WD 93/05407 G P S RECEI VER The invention relates to a radio receiver

and in particular to a GPS receiver for use with the NAVSTAR (registered
trade- -mark) G obal Positioning System The NAVSTAR G obal Posit '
Syst dmis a gl obal, satellite-based radi o navigation -and ti garﬁgr()(o
systen1u5|ngF*E?.§ﬁﬁelI|te constellation of the US Depart nent- of Def ence.
This const on wiltl conprise at least 21 satellites positioned in a
plurality of orbital paths at a predeterm ned di stance above the Earth and
arranged so that, at any tinme, at substantially any position on the Earth,
there will be at |east four satellites above the horizon. There is a
satellite control station which, inter alia, controls hi ghly accurate

cl ocks in t he satellites, synchrontses the clocks, deternines the
ogbits or the satellites and uploads orbital information to the satellites
.for retransm ssion to users. Each satellite in the constellation transmts

two uni que direct-sequence spread %ggﬁgégggggi%%ges.in phase quadrature on

each of two L-band frequencies. T scri bed here only processes
the C/ A (Coarse/ Acqui sition) WO 93/ 05407

PCT/ GB91/ 01555 -2- code nessage on the L1(1575.42 MHz) carrier; but
the principles di sehaseintéspigpplrelateshetd 4 Fatice)ravirer and in

particular to a GPS receiver for use with the NAVSTAR (registered

trade mark) Global Positioning System.

The NAVSTAR Global Positionin§ System is a global,
satellite~based radio navigation and time transfer system
using the satellite constellation of the US Department of
Defence. This constellation will comprise at least 21
satellites positioned in a pluralify of orbital paths at a
predetermined distance abqve the Earth and arranged so that,
at any ti?e, at substantially any position on the’ Earth,
Ehere will be at least four satellites above the horizon.
Therg is a satellite cgntrol station which, inter alia,
controls highly accurate clocks in the satellites,

_synchronises._the clocks, determines .the orbits or thg
satellites and uploads orbital information to the satellites

.for retransmission to users.

Each satellite in the constellatlon transmits two
unlque dlrect-sequence spread spectrum messages in phase
quadrature on each of two L-band frequencies. The receiver

described here only processes the C/A (Coarse/Acquisition)



signals on L1 and L2. The direct sequence code signal, which has a

frequency of 1.023 Mhips/sec, and a code epoch repetition_r r]

. modul at BIBWL rier in a bi nary phase shift keyed (BPSK)ﬂqﬁﬁh#H"ﬁéﬁk,w
spread signal is further BPSK nodul ated by a 50 bps data signal. The data

I ncludes information which allows the receiver to nmeasure the range between

the receiver and the satellite, i.e. data which allows nodelling of the
spacecraft orbit (ephemeris) and timng information referenced to the
preci se satellite clock. The receivgr-clock will always have an offset

with respect to the satellite clock, so these range neasurenents are known
as pseududd gREssakfe peoit orthe PUE(1575.42! utMB) f earrpesydobatgethe
nmeasurenents are required - to solve for the four variables x, y, z and
t he | ocpririaiples f stiscuSsedurabso capphyctohthecPur §{Pyecisehe podeti on
solution nore neasurenents can be nmade - over tinme (several neasurenents
from t heignedsatan | ikks)and\b2. a The gdireatcsequencet , codeovsignali,der
range of satellite signal variables, such as phase and phase rate. A

posi t i oWhigivhasg & Exreamengy o9f n}- ARV Meirpises: cAPA: 2 SPERaPPOCH
described in our co- ending ustralggn ag | icati on No. 63995/ 90. - WO

93/ 0540¥epetition rate o z, modulates the carriergingasshipaxy

2Ct0rS SR e R COBBRP BhnbE R85 Y8hg, FABAL. 1o cvera

design LSSHISL Algps¥e fodulated by a 50 bps data signal. The data
includes information which allows the receiver to measure \/
the range between the receiver and the satellite, i.e. data
which allows modelling of the spacecraft orbit (ephemeris)
and timing information referenced to the precise satellite
clock. The receiver clock will always have an offset with
respect to the satellite clock, so these range measurements
arg known as pseudoranges. To perform a position sblution,
'four pseudorange measurements are regquired - to solve for
the four variables X%, y, 2 and the local clock offset. To
further enhance the accuracy of the position solution more
measurements can be made.- over time (several measurements
from the same satellites), over a larger satellite set, or
over a wider range of satellite signal variables, such as

phase and phase rate.

~ A position reporting system employing NAVSTAR GPS

A

satellite signals is described in our co-pending Australian

application No. 63995/90.



I denti fi ed. ﬁirstly, the recei ver design should be flexible enough to be
used in meg g5gkdgyat i ons. This inplies a nodul ar design wth ?tﬂ%ﬁﬂ@ﬁhﬁﬁbs

nmodul es being I nterchangeabl e. In addition, the proportion o
r eceiver functionality to be ‘provided by softmare shoul d be optim sed, with
the software witten in nmodular form preferably in a high-1leve

| anguage. Secondly, the receiver design should be suitable for a variety of
potential environments. This inplies the use of appropriate nmargins and
packagi ng for the hardware design. More- poerftant is the ability of the
skgnal processing to operate under various dynam c conditions, such as

those due to vehicle manoeuvring - dynam cs, or vibration and
intermttent bl ocki of the satellite S|gnals Thirdly, a hlgh perfornance
| ow cost receiver Fﬂg yi e factorsi nimfdnenced yhe, bagiq idesignaf ¥hen GBS

R P AT Ay N BT

f ' | i ded f d
packagi ng | CPHAFHREY o TRGRREePRALES, | BYeTal, s Aasin deshdnthka Hey

the C/ A code gﬁtggggged to the nore conplex P code Fourthly, u5|ng CYA
code, a recefe @ al nost as accurate as a P code receiver, mhen it is
used in the -

Firstly, the receiver design should be flexible enough

\_ to be used in many applications. This implies a modular -
design with individual modules being interchangeable. In
addition, the propértion of the receiver functionality to be
provided by software should be optimised, with the software
written in_ modular form, preferably in a high-level

language.

Secondly, the receiver design should be suitable for a
variety of §ot¢ntia1 environments. This implies the use of
appropriate margins and packaging for the hardware design.
More important  is the ability of the signal processing to
operate under various dynamic conditions, such as those due
to vehicle manoeuvring dynamics, or vibration and

intermittent blocking of the satellite signals.

" Thirdly, a high performance low cost receiver implies

)

the minimisation 6f production costs vwhich may be achieved

by minimising hardware, either by maximising the



differential nmpde. This requires an accuratel y-positioned base station to

provi

tic error corrections of the pseudoranges tpciisBgI76365€r -

The recelver nust neasure the pseudoranges (and any other paraneters) tao

t he
t he

t he

hi gh-fenetionabikygi nprevidedquebyar soffyareant ora Bbwn USHBS ecd ver of

t he
t he

resol ution and accuracy required for the accurate solution,

and tNaus

measurenent error and resolution nust be nuch |l ess than the systematic
errors which are being renoved. Fifthly, for portability and conve

ni ence,

recei ver. nust be designed for mnimum mass and volune. In addition, as
many proposed applications are for4renote, portable use, with powe
supplied by batteries, power consunption should be m nim sed. Ag

;
ain,

cl psed_loop type enploys two | oops: a code-|ocked | oop mhich extracts

Righrdensity: 89ipUctechrigue, SFdPRHPhasdn AddiFd
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be used

ongoi n syurements of carrier paraneters such as phase and phase
rate. $ et%%mggﬁg??ogﬁéﬁ’loop, a replica of the satellite code is used to

despread the received signal, and a data-nodul ated carrier replica is used

to

coherently denodulate the despread signal. The resul tant

energy in

each of 't Nepgarti1 9N L@1RaCEFA"EbAE] SaPReBIIVEr ball B dihdiie &b e

replica w

recelrved signal.
accurate as a P .code receiver, when it is used in the

differential mode. This requires an accurately-positioned
base station to provide systematic error corrections of the
pseudoranges to the receiver. The receiver must measure the
pseudoranges - (and any other parameters) to the -resolution
and accuracy required for the accurate SOIution,'and thus
the measurement error and resolution must be much less than

.the systematic errors which are being removed.

Fifthly, for portability and convehience, the receiver

must be designed for minimum mass and volume. In addition,

as'many proposed applications are for remote, portable use,
with_power supplied by batteries, power consumption should
be minimised. ' Again, high-density packaging techniques are

important.

A known GPS receiver of the closed loop type employs
two loops: a code-locked loop which extracts the code delay

estimate (pseudorange), and a phase-locked loop (typically a



In the Costas | oop, the data is denodul ated by coherent denodul ation. This
phase- | ocked _approach only approxi mates optinmality. Anot her

probl em |WO93 Tsusceptibility to loss-of-1ock and cycl e- SPCHAGBI/PLRS
signd to noise ratio (SNR) situations such as in the presence of high

noi se or vibration or under jamm ng conditions. The code-| ocked | oop al so
suffers degraded performance, but is less significant wth respect to total
recei ver perfornmance. The problemis preval ent in dynam c conditions.
However, even in | ow dynamc condition% such as for high accurate surveying
applications, cycle-slip probabilify®écomes significant since the

rel evant g n%ﬁ&é“f%é&?% r %&Qg%%%%@gf og thleRardo! '%-{et téb%etafgn Fobp

receiver oys an n~TGop € Sl gnal par anet er s.

partiCU|a%3%g%ﬂ§§?rbﬁ ufwﬂ ¢ Ba%8’ on oin#ém surem%?tsi of car %fr

PCT/ GB91/ correlation receiver y e use o be

maxi mum | h&ehnaPessCahchPhe’ phhse! afd phaceHates I thHY Codd-2dek&a of a

sel ection of signal paranmeters which are processed to provide a position

sol ution.1dég, dinageplieal cbFatne ghtelldRen dodeP ig¢cus@a ito S @mspread O
that of a closed | oop design because the fornmer is not subject to the

phenonenathé egcekiveld Blignglanandoas datasmodulatedocarridrt rdplicavis from
this that open 1oop receiver designers have nore freedomto vary
par amet ersséd to coherently demodulate the despread signal. The
resultant energy in each of the early and late channels is
— balanced in order to align the replica with received signal.
In the Costas loop, the data is demodulated by coherent

demodulation.

