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This invention relates to a position determning systemusing radio or

ot het broadcast transm ssions. Mre particularly, it relates to a
system usi ng th‘?’ g obal System for Mbile Comruni cations (GSM or
other digital t VYA on systens. 5 I n our Eur opeaRCHEB6M2308
EP-B-0 303371 we describe a radi o navigation and tracki ng system now

known as ' CURSOR , which use h sgsi ! al cahﬁrgg f the signal s
fromseveral radio transm fRéSi’l’fQ %EM of a roving
receiver. Its . %i m S | ql:i o fﬂ ﬂ?@?ﬁe Bgt

speci fication vvhereﬂlwf 'S s(ﬁ'omi Eo‘gv @d&ﬁ st gnas’recelv dl%iltor%rcfnf‘f/r by

Lhe ro;/i tng I eC brodduas! Lt(uansmsst_' )onp.mdtl:(mparpmu' n .w?&ﬁtge;sysmumsmdth _Gwhalhs;»;tem fixed
ase station who ocation is se) . et er.m ne their phase

di ff ef ence, W“@W&ﬁ@%“‘ﬁ?@“ﬂ@%éﬂ@g*ﬂmfmwﬁyﬁ‘émﬁase and rover
from each tgansmi t t Br our TBur6yRar Paldnt EP-B-0'303371 oW dbseribind radit ratigRimnamnt

transpmitters are needed for navigation and tracking in t wo di nensi ons
to fix the pos_FﬁkHW $YieRy BOY Jpeyn a3 _ _t&Y"l"hé‘sﬁa@é sptiag} coNerenrg) of &ieor k
of ~ transny from SEVRrall RISROYIAsTHINES ko Bdt@iideathe positioR Gf b PovifPfetei v \its
position are thé spatial x and 15 co-ordinates of the rover together

wi th the phasepdtciples: arp explained inhthe | | Paisg sperification where it is shown hoyiththent

of the two recgj Al i RorVA £ | PMQ SHOWS
how t he sane p?ﬁr@%%ﬁé@%‘%&é‘@g&appl ﬁgg@ﬁ%&ﬁdﬁgﬁ% ot g‘ﬁﬁgﬁﬂgﬁg§ spaces
such as 10 uhylefiggdhassstation whese kocatiaduis known-(Bisé)ttd deterohinggheir fhasn differbncef

Navi gati on, 45, 7 . | i [ ml n i of the
phase- measur i nﬁ“%‘?fgfeeﬁg ?’M% A ‘?q'g%g‘;‘?‘gﬁ%??%{'"?& %)n %ﬁ%%‘@?‘é%’“

medi um wave AMVnfeasakenenismiadel craintiepgiideht teansmiaere ams healled for navigakion el tracking in
position of a vehicle.,in apd aroynd Canbridge,. UK. .at speeds up to 110 km
h[err]. with a‘“’°d‘m’fﬁ“é‘l§i‘%g’6“‘°8f’s’ eSO °b‘?‘hf'h§°g'&9%ﬂ“§d'§?’°6‘f° uch a
system | i es i Nechidehitkeds; Thé GrikhovAPquantities odlélildddTordacis fw position hre kel spatint Maml Of

coherent radio transmtters needs to he set up for CURSOR oqper at i on.
On the cont‘Par9’."Wqg‘edeéWﬁéﬂmt‘H%PM?gﬁ‘%WWaiﬂm ¥Ie Bendent

radi o transm t 4Rreduipmbntt? teQivo 3E0éivers! R Prther patent specification, WO 93758435)3nésl al so
expl ai ns how the w der bandw dth signal s of nodul at ed t ransm ssi ons

may be used tobpwdhesame principlesanay;terapplisdcia tnnelicad othee shisldadaspaces sdeh $%0
underground car parks. Duffett-Smith and Woan (Joumnal of Navigation, 45, 157, 1992)

describe a particular implementation of the phase-measuring system in which the signais
20 from three or more medium-wave AM public broadcast stations are used to track the

position of a vehicle in and around Cambridge, UK. at speeds up to 110 km h™', with a

precision of about 5 m. One of the advantages of such a system lies in the fact that no

additional costly infrastructure of coherent radio transmitters needs to be set up for

CURSOR operation. On the contrary, CURSOR is able to use the signals from any
25  independent radio transmitters set up for any purpose.

EP-B-0 303 371 also explains how the wider bandwidth signals of modulated
transmissions may be used to measure the rime difference between the signals received
from each transmitter at the base station and the rover. In this case, the position of the
peak in the cross correlation can be used as an estimator of the time difference between

30 the two received signals, and hence the difference in distance from the transmitter of the
base and rover. As with the phase-measuring system, three such measurements made on



fromeach transmtter at the base station and the rover. In this case the

position of the peak in the cross correlation can be used as an
estimator of the tine difference between 30 the two received signals. and
hence the difference in distance fromthe transmtter of the base and
rover. As with the phase-neasuring system three such neasurenents nmade on
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PCT/ GB96/ 02308 three wi del y-spaced transmtters suffice to calculate

t he spati al x“g% : %#fﬁﬂaﬁ ' el brciitafed time
of f set between q‘éﬁ%‘ C a orsﬁ%%ﬁﬁﬁﬂ“&@?ﬁ@xg@g&%ns. ot of thE

Mobi | e t el ephovestogeather with the sigie 0ffsep barwesnghe@shillaton imthéitwo reeiyingstationsc hni ques,
and it woul d vant . 11 AR SUr i SCOR _paositioni ng
technology to 5 @?%%%é’ﬂ%i"ﬁqgﬁ%ﬂ%@ggﬁ%égw °H'§%$§%V§',’“éf‘gnal S
radi ated by diwgukiche eladydnmpe to add titnemrasuring CCURSOR positigningX teatidldghapef or e
there are proble t.0..be. overco in attenpting to copbi ne t he

t echnol ogi és. Provice additional SRYEST Htf’%ow&rséé"élﬁt@%m digial; iephone
provided a poghdshittersi@t Sonipidxiaid therefore @i bR Problefis 16 BEGVeNtbRS ildmeAgimAnd

signals transmtted b%ga nupber of transm ssion 10 sources equal at | east
to the nunber SoRbipg heteshnologics.n which the nmovenment of a roving obj ect

is to be noni toredﬁ fing® ¥o° B "BrésMtPinbetkiB there is provided a}oﬁ%ﬁ deterrhifing! Vi N9
stations. in use the first of ‘the receiving sta?lons being at a known
posi tion and systens oo meeiyingnboadobandesignals transmitiedibyga abinbert of transmission a
position t epqi.Ql . eak ' I nk. si gnal
From each 15y - #plsils e BOREE Blhe mekber of ipendfBiR i wiBh wRTNLENC e, Rin
processor, t hebjectisktodbegnunitoredshiecsiystem gomprisingmat i on about the signals

received at the recej.vi station fromthe gra ] SSi.an_sources::
wherei n each of t h%p?'é(?g%ﬁ"ﬁxag 5?{33’15'0' SoF Q‘%iff‘a‘ﬁg@d"f%"‘%é‘éﬁ‘?}'ée“ﬂﬂ’é a§|agnal S
fromthe ki®@pposition and the sondiving locaedon & rovigdiged al | y si nul t aneousl y.

