1 CORRECTI ON OF TROPOSHERE | NDUCED ERRORS | N GLOBAL POCSI Tl ONI NG SYSTEMS
The present invention relates to devel opnents intended to increase the
accuracy obtainable fromglobal navigation satellite systens (G\SS). At
present there are two publicly avail abhe GPS systens, known as NAVSTAR,
owned by the USA, and GLONASS owned by the Russian Federation. These have
been in existence for around two decades, but in the near future it is
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nodel  accufagdipkbrt b0 Rl Bt wieh b BEst @N&Sputation and in the time taken to determine the
location. Real time or near real time measurements have a correspondingly lower
resolution, and at present the requirements for high precision mean that additional
augmentations are necessarily employed to supplement the GNSS information.
Furthermore, these could include a receiver taking measurements from many satellites, up
to all those visible to it whereby to calculate an overdetermined 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.



signal s caused by the atnosphere, nanely the ionosphere and troposphere.
Satellite navigation users generate their three-di nensional position and
time solution by processing four or nore pseudorange neasurenent to four or
nore satellites. A pseudorange neasurgnent is the difference between the
satellite clock time at signal broadcast and user receiver clock tine at
reception. The pseudorange observation is therefore related to the radi o
propagatl tinme erefore, range, between satellite apd use
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of a user oftfRERIpARIpropdpatiset hod conprises receiving at the user termnal a
broadcast television signal froma television signal transmtter;

determning a first pseudo-range between the wuser term nal and t he
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user term nal base rst and second I\Pseu
by use of a so-called server site which receives GNSS satelhte 51gnals derlves 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.

US 2002/0199196 describes a method and apparatus for determining the position of a user
terminal. The method comprises receiving at the user terminal a broadcast television
signal from a television signal transmitter; determining a first pseudo-range between the
user terminal and the television signal transmitter based on a known component of the
broadcast television signal; receiving at the user terminal a global positioning signal from
a global positioning satellite; determining a second pseudo-range between the user
terminal and the global positioning satellite based on the global positioning signal; and
determining a position of the user terminal based on the first and second pseudo-ranges, a
location of the television signal transmitter, and a location of the global positioning

satellite.



| ocation of the television signal transmtter, and a | ocation of the gl obal
positioning satellite. 3 Tropospheric effects on the other hand are
relatively fast changing (or short-lived) and geographically |ocalised,
resulting primarily from weather or negeorol ogi cal phenonena rather than
climatic phenonena. However, the troposphere constitutes one of the |argest
identified sources of error in the effect that it has on signals propagating
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satellite inclinations to the user. One such mapping nodel is described by
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i ncor por atdufrent, récentar paelicte®veatiier condtipnar e i nherently limted in ability
to accommodat e changes in tropospheric conditions that affect signal del ays
caused by the constantly changing, and |ocalised weather. Although nodels
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tropospheric zenith delay model for WAAS users described in "Minimum Operational
Performance Standards for Global Positioning Systems / Wide Area Augmentation
System Airborne Equipment" RTCA D0229C, November 2001.

Such model is useful insofar as it simplifies tropospheric delays to zenith values
(identified herein as D” or ZTD) but there is still the need to map these for elevation
effects caused by low satellite inclinations to the user. One such mapping model is
described by Niell in "Global mapping functions for the atmosphere delay at radio
wavelengths" Journal of Geophysical Research Vol 101, No B2, Pages 3227-3246,
February 1996.

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



met eor ol ogi cal conditions in one or nore regions, such as by nuneri cal

weat her prediction (NW), the localised nature and thus | arge anount of
data generated has been 4 perceived as confirmng that presently they
cannot be used to sensibly inprove upos# practicable devices; that is, due
both to this data being too large to be sent over communication systens
that are available to nobile users and the limted capacity for processing
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set out in claim34 hereof and a method of determining the position of a

receiver in a global satellite navigation systemas set out in claim35
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derivation is intended to be read as deriving values for each. It is also
worth nentioning that satellites have |imted capacity to transmt signals
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transm t any data I NC correction data, perlo
first, second and third aspects of the invention as set out in claim 36 hereof.

In a fourth aspect, the present invention provides a receiver which is capable of
determining its own location with greater accuracy than formerly as set out in claim 37

hereof. A subsidiary feature of the receiver is set out in claim 38 hereof.

In the above and following discussion, tropospheric delay values and zenith tropospheric
delay values have been referred to without regard to their nature. Whereas it is possible to
derive a single troposphere delay value for a particular position, it is more 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.

It is also worth mentioning that satellites have limited capacity to transmit signals
additional to those already transmitted and are in general only able to transmit any data,

including correction data, periodically.



5 However, the neteorol ogical environnment is changi ng continuously as

weat her features vary their position in relation to the napped region. Thus
in addition to deriving tropospheric delay values associated with grid

poi nts of the mapped region, the present invention also involves data
reduction sufficient to permt transmssion of all or part of the set of
nodi fi cati ons useable by a user wwthin a tine, dictated by trai sm ssion
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pr edi ct tropospherl c delay values in the future fromsaid meteorol ogical
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predi ct ed becorres current in respect of the forecast. Further details and
advant age¥lernt weathenfeaftiiesn wi | | be evident fromthe fol | owi ng description
with reference to the following drawings, in which Figure 1 is a schematic
representation of a GNSS positioning systemknown fromthe art, illustrating
a user pbosofaroasi thg mecerolegicalewiodel dadvea pltropabpheyicodlelay bialuengfrom 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 at the time for
which each was predicted becomes current in respect of the forecast. Such communication
may be to an orbiting satellite and the members re-transmitted one at a time at the time for

which each was predicted becomes current in respect of the forecast.

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



W Q 004L095455. PCT/ GB20041001676 6 positioning satellites, Figure 2 is a
schematic representation of a first embodi ment of GNSS positioning system

enbodying th jnvention, illustrating a user posi i r pver
device, a gr§“£%5§&§¥Fon and a plurality of orbiting posi?#gﬂkﬁgm%gﬁﬁ#lites,
5 Figure 3(a) is a graphical illustratiof of ray-tracing, Figure 3(b) is
graphical illustration of mapping a refractivity field in ray tracing, Fig 4

is a pictorial p5§ﬁmﬂ§§@&aﬁje@,n of a zenith delay data file, suitable for data
conpression by inage conpression techniques, and Figure 5 is a graphi cal

representation_of how noise affects conpression. .10 Referr.i to Figure 1
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formof a 15 sidgvied, argemmidwséationand p plucalitsefrorbifingpesitidnaigkatstliteshi ¢l e- nount ed
type at or above the wearth's surface. The user receiver 120 conprises, in
conventiona nner . front .end recejver 122. of signals transmtted from
t he various~sa éﬁ"lrﬂ(é S\ |hrllca\li|/|ﬂleuvsv§€§ai onrogéaly(])tgafglrngmency frequenci es,
processing neans 124 and information display or |ike delivery apparatus 20
126. The pr oceFigung3 (b gaphicl ilbssationef giappihg prefimethaty fidld ot ray aagnglds t o
received signals from and characteristic of, the various satellites whose
orbital positiqps are known with respect to poinis on the earth an
conputes from 312%%%?&*@% FRTESPREH: PHA P ngtag cgait%rﬂer’ssuéa@&ﬁ’f ?]B'ﬁ
conprising the cgg@}gsgi&mbp{m{g olipdssibE eeini@les, dhd t wo- or three-di mensions,
and, inportantly in some applications, tine. 25 The user receiver can
determ ne fromthe El_ur ality of received satellite signals via the above
out | ined pseuddtigHige raenhicadFrRIesCRIRtMFNOW noie ATI5EIs FOmpISSSit 7

conprom sed by delays inflicted upon the signals by refraction in the
t roposphergg

Referring to Figure 1 this represents in schematic form a section of the earths surface

50 and in relation thereto a global positioning system 100 comprising a plurality of

GNSS satellites 110;, 110, 1105, ... in earth orbit and a user 120, in the form of a
15 signal receiver and processor of hand-held or vehicle-mounted type at or above the

earth’s surface.

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
20 126. 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.

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

above outlined pseudorange measurements an approximate position, but



caused by refraction, principally the water content of mneteorol ogical
systens such as weather fronts. Such tropospheric refraction may be
conpensated for, at least to a first approxinmation, by applying to
processing of the received signals a first nodel 130 5 that represents
climatic conditions anticipated for that7approximate location at the tine
of year. This so-called climte nodel is essentially non-neteorol ogical,
insofar as it is updated infrequently and represents at best a
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many purposes these errors may be considered too small to correct. This
prior art apparHisfirsttdimatemodélds aranged ta ganpratgteeith tropespheric detays (ZD) that
appropriate a 25 i.ng.function, . to.effect apprqgxi nate. cpr tionto
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this first nodel is valuable insofar as it permts a user receiver to be
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elevation.

To this end, the first model may include an elevation mapping function 130'
employing, for example a three-term continued fraction approximation, substantially
as set out by Niell in the paper mentioned above. However, it should also be

20  understood that the parameters used in the mapping model, being derived from the
time of year, latitude and altitude parameters mentioned above, are also subject to
errors caused by meteorological disturbances, although for many purposes these errors

may be considered too small to correct.

This prior art apparatus utilises the zenith tropospheric delay, and if appropriate a
25  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.