‘This phase-locked  approach only approximates
optimality. = Another problem is its susceptibility to
loss-of-lock and cycle-slips in low signal to noise ratio
(SNR) situations such as in the presence of high noise or
vibration or under jamming conditions. The code-locked loop

i./ also suffers degraded performance, but is less significant
with respect to total receiver performance. The problem is
prevalent in dynamic conditions. However, even in léw
dynamic conditions such as for high accurate surveying
applications, cycle-slip probability becomes significant

: since the relevant measurements take long periods of time.

Another type of GPS receiver employs an open loop

estimator of signal parameters. In particular, a generic



meet varying application requirenents. Furthernore, an open | oop design
many be I npl emented nore cost-effectively because of the nodul arity of
the baW0&3(0S48Zsses and because the designer is far | ess PEHGBR/ALSS n
terns of all owable processing.delay. A high dynam c gl obal positioning
systemreceiver is described in US. Patent No. 4578678 by WJ.

Hurd. Unlike the Hurd receiver, the receiver of the invention operates
phase coherently. This results in a significant inprovenent in SNR
Further, without a phase coherng_approach, the carrier phase paraneter

cannot be neasured. It also allows™an increased nunber of paraneters to be

usedﬁiog_ggéjg%[iir?g O'}eségzwé%n I{lﬁdlgg t s&geat@é t %u_reﬁ¥.7_ %&@gﬁemrd used

t he e récerver of inventT on uses | eadi ng
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invention is nore flexible catering for many different applications sinply

by chenprovides adlppyition sdldtionecei ver software. Another advantage over
Hurd, is the control the processor has over the frequency of the |ocal code

generator which allows optim sation of the 10 nmeasur enents made of the
signal paranmeters. The GPS receiver according to the invention
The dynamic performance of an open loop design is

superior to that of a closed loop design because the former

is not subject to the phenémena-of cycle slipping and 1loss ' _gi

of carrier 1lock. It follows .fram this that open 1loop

receiver designers have more freedom to vary parameters to

meet'varying application requirements. Furthermore, an open

loop design many be implemented more cost-effectively

because of the modularity of the basic processes and because

the designer is far less constrained in terms of allowable

processing delay.

A high dynamic global positioning system receiver is
described in U.S.  Patent No. 4578678 by W.J. Hurd.
Unlike the Hurd receiver, the receiver of the invention
operates phase coherently. This results in a significant
improvement in SNR. Further, without a phase coherent
approach, the carrier phase parameter cannot be measured.
It alsc allows an increased number of parameters to be used
in a position solution leading to greater #ccuracy. Whereas

Hurd used the P code, the receiver of the invention uses the



produces estimates of code delay, carrier frequency, carrier phase, carrier
phase accel eration, data value and data delay. It produces these estinates
usi ng~open-1|oop 15 correlation techniques. By using nultiple optinal
paraketer estimtes, the receiver is highly accurate. The open-1oop nature
of the receiver nmakes it conparatively inhune to high vibration or high

Sl gnal 20 SRR, LR Y Tyt R EREL nad i RO SR of hEET
processirm;lhan@wqm#fqmdmmr¢¢e&ﬁﬁmgwweﬁtwm@erec%h&eﬂur@ Q@ﬂhngMﬁbbss and
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_prOV|ded a S recelver for 'use wth the NAVS
radi o navi gé{’TQﬁP%n?Qrﬁ-:st?%%‘?’@Per%’Peﬂ?:FﬁWWchtlF%c’é‘FW%lFg‘ﬂﬁl &herom a

‘pburaligy ofirfadredidn e6s GRGPE | EPeRiBBé I ELEe£ifh A oNDERMAL @UF DY rERaSE
reversals re re entln satell te speC| and data; said

recei ver S*TP 9?ﬂﬁl?ﬂe€§?gﬁg?°¥%ﬁﬁﬁ%e tH®ugh an
ant enna, (xxkEQﬁEMQﬁis@gtmaﬁés 3ﬂnothéﬁ @&ﬁ&ﬁﬁigeaﬂveﬁfnﬁﬁdﬂ L9deReW th a

code del ay of t.he engLa ode ng_cont bIe to sub-c ccuracy,
code m xi ng S gng%n rgcgﬁsﬂﬁpﬁ% 8V%Foéﬁ%e TrINTYRE @ $$$ 2ﬂc§ﬁgnal a
digital sigﬂqndemg¢nemd00ncuhuehteulousroptlhxequgqnyoﬁndheult|pIied by the

generajgd cqge, gur ﬂggg Qﬁnﬁﬂédébgﬂilt rgﬁééggﬂéof the digital

si gnal orlglnatln Oﬂ]t e satellite srgnal aV|ng t sanme code is
despread when the code delay of the generated code

The GPS receiverxr according to the invention
W, produces estimates of code delay, carrier frequency,

carrier phase, carrier phase acceleration, data value and
data delay. It produces these estimates using open-loop

15 correlation techniques. By usging multiple optimal
parameter egtimates, the receiver is highly accurate. The
open-loop nature of the receiver makes it comparatively .
immune to high vibration or high dymamics environments and
allows it to operate reliably under intermittent signall;'“

20 blocking. In addition, with the majority of the signai
processing being performed in software, the receiver is
both.low cost and versatile.

KJ In accordance w1th a broad aspect of the
invention there is provided a GPS receiver for use with the NAVSI’AR global
25 &mﬂlue%mxdrahommuaﬁmimdtmmtmmdhrsmumlnMndlmunwdsumﬂsfmma
plurality of satellites comprise a carrier signal modulated
by phase reversals representing satellite-specific C/A codes
and data; said receiver comprising means for amplifying the
signal received through an antenna, code generating means
N 30 to generate any of said codes with a code delay of the
genérated code being controllable to sub-chip accuracy,
code mixing and downconverting means to produce from the
amplified signal a digital signal with a downconverted
carrier frequency and multiplied by the generated code



mat.ches or nearly matches the code delay of the satellite signal having the
sane code, 5 means for processing the signals including an estimator of
-signal paraneters for phase- coherent estimates of a plurality of signat.
paraneters including code delay, carrier frequency, carrier phase, carrer
phaseaccel eration, data value and dafa~delay and for utilising said signal
parameters fromat |east four of said satel I|te S|egnajs t o, provide

i nf or neVPEREBY the Pasiwigtoes e Rarhien /F digital 'signal
wher ei noi:lﬂgmadanaelf&ybnofu@miwmlde terl griegin Ha g Nghé heata@nmneodaede i s

determnedln sa recei ver. by (1 erat| I|ty of said
digital 18 8ﬁ3ip ea%ac ‘e(ﬂ‘et}ﬁ & cile eé‘la:‘) ogfngi ’gapo(ﬁdl%% fo a 15

di f f er ematchesche néatlayatshes: the t Hothe Ve dee FREP® i ng neans,
(2% couputehNgrofestingtht LighalQfinMiading dn @ch:ﬁatadoam ,sme@em tahi giadeal  si gnal |
each value being a neasure of the degree of code Iatlon of the 20

cor r esp6&ehereRl carmtes Pt 8ipyralityp Stﬂ’?eH b‘i‘:g“db ‘F}Byf FEgtRncy

i nf or MateigRency, Marrief QRERY|! taPfieR phadpidceleraivar datdokhy and ditaalelynmd at ed code
fromsaid plurality,of corresponding,val 'S -1 he. delay for
said sat® B B ﬁﬁ%la ersebd frohe get?”grre ? urll;éesgﬁaq'gﬁ:g i nvention
nmay be asavidet tuforestidr ontlelyesiajmperfcibel antemmeis. Recei vers incorporating the
princi pl es of the invention may be desi ed fo var ous ppllcatlons
wﬁlbch may involve a variety of en\?‘?eﬁ?ﬁﬁe %Ic%%%% condl tions.
So as tsapeddiide sign®l dedwinedthe | sahe atoda 08 déEem!ﬁBﬁl an, said

enbodi MRRlg %%eeﬂ&ei’“ﬂ} be described with reference to the acconpanyi ng
dr awi ngs,

o/

{1) generating a plurality of said digital
signals, each of said digital signals corresponding to a
15 different code delay of the generated code from said code
generating means,
(2) computing a plurality of values
corresponding to each digital signal, each value being a
measure of the degree of code demodﬁlaticn of the
20 corresponding digital signal and utilizing both phase and
frequency information,
(3) computing an optimum code delay of the
generated code from gaid plurality of corresponding values
to provide the code delay for said satellite signal.