and the position 20 determnin rocessor is arranged to conpare the
i nformation recei v%E“sf‘f"&r‘iiF'Fﬁ%‘“'ngg’“m“

15 means for passing a link signal from each of the receiving stations to the
position determining processor, the link signal containing information about the signals
received at the receiving station from the transmission sources;

wherein each of the receiving stations is arranged to receive the signals from the
respective transmission sources substantially simultaneously, and the position

20 determining processor is arranged to compare the information received from the one
receiving station about the signals received at the one receiving station from the
transmission sources with the information received from the other receiving station
about the signals received at the other receiving station from the transmission sources,
and to determine the time delay between the respective signals received at both

25 receiving stations in order to determine the position of the roving object.

The receiving stations may receive the signals from the respective transmission
.sources sequentially and in the same sequence as each other. '

The invention aiso includes a method of determining the position of a roving
object, the method comprising transmitting a broadband signal from a2 number of

30 transmission sources equal at least to the number of dimensions in which the movement
of a roving object is to be monitored; receiving the signals at a pair of receiving stations,

in use z first of the receiving stations being at a known position and a second being



receiving station about the signals received at the one receiving station

fromthe transm ssion sources with the infornation received fromthe
ot h&T Tecerving station about the signals recelved at the other
reckiving station fromthe transni ssi on sources, and to determ ne the

time delay between the respective signals received at both 25 receiving
stations in oraeyokpssget erm ne the position of the roving objreIGBs02308

The receiving stations may receive the signals fromthe respective

transm ssi on sources sequentially and in the sane sequence as each

ot her . locatedonrmmwwhx&m@wf@qmlwnmwddemmthng t he

position of a &y#p mﬁ%‘c ?,ang
br oadband si gna roma nu laﬁstransm ssi on s urces equa'lE Feast

to the nunber hﬁksigndsrﬁommhloﬁthmeq:ivmgmatmmrmmondetcrxm:hngprooessorgtlwbj ect
Is to be nonit

red: receivin na receivi n stati ons,
o oo s 7 rst g Snals g desriaran SN ths Sendls BRkedh i T et FrsRvi 1
second being station from the transmission sources: comparing the information received?at the
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PCT/ GB96/ 0230gPosition detgrpyining, grogesser, fromy the RpeKpsivipe  station gbout fhe (sigpglsyi ng

stations bei Npeakitel ¥l 8¢ dne récﬁ@ﬁuF‘éﬁuéﬂ‘ﬁomthemﬁhﬁﬁ@d SoutcePiwth BR lﬁﬁﬁﬁﬂﬁh' ve
transni ssi on sources substantia si mul t aneously; passing

"signal s from eteesivas rPWethpézs!vrwwusa setiom about the f;wﬁl&.@wmﬂt e!rﬂlFrﬂ%
Processor, tNereceiving statitSroth HidHaisnhi olrcEl ard He H%Qﬁl;htﬁﬂé’&l r#dlﬁ‘wéhg”a' S

recei ved at the resBectlve recel vi ng statlo%li#ml e transm ssion
sources: cdmpam:ngspem@eimmi\@d at bowi reepiving swtions in ordevd détermine the
recei ved a | e S B TPt on from the ¢ r ansmi seion sources w th
t he information Addimnlly/.eltb jhvention ineludes emethed of esiimaying ttiaet offset iabimetoft he
signals recei ved at ft Ig htsngnal received at two locations, where the signal received at the one
' 'Iocation:may have been subject to corruption by multipath effects, the method comprising
1S auto-correlating the signals received at the one location; auto-comrelating the signals
received at the other location; cross-correlating the signals received at the one and other
locations; constructing a template comprising that portion of the auto-correlation of the
signals received at the other location corresponding to the negative time axis, and that
portion of the auto-correlation of the signals received at the one location corresponding to
20 the positive time axis; and measuring the offset at which the tempiate best fits the
measured cross-correlation of the signals received at the one and other locations as an
estimate of the time offset between the signais received at the two locations.
In some systems, each of the receiving stations is also arranged to receive a
second signal from one or more of the transmitters, said second signal being used to
25 enable compensation for changes in equipment offsets during receipt of the sequentially
received signais.
The position determining processor may be co-located with one of the receiving
stations or may be located remotely.

In one embodiment, the link signal from one of the receiving stations is passed
30 to the other receiving station and from the other receiving station to the position

determining processor.



receiving station fromthe transm ssion sources; and determning the tine
del ay between 10 the respective signals received at both receiving

statiohs in order to deternine the position of the roving object.
Additionally, the invention includes a nmethod of estimating the offset in
time of recei pt of a broadcast signal received at two | ocations, where
t he signal reé&?Q@ﬁ% t he one | ocation may have been PGB/GRI§0IIP

corruption by nultipath effects, the nethod conprising 15 auto-correlating

the signals recei vegsaibly, '¥or W¥a @,gb'sg ; -correl ating the.signals

received at the other | o%;ft%‘l. on; l‘l:g(r)gs - c'grar %@iﬁ'§€‘9ﬁéa‘§f°gﬂﬁl°§ ?bgﬁgp\‘ied at

the one and otPREHOR of the roxing pjent is passesk from thienppsitioh eleyetmining preessbstong t hat

portion of th%gbpﬁg?&g%'ggaﬁ% t he signals received at the other
Ing tot

| ocation correspon negative tinme axis, and that portion of

the auto-correl at i The systemeaysfurthericompriseaine eflmote mbitofiig sthtind ah@ B signal
correspondi ; and neasuring the offg'slet at

ng .20 . the positive tipe axis
whi ch the fe nﬁ@f‘é"%‘é‘g‘{m‘? "["s“"{"ﬁéﬁ‘ P°s‘"°ﬁ19§§'ﬁr"é‘ﬁnsc?la%%n%m=mbam¢ﬁ fromt he
si gnal s recei Wechositio Beterfiittin & orle @F bie@f thedonftbring statiofis | L€ Of the
time offset betwee theidsei als received at the two | ocations.
t

In some systens, eal WL BncHongling adatabase serven map bacounegted ta ther ecei ve
a S econ BosiiGf Wbherhirip ORsse, ¥ahb sbrict oh@ARY dalaHicineni T O
signal being used to 25 enable conpensation for chdnges 1 n equip t

of fsets durind Rlwally sf kapwa jpesitionsyand theisysiem further comprisesi meansnfat passing

The positiygn Siatibn| P§h@C b -Locat i thone of the

recei vi ng maspat?odr?gmo{hgn@ﬁ%é &gg‘gt %&gge%?cglcggnwmy by the PositioR e
enbodi ment, t deteinining girepassor f totheodntabade seher;r means \forn eetidvitigi @415 elemepgssed 30

to the other ;egéd%' d%hi%ﬁ'd?tn a}é\%drgyr&mpotsn%n té\giniaggreolcgslsgl'msatgéalngporto t he

position ermning pro
3 passing the data elements to one of the receiving stations or to one or more of the
monitoring stations.
15 The or each receiving station or the or each monitoring station preferably

includes a display and the position of the roving object is displayed on the display
which may be a dot matrix display.