Hitherto, the positioning accuracy of a user receiver has been conprom sed
by a nunber of factors but as these resolve, and error sources reduce, it
is apparent that residual tropospheric delay errors that remain after using
the first nodel are now an inportant cause of limtation to accuracy. 5
Referring now to Figure 2, in accordanceg wth the present invention there is
provided at an earth |ocation a ground station 200, conveniently referred
to herein as a server, although there nay be nore than one associated with
di fferent regi ¢litheftd, thepositioriifg sccuraty P aser rebeiverdas been dontpromiseddpa f or
receiving satellite sjgnals but receivggfrpn1one or .nore

is coupled to ]
met eor ol ogi cal TYPYSHP ?‘Pb‘rﬁ"?ﬁ#‘é?%fﬁ%#‘@n%é@ﬁ?‘?sﬁﬁ et ippnpateyt that of | or
suitable for, !E_Jigg@ [al 3 Yl thht i ; j ardtnowvadl | OUs
positions ar ourr% tﬁ%&gg?éteﬁ;@ﬂ{ﬁ%a met go%ﬁ%ﬁ?&%?%%’%%ﬁ%#%i beo‘g”I%rbal in
nat ure or conf iimpdrtans cawse o limitatien toidscugheybal regi ons. There is provided in
the server, and indicated at 230, a duplicate of the first nodel (130) as
used in {NeqUS Gerl G 1o FIRIRES, if BbRalce IF R TSEABRLARBE IO phovided
nmet eorol ogi Cal , clind@te nD I ig par anmeters. ere 1's also provided 1n the
server a seconct a®eartieloeation aogrowal station @00, donvkniaitlg deferred &y ledréiy aat s&tvér, Thi s

nodel responds teorol ogi cal informatiaon prqyided by the ang

ot o m nob. ace AP RBh BFisdus b mom thasong atsoqaiad v G Brasebventons of PR eadohi «
tropospheric d%hﬁ)igé. ms_ SéAleHBas Jo%eah@fortr%ivm{eﬂite %fgﬂaﬁ%ﬁpﬁrcﬁﬂpléé 0260 In
20 order to determ ne differences between themthat constitutes an error

attribut abl e t geceiveefrémone onmeed metgorelogichl erganisations infaymatins representing the.
nodi ficati val u y_whi he . t 40f i d 8] be
) sui é’g qr\lgsy{lltgb'fe }or Qunﬁhgg%e&%h%{ %rtgﬁ'igté{%{@gﬂg?ﬁkcagog%&

nodi fi ed or corre . order’to provi ta e second
model . These cosafieas pesitions acound aleckarthathe nietebroderical irformition madsecglobdd imt 270,
as described in 25 detagjl .below, and then communi cated to the user receiver

by way of a corf#iie ereendined i enexmorganb-glgbal gegiansi ¢ ut es an uplink to one or
nore of the GNSS satellites 1101 etc by way of transmtter 275 and

re-transm ssi onrHek ¥ proid&PinGhé serfer, Und RfiGiddl dt 250, 'aQupliBate HEBE ArQGRONSET -
i ndi cated generally at 220. 9
(130) as used in the user receiver, which contains the aforementioned non-

15 meteorological, climate modelling parameters.

There is also provided in the server a second, or meteorological, model indicated
generally at 250. This model responds to meteorological information provided by the

NWP and determines accurate values for ZD (as wet and dry components).

The zenith tropospheric delay (ZD) values for the two models.are compared at 260 in
20  order to determine differences between them that constitutes an error attributable to

the first model. The differences thus constitute modification values by which the

product of the first model might be modified or corrected in order to provide the same

result as the second model.

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

25  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.



The user receiver includes a decoder 228 of the correction values data that
thus provides ZD values for correcting those of the first nodel (wet and
dry values) effectively naking themthe sane as if derived accurately by

t he second nodel present only in the renote server, for use in the
navigation and time conputing. 5 Optiomally, as also described bel ow, the
corrections may include itens applicable to mapping functions of the first
nodel so that both zenith delay and mapping function values are given a

gr eat er accur arhe usarreteirer iacdudes ardeesdir 228ref the vpnxction valuesidata thatthes over vi ew

of the systemis .ex ded bgl ow w th di scugsi of rther , features that
can be enpl oyéHOY‘ﬁ?ﬁpa?ﬁﬁ'&F? rﬁ?ﬁ"’%‘f%}l‘f’s&/ﬁg eﬁ@d“‘%"&[;&{%é?‘iﬂﬁtv Y& ate 10
advant ageous| Yeffee@fedy mhkitig tkent (R saMe 48 if déBVed Aditrattl) BPHEkQDhE Modepdel relies
upon a three-dinmensional "array of grid points for which meteorol ogi cal

i nfor mati on i preseat ¢rdpincthe reimaete serven, £ use Hr the pavigation@pd Hmejopmpatingf r acti vity
field that permts ray tracing between a ground point near the earth's

surface and a Ly ' [ : : heri c
el ay vai ug (rOptdmaltoBpis3 bRtk Belg@; il cyiphiohs floy MAhG i bR,
point it is appappug fahetidns of thedfirsiomedd) ac kit bethdemith qelayad atdppingdfonttion

at nospheric refractivi,ty and at nospheric, effects 35' they relate to
ray-traci ng antfUueRiE 8 galeRacsprasy fordhe posipnan é‘ﬂ‘et;méﬂ‘faﬂﬂﬁ'gneti c wave

t hrough a nedium can be 20 expressed in ternms of the refractive index, n,

defined to be Theabodd beerditwidFehesieRh 18 lexpanded belowvathdisdussién PRfERert 0 t he
speed through the nedi um (Equation 1-1 X v where: 25 n is the
Vi

, C1-1)..C fl: (1-1) _
refractive i nd@stutesithat carcbessraplgyest ingdj ly hut whigh wher-used jogether fterpalaspagat i on

velocity Ly pr i d as illustrated in Figure 3(a), a satellite signal
path is Ct}r%vedﬁ%%/ﬁtg&ouap'

Referring to the server 200, the meteorological model relies upon a three-dimensional
array of grid points for which meteorological information is available and uses such
information to derive a refractivity field that permits ray tracing between a ground
point near the earth's surface and a particular satellite, as a result of which a

15  tropospheric delay value (for each of the wet and dry delays) can be found.

At this point it is appropriate to give some background on propagation and
atmospheric refractivity and atmosphericeffects as they relate to fay-tracing and
NWP. '

The speed of propagation of an electromagnetic wave through a medium can be
20  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).

nof
T (1-1

where:
25 n is the refractive index

c is the speed of light in free space

v is the propagation velocity

In practice, and as illustrated in Figure 3(a), a satellite signal path is curved by



10 refraction as it passes between the satellite and earth, nost of this in
the troposphere and manifested as a delay. The GNSS tropospheric tine
delay, ignoring relativistic effects, is defined to be the propagation tine
of the GNSS signal fromthe satellite to the user mnus the free space
propagation tine: 5 sv sv d"aP = fn(s}0ds - f ds (1-2) User User where: s
is the distance along the propagation path. 10 The first integral is along
the curved propagati on path; the second |ntegral is along a geonetric

strai ght pathremouuas#tepaésﬂsut&m@qubasamﬂndes eqrth, mpost BE thisin e tiopgsphareh can
be expressed, r r wher e
rr=r(s) is thatllalaveaq’fiIe ~tgé(‘:lg‘gg ri a&ngf ﬁ%ﬁs%ugéaspﬁémdn&g deﬁ\félg?%ﬂg% ﬁel%ﬁ' g%e
curved ray patefifects, isdefined @0bethe propagatioe timeaifitheeGNSSesigrat floar the isstkllite idn, a
vector field, is the gradi 1el_nt of n. The differential equation can be
expanded as ZAhousehaHays E&/FPACE POPRgBiontimeY st or der  or di nary differential
equation (DE) with known initial values can be solved using nunerical

met hods: for exanple RunggyKutta or ggdams- Moul ton nethods. Hi gher order
differential equatigns canJ‘HiaiAvedJ#rrerically by rewiting 30 them as an

equi val ent syst em ofwép TSt equ ongil-2ysi ng the substitutionr, =r
User
where:
s is the distance along the propagation path.
10 The first integral is along the curved propagation path; the second integral is
along a geometric straight path.

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

15
d( dr
Vn -3
ds ( ds ) (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,
20 n is the refractive index scalar field,

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

The differential equation can be expanded as

d’r 1 dr \adr
ar _Cva-{vnZ|E) .
25 ds® n( " ( " ds)ds)'(l 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
30 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-



and r2 =r' (the first derivative), the ray path differential equation (1-4)
can be expressed as an equivalent systemof two first order differential
equations 1-5 and 1 11 6: r,"'=dr =rx (1-5). x 5 r2=d2n(1-6) The

determ nation of the ray path therefore anbunts to the solution of a system
of two ODES with initial values. Standard nunerical nethods can be used to
solve the problem for exanple, a Runge-Kutta nethod with adaptive step
control consistent 10 with user defined tolerances. Wth the ray path

sol ved, the tréopospheric delay can be conputed as: b c ¢ d,,,ap= fn(s)ds+
Jds- fds (1-1) a b a 15 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
assuned to be negligiblde, in this specifigcation above an altitude of 70km
20 The ray-tracing 'f)lroc S¥'10 determ ne t ’{?ath fromuser to satellite (a
tobtocinFig 3(a)) starts at point a and assunes a starting el evation
angl e of aApparca, . Althou h the precise satellite position and therefore
aT,,,Cis known, a pﬂ-—t_zs(\aﬁh(vﬁ]:ﬁ)rl‘bhe réy6path intersects point c) can
initially only be estlﬁtea Because ray tracing starts off at an angle
that is at best a guess, the resultant ray path will in general not

i ntersect poi nThG(ﬂet@BlllB}'lOt!efﬂlﬁl rayypath thezefore amgynisig ﬂtersabér@n&ﬁa systep gf two

i nt erpol ation od i e of
sui tabl e accur%&%’?@ﬁ %ér}o gtélhﬁaedrjlsnélrrF nglééy%@oaﬁgﬁ§gah E‘ffﬁ"e%glr" gggént
invention is mreblbmtfadexamphe ChaRunng;u&a)metlmd withmadaptise stepatontrol ednsistehor
each tropospherjc de 30 At | east part of tropospheric del ay

det er mi natli%n With pseEdy ‘Eﬁﬁ‘dﬂlefﬁ?ﬁ%?‘l cal Weat her

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

b c c
d,,= In(s) ds + jds— Ids 1-1)
a b a
15
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.

