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WD 2004/ 095055 PCT/ GB2004/ 001676 1 CORRECTI ON OF
TROPOSPHERE | NDUCED ERRORS | N GLOBAL POSI TI ONI NG

WEYHIBMBSs The present invention relates to devRCDpBRIWS01676

intended to increase the accuracy obtainable from

gl obal navigation satellite systenms (GNSS). 5 At
present there are two publicly avail able GPS systens,
known as NAVSTAR, owned by the USA, and GLONASS owned
by the Russian Federation. These have been in

exi stence for around two decades, but in the near

f ut corrEdrIONS OO sPINSHE INDBCEIRMKIRE 30 GLOBAIORRITIONING SYSTEMS
augnentation of GPS will start to provide its
services, followed wthin a few years by a European
system under the nanme of GALILEO 10 The existing
systens have been progressively refined so that using

alli pff-‘é@fénmvamtw@h@pé@es tonsieurtepments dnteadedobmtinaspase the accuracy

SRR 8 0 BT BT, oo v

conputation and in the tine taken to determ ne the

| AC ptesrit. thE’téabreth%th}e@Kfaﬂa%Pd GPSBystRas %@Wﬁnass NAVSTAR,
have a correspondlng ¥ ower resolution, and

pm@érhy thedUpAgand eHEMNAST owned gi the Bu$8$amﬂe®53tmanThese have

(52 i ils R R R B0 515 Fet oot B hoed tht the
tIR6Fa6 AL nlNalHt8talioh QFRENS %vﬂl akdrin ﬁ%@ﬁiérlmi%es followed
frommany satellites, up to all those visible to it

wWhighia ayfew yeara by @/Earepean sysiem undi@*tther nimeof GASIEEON
sol ution and rejecting inconsi st ent data to inprove
ur ac ition ti.on uch a te
o SEEom? bR BT S Tt i SYRISIM phase
%ﬁn@@ﬁ%ﬁidn‘ 4 RseatiSARP a8diifladPLEMNBRStha\t G Wah pPetaSall be achieved

used mainly for establishing the |ocation of a user
reever n@a@slms Wift18680 &m, batiwiithye easbin Qompté@teommd inj the jtigne taken to
4 used, in res ec%agft rovi din ?{atet s h

ne” e Jlogdton, nRea atoroﬁg afre@ PEaliFPRHEWT S "ave @
dQRriesPondRBY, oWk RIutdnNEhEat pe&nt BRSIehhisdn &R e iph Pecision
sets have sinple receivers of satellite transm ssions

anean? that jaddifionaly aggmentaifdne cars neoekstrilyngmployed td empplement the
her i ffects,that f l.uence

RS O R & Bt et ey BGATGS et e fgeasuraments

SFdR Mriarty s@alliedd] abed alPABdski AGb1CHINR! FRYATHINb @aRilate an over-

determined position solution and rejecting inconsistent data to improve the accuracy

of the position solution. Such a system may 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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WD 2004/ 095055 PCT/ GB2004/ 001676 2 However, whet her
the user is interested in obtaining a position or a

WO 2ove/09FweRSUr emrent, a significant error ari sesp€T/GBR0ABI1676

inability to nodel accurately the delay to the GNSS
signal s caused by the atnosplere, nanely the
i onosphere and troposphere. 5 Satellite navigation
uBewsvggenehiaitee theeisert hy ésterdsto®nii OBRINIAGSA tpoRRioANEr a time
time sol ution ,gy rocessing four 4 or_nore
Peatidgreige seu FERE afigest Bom Be inghilitystr slodpk esgurately the
I [ e, .di n the
P Ry RS TRl el R Ay I Rt and
trepesphiee. cl ock tinme at reception. The pseudorange
observation is therefore related to the radio
gr oga%at ion. tinme and therefore range between satellite
pfediig neagation Asers denergtedhiol thregrdinagnsionsl nasitipgsing tipe solution
llite) a. ..
gg gf&géa%%ﬁks%wg )6{ ao?% ﬁsfee%?grﬁrﬁgc% WE%SE}V\%ECM %’oafo%r ok gno)re satellites. A
peedemngs measiranailt ipteidiffesnertsbtwedn®y satgilig clook tin® at signal
Eorg pseudor ange  observations. As part of the user's
rogfiepst fushiser reeiver elorls Hiei 4t fraeptieie udbe BFpydorange observation is

SRRSO U8 SRRy B BT o KO, i

dml hsert Be essates of e GadliitepokitioR afOkndwrOihdyl drk ®koadast by the
nunher of corrections are applied to the raw

préellited reaitse cap seliceterthe ifprel wekinawyns (Byessdilmenpional position and

I [ ativistic orrectjions., 20 |t \
B8R BB, B EaY, DRI\ EsoSRE RETo AsBroRhiGe users
hongsphain€ saeliay fltertpdulotatsCoRbrvatis £8|cbRdct8 € ¥ ariations
site which receives S satellite signals, derives
Bopdiedrerasatieline Sroapibet efditcesspree @Pgationi vers in the
vicinity before broadcasting them locally so as to be
recei ved by such a GPS receiver and used to nodify the
Bithb 08dr'd navipatedn/ 68 Soliiorf AREES humb& brashadons BR applied to the

i onospheric del ays, which conprise a small 25 deé?ee

@ Bicgdrpngsanersnrseatinclidingritbpaspherie, ishepphéricant relativistic
change in signal velocity, the delays and corrections
tREFEPSY 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
Bthae bednagyggestas indlVex-Al-€3J060364 haw 4m gécomni@iate ionospheric delays

g’rllqdo l!;}t/ hlseI SF g )so-%gl?ed server site which receives GNSS 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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geographically localised, resulting primarily from
weat her or neteorol ogical 30 phenonena rather than

W@ boonm93065 phenonena. However, the troposphere PCT/GB2004/001676

constitutes WO 2004/ 095055 PCT/ GB2004/ 001676 3 one of

the largest identified sources of error in the effect

that it has on signals propagating therethrough. The

R péShadargest nidemtfiedesoureey dfeerdirniy thedeffdee tieftoit hagron signals
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gyistopadel iyt r om so-cal l ed climate paraneters
that relatively invariant and can be stored in the
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an average or = seasonal expectation,” but not “one

delayrarodels dhas giotk fom dvacabldd climate pasmebas ot vgdativelylRvariant and

current, .recent or red{)cted weat her conditions. One

ST s i diser Tocdiut ol hesrrRgrametery a1l hest Gonglitaie an average or
MRl : ric .zenit
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functions for the atnosphere delay at radio

savrehenal RsuseARUnfahr & 1CRARAYS Y/ :

No B2, Pages 3227-3245, Sl &‘S’#‘;ﬁ%@%ﬁgﬁ%ﬁ‘%é% values

Gdentidied heteireaeDinod €TD) fhet thete isrstiti thonedi to inapntheseafod 8R¥ation
ently limted in ability to

receiver ey are _inhe

%‘f??gﬁﬁﬁb‘a%f{ Ey X‘H’é Sefedity polipgfings iadhs BsexoRag srdnaappiag model is
aikacks 2 818l LKA EHGRE REHE 5B LR gy gy i
WaveletetlisV iJognalcefl rGaophysi oy Repdeecti ¥ol 801 Ny Boa Pbg@ 3'291743246,

:ﬁgcounl 5 the neteorol ogical conditions in one or
%? ns, such as by nunerical weather

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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prediction (NWP), the localised nature and thus | arge
anount of data generated has been perceived as

w@onitiosseshg t hat presently they cannot be usedP@DGB2004/001676

sensi bly i nprove wupon practicable devices; that is,

due both to this data being thoo |arge to be sent over

WO 2004/ 095055 PCT/ GB2004/ 001676 4 cormmuni cati on
syrenwatidrasysne thatare avilebledo mubilk esars end therniitddecapacity for

limted c acitg %ﬁ; Wgroce%sing within a reasonabl e
BIASESS ey i ggedsepablepiaquntol fimgent i on provi des a
nmet hod of obtaining tropospheric delay data for use
The Breiéithventibn PRVidds Y ' tﬁ}}&% IR
th‘é@gt eps of lgré%erét isngh?%?&é%@gﬂrnﬁ{gs O%tl on,‘:'lla}ltd‘]ﬂlg‘1 for use
iz satélbte postonimgfsystemtdn SNSSecorhmisatd tha siepslof gemerating for a user
!ret eor ol ogilcal . i nf o]gfgat lon, at |east one accurate )
FERTs ptef | LOHOPAIPAF EOM AHF) HehHPEtiPs 1k fipge meteorological
LF6dtaion, hOleaOMB A G i ri
O AR RgaRks, Mppnic HORPNANET b o the user
tacatposipoh eommudehtign aed uesphicticdietay\wetdedtiondohayid useei Ng
techni que. The accurate tropospheric del ay val ues nay

e derived, by three 10 dinmensional refractive index )
?{eé?fgblﬁe%& Guitle FoRASAEIFO Y alies aip dlsriyearhy Acdy tracing
tddRtique airHe NREEQIO | RO ik N ' ' € -
nurrelﬁlilcal ?Neat her gﬁggﬁﬁeﬁ%n&?m@&ga{ngybﬁe&nggd by three
fmeasiovdlogirectivenindet field gaetationi Burthepmposyp ietsi slsel@lefdtred that
val ue correctjo derived therefor may be augnented b
2hif destrarologcal ylarmaitonck drasel el Inleneriadl Weather prediction (NWP)

ot . . L 0 _
ERRCAS Mokl KRN B0 GAONRCu g ppn
derved tnpefos mag ba engheme by diesttiq obseiredd merdedolodidat data s

known per se, a first set of approximate tropospheric

el ay val ues applicable . to various user geographical
ﬂbé%%/qna%@}m@}%n Hei Ky ertiin @Pﬁ&b&maogwgwh%a@d&sﬂwn is not
r el [ S
BIPRR Ry FRURRY Au? P hRIRL A 8 SR Wicn i

it pabkg 4 dirstaset! of sappeoxsmats efor@epigiiapdelfalvalues applicable to

| ocati ons, 20 devel oping a set of delay val ue _

VASHRUR | BSSE i graerangicalislecations, ganetating: drompgemetseralegieali model
2 ' t . eyl .

SR e o ARRRERS Epel e oG gy v

e rags sicograteh@nd edppdicaite diof isgidt vafsisagser gedgr@fhical locations,
ropospheric delay  corrections for conmunication to a
é%/ieg)pugeq, set ph defay valuepperdificationg feyapse gyith said first model so that it

&ﬂnﬁﬁfd@qf Qeltqg‘i t?cﬂJosﬁ?ern% ”cFetlaS/r i?aluéléfhgu%gtagt?glﬁfnﬁlt ggrrgement 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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25 conprise at |east one of tine of year, latitude and
altitude. The non-neteorol ogi cal paraneters may
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day. In the nethod of this enbodinent the first and

met eor ol ogi cal nodel s devel op sets of tropospheric

del ay val ues conprising zenith tropospheric del ays.

Etreaihi o siapping dinctiay ¥R 04pREDEROIPET ABERA QY AbdiBangle to
contain a funct.ion relatln? t ropaspheric
@9“%#01&“@%%2(1%%@8@ Sy selrrf|dslay yaluemaodiBegtions may comprise
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use with the mappi ng function of the first nodel.

Predéreblplthe robdificaiiding i wathieodslayovdling ded alye \afferesiced! Between

the differences n 5 correspondi ng val ues of the
SResPORdiRg BRSLPEUEGO R RIABIC (@rie e et cBdaTegmolscal models
TRl @él?%cgﬂﬁ%ﬁosﬁg g&rlﬁglghfgrgt%dtrﬁegpt? &%%ﬁ?ﬁfoﬁg ngXe Or, prel}erably,
t’rmdndidtﬁaattlonm SX[REREE 8 edraaeoml thizmgt eenatheetameg of fHeORfst set, for
the values of the first set, for exanple as a

RESYRICHHYE a correction may be effected as an
addition or nultiplier to any value generated 10 by

{

Tgt?sa@)f:e}géeggé hga? be ?ﬁ-}lﬁ \eg (?Iléﬁ aﬁ&l‘ﬁUﬁ %g rﬁag‘éﬁ;ﬂfé&’ %@Eﬁ t/eﬁue generated
byusedttlee fiishmotiéle pat h of the satel lite signals
t hrough the troposphere to the user and hence

i timte the Iay rom% direct path, and possibly .
b POSHFHIG TIRPURISTl AT DRER 21 r Med 1N FHEIBREIPE dpimique, fo
I f I
R b s L
hﬂ:mtel cdtinztte dhs odelst rampoa disdchspadf,f @at abséihly employing three-
gﬂ rjc deI The net eorol ogi cal nodel nmay be

ex fisld graeraipRdi cti on (NWP) data for

a reglon of the earth or real tinme neteorological data

Rfis ﬁggsli]ble i PREL éc ai’ﬁble Eplgectfgﬁ% & %%?&gﬁhc%g%h Bh a first

each sai d tropospheric de ue c I'on may be
ﬂ@ddu@nambedyhmodpmhehﬁyn@bbpﬁmﬁﬂpmﬁkemk@log|cal dat a,
such as available in two- dinensional formfrom sone

B et S e
ﬁg%lsllegfonrcﬁQhQ Rard® ofl dall Mk iBteDogi e RS 0250 tHBRCS £ far, 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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In both cases it is possible to generate a set of
(zenith) tropospheric delay values for 25 each of a

w@eood/ogf053 ocati ons over a region, as a two-di nRCEHGBR@H/001676

array defining the geographical points at each of

which is a delay value. Thus @t is possible to create

fromthe neteorol ogi cal nodel and non-neteorol ogi cal

ﬁgldﬁlvahEnmﬂlftcammsswhbal et \WD cBfBetic95R5b data array having values
val ue ions and a

Sq{‘%%%zﬂg g@i g‘f?% %@dlg‘l’lg o Hier eyt n%dl o Cat:vﬁlduﬂﬁ set of values
@&tﬂ?ﬁi@s '&Qﬁ’stﬁ@&thdnr&' s¥id! @dlﬁ% fggs Wér '3{ E:aé)tg)a}trb% HRAL Ssurface.

surface, and e set

di stribution of said nDdlflcatlons over at |east part

bfavinggegand toths nsturd aftthe dellahvalngs arglgardctians] dea Redluttich may be

of tegg §1' ay val ue nd correctiqns, data reducti on
g‘F?té% Hlémg&rfF ‘il dfa seiifor epapmymiggtion to a user.

reduced data set for comunication to a user.