The darabase server may contain graphical information and the graphical
information is passed to a receiving station or monitoring station and displayed on the

20  display to indicate the position of the roving object.

The transmission sources and receiving stations preferably comprise
components of a digital cellular telephone network such as a GSM network. It is
advantageous if the receiving stations monitor the strength of the signals of plural
transmission sources and select a plurality of sufficiently strong signals for reception.

25 The quasi-synchronisation between the signals received from the respective
transmission sources is preferably achieved by monitoring receipt of a specific portion
of the transmitted signals, but may be achieved, alternatively, By means independent of
the transmitted signals such as a local clock signal.

The system preferably includes a series of regionally, nationally, or even

30  intemnationally networked fixed receiving stations to provide wide coverage and usage
of the positioning system.
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pr ourdr Ty T OTTTET O apout. L ne posrtron ol the roving object 1Is
passed fromthe position determ ning processor to at | east one of the
recei ving stations. . The system may further conprise one or
mor'e nonit ori Ngyghdrfiidg@ns and a signal 5  providing infornapcesmssonses t he
position of the roving object may then be passed from t he position

determ ning processor to one or nore of the nonitoring stations.
To provi de enhancedThe mesgivingastitions maycdhe: cipable of creceivingrtwyo loe moare rcharineld t o

t he - posi tign.determnmnj. 0 r.. the abase.server .containi,ng
data el enents P@u&%ﬂ?‘gﬂ ’Q&Q&MWWQ‘% tb%‘{fl‘s@ﬂ%ls, 2R He
system furt her trassmissionseunesans for passing 10 information about the
position of the rov] obj.ect t ernm ned the positio . determning
processor to the dat® Mgmgg?wnséﬁngmf%r‘& f?‘@‘f’?‘%%a&%.@%‘ﬁ%‘ﬁ‘f@g
related to tshe CURSOR §Biefierhay be appliedidy a dizRalRadio hét@brkdIQick asTihB G3M RIPAGHES OF |

and neans for passing the data elenents to one of the receivi ngbe
stati‘ons or toSY#En. 49 caabledhe, positiop of a receiyer, such a5 A posably telsphone handset, tobe The
or each recei vinfegs“gda{g' G ﬂlﬁ%nﬁﬁinﬁ%aw[dm ' ' tabd y

i ncludes a display an a'?hewpositlon of the Plg{\?icur?gﬁgﬁftect ?{;s‘%ﬁ{)ﬁg@e on
the display  alreadjiintorpaapesomoss of thatymequiret fdi pesitiop. fixing operation, so Thap its

dat abase servet | ' sl r ' i cal.

I nformation i s'@%ﬁ%&%r%ﬁ:%ﬁ@%@g g@@%#&&ﬁ%ﬁ%ﬁ% g%lqurt]'d

di spl ayed an t imeashfementiis proiporsionab (amodgstother fackors) powthe inverse offthet Handwidthi ofi the

obj ect . . _elhe nsm §Si 0 s,and.recei ving stati

preferably conBends f°raG§§§ﬂ’Eﬁqgn'é °?8€9‘§’r‘§ﬁbh“§ “@éﬁlfeeiﬁrﬁ’g?"eﬁs@bﬂ’g@ et wor k
such as ahGSM Oﬁx&\/&lﬂﬂfrovdtﬁef rx:u:inthistigm&dmsyl frb‘eiwﬁmrd;iniéase‘shmﬂeeﬁaé thai ghréel GSMONS |
noni tor the strength of the signal: ura transmni ssi on sqQurces an
Sel ect a pl ur aFRESPURS Gt $9 FEFRFR 8 bod bateand, Toven ey gay all s beopsed 35 the

The quasi - sync Bagidn Rtehfining n the signals received fromthe respective
transm ssion sources is preferably achieved by nonitoring receipt of a

specific pdftion  The princinls of opation elod) pesitipngetermizing systom | secosding & B¢,
2 local ol ook bR SRNFHEAR. yiliouon to G MBS, WPt b0 Ba e P ™
of regional | y, withiréferaageltgthe accompanying drawings and-inclided tabley, imwhighyr ked fi xed
recei ving stations g&&rlqyiwq%g%ﬁrs% aprgm%s’age
Figure 2 is a diagram used to define the system co-ordinates;
20 Figure 3 illustrates calculation of cross correlation functions;
Figure 4 illustrates a GSM network incorporating the time-measuring technology
of the invention, and identifies the logical elements thereof;
Figure § illustrates the basic circuit components of a GSM handset;
Figure 6 illustrates a particular method of overcoming the effect of multipath
25  propagation on measuring relative time delays;
Figure 7 (a, b, ¢) shows various different configurations of the elements in a GSM
system incorporating the invention;
Figure 8 illustrates how position information may be displayed graphically on a
small liquid crystal display;
30 Figure 9 illustrates the arrangement of elements and test sites in a trial carried out
in Cambridge, UK;



of the positioning system

4 WD 97/ 11384
PGT/ GB96/ 02308 The receiving stations nmay be capabl e of
regei ving two. or nore channels simul taneously and it may be

advant ageous to re&gat t he reception of signals from plural
t ransni ssi on The description bel ow setPCTERISPIS t he
pri nci pl es of the time-measuring 5 CURSOR system may be applied to a

di gital radio netwapke 1 ShWs % thd 'ﬁwﬁﬁmﬁ{ﬁﬂ” le the
position of a recei vef such h%as aﬁporta e telep oneeﬁantgset g“éj%ﬁ(n&b
measur ed r el atpower xatio anddhe numberdfbitsrecordadnandk . The equi pment used in such a

operation, so-that ok YuReP ERTIh s ok § s UlelBhipe Bt e o "

extra cost. TheCambrdge UK. of each position 10 neasurenent is proportlonal
(anmongst other factors) to the inverse of the bandwi dth of the
signals; f a GSM si ngl e channel of 200 KHz bandwi dth, the precision is

about 50 m  Principl&fopsratisicnent on this figure nmay be obtained in cases
where nore than three GSM transmtters can be received at both base

and rover, they rmayehPf SUPRe Y 3 Uansmiter; Aois broadcisting fogyated grdic: signals ng
process. 15  yihina oﬂ&%f Requdh&ied SSwidih 8PSk Bn @%q@en@gél b C.ggage,yn ni ng

system according to present I nvention, eti ppl'ication
to GSM technolmgpjved\bylalfund)bmbstadms& b gl roving reasivenh R; eefshownmeFigm-etthe

accompanyi i cfAnd BiResl do oRfinatiS T 5) With Fesped o WEs cBhitred on the base station, as

shown in Figure 2. The axes can have any orientation, but might conveniently be set so
that the y-axis lies along the local mapping grid north-south direction. 2 = (a,, a)) is a
vector which defines the position of the n'ansmiuer and 7 = (x, y) defines the position of
the rover. The vector r - g = (x-ay, y-ay) completes the triangle OAR.