20  The ray-tracing process to determine the path from user to satellite (a to b to c in Fig.
3(a)) starts at point a and assumes a starting elevation angle of clapparent: Although the
precise satellite position and therefore oitre is known, aapparent (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.

25 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.

30 At least part of tropospheric delay determination is based upon Numerical Weather
Prediction (NWP) modelling which forecasts the evolution of atmospheric physical



Prediction (NW) nodel ling which forecasts the evolution of atnospheric
physi cal 12 processes by applying governing equations, including the
conservation of mass, nonentum and energy. Three-di nensional fields of
continuous variables including humdity, pressure, tenperature and velocity
are nunerically processed and neteoroipgical features, including weather
fronts, are secondary derived properties. 5 A variety of neasurenents can be
i nput into the numerical nodel including surface, radiosonde and satellite
observati ons. prbeesyést by applyirg govemidg | dqastionscinehliding tlvee comsefvatiors offmassy r ai n
and [

noi sture, sea surface tenperature, c|oud fqr o) reci ation.,

Numeri cal nodeneMERHNMNd eNsHEY- W%‘ﬁ“?‘?“ﬁi@éoé@iﬁ%‘égc@rwg V‘gﬁ’é S inclitiing

i gh- 1 esol ut | unkiefDIRSu! CreRblrafird CiniPUeliBRpSAa! GuiRfigdily Fodchel b | ect
a

nmesoscal e net eor ol ogi featufes, weather patterns of |ess than 100kmin
si ze. The UK Mpetsorodigicel dedtures.f indudipgramesher ontsnarenisrerdary, d¢tived | Riopsatiesal | ed

aoria 15 oves st gnesefyanl e e hd e ML FRAG nfBERe R T "

coverage reglion an S pProvi
of wor ki ng outrallioeedePis) saellied aysenationsor The paredi oyglepisi modelleBanclediagpthe, t he

UKMO has two NWP p the so-called glgbal. ndel aud,the neocal e nodal. The
former has a e¢ffactsefitersain moiging; jea 5 ceé‘?%%“@eé%‘éi"r{%?‘%n M’E@E‘}amﬁ'

| ongi tude and 0. 5555 degrees (5/9 degrees) in latitude giving a grid of 432
x 325 points defining the earths surface, 20 each point associated with a
cel | of about Nateriedl model$ asn bedsbsbabod ofibimited 39¢an Limitech arear high-tesolutibn s

gl obal map may be used fnter alia to.provide houndar oints for a, .

mesoscal e YfbdeMORRls @ PREMITRET BiFSHs Mdelgéﬁ?li‘eg eﬁﬁ&t’ﬁ ogﬁafe[ fgtorelqgical o g
has a resol ut featiré wéhttel pA&theeSlessthdrOIWkinifeizand | atitude (the grid being
rotated with a shifted pole to nmaintain uniform horizontal resolution) and

has 146 x 182 grid points 25 which correspond to an array of cells of

appr oxi matel v TR O Mo BRI RMOR S & Makdd falialie 6laathifid ond

to about 40km any gri evant map the atnospheric
refractive i ndModelnef mésesefloprd global datadTheaNWP  miedel mapsaeach\dsfinede giid can

be et 1 ved 41 OB SURE el oA SEt S i 8ot DRl RS HSonk s o
tropospheric delays at corresponding points. For example, the UKMO has two NWP
models, the so-called global model and the mesoscale model. The former has a-
horizontal resolution of 0.8333 degrees (5/6 degrees) in longitude and 0.5555 degrees
(5/9 degrees) in latitude glvmg a grid of 432 x 325 points defining the earths surface,

20 each point associated with a cell of about 60km at mid latitudes and about 90km in
the tropics. Thi_s global map may be used inter alia to provide boundary points for a
mesoscale model which is a regional model centred on the British Isles and has a
resolution of 0.11 degrees in longitude and latitude (the grid being rotated’ with a
shifted pole to maintain uniform horizontal resolution) and has 146 x 182 grid points

25  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
30 model pressure, water vapour partial pressure and temperature fields. Atmospheric

refractivity can be divided into dry (hydrostatic) and wet components. A simple two-



refractivity can be divided into dry (hydrostatic) and wet conponents. A
sinple two WO 2, 0041095055 PCT/ (82004100167,6 13 term expression having a
refractivity accuracy of 0.5%is: (1-8 N=Nd,,+NM =77.61 P+48101 \ 1 5 N
=106 (n - 1)w@2em@pososhere: Nis the refractivity. n is t h@GIEGBEeYO0KES | ndex 10
P is atnospheric pressure (mllibar) e;4s the water vapour pressure
(mllibar) T is tenperature (Kelvin) The nunerical weather prediction
fields to be used are eggr.essegr it“v'&a%é)hecri gﬁl o, :15 coordinate frame, it is
conput at i onal' EBIFSUAR BRYDE 3 FEEPRY SV ECHYHKYJLR2/APe the refractivity
gradient in spherical coordinates (r, 0, a), which can be converted into

| ocal curveilinear coordinates (u,v,w using the follow ng transformation.
20 [VnJuw, = an u+,1 .an v& 1 _dh6 ~1.08 xr'sin aaO ras A further
rotational transfdfi "ryo+nNi'=‘s't'11r—e P(%‘BWE (?g)the | ocal curveiliner
coordinatg frame to give the gradient in a fixed cartesian frame (x,y,z in
Fig. 3(b)) suitablg fores nuperically solving equations 1-5 and 1-6. 25 NWP
field val ues bet we&n:gbi(ﬂ’-ﬁgfnt s can be {i-Pear| y and log-linearly

i nt er pol at ed.whetd: near and | og-1inear extrapol ation techni ques can be used to
extend the NWP fi ?di};& bg,xon t he hi ghest grid-point and bel ow the NW
terrain. For an alcSrf €T ¢BM¥t ruction of the refractive index field,

account nust be t ghketheQbfridiioe HAEk at i on of
10 P is atmospheric pressure (millibar)
e is the water vapour pressure (millibar)

T is temperature (Kelvin)

The numerical weather prediction fields to be used are expressed in a spherical
15 coordinate frame, it is computationally convenient, therefore, to generate the
refractivity gradient in spherical coordinates (r,6,), which can be converted into local

curveilinear coordinates (u,v,w) using the following transformation.

2 [Vn] =—a—'1u+ 1 _ii_r_z_v+l_61w 10
0 we = o sina 00 | 7 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.

25
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
30 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.



30 gravitational acceleration with height and | atitude. Hydrostatic

equi libriumcan be assuned. Wth the three-di nensional ref racti ve | ndex
field (n) defined, the ray path equations can be solved and t

t r opospher ivgo d@4mssossonput ed usi ng Equation 1-2. V. 2004/1’@5@804’0"1676

PCl/ GB2004/ 001676 14 The atnospheric yefractive index can be divided into
dry (hydrostatic) and wet conponents. The wet conponent possesses the

| arger spatial and tenporal wvariability. It is often convenient to divide
total zenith delays into wet and dry zenith 5 delays. The hydrostatic zenith

del ay can be Tecatinaspheyic rrefisdtive dndsxvemm be slivideaic into firg (hydrestarix) sand ewant ,
however the wet zenith delay can not be accurately determned from surface
humi di ty measomepRsss, ARe ¥y CHPROTAY: PPERSES dht dP’igWe spftial handy erproral

at nosphere.  10:Lniar 46k oaln 2bileHiRpan o fagz%@:},%a%?ma aemﬂedrgamly

di scussing the preSentation of tropospheric ays-as so-ca and
"dry" conponeielays.arithechydvestatio reenitin dplay gambe aqulratelj/ mlodeltedogivém a rsodfadel | ng

ol ate the & rESCEER e PR eC G LE GURY PO e S e (

del ay (crop )frorh Suff¥ceNBaidit measirBmgits) tasf tﬂé},ﬁhieoiﬂ)t(x@P&léntatﬁﬂéadf the Bb&R1Y! (E)
The hydrostatic zenith delay can be accurately nodell ed given a surface

pressure 20 amaspherenent but the wet zenith delay can not be accurately
determ ned fromsurface humdity neasurenents, as they are not
representative of the above atnosphere. The expression for the tropospheric

del ay at 1@ gi meRdee teaiduhdeistaitiihgrefeishcdR nbak biiefly Sdiscubsifk the preserflativar nwet  ( E)
d Trop =d hyd 25 1t is noted that care nust taken when applying the

sinplificati oqft@poaph@%%@fsﬁééwalbﬁ "wetf' and, dinp'ssomporensand @evaipRospher i ¢
del ays: the %W aBmahé}eio.s dependent upon

In modelling tropospheric delay, it is convenient in accordance with the first model, to

relate the tropospheric delay at a given elevation angle, ¢, to the zenith delay ( d ;mp )

15 by means of a mapping function (m(¢)).

d

Trop T ropm (g)