PretéablgbinYofal 4506 ﬁﬁtu?esoittll@ c&?écﬁBﬁ s&f r&hﬁﬁ§9 ﬁﬁt?%lé Shlogous to

set pr oduces a data file anal ogous

theeyafcal geyamlgelmmu oﬁdluom’omfof tthe dd iz o€ thé ddifection set is

|l i shed by an | mag

corre tl%' set.is acco
REPUSR Bt BRARe SOTRO SR PERFEry COFRIHAY, but not essentially, by
I
5’3%5?%? Rohitiontch o8 REore B SR BRRT WP 3000 opping TPEG
gigndardndard. By effecting a suitable |evel of data
reduction, it becones possible to communicate the
ction s over . a conmuni.cation or

B e Etnznh s i el pEar BRI bCboRE PRAVbRge communicate
fHeetRetich §é2rcfa%ﬁd Q"hs%lere?LH EARESnfc Qo € ad cﬁlaﬁﬁéfootfqlmlted

user having a 5 satellite signal receiver,
bagwndthnce wit h th| s enbodi ment of the invention at
| east part of the correction set rray be communi cat ed

ja at .l east ane orbiting satellite transmtting .
Hhs Blying 2iusn"S spmattion s Sdiie At 451 fiigfo HRPUE 46t Raving a
%lﬂtess?élﬁl ot € e aéc%rdaﬁlﬁ@ﬁf?lgltﬁf‘s'eﬁﬂ)oaﬁnén? JF rtlfaoi?%ntﬁ)fn at least
the set to a usér froma said orbiting satel e.
m%ﬁl&kﬂoyrectmmsat snayche mnﬁduxhyatedmmmuemt b otH*rtﬁang satellite by

corre s to at | east o or |t|ng 20 OGNS
EGtsariing e pormechim off Bero afpeumagedHaIie arsaid satelite and re-

ﬁaﬁisﬁl%h Bt Rhst h@?%‘ft tﬁ]a L&QISfrI')I'n%rka%da(g‘g%tltn ’Eﬁteg 1§ order

to redu e eve urt e anmount O

transmtted or re- transn1tted, t he net hod envi sages

Brsfemahiy das isngphidved bywgemdatating tiee smiedtiomt @l dtileat by orbiting
t hat part of the correction

{iﬁ{sg {@{ e%rg og@?cglf l?ﬁrf‘}lg ceiyes, sigaals tq ﬁstgﬂmh at least 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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region within range of said satellite. This may be
achieved by transmtting only said 25 part of the

w@eoneeisHn data to the satellite or transm ttPCyGARI04/001676

of the data but causing the satellite to re-transmt
only said part. Insofar as such a satellite has
limted capacity to transmt signals additional to

eheasy WosEOB (agsossmpgaﬂe@ﬂszmwabmw&mnzmﬁl m8adyta, including
able to transm t

tran gener only
HCTHI 0% BrdisHyY 46 PGt Pp ook, mieh s e mgzoplozcl
t he
Sttt RS, o o i
f@@ttqmrteéhwmaymdwgronp @hid incaddition to elbﬁtzmg I’drdp@sﬁﬂéﬁc delay values
Thus i ddition to deriyving

@§s§§§t§g L‘gﬂlcg%mwﬁl &EJE% mapRed JEBIaR el ifinagesgriydto apply data
RAubhch Qffidibg tmﬁl‘gﬁ FafiGhR%0h br b OP?&‘? %%grs ! %[‘r%ﬁt?%% useable

data reduction’s icirent to perm t rans
by b user it adfme diethidd (bgwrtfaﬁslhisﬁlﬁﬁ avisiedhlte an@it‘raﬁ‘sn?@ﬁén rate of
ty

a ti t at ed I¥ transm ssi on avai |l abi
ﬁﬁﬁd t?‘& @eﬁaaﬁal Yatlewesr thanh dhes yabidity ttéme sofo$hearmétedrblogical
hﬁ&ﬁ&mbﬂﬁaﬂﬁﬁgggﬁkﬁg%ﬁ%gﬁéﬂﬁo&ﬁ t he met eor ol ogi ca

i nformation neteorol ogi cal nodel. 10 To
ensure the valldlty of the tropospherically derived

aateasure thel wliditgfod nmedopasphemanyruénveaaiach Gheils e féAbAIR transmit
tiops to a .user correspondl to a
¥t &6 ésw&gwc%ﬂﬂqcei%waa usr&rem@pcp Do gamateorologlcal temporal

f@&lﬁ%ﬂ)bf) ﬁcfﬁﬁletegpcﬁ %cél'?lfx rﬁﬂtlorﬁgf %%glaa%é ﬁ{gg our, and/ or

hour, corr spon |ng

eqrwspcaidlrrgsm)huhetedjlrollfglcSaaIsﬁatfﬁﬁr@éhﬂioﬁ%icﬁld mRi4&drolo tg1cal model
formati on of no greater than 90 km insofar as
’Q:t\]%mépgli‘ ghiegigpisr FhaﬁI?QdmbynS@[ﬁ@@él timpsind fdigtance memtinksfl by speed

$Eh &Vt x\ﬁ%ze%%t \{fé:a%elﬂrf?ﬁureﬁy t he above outlined image

conpr essi on I'Spossible to effect
correction data transmission to a user at a data rate

By thelebovangidin@b ith apeSddthpaéssdhIechintub it ispRkEblkity @Ff¥ct correction
ransmtting only parts of a global image applicable
‘5363 éraH%l:SSlP% tg 3 élﬁ%rt plva|data gielin thegimae 2hde 680, bitsds and by

{
BTy SRRAGHI R o {5 PRt Pl o ey B sbavety
dnied] regiogothercofite Perrid detredtivni daBS transhii QRS BIFESIVEL 08 ks well
val ues fromdata enployed el sewhere to forecast or

fsiewthertopebiramegondi ti ons at one or nore locations,
that is, conditions which vary with tinme, it is

m&sEst N ﬁ*letrﬁeﬂ%&%%g%al 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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tropospheric delay values in the future fromsaid
nmet eor ol ogi cal informati on and 25 devel op a prediction
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earth's surface, whereby each nenber of said

prediction set describes a cérrection that becones

current as a function of time fromdevel opnent. It is

Sher efnomenipaiesi inkyp bt do an @miting s#tliitesaiddthp meshBdrs entra®initted

of correcti as a batch and use nenbers of the set

QR FTLUE 46 HeoHma o Eh SRV BIPAiGiee (oL @HES! in respect of
BldrhRRLsti N respect of the forecast. WO 2004/ 095055

PCT/GBZOO4/001676 8 Such communi cation may be to an

orbiting satellite and the nenbers re-transmtted one

Atsegond eebedinehieerhplopingdhe wheitold ieappliosbk \phc&ﬂih@t@dltlon of the

becones curr I n res ect of the faorecast. A second

B Jar et Wgﬁ-p“le&ﬁch do tt & sRehaadios GBS | wiablites \Ahéwowne That

r o)

gg%ﬂéﬂrheg rrllgafyol?é@m %yg(g :5 ?g%g&ﬁglt%%é&%leaﬁoq{}éwél 1nf"ormat10n to

derfveravhital on m@pedb eropusplhexyce delay vilies gathee thani efith [iRlay values)
teorolo |caI ormatjion to derive actual or napped

Feoﬁ%%% gtiongig de Yser 85 the Rivpese Of S6HENPL Rowedtiag the user

%@élvas%seu&&ﬁngiﬁ 'o%ﬁfuiuﬁ? ab @kl %111‘1'1‘?12 vail%r gH&l BSthR8RRation

setting or-c ectlng he user

mag bd diregigir vip anetw@blt dt miay glsa ek ipddce vid Bﬂeﬂ@ mateUatellites, such
Such comruni cation 10 may be direct or via a network.

Pyt 20 §%531ﬂ159§ea5pﬂ1%ésedlabotﬁa altboughplata rednetion mey be required.

B R R 5,29 ShAER L BB o g s

tdimnumeats a|setC(£ftdeDi3' vaﬁlel@@ﬁ‘éﬁlonls teprésefitdig £3REHuEEn b@erﬁﬁreglon
necessary to derive and comunicate a set of delay
Haweeercasrdisysscd iboye E)trfégcsébﬁ anpgonaiath totforasast iwsathey eonditions for

S above
SO D loca P sy BB e ARR R OB ot Sy sqpptions
aaﬁiecronhrﬁaxﬁt:at@ thosb&n UREK deﬁfooB Qsd Py eedisBefdc¥®ein turn as the time
Eﬁedlcted set of delay corrections and conmunicate

sdich gaclhaieatber wenprcdictaddwctpes dverenser recei ver in
turn as the time for which each nenber was predicted

RE&Q&E &R éc%{rui nf)oﬁ ggf ‘gleﬁ)gesel?to v %}ch 2 g%ﬂ%ﬁ%&l(%&atplﬂ%aws for

resen I nven

@hmﬂinrgldagl fdatee 5ok usts of B)éat@lhttﬁlﬁfsuﬁfm@ $8ief] b GRSS, comprising

posi tioning systemor GNSS, conprising 20 generatlng

SANSYIEING RS rfeF generglingatat 2 seveelocatingardnte ricamtthe fusgnfrom
eor ical inf or ! mat i

BTt PEHRIGES FEIREIEE ootg wBnenan ey SARe B

to the user location and means to communicate at least a function of a said 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
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to the user location and nmeans to conmuni cate at | east
a function of a said value to the user as a

W e@pospberi c del ay correction. The server nmayP@EGB2004/001676

arranged to derive a set of tropospheric delay val ues
applicable to a 25 plurality of user locations. In a
first enbodi nent, the apparatus of the preceding

prepad seipdil Bonpriwede ftiopsspheye delagtvahgpsneems faid meteorological

rat i a fir et .of approxi pate tropospherjc .
HEE, Potd BnmeippBlacid ifloraine A Esion SE Rvin fpogeveloping
£6m HECARd aﬂ&@@&oﬁﬁ'd@ﬂtx'ﬁ@@@seﬁ ef trgg(gs?g%ﬁdd H&aﬁ"v?[i@e modifications

2004/ 095055 PCT/ GB2004/ 001676 9 set” of nore
foe ige aith sardofist plodel o el ypa ptovek  seviof aropadplieric delay values
t eor.ql ogi cal nodel based on neteorol ogjcal . i
FRPGRIAILY Gh oS rrieteEn bt NE-RaaiTo 6y e vevopping meansheing
c
b RO 8 ST 180 0Bhef 40P RARRAGH
nodel so that it can provide a set of tropospheric
Besfeagbly sshidefirsb geudystingntricand ytilises aggaixk fiestt moddl Hs thaged on non-
setco;rg);j5 Sgag’ and saig de eldj% [ ng. means bei n arranged
psteaipaiead PrGiEE; flseathedisscIqRing Taeans ghast popEYlRa e gxpress
S84 88 oFRbFHEGIdnORECh ad ?ffﬁfé‘x@lﬂ YeSRkA c&gés?bg@lﬁg SRkl Bfthe first
means utilises a sald first nodel 1s based oni non-
arst seovrol sty pedsihbpasaafrhdional ohbhsge, frérh ¢halealadsap ibs gomEdas
may be arranged to express said set of corrections
fﬁcg af a difference between correspondi ng vang; of
T A Y e RV oo (9 SFRIESH IS SOFEGHIONS a5 o dlig] Plmapver 2
RBRAGT the S HSutRle USRS fdr 1P §n BRIMORR LFY- daﬂ]ﬁledc%\ﬁ%g&%ﬁﬁ% to a
nmeans is arranged to express the corrections as
giegscrlieboago nf oandti-bé wordg)i each wford epresantiny s leuatidaothe region.