25 Preferred features of the invention may be
agscertained from the appended claims.

Receivers incorporating the principles of the
invention may be designed for many various applications
which may involve a variety of environmental and dynamic

30 conditions. S0 ag to provide a more detailed illustration
of the invention, one embodiment thereof will be described
with referencé to the accompanying drawings, in which:-



Figure 1 illustrates a functional block diagram of one receiver in

accordance with the invention; Figure 2 illustrates raw pseudoranges on the
Correlation Diagram and 5 Figure 3 is a bl ock diagram of the
Kal mw Filter. WO 93/ 05407

PCT/ GB91/ 01555 10 For ease of estimation of @he-signal paraneters, and for
the elimnation of systematic errors, three of the paraneters are not
estimated directly, but aEiduréeleﬁtéBSbeamgsnatﬁunseﬁenaédbéauﬁ [diifagram
Rat her than pr ng'cbgg kQUbiGal TRl Qaco Qbnce! Qﬁ.tgf Q?]\ vRdderanges,

t he shortest pseudoranges i s nom nal y assi gne e va ue zero, and the
others are thus assigned the value by which they exceed this one. This has

been shown to introduce ngighiara inihBeraesk! rak p8kuloRBngdisNen M Of
the variables for- mhhch solution is required is the clock offset. This

met hod of esti nEPFERIBFALR: Piagyald; e value of the clock offset to the
val ue of the shortest pseudorange. Not only are errors comon to each
channel el igzm nated by thi 03c u 0 b ed,.t
descri be tﬁe pseudorangesﬁlgggédgcga g 5%%?% @Egﬁgéﬁégguah% xal |C%‘f{er'
reduces the size of the message reqU|red to be sent to the base station
when

1))



differential positioning is being used. For the phase, phase rate

(frequenc and phase accel eration paraneters, difference éy
_ estindpgﬁﬁ&mﬁpg elimnates errors common to the estinatesﬁgéiﬁh ﬂ?ﬁéﬁ%ntﬂ
satellites such as those due to reference oscillators phase fluctuati ons

HARDWARE Figure 1 illustrates the architecture for the receiver WO

93/ 05407 PCT/ GB91/ 01555 of this
enbodi nent.  The functional blocks are divided between hardware and
software perfornmed by a digital sigQal processor. The har dwar e

per forns anplification, downco rsion and ‘filter functions, all of .
which are "normal" functions to be performed in hardware. The
down-conversion is "pseudo-single-stage", i.e. the carrier is converted

down to a fpeeucdsase 0BfYestightivn( vt khecsignall parmetedis,i eand requency .
and signal bandw dth) above dc. This offset permts self-detection

produgds tied eliabhation! | 6for sybtenatiicoegirors,odthiree tof RMhe filtered
out. Because the offset is very small conpared to the signal bandw dth,

it iparametsssi yareo ngtnestimated- direetlyandutuas adifferempexents. | n
this enbodi nent, the code generation and m xing are also perforned in

har dieetweemdthe sebectedl satellhitessi nRatbezrsiban pradukinghdour
downconversion is also perforned at this point using a hard-1imted
"coneebdmates) Rfil|ther. foUr | ocRFeVdorANYESer ﬁg@queﬁbprﬁét

controlled from the |
pseudoranges is nominally assigned the value zero, and the

others are thus assigned the value by which they exceed this ;J
one. This has been shown to introduce no errors in the
position solution, since one of the variables for which
solution is required is the clock offset. This method of
estimation effectively sets the value of the clock foset to
the value of thg shortest pseudorange. Not only are errors
common to each channel eliminated by this approach, but the
number of bits required to describe the pseudoranges.-is
reduced by more than one quarter, which reduces the size of
the message réquired to be sent to the base station when .. </
differential positioning is being used. For the phase,
phase rate (frequency) and phase acceleration parameters,
differences are also estimated. This eliminates errors
common to the estimates from different satellites such as

those due to reference oscillators phase fluctuations. ’

HARDWARE

Figure 1 illustrates the architecture for the receiver



processor to allowfor drift and predi ct abl e Doppl er shift thereby

i ncr easi ngw(?#)&mﬁf fective range of carrier frequenci 951»%1‘/&%’91161555
a

receiver dl e. Mxing is perfornmed digitally, in a binary way,
t he kecei ved signal being hard-limted, i.e. it is represented by a
binary "1" if positive, and "0" if negative. Hard-limting results in
WD 93/ 05407 PCT/ GB91/ 01555 a | oss

in SNR, but the sinplifications that it allows in the hardware outweigh
thi s di sadvantage. Code nixing resultid in a signal of bandw dth roughly
twce the code frequency, i.e. =2 MHz, unless the codes are
"perfectiof third CchatbodihiEmt .Si gighe | Sfltepicthnt Bldéiks andrés divided

| ow- pass filtered and downsanpled to 9768 Hz, which is | ow enough for
sef t war e betweerus dardwane eoets softwale pérfamedidynmsanpigital signal
realized as an integrate-and-dunp, integrating (counting) a

nunber ofpxafessaunpl es Theand hardwane ng perfaimgl e amphificatipme.

An integrate-and-dunp filter has a sinc-function frequency response which

has its fdqunconsersdion hanshnmfilkey r dpnglionsihi akkaref t Hehieherares a

Si gnifica't'nt amunt of the passband above the Nygquist frequency. Signal and

noi se fr eQRIARAL"coBEERANS n i P ogiRAFERIENYG, | sin a RAFAYAT @0 S eto

al i asing._ This probl em can be, si: solved if, for fhe sane output

Sarpl | ng GO CHHESLER ke, MERAHAC A A tge ot iR ed the HrE e ans

t hat a gi,ven out put le _is the sum of he LeVvy ous . Lo

i nt egr at ex_saﬁ??#lf%ng ad% Foa requencyo onfy slfgl?ti)? fwxéh respect

W, to the carrier frequency and signal bandwidth) above dc.

This offset permits self-detection products and 1local
oscillator feed-through products to be filtered out.
Because the offset is very small compared to the signal
bandwidth, it 1is necessary to generate in-phase and

quadrature components.

In this embodiment, the code generation and mixing are
also performed in hardware under control of the main
processor. A further downconversion is also performed at
this point using a hard-limited “complex™ local oscillator.
The local oscillator frequency is controlled from the
processor to allow for drift and predictable Doppler shift
thereby increasing the effective rahge of carrier
R | frequencies that the receiver can handle. Mixing is

performed digitally, in a binary way, the received signal

)

being hard-limited, i.e. it is represented by a binary "1"

if positive, and "0 if negative. Hard-limiting results in



second summ ng, known - as the anti-aliasing filter is performed in

the h I N PROCESSOR Up “until this point, the r | f I ona
bl oc k?"&%@"ggAOMW P& /6ot

PCT/ GB91/ 01555 have been operatlng ei t her contlnuously, or if sanpled, eath
sanple has had no special neaning with respect to its position in

tinme. In the main processor, all of the algorithnms are based around
atime unit known as the "integration period", =25ns. Certain
al gorithns are performed each integrati period; others are perforned

once every 3 or 54 integration periods, a shown in Figure 1. Also, sone of

acaui oi (i or8 SPRPAR SRR, R Tk BEaY {FCalhify (Lige 1€ oliBve in thg .,
Gommi - by PaBdkare PRrvelG il S dIEAl eI D™ Bt bin | n i he BT

I s checked for magnitude. If no bin exceeds a-threshold, the satellite
si'gnal is assuned to be not acquired, and the main processor waits

for the next ingeaeat m3mki &@Eulistmém dof Shandwder. +88ghiy I N
whi ch t he maxi nrum occurs i s downconverted to e zero Hz bin, and a narrow

| ow- pass i ntwlickethépulcdde e Fretprendy R)ifel tea 2 |mzamlneds i théhecbdes

dormain. The signal at this stage is the carrier, spread by the 50 Hz data.

The unw apaee pperfectlytt s matphed. s dMiis nsigmal aisl sampled at 5 MHz
and is then low-pass filtered and downsampled to 9768 Hz,
which is 1low enough for software to be used for processing.gu)
This filter/downsampler is realised - as an
inyegrate—ana-dump; integratinQ(counting)“a number of input
samples and providing a single output sample. An
integrate-and-dump filter has a sinc-function frequency
'response which has its first zero at the sampling frequency.
This means that there is a significant amount of the
passband above the Nyquist frequency. Signal and noise
frequency components in this region are thus passed as noise |
due to aliasing;' This problem can be simp}y solved if, foq‘)'
the same output sampling rate, twice as many input samples
are integrated. This means that a given output sémple is
the sum of the previous two integrate-and-dumps. This
second summiné, known as the anti-aliasing filter is

performed in the hardware. ' ' ¢

' MAIN PROCESSOR

Up until this point, the receiver functional blocks



Is differentiated across the - integration period. This al |l ows
detection a bit transitions [err] phase WO 93/ 054géT, _
PCT/ GB91/ O?gggjj@rs%i tions). Once the locations of a string of tr%%%’il{?losﬁg
havexbeen | ocated, the data ¢an be decoded. This operation |ooks for the
repeated fram ng information, which, once acquired, renoves.the polarity
anbiguity, and the rest of the data can be decoded. The ains of this
decoding are to establish the tine of transm ssion of the data transitions,
and to extract the epheneris data, mhicﬁsdescribes the satellite orbit to a
hj gh degree of precision. Based on these™detected transitions, the signal

I s despr adsavéd\bean t operatingneitherr ephtdinuoiislyhecodeifcsanpletia. eaCht i Nnum
detection can be guaranteed by perform ng several of these despreading
oper at i orsampheinchasie badecned speciali wmeaningnwiphckregpett peakitsf the
correlation function for the data del ay paraneter. Once the_signal has been
despr ead P#sitiernpecin tbime: a, Eoni Bhel RaiBavPRGCEREPry headds r PEr , thiee
phase is neasured once again. Alinear fit is made | to t hi s phase

f unct i on.algarithms 5 apecceased |aEQUDdquar Edme cYRikyt Knowns afe thRase
rate over, . the integratiop riod, _The phage of ,the signal _is then -
rot at ed LE&?&F??EF*?%nSfEﬁﬁ+B§§mhif%sPﬁe lin eﬁFBcheﬁiggrgﬁgnFineaFefit i s

t ransf or ned The sun1gf t he
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si gnal . (35Ef§ 5W§§es4 integration periods, as shown in Figure 1.