The hydrostatic zenith delay can be accurately modelled given a surface pressure
20 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:

dTrop d:yd mhyd (8) + dwet wet (8 )

25
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.



bot h hydrostatic and wet conponents. 15 Hydrostatic and wet mappi ng
functions according to the N ell nethodol ogy possess a high degree of
accuracy w thout the need for prior F eorol ogi cal information, and the
vari ation of tropospheric delay with elevation angle can be eff|C|entIy
nodel l ed by a continued fraction expansion. 5 Meteorol ogi cal features that
possess a | arge spatial and/or tenporal variation in tropospheric delay
will inpact the accuracy of NWP-derived tropospheric corrections and the

bandwi dt h r eqyiyaadiielandivet SiHppRl ffbtioRs dccoriiigodahe Nielbmetnloloas posseskhhe 10
tenmporal and spatial variation in hydrostatic refractivity is generall y

smal |, wher eahighndageesr of agguragy witheut the negd; &5 qrior anetoprologicah indforaatiqpeand;

h fi
e b om0 ey Rk o R RN ke

nunerical pr etﬂ&hﬁmdrmxéﬁbneﬂﬁnmhl not be accurately reflected in the

NWP- deri ved tropospheric correction. A weather- front nmarks-the interfage
bepa_rean &ir mass-e:-da d a& a large body of air whose physical properties
are largely uniformhorizontally for hundreds of kilonmetres. The front can
mark the occurrence of abrupt changes in atnospheric noisture 20 tenperature
and t her ef or e Meteoratagical tfeatuies thatspessess 7o latge, isprtial jandéor ttmpearal variation in
classifications r.m

t ropospheric Q’équ?\ﬁ% e%@lvgutl%g%ég@ﬁér%v\%ry é-{aitqg)lﬁl);& Jegﬁlléjg QHQEOA- H l?sont
i nclination ar@detﬁéldiand\%ﬂeli'ailﬂxmd fbmdismamonfmmatmglomsﬁregmbalmaslsatT&o to

25 50 kilonetres per hour a d(;a_nre in zenith dela ri atjons of 3
cnt hour . 'ﬂfoopd§§ﬁ@'|"‘l and; gp V‘E"%ﬁtynllﬂ éﬁ?&t@%F&@CW%lsl ﬁ%‘ﬂ' ISFB‘h CIE& t h
insofar as they.ad ! ggzgf%mﬁég Reodig¥d t\ﬁlﬁ?'rﬁkﬂd éHadfes I tadbiheRt exﬁsisﬁlrer ough

met eor ol ogi cal that vary differently wth both altitude and

posi tion. 30 Tignifentpimpd theracsuracyleendwidth relationshdpi onal or gl obal nuneri cal
weat her prediction nodel information including pressure, tenperature and
hum dity data and conputes the 16

Meteorological features smaller than the resolution of the numerical prediction model

15  will not be accurately reflected in the NWP-derived tropospheric correction.

A weather front marks the interface between air masses: defined as a large body of air
whose physical properties are largely uniform horizontally for hundreds of kilometres.
The front can mark the occurrence of abrupt changes in atmospheric moisture,
20 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

25 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
described by ray-tracing that is taking place through meteorological features that vary
differently with both altitude and position.

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

model information including pressure, temperature and humidity data and computes the



_three-dinmensional refractive index field fromthe neteorol ogical data. Wt
and dry tropospheric delays are derived for a gridded area, corresponding
to the NWP coverage, at heights corresponding to a terrain database (that
may be the NWP terrain). These are transfornmed to, or initially conputed as
zenith delays for the sanme grid Iocatins 5 including height, wet and dry
zenith delays are conputed fromthe first nodel 210. The server, in
conputing the the difference between first nodel and neteorol ogi cal nodel,

and thus the Efﬁ-gé-zﬂrﬁ&tsfo re %?U#rﬁge§ ReldForh | the meiBRsbgié Ndad) Wl &dSay0 Make

them accurate, derives these ferences each as a fractional change from
the first nodebpospheriatielays ansderivee farargridded ardh sorespendingye the NWE eoversge.hi s.

Firstly it is found that Wi t hst andi ng. th .t
End"tho di 11 oPLESs CPRtsrrig fo BRE Mot W RERATbe HENIRP iain, HieslBlerY .
10% from t he yaaéfoRA6P &S] dtdinitiallp conpated ay alenitts delays Sop etieThdnse drid dbaafionsg a

smal l er 15 range of correction values to transmt than if.  act al ue
di ff erence8 V\mcéudgggbt?lghtsgle'cﬁ#@dyxzqn{ﬂlﬂ?‘@ﬁ%@@lﬁﬁdt@m@;ﬂ%ﬂ@?{? n of first

nodel zenith delay values by int[!n.nt~ arinn A correction, BC% defined as
a percentage correction to the first nodel that includes 20 the variation
of zenith del Jhevderverhini gimputing the thesdifferenst. betWeenciinst modéloamd meteorvlogichle

formof a. gridded data set. The user can |inear i nt er pol at.e their
tropospherig Wﬂe@&@ﬂsm&ﬁé‘m&&f éiqé‘HFé §%§°epé‘¥h?’§f&§%fm€$9‘?yﬁ o make |,
25 BC 2, k) =10Qn£Pa¥firite,| RFivestibse diiferentbeeaeh a;phaitﬁnﬂlﬁﬁaﬂ%@'ﬁ&ﬁ‘ﬂﬁﬁrﬂmodel

i ca

nmeasured from hei ght ho, conputed fromthe nwp nuner weat her
predictiod0 30altehas 4 peredmdageeni t h del ay, estimated from hei ght ho conput ed
using the a prior
There are two benfits to this. Firstly it is found that notwithstanding the actual values of
the delays and the differences, the differences lie in a small range (approximately +
10%) from the corresponding first model values; this permits developing a smaller
15 range of correction values to transmit than if actual value differences were used.

Secondly, it provides for better correction of first model zenith delay values by
interpolation.

A correction, BCq, defined as a percentage correction to the first model that includes
20 the variation of zenith delay with height is transmitted. The corrections are in the
form of a gridded data set. The user can linearly interpolate their tropospheric

correction from the adjacent set points.

ZD r}::Jp - ZD :?'ior
25 BC, (4, A, hy) =100. .
prior

where,
ZDnh:cp is the zenith delay, measured from height 49, computed from the
numerical weather prediction, '
30 ZDho is the zenith delay, estimated from height A3 computed using the a

. prior
priori climate model,



priori climate nodel, WO 20041095055 PCT/ GB2004/001676 17 ho is the height
above nean sea |l evel at which the broadcast correction percentage is
conputed, O is the latitude at which the broadcast correction percentage is
conput ed, X0 2004/p250350ngi t ude at which the broadcast cor PES{GEIA04IBIZENt age i s
conputed. 5 The user can conpute the zenith delay as: 10 ZDUser = ZDpri or
(1 + BCGnt%/ 100) where BC,,,to%is the interpolated correction

percentage, hl is.t | I ed that this

t echni que avoi ds’f éﬁBﬁ‘F h§ user recelh\alve“'rI vgh‘?% dg tbﬁoadc °F8“r“r°8| n data
set, which, as tlpercéawgdted@hpmvdgl ves, is likely to change. If the wuser is
Iocat ed at one of the %Id points correspondl ng to the broadcast corrections

and at hl=ha, t i¢ds thedatitedant whirhithebreadsa¥ cormectign percentage i soeqte}en to ZD wp 20
It will b f 1t d
more  parti ool ar 1y B eeilts BTt Boaeab lonS TR ity Rlag b Bttelfitcsi on” "

bandwi dt hg Al t hough inprovenents may in the future ease this restriction,
for the present it is necessary to plan to transmt data at |ess than 500
bills and typically 200 to 250 bits/s. This is exacerbated by the

satel lites nof.helng, ayai ﬁt@me‘”z]eﬂfﬂx%arl mt at all times, but only 25 wthin
certain transmssron wi n.zl this end, it is appropriate that the
correction data derived fromthe nodels is suitable for data reduction. The
NWP nodel maps each define a gri d over the map' s cover age region and the
nodel s provide zepffyt deLayg ((2 ¢ndi ng PO and thus a set of
differenggs 30 (no IUF‘F"catl onsl”éﬂr orrect‘Pbﬁs) I'S defl ned corresponding to
sai d geographi cal points. Thus for a particular set of meteorol ogical

i nformati on awhege,particular tine, the server 18

BCin is the interpolated correction percentage,

hy is the user height.

15 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
at hy=hyg, the user applied tropospheric correction is equal to ZD:“LP

20 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

25  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
30 (modifications or corrections) is defined corresponding to said geographical points.