BintsFagie s aPhetigemay Mebide Mgt Cpsp@BTeaaB RGPS Somectons.
THE rrﬁ%}?} P985 QC %fnﬁl%éﬁén t1ehE &RL - for F%‘E&t@re Eéﬁ&{:ﬁoc}l, lossy
Y ude g sai

the apparatus nmay inc means for conpressin
cmtpredsionamrtee sétons. 15 This may effect | ossl ess
conpression of the set or for greater reduction, |ossy
onpr.essi.on on the set. EFach of the first and second
%@%f 3 ﬁ@t %CQ%@O%%%%&%@% ey pduriagrauly feravg Gasiestions
foP haRRHeRIE 4 Je Rl abl ! i i | '
fouhct [ gn useé ?o ma%) e%ﬁgﬁz% [ tn% %é?%‘%}pﬂsvegﬁ ﬁ@&sd%% ge zenith delay
wdtasab admbbyelvylvalass. Goorceiatsi rams beraypdbieniiued bh MpOs@ith delay
lay 20 correction data set as |onger

on the zenith de )

GRBTCREOT ¢ta 8 ﬁﬁfﬂ%&raw@ﬁ fergoppamiadign @ 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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The apparatus al so transm ssion neans for transmtting
said set of corrections to a user, and preferably to

W@ e@n®9§055 vi a an orbiting satellite, which mayP@BEG&2004/001676
satellite of the GNSS. In a second enbodi nment,
applicable to apparatus in Wil ch the position of a
user 25 receiver of satellite signals is known,
popredt us is arranged to receive fromthe user
infornation defining at |east one of the user |ocation

h re ﬁ éo the ver or é%N respect, to the,
uarf i §SR.‘FHH° eﬁ%‘iﬂ“@’é 2 S%@@?rowgelwﬁ QORPIISEY Feans
%ﬁ%{lﬁ%’% ofs Sronf 8 S SRR Honp Bof Mo bBRAL dafg a set of
aﬁ)@@fbﬁﬁ)ﬁ&Oﬁ@ dR3plidrisBA€lyl hEaMESE dfplicible tp r1dmtd'&ﬂt10ﬁ\®fg@ﬁld imageived

oathl the_ i nvention a GNSS
o Rl ?@5@&%@3% frgperdisiely plygs Fef adeatifieginsignals
0 r c
R oy 0T AR B RE PR BRI 20Rb o Bhofin of the
fedeintr felatizt itorths iegmials ssurfe«:eeon/eme5m‘emmbpermlu rtalrédewwﬁ set of
said satellites and from and del ay val ues an

sIEssHOnS dutsaih teangsehiesic delaw; Xaduest ﬂ@mablemﬁmnm the ymggel, said

t 0 £
?ogit:eg’fl@%r@ng &%ﬁlvegq%@ﬂ %‘rﬁeé@ogoalrggﬁél (ﬁlterr%]&eggg ‘ch Eitf c? rﬁlo%lﬁéaggns to
s derivedeleidy walie iheredrdence wigi thef corﬁé@ﬁdirﬁCiﬂdoﬂﬁéaﬂsQo compute
sai d tropospheric delay values derivable fromthe
hs @esition gf me st FeaPIHFSUBEY. ng deri ved from
met eorol ogi cal data, means to effect nodifications to

r I [

éegg fr@%agl gﬁséf{jaégg nfil f?éétl%{f? £ %éld @bl%%%ﬁ&aﬂ&ﬁ n&(géﬁigit%ffea
Mdrﬂiblgicﬁﬁéleéxtfa@@lahaﬁ wf s&di dﬂ)ﬂﬁﬁt&ﬁﬁ dc@orﬁﬁfgel@t computed position of
nodi fication to said delay val ues be operable to
e s ielativg torlpestiqns &y vdicletee casentians géwed:ee@ gdergved
corrections according to conputed position of the

. t ..
HEGRIRELSS B! BplIST Rl ) (NS FAR AL LRERN Poriing
ialtﬁiliﬂeﬂ\agp:iramﬁ afd€MiBT aboed fod obigindngoddsa add 4 Wsedtecelviet.t i ng

satellites, apparatus as defined above for obtaining

data and a_user.  receiver. In the above discussion,
odiore rdizcugsipy tropasphasicadelay érﬁhu@h apd 58 HeEqpogpheric delay
?agﬁe%avé! LR R ‘%ﬁe\ﬁeto%%u{ &l %rdrt‘é‘i!hééfné(qﬁ h‘\gi«efeﬁsgﬁ' (pdible to
ure ereas It 0SSI 0

&drivgl esihglo prapphistiee: dﬁhy?lYaMaEMGa baticalappoditienyiis more usual to

pOSItIOﬂ it is nore usual to
derive it as a so-called "wet" delay and a "dry" 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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20 derive it as a so-called "wet" delay and a "dry" or
"hydrostatic" delay. Apart from circunstances where

WO 2004m9308port ant to distinguish, in particul arPCTIGB2004/001676

respect of data reduction, in this specification,
references to tropospheric del ay or delays and their
derivation is intended to be read as deriving val ues
pasitionagsatdtibes,ner detail s and advant ages of the
invention will be evident fromthe follow ng 25

escr ption with refer ence t
Pt Bo ottt PSERa iR hEe 05 afbaiRCef GRS Pitoning
%1% REDoHYIAR 1A SrEShe Thichawh fIneMitiidea @del positioning receiver
ustrating a user positioning receiver device and a
fbebvumaa gtopndktativhiand aghwditg 00dbidEGHSiteaHzGBR UGy, 001676
11 positioning satellites, Figure 2 is a schematic

nt atio d|.rrent of GNSS
el REn ARl Rl TRE R pr ecent T nventi on,
illustrating a user positioning receiver device, a
Bip0tBib Bik @tdpDivadilisRatnfahdppingQf reRadt ity TlPRStay tragthfg
satel lites, 5 Figure 3(a) is a graphical illustration
ray-tracin gure 3( b% i's graphlcal illustration

Blfg frelp 7t wirteria qelfep‘&‘é?m?ftilqwo iseFeithndelay dateg dile, puitphly for data
t f a zenith delay data
eﬁg&u}%%@ ef: 5?1%?%?&3}5%%%5& on by image
conpreSS|on technlques Figure 5 is a graphica
FepreeSnntgiphical edprésentation sEhat heist sffetaqumessssion, aahd
10 Figure 6 is a schematic illustration, simlar to
jgure. 2 of a second enbadi.ment_.of the. invention
g 1S§t ?%ﬁtlcaﬁlué“%%‘mﬁ forFigpre Zrpdracser? ef{l‘bOdlment of the
Fr#VQMLo% f@ar&'ﬂéé sfa%Bﬁ%?@Eﬁ&wﬂﬁosﬁﬁﬁe”at' c forma section
e earths surface 50 and in relation thereto a
gl obal positioning system 100 conprising a plurality
Bﬁfen@gss Fé@,tre I Ithis @sprdst0ts,in $ch@matid f@8) a section nf tarepiths surface

a 2 the.f f 15 sij | .
S0 ol paplas i oo 2 Stpel Shiiinsyied 1P St A mumlivee”
BXRS safellftks PﬁRVFldzh?l 0, a0 theapthoibit AEEa udh @ 20S8khe form of a
recel ver 120 Con‘prl Ses, in Conventl Onal nanner a

' Signaireceiver pwtpiovessolfhapd-hek agvehisletmeanrged type dt ¢rrabave the

the ,varjpous satellites within view at radi o frequency
PG SHEC®s, processi ng means 124 and i nfor mati on
di splay or like delivery apparatus

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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20 126. The processing neans includes a digital
processor that responds to received signals from and

w@bmrmetss i stic of, the various satellites whoRBET/GB2004/001676

orbital positions are known with respect to points on
the earth and conputes from%e variations in
reception of these signals a solution conprising the
pUBPOMGTeddY detrers i}ﬁléqateg up@i the sighals by wefractipn in the troposphere

' [ . [ tantly .
LG oo RT Bripe AL e TR, caenhcapvy O aieobupiemsishieh as
fvegthe:t fhent ISueR tropdspBérid ﬁ%&tﬁ%%@édﬁﬁ&sﬁé@ﬁgﬁi H1éhst to a

the above outlined pseudorange neasurements
Eipsp ARDEPFEAEORIB! appNg tourodAs iR ofthe 988B%d signals a first model

P Ao R0 DL b 188 e

B DE JeRYTHIE E6-88N AV imaRs Bl Q@ééséhdahg nbRInSdtedrOfoE Rt i1Rbfar
neteorologlcal systens such as weather fronts. Suéh

85 ip popghle infrequpnticaridonpnesentsrs bes mpeprssentadiohf abgrageat

| st t first approxi nptio lying to

L 2Rlonk g hon R 2 b Y R bt for ot e
iftedrefeRDILEALHL $m6 bf §&t 1161116 @NHd 418Rae ahpd P&y & p%_ﬁfion of the
that approximate |location at the tinme of year. I'S

wsst gz mayloptianadly dolddedmeters of bagitidd dngd/or time of day.
non- met eorol ogical, insofar as it is updated

' ntl.y..and represents at .pest a .represen I on
GRS T e e
BO&PlicdIOtINBL USerd BIcAHGH BaEmAPhe AbppcRas kesPB& of s@BMite elevation
pre e_rabl%i1 all of tinme of year, latitude and altitude

melinpsion ayith regpechie thesiceiverfogive dymontacasnete etk ofdxopospheric

' I hal araneters of .Iongityude and/ qr tipne. of
905} SRt s TR i Prung et o resfon aeff e
by 9B 06cRVeA istenaE) 4, pakiZ@Blarly HBthe SRYIIitdR 2BRRY LIERRIG. T O
the users location that may be mapped in respect of

satellite el evation inclination with respect to the
Fethas endy thedirgf meded mayriecladecan devatioamapping finaivodpher i ¢

P BYaB P Bt LERHETT PR oA St S ot e

sibgamialigak Ret qua by Naell & thy pager h2atisddalbbl . e1dveevat, if @Wlld

el evation. To this end, tﬁe first nodel may include an

Aseheundsrstopspatibe p%rﬁ@lpietﬁrus?@m thz er][appm%gi m@}{el,fhwmg derived
ree-ter i nued fraction

ESATR By Tk AR R GRS Bl PRy shpvs peeao

dubfecPRelor @b DBER RS cat BRI Bdnced, bItBA! B mBhyPPurPSses

under stood that the paraneters used in the mapping
thegerroryapy be eensideead tpo shplbta edmeect i me of year,
|atitude and altitude paranmeters nentioned above, are

Alis Brior 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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subject to errors caused by neteorol ogica
di sturbances, although for many purposes these errors

woreap4l0es06dnsi dered too small to correct. This PeT/oB2@a001676

apparatus utilises the zenith tropospheric delay, and
if appropriate mapping funckion, to effect an

approxi mate correction to the tropospheric delays 25
Hrthérta, ti pasgionéngicvenacy of cuseprevever esibeeracamipratised by a
sol uti for posijion and ti Not wi t h tandlng its
PR é?g? tcﬁééﬁﬁﬂsé T8Ot %ndPe r’f‘%tso‘ﬁfﬁﬁse‘ie Pess {48 %Pmre@t that
R op Sl SBRY ShER i SERn PP B theitinod) aronow an
maparaot ¢aoee dflanitation tbucduradyn and not dependant upon
recei ving signals fromel sewhere. WO 2004/ 095055

[ G3B2004 167 13 Hithert € positi
RERT ol 1R, i debidphie Ol D deroR Ol dikye ipravided
AumRarh Meafies h FcindYtaties 200) %‘éﬁvénﬁ’e?ﬂb‘f@fer@@ & I?err&ﬁ as a server,
sources reduce, it is apparent that™ resid
dﬂmp@bﬁhm&nwybehayeémnonsa$ham£dﬁm@uhﬂaﬁnsmgmmsn@mehenﬂ
St (ﬁg%ve%%%ﬁg(? \év}e%{l]%@r %rvin%nséyeglﬁg E%lefs bH .{ST] c%ggllsc? tno

ﬁe@@i% B3RCEh M infork RSt S18 81041 drBMERLbANINERRIaBoh Pepresenting the
provided at an earth location a ground station 200,

reowitecof] @rﬁtulityblﬁ é@le numgri¢ad wieatheti predistien @EYWPR fqr lo@tlphmtg h

th th t ed th. dif f
VS pER o Rt ot W RRRET il trilimalion e gobal in
Hﬁ%%r@@ﬁﬁﬂe@qg'oﬂé BEm%?ets@lbolgl&lﬁl ﬁa‘gﬂﬁl@l s but is coupled

to receive fromone or nore neteorol ogical

organi sations information representing the 10 results
Ghere @.Srprgvmdt:chm the sever, audindiceterl 2083, hatuppeaselpEthie dimst model

t t t d th
(30T 2 RS ol Bh REURAR R A R B MEme ™
ﬂ@te@f&ogaéalcaﬁﬁat@ﬁ@d&mng@@raﬁfete@re sub- gl obal regions.

There is provided in the server, and indicated at 230,

a duplicate of the first nodel (130) as used in the
Ubere iy adgaproeided fhiheieyena mictegrolegicad mndehindicatsd @gnerally at

120 T5LSOLPAOH s SRR RS0, e O

dété!dnﬁﬁés%cﬂﬁfé&faﬂiels)foﬂD (a3t aﬁ@dﬁr dRERIneftesponds to
nmet eor ol ogi cal i nformation provided by the NWP and

determ nes accurate values for ZD (as wet an

Ebarpraifl ioppsphHe dolay ZDhvalyes forsipa 8r¢ models aye wnﬁraffduvé 360 in
I)I% go%te%ne@ﬁ@ﬂeﬁce@b%ﬁ&e%ﬂ%n? ﬁ'la%or%ﬁgltésrhn 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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20 order to determ ne differences between themthat
constitutes an error attributable to the first nodel.

wab@4adFoser ences thus constitute nodificati on REl/G82008901676

whi ch the product of the first nodel m ght be

modi fied or corrected in ordér to provide the same
result as the second nodel. These corrections are
Ehroargereceiner inolvjlesca devoder 238 tod theaursttiamvaues2iay, thatthus

described in 25 detail belo d_the i cat ed
vav a2 Goah e g Bt impoREly R in Y G Ry Ak them
fhbedanRlas Z%rivgatac&ﬁfcélt}/'b?liﬁ@ﬁc&m B PestRt R irhe PR Re
of the GNSS satelliteS 1101 etc by way of transmtter
serer dntusedn therayigationend timsreomiputis@t el [ite or
satellites to the wuser receiver, indicated generally
. 2004/ 995055 PCT/ GB2004/ 001676, .14 The ys
Ohuael, S atoed Ohut s 5 Ry e IRl o
Mappies fithetiens dTahe fiftfodelr O\thA®sth/ZeniR bR ah® fnabﬁiﬁg function
first nodel (wet and dry values) effectively naking
Yaeanarg gisen g graates gequracyder the gosidenand ehg computadorsecond
nodel present only in the renote server, for use in
: . T . . Ly

N L S B
feh s thdtjehn Babin@ldyed indiNdually butiwaichGittenalsed together Bterrelate
nodel so that both zenith delay and mappi ng function

fageolsly. gi ven a greater accuracy for the position
and tinme conputation. The above overview of the system

T 0 LTS O o
arexyadfipeid poitite foreltatiemettOrodehicuh irdfgemii®h s afgibblerand gsdsGuch

the server 200, the neteorol ogical nodel relies upon a
infprastion tedriveRdriraciivity ekt thatpegmps rayiteacimgrbofiysearp ground

[ ' I Lo i i:].a uch
P GRAhSSLATL b LIRS bRl IR £
peposplicdicrdelaytviahied (figr daet vexhe wat gidodindelaps)icah badamdt he
earth's surface and a particular satellite, as a
result of which a 15 tropospheric delay value (fo
éé_@lhs Refntihis SRBTOPHAL 10 8Yy cctema Pak ey Argeegtion A9 thi s
Ronehit _réﬁac%g& R hﬁ{o%ﬁﬁ@ic@f%gtfs %9&1‘%‘:? baGk9s ?%Dﬁac%‘g and

propagation an at nospheric refractivity an
HWmspheric effects as they relate to ray-tracing and
NWP.