15 - Transmitter A transmits signals continuously. At a prearranged moment the radio
receivers in O and R begin receiving and recording a short length of the transmissions.
This moment may for example be signalled by the arrival of a trigger transmitted from A,
or a trigger derived from the normal signal traffic radiated by A, or a trigger generated
locally. The last of these may be achieved, for example, by using a pulse of short duration

20  derived from high-precision clocks at R and O which have been synchronised earlier. In a
digital version of this application, the signals might first be converted from v, to
baseband, digitised, and then recorded in dynamic memory. Although O and R record as
near simuitaneously as possibie, there will nevertheless be a time offset between the two
records which is caused both by the difference in the distances AO and AR, and by the

25  synchronisation error between the arrival of the trigger at O and R. Let Az be this time
offset; it is given by

)

L
TS

_[(x-ax )2+(y-a},)2]}4 -(a§+a§,)
v
where € is the synchronisation error and v is the speed of the radio waves.
An estimate of At.may be obtained from the cross correlation of the recordings
made at O and R. In Figure 1 there are shown links, L1 and L2, which represent means of



Figure 1 is a diagramof the basic system el enents; Figure 2

is a diagramused to define the system co-ordinates; 20 Figure 3
i | l-ostrates—catcotationof Tross correration functions: Fi gure
4 i{lustrates a GSM network incorporating the tinme-measuring technol ogy

of the invention, and identifies the |ogical elenents thereof;

Fidgure 5 ill usiyogémmgasshe basic circuit conponents of a GSM haouasB96/02308
Figure 6 illustrates a particular nmethod of overcom ng the effect of
mul tipath 25 propagati on on nmeasuring relative tinme del ays;

Figure 7 (a, bcomveying cpeesensationsof thi feCardiags maderdt ieaphrredeivingsstation itdhe@ pesidorent s

in a GSM st em i NCOr por,ak t he ipyenti on: . . Flgure 8
1 astrates hodPBOURPE BOrRISiHhs 1 e, of he Makse B hethes shey comyey informapiin in,
smal | |iquid fCFnia;a"trdl tifhe ®Pinpose difhys, is of no_conseﬁi@ﬁfipﬂndiﬂl@tﬁﬂlmtmflﬂ_hat
g;;g;‘?gg‘;”t K daplicaies of the Rcontings mide by ¢ath recHiving Sation arc assembied together at the

PCT/ GB96/ 02308 pogsition determining proaébsét fdr coMpirison Rith bdeR ofhl I | Nsi ¢ measur enent
error varies with the signal to noise power ratio and the nunber of

bits'recorded; and The cross correlationypff the 2wy irecondings is now perfermed hyrthe pesitionsf o
posi tion deter gl b&thr | : m:u. ' . .
Princi pl es of operaf [ gﬁ ﬁﬁﬁéiﬁ@ e 'ellljts sugbgio‘gg%gﬂg§m¥ #é’n%s%d‘fst"emry A,
i s broadcast i niestibeicamried cdut bylacmicioprocdssor which calaulates estithasescofothe ffunstioestci es
of wwdth [err]yv.centred on.freqguency v errd}ﬂf The signal.s_ar.e recei ved
by & {1 xed basHisEER el Bf b L ooktbrdrip o B sl el s, sysbaat 1
Figure 1. Vi 1the dwé inPighier3. ds iscuinliRely alislichapeak dfthe Yunctidn CorfefgoRds with@ axes
centred on the base statjon,, as, ) . .
particular sample, so the microprocessor must also fit an interpolation function, shown by
the dashed curve, in order to obtain the best estimate of the position of the peak. The value
of t corresponding to the peak is an-estimator of Az.
‘This process of quasi-simultaneous.recording, conveyance over one or more links,
15 assembly of copies at one place, and estimation of the value of Az from the cross
comrelation, must be performed on at least two or three spatially distinct transmitters. If
there are means at O and R of synchronising sufficiently accurately, then just two
measurements would generally suffice; otherwise, if ¢ is unknown as is generally the
case, at least three measurements are needed. Let A, B, and C be the three transmitters in
20 the latter case, at vector positions g = (ax, ay), & = (bs, by), and ¢ = (¢y, ¢y). Then the three

measurements of Ar are given by

V4

llx-ay )2+(.V-a))2 ]}5 -(a%+a%)
= = +€

v

Atg

I(x-by )2+(y-b\. P ]}5 -(-b§+.b% )K
A = = > . £
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shown in Figure 2. The axes can have any orientation, but m ght
conveniently be set so that the y-axis lies along the | ocal mapping
grid north-south direction. [err] = ([err],[err]) is a vect or which
def.ines the position of the transmtter, and r = (x, y) defines the
position of the rover.- The vector [err] = J[err] conpletes the
triangl e OAR. W597/11384 Transnitter A transnits signals cBRVGHIRE, A
a prearranged nonent the radio receivers in O and R begin receiving
and recording a short length of the transm ssions. Thi s m)rnlipt may for
exanple be signalled by the arrival of a trigger transmtted from’A,

or a trigger deri \Ekbsé thesmnordineapequationsicagmbe solved id ¢valuateci ptandie nd Aencer a

exanp) e, by ubkgston,of wEERE ¥ pepnie Bbnly. b SOt e g siaons "
hi gh- pr eci si ogenetallg kmbighouwaith twéposkible paiksf ¢, i Oferstieselareaufficiontiyfr dga’ . | N 2

digital versign of this a i.cation. th ignals mght first be converted
from[err] 3t o(‘)l“‘“t Is Mmaﬁ@ 1§ ic?'i'%céﬁf;’ﬁh&ﬂ' ?H@Pﬂ‘v@gyo?'ﬁéﬂgmﬂ"’d?m

menory. Al t housiligle fofifdRby eO tiffeed ransmitters) SOt F1 b abibipaRy Thoge B re@helib! €,
there will nevertheless be a tinme offset between the two records which

i s caused bot Rutpmaticaldly then anexis Eansmiticr |must be meajfreds AO and AR and by the 25
h i sati | f g .R.lLet
synchroni sation erm&%g{ﬂ&h&{&éﬂﬂs ol t%éygfortnf g?%?ﬁmﬁ&o(?ﬁﬁgn@d €

[err] be this tine 't 1S grven where [err]
i s the synchr romstht cross comelationaand! there afe three iiain fagiers.oFirst, thehwidthaofithe caosses .