Thus for a particular set of meteorological information at a particular time, the server



can conpile a matrix array of such zenith delay nodifications for the
various |ocations of the organisation's nap coverage. For exanple, as

menti oned above, the UKMO has two NWP nodel s, the so-called global nodel
and the nesoscal e nodel. The forner has a resolution giving a grid of 5 432
X 325 points defining the earths surfage, and the nmesoscal e nodel which is a
regi onal nodel centred on the British Isles has 146 x 182 grid points. Thus
there exists a two-dinensional matrix array of point correction sets each
represent ed bXanacomrf:jilEi 4 Riatrix\@fy-of sci 2hith Gelhpinotificaticnfoptheivaritly S

enbodi ment be represented by an 8-bit word. 10 Thus there exists in the
base st ati on, loaatibrisaf the cngeanisatipe’s peAptCO¥erPgR Unified or NWP nodel of
interest, a geographical distribution of corrections, essentially an 8-bit
greyscal e mapyi f i .IPI@ Nawp s, tHe d3&d

under st andi ng?o%? eaagnﬁgn@eégg% ﬁ(’){emo gﬁr%t‘?gpr esé%?%}j yi.sualalrjléd and

Fi gure 4 conpglobalsmedet indithe negsowealenadel. drhe dormer hasshrgsolution givingmendpf 15

Whereas the visual repi'eserltation,is actually o ri ccordi ng
to the inPor @fraﬁgaﬁaﬁﬁgﬂmﬁgﬁ%MPP%ﬁﬁ?‘f‘% ﬁcs%gggﬁ%‘?@éi a§ ehgls?hat t he
format of the regidHaPHidBaliceRrddEutfithe British {sldshasl M46x 18D Eid psinGN t echni ques

enpl oyed with such two- dinensional inmages in order to reduce the size of
the data file or inforpation for dissenination 20 A |gssless ar |ossy
conpr essi on napustherpAxist B tEMimapgignal matrix ﬁ“ﬂﬁr}@o@ﬁﬁﬁﬁﬁﬂ’l‘t?s e?ﬁb server

effects a | os i i | InldaRi ERGis SO @RBbdifehtbd N
%{Pr%%lgﬁg B%Q'HMIGW Wokd: In dnla® tes e

accordance wt G000 standard (wavel et - based) al t hough ot her
standards, suegresested BE@n Beibword. based) or ot her techni ques such as sinple

sub-sanpling may be used, to reduce the file size of the information. 25 At

this point it . LS r Qpri at r.ef. i EH&%I;]] } of ar as
t he corréieti ﬂuaﬁ{%ge?&é%ﬁltﬁ?é%re 5@2‘%@%8?' IF%%R’ °‘Esﬂ?g sat e{xﬁ’ﬁﬁgyﬁ?ﬁme usual
signals, no sh&lkel &f infeRRE ia\geographital distribyution of estbetions] bssentiullyerni8-bin (i mage)
data set is passed to processor proyidi ,?g zeni th del ﬁg conput atj.on whi ch
decodes the i @@récqi%mag ypagsrofithe corrections. T6 the extent that 1t helps understanding,

such a map is capable of being represented visually and Figure 4 comprises such a

representation of a global correction map.

1S  Whereas the visual representation is actually of numerical data according to the
information and its dissemination, it will be appreciated that the format of the
information lends itself to data compression techniques employed with such two-
dimensional images in order to reduce the size of the data file or information for

dissemination.

20 A lossless or lossy compression map of data be employed, but in this embodiments
the server effects a lossy image compression ; the preferred compression is in
accordance with the JPEG2000 standard (wavelet-based) although other standards,
such as JPEG (cosine based) or other techniques such as simple sub-sampling ;nay be

used, to reduce the file size of the information.

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

processor providing zenith delay computation which decodes the image for use of the



i ndi vi dual pixel values as corrections as descri bed above. Such decodi ng may
be acconplished by a hardware feature built into the receiver or such
decodi ng may be achieved by software | oaded into the central processor of
the receiver; software for JPEGinmage file deconpression is well known 5
For exanple, if the file size of the 1mconpressed image is about 141 kb a
conpression factor of 35 (reducing files size to 4kb) indicates little
conpression noise, but in a greater conpression of 140 (tg |kb) conpression
noi se i s evi dedividudlpigel vahxeahscnrshm agdegsribechstioye fugh dggpdingmaypeyi | | pe
appreciated that th tlons t: conpl ex
cw@gﬁg& e'r§ Vﬁn gn% r&&%} bpﬁﬁgﬂé@od%tﬁ maPbe

10 and produc& ay func S “separating
vwet and dry deleqdd b a@@ﬁ;auéu iatd &aeeﬂmapmedsbxyofeumcﬁmosqﬂmsﬁm file
sizes of the order kb and 1 kb respectively, there is need to dissem nate
about 88, 000 JBEGsimagn fide decompsession iy WeIbkag™hsitted as a single inmage to all
satellites of a constellation group. In this enbodinent, the ability to
effect data t eluRBbrhpieSsel $ma sasdmemeﬁbby effecting the
transm ssrson #dg%?%ﬁ%\ggi@t%%:a{?s ﬁ&t he f é4°5 i mages. at hi_gh

transm ssi on compressidndfagorioff 35 (restuciog ﬁdﬁﬂs}mﬁaﬂkb)dﬂ icates Rila GeMBIEssioN at ed wit h

th t th I t th
satel 11 fes. fomisabt g sompranpsof MG e Hafnristfy Bisf RexkueATRpEE C1e
further factogaRb shbwe graphidally inFigues® 5. r equi red reception time; that is,

transm ssion and recepti on woul d take about 2 20 mnutes at a data rate of
250 bitstsec._ Thus each of .the GNSS.sate Ite@e& abl e to broadcast

wi t
t he nor mal SI Kyall e aPE"S?‘?"éetﬂi‘aéﬂ‘eﬁﬁﬁil‘QP’és Bhfupenans aredas pare (95’Wleé‘npl oy
with the y iﬁ&%'m sid& thdn Xy @elal ifiibtiohs TR Rphrafing Wt AldrPn O
val ues e &Q% &\E:Q rmd?a ' in (ggcorgance W th sﬁgst anti al | y current
net eor ol ogi cadeluofmipmnsn’dnflemwwll exnegcompzessest-fleisizgs of the gyder 9 kb
appreciated th he r {g DA f techni cal and
economi c i rrpo?’iadtah%%msﬁ% R’F‘S’ 1?::%&39 rans%ﬁgsg}g{)%r?gggagglpty avai l abl e for
slotting in the additional information is Ii mted, at least in current
i npl enent at i oThisdhtaGeiSnay be @ansmitted as a single image to all satellites of a constellation

group. In this embodiment, the ability to effect data transmission at such a low rate is

15 achieved by effecting the transmission to the GNSS satellites, with the full images at
high transmission rate /‘long duration or only part of the image associated with the
map region associated with a particular satellite or split amongst the satellites for each
to receive only the part related to it, permitting a further factor of three reduction in
required reception time; that is, transmission and reception would take about 2

20 minutes at a data rate of 250 bits/sec.

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

25 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.



Whereas for other types of data the solution may be to prolong the duration
of the transm ssion event, in the case of updating weat her dependent data
this is not a suitable option. Insofar as weather changes and weat her
features nove over the wearth's surface and thus the grids enployed in the
met eor ol ogi cal nodel, there is a 5 cuppency elenent, that is, a tine

i nterval and/or distance for which a desired tropospheric delay value is
valid. It is believed that such currency tine is of the order of one hour

and/or grid S'\Aﬁ&é&& forbihé? é?([gs l5F4atd MéSolutibn f‘hagﬁé’fo prél tﬁ@hﬂraﬂ&?ﬂ%the

met eorol ogi call'y generate ropospheric delay values (by way o

correction) i transglissidrdeveat, i theicasesafcipdatingivetiathyr dependant date $his ismotfaor whi ch
generated. Thus, .jn ter of 10 transm ssion, to r, transm ssion nust be
2t such a rat SNiERlsoRIRn Tsgfar 35 Wep B SoaEes A ric SAER BOVRRYTIRE i on whi | o
it is still vairkfhsuSRéehnd thes the@fiastmploped inMeAfictadroldpidalmodbl) theredlishi t rate
and intermttent in availability for downl oading such correction

i nf or mati oh. ¥wREeRCY element.jthat s, aitimsdpierval and/es distance foravhigh a desitedct i on to

acconmodat e ] : b Of = dal: i aﬁlﬁi il St

retains viabi PP?‘S;}%%C @iﬁ?ﬁ%&%&gﬁa'mégﬁlﬁve&t@gﬁ% 0 8%*&8%35 tﬂge g‘?ﬁ?ecti on
data (i mage) sfonestivembod/opgridbsize offiLto\90kon dltws, if @ usaist wlysipeser to decli ne
to wait for the ti Jt. takes to effect. e 0 oad econpr.ess. t he i mage
data file and™ _P%‘cﬂb'sﬁt“lefﬁﬁdq@[pﬁﬁé‘,enf QF%"#W%’E XAY °g5°%‘?n$°é‘8_l‘)9'll he degree
of data reducihQiM bEéREBRInCRIR VaIRdfyQiind HFositidh f&%ﬁayg&eﬁake&ﬁ THA! inQetths of

obj ectives. Having regard to the above di scussion of viability of delay

val ues (ah@ déansnaigsion tera wset,itansmission msihel af sush aratedhatitheiuser oarl wpéive dat a
based on NWP nodel 0 h-Ge ipble t.o.predict .t

weat her condi 1" R‘?cgs%gﬁ ed%?%?"‘?‘r‘ g%blé %ﬁg‘%‘?‘g‘;“:‘% gégﬁg%g?rbsfmgsﬁ@nbleﬁgﬁebpo&‘e nt in
advance, up t gloweinditratelmdrinterniictentiih hediabidityfor ddvailoadisg sichldokrettion of

predi cted tropospheric _delay is relativel as descri bed above) once

spal |
current at t FEOERationc Tdys %!swmﬁavayoq chadaipredpeiion to GoerRmBAdAY not
only a set of yLhGAOHHRIeESEiAY Bmbgs) séilstihe AakE@ROTRBAMYC del ays)
associated with a region's grid point's but also to. devel op” WO 2004/ 095055

PCT/ GB2004/ 001676 21 . . .
15  Furthermore, the time taken to download the correction data (image) set should not be

unduly long as to cause the user to decline to wait for the time it takes to effect the

download, decompress the image data file and compute position.