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).

n=-= 1-1
) (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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The speed of propagation of an el ectronmagnetic wave
t hrough a nmedi um can be 20 expressed in terns of the

w0 eformetsyye i ndex, n, defined to be the rati o PET/GB2004/001676

speed of |ight through free-space to the speed
through the medium (Equationt3-1). C n =- (1-1) V
where: 25 nis the refractive index c is the speed of

[ gregtien aﬂdeﬂé lap%ttaéed in Figurenap rtbp@gth isoenrvesl by irefjacthn as it
0 676
%%9 l? fQ edﬂf}enS f@ﬁ%raglé %% PR °]i5t éyagtgbg Zﬂ\@i tdroposphenc

tigkerdeiyl Gohofifig irélativdisiss Sﬁed@@ﬁ%ﬁiheﬁh@ teath€ pkdga@at®thime of the
earth, nost of this delay. The GNSS troposSpheric tine

GDSSysignagfrom the satellite fovthe user masdbe See smcelprapagationdine
the propagation tinme of the GNSS signal fromthe
sat el I|te to he user m.nus the free space propagation

time: rop (s) ds - f ds (1-2) User User
vvhere #p |—s Szl)d.fa-n dsi ogg {)he propagati on pat h.
10 The fi rstUSérnt egral §g alo he curved propagation

pat h; the second int egral is along a geonetric
?’h‘ a1 ght pat h. The di fferential equation describing

& curved.ra n be expressed in cartesian
coor df i glsmé%‘?ai ﬁieﬂi’r%ﬂag aiagpafhy_3) s ds

The first integral is along the curved propagat1on 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 v (1-3)

where r = r(s) is the vector describing the ray path,
s is 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 x.

The differential equation can be expanded as

dr 1 dr\dr
ar U vn-{v
ds* n( " ( " dsj ) (-4

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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where r = r(s) is the vector describing the ray path,
s is the length of the curved ray path up tor, 20 n

WO gootiesosef racti ve i ndex scalar field, On, a vRCE/GB2004/001676

field, is the gradient of n. The differenti al

equation can be expanded as1%@ r = n Vn - Vn ' ds ds
1-4) 25 ds d () Afirst order ordinary differenti al
‘quation (ODE) with known initial values can be

sol ved usi ng nunerical methods: for exanple

Runge- Kutta or Adans-Multon nethods. H gher order

di ffergntdml equations can be sol ved nunerically by
rew i ti fg;36'hem as an equi V&ént system of first

or der equ‘%ions. Usi ng the substitution rl =r and r2
=r' (the,first derivative), the ray path differenti al
equat';.ogil(_'l-=4l)§ Vggl-)r?xpreqis_%gi as an equi val ent

syst enf ofdst wor T i rs;c order differential equations 1-5
and 1 WD 2004/ 095055 PCT/ GB2004/ 001676 16 6: r,= dr

The dst@n{idation afshe 2% path théreftde amoq to the dlufion pf & sysjem of two

&1-6) The determnatjon of the ray path therefore

RESnvith dpitiah xalygs. | (Standargy numencel apstidst ¢as beopsagd (g sqive the
it SN

LR\ B, SRR YR Pl eS8 8
with et defihéd @ikapideye step control consistent 10 with
user defined tolerances. Wth the ray path sol ved, the
tropospheric delay can be conputed as: b c c dtrnmp =

Withsthe £ phth) Sbived, ﬁ@st“ro(plasﬂa)eric delay can be computed as:

b c c
d,, = |n(s)ds+ [ds— [ds (1.1
a b a
where a, b and ¢ 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 b in Fig. 3(a))
starts at point a and assumes a starting elevation angle of Gtapparent. Although the
precise satellite position and therefore Otrm,e is known, ctapparent (Such that the ray path
intersects point ¢) 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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a b a 15 where a, b and c are as shown in Figure
3(a). Point b corresponds to the point at which ray

wewnarwse and refractivity can be assuned to PEI/GB2004/001676

negligible, in this specification above an altitude

of 70kmm. 20 The ray-traci ngtprocess to deternine the
path fromuser to satellite (ato b in Fig. 3(a))

progesses Ay gppling gosemings sqrtionsy ivtladingntheet@satvation of mass,

I f aren Al t.hough precise satellite, .
%gglleﬁtlugnn a%ﬁgg?r ir g?“_{)ereéélg‘??%%mﬁ Eﬁ_}gﬁoﬁm Wﬁ?ﬁ'ﬁrvé‘ﬂf‘blf’%ﬁlfhldmg
hthﬁiditz,h ré@ired atdhpetdire! SRC FelBiiyntars) mERSdaly t Fﬁ)'c!es)éed and
only be estimated., Because ray tracing starts’ off at
msteorplegienl tfpatures singludingsweatheyufeends, arb ecqoadarytdenived ayoperties.

BG4 mb R BERF U g8 o g stce
tadioss iRl &ld Sftelfite bbRE@tioNe MBeheater ticlt $s MRRBAEL iR 1ddng the
establish an angle of suitable accuracy from which
efffesprodereain enadsiieey sdasurfoesr temperatuT e lquddommitionrand precinitation.
is predicated upon deriving for use a nore accurate

val ue for each tropospheric delay. 30 At |east part of
Nu@pacR esddls dal a¥ disiaelonofaihidll hi®abaASiRHtedPRE high-resolution
Nunerical Weather Prediction (NWP) nodelling which

mofde aea efterhisrieed mesossale ghodgtsnasstbire réflechimpsiscale nw@orological
%9‘:044 0965 55 P /C§t21004é00 gjﬂ 17 processes by

SOPTY TG GO PATAPHY EHUAT bRE™ Mif%udi ng t he

conservation of mass, nonentum and energy.

Three-di nensi onal fields of continuous vari abl es

TheVEdMstpordlogicali @ffice hae erdimekest avapiehla sorcellaindnified Models of

vel oCi.t r uperi.gal rocessed an teorol ogical |
FEEPL Ind R DRATE PR RS S dclBt G B8 map
ERetagl cegisrDBRT the BfodeR pPoW@d tr&ickpiRricRASA hETRRLSoriE f¥nts.

i nput into the numerical nodel 1ncluding surface,
Fadixespied shea KN Qt fesis | tivb N WBsmpdeds, i therso-calteel glabarmadet bed the

[ | i acl udi h f.f f '
Ereey anodl o De, R el p b TegaiRT P, AP ety (/6
RSk Pint18hdiRile andNONB5 eadresNER) @eg?&@% R9a3hLeb %‘l"“n%g ae%d of 432

limted area. Limted area high-resolution 1
%885 pbingh defaring dharemths catfecayede poiat atsheigted efitleatcell of about

T N s A
e aBREh PRYRIR RUAdArRBb®BitsSBr £ Heb@dalbMhddeeAnMAdEh Sec@nal model

centred on the British Isles and has a resolution of 0.11 degrees in longitude and

latitude (the grid being rotated with a shiftied pole to maintain uniform horizontal
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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mesoscal e and gl obal data. The NWP nodel maps each
define a grid over the map's 15 coverage regi on and

w0 b4meded s provi de tropospheric del ays at PCT/GB2004/001676

correspondi ng points. For exanple, the UKMO has two
NWP nmodel s, the so-called gl%bal nodel and the
mesoscal e nodel . The fornmer has a horizontal

ieEs kpressivn agving BBdRcidhraseura¢bed).5Wdsr ees) in

| ongi tude and 0. 5555 degrees (5/9 degrees) in latitude
giving a grid of 432 x 325 points defining the earths
surface, each poi9§6 ssociated with a cell of about 20
60km ait= Mg HML, %HdegPammééu(ﬂ-&Okm in the tropics.
Thi s gl obal map na? e used’/inter alia to provide
boundary points for a nesoscal e nodel which is a
regiomahgmﬁﬂﬁL_Lyentred on theoBritish Isles and has a
resolution of 0.°11 degrees in longitude and |atitude
Wﬁﬂ%’grid being rotated with a shiftied pole to

mai nt gidxhehéktimtiori zontal resolution) and has 146 x
182 grid points which correspond to an array of cells
of 25 iphe fiagtiveingdex 2km x 12km Bot h nodel s have 38

vertigal .levels and exte t about 40km At any grid
pointﬁ m?ﬁg?eEngﬁﬁFeﬁEﬂﬂWﬁg at nospheric refractive

I ndex, sancwhiRevAIRE Breshb@(Bil@hent of the refractive

i ndex) can be derived from nunerical weat her

pr edi Eisitomperd30rerfieiindr essur e, wat er vapour partia

pressure and tenperature fields. Atnospheric

refractivity can be divided into dry (hydrostatic) and

Vet numepcal emeaher Apredicpore ficlis M DO @B56%Mmessed in a spherical

PCT[.GB2004/ 001676 18 term expressi.on havi a

RS SREE | RS do e cogspuiAtophiEy ogreniquindhereiofing to generate  the
) - Q). 0 . . i

A s i SR o ka0, Wi S Pt o toca

atvaikHae coa dipaes swy.ev) (Ring lthd@dilpweng tsansfoemaader vapour

pressure (mllibar) T is tenperature (Kelvin)

[Vﬂ =§zu+ L éﬁV+1—Q'iw 1-10
Y o rsina 06 r oa (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 (#) defined, the ray path

equations can be solved and the tropospheric delay computed using Equation 1-2.
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The nunerical weather prediction fields to be used are
expressed in a spherical 15 coordinate frane, it is

w@eovpsass onal |y convenient, therefore, to genkPCHG8B2G0MO01676

refractivity gradient in spherical coordinates (r, O,
a), which can be converted i¥ o |ocal curveilinear
coordinates (u,v,w using the follow ng
transformation. 20 pn anu+ 1 anV+1 anW -~ ar r sin

9 .1-10) A furth i onal Sic '
o g A LA S B A o v
EdrapenehR. 91 YR tWa ebmplbRii dolsclsds! ¥R 1586 %P?t?a‘? :firfd\a/‘iq%réporal

(X,y,.z in Fig. 3(b)) suitable for nunericafly so

é&mgthtbnﬁ 1§ oger penven@nt R51iNMPtdtaldeditlh delapsinbetveeand dry zenith
1 d-pednts .can,.be linearly and | og-1i.near .

Gl 5(’:eér pg S ORATOSagie enit eley, $9-99 AeLratelytpadidied gigs a surface

%@@dilf’é fYSBrddht M WEEhE We?%én@tﬂ@elag%at[}'%% #d £LAStely determined

eyond the highest grid-point and bel ow t he NW

frafor sirface thmlglrﬁy agcastraments,can ey Lare inoh refdregehmtive of the above

&g&g qgéve i ndex field, account nust be taken of the

varr At on of 30 gravitational acceleration with height

and | atitude. Hydrostatic equilibriumcan be assuned.

Wth the three-di nensional refractive index field (n)

Bedrierdel 2id ynderstgndingtrnferange trhatedricdly th disswdsingdhapdsdnkion

ospheric. delay c Wwted usjng, Equation 1-2. WD

HBRRBE et P R DSt 7T 48 SelSeneRbp slaveiion

mepine bd Mplicddexetean be divided into dry (hydrostatic)

and wet conponents. The wet conmponent possesses the

| arger spatial and tenporal variability. It is often
Qdshlingrfropasplfrisi dgtayt bissdonyementin dedoadance wit thefirstmddel, to

dry zenith 5 delays. The hydrostatic zenith delay can

Totitahe WropbsiherioaeRy laed oBied @Rbvatisiiadeds &, toths $etifiedelay (. ]Z'rop )

nmeasur enent, however the wet zenith deiay can not be

REBAR TR AP hOem (nf(pgm surface humdity

measurenents, as they are not representative of the

above atnosphere. 10 In order to aid understanding

reference is made briefly to discussing the

presedb@ﬁ?dh@”dﬁ)tropospheric del ays as so-call ed

"wet" and "dry" conponents and el evation mapping as

applied thereto.

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:

d

Trop

= dlfyd mhyd (g ) + d\ietmwet (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.