Y

Also, some of thé main processor algorithms are

performed according to the acquisition status of the

receiver, i.e. whether a satellite has been acquired or

not. The incoming signal is transformed into the frequency

domain by the use of a Fast Fourier Transform (FFT). Each

bin in the FFT is checked for magnitude. If no bin exceeds

a fhreshold, the satellite signal is assumed to be not

acquired, and the main processor waits for the next

Q./ integration periéd. If the threshold is exceeded, the bin

~in which the maximum occurs is downconverted to the zero Hz
bin, and a narrow low-pass infinite impulse response (IIR)
filter is applied in the time domain. The signal at this

stége is the carrier, spread by the 50 Hz data.

The unwrapped phase of this signal is - determined, and
is differentiated across the integration period. This

allows detection of the data bit transitions (180° phase



correlation values is produced each integration period. A WO 93/ 05407

5 threshold set on the correl ati on val ue ”Wlhﬁ. ate
€

.that a satellite has not been acquired. In order to nmeasure -
pseudor anges, an estimate of the code delay nust be nmade. In this recei ves,

PCT/ GB

pseudoranges are not neasured directly but as differences bet ween
satellites. One satellite is assigned the value zero, the others are
assigned the difference between this pseudorange and the

pseudor ange in

guestion. By neasuring differences, HQE receiver is sinplified in that a

hi gh-resolution clock is not required,
station fansiRionspd.

generator at three different "phases" for three successive integration

peri ods. Hdweecbééneelpbated, athe' dathcdan( becdecoded . .andixial dperatimtes

are aligned), part of a chip early, and part of a chip late. From

t hese

poi nts,
priori

t ltaaks cBor phtheesrepiatedr r frarivg finformaticm bevtrissinnstonee ed.
The optinmumway to reconstruct the correlation function,
is to coracquiredhe nemovesd tber ppiarityr ambiguitysaemidedthe nest t loke

nd communi cations with the base

oheeceHe lokaribhscolf aAREtTityg T Writhditei gpsle

and pick the peak

with the expected correlation function, which can be neasured a

thy datag eansbgodsrededs  cThei simscofnthic deseding @re akp

estimates are produced. The use of this second correlation

establish the time of transmission of the data transitions,
and to extract the ephemeris data, which describes the

satellite orbit to a high degree of precision.

Based on these detected transitions, the signal is
despread by multiplication by a replica of the detected
data. optimum detection can be guaranteed by performing
several of these despreading operations around the detected
transitions, and picking the peak of the correlation
function for the data-delay'pérameter. Once the signal has
been despread with respect to data, nominally leaving only
the carrier, the phase is measured once.again. A linear fit
is made to  this phase function. This produces a
least-squares estimate of the phase 7rate over the
integration period. The phase of the signal is then rotated
using the transform by which the line produced by the linear
fit is transformed to the real axis. The sum of the real
values of this rotated signal is effectively the
phase-coherent correlation of the signal. One of these

correlation values is produced each integration period. A



WD 93/ 05407 | PCT/ GB91/ 01555 i s
made of the t hree integpe*thbﬂﬁﬂgg

necessary M1 Se the use

contnibutLRgsggﬁﬁﬁg measurenent. Each of the three correlation sanples Is
prodyced by observing the signal for one integration period only but the
total neasurenent tinme is three integration periods. The noise on the
sanpl es is independent between sanples. Therefore this sanpled correlation
curve is sub-optimal. Correlating it with the expected correlation
function maxim ses the correl ati.on siggpal -to-noi se rati o, thereby
rpstoring the optimatlity of the proces®, and allowi ng the sanples to be
i'nt er pol athtesholdr dsett oonethet borreddtion: vialueomagcCcalabel indieate Ng

t he pseudorange differences, phase differences, frequency differences and
phase accthataai sateliliter bascnptt heed goguirest. be observed for a nuch
|'onger .period than an integration period (the length of which is set by
signal detection requirenents). In other words, the raw estimates nust be

conbined in sonme optinal way in order to generate a nore accurate estimate.
The nethod sel e&RedOF8ercERLMRRRYTEHEREs PEENGOTaNges, abcestimaten Of ter.

Inputs to,the filter_are th stimates of eudor ange, frequency and phase
di f f er enctRe °398-§ﬁéa¥sgﬂﬁgr ggggﬁrregﬂi Sf N&r'bRgG“QPEPPBFF

ot | b REC, Braghif, BRFeStly BRI BPRLLAGE™ HSROO
satellites. One satellite is assigned the value zero, the

L others are assigned the difference between this pseudorange
anq.the pseudorange in question. By measuring differences,

the receiver is simplified in that a high-resolution clock

is not réqﬁired, and communications with the base station

are simplified.

The code delay is estimated by setting the code
generator at three differént "phases" for three successive
integration periods. These three phases are "locked" (i.e.
local and satellite codes are aligned), part of a chip
early, and part of a chip late. From these three code
phases, the correlation function can be reconstructed. The
optimum way to reconstruct the correlation function, and
pick the peak is to correlate the measured correlation
function, sampled at the_three points, with the expected
correlation function, which can be measured a priori. By
using this double-correlation technique, raw pseudo-range

estimates are produced. The use of this second correlation



WO 93/ 05407 - PCT/ GB91/ 01555 drift.

Fromtwgﬂg@s and the inputs, it produces not only s%&%ﬂﬁiﬁs
uncorr udoranges, for transmission to the base stati"ow; al so
estimates of the receiver position to the user. These estimtes are (@)
presented to the user in a standard reference system which requires a
geonetric transformati on. CORRELATI ON The Maxi mum Li kel i hood (M.) esti mator
is a correlation detector. The signal paraneters of interest are code -

val ue, signal delay (nmeasured using coﬂg del ay and data delay), carrier
frequency, carrier phase, and data valde. The receiver mnust

erform sdi.ensional _corre

gfeI :(r:EnI Xg{%/%egﬁ§m _eg?i néng HEP€al 5a.rg terbg[‘#eﬁnc? dgr_ iegk'die i/%e?ﬁeto
optimal nASLLoly 86h UL SHos TWBELIBHLRARCEE! the WiBlsuiemit.) Eien of

estimati on process are ocal  osCi Fl ator  dri he ~"code

gener at orgpd rag*@gcycori"@fagisi-" kahpied jEt girzﬁd‘&fced rdi:%er%ii i Atle O

t he neasurenents of tinme made Int recelv are nma W t re ence to

ook, A R R b e Y. i e XA 1 10

: put is used to producCe an estinate of

osci | | at Ghedéwremant t e CiisCeirbe ifitégration’ peiriods.seihe hoilsd lbh
the samples is independent between samples. Therefore this
sampled correlation curve is sub-optimal. Correlating it
with the expected correlation function maximises the Qai
correlation signal-to-noise ratio, thereby réstoring. the
optimatlity of the process, and allowing the samples to _bé
interpolated. |

In order to meet the requirements for accurately
measuring the pseudorange differences, phase differences,
fréquency differences and phase acceleration differences,
the signal must be observed for a much longer period than an
integration period (the length of which is set by signal W
detection requirementé). In other words, the raw estimates
must be combined in some optimal way in order to generate a
more accurate estimate. The method selected for combining
the estimates is to use a Kalman filter. Ihputs ‘to the
filter are the estimates of pseudorange, fréquency and phase
differences, and the pseudorange corrections from the base
station. This filter models the receiver ©position,

satellite and receiver motion, and receiver oscillator
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gener at or cy.- Correction of the code generator. frequen

cl ose.t raé&{)nghe satellite code, optim sing the correl at Wéhg@l%#e
val uarand nmaximsing SNR It is not estimated as a separate paraneter (i.e.
the correlation is not performed against it) because it is directly
proportional to the satellite signal carrier frequency, which is

al ready estinmated. CODE VALUE Code val ue selection sinply entails the

sel ection of a satellite code to be usfg@ for each .channel of the receiver.
Each satellite has a code of epoch |ength 1023 chips, which it repeats at
an epoch deiftof [Eroh |these medelscandethe impuks)t dtcprodacesenmott es a
replica of the code for the satellite from which it is to receive

dat a. only | ssodthedchut cuncorrected pseutdorphges, foy traasmissionyed
satellite signal. If the |ocal code has been del ayed such that the codes
are mat cHe®l, tl!ﬁe base| \&tational butjJalpecegtimakeshof2vihespreseivesct rum
bandwi dth to,t 100MHz, dat a bandwi dt h. DATA VALUE ESTI MATES The data val ue
i s det er RO seﬁ?cﬁhﬂg“?ﬁ? daFhese pstipgkes arer pgeseg!&ppe&p e arity

of the data |s es iS ed the dat dec aI Qrithm For
t he éaﬂé kererlce sys%em N cgg Fa_p)g f/ 01555

19 geometr;c transformation.

\_,  CORRELATION

The Maximum Likelihood (ML) estimator is a correlation
detector. The signal parameters of interest are code value,
signal delay (measured using code delay and data delay),
carrier fregquency, carrier phase, and data value. The
receiver must effectively perform a six-dimensional
correlation and pick its peak to determine' the optimal
estimates of all parameters, in order to derive the optimal

" position solution.