A0 2581 ToU5 Obobeiph e 0, AT A e Wi R B o8 S 1
L2 whi ch repr gisaeply-défied peaki The width is inversely proportional to the bandwidth, Av, of the
° transmitted signals. Hence. wider bandwidth transmissions provide for more accurate
.intrinsic position determination. It should be noted here that the “bandwidth™ could
..encompass all the signals radiated from a particular radio mast and not just one particular
15  channel. For example, if ten adjacent channels of 200 KHz width each were active within
a total bandwidth of 2 MHz, it may be possible, using a wide-band receiver or one which
can receive simultaneously on.moxe than one channel, to make use of all ten at once and
thereby obtain the accuracy corresponding to a 2 MHz bandwidth. If some of the channels
were inactive, it might nevertheless still be possible to obtain the full accuracy
20 corresponding 1o the separation of the two channels furthest apart.

Secondly, the signal-to-noise power ratio, r, of the signals is important. Let us
assume that we are recording one-bit samples of the received signals converted first to
baseband. Each sample is a ‘one’ or a ‘zero’ depending on whether the signal is greater than
or less than zero at the instant of sampling. We also assume that the signals are contained

25  wholly within a uniform band of frequencies extending from zero to Av, and that they are
-sampled at the Nyquist rate equal to 2Av. The error in the estimation of the position of the
peak, At, is related to the average number, g(r), of consecutive samples which contains

just one error by the approximate expression

Z,Iq( rj-1

T S ar)-2avIN
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PCT/ GB96/ 02308 conveyi ng representations of the recordi ngs made at
eacirTecerving starton 1o a position determ ning processor CPP. The
natpre of the |inks, whether they convey information in near real tine
or inpose delays, is of no consequence in principle. All that matters is

t hat dupl wepémasasef t he recordi ngs made by each recei vi ngCriGBo6/a308ar €
assenbl ed together at the 5 position determ ning processor for '
conparison with each other. + The cross correlation of the two

recordings is heredbisithn totabnumber of samples usedin the cross¢omrelation. Thegnipinmne value

past o car 1 ogt B2 RS whih e is BNl o AR b AV b Bl ot .

function at beingi right @$ evrbngt Herealve hate nisomed tHas aie crbsrm}-rehﬁmr mmdimg to

t he sanpling |nterval as, s the dots i
unlikely that {HfRSHECD '#@ 'gfﬁwc%‘g‘ﬂ’g "ﬂﬁ'ﬁp s'ﬁ%'? F‘?f’ul ar

sanpl e, so tshe siiafd band-pase HREE. mm:eﬂma&snh meﬂ@rapeb&moaeuwmtw&&
shown by t he dashed curve, in order to obt ain the best estimate of the

posi ti on of t hdxgeAT. TFhe rolatioaship betweesr gir} ansor cars prosbininest fromtthe following s an

estimator of | gﬁﬁ si - si mul t aneous

recordi ng, con\(;* an:é)gs%r{/tgerzassum H%?D'ngl a§‘elg)t;isg%tg‘sserrbly of copies at one
pl ace, and estimation of the vaI ue of [err] fromthe cross

correlation, nust be perforned on at |lea ;y{p or three spatially distinct

transmtters. |If there are neans at ad R of synchroni sing
sufficiently accurately, then just two measurenents woul d generally
suffice; otherwise, if [err] is unknown as is generally the case, at

| east three neasurenments are needed. Let A B, and C be the three
transmtters in 20 the latter case, aﬁ._vecva pogitions a = (af[err],
a[err]), b = (b[err], blerr]), afi= T e F"Pfc'E'dFﬂ) Then the three
measurenents of [err] are given by

2
Q)= =2 expl- S s

10
With Av set to 200 KHz, the results shown in Table 1 are obtained.
Table I '
S/N Power Ratio q N=1024 N=4096
r | Axfm Ax/m
0 _ 20 o o
1 4.0 81 41
2 5.1 61 31
3 6.0 52 26
4 6.8 47 24
6 8.1 41 20
10 10.3 34 17
30 174 25 12
100 315 18 9
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(1) These three non-linear equations can be solved to evaluate
X, y, and [err], and hence the position of the rover is_determnined.
Actual ly, the (H388n of these three equations is genB‘FHFW%i guous

with two possible pairs of (x, y). Oten these are sufficiently far apart 5

that it is obviou ' ' t |t (for e | e._only one m ght
lie within the i‘%"r“?%@;’?’e@%’r‘%ﬁ"@%"E%ﬁ'@e{“{“}%ﬁ%ﬁ)?‘yﬁr if the
anbi guity nmug,, A, masobe/sided in quadratufewith €x2h bihet ddrwi >otted efrdrd i thet t er

nmust be noni tor ed. . The agcuracy .,of the method depends on the
error in the%“ﬂ'é?f)ﬁl“mm[%#}hed%w&b'a‘m'g‘mﬁ fogiete; that quits,g0ed sesilisant  on,

and there ar @ebhhifi&l Ve ih comiitidhs 6f pdot feddptiod.Ne Wi dth of the cross 10
correlation affects the accuracy of the result, since a wi der function

provides & | ess Thirdlyad prugllyfhe mesidmpenset inpmstiod, there is the erroringusted by
PLOPEr 12 il SO ey e B0 KA 50 >
Multipath propagation spreads out the cross correlation, making it harder to estimate the
position of the peak. It may also result in a multi-peaked cross correlation with the desired
peak having a lower amplitude than others. If all the signals arrive by indirect routes, there
10 may be no peak at all corresponding to the line-of-sight propagation path. It should be
noted, however, that multipath propagation always results in a delay of the signals
compared to the direct path. Provided that the base station antenna is in the clear above the
surrounding clutter so that it receives the most direct signals only, then delayed signals at
the rover always appear to the later side of the peak of the cross correlation. (In these
15 circumstances it is possible to alleviate the effects of the multipath propagation as
explained later.) Having fitted an appropriate interpolation function to the discrete
samples, it is important to choose the smallest value of © at which there is a significant
amount of signal as that value of A to be used in the calculation of the position, rather
than the position of the peak itself.