10

15

20

25

30

In nodel ling tropospheric delay, it is convenient in
accordance with the first nodel, to relate the

wao e@pospberi c del ay at a given el evati on angl ePCHEGBR@®4/001676

the zenith delay (dTrop ) 15 by neans of a mapping
function (n(s)). 7 Trop = LW, Yi2(s) The hydrostatic
zenith delay can be accurately nodelled given a

Hydrosigtic pré wstimeppin@ fimsdsus averdingiot the Mecliveiettmeologn possess a

R e SroBcumerane b nébfprant motnepessbimiapmarien, and
ik vbﬁ@ticﬂp&‘tﬁ)p%ts[]ﬂ{éﬁ@ RRL§ withGevaB¥R 5§§1§ b8'bd Offictellfly modelled by
ay I %mbe

tropospheri c de at a given elevation angle ca

dedntimaed ectiaexppnsiond' dnmf ,d (E) + d wetmwet () 25 It

is noted that care nust taken when applying the
sinplification of the superposition of hydrostatic

and wet atnospheric del ays: the propagation path is
dependent upon both hydrostatic and wet conponents.
Metepouagiod 5 (8 BurCTHaGRReRY @OkERGspaRial kydbostaporal amdation in

N L R T —
Mtﬁ%e@ﬁld@v@dth%?lﬁfed”}“otr R4 RBteR onl Qﬁégiﬁﬂﬁag:og 1?1?%2 ;ﬂ,asis_ The

the variation of tropospheric delay w
tenporal @ad sbatiad varigiieninl hydnostsicl refrattivityais genéraibyiemall, whereas

BoR ST BAEesC BisoPiled A oFPLb URRETE PairaRsPBiTIG foisti
%{E{g?@ﬁﬁﬂqﬁpﬁct‘iﬁé atuiclbatdRafirelafGndGrur acy of

derived tropospheric corrections ™ and the
bandw dth required for dissem nation on a regional or

bal, basis. The t ral and spatial varjation in
%ﬁ%"&%ﬁﬁ?ﬂf@? 5@%\?%@1? f?l% rﬁ_@ﬁl@% {resprpgricalprefigiign model
W 818 laedirs@ly EaakH i%%h@ﬁﬁq&hgﬁ@eq pbbhHeAP 'cgnsﬂi%ﬂg es
in atnospheri ¢ noisture significantly ‘i npact the

accuracy/ bandwi dth rel ati onshi p. Met eorol ogi ca
resol.ution of fhe nunerical

eatyres smaller, than_ th )
%W@&ﬂ@f %81%%’6‘& the ipicrizee petiygen ﬁémé‘éieé%%&f}éﬁ af afargelhody of air
Whose Moy VI pilsie YR drd ARAPRBRIING 0t RbAERT ¥ hundreds of kilometres.
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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A weat her front marks the interface between air
masses: defined as a | arge body of air whose physical

w@e@pesioses are |argely uniform horizontal |y fPET/GB2004/001676

hundreds of kilonetres. The front can mark the
occurrence of abrupt changes2in atnospheric noisture,

20 tenperature and therefore refractivity. Fronts can
paeeflipenaigngl ieactiveciadey fisldi fromathe oneeorolagical datal Weanadd dry

t. id in t her |
AB0ERk a8 PRGBS EERP et SalrbPRTERE Lok alFb yerace
lanlgdi gt oreRp Gidin LR UAlerraitpBRbade| hat My b8 e MWDl ERBh R These are

systems nove at 30 to 25 50 kilonetres per hour an
&apsorangd| to, pry inidalln eonamitedyas,zenithtdetays oFor3the rshme grid locations

i | . q it h
MRl Sl B Pl o SEE it e fysapods 2l
is taking place through neteorol ogical features that

vary differently with both altitude and position. 30
The seweiydp compuiing, et thr difference fistveenefisomalieloandginetoariological

rical he r.edi ction . el infaormation .
|H{r¢c udi ﬁgth\grggtglg ullrhg&iﬁf%}%’%rrgﬂwego gon 44, H{Wtdfntogeld Zenithy fefays to
ankEhées dobealdeHedHROPARPR:TE B399 ﬁ/a&%‘él?&an%elﬁom the first
t hree-di nensi onal refractive index field fromthe
modelotelleofi xpgreagtase. Wet and dry tropospheric del ays
are derived for a gridded area, corresponding to the
NWP coverage, at heights corresponding to a terrain
aéra Basero(Heheis t0@Ms. st R iNORnd Bfaf Ad AERE
trz;nsf or r(r)ed to, orsi niSt?a_Ill y conﬁﬂ?%tga%g zeni tgagcg?lgflsues of
therdelaya asd ribe gffetericow db¢ difsrenBes hie finudi snmpllhengsh (approstmately =+

[ eni.th delays_.are computed fromthe first

MR  SHEREY 6t ol el _dfné HRETPH Y ringe A cgnaller
hapyeercotett®dn FRIE! t@RAnSEL QRAP lipgétﬁa@lvald@@i?fereng&ldwere used.

thus the nodifications required to the first node

penendly, dieproyides ofor rheitert bevastiar oufr fitse maliet izewith tdhlagevalues by
diferences each as a fractional change fromthe first
lff)e% &™ val ue, as a percentage. There are two benfits
tothis. Firstly it is found that notw thstanding the

ctual,.val yes .0 he del ays and the differences, the

PHEHISTE AL oBlined S AT es FgEeq PP Re HRR BegeL thagmgiudes
fhe Qatbii6h 6PLERRPALLY RGth Adigt: i RARImVRE e ddeStions are in the
permts devel oping a snall®&r 15 range of correction
fpauess at gridded ndatd tsett hdheidseracan dinearhy irgergblafee timirc #spospheric
Wer e,.us Sec.ond| [ rovi des for better

d. , 11
CoTerten ﬁBﬁ' thea J??eélfgﬁt?b@tspzeni th del ay val ues by

ZDMh _ 7zp'
BC, (¢, A,h)=100.—22 prior
A,(¢ 0) ZDhO

prior

where,

7D hy is the zenith delay, measured from height %y, computed from the

nwp
numerical weather prediction,

7D hy is the zenith delay, estimated from height Ay computed using the a
prior
priori atmospheric model,
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i nterpol ation. A correction, BC®®, defined as a
percentage correction to the first nodel that includes

wQ@Qootthesosari ati on of zenith delay wi th hei ght PGI/GB2004/001676

transmtted. The corrections are in the formof a
gridded data set. The user &n linearly interpolate

their tropospheric correction fromthe adjacent set

poi rtosis the=hgight agye medh gea 12%elBOO (vhidch> theo prdadeasp correction
ZDho ri r .where D hO is the zenith del ay, neasured
frorﬁ g%?liw%om% uted fromthe Inp nunerical

weat pRIh Pl flgid‘éta't %cﬁ%ﬁ%@@am% &gﬁ nzlﬁééée{nﬂaég ¢l S ut?d,

estimated trom hei 0 comput

pri ot is thé oagjihés atc)vlmild&b brdAﬂbééO@éH&ﬁBﬁ) pbrcentage is computed.
PCT/ GB2004/ 001676 22 ho is the hei ght above nean sea
| evel at which the broadcast correction percentage is
conmputed, O is the latitude at which the broadcast
correction percentage is conputed, A is the |ongitude
Tlie Wéat cdn dongpute thedermidt dedgrasect i on percentage is

conput ed. 5 The user can conpute the zenith del ay as:
ZDUser = ZDprior (1 + BCint%/ 100) 10 where, BCnt%
isthel terpolat d correction percentage, hl is the

user ZB ht . =12 leh I—EIBC@? e,éll()@ this technique

avoi ds r&4hiring thE User recB (Per to store t he
where,
BCin, 1s the interpolated correction percentage,

hy 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 ZDnlS’p

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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NWP terrain data set, which, as the NW nodel evolves,
is likely to change. If the wuser is |ocated at one of

W0 b@4/g93oss poi nts correspondi ng to the broadcaspPCT/GB2004/001676

corrections and at hl=ho, the user applied
tropospheric correction is ejtial to ZD ho nwp 20 It
wi || be appreciated that particularly for
@@ﬂmmﬂ@aa rrrmgnmrr@)aof@lubh renithriglayonedifigrions farltiar variony
@N% 3 &ﬁl ites there is alimt on transm ssion

SRR A A BRRHEHGR S T8¢ éREnt s may in the future
ease this restriction, for the present it is necessary
Fr cxahnple, homichBOE dborka i BRM(SESs fRAaWEOB oIS /iBe @éﬂaued

%glcahgﬁ 200 to 250 bits/s. This is exacerbated
g pRd the mgspsdabe edehvidiel father has a resahdiontgivdng aghd of

470 Bt Lt R B b RSO s
fdgfdh@hhb@él ceftdddPoriBe Bykich {s1@Mak g6 Aagelssiaipsintdi t abl e

for data reduction. The NWP nodel maps each define a
grld over the map's coverage region and the nodels

s there oxist & W%@mgaoml TeAbiL¥ B ROPItHaet qouieticn setermdch

e R e R 1A B

gpageaehbe ah 8biwdrd. Thus for a particular set of

net eorol ogical information at a particular tinme, the

server WO 2004/ 095055 PCT/ GB2004/ 001676 23 can

Lhypghere existeein thebase pgljory and beased 2pem the nasicajar UM of interest a

0

ERALER! H00Rul08of S ALLCHSnd P53 KONk R o

thboveections. TdiMDckiat thudt BM)% miéﬁ&t@dlﬁgw SuchQr @ap Is@dpable of

gl.obal nodel and the nesoscal e nodel. The fornmer has a

bedagrepresepicd VSRl anddiigue drcompriggspugh 3 pepresshiatien of a global

%ﬁ{elcﬁbl{]ﬂl ghe earths surface, and the nesoscal e nodel
Ichi "regional nodel centred on the British Isles

has 146 x 182 grid points. Thus there exists a

Wihereds ﬂmnséuahaﬂsplajatdpireeeﬁaﬂi@ms attupldy hiccortifigewtth®mfe@iation
each _represented. a multi-bit word. In particular

%’1 its igsgIRALIOR, i Pl ﬁ% ARSeRistech thaphe forapat oF éwéﬂmytnmnlends
g‘ %as 2 é:gmﬁ) s%;ﬁ gé%’ér Iésgeu §e{<ﬁ>iv ﬂF s&cﬁﬁg/{azdéﬁelzgl&lall ?mages n
@ﬂag:b aghice alhe dieséfthdddth Gt d?rfmfbﬁhﬁt@cﬁi fopaBsergiaggei.i al | y

an 8-bit greyscale map image of the corrections. To

E(SS& )[s(%g %)sgyhc%}nplréssgrel ln?a% b%ne%%rlg}se%ngﬂltqg ’chls? lejrgll;ocﬁmrergtg ﬂ!leSSGI'VGI‘
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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bei ng represented visually and Figure 4 conprises such
a representation of a global correction map. 15

wob@ree®s3 he vi sual display representation i s BCT/GBRO0Y/001676

/| according to the information and its dissem nation,
it will be appreciated that 2he format of the
information lends itself to data conpression

déHATA Pl salppo3sadngitidns es désctibed aliovenSiidnddcoding gesy be

[ . o feduce e size of the data file or_.

e a s BFOURE Sl e Peretiot Suoush Gegatige may be
aCHiIPIed Hiso fwaRoRRdSRB RY & traPbtbcdsBor drsce SR A RIBRL 1 TPEG
the server 20 effects a |ossy inmage conpression ; tf}e
Bragedile decomnrpisionds wislliksown accordance with the
JPE&000 standard (wavel et -based) although ot her

. G (caosi ne, based) .or r

tﬁéc E ni Egez%f @g ‘g‘Ee Sg%e éﬁﬁ%wé&g@ﬁ?s&%‘}%ﬁlﬁgﬁé Fhat g%éhgl%%d to
cetpessidhacior be3 5 (re@uadig fileesizOTUNB idddhtesAltils BdipRQish
it IS appropriate to refer again to the user receiver
1Piso oyF Inpsgrepfer coppressioneadtl#o %todébhccsn@maqion woiseeis evident. This

r . . satellite with the usual
%f%%%%gsnggﬁggéggg%Pﬁ%%ﬁ?ving circuitry is needed. The
correction (inmage) data set is passed to processor
Reilltbl appicaipted ahg uheddndiionk Fsi vl @619 Egnctibes a8 889 dre complex
use of the WD 2004/ 095055 PCT/ GB2004/ 001676 24
ARTOsRgareqierddle sizas thaw deyglelayrfiegtions TEhug sepfeating vossd@nd dry

AR e T 10 26 R B PSR BTl order 10

aleicoklb rgpemiy elyethemGbheadad diersbiowdbst $eubasitsi nto the
central processor of receiver; software for JPEG
ﬁrage file deconpressjon i s well known 5 For exanple,

15 flafa spf may & Yansghtted s & egleinessda allisatglidesi of agousiellation

k . . ' cl.ng _files .

B0 EABRAESL B0 AR B oy B B O L y v
achievedbe affestingahptrassiigionb HAGNSSGalekhys, GOMMANE 58 @thges at
noj se i s, evi den}. This _ is also shown graphically in

lugh frpesmissipy rafg { long durgtipn evenly art ohthe imkee asspeiatedl v the

ACt I 10..an
K5 A5 SEASad B AR Sy AP AR 4 oo
oh nscepemmilythic pgrt welhted telitdfeymittded aYurfien €dctR 0 thbd £HusA in
reasonabl y. expect conpressed file sizes of the order 9
Il%ulr%{’?racept% thes Hrag i, Fanspuissionegnd reeeptien voulsl take about 2

ARRET BALG AR5 FRnIQY, DI ts.