Two other parameters that arise in the estimation
process are the 1local oscillator drift, and the code
‘generator fregquency. The oscillator drift is of interest
since all of the measurements of time made in the receiver
are made with reference to the one oscillator, which is used
for the 1local oscillator'and sampling clocks. The Kalman
filter output is used to produce an estimate of oscillator

frequency, which can be used to correct the setting of the



purposes of the signal processing, the data value is estimted as inverted
or non-inverted, with the actual data, "1" or "O' being ' ﬁﬁfﬁg a

| at er WO Transitions are | ocated in time by filtéring e
phase of the data-nodul at ed carrier with a filter matched to ‘R
transition. Peaks in the matched filter output occur in the region of data
transitions. Matched filtering is an optinmal nethod of |ocating

transitions and is accurate to within a small nunber of sanples. Code
epochs can be wused to unanbigu ly locate the transitions, given the
initial estimate fromthe matched filter. Since the matched filter |ocates
the teade| gendfatér\W Fiteln s Pathesctiort ofVithe redae dyénerator

m cro-seconds), and the data fransitions always correspond to transitions
of coficequents, allowsothe clome tirackinpndf dthe satelkbiten cade, t he
transitions is possible if the |ocations of code epoch boundaries within
an i optimisingpethed eorrelationishape ard valvedandcdaxinisingcei ver.
Wen the data transitions have been |ocated and decoded, the

i nf orSMR: onItnishpotaestimated asca separatie parametamt 61 .qhe thei ng
information in the data is used to set tine-of-week and allows the receiver
to cahexrelation (ise BOt: r Pexrfiormes, against diye becryse pikudh®ange
neasur enent The epheneris data is wused. to accuratel . VWO 93/ 05407

PCT/ (ltMeeELEs PEERPECIARAd. &9 | the gisakelldite Rignal, ia¥ on.
frequency, which is already estimated.

/
CODE VALUE |
Code value selection simply'entails the selection of a
satellite code to be used for each channel of the receiver.
Each satellite has a code of eﬁoch length 1023 chips, which
it repeats at.an epoch rate of 1KHz. In thé receiver, each
saté;lite channel generates a replica of the code for the
satellite from which it is to receive data. The
locally-generated code is multiplied by the received
satellite signal. If the local code has been delayed such v

that the codes are matched, the received signal is desﬁread
from the 2MHz spread~spectrum bandwidth to the 100MHz data
bandwidth.

DATA VALUE ESTIMATES

‘The data wvalue is determined by searching for data
transitions.  The correct polarity of the data is '
established in the data decoding algorithm. For the



PHASE, PHASE RATE (FREQUENCY) AND PHASE ACCELERATI ON ESTI MATES The
estimate cy in each of the satellite channels is

sum of, al | %qu?ﬁg”ﬁ]domconversi ons used to coherently detect Fﬁé@%‘%@f?’s
Nomi kel |y, there are four sueh downconversions - in the anal ogue hardware
(via the LO, in the digital hardware and two in the main processor (one
prior to the IR filter and one via the phase rotation, both in the

time domai n) . Each of t hese conversions is nonmnally snmaller than
the previous one. Also, the neasured val€e of each is proportional to the
10 frequency. This is because the frequencies of the
downconveparposespesfor thé slignalle prbeegsing, athe | Ratahevaluecsder are
all interns of the sanpling frequency, which is derived fromthe sane
source asestimated as idhirertedrdr, nof~dnverted,swith thiet acityalgdatagr in
this nmeasurenment. However, due to the estimation of frequency differences,
the first"1® éreqliefichedngsdeterminedi att sdlakes skagesi ft Teangitionspl i es
t he downconversions perfornmed in software. The optimality accorded to
the frega@clocatedmmt énrctilmes Byl yfidterdngast theo pbaseonesrsi &he - the

first two_are effectively "constants". The EET is a correlation in
WO 93/ 0548@ta-modulated ~ carrier with a  filtepcrmagghedisto a

1 the mbFRREYEAGR0, BRakninrEle Ratrhed SiLEE, PUTREE. CORE gRutbe
processiQge&@£ﬁhogsggtgvgggggggiggé. Matched filtering is an optimal
\_  method of locating transitions and is accurate to within a
small number of ~samples. Code epochs can be used to
unambiguoﬁsly locate the transitions, given the initial
estimate from the matched filter. Since the matched filter
locates the transitions to within a few samples (i.e.
within hundreds of micro-seconds), and the data transitions
always correspond to transitions of code epochs, which occur
every 1ms, unambiguous 1location of the <transitions - is
possible if the.locations of code epoch boundaries within an

integration périod are known. This is the method used in

the receiver.

When the data transitions have been located and

decoded, the information in the data contributes to other

5 measurements. The timing information in the data is used to
set time-of-week and allows the receiver to calculate the

time of transmission of the edge used for pseudorange

measurement. The ephemeris data is used to accurately



the estimates of frequency and phase can be shown to be an optlmm

I nter f the conplex FFT estimates. |f the phase péggg
. |nteg3®b%§hgugerlod boundaries, its measurement is also optlggFﬂﬁE%ﬁ
phase contribution by the flrst LOis elimnated by the use of phase H’
differences. Both the downconversion in the digital hardware and the FFT .
downconversion contribute zero phase to the signal at integration period
boundaries. This is due to these downconversion "oscillators” having
integral nunbers of cycles in an imgg@pration period, and being initialised
to zero. This neans that the phase estimate is the average val ue

est i N¥cte ke NgatélTit@basgivencehe time 6¢ tranmsmimsdon.anbi guity the
phase estimte must be "unw apped” with respect to 2. The phase
acceleration is not optinmal because it does not use all of the available
information. It only uses the early and | ate integration periods, both of
whi C/PHASE, gcPHASE | \RATBe (BRBQUEBNRY)hanANRe PHASEual ACOBLERATIODNVATE

( PSEUDORANGE) WD 93/ 05407

PCT/ GSEIMARISHS The estinmate of delay is nore conplex than the others, but

it is the nost fundanmental to_the determi nation of receiver p05|t|on As
di scussed &he i (#StWWdinefé'ﬁﬁﬂgnﬁl!t Meﬁaﬁeeﬁor&:ﬁ'&e satelddtennt ed. The

estlnate rel%l rﬁtln ut Pg{!ﬁtg&l éi gﬁ de dela (]§|ch has a

used to coherently detect the signal. Ncmxnally, there are -

four such downconversions - in the analogue hardware (via -
the 10), in the digital hardwaré'and. two in the main

processor (one prior to the IIﬁ filter and one via the phase

rotation, both in the time domain). Each of these

conversions is nominally smaller than the -previous one.

Also, the measured value of each is proportional to the 10O

‘frequency. This is because the frequencies of the

downconversions performed in the hardware and in the

prbcessor are all in terms of the sampling frequency, which

is derived from the same source as the 10. 1In other words,
10 drift causes a multiplying error in this measurement.

However, due to the estimation of fréquency differences, the

first 10 freguency offset is gliminated, and the drift only

multiplies the downconversions performed in software.

- The optimality accorded to the frequency estimate
relates only to the last two downconversions - the first two -

are effectively "constants®". The FFT is a correlation in



known) and data delay (which has no anbiguity but is not known). A data
transitio urs in each channel is used for tinme-tagg
pse.udoran&ébﬁ'?aﬁ‘gnent . This locates the data transition to mégﬁgglesss
sanphe, as described for the data value estimation. A data transition

al ways coi nci des W th a code epoch transition. Interpol ation
bet ween sanpl es is made possi ble by sanpling the "phase" of code at the
begi nning and end of the integration period, to sub-chip accuracy. G ven
that the | ocal code frequency is "Iock@ﬂ" to the received code frequency to
a, degree that can be estinmated, the point between sanpl es where the
transitifreguencys cso bestimatiagat €tequentyt he Iforal theée wEimstrfectly
matched (in delay) to the received code, and there was no noise in the
syst em déwnconversibat ednpthedmaingprocessoenwvia thel FFiepprovides
correct. However, the requirenments to both maintain code | ock and nmake an
accur at Mbseshimateespi Thet phases processing whichovsesieveraging for

PCT/ GB91/ O1555 dictate that two further processing steps be _taken. The
first ofthfc8EtimateEesofh{TpANRNRY 8nd: PBaser FanabeofheWRK tooPe han de| ay
paraneter,. . and . %he iecqnd inéglves he conbi nation of a series of
measur engPtimplintererlatignsofy theo R ex E4T eRLAmAL®Byres that the
accuracy requirement is nmet. The pseudorange estimates nade using the above
met hod ' '

If the phase is measured at integration peried

\_/ boundaries, its measurement is also optimal. The phase

contribution by the first 10 is eliminated by the use of

phase differences. Both'the downconversion in the digital

hardware and the FFT downconversion contribute zero phase to-

the signal at integration period boundaries. This is due to
these downconversion “oscillators" having integral numbers . .-

of cycles in an integration period, and being initialised to

zero. This means that the phase estimate is the average

value estimated during the phase processing. To remove

phase ambiguity the phase estimate must be "“unwrapped” with

respect to 2.
The = phase acceleration is not optimal because it does:
not use all of the available information. It only uses the
N early and 1late integration periods, both of which will

generally have lower SNR than the punctual.

DELAY ESTIMATE (PSEUDORANGE)



have been called "raw pseudoranges”". These estimates are not opti mal

becaus&Pt 6&!}5 s no relationship between these estinmates aﬁél‘fdi@l 01555
#%ﬁ |

. correla the delay paraneter. This is addressed by nmaking three
such "estimates in three successive integration periods, each estimate\y
being made for a different "phase" of the code. One of the integrations is
made with the code set at the "best estimte" of the code phase (i.e. as
close as estimable to "locked"). The other two are nade at points part of
a chip early and part of a chip |aQ@ giving a set of neasurenents as shown
in Figure 2. In order. to find the accurate peak of the correlation, and
t hus corr ecthd hestimate rof del®Psis cnoré conplek than' the otheais,nat e,
these three points nust be used to reconstruct the correlation
f unctiutn ithapiss thidhe masgt | fundamental ©6  theondetermimation ooforrel ate
the three points with the expected correlation shape (dotted in Figure 2.).
Thi s reseiver @ogitiohy ark® discussed cearbier| novdyol didferenneso3/ 05407
PCT/ GB91/ 01555 24 pseudorange”, and is an optimal estimate, since
cor r Hefwesn hé’ﬁ?ﬁfgﬂ'm (a%e cestimated; vcThe eskimatgy TeQuiXeSs are nade
- one of correlation shape and one of correlation gea_.l%si n the estimte
gener iAW fron, Refkh seinate of  code Jelpy (Which hag, @- ImS ey  gre
still _.not ,.accurate enoygh. Several.(nommnally at least 1 of, t hese
it e AR S o RS oL MR SFFIAERd SREHIE ot nRe. tRE, o,  dficos t he
known) and data delay (which has no ambiguity but is not
known). a data transition that occurs in each channel is T\
used for time-tagging the pseudorange measurement. This
locates the data transition to within one sample, as
described for the data value estimation. A data transition
always coincides with a code epoch transition.
Interpolation between samples is made possible by sampling
the "ﬁha‘se" of code at the beginning and end of the
integration period, to sub-chip accuracy. Given that the
" local code frequency is "locked" to the received code
frequency to a degree that can be estimated, the point _
between samples where the transition occurs can be
interpolated. If the local code was perfectly matched (in
delay) to the received code, and there was no noise in the
system, this interpolated pseudorange measurement would be

perfectly correct.