Thus, it is important to effect the degree of data reduction/image compression that

20 achieves these various objectives.

Having regard to the above discussion of viability of delay values (and derived
corrections) it should be noted that employing data based on NWP model approach it
is in practice possible to predict the weathér conditions and derive tropospheric delays
25  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 at

the predicted time.

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

30 tropospheric delays) associated with a region's grid points but also to. develop



correspondi ng sets predicted for tinmes in the future. That is, the server
can derive a prediction set of correction sets. This may be useful if the

server can only devote itself periodically to developing delay 5
correcti ondVO 294/p%$855r edi cti on set can be stored and it qq:é‘iﬁ?é?“é"““%r rection

sets for a particular tine, be retrieved when that tine is current and the
set valid. Alternatively, such a prediction set could be transmtted and

stored w thi gt g aleeldd baiclfilel 6L AR Y. hal LR TLAR! G Regr T ection

sets at tines € va yIs urren or "ana ogousf’y st ored
in the recei pedicfion set ef tortactbn sdot Wi t hst andi ng the ability to both produce
and upl oad prediction sets of data, in practice, at the nonent, the data

transm ssion bottle neck is downloading fromthe satellite (particularly a

GNSS satel |1 gk nidy Hehﬁemmrthe sg\rei' E‘afor@Be&evbf% lfsa@ly&fomﬁ sa d&eRbir ??ﬁlay _
correction data set filed etransmttegmi/ Sate lite t user, It
ito

may be ar$angeukctions, aaﬂ@mmdlgtmrysedearalyp gored membpys) careetion sets fouger s
wi t hin range Wi thin f. the satell i gnoring data
for users P%fﬂé‘rt“ﬂ% bﬁtrngYedts‘H gﬂ‘gﬁlg‘e lﬁﬂenwtbgs%%%ved by the server

determ ning which 20 part of the correction data set to upload to any
particular satellite, having regard to users who can access it, or the
server may uwl@mtlmlwaph & aredicsien setgould jbe transmeifted and stered wiithindhe soballim part of

the set 10 It LANSH dg ryh%né?}%%g @?g&{-écﬁ&ﬁ 84 Qﬁt?mgé)fb?%éﬂh%qrzgﬂlzfﬁsc“ bi ng

0 Ic
t he derivati nr conmuni cat’i on corrections

t ropospheni c caiedmys anklbgdsustyeﬂwre&&nhermmm fsmtrfeesl. of positioning errors not
correctabl e by the user receiver first nodel. As nentioned above, the first
nodel al so enpl oys a mapping function that enpl oys paranmeters that al so

depend upon tﬁﬁ BSihe ﬁﬂ&%%ﬁﬁﬁr@&&@é%ﬁ ;ﬁla?@@dﬂ Sets §Pd&i§eﬂ in the

climate nodel, afun ion of time of year lati tude (b) and 22
altitude (c) przilihefset m;ymahsot tee data tremsimasdidmybatide neskt is clowslsadingdromythd i n t he

server. Thlssatrrﬁ?gipaglcuféﬁm IéWS§ma¥elﬁ)e)to erues%rs.ed as: S me, a b ¢ =1+a

15
In order to reduce the size of the correction data set filed to be transmitted by a
satellite to a user, it may be arranged to transmit only delay corrections applic_able to
useré within range, that is, within sight of the satellite, whilst ignoring data for users
at other points of the globe. This may be achieved by the server determining which
20 part of the correction data set to upload to any particular satellite, having regard to
users who can access it, or the server may upload global data set but the satellite

determine which part of the set to re-transmit.

The above description has concentrated on describing the derivation, communication
25 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

30 used in the climate model, that is, a function of time of year (a) latitude (b) and



1+ b 1 +c (2-1) sin(e) + asin(s) + b 10 sin(s) + ¢ where s is the

el evation angle. 15 This nay be further expressed as: 1+ ao+Aa 1+ k+ALz
ms,a,b,c) | +co+ Ac _+ (2-2) sin(s)++~ sin(s) + sin(s) + co + Ac where
ao, bo and co are the first nodel values and Aa, Ab, Ac are corrections to
be 20 applied thereto to effect nmappkRAg of el evation derivable by the

net eorol ogical nodel. 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 mafRitideRY, TRess @layQiisots dopetied by catreotion ety derbed dethesexver dijsosed of
Aa, Ab and Ac as a simlar data image file or superinposed 25 upon the
Zenith cor r ecesnpingdanetiqnagebs ¢pEesssA 3Shcr easi ng the word | ength thereof to

i ncl ude word el enents conprising these corrections. 23 Transm ssion and
reception anti-coding is as before except that the receiver now has
correction values to enploy with the paraneters of the mapping function

wher eby both {he qu?i_ h+ delay and its mat values are nore accurately
represent &d. & &%) Db feptated that it is possible to include in

el evati on mappi ng functio par aneters of | itude and tinme of day,
and the above approach-to-der+rA-ng—a—aumneri cal (g’gguti on therefor may be

ext ended thereto. Alth@@ﬁ)‘ft___i.s_%.gmeni ent and in many ways advantageous to
enpl oy NWP, other meteorol o€+ sdiirces may be used on combination
therewithh® o augnent the data sin(g) + ¢

where ¢ is the elevation angle.

15
This may be further expressed as:

a,+Aa
l-+1+——-——-—'-’°*4‘f-l
l4+¢y+Ac
a,+Aa
by +Ab
sin(g) +c, + Ac

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

sin(g) +

sin(¢) +

where ay, by and cg are the first model values and Aa, Ab, Ac are corrections to be

20 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, a set of correction values may
be derived composed of Aa, Ab and Ac as a similar data image file or superimposed
25 upon the Zenith correction data image file by increasing the word length thereof to

include word elements comprising these corrections.



avai l abl e. Any ot her neteorol ogi cal nodel that takes a three dinensional
view of the atnosphere may be enpl oyed instead of the NWP. As will be
appreci ated, the NWP derives tropospheric delays are defined for a grid
having a cell size limted by the NWy3nmodel in use. Many weat her features
that have a high noisture content and can effect tropospheric delay, such a
t hunder storns, may be bel ow the resolution threshold of the NW nodel.
However, there exists a nunber of sources of data such as satellite inmages
of an edsamwmisiqn any] egBiYhanti-fading ds oh befee sxeeps thats fie \ipedivesi - hasol ut i on

t he exi beE&RNOfalues 46 Riptayt Withsh@Perainderd 6f MeMBAppY 6t Mefrdbyesosi N can be
errployedl?t v%r t he N val ues tfor a partjcular €g;l of the grid to take
such 1 edpFeniiiidkiay Bnd s mat VALES 85 PHE SRBHETFRICS A above descr i bed

enbodi ment is intended to enable a user receiver having a built in first,
non- et i 4 e A Lil.on I | han is
possi bl ot v} 88 cBBtse PClnal 8 SRS, pbRaP P bl A BB BE GUPRIE 0k 120 ' The
conput atpammetass of longitide anddirde of day, and theeabeu¢ apryoach toldsrisigur moyerpal it t ed
by the @ﬂﬁbﬁ%&&&ﬁ%@{rSE@&&?&d%ere{or. opospheric delay. For some users, it is
the time function tha

I's of I nportance and such user may know the precise

| ocation of a fixed receiver. The above disclosure may be sumari sed as

f ol | ows:AlfHaGgh ORP BRIt AN BCHaBR WafsV&IvahRk&susa® empWy NaUPOBer OF
gl obal nunerical weat her gredl ctjon nodel jnformation includi %% %{tessure,
f

t enper atRFEPTAREICAL SOYFESy MYt BE USs QN GoBHRARation: Wetes gt Aremehtat 2 exanpl e
hi gh- r eswildbieommadther vrpuslogishl matelsthbt akes b nhifeardtieadded] viéve of the

observatjo coul d ., he dto data and aid i.n, th ection
oF vy et ad bR erRStkd oRif Phe NPCALAGHE: Bhtelilichithe R T4 o)
The t r opegpdsdriposplericatlaysnrsdefined fooagud devinge cehirsses- linited by diraNWRf r act i ve
i ndex f gﬁc#d@l i ﬁ&eml\geg@r d%&tﬁélf RhRYC@ht Igaﬁﬁ?a hﬁéﬁtmﬁﬁgrmméﬁ”é&dhcﬁeéﬁéé? are

conput e or a gri area, _corresp n% o] _coverage, at heights
cor r espdivapsRirerie dalay eyuchiarthyades sipsas( mpnbe Daloviihg rpeolutipn tygsheldrafdhe) . I'n

th te cag NWP h&®R1 SI86WEVer 208re xPits b REMBAES Wutds oo datai Q8IS as barelliwdinigedei ght ,
we an

ry zeni el ays are conputed fram a pri.or del . The server then
conput S R et 15k G st ErRt AN e 8P BPn BiSSSHRRF 8 based
zeni th such features and the information contained therein can be employed to vary the NWP
values for a particular cell of the grid to take 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.

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 from
infrared satellite observations, could be used to augment NWP data and aid in the
correction of very small meteorological features (for example local convective storms).