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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This data set may be transmtted as a single image to
all satellites of a constellation group. In this

wepdvamdzoent, the ability to effect data transmPGEGBR0AN01676

such a lowrate is 15 achieved by effecting the
transm ssion to the GNSS sate¢blites, with the full
i mages at high transm ssion rate / I ong duration or
Srhoyeas der other types of ﬁa@éhmwman@dbwmolpngthemmtmgﬁm
art | ar sat I1jte or [t
BARELRE R R PR e it gbshBis B i g ot
Delfable @ptidh e thsbar lak Weﬂtﬁéﬂﬂhtahgé@ Gnd vJerhEpﬁﬁtu}é%We @vfer the
three reduction in required reception tine;

eartyssswriges aml fan@the@séppmphyed)m tte trekemralbginil rﬁo@ﬂl there isa

m_nut ta rate 50, bi sec. Thus each of
PHEERBenf 471 afhednliryel Spuiorfiglicior Mhlhertoone!
topd¥phertd @@y \‘Ea.lue 1@ uL@Ch iRtV ENRhSsubR @ﬁrr&ﬁ% RintSiS bf the order
receiver can er y with the zenith tropospheric

erfeongyhomp aied/ o1 wae @ﬁ i(btot%eknc oTh@c isiaorset is tv adlyiggon

g%"’?ﬁ%”%#@ﬁf%@ﬁr D hecdlsl- B aBIeS I St 4 sogrrgtion) it should
PetAthinHubl vhiiityttme SSdsRfAlHORhich leeMirhted. b?hl?so ﬁ{ REhabed
that the rate of data dissem natidn is of
rAusHH$sER] © atser, Basmossian mnqﬁ be atsveh a rie tist ItIy: useheandmave and

DA BbretmefiBh A 812 vl SoteigTrpenispOn siten e B
s1owlig bR ﬁ}ﬁt@tah@ Rterditt SAVESav ML ABPH A8WARAdIng such correction

PCT/ GB2004/ 001676 25 Whereas for other types of data
mfamagpt Lbys, theye ks@ntlmppﬂabV@tﬁ)gﬁffeh‘ea date stductiorto acb@mmodate

sm.Ssion .eve updat i n at her
GBI R A P fle Bhl ot 3t RRE R iRl neot ar
as weat her changes and weat her features nove over the
EatHdhm6res tHeftBtetaRBiel ol ki1 AGh S EbrettieNBhAY BShde) st Qﬁould not be
neteorologlcal nodel, there is a 5 currency el enent
ekity Jomg ag te icawseithe sserdp daelinede \ml‘sfcmrth@tlmrlt Wlkes:to aifect the

%%?Al{)&ggeé 1resssuce“ ] rgkgé fmilcargorfl}% 8P°?Jﬂ%n or der of

one hour and/or grid size of 50 to 90 km Thus, is a

user is to rely upon neteorogically generally

Thusp dsis ﬁ@moﬂa@teﬂoagff%rh@e@g(wfm@ata ofdugtiogimpaget Goprpyession that
thin such validity time or position for

%ﬁ%%ﬁgggg%¥a(%ﬁpﬁ$ﬁﬁws interns of 10 transnission o a

user, transm ssion nust be at such a rate that the

user can receive and process the information while it

Havigg irpgard 4pi the abave|discussian af irbility of delaeyalies (ot derived
corrections) it should 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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slowin bit rate and intermttent in availability for
downl oadi ng such correction information. Thus, there

WO g00am9jorperati ve to effect a data reducti on tBCT/GB2004/001676

accommopdate transfer of a correction data (inmage) set
whilst the data retains viab#&ity. 15 Furthernore, the
time taken to downl oad the correction data (inage) set
ehitaspending sdie predivtied fpr tioreg imthet ntira.u Shat isptheservet an derive a
declii.ne to.wait for the time it takes to effect the
@8\%{#18%86,1‘ Of EVSHHIOBSESt he i mage data file and compute
position. Thus, it is inportant to effect the degree

of data reduction/inmage conpression that 20 achieves

Thie seay\beruselud ifdh¢ sarvervess onliiseiotg itsélfperibdically hedaktoping delay
di scussi on .of vh.aﬁi lity ofb del val ues (and derived
CHTPHER G4 PEUCHO Foh oBR DR S0 4ES BRBPE: prgtediipsets for a
pagedaindMR reREesd FRE! tﬁ@t"tﬂni fs culrent d’;ﬁ’ldﬁﬁ@&tt o .

possi bl e to predict the weather conditions and derive
tropospheric delays 25 for any given point in advance,

BResRiTay Soch o Biedition 86 PSR R dipTpLwithin the satellit
foR @byl dnd SERbahsh RS0 &% %E}rp&%n%&\/&)ﬁlﬁ)&%l‘ %‘ic‘gﬁe@l‘é tvglidity is

for the predicted tinme. Therefore, 1t IS possi

clusent, op anadogomlystared at thefeceivepfos piteevat. del ays (as
Zenith 30 tropospheric delays) associated with a
regions grid points but also to devel op WD 2004/ 095055

ﬁWl%g@ﬁ'l Qgd %%ﬁity 16 noll ﬁ&ﬁﬁ&n%{@%ﬁg& ?réﬁﬁ&ggcge?sdoif Qartta, in
tines in the future. That i1s, the server can derive a
pradicc bl the mementf throdate cthsmissient bottiEhiesk iagowalondiad Wom the

if .the server c |y devote itself periodically to
%&%‘é@gﬂ‘?‘ﬂ@ul?@’ 5@?\@1@@?@%%@%@% the prediction set
can be stored and its nenbers, correction sets for a
particular tinme, be retrieved when that tine is

lnuondento sadliict ltlee sigé of dh¢ dorrditiverdust satefilgd ts behtransmitted by a

diction set could be transmtted and stored within
el do 81F% & Mpppe pRingeR Vo fransit PR delyierisetiong applicable to
r . e . o . o
98 SRSy B P Sehelr AELADHES IR i o e
at ether poadts ofNdfevglotes t ‘Blnislintay Hehehizbed by yhd serttdatepmahie &hich

and | oad prediction sets of data, .in practice, at
RO hreRretiaedeia el tor Rk esmarabi A aaisdisr, haying regard to

L%@I\Q'n\%vfl???gﬁ gttc%ers? R L08he SAV&E! b %pfoga rgtl&galil |3t 3t BufMRSsatertite

sate hé user.
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 (@) latitude (b) and



10

15

20

25

15 In order to reduce the size of the correction data
set filed to be transmtted by a satellite to a user,

WO togmysose arranged to transmt only del ay corPEr/GBWE/001676

applicable to wusers within range, that is, within

sight of the satellite, whil%t ignoring data for users

at other points of the globe. This may be achi eved by
litids delv erhesemey alisaba gomtritehby2@rization sits déreved g theativen This

t t.o upload to any particular satellite, having

?@ %P%%F%hoﬁggyieﬁﬁgﬁgﬁﬁ%%ccess it, or the server may
upl oad gl obal data set but the satellite determ ne
whi ch part of the set to re-transmt. The above
descri ption has concentrated on describing the
éﬁgiv thp Lcommunication 25 and usage of corrections

Zei¥h {r i ¢ del ays which represent major
sources of iioning errors not correctable by the
user receiver filrs€ npdel  As nenti@Bd above, the
first node$in@)$o_enpeoys a mapping function that
enpl oys paranete e # hab al so depend upon the
at nosphere and are acsia@edated by el enents 30 used
in the climate nodel, that is, a function of tinme of
year (a) latitude (b) and WD 2004/ 095055
PCT/ GB2004/ 001676 27 altitude (c). These may al so be
corrected by correction sets derived in the server.
This mapping function nmay be expressed as: 5 mE, a,
vhefe 15 tile elevatiohtnPlel + € (2-1) sin(E) + a sin(E) + b
10 sin(E) + ¢ where E is the elevation angle. 15 This
may be further expressed as: 1+ ao+Aa 1+ bo+Ab

This may be further expressed as:

a, +Aa

L+ by, + Ab
l+¢,+Ac

a, +Aa
b, +Ab

sin(e) + ¢, + Ac

1+

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

sin(¢) +

sin(¢g) +

where ay, 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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ms, a, b, ¢) =1+ c0 + Ac (2-2) + Aa ) sin(s) + bo
+ ~b sin(s) + sin(s) + co + Ac where ao, bo and co are

w0 ba4/0930s3 nodel val ues and Da, Ab, Ac are corP€DGBRNE/001676

to be 20 applied thereto to effect mappi ng of

el evati on derivable by the & eorol ogi cal nodel. By a
fitting process operated such that sum of the squares
Tfangrhissipe shd uadeptidiednteenlingdis asdgtiat iencep( thap fheaneceivdrenow has
ray traced (truth) is.mnimsed, Th a set, of .

Bt Vahey i slé@?oyraw S BEATSISE £bisoRarPiRg fmstion Aghereby
B 07 Ao el Thll B el Aubd B Fadkd S44BfkG MPosed
upon ?%e Zeﬁ%’h correc%?gﬁﬂga?gﬁéﬁgagﬁ?fﬁ%)%ﬁﬁéa
increasing the word |ength thereof to include word

| erent s conpr.i sing. these corrections. W 2004/ 095055
EC’,"‘F. zﬂ@e&fﬁg%fé%l o ke pRSr e 8PP functions the
FHbheERIDN Gorlefud® aRENBRE GPESPInd M bER BAREINCI BAWing o

as correction values to enploy wth the paraneters
ofmé¢rivel sdppmibeftoraiayde exterdebtherddmt h t he Zenith del ay
and its mat values are nore accurately represented. 5
It will be appreciated that it is possible to include

Ph&lghvatis @ b B il My AR Sy st S
%on%%%b@e aﬁ%ﬂﬁgﬁéag?lday,&an % emgg &gggp%?%% hb?%P’mhm:
netebrilogicad somien®e niagde 1wod whi cmitileioaftherewitl tbaugment the data

%ﬁ;@]&;%&gﬁ]&%ﬁ%ﬁ@b&%ﬁggaﬁtﬁ@ t;&%g}{ (telgrlpg ifme%gignglnview of the
TRLsSaNR, Rl B8 el Ty SR 1B NICE, POp AP RRp cg, the NV
dertves tobogihert dolagebret dfinetl fles gaidt avere dicetbsizedivaited by the
TNV AT .
X

thesshbldroffleaNW e siotiélatH dveawer, ahdné ghisteainsitnbeeo Conten bf datd such

can 15 effect tropospheric,. del ay, such t hunder . o
&y SpteHite Wmagen ef 38| SSRFEIAY dimaesipnhloRaie P g7 WoRity wigh high

% ABOBle- exiipMRY OF suctl'lll'}@{ttﬁreg %h@ U iﬁfo?ﬁ{%’&{ cd}lftaiﬁéﬂj{hlgféﬁl can be
0 el'l y

ata such as sat ite images of an essentia
cihplepsd onaly theNWe vahet faranpariieitiricelt ofitelprid tghake such features

into account across the NWP grid.

The above 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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resolution the existence of such features and the
i nformati on contained therein can be enployed to vary

W b@4dNBsyal ues for a particular cell of the gpr@€TGBR004/001676

take such features 20 into account across the NW

grid. The above described embddi nent is intended to
enabl e a user receiver having a built in first,
Aoservestd0r is| sigilaato thodetvet @00 exeeptitha the Sirgtp sbtintsteorological
RS G bl BR3P Rl s B SRE v
RTRH & 1188e RODHWVIR hSmiRoPIASIIVA Frobéddbr 63D UL ¢ -
t he accurac;? pe?rritted by tﬁe r%daglﬁrg 25 Wes three
dimensipndt rafragiveahdexy Gpldsgenertion deldescribédebemrbasedarpen NWP
Lt i.s the. time function that is of jnportance_and .
Gl B A ERRAEAA PH GO SRt oGelagioBhALH 28 FFigiray tracing

Ea6le B deri RRE QF Jpb§heti® dﬁa??ﬁﬁte@forta ggioﬁ Qg\gﬁe@ b%/ theo]f\JWP data.

schematic representation of a second” enbodi nen

@I@Sydmme sgrvesalro reeciwes/arhas 3t&>r¢dsth_sfreiri, ldata rtlatibd t, 08 &lentifying
ﬁxgclpglﬁié'g]rég %dlggltclg: eaC 38]‘(0? ip%%%mﬁiéagﬁgg%e Va%igne arflci er12311tni1th angle
%ﬁ?ﬁ/r%%&%/ 80 ﬁ&?GI‘hl%gt%l@tsifz&?’ @es HPmiode1S] mﬂg?%férﬁthtc{é y value

server 200 except tha Irst, non-nete ogi ca
bide lablego alosputenfromeble zavd dbte ansappeopiiete traposghariesietdyavalue or

e i o i s Ao MBpRi e 4 o eRiles e users
fob&igs: THE BERS AnSbohflbhRGll HR dc'[;{%g&%lgﬂl ¢hitle ?ﬁfﬁ% rﬁ&fngvevireless

as descri bed above, based upon dat a at ma
augiedt mdarsy saddit tthenabr ot eleriod agimoed adatr@e tine value and if

effects ray_tracing .capable qof derivin r opospheric
aropyiale | padirpo fts alg’?sé‘iﬁ?rbn tcé"(}_ﬁr b wr?%%e%@aadpwfﬂ as the
I‘flﬁ%%%gic% RGtaSiE rdl\éﬁr/edafo? Phd ﬁ&?bs}éeosf foechﬁﬁl StR!RBvation of delay
t 0 yi né t he

erein, data relating to, I dent |
padse bidtramdmisdien nselr ndtrbedaredl tpe, bud cowdt ée iardvance of its use.

atellite elevation gnd azj nut ngl e ith respect to
ﬁﬂte%}g SHay arpipglerrosdievs ﬂélfasevgrqeﬁ%eg%ﬁa@w e grmgptiged this way,
E&thl}nﬂﬂeﬁﬁnﬁﬁ& Wth%pdé%%bédsfof‘ﬁ‘{?gslygtgm Y égb\;&g{i&fbﬁ{‘ seN6r delay

raw data an appropriate tropospheri ue or
sdtaahayhe dofival mdndtered ofact ehanber aif wies setdpipgdretrizvedand used

Cﬁrr_ect angles for the user's |l ocation. The server )
Vhersit O8ARAT CEeRs heviae mepikipe theting fraviieh {gseease 1 dhsserver is