However, the requirements to both maintain code lock

and make an éccurate estimate despite the system noise



final estlnates of pseudorange and position. The phase and frequency
esti mates y37084b to the Kalman filter, also contrlbuteto?b_q-
of the pselﬁ?r ange ZS'[I mate. KALAN FILTER The function of a Ka na(}é?b*/iﬁfﬁ

is tastrack the "state" of a Ilinear dynam c system by proce
observations in an iterative |least-squares fashion. The state of
system is described by a vector of system variables which nust be

related to each other by a known set of |inear equations. Typically, t
state vector consists of one or nore séﬁg of derivatives and hence the

equations relating themare differential

of the

s@ictate Thatobswo dhirther procesiEing\steps e ngtakear: vallss

whi ch nust be known |inear functions of the state variables. Figure 3
i LI ust r at Sdrsite ofperthess isivalkwescdthenpickiagy 33f Ogh® correlation peak
PCT/ GB91/ 01555 filter. The observation vector, Y, consists of the

pseudor an§erditheer Aelay anananetern.cc anthse the f segond. imnolves o thect or

is X

and consists of the receiver position, velocity and

accel er at COMbARAtiaN. of,_ & Jisenies i) measurepents taksm  oYRT { AN

cl ock
mat ri x

of fset . The "hats not stinmates or pre |ct| ns. The trans
PBSRTVALIRLg HREHOE ( o G PR R otof

for the n teryv That | oop is knomm as the state transition
| oop. Eveiéhh&%eh%% Het.
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The pseudorange estimates made using the above method
have been called "“raw pseudoranges®™. These estimates are
not optimal because there is no relationship between these
estimates and the correlation in the delay parameter. This

is addressed by making three such estimates in three

successive integration periods, each estimate being made for.

-a different "phase" of the code. One of the integrations is
made with the code set at the "best estimate" of the code

phése (i.e. as close as estimable to "locked®). The other

ter
ssi ng
t he

he

equati ons describing the dynam cs

t hree

| ocal
ition
IR or

two are made at points part of a chip early and part of a.

chip late, giving a set of measurements as shown in Figure
2. In order to find the accurate peak of the correlation,
and thus correct the pseudorange measurement made at the
“best" estimate, these three points must be used to
reconstruct the correlation function shape. The optimal
method of reconstructlon is to correlate the three points
with the expected correlation shape (dotted in Figure 2.).

This estimate of pseudorange has been called "interpolated



transitions an observation is made and a correction is made to X. So,

bet we tions, the transition matrix nodels the presificHd1188%1 C
behavi our~of the receiver. The corrections are nade by conparing the ~
predi cted observation vector, Y to the observation vector, Y, and
processing the prediction error vector that results. The latter is
multiplied by the so-called Kalman Gain Matrix, K The latter is conmputed
via a stochastic nodeling technique involving the state covariance
matrix, P, the observation error Q@gariance matri x, R, the system noise
convariance matrix, Q and the observation matrix, M The observation

mat r ipsewlcrasgehs namd uisnant optimal estibate:,atsdincectcorrelatioresence of
subscripts on the matrices defining - WD 93/ 05407

PCT/ ¢B9s/k@ee55 used nikeice ceffectivelyanginpei faloc ssthimates t ey matrices,
nmust be updated regularlz as they are not tine-invariant. These matrices
depends T RN ®Rf (¢orrebation shabpe| ands ohrd ofh corxediatdon peak) additi on,
Q and, R may be estimated fromthe observations in various ways, allow ng

the intEhe (estipate (generation;: n Haweyera Aespite, the: aptinaditstei ver.
S 0 i Sl V0 ARt TR oA R o o
Cors i, TORRELLY, 42 TR, 190! Verl i idticed oY
obseryddidirdnydd &8l fito Otnb "ka153h B2 1kkY, CUhli®h produces the
final estimates of pseudorange and.position. The phase and W/
frequency estimates, as inputs t¢ the Kalman filter, also |

contribqte to the refining of the pseudorange estimate.

KAIMAN FILTER

The function of a Kalman filter is to track the
"state®” of a linear  dynamic system by processing
observations in an iterative least-sqguares fashion. The
state of the system is described:by a vector of systenm
variables which must be related to each other by a known set
of linear eguations. Typically, the state vector consists
of one or more sets of derivatives and hence the equations
relating them are differential equations describing the
dynamics of the system. ' The observations are made by
measuring observables which must be known linear functions

of the state variables.

Figure 3 illustrates the operation of the Kalman



an input fromthe pseudorange interpolation algorithm and an input from

t he frequeWQ 93/M540hase estimators. After the required nunbe PCTPGEB91/01555
obser:vati ons have been nade, the estinmated value of position can be

outpdtﬁdirectly fromthe predicted state vector to the user

Simlarly, the estimates of pseudorange differences to be transmtted

to the base station under differential operation can be extracted
directly fromthe predicted observation vector. Wen pseudorange
corrections are available fromthe base s€3tion, these can be utilised to
produce the nore accurate position by feeding into the filter as

il lustrated i nffltere 3.The PEBF?FEN%NGHAN VB, Tieongdsits @f the three
al gorithnms used in_this receiver performed within the Kalman filter. It is

enphasi sed t haPSERAOTADERt | Ghiferppres andsthe:ithree, phaseHifferences.

concept s desorPHEGREREE rEBEEDE, dBoi G nAPUbs SRRRISE | Pl HRERiver

four Jor ore. CRARRELER . | Bahedier and atsriskationdn skee Clmsamitinses

Frd rodificall g88 PhE CRUESI0BE | SRR’ of P uchl “erBil | GEARRL “"ime
"hats" denote estimates or predictions.

W, The transition matrix.*-is multiplied into/%‘tq.obtain
the estimate of the state vector for the next time interval.
That loop is known as the state transition loop. Every N
traﬂsitions an observation is made and a correction is made
to’Qf So, between observations, the transition matrix

models the predicted dynamic behaviour of the receiver.

The corrections are made by comparing the predicted
observation vector, ’gf.to the observation vector, Y, and
processing the prediction error vector that results. . The
latter is multiplied by the so-called Kalman Gain Matrix, K.
The latter is computed via a stochastic modeling technique
involving the A state covariance m;trix, P, the observation
error covariance matrix, R, the system noise convariance

matrix, Q, and the observation matrix, M. The observation

matrix relates the measurement vector to the state vector.

The presence of subscripts on the matrices defining



CLAI MS: 1. A GPS receiver for use with the NAVSTAR gl obal

sat el lywhegd)ge@9 radi o navigation and time transfer systemperxiHoi/orssse ved
signals froma plurality of satellites conprise a carrier signal nodul ated

5 by phase reversals representing satellite-specific C/ A codes and datg;
said receiver conprising neans for anplifying the signal received through

an antenna, code generating neans to generate any of said codes with a code
del ay of the generated code being controllable to sub-chip accuracy, 10

code m xi ng and downconverting nea@gto produce fromthe anplified signal a
digital signal with a downconverted carrier frequency and nultiplied by the
genethkecthoaede Viareby ¢,he pansniy hiwdicdeeporhabnthésée watirgces! si gnal
originating fromthe satellite signal having the sane code 15 i s despread
whenmust bede upeabed§ rdpulprky @sdheylaratndes tineeinvarianthes t he
code delay of the satellite signal havig the sane code, neans for

pr ocFheseg mattricem depend |oniithe pesitions #f cthesatelbitescands for
phase- coherent estimates of a plurality of signal paraneters including
codethel Feceiver.cr fFeqrddition, @ and R may ke restipated 2€rePerati on,

- data val ue and data del ay and 20 for utilisigg sai d signaL par anet ers
fromthe ebservakions d @BEiS  Vays) B loving the gcfikteFatPon on the

posi ti.on of the_antenna; erejn th ode delay of said satellite signal-

Povi RGaBRG te, nehaREes drmdiie AVRARIG Nehay ol SF £he, FeoSivet:

(1) enerating.a plurality, of ' [ gi Lgnal s, of .sajd digital

N W Ci e By B diledd 8L 2GR Ols®hd U1
multiplying it by a scalar factor related to the trace of an \J

L]

estimate of the prediction error concerned. Specifically,
the scalar factor is 1+ 00 where ol is lineérly related to
a sub-trace of the matrix <(Y<Y) (Y-¥)T> - (MPMT+R).