The tropospheric correction server computes the three-dimensional refractive index field
from the meteorological data. Wet and dry zenith delays are computed for a gridded area,
corresponding to the NWP coverage, at heights corresponding to a terrain database (that



del ays as a percentage. The gridded data set of wet and dry percentage
corrections are then quantised and conpressed using a | ossy i mge
conpressi on technique. The conpressed inage, including data required for

i mge decoding, is then dissemnated g the satellite uplink station (part
of the satellite navigation systemground infrastructure). The inage data
relates to the current atnnspheric state and nmay al so include several hours
of predicted i The up oadlng of data can be from one or nore uplink

st at i on@aya%t}@aﬁ“ﬁpe tfﬁfﬂ“il)nll%d ¢ 6a5nel e sbree X9; &9n theesameTprd degatiopsan be
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pseudor ange corrections using satellite elevation mapping functions. Finally

the st aﬁﬂ@%‘%tchﬂ%‘t’ A R)nsa&é]h{é*s'o@%ebéralcﬁ’dﬂ?yhﬁﬂred@d{éd Yﬂl&é’bstrﬁﬁy Bedistd Rﬁ of

nmet eor ol bservati on- base tro OSE) eric corrections. A nore
conpr eh&iir thediusdarsen Bi¢ BiFlitR@ayigatie stmh grogfld é'éffasfrﬁétur%ﬁaé‘i*réﬁﬁlé‘ﬁ on of a

posi ti omdwca%tssme%oswﬁpmdaﬁw iR atiednt Piresdsshidrieninfa@e A ipdHest thd dateligitd Vi ng
corrected ropostpherl CIS%ﬁOPﬁél nformati on from neteorol ogi cal neasurenents,

and bas88VIgPIYSERIG Y 4paper " Tropospheric Del ay Mdel ling and
Correction Dissem nation using Nunerical Wather Prediction Fields " by M

Powe, J T%Q%%Q%r sa?é?ﬂteJna%ﬂogisYg%Ql {rgcktutﬂge 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, corresponding to the

user location, is then computed using interpolation between adjacent gridded data points.

Wet and dry zenith propagation delays are then converted into satellite specific
pseudorange corrections using satellite elevation mapping functions. Finally the standard
navigation solution is computed, but with the addition of meteorological observation-

based tropospheric delay corrections.

A more comprehensive discussion on the factors that affect the implementation of a
positioning system, numerical weather prediction techniques and deriving corrected
tropospheric delay information from meteorological measurements, and based may be
found in the paper " Tropospheric Delay Modelling and Correction Dissemination using
Numerical Weather Prediction Fields " by M Powe, J Butcher and J Owen given in the
Proceedings of GNSS 2003 and included in the application from which priority for the

present application is claimed, and included herein by reference.



Proceedi ngs of GNSS 2003 and included in the application fromwhich priority
for the present application is clainmed, and included herein by reference.
25 CLAIMS 1. A nethod of obtaining tropospheric delay data for use in

i ncreasing the accuracy with which the location of a receiver (220) in a
gl obal navigation satellite system ( S) (100) can be determ ned, the
nmet hod conprising the steps of generating a first set of approxi mte

t ropospheric del ay val ues applicable to various receiver geographical

| ocati onscingwise first nodel (230) at a |ocation (200) renmote from said
recei ver generating a second set of accurate tropospheric delay val ues
applicable to said various receiver geographical |ocations froma second
nmet eor ol ogi ga . i fr said receiver devel.,oping a
et of tr opdumepa Bt ofbinthe tePEPreARaPRERIF shOS(uRB il e TS RE

first nodel whichtthalochtgedhereceivad @20) ihsit glof ahvigaibnssatetlite sy0as PORSEY del ay
value nodifjcations can provide a set of tropospheric delay val ues
subst ant i al K00) gan bedetermiind, thempethod @mpsisigg dhesdspsef accurate tropospheric

del ay val uegendithg £QFIYA FAbHRALInSA @oﬁ(%hhé?fc deﬁ%}P@ﬂmQ{pbﬁcéﬁﬁ Rvarhye
nodi fications to said receiver. 2. A nethod according to claim1l wherein the

first nodel réosiviongeagraphiqab tpcatiestsefornn laofyiscmiode (2 3Medter eatihn ROFetemote
according t ! wherein said non-neteorol ogi cal paranmeters conprise at
| east one O%oﬁh%gﬂ%%m$%5r1 | atitude and altitude. 4. A method according to
cl ai m 3 wherendatig 8 saqumdnet edr ekbwgiecabpasplicaiced«ss valoapapsikcablat tol st one of
| ongi tude and . tinme of day. 5 ,A} t hod according, to any one of clains 1 to 4
wher ei n sai J24USSreBTVErT g98tphisel (ocatipis Ao A freend gsrardlegicalepogy] at a
tropospheri ¢, dgbembdd H6$ -safd-redjvget hod according to claim5 wherein the
first nodel contains a mapping function relating tropospheric delay val ues
at a given dewlertinga sahefl opasphdnie dedayi valuet mogidisatinms i(260)dapphigableatousséd

first model so that together, said first model and said tropospheric delay value

modifications can provide a set of tropospheric delay values substantially in

agreement with said second set of accurate tropospheric delay values, and

communicating said set of tropospheric delay value modifications to said receiver.

2. A method according to claim 1 wherein the first model is based on non-

meteorological parameters.

3. A method according to claim 2 wherein said non-meteorological parameters comprise

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

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

at least one of longitude and time of day.

5. A method according to any one of claims 1 to 4 wherein said sets of tropospheric

delay values comprises zenith tropospheric delay values.

6. A method according to claim 5 wherein the first model contains a mapping function
relating tropospheric delay values at a given elevation angle to the zenith tropospheric

delay values.



26 7. A nethod according to claim6 wherein said set of tropospheric delay
val ue nodifications conprise a set of nodifications for use with the mappi ng
function of the first nodel. 8. A nethod according to any one of clains |
to 7 wherein the delay value nodifications are the differences between
correspondi ng values of - the first s?% of approxi mate tropospheric del ay
val ues attributable to the first node and - the second set of accurate
tropospheric del ay values attributable to the second neteorological nodel.
9. A met hod AGeaRsl ragcotr&anglel Blafh 1) WK shide ae&aym}reé METRRlal1 Cakd ons are
expressed as a fractional change fromthe val ues of ﬁ% first “set of

t r opospher i enadéficationsa¢ameprise B0set Af motisaticns dor dienyith dleamypmmg figiction af ns | to
9 wherein t he éet q%ldelay value nodifications is expressed as a data
array, each TP on having a value which is determned for an
individual grid point on at least a part of the earth's surface. 11. A

met hod accorduﬂgbto cIa|n110 wherein sal set of _nodifjcations is expressed

as a digbta of facequdingoto AnyedngoQl £42BF al g 7 oWarsInmther dgls¥r ¥3lke sai d

di gi tal dat gddifiGitibfs e HeQNFERARs bERLE égrresp‘GHdidgh\}%'lJesWr ds, each word
representing a | ocation of the region. . od accordlng to claim12
conpri si ng tHie fiust sehof agreximatsf trepwspheringleldaitvalues edritptabdnto @z diystmodehe set  of
tropospherlc el.ay v difi i ons, to riyv d

t r opospheri ¢ %ert"éyse\‘}grrdjuseet SRt %mBOSEh fRD AR TR %B[%%S‘E%E%Pnd
met hod acco&MﬁaQMbgcﬂhﬁmﬁﬂIS wherein the data reductlon is an inmage
conpression process. 15. A nethod according to claim13 or claim 14
conprising reducing the data size by |ossy data reduction. 27 16. A nethod
accor di ndot & flbMalcrBAERS LRI LK hadeidAlAus AT OB ERJUEENG the
correction set data file according to a 000 or JPEG 90 standard. 17. A
met hod accorsi rﬁ@ctmalamnger Fomdhageledsaif theviiretrsel of tewiosbhadic delay ®altiesopospheri ¢
del ay

14. A

10. A method according to any one of claims 1 to 9 wherein the set of delay value
modifications is expressed as a data array, each modification having a value which is

determined for an individual grid point on at least a part of the earth's surface.

11. A method according to claim 10 wherein said set of modifications is expressed as a

digital data file.

12. A method according to claim 11 wherein said digital data file is a greyscale image of

multi-bit words, each word representing a location of the region.

13. A method according to claim 12 comprising the further steps of applying data
reduction (270) to the set of tropospheric delay value modifications to derive a

reduced set of tropospheric delay value modifications for communication to a user.

14. A method according to claim 13 wherein the data reduction is an image compression

process.

15. A method according to claim 13 or claim 14 comprising reducing the data size by

lossy data reduction.



val ues are derived by a ray tracing technique. 18. A nethod according to
claim 17 wherein said accurate tropospheric delay values are derived by

t hree-di nensional refractive index field generation. 19. A nethod according
to any preceding claimwherein said neteorological nodel is based on
nunerical weather prediction (NWP) datyg for a region of the earth. 20. A
nmet hod according to any one of clains 17 to 19 wherein said neteorol ogical
nodel or each said tropospheric delay val ue nodification is augnented by

directly obseméafdd LESERALQ eRifab cgﬁkggin% %ffe&ng%ta{&qulﬁ:@i%f?rb Bl tht @l m 20

wherein said directly observed data resolution smaller than the NWP

data. 22. Acpwediod setcdtn fdle pgearding ke MED2Y10 arlJBEM Wistanderdei n sai d directly
observed neteorological data is derived as a data set relating to a region
of the earth's surface corresponding to at |least part of the NW data. 23.
A net hod &3 Ahethsedceordiapyo ameprefedirgadlaim WReréia s2id asheanweitropsgphdric dglapn i s
substantially glob%ln 24. A nmethod as clainmed in any one of clains 17 to 23
conpri si ng PPES BEdRYvL R A 1Y dacing (5BRiEHRr i ¢ del ay val ues for one or nore
times in the future fromsaid neteorological information and devel oping a
predi ction set of delay value nodifications for said geographic region of

t he eart hl® Aorethadaccadingddylagndi whendie said gecusaie dropesptierie dday sauesceescri bes a

del ay val ue drgggédf@éﬁ};&p@g%ﬁg@apgﬁ(&gﬁe ié&’&rt?e'f'& as a function of time from

devel opnent . accordin 0 an%e one of the preceding clains
whereby the set of tropospheric delay value nodifications is communicated to
said receiver on a Tuni cati on channe] or data l|ink. 26. ad as

co . . e
cl ai med i h9-ct dnsthassacrarding i ahgBiee %Flmwhewemﬁqlgi%eorelem@nweéqilﬁg sai d

prediction $gted¥n figlef¥alvpatiRr PRAItibE BYWPPAatB Ford: bR BT BREaHRI NG menbers of
the set as the tine for which each was predicted beconmes current in respect

of the forecast.