Application to GSM
The signals radiated by the transmitters in a GSM network are complex. The
flexibility and capacity built into its design are such as to render it difficult, if not
impossible, to predict precisely how the- aliocated spectrum (near 900 MHz and 1800
25 MBHz in Europe) will be used at any moment. The frequency band is split into a number of
radio frequency (RF) channels of 200 KHz width, each of which carries frequency
modulated (FM) signals divided in time into a sequence of frames. The basic unit is the
so-called time division multiple access (TDMA) frame lasting 4.615 ms and further
divided into 8 time slots. Each time slot carries 156.25 bits at a rate of 270 Kbits s and
30  may represent a ‘normal burst’ of data and training bits, a 'frequency correction burst’ of
fixed pattern, a 'synchronisation burst’ of data and synchronisation bits, or an ‘access burst’
with a synchronisation sequence and data. Each of these bursts also carries header, tail,

10



intrinsic position determnation. It should be noted here that the

"bandw dt h" could enconpass all the signals radiated froma particular
radio- TSt and not J ust one particular 15 channel. For exanple, if ten
adj acent channels of 200 KHz wi dt h each were active within a total
bandw dth of 2 MHz, it may he possible, using a w de-band receiver or one
whi“ch canwge@y@ si mul taneously on nore than one chann®cCr/Gpo6/oa3ds: use
of all ten at once and t hereby obtain the accuracy corresponding to a
2 Mz bandwi dth. If sone of the channels were inactive, it mght

nevert hel ess sandl guaidebitsoHow imagy 10b theitirad siows laee Heingl used st Anyoyoradt in a given

correspondi ng (o t i | e .
Secondly, the %gﬁd ﬁg‘;gg'g‘?té’?g%% %\gg "%H’%M{Q%rgfé”%t ant .
Let us asdepémls ionathe way atecsysiemdiasibeen senapland or alhep hracuno bf trafficrae aet ved
signals converted fifst to, baseband. Each.sanple is a _one'. or.
ore'  dependi HTOEH: HRETHe/n B e st AL Uit of e RIP e
zero at thes i ndwayst beohliven Batyingdthe \A0-calltiobroadebsi RohthRl tchirddel BCTRY & 1ogical

cont ai ned 25 whol | uni f or m band .of  frequencies extending from

Wit hin
zero'to Av, arﬁi‘aﬁ'ﬁﬁt g‘t“iﬂff“ &"s m “%‘&HMW‘F\_S@FW?P““&FM to
2[err]v. The emg. We ¢ %ﬁ&k%&lm%& e RORast ioR® FM brdaBcast frompé‘a?if-
ate nu r r er es

[err]t is rel to the average er, , of consecutlve sa
whi ch cont ai nstransmittey mast Wither kandwidthhof abeut andhthis we pancuse ifer-position [ er r |
WO 97/ 11384 | arion _ PCT/ GB96/ 02308
where Nis t heofacl)‘f’dl nunber of sanples used in the cross correlation. The
M ni nrum vakue o% regional GSM matwork\incorpuinaing tahpositioning system gevatdingt tocthene- bi t
sanpl es have a&es%gtuxgxlrenggnatrzluc t t?efas shown in Figure 4. Here we see base receivers, hereinafter
also referred to by the acronym CBU, labelled CBU,, CBUg, CBUc etc.. at every GSM
transmitter A, B, C etc., able to receive not only the signails -from their own local
transmitters ‘but also those from-at least two. other distant transmitters. We also see a
15 number of handsets incorporating roving receivers, hereinafter aiso referred to using the
acronym CRU, labelled CRU;, CRU; etc., active in the region. It is important that these
handsets can also receive the signals from the same set of distant transmitters as well as
from the local transmitter. As noted above, it is not necessary to achieve a high
signal-to-noise ratio for reception of the distant signals, but nevertheless the need to
20 | receive distant transmitters may limit the usefuiness of this systemn in rural arcas where
cells are very widely separated. Also shown in Figure 4 are the position determining
processor (CPP) and a service provider database (SPD). This is a device which provides
position-related data specific to a request by the user of the position determining system.
For example, the user may need directions to find the railway station in an unfamiliar city.
25  The position determining processor would compute the user’s position and pass it to the
service. provider database together with the user’s. request. The database would respond
- with the required list of instructions. The configuration shown here, in which the position
determining processor is a stand-alone remote unit, is just one of several possible
configurations (see below). For example, the CPP and CRU might be combined together
30 inside the handset so that position processing is carried out by the handset’s own

computer.

il



being right as wong. Here we have assuned that the cross correlation

function is triangular in shape rather than the sinc-squared function
expected for noise signals and 5 square band-pass filters. An error of
[etr] adds in quadratically as a position error, [err] where [err] =

[err] The rel ati onship between g(r) and r can be obtained fromthe
f ol | owi ng WOS834| ons on the assunption that the signal ECHEE96/02308
noi se- i ke: [err] 10 Wth [err] set to 200 KHz, the

resul s SHown | 1 Tohleodablbe AL rigsor LA hich s browica gl UG 211 ©

[err] each trgngnittpr, probably within the BCCH logical channel. As noted @bove, this eould 81
g’l be aép%:al code set up mﬂxlggé ellstmg GSM ﬁ'amewo%éor it might be a repeaung 4

6.8 eleméxt of the ordinary GSM sigials themselves, such as the firival of a frame numberS8. 1
411% 5 ending i%(%hree zeroes which occurs ev}egy 4 seconds. The am’val1 o(%'th?é trigger code causes 34

an active roving receiver (CRU) to begin the process of recording the signals from at least

three transmitters. There may sometimes be a commercial advantage in making the trigger

code unique to a particular operator. or even to a particular handset, thus providing one

means of charging users for the position determining service. (There are of course many

10  other possible ways of charging.) The trigger code also activates the recording mechanism

in the base unit (CBU) attached to the GSM transmitter. Since most GSM handsets can

receive only one RF channe! at once. the order in which to record the distant signals must

first have been established, for example by using cell broadcast or the short message

service. We see below that it might also be necessary to record the local transmitter

15  signals a second time in order to take account of drifts over the recording period. If 2048

samples are recorded for each of the two distant transmitters (1024 each of I and Q

quadrature-phase signals), and 4096 samples for the iocal transmitter (two sets of 2048),

the whole process can be compieted within a few hundred ms including the time taken to

switch between the channels and settle on each new frequency. The recordings made by

20 the roving receiver(CRU) and base receiver (CBU) are then sent by any convenient means

to the position determining processor (CPP). The roving receiver could use, for example,

slots in the GSM signals, or it could set up a data transfer call. The base receiver would

probably send its recordings by landline to a remote position determining processor. The

processor receives and assembles in memory its own copies of the signals received by the

25 base and roving receivers for correlation and position processing. It might aiso use other
parameters of the signals recorded by the two receiving stations such as signal strengths.