An observation in the context of this Kalman.filter is
an input from the pseudorange interpolation algofithm, and
an input from the frequency and phase estimators. Aftér'the

- required number of observations have been made, the
estimated value'of:position can be output directly from the
predicted state vectof to the user. . Similarly, the
estimates of ' pseudorange differences to be transmitted to
the base station under differential operation can be
extracted directly from the predicted-ohservaticn vector.
When pseudorange corrections are available from the base
station, these can be utilised to produce the more accurate
position by feeding into the filter as illustrated in Figure

3.



different code delay of the generated code from said code generating neans,
(2) conputing a plurality of values 30 corresponding to each digital
signal, each value being a neasure of the degree of code denodul ati on of
t he Qgrrespondlng digital signal and utilizing both phase and frequency

i nf orhation, (3) conputing an opti num code | ay of the 35 gener at ed
code fronlsald plurality of correspondi ng val ues to provide the code
del ay of said sBOERTLOVNINGgARGORITHMS A GPS receiver as defined by

claiml, wherein said Ste‘BthpBQi@%hﬁlﬂgaa%HH{:hhiﬁ QbedakiHeEnRRECR Yele
st eps of 5 a_compl ex frequency spectrum of at

| east one of saPﬂr§P§PF§IW§F§ﬁ&Ig%@V &alpan fdd&exti on period, (2) locating
a maxi mum bin in said frequency spectrum 10 (3) extracting
carrier frequency and carrjer phase of.fs ecei ver as
defined by glaln¥1 mhere& §§P8m9§5516F8c8HﬁﬁtFﬁa énKFﬁgPPPt§soP° al ues
conpri ses tshe sreptrdttefiSto the embodimehk desemibedg aMamyplchariges ity
spectrum of at [ 635k ;Q8¢18heSHad Yeliade WithALS cRLCHrAAd Yol Wesn

peri od,
_ described. The receiver de31gn may be enhanced in several

ways.
The generic concept as described here is relevant
10 to receivers with four or more channels, known as “multi-

\/ channel" receivers.

other changes and modifications are envisaged to
cater for particular applications and for special
environmental conditions.



(2)- locating a maximumbin in said frequency spectrum 20

(3) performng a further downconversion on ea gnal in the :
‘time domain according to the position of sai d ﬁ" ,ml)duce S

correspondi ng furt her downconverted ;gnal s withacresi

frequency 25 : A GPS rec er as defined in claim?2, wherei n
sai d ste \§corrput| ng a plurality of corresponding values conprises the
step of rem) I'ng any data transitions fromsaid at |east one of said
digital signals. 5. A GPS receiver as defined in claim3, wherein 30

said stgp of conpPufipRGedifh Uha kel Vil theQATSIRS PRBAI Ate1VRLESd GARBS | Ses the
step Of LAERIG Al Aahded (30RI AR feblVetLhalis | 4RI, 0N OF Sai d

further convert ed S|gnal receiver as defined in
cl ai m 1pw1e:1euy Sod dsapiéliliitiéé/ Edmsi g G gealahét Udd8al SmeQ1ELRELRd
uentb I Ai GFS receiver for use t he NAVSTAR gl obal
sa el | i %.’&?c? 5 (6 1o o W@%‘f‘?‘%’ﬁ‘%rﬁ?'ﬁ?lﬂe"?? a‘?ﬁ?%ﬁ“f%i}s@ eﬁnCPﬁe%\,hl ch
recei vednsi gletles; faaoid arqtedver tgompr saing Iméamss COOPrampl BEGRAHGT €heSi gnal
nodul at p r S |.f| c_C/ A codes and
ot . s ELRAL MRS ITUE SR S rE SN L SX600 | 485 SREELDY PRl oT00
throughté?n aenReraRie @ﬁd@@eﬁ'@?@ﬂ‘?@emlﬂ 004@) @eheraoﬁ the of said

codes Wylehed2QMlf sddYb&ind hCotersi BliSTe COS SRS 865 0REEQLLAY e to

sub chi p ccuraclg_/
ode mixing and downconverting means to produce from the

amplified signal a dlgxtal signal with a downconverted

carrier frequency and multiplied by the generated code \-)

whereby the bandwidth of the portion 6f the digital signal

originating from the satellite signal having the same code
1S is despread when the code deléy of the generated code

matches or nearly matches the code delay of the satellite signal having the same code,

means for processing the signals including an estimator of signal parameters for phase-

qﬂemmtemﬁmmxsofa;ﬂmaﬁxyofsnmdlpnamnysimﬂuﬁm;aﬁeddbw,caTkx

frequency, carrier phase, carrier phase acceleration, data value and data delay and

20 for utilising said signal parameters from at least four of said satellite signals to
provide information on the position of the antemna;

vherein the code delay of said
satellite signal having the same code is determined in said
GPS receiver by:

25 (1) generating a plurality of said digital
signals, each of said digital sigmals corresponding to a
different code delay of the generated code from said code
generating means,

(2) computing a plurality of values

30 corresponding to each digital signal, each value being a
measure of the degree of code demodulation of the
corresponding digital signal and utilizing both phase and
frequency information,

(3) computing an optimum code delay of the

35 generated code from said plurality of corresponding values



code m xi ng and downconverting neans to produce fromthe anplified signal a
digital signal with a downconverted carrier frequencr and nultiplied by the

generated code 15 whereby the bandw dth of the por ,mmmmumlﬂ"!al

si gnatsoriginating fromthe satellite signal szing ;
despread when the code del ay of the generatéé. ode nmat ches ‘or "neérly

mat ches the code delay of the -satellite signal having the-same code, neans
for processing t¥e proguifie thel gafagdeharsefreedd satelynte pigmmidters for
phase- 20 coherent estinmates of a plurality of signal paraneters

i ncl udi ng code del ay, carrier_frequepcy, carrier phase, carrier phase,
accel eration, dafa val ue aftid®BStEeERIYST A% doFined | PXialeimi §- svhpxein
paranmeters from gaifleasepfl ofir compatifgsat plhraRisiy 008! ¢alQepr cvinfeises the
information on the: osi%[on of the antenna; wherein the code delay of said
25 satellite sfgﬁg? R ving the same code is determned in said GPS

recei ver bys (1) gener at (h) a pdopetiny afcomplexifreqiencynspecteamhosf
said digital sigpal r ondi pQ+ kO Lffe d I .
gener ated code f%gn?gégg §§§eggogg1§eﬁ§?§#%%ggﬁﬁéﬁgg §§€S géo%%ﬁ%ggatéon
plurality of valmesiedsresponding to each digital signal, each value being

a neasure of the degree of (s§pde figaPEithtd QP mid bW LT {85806 PBeghght !

signal and utilizing both phase and 35~ frequency Information, sald step
of conputing a pBReEAFFEPR.  of val ues conprising the steps of (a) conputing
a conpl ex fupequency spectrygp)of extracting carrier frequency and carrier

phase offset. :

\_/‘
3. - A GPS receiver as defined by claim 1, wherein
said step of computing a plurality of values comprises the
steps of: |

15 (1) © computing a complex frequency spectrum of -
at least one of said digital signals over an integration
period, ' o o

'(2) locating a maximum bin in said freqﬁéncy
spectrum, ) '

20 (3) performing a further downconversion on each
said digital signal in the time domain according to the
position of said maximum bin to produce cbrrésponding

W, further downconverted signals with a residual carrier

frequency. '

25 4. A GPS receiver as defined in claim 2, wherein
said step of computing a plurality -of correspondingIValues
comprises the step of removing any data transitions from
said at least one of said digital signals. |

5. A GPS receiver as defined in claim 3, wherein

30 said step of computing a plurality of corresponding values
comprises the step of removing any data transitions from
said at least one of said further downconverted sighals.



at .l east one of said digital signals over an integration period, 5

- (b) | ocating a maxi nrum bin in said frequency ﬂ‘ “Erformng a

. further downconversion on each said digital si gﬂmmmm“““ \ \ mai n t»&
produce correspondi ng further down verted signals wi th 10

zero frequency and phase, (3) co ting an optimum code del ay of the

gener&t ed code frgg a?’%eﬁ(’j‘fg‘l’g’? a|L8ty ogjgn o&respgf%i%%%vqﬂggé 15} provi de the

code del ay of sdt e S|gna recerver as defined in
claiméhldMn&uxanﬂﬁy ofasdid udidiraloshgonaier $8 ogenerated frequency and

phasedg in tw steps, a first step conprising a downconversion
accor S(ﬂ'p%o sald maxi mum frequency bin to a residual carrier frequency,
and said step of conputing a plurality of correspondi ng val ues further
conprises the 2Qcps%@ﬁepffo:e&bwﬂawawmﬂzglbm@eaummm%quency 9. «
A GPS recei ver as defined in claim.8 vvher in sgl %ﬁg of conputing a

PP ur alTevigetden ans tER SRR §F %Hb%‘“%??ﬁ?ére rises the step of estimating

the C%Ildﬁlﬁa’»is&fOééﬁéllﬂf:ehheoi‘nyfiberadew.eﬁéi‘eﬁ‘igdail godulatea 10.

furi i RRAs eerseaelfqrapesarnlitn, BekartataeRetinis SRR T

i n- phaasd (dgtandsgiddrateieetronpriohagt zeand £he a&plddf&llncgartrheer
Lreg?grﬁoqhﬁe@%%ﬁé&d R¥0{I§§§ g.{él![ egtéﬁﬁar alg4af g&%%k—.@iﬁgoine%&s the phase
10 to generate any of said codes w_:.th a _code delay of the
generated code being coh.troilable to sub-chip accuracy,
code mixing and downconverting means to produce from the \)
amp:_l.:i.fied signal a digital signal with a downconverted
carrier frequency and muit_:iplied_ by the _geh_erated code
15 whereby the bandwidth of the portion of the digital signal
originating f£rom the satellite signal 'h_aving the same code
is de.spread when the code delay of the generated code
matches or nearly matches the code delay of the satellite signal having the same code,
means for processing the signals including an estimator of signal parameters for phase-
20 coherent estimates of a plurality of signél parameters including code delay, carrier
frequency, carrier phase, carrier phase acceleration, data value and data delay and
for utilising said signal parameters from at least four of said satellite signals to
provide :i_nfomation on the position of the antenna; .
wherein the code delay of said \..J
25 satellite signal having the same code is determined in said
GPS8 receiver by:
(1) generating a plurality of said digital
signals, each of said digital signals corresponding to a
different code delay of the generated code from said code
30 generating means,
~ (2) computing a plurality of values ¢
corresponding to each digital signal, each value being a
nmeasure of the degree of code demodulation of the
corresponding digital signal and utilizing both phase and
35 frequency information, said step of computing a plurality