20. A method according to any one of claims 17 to 19 wherein said meteorological model
or each said tropospheric delay value modification is augmented by directly observed

meteorological data.

21. A method according to claim 20 wherein said directly observed data has a resolution
smaller than the NWP data.

22. A method according to claim 20 or claim 21 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.

23. A method as claimed in any one of claims 19 to 22 wherein said region is

substantially global.

24. A method as claimed in any one of claims 17 to 23 comprising predicting accurate
tropospheric delay values for one or more times in the future from said
meteorological information and developing a prediction set of delay value
modifications for said geographic region of the earth's surface, whereby each member
of said prediction set describes a delay value modification that becomes current as a

function of time from development.



27. A nmethod according to any preceding claimconprising comuni cating at

| east part of the set of delay value nodifications to at | east one orbiting
satellite (110, , 1102 ...) and re-transmtting at |east part of said set
to said receiver froma said orbiting satellite. 28. A method according to
any preceding clai mwherein only that jgart of the set of delay value
nodi fi cations that can be of use to a receiver in a region within range of a
satellite (110, , 1102 ...) is communicated to said satellite. 29. A nethod
accor di nga$ o\ Gh@hdl Ldcadidg Ay afy dnd SeRRNPRBLIIANIIAAS RGPSy Shd1Qet 8PP! Yi Ng
data reduction sufficient to permt transmssion of all or "part of said set
of del ay véiopespherik fdetaat valne nedbhdstionpys samtuneatedy tor sgidt receiver ohne

di ctated by . SS| vai ility and transm ssion rate of the

satel lite, s"%%“é’%g?%é&ﬁéeh%ﬁ%&g& tg?lglﬁ'ti ally lower than the validity tine of

t he neteorol ogical informati on used by the neteorol ogical nodel. 30. A

met hod according to claim29 wherein the data reduction is arranged to
perm t dg‘ﬁzﬁ/ DROD AbEIPTEL: IR 225t rdie8ndERngATy 618 24 e cOBPIERE & dat a

rate in the .bARARIARNg Sd2d pRAIBIE ShtSof BBy VAIURERASRECASROETA Bikch @néd Li@hgn 30
wherein the data reduction is arranged Eyo permt delay value nodification

dat a transningsibers phthehsst as ige timgofor avhixbioeagh tvegsspredioted Ircomemenrsgntign adapt ed
to carry out the{ ”}Or%%as?f any of clainms 1-31. 33. A nethod of reducing

t ropospheri ) é’y errorevin a gl obal navigation satellite system (GNSS)

(100) conprising the steps of generating a first set of approximte
tropospheric delay valyes froma first podel (130) applicable to signals
recei ved ??-oﬁ‘ﬁ“&ﬂtﬁ?ﬁﬁ&?raw g% Rregeyag é'lalmf?%‘gp"(‘%&%?g‘?mfg@?‘r!g. atyleast pEki vi ng a

set of tropQeRRak & Helarinahdiendmdhd boaalchQRae Bfvfivldatdivte dEIO, VEE0,f.r oM a
second net eorol ogi cal frodel, and correcting the first set of approxi mate

t r opospher i @ndet-apnsmiltingsati lsasicrast dbpaié s@i tchsaid treceswer fodm tar sgpydphiting ¢ del ay
val ue nodi fisct%ﬁljeons. 34. A nethod according to claim 33 wherein the nethod
is enpl oyed 5" %r e accurately

28. A method according to any preceding claim wherein only that part of the set of delay
value modifications that can be of use to a receiver in a region within range of a

satellite (110;, 110, ...) is communicated to said satellite.

29. A method according to claim 13 and any claim dependent thereon comprising
applying data reduction sufficient to permit transmission of all or part of said set of
delay value modifications useable by said receiver within a time dictated by
transmission availability and transmission rate of the satellite, said time being
substantially lower than the validity time of the meteorological information used by

the meteorological model.

30. A method according to claim 29 wherein the data reduction is arranged to permit
delay value modification data transmission to a receiver at a data rate in the range 25

to 500 bits/s.

31. A method according to claim 30 wherein the data reduction is arranged to permit

delay value modification data transmission in the range 200 to 250 bits/s.



determ ne the position of the receiver (220), said nethod including the
further steps of conputing an approxinmate position of the receiver relative
to earth's surface after the step of generating the first set of

approxi mate tropospheric delay values, and then conputing an accurate

| ocation of the receiver after the st of correcting the first set of
tropospheric delay values in accordance with the set of tropospheric del ay
value nodifications. 35. A global navigation satellite system (GN\SS)

recei ver 62203oatiiabRE  FOIBUAE hethdfoasOF 8R! SfaidifgYLACY, the | ocation of

sai d receiver, e current tine, said recelver conprising nmeans (130)
operable to generate a first set of approximate tropospheric del ay val ues
appl i cabl g,tp_si,anal.s received from luralit f said.satellites and
comut e an> g BRI LE LB ek AT e S I 4 doBi PPy A B L "S £ ace
or time, chaGaSss(imgdompridilithelsteps 6€cei ver al so conprises neans operable to
receive a set of .tropospheric delay value podifications previously derived
from met eor EBgRERg adHptaset 9f RRRIOKNAES fPBRSPherHedglpy ypluge fropy a {53 rmedshat e

tropospheri ¢ 89l 8y1idBles SighMs e REd AR pitfality JgidSalenrls Gi@PASBNENi C del ay
s, and I t

val ue nodi ficati ans to conpute th ocat1on of e recer'ver or
the tine. 30eceddng A seecleiromsplasicaleldymedhel modifigation3 premimiski deryad dromeans t o

correct the first set of. approximte tropospheric delay values is operable
to effect on&<® W‘%‘F%?%ﬁ\cgﬁggﬁggf’ang extrapol ati on of said nodifications

accordi ng t @olrbeinposip Hire dePoSippréNimatk tidpesphefic delaglvaluey & hotdaaed withs f or
whi ch the nodifications have been derjived. 37. A receiver adapted for
correcting tthobeptieraspheisidsipyaiplugmoditicaors opal navi gation satellite
system (GNSS) (100) which generates a first set of approxinmate tropospheric
delay values froma first nodel (130) applicable to signals received froma
plurality340k ngdhad satrdngi to ekirg BB0thereid tG2nethod iscinepleeteo inred a¢auratdint t he
recetver determine the position of the receiver (220), said method including the further steps
of

computing an approximate position of the receiver relative to earth’s surface after the
step of generating the first set of approximate tropospheric delay values, and then
computing an accurate location of the receiver after the step of correcting the first set
of tropospheric delay values in accordance with the set of tropospheric delay value

modifications.

35. A global navigation satellite system (GNSS) receiver (220) which can compute, with
greater accuracy, the location of said receiver, or the current time, said receiver
comprising
means (130) operable to generate a first set of approximate tropospheric delay values
applicable to signals received from a plurality of said satellites and compute an
approximate position of the receiver relative to earth’s surface or time,
characterized in that the receiver also comprises
means operable to receive a set of tropospheric delay value modifications previously
derived from meteorological data,
means to correct the first set of approximate tropospheric delay values in accordance
with the set of tropospheric delay value modifications,

and means to compute the location of the receiver or the time.



receives a set of tropospheric delay value nodifications previously derived
froma second neteorol ogical nodel, and corrects the first set of

approxi mate tropospheric delay values in accordance with the set of

t ropospheric del ay val ue nodifications. 38. A receiver according to claim 37
wherein the receiver can determne itgylocation nore accurately by
conputing an approximate position of the receiver relative to earth's
surface after the step of generating the first set of approximte

troposphesd, & ARt ayBlaieR inPBHind BENWRQER Wald ey RCEIHARE tnd ARRLLOFr Of the
receiver after the step of correcting the first set of tropospheric del ay

val ues i n aépiPximMtectrefospherisalelpgtvabies ds esorbbhtor ¢fdect enaagf ngrpelation and
modi fi cati Ogﬁrapolatlon of said modifications according to the computed position of the user

relative to locations for which the modifications have been derived.

37. A receiver adapted for correcting tropospheric delay errors in a global navigation
satellite system (GNSS) (100) which generates a first set of approximate tropospheric
delay values from a first model (130) applicable to signals received from a plurality
of said satellites (110, , 110, ...)
characterized in that the receiver
receives a set of tropospheric delay value modifications previously derived from a
second meteorological model, and
corrects the first set of approximate tropospheric delay values in accordance with the

set of tropospheric delay value modifications.

38. A receiver according to claim 37 wherein the receiver can determine its location more
accurately by computing an approximate position of the receiver relative to earth’s
surface after the step of generating the first set of approximate tropospheric delay
values, and then
computing an accurate location of the receiver after the step of correcting the first set
of tropospheric delay values in accordance with the set of tropospheric delay value

modifications.