Once the data have been assembled. the processor then performs the cross

correlation analysis. Standard methods may be used, but a preferred method is described

later which reduces the effects of multipath propagation. Having made estimates of Az,

30 An and At,, the processor solves the equations to evaluate x and y. However, the need to

receive the signals from the three transmitters sequentially introduces a complication in

that the synchronisation error, €, is changing all the time and is unlikely to be constant

12



30 17. 4 25 12 100
31.5 18 9

9 - . WO 971 TI38%
PCT/ GB96/ 02308 As noted above, the errors on the
measurenents fromeach transmtter, say [err] [err] [err] nust be

added i n quadr f@osdst h each other and with any ot her error CTiGBIGA308
estimation of the position of the rover. It is interesting to note that

qui te good results can be obtai ned even in conditions of poor
reception. 5 overthe perjof of grogrdingnWe gan mipdel thisicaroreyer shorypesiads s anioffsy pins i ce,
there is the ey slb&?}’éred by not having an accurate know edge of the
paths by which the signals reach the rover. Mul ti pat h propagation
spreads out the cross correl ation, nmakF&g+&? harder to esti mat e t he
position of the eak al so r sul L N Iti- Cross
correlation wi f"ﬁ @lafee tants, a §V?i Yo guangity fo

others. If all evFahﬁte?l—:;gﬂiﬂ we @dnrdo\tﬁislﬁymﬂﬂin&%és@ﬁldtfﬂﬁt thé i&ﬂ%ﬁmmﬂ'@ ¥inbe no
peak at all corresponding to the |ine-of-si ght propagation path. It should

be - noted, farawecand, timenat mlbasemdhow)a gwalfvmy\@lupegﬁm wadenaty
del ay of the sj &% path Provi ded that the
base station ah ﬁ?qtgﬁlrhgtmﬁear %%g@:es? b‘é‘? surrounding clutter so

that it receives the nost direct signals onIy t hen del ayed signal s at
t he rover al ways appear to the,| at i de 2h a the cross
yS app fal-3,99.45) s, 9 y¥ng.pgal ¥

. "ax y-a
correlation. (Int heseA‘a(tl)___ >' +€,4E 1,
[(x-bx)2+(y-b‘,)2]}€-(b§+b%)}é
Atpl)= = g, +E4,
[(x-cx )2+(y-cy )2]5-(&4%%)”
Atp(t)= o +Eo €8s
10
and
% %
[(x-a_tJ2+(y-av)2] -(a%-t-a%) ’
Atglt )= ' +E e 8,

)
@

The first and last of these equations can be subtracted to give

At (5)-At (6)=g,(5,-1)

15 from which g, can be found. Hence with four estimates of Ar equations (2) can be
evaluated to recover x and y.

Handsets containing multi-channel receivers able to receive all three channels

simultaneously do not need to repeat the recording of the signals from transmitter A since

13
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15 circunstances it is possible to alleviate the effects of the nultipath
propagati on as explained later.) Having fitted an appropriate

i nterpolation function to the discrete sanples, it is inportant to
choose the snallest value of [err] at which there is a significant

anount of signal as that value of [err] to be used in the calcul ati on of

t he position, WKL than the position of the peak its®CH/G 308
Application to GSM The signals radiated by the transmtters in

a GSM net wor K fig faeCoTrapitDétwedn bl i, b 1 RNRA [lt. jnto its
design are such as to render | fCWf(Héﬁ{e,ﬁbPF')%%@&po |§rp sé‘%ﬁg,d‘*{)
predi ct preci st pesoly bendetenmined High-qualite singlerchianeeh ha9is@ls hidy atsocbelflOto?5 Mz

in Europe) wlL e dhe fr.equency band is lit, into a
number of &xsp?gsa?{gi trhgq enc%/m?égﬁ?&cl{];a['ﬁﬁdgﬁsmgﬁje g%m%ﬂﬂ?‘ﬁ,&"@gbw of

whi ch carri es igmeeguency nodul ated (FM signals divided in tine into a
sequence of, franmes., Th si.c.unit is th so-called ti I Vi Sion

mul tiple access (Tlﬂ%‘)&flrgg?ﬁg' T‘Q&%‘iaﬂd'?‘4‘.‘°&§%"%ﬂ°% 'F&‘%FH%‘?“‘” M%P%ed
into 8 time slfotthe pirpeses dfittreprestm investionieRist alrbfily 26t nbinta$ GBM cpefaBibiE Fiplure7 0

Kbits s[err] apd 30 may, represent a_'nornal burst' of data and training
bits, a 'freqd \’RE?“%GM FQH?FW%?“-WRFS'WSM $he regien ef-309, MHz or 1800

' synchroni sat i gfz R eicive by datbrhad) dmplifikath %'@ﬁh@iﬁepﬂ d fiherely 112 3425
bur st wi th a synchroni sati on Sequence and data. Each of these bursts
also carries mﬁléé?-l before being mixed to the intermediate frequency, IF, in mixer 4 with a

10 10 local ol dgmaPio i i

PCT/ GB96/ 02308 anﬁé‘éﬁar_a' B B Sy o HOH MM SPBEES B pei ng
used at any nuowesssary chagne)iswitching abilityf Itaisempertadt fop\vtherpreseno finveimionREatcies i er s

are being br O%ﬁéﬁy Isrp%geﬁocﬂéd/ :‘B’EnaE EPpﬁl@tetrtosegillamr. MO. usually a crystal oscillator 6.
This is also a requirement for normal GSM operation so it imposes no additional costs.
The IF signals are amplified in amplifier 7, filtered by the bandpass filter 8, and converted

15 to baseband in quadrature mixers 9 and 10 using the signal, LO., from a second local
oscillator 11. As with LO,, this second oscillator also needs to be phase-locked to the
master oscillator. However, fine tuning (automatic frequency controi, AFC) is often also
incorporated into the loop which must be held constant during the recording process.
Quadrature outputs are filtered by the lowpass filters 12 and 13, digitised in

20 analogue-to-digital converters 14 and 15, and the bit streams labelied 7 and Q are
produced. Position determination then just requires the microprocessor 16 to make
recordings of the bit streams in dynamic ram 17 under the control of the program 18.
There might be a need for some additional memory. The main modification to enable
position determination is in the firmware program running on the microprocessor, and it

25 might be necessary to upgrade the processor itself to a faster model. Similar equipment is
needed in the base receiving station.

. A commercially limiting element in a system according to the present invention is
likely to be the means by which the signals recorded at the base and rover are transferred
to the position determining processor for cross correlation. It is therefore important to

30 reduce the number of bits transferred as much as possible. As noted above, one-bit

' sampling produces adequate results even under conditions of poor signal reception, and
although slightly better accuracy can be obtained using, say, two-bit sampling, the increase

14



depends on the way the system has been set up and on the anount of traffic
at that nmonment However, in the mninumcase when all is quiet one of
t he—RF—ear+i+ers—wii—5—always be allve, carrying the so-called broadcast
control channel (BCCH; a | ogical channel). polling for handsets inits
cell by broadcasting one access burst in every TDVA frame. W can
therefore rel yworysafsgie being at | east one FM broadcast fronPEHER6/02308
transmtter mast with a bandw dth of about 200 KMz, and this we can use
for position | ocation. 10 _A regi onal GSM net wor k

i ncorporating in fedink jlead; is dikely s0 bernaasEastive: ngeads it is probably beges to dpuble,thent i on
m ght be as sh i i i ing GRdredl NAsd ©F

al so referred ?%B{Eﬂequ{:ro %ﬂﬁé&ﬁfg@@ﬁ@%ﬁ%ﬁf@ﬁﬂ%ﬁﬁe”], CBU err]
etc.. at everyuss3wo-bit samplesTmay alse bernecgssary te-measure figthel and Q ehasnejeandato on| y