11. A GPS receiver as defined in claim210 wherein-th te of -
rotation of the phase vector is neasured using a |linear fIM
GPS receiver as defined in claim7, wherein 5 sai d’ frU"imw

furtbﬁr downconversion to zero frequency and phase co m) HHmof
rotatlng t he phase vector to the real axis a rding to t he rreasure

carrier frequency and carrier. phase offset, and said step of conputing a
plurality of vaI°lfe§’aF]m€E9n§°‘&)‘PPpﬁ1-%st#%r9‘1@8 @fch digital signal the

steps of (1) detecting and g \douputiDhdat Q:dn{pa.'éﬁd tfrQiifrencih et SuRTH A9
real val ues of the rotated phase vector durl,né:]é e integration period to
ptovide said 15 correspditfpgIRe af said digd El%éE?r rOEE & ned

in claim2, wherein the codﬂ:em'ndﬂtpmmie:cknﬁwonvertl ng neans perfor ns said

dovvnconvertgd carrier freg&e)ncy 'orlzatvﬁé %thﬁ{ 1o fg%g_dj éﬂl@%\grs&gn

being performed after said code mXing, anount owncon
performed in the latter stagediaium adj ustabl e according to said extracted

carrier frequency or the va.bu e%ﬁ%'m%%r j‘:ﬂmwm:o:rmre::‘%i%:'nQJ on each

receiver as defined in claiml, wherel e code m xi ng and downconverti ng
means performs a 25 dowfakhidigital rionalip the é%’pﬂ‘?‘?ﬁ;’-ﬁa%‘é produce

appropriate for furt her W&ibﬁ&s?ééﬁh.ﬁb’ FOPERELIdSRidoFertdd . signals AvlER

recei ver as_defined in cl al m 1 wher ei n
f frequency and phase,

(3) computing an optimum code delay of the
- generated code from said plurality of corresponding wvalues
to provide the code delay of said satellite sigpal.

8. : A GPS receiver as defined in claim 7, wherein

15 -'said further downconversion to zero frequency and phase is
performed in two steps, a first step comprising a '
downconve:_:'siqn according to said maximum frequency bin to a
residual carrier frequency, and said step of computing a
plu_rality of corresponding values further comprises the

20 step of estimating the residual carrier frequency.

9. A GPS. receiver as defined in claim 8, wherein

W said step of computing a plurality of corresponding values
further comprises the step of estimating the carrier phase
offset of the further downconverted signal.

25 10. A GPS receiver as defiﬁed in claim 8 wherein the
digital signals and further downconverted signals are
represented by a phase vector with in-phase (I) and

3 quadrature (Q) components and the residual carrier

frequency is estimated by measuring the rate of rotation of
30 the phase vector of the further downconverted signals.



said step of conputing an optinmm code del ay of the*jéﬁé?é?éa_zaag—?rom

said plurality of said corresponding 30 val ues c “ﬁr%unmesald
plurality of corresponding values with an expected m‘ ﬂﬁmﬁ et he

correspondi

i ng values and the code del ay of said sat icter  Msigndl andrt

determ ning the code del ay of the satel®ite signal which gives a best match

bet ween th
GPS recei v
conputed b
di fference

e expected relationship and the correspondi ng val ues. 16.
al.as defi DE(GPiS’l mdcaiinel; ashetefimddhard clasing il weeredah etle
S

ween sal eas our of Sal e S|gna sai d

pseudor angd ididdge fsitees belng ‘conputed fromthe code del ay of each of said

satellite
wherein th
parameters

signals. 1&a:|id ste® cﬁ:’ﬁbéﬁﬁ@iﬂﬁﬁg% ﬁe:t-tmwl d&vﬁ&:?xh%ﬂsz.metél ﬂei-bet 15
ers CcO sal ans ut | S aneters
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si gnal par
i ncl udes ¢
A GPS rece
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signals. 10 17. A GPS receiver as defined in claim1,

e signal parameters conputed by said nmeans for_ conputing signal

I2rci udes GRS reneifen @ deagtiiin ¢IaiR o I ReERiRl

iplmsasvestafon ecb | the | zeal laxid caecordimg stg nthe poaeasetreds
Bl g LU0 0 ARG ePpUEITAREbES WG}
of comput;ng a plural;ty of values further comprises for
each digital signal the steps of

(1) detecting and removing any data
transitions, and '

(3) summing real values of the rotated phase
vector during the integration period to provide said
corresponding value.

13. A GPS receiver as defined in claim 2, wherein the

" code mixing and downconverting means performs said

20

25

30

downconverted carrier frequency in two steps, a latter of
said two steps being performed after said code mixing, the
amount of downconversion performed in the latter step being
adjustable according to said extracted carrier frequency or
the value-of said maximum bin.

14. A GPS receiver as defined in claim 1, wherein the
code mixing and downconverting means performs a
downsampling of the sigmal to a sampling rate appropriate
for further manipulation by computer software. o

15. . A GPS receiver as defined in claim 1, wherein
said step of computing an optimum code delay of the
generated code from said plurality of said ¢orrespondinq._
valueg compriges comparing said plurality of correépondiﬁg
values with an expected relationship between the |
corresponding values and the code delay of said satellite

A

&agca%doﬂ%}?a G é Nohsd &l P8 AP g@ﬁ&é%’s ﬁaegdorangeé
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19. -



20. A GPS receiver as defined in claimS8, wherein t he signal

paraneters conputed by said neans for conputing signa
carrier frequency conputed by 25 sumi ng the esti natum"gwmﬂﬂllmngr
freqgiency, the amount of further downconversjon in said* fi%st stepsan

amount of downconversion perforned by said e m xi ng and domnconvertlng
means. 21. A GPS receiver as defined in claim210, wherein 30 t he

si gnal par amet e?#19nad| aad Sﬁ&?ENAEEEFeFﬂﬁlSﬁdEoﬁﬁ&?¥d°f thegsgtelditg i ng

the rate of chagggnai &:hechaﬁivea BObaktOfatth! Betwhafietacespectdd A
GPS receiver as dfflned n cla ﬁ wherein sai.d neaps for utilising said
si gnal paraneteF? aRLPRE §paa§d the FRETPPPPEALRS: K24UPH-si gnal parameters

as inputs. A GPS receiver as defined in claim7, wherein said

neans. for utlllghgg sai d RI gglrggéggg eég agfk dgs; 2 E?AEB” f'+£§£e§%gghe

sai d signal par ters as’ i nputs Sl gna paraneters 1h
(1) a cabri ersptusd paremetefs) computedr by sphdsmeanscferacpuputisg

pseudorange diff @gﬁgieﬁaﬁsﬁn\éﬁa%th 3§ahel bbbgaskangks ﬂ?féi&@ﬂc&&oﬁéﬁ:%eﬁ()de

del ays of the sat Ite signals carrier
frequency. 24. said ak éPSSFegepvePfa§aG§fFﬁ&&liﬁtEIﬁFﬁP&ésmhéﬁéﬁn

pseudorange differences being computed from the code delay
of each of said satellite signals.

_ 10 17. A GPS receiver as defined in claim 1, wherein the
— signal parameters computed by said means for computing
signal parameters includes carrier phase offset computed
from said digital signals.

18. A GPS receiver as defined in claim 1, wherein the
15 signal parameters computed by said means for computing
signal parameters includes carrier phase acceleration
- computed from said digital signals.

19. A GPS receiver as defined in claim 1, wherein the
signal parameters computed by said means for computing

20 signal parameters includes carrier frequency computed from
Y : said digital signals.-
20. A GPS receiver as defined in claim 8, wherein the

signal parameters computed by said means for computing
signal parameters include carrier frequency computed by

25 sumnming the estimated residual carrier frequency, the
amount of further downconversion in said first step and the
amount of downconversion performed by said code mixing and

downconverting means.

21. ~ A GPS receiver as defined in claim 10, wherein
30 the signal parameters include phase acceleration computed



said further downconversion to zero frequency and ' dintwo
steps, a first step conprising a downconversion atﬂ ﬂEmu- E ﬂ Inaxjnum
frequency bin to a 20 residual carrier frequencyu. sthe -~

carrier frequency is conputed using the anount of further downconversiow¢in
said first step and the residual .-carri-er@(ufequency;

by measuring the rate of change of the rate of rotation of
the phase vector.

22. A GPS receiver as defined in claim 1, wherein

’) “

said means for utilising said signal parameters includes a
5 Kalman filter with said signal parameters as inputs.

23. A GPS receiver as defined in claim 7, wherein
said means for utilising said signal parameters includes a
Kalman filter with said signal parameters as inputs and
" -said sigmal parameters include:
io - (1) a carrier phase offset, _
- (2) a carrier phase acceleration, - -
(3) pseudorange differences between the
satellite signals derived from the code delays 6f the
satellite signals, and
15 (4) éarrier frequency.

24. A GPS receiver as defined in claim 23 wherein
said further downconversgion to zero frequency and phase is
performed in two steps, a first step comprising a
downconversion according to said maximum frequency bin to a

20  residual carrier frequency, and wherein the carrier
frequency is computed using the amount of further
downconversgion in said first step and the residual carrier o
frequency.