I%Qeédy\forr ec;tﬁéspul‘ﬁ{)se‘é',i R Q‘%ﬁ'@cﬁc&% Q2 r\f‘e]c UREdd G he SErver for

rive a nore accurate tine value an appropria
tanhiission dfStspoambérent agpkopadatd tihes athe ectinadyetsk tkdmsinitted to, and
i nsof.ar_as the 15 nefeorol qgical dacia is derived for )
Tipred Ry rpo USeT 70CTVEF BRI PIRIOCTEIIRYF] dsaihpy Recomegigpt. Also, it

will be appreciated that transmission may be via satellite, using 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 ue and transm ssion need not be in real tine, but

could be in advance of its use. Not only may a single
wo e@pospieri c del ay val ue be derived and transpeT/GBe004/001676

this way, but in a manner simlar to that described

for the system 200, a predi ¢4 on set of delay values

may be derived and stored, each nenber of the set

fverh nafrared sdtelliecbasrdationscolld hehmed ot augeeonE¥VR data emt aid in the

having regard to the tine for which forecast. If .the

SRR ISR u trispStalowrt (S Lot el P88 Pttt Sapms

set may be stored in the server for transm ssion of

its menbers at appropriate tines or the set nay be

Theatropaspherit tarectionl servencauputes thehthraestimensioml wefracsime index

ers retrieved as y hecone current. Al so, it
{718 15 U BIeOT LB iy VS ot X PO il e, mputed for a
Srafdedl bich Sooriédnaingab the 19WACIdvERAgH fat h&ght@ 868SPBhding T terrain
above disclosure maybe summari séd as fol |l ows: The
datahpes(tet may bedhe NO(R terrasgriudhe ¢aak ebthaserven 00, fo ghicomale grid

T N MR T
T e el YhealothputeAdis dikBRAte PRNE HPRUhE %ﬂetéii?(gl@gi\c;%%bservation

exanpl e high-resol uti on water vapour estimates

e z@uth 0EhyP@T AGBEG0%LO 0 T87 @riddal datoretiaffweiragd dry percentage
satellite otg‘servat Lons, could be,used to augment NW |
PRrechou g oR AURRISSA iy CRRRTGH U, § IGiR| fmage compression

BEHERRIe0 e S alprdsgat inagé HdIinE SRR Rirk® f(ﬁlimﬁg@ﬂ&?)ﬁﬁlg,eis then
storirs). The tropospheric correction server conputeés
disreminmtasicto dhansatedlito nplinkr tdftioapart/ef thashtollits nhvighttbrf systam ground
the nmeteqraol.ogi cal dat t .and dry zenith del ays. are
leﬁﬁ%we@ae f orieamage affefotss o (e Gren piotaphigicr e fRd R also

IROMEE 88/Rral Bbull R PRIFFAELTEREPOMEL BSlosdnd of 84th hl'be from one or
dat abase (that may be the NWP terrain). In the case of

mbie wdink etatidf and can berepladked tgongor hooasatdhtes.i Ahk Wdiangn be
ight, wet and dry zepith del ays are conputed from a

%']5‘?83 P FRgtRaRl in nfES. SERS 32 SRkl o Sriiie B PP BT st that

RELNBER RhitOlatdR PrdVRies %fo%h%b&%%ehégﬁxgﬁiéﬁégéecg egeﬁi@e’?@ﬁ&d

zenith delays as a percCentage. ata set of
wet and dry percentage corrections are then quantised

nd c ressed, usi a lLossy_ i nmage .conpressi on
PO e o SRS 0B VeI BT o i, e maybe used t0
eGIhEGHS] ol MRYKMBRERIIAMon bitehEBundinBa QHICRAL. 8ok Satellite
the satellite uplink station (part”of the satellite
braadcasts thermesy sp@ivableonost cuiredty Gopospictigimpge dheart ofthe satellite

data.relates to.the current atnospheric state and may
naviggtion system’s navigation data.

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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upl oadi ng of data can be fromone or nore uplink

W@ t@itiogiess and can be uplinked to one or nore PCT/GB2004/001676

satellites. The data can be global or regional in
nature. The data sent to eaéh satellite can be
area-limted such that the satellite constellation
qorespatdimggtootiel uen\leratige, &l thew wghmpetedhusiizg @ltérippltien between
data. 20 The batch-uploading to satellites of severa
ainseat Biddsd dafr - i nages maybe used to reduce the
burden on the satellite navigation system ground
infrastructure. Each satellite broadcasts the nost
Wephridedrb zenittnmepagation deltys dre dpospharied intnmegtellds sgeaific
of the satellite navigatiaon system s vi gati gn data.
Izssuéﬂﬁ%“&?ﬁﬁe%ﬂ@étué‘rﬂg isﬁtgﬁlﬁ"a?}%aé%%?ﬁpg} Ct?qné-c %nﬁ‘ﬂy e
taﬁmarv?%%ﬁ. ¥ SStufifiBisldoRRARRNG: With theB8GEen bhRieRbAACEEA-
%%l.r\ﬁlj] gatl o gat auflncllsucgl g sat elvfli te orbi %m © 9@

shatwntivmbised ropasphamdt delsy carmdtiomkes pseudor ange and
accunul ated carrier observations. The wet and dry

onpressed. tropospheric cqrrecti [ ar .
SR D bR of B£8R A famayaiop f
}?(%ﬂwﬁﬁr%gsyst-gﬁlenﬁﬁbﬁéal Wehthnste@itior RBhtiGud@haveAPEg otréeted
e sa as 30 that used in the tropospheric
eapospledricalelayanfoematiobhfeorn sesteoxelo gmaldneasyrezenis, Andledsed say be

iowad (e Pre S roppepRa hERY bghineaie EREE AR Disseltnaon
'I\lﬁiltﬁgegﬁ%legédl Wea?@érﬁ?&ﬁctio%@iéﬁ?mt)y 8f peWEd Blatifer RAY M wen

ry zenith propagation del ays are then
gioayarthe Bracatdingsat{ NS 206axdi ihcludedsingbeapdicatmgefrom which
corrections using satellite elevatign i.n
PRATEY 180 DIEPA AP ICRHER 1Sl aimec AR P oBm DY FFICDRF:
is conputed, but with the addition of neteorol ogical-
observati on-based tropospheric delay corrections. A
nor e conprehensive di scussion on the factors that
affect the inplenentation of a positioning system
nuneri cal weat her prediction techniques and deriving
corrected 10 tropospheric delay information from
met eor ol ogi cal neasurenents, and based may be found in
t he paper " Tropospheric Delay Mdel ling and
Correction Dissenmination wusing 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
ref erence.
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15 WO 2004/ 095055 PCT/ GB2004/ 001676 32 CLAIMS 1. A
nmet hod of obtaining tropospheric delay data for use in

w@2®anedosi t e positioning system or GNSS conprPGI/G§260h001676

steps of generating for a user location, at a

| ocation remote fromthe usex | ocation and from

nmet eorol ogi cal information, at 5 | east one accurate
€LABdSpheric del ay value, applicable to the user

| ocation for conmmunication as a tropospheric del ay

or,r ect.i gn a said user.. 2 . A nmethod accordi to .. .
P4 Rl 8rRE GraeRiec feY PES PrS e thsge positioning
Whisgsfenh or GRSVNcA@irishfy tR §tbpsSbf $elerffngaRR PX5&IoBation, at a
tropospheric delay values applicable to various user
gelngrlgrhieete [fomathonssr lowtion and fipni mumtecgaliogical information, at
met earol ogi cal, nodel ,a.1 econd set.. of . tropospheric,.
ol it ey, TRPGpLSc deRS 8 Nen aPRlisabieclan P “BaF Lashion for
VapbifhiBnidaiin SL0G5RRPhGR] del9cBirbaMto dQYRAIRRI N a set

of delay value nodifications for use with said first
nodel so that it can provide a set of tropospheric o
Hellaipethod perosding b elaim il gpmpriping genesatingnfrom 4 first medel which is

se nd expressing.the set of . i ficatio

< C0 P& e, A ERT PR S RBhlis SRS 1afiRS BitEeab to
C OEFiLs GRbr GdgiPhital %atﬁﬁisggéﬁ%ﬁﬁn% SromPsdi® lBbrological model a
according to claim2 wherein the first nodel is based
onsgsend seteplcBerispiiricadelpavalies tet aresaccurateetibapplicable to said

according to clajim erei ai d non: or ol,0qi cal .
pa i dfe’ EobiRh Mot g, &y e B PRASE Yy pSfitcations
| atdrtusd ewidndaidl first HidGel Pt itFeaBiBPide ACER A tRspoksheric delay
claim4 wherein said non-neteorol ogi cal paraneters
comppesseubgtantidhsin egreenpgnt [voftythesdeonslngtt.t dndeexpiresdiong . the set of
A net.hod..accordi ng to any, one, of cl ai 2.t0 5 wherein
saplé’dgg;?gmgf %% 8%0 R qsﬁhenﬁe‘iegv Wﬂeﬁggnsc@ﬁﬁpﬁ%@lca%on to a
Zegdil Gsdrr opospheric delays. 7. A method according to
claim6 wherein the first nodel contains a mapping 25
function relating tropospheric delay at a gi

Iven
2| &vanqthnd aegprding otor plaing ehjwherein ( g oliish énedel de| kaged on non-

meteorological parameters.

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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WO 2004/ 095055 PCT/ GB2004/ 001676 33 8. A net hod
according to claim7 wherein said set of delay val ue

wOor@i409e83 i ons conprise a set of nodificati onBCT/GB208M01676

with the mapping function of the first nodel. 9. A

met hod according to any one Bf clains 2 to 8 wherein

the nodifications are the 5 differences between

8.ork extlnddacrgrding deslah T wéheswn saidt set iolf utelayl ealto ntddéfications

first and neteoraologi.cal .nodels.. 10. A nethod ..
ncPRiTte it of B SR ORe Rt 885 pbleShsion o e first
mogiddecati ons. 11. A nethod according to claim9 in

whi ch the corrections are the nodifications expressed

as a fractional change fromthe values of the first

SetA mpthod accordingttn ety aaeof diimg 2 to Sawhergimethe inaslifidatisnare the

g S aRhnd LB MRS GRS o

gr inthtRR616EIBalaRoddldIe earth's surface and the set of
val ues conprises a distribution of said nodifications

over at |east part of the earth's surface. 13. A
He theethed @esaading te slaen Jitpiwvhichihe earastiens are g medifications.
corrections is derived as a 15 digital data file. 14.

ﬁlﬁ ?ﬁééhgoda&&%ﬁﬁé‘ goetcfﬁirﬁ ld@ ﬁM?chV\@ltg rc%%r@ A8 A€M fmodiﬁcations

tions Is rived as a se Val tes from
whiegpressed af & fattiomns clappt fromthe viloepsiithe Srspedtween sai d
grid points can be interpolated or extrapolated from

id set values. 15. A nefhod according to claim13 or .
W me%@d@amf P& AGI4 BpF 91( a@mbf’a?t o Hewheteinghe sgplicgrreghions is

CorE i 1.\/1] y . . f 3 .

ol eSS R Oyl SALHRREL A4 el B poins o
cl #hemedh’s ospfacsi angl tledueti 0f vahes datndpriseg ea afisttibi@ion of said
correctiaqn set by an inmage conpressjon process. 17. A
nep}%ibécé‘@%sr?i‘feﬁ@%@@t@%ioﬁ‘f?aﬁ SSPHRGH 16 conpri si ng

reduci ng the data size by |ossy data reduction. WO

?Q%MSQ:CEQHWQQ% 99 16Bein %ﬁid?sf%t of‘_cgi%ng%?sa is derived as a

according to claim 17 conprising effecting
r edigital data Gie. r educi ng

14. A method according to claim 13 wherein the set of modifications 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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the correction set data file according to a JPEG 2000

or JPEG 90 standard. 19. A nethod according to claim1l
w0 piigiossyy providing for said derivation at | eBGSI/GBR®4/001676

of the user position and positions of satellites

relative to the user. 5 20. 3 nmet hod according to

claim19 wherein said derivation at | east one of the

18 &y mephodi accadingnid qbaisi 17 cmsprosingseffestihg date redictibn by reducing

21 A et SR oo TRy BECCRUTTS TRPG  THEREl
sai d accurate tropospheric delay values are derived

by, samktdtacasimng tb 8RR i1aHaudidl priidify R isHRAAG SRt Méhst one
to claim 21 wherein said accurate tropospheric del ay

vablits userrposttion) apd gosifionsafsetelitermebitive td the sberact i ve
index field generation. 23. A nethod according to any

cedi cl.ai enel j ral.oqi cal. ;model |
T R e R g O
r egbgsitiodf addepdeitiohh. oR4ateflite®t leBgivaceorde Ngsek Oisa?)}‘o@ﬂ'&l by
of clains 21 to 23 wherein said neteorol ogical 5
i nEoRmEnjceHon fromdbpUsEi d t r opospheric del ay val ue
correction is augnented by directly observed

te gl . a . 1ng, t | Al .
S8 PSRl a1 o UTELR 6EH 400 o
r egdelaytvalass a8@ktiedd ByhanytacinhVRhdRa. 26. A net hod
according to claim24 or claim25 wherein said
directly observed 20 neteorological data is derived

Agmghiod aggerding) terslay $lowWheregiaish acoprat, Bopegpherigdelay values

su adi ng: 4 NP

dat's 5yER) BRPRBEARGOLR BackPERacR el EinelaliE BT 23

to 26 wherein said region is substantially global.

