatus

42.c OPBITAYS 128 cliwmed ip clgtm A7 Arralaimy4§ whewin Biesiaveloping means is
tr 1.SSkon Seaih Ol t ] L [ et,. of

coradr ec%el%iz rtfg ,Jg;?%@ u%aéér s\r/elt a&gg&gércttt#b “P %5 1%Fg,laf?lsels‘gll ?i%fge.reme between
corresponding values of the first and second sets.

50. Apparatus as claimed in claim 47 or claim 48 wherein the developing means is
arranged to express said corrections a fractional change from the values to be

corrected.

51. Apparatus as claimed in any one of claims 47 to 50 wherein the developing means
is arranged to express the corrections as a distribution over a region of the earth’s

surface.

52. Apparatus as claimed in claim 51 wherein said region is global.
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10 57. Apparatus as clainmed in claim56 arranged to
transmt to an orbiting satellite corrections for

WO 2s0l090s3n ssion to the user fromthat satellipPer/aBoootonolc’o

transmt only corrections ajoigllcable to users in
regions served by satellite 8. Apparatus as clai ned
in claim45 or claim46 wherein the apparatus is

ot Famgetis s claigediipgldimoth emhelains 82 in mhixhntheidsmeloping means is

def t catjop with 15

e i I8 8 @8 the Do onk i o0 s e st image
sabPmiultl-BE wdeds, eAcHINGA reysredentifE @ 10tatio OfMME ki Means
operabl e to generate froman on-board nodel” from

non- met eorol ogi cal data a set of approxinmate

4 S\ppaphisr pecoadingyto gay s ah¢ldimendarde 82 iagludimigugans for
apg&hﬁl%?{!lg %a‘?d 's& tcbrfré ‘E%B% on signals received froma

pl ura % sat gl l'tes and conmput e an

approxi mate position of the 20 receiver relative to
iheppamntls' ®cerdifgaioeclaim 54 irewhithahs nepsy fplcomipeeskiag 8hidaet of
a set of <corrections to said tropospheric del ay
vaFECIIQRS SQrBRyISEs 1eans torrdiepidassy compressiop ontetatons

bei ng derived from neteorol ogi cal data, neans to

il @X%‘f)ﬁramddcfzérﬁﬂfg' t8 rﬁﬁy ohLoSliths 491 ¥§ gofﬂﬁhﬁ}{ Yﬂhéﬁ? §51{>r§] means
accordance wth™the corrections and nea B

t hérpassmitong said sét e covirdédions wad eser eia G foalsijing Eﬁelﬂiﬁa A

GNSS user receiver as claned in claimb59 wherein sai d

S ef f dlflC ion to said delay val yes i
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59. A GNSS user receiver comprising means operable to generate from an on-board
model from non-meteorological data a set of approximate tropospheric delay
values and from and delay values applicable to identification signals received
from a plurality of said satellites and compute an approximate position of the
recetver relative to the earth’s surface or time, means operable to receive a set of
corrections to said tropospheric delay values derivable from the model, said
corrections being derived from meteorological data, means to effect modifications
to said derived delay values in accordance with the corrections and means to

compute the position or time with greater accuracy.

60. A GNSS user receiver as clamed in claim 59 wherein said means to effect

modification to said delay values is operable to effect interpolation or
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extrapolation of said corrections according to computed position of the user

relative to locations for which the corrections have been derived

61. A GNSS including a plurality of orbiting satellites, apparatus as claimed in any

one of claims 37 to 57 and a user receiver according to claim 59.

62. A GNSS including a plurality of orbiting satellites, apparatus as claimed in any
one of claims 45 or 58 and a user receiver at a location known with respect to the

apparatus.