2B A Aethetiocbrdmgad anyrprtcedingolyino séherin edidinreseo?dlogioal2idodel is

conprising predicting 25 tropospheric delay values in
t h&asedonrRmieriGRh weAtheT RErdidion) alata 19F 8 Fefaen Sffha At
2004/ 095055 PCT/ GB2004/ 001676 35 devel oping a

P4 o0 bt RN 6dify to5aydoreO8f @&iklsONStof 1 whileth B8O MARROBgical
r eglgon of atlhe 11{egart h,ygo surf ace,s V\,h((e)r eby egch nenber of siea
saimfomamincor eachsstid deposphbes dalayovalex tomertionhataugmented by

DS Ut ol chLon of 1 from

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
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29. A nethod according to any one of the preceding
clains conprising 5 communicating the correction or

W@ 2a0409506Hr recti ons to a renote user on a PCT/GB2004/001676

comuni cation channel or data link. 30. A nmethod as
claimed in clainms 29 when dependant clai m 28

conprising communicating said prediction set of
codeesloping s rasdictidraset lof said cosieotipnseiobeaid gebgraphie region of the

as the ti fo i ch, each wa redicted beco .
oo Filhe e uShUReY GRhRatbe 6f phf BEion 19t CACHRES A Sgrrection
ac gof dbdends Quirbti a3 A% 1h o BnfeFrRRA hé\'bé‘ﬂ&bn‘f&fimuni cating

at | east part of the corrections to at |east one

orbiting satellite and re-transmtting at |east part

. At methodt aceordingsde pmonvze sefi dher biec¢ding selaihy | ¢amprising
32. A et hFd a[ﬁcor di nticgoto cl glq&p 32 co ritsi ng
cofRETEREIHE PR TSFIRL O oifs TotYreoues® | A PRl user on a
or RBbinhiigiEiSScEahel dridag 1fdkom whi ch user receives

signals to establish at [|east one of position and

time. 33. A nethod accordi n%gt o claim31l or claim 32

2onpr msthed evphaimied ani plgineo 28 whew deperdant joladmf g8 comprising
re-transm_ssi nJ h ar f th orrection

e PRRPRk g BhsoRot b9 ogPRideRian bl R Bl of
r afigesedbs Briting fir Vit €achbhs Pledidedrbédontts @agritdh Repba of the
any one of clainms 31 to 33 when dependant on claim 30
com®efast.ng communi cating sai d prediction set of
corrections to said at |least one orbiting satellite

. e- .
o1 S olohoBitinio RRERD bl SO bR P IREER 0GBl 1Bt art of
CURlieesdrrdcofisiope ¢éasDdnd Mditingrsaeiiit and re-Ran@iildg at least part of
according to any one of clainms 31 to 34 conpri sing
apphssehtp autes fropm saidiorbitingrsatellitei ci ent to pernit
transm ssion of all or part of a said corrections

y . | aq . .

2 SRS acRoldafl o MR 2 Corhtrgs SHERFHERme comections o a
PCTéasBaf0dubiib6FNSS 36tetlitafion shichruserateeciofs difyeals to establish at
satellite, substantially |ower than the validity tinme

of I¢aeoneRipesifign 8¢ E&e- i nf or mati on used by the

nmet eor ol ogi cal nodel. 36. A nethod according to claim

TP 4 SRR A S Bl 2 SRR RN 10 2 said
c osateHipo fidi ragranem@sioe o€ ontyl thefi aad 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
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5 tenporal resolution of said neteorol ogi cal nodel
informati on of no greater than 1 hour. 37. A nethod

wW@emangiosyy to claim 35 or claim36 wherein thePdEGB2004/001676

reduction is arranged to permt transm ssion of a

said corrections to a user cfrresponding to a

nmet eor ol ogi cal spatial resolution of said

me trevsnuibogp ta¢ oftitedatdllite osubatantallyolowien thanGhe veladiyr time of the
than 50 .km 38. A nethod.accordi ng.to any .one of

ol RToISEy Br RaRRL IS RS creO Dlneieal Pl <

arranged to permt correction data transm ssion to a

3 A mthod adédrdingabeldif I WhéradBe d2a rédhcBOR) idartdhesd to permit
39. A nmethod according to claim38 wherein the data )

r edfeesnisvion ©f r paadh gerreetionpde ri tser PoIIgsondingi tona azateprological

transm.ssion.n the.yange 200 to its/l.s, 40. A

e R ey 4 i APl o miyindfisn p£R gfegter than 1
GNgSut ecei ver having mneans to derive nodel |l ed
tropospheric del ay val ues from non-neteor ol ogi cal

gar aneters, the nethod conprising obtaini n%bdat ain

6 o reiirde aggordingnip ¢JaiEn G o i3 @ wherelig the dgipyreduetion is
of i . . .
o A Bl R AEBE P NBE AR, B8 s o
t o midi@ratogiehl dpatidinesdleie yesaid metstrdletiyalahoddiénformation of no
receiver and transnmitting said set of tropospheric
delgesptey 19980 kawr r ect i ons, receiving said corrections
in the G\SS receiver and nodi fying tropospheric del ay

I t Al f et L er. I 4 d :
A T R M e of UL 358 ¢ R ER hd a TEon i
e talratked a6 Pethin gorirertioh datmtrhiismaizriph its b ngerdie b @ntairaferig the range
within the receiver, from the non-neteorol ogical
paraief@} Bit¥hd t he nodel, an approxi mation to
tropospheric del ay val ues and therefrom an approxi nmate

RO e entsigl S gcts WhhEA e BaadBtuetio is amanged to permit
andofiestiovtidaty ttanomissiolnen itle: rdrgeeB00vtal2t@ bitw'di fi cat i ons
fromthe set of transmtted corrections relevant to

t he regjon i.ncluding said approximte. positiqn. 42. .
AL thoRrid QB eaH T EOMSE T OIEIBr CHotNEEs (NS Srieedl ehaving
hayjdags T8 afsivt Gnodelled tropospheric delay values from 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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5 derive nodel | ed tropospheric delay val ues from
non- net eor ol ogi cal paraneters, conprising determ ning

wowdohiossoshe recei ver from sai d non- net eor ol ogi B&I/GB2004/001676

paraneters an approxi mation to tropospheric del ay

val ues and therefroman approxi mate position of the
receiver relative to the earth's surface, deriving
nodilitivedo thopotherface, el dyriviag trepospherae ddaylwaivemaiifivations
cl 3 40 200k Ner S oM o2 ARt BT SO RSHIALS saia
U1 ORASRIAGHE SoskidAY errors in a GNSS having a user
receiver that includes neans for deriving

tropospheric delay values froma non- mneteorol ogi cal

4 de methdik ofrectsodingagrpedigom gf deGNGISnyger reventes| havislg mhans to

recgei.ver, r a c ar abl e .non-net eor ol i cal. and

v omve TorahiE i BEFR ey ToReL o SR BPioleed Rermpters.
t hgoMphisiRs d&Einviafhef MAMIA el tdcstvermiieth ka0 AbhhRi@Rblogical
| ocations about the earth's surface, transmtting the
sepamfetiss ap epproviotaliongot wopnspharicndelentelluast el themefrom an

re-transm.tti.ng the.gorrections fro aid satellites, ..

t o SBPERITIRG, POPTPB R {16y TECGyer SR Ut SBTLY: Witags deriving
tr %Ri&%ﬁ%ﬁeﬁbﬁosﬁﬁé&y dM&Y YEBed th BcdofEALY §ithd¢lafn MOOMA therefrom
| ocation conprising deriving at a server |ocation

r edetesniningy mhee aceewierereivanpositjon.20 i nf or mat i on
relating to the user receiver position and

teoral agical information,. at |east o ropospheric .
BE S ethandu st e SRR eB Y, cuBE et CR S IRP R kg Feoeiver
C ORRRY NireBidic® ImeAEh féraiddriviab URopssphéiee URBly FAR@REVEém a non-
45. Apparatus for obtaining data for use by a user of
a setesirologisalpmedelj theimghed coraprising daiNgas, remnisly of tg receiver,

generating neans for generatin at a_server .l qgcation

P eNgrb® SRPRRBIh R ERPIEah Rt 8By B stoEdpeicd modetd set of
| NGekER NS o (HRlval R AbriRASTRE S BilsEmblSlITes BifRFdn 16datid about
val ue applicable to the user |ocation and neans to

coftruerrthds surface] transmitiing ftag) seti afrileldy coresaiiens\igl ibiting satellites
the yser as .g. tropospheric. del ay correction., WO .
200 Bobte s RSBt o 1T 4RI SAR S AP E rggeiver

claimed in claima45 wherein said neteorol ogical

inf g1 pRtho@Nof provadih@ Mepespheriélefelavevauseto @f receiver at a known

tropospheric delay val ues applicable to a plurality of

us ecation seprising 4zriving phe aetyst lesatidratemate framcihairpeeas?, using

C O otmation Ifeiatciﬁié t& ?hneeursglt 1edSva® goréﬁiofnoe{nd 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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5 generating a first set of approximate tropospheric
del ay values applicable to from a first nodel which

WO 200kn8085 per se, second generating nmeans for PCT/GB2004/001676

generating a second set of nore accurate tropospheric

del ay val ues from a neteorol®dyical nodel based on

nmet eor ol ogi cal information, and devel opi ng neans for
éﬁs\ﬁqipa{aﬁusgas tlaomed & dlafimr4 wheckis egid ndetdedodogicab tinfoamation is
set of s.eheric Ia aIu 10 nDdIfI ations far

S ETHREEH VT Frist OhGEBTPETE el PERAPEICaRie b 2eplusbty of
of ysdrioRespheric delay val ues substantially in

agreement wth the second set, and said devel opi ng

means being arranged to express the nodifications as a
$BtApphratus @podpimeadi én ddhiay %ompmpn51ugsﬁrw8genﬁppag atngans for

as clainmed n, claim 7V\,h id first gener

o arRCH T 1 Bt Sa S FRPE e Bt et VSR GPrblE o from

noR- il #OHA WHicE 3k kRWATRE 8¢, Ssecdht: ge%@ﬁﬁh?&ﬂéan@sfor generating a

claimed in claim47 or claima48 whérein the devel 8pi ng

meaeronf sset rrawge@ccumtee fopepheriaiddliag etalusé franr e awdtenrglogical
ifferen

e e el R ety oo g AR e R mE Rk deloping

Cl o 4hidrfirs ahdn dBoNdededyn stliea dgyebo Qfo%%ﬂﬁ%ﬁ@sdél% value
20 arranged to express said corrections a fractional

chm@eﬁcfatlom tfore useaviths seid fixst mowiel eot thdt it5 tan Appadatauset of

as _cl ai one.of clai.ns 47 t he

o apaEe 18af WPl n R MagrtlnR R MREICbm S %nd said
COHE@&&mHQSmé’a%sabéﬂgtﬂaﬁgéd H Yfdss dht erﬁbcﬁﬁcé’cfoﬂshﬁs a set of
earth's surface Apparatus as clained in claim

51 trehespbemc delaydcarsgiioms.i s gl obal . WO 2004/ 095055
PCT/ GBZOO4/ 001676 39 53. Appar at us as claimed in

%é (le“ I a| 52 i.n the o@ﬁi r;g means l$1
i PV et B‘H FREAFBP MBS Jirhses a

datsﬁd“ﬂrit@n&fel ﬁt&ﬁ&i&’&?ﬁdxﬁm’efé@ﬂﬁogléﬁ pﬂi‘dlﬂete‘r@' t words,

each word representing a |location of the region. 54.

Agﬁparat us according to any one of clains 47 to 53 )
#hcApparays ﬂ%ﬁhﬁnﬂbm clging 65@# sty wherginsthe dgyeloping means is

Ao ChsatRsn SPREGRE AT BFFGHEN el S ERentd 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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corrections conprises neans to effect |ossy
conpression on the set. 56. Apparatus according to any

WO r@4/095063 ai ns 47 to 55 conprising transn ssi OPCTEBR®4/001676

for transmtting said set of corrections to a user via
an orbiting satellite. 10 532 Apparatus as clained in
claimb56 arranged to transmt to an orbiting satellite
EbrAmpetatusras dlaimeddntolamsili eisélaim 62 it whicsie devenpinpateans is
satellite and to.transnmt on corr.ections applicahle
¢ o aiienged Tp EXbrssy fh SOUBFARY T {ieatia of Ardate sl of Argseyeshn dmage
as of hAltBH wWdtds; kadiWéd r8fresdnBhEh R MOLELIB rd 6.
apparatus is arranged to receive fromthe user
information defining at |east one of the user |ocation
9 tpambisy eeqeedingt i ehe aper 9B rclaims whT Hor 83 pieciuding trieens for
atellites., 59. A GNSS user receiver conprising

%ﬁ%ﬁgﬁ%?%ﬁqlgS?tc())?é%]ﬁ%clngfl% froman on-board nodel
from non-net eorol ogi cal data a set of approxinmate
§5. oppeanherdccod@igly clyial St *hidhfthe Meandlfod @bRyressihp @8id set of
applicable to identification signals received froma
pl GPEPGtioYs emptisey meanelol affeatslogiy¢orwigsaios oarihe set.
approxi mate position of the 20 receiver relative to

' i . . \cei Vv
0 QPRI SoSUIIR6 S bpd i HinBRTTS 58 BRLPHLRG LG RSRn Feans
v alfaramnsiaitiing ki@ sétrodvoiréution®el ysebtiadn oFBiting e4tbllRS
bei ng derived from neteorol ogi cal data, neans to
g fect nodifications . to said derived delay values in

c

PPARHSAWFlRANGhE EBHR Ot MEEch iRl tRBEMY ©oAn ening eatellite
oh e oL o .
CAEaPEREE 89 Skl o 88 Son BB 2 B0t ony
nmeaosectionefpdichble nodsekd inatgioms deoveddiydatdiiitay val ues is
operable to effect interpolation or WO 2004/ 095055

CT/ GB2004/ 001676. 40, extrapol ation of said i
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values and from and delay values applicable to identification signals received

from a plurality of said satellites and compute an approximate position of the
receiver 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.