the signals fromtheir S e qﬁlﬁ&'g I ﬁﬁg{] m at
| east two ot hep%@tagﬁpgwglﬁgscn‘l lg,trlosn'.sxbé al so é@ﬁ%&nﬂnu eirmg?o&{aﬁdsets
i ncorporati §g phasé rvgthr eachi otiter.s andh eheesrystad toscillatbrs care @b dacked togetberi hat thise
acronym CRU, |abelled CRU err CRU etc., agtiye,in.t regiagn._ It is
i nportant that 9§aqealyre bit sﬁéﬁ@?‘k@%ﬁ%ﬁ‘%’ amg}gche@fegﬂr% t he
sanme set of distant transmtters as well as fromthe |ocal
transmitter. As noted above, it is not! m¥ERP®) to achi eve a high

signal -to-noise ratio for reception of the distant signals, but

neverthel ess the need to 20 receive distant transmtters may limt the
useful ness of thys systemin rural areas where cells are very widely
separated. Al so shown in Figure 4 are the position determ ning

processor (CPP) and a service provider g?@ggéqe (SPD). This is a device
whi ch provi des posi tion-rel at ed RFLOY Wi c to a request by the user
of the position determ ning system For exanple, the user may need
directions to find the railway station in an unfamliar city. 25 The
position dejger Rihglend; By Grcphuse ofotit cighalsparide Vi(De Vaie rtes theip samplioidesinthepass

it to the servi ce provj.der databasg t her with the user's request.
The dat abase M%P?‘\Qé"&ﬂ%f'“msm%ﬁpﬁ"ﬁﬁga’?mraé‘d list of instructions. The
configuration shown here, in which the position determ ni ng processor
is a stand-alone rempte unit, is just BR¥(¢os@zleral possible
configurations (see below). For exanple, the CPP and CRU m ght be conbi ned
together 30 inside the handset so that position processing is carried out
by the handset'ggq 0own comput er. '

Q' =V](t)sin(6 ;)

15 The microprocessor must then compute four cross comrelations corresponding to I, OQ,

IQ', and I'Q, and then seek the peak in the quantity p, where

p =(II'+QQ' F +(IQ-I'Q F

The phase difference, 6 = 8,-82, can also be obtained from

1'o-1Q’

r'+QQ’ ]

0 =tan’(

20  and this can be used to take out the small frequency offset between the Jocal oscillators in
the base and rover so that longer integration is possible.

15
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PCT/ GB96/ 02308 There needs to be established a trigger code
whi ch is broadcast periodically from each transmitter, probably within
t he BCCH | ogi cal channel. As noted above, this could be a special code

set up within the existing GSMframework. or it mght be a repeating
elenent of theVePUIAR y GSM signal s thensel ves, such as the PGTIGBISN2PF o
frame nunber 5 ending in three zeroes which occurs every 4 seconds. The

arrival of the tri . CO 04 n tive Vi .n ceiver (CRU) to
begi n the process oﬂgi r'8§506§| ng fﬁ‘%"%ﬁ'&r‘f’aﬁ"s“' ?ﬁ%m#%&g@ delays, Af.pay be

transmtters. ubithdedudythe pesiion (% y) dfeherond BRIRS syRthraibaBoH HOE el bhewdalf ey t he
trigger code unique to a t;l)IgarticuI ar operator. or even to a particular

handset, thus B3eARE @P%eE Cspteal to this precsssds te agqueacy; with which estimates of Aecandei t i on
det er m ni Ng_S QhiineE frof UiEdrsis Sbrfeldbons” AY nSiEd NG, eknaiCH IMHai BB DU LurdBY S ©F

charging.) The trigger code also activates the rec I'ng nmechani sm
the base urfit if liglytohe cavsesidy multipatheprapgation of e sigualy fronbihn GSMivasmiBSMo

handsets can i t athe.order in which
to record the rsogéar'n Es#%ﬁ‘a gﬁé trr'u%;?" ﬁﬁa‘m@?p%{, h%ab\?gﬁ]%'g%l#dg‘@afﬂ?‘féﬁm f or
exanpl e by usisngounding cluteraclensute tiat multipath ipeophgation samall enough de\ignord. Me see
bel ow that it ﬁ%ght al so _be Bec ssary .to rég%ﬁrd th._ceoncal transmtier 15
signals a secdfd® PIHESEIFCY MyLipain prapagaton o e fryer gRuses the:qress grreslatpmarofilec o di ng
period. |f 2048be spread vanpwads lofiger BelayNrteCsifce theardosbditder digRlstanive fird I PRt
transmtters (1024 each of uadr at ur e- phase signals), and 4096

| and
sanpl es fol® t RETFBEmethod; fog r?Pf_t%inné}st et f 4y gsed)on using autreonglations
process can bgACPigHrd Gide Mdlrbielsi @&M%hﬁ@r&&dﬂ%ﬁﬂdggp%éﬂ%take”

to switch between the channél's and settle on eac quency. The
recor di ngs nad¥e psg thetwo gyto-qopvlatians tededucecthe Wrly shapriofitbeserosseomelation. n6BU) ar e

then sent b ' .. to t .pasi.tion. determ nin :
processor (%P%“ ﬁ%yﬁéﬁﬁ%t%g@%sécrmggﬁ?n& 5"3@'?%&?5‘&%° A’ gsI ots in
t he GSM signal s, ofThé tewooautaicoelations, ACEka dnd cSACSFQL, Gpbther Witk thaserogsecei ver
woul d robahly s its. recordjpgs b andl ing to renot e sjtion
det er ni ni n‘cjpprcg'agg‘é’& E&%hglay be °§W8%E§wgfr§8éi%@§fm5§¥§éyﬂrﬁmﬁf Mrenory
its own copi es'RaddotBarkiagslissant @Rasuvedienbptodeltres® by 1S Bendab shd' A \MG.FeréoB,CEI Ver s
for correlati q{; ar}g ositi og )groce%si ng. It. mght also use other

parameters of WHg" 5‘89&1“‘5' 192 L% g Peptes,ing mesmeds which dnyalye fast Sourier gansfame.n as

si gnal strengtihe ACFcey is a good estimd¥\6fihd ‘ReriMR! AudleorRIAGES dssintdsigalse

processor then perfornms the cr orrelation anal ysis. Standard

met hods nay bdnigigile mytipah ﬁﬁf'égZ‘:‘PiEH‘hﬁE{% isslikelysterberromupted by mutippthyhi ch
cgces 18 Skl Rty REORBIBD n S SR MEY WOBLE
x and y. Ho\,\,e\pgnipulmlgdﬁ Figure 6p where trace A is ACFcpy and B ig ACFcru. We can see
that multipath has given rise to secondary peaks in trace B which appear on both sides of
the main peak since the auto-correlation is always symmetrical. The ‘template’ is
constructed by taking the left-hand portion of ACFcgy (ie. the trace to the left of the
25  central peak in A corresponding to the negative time axis) and joining it to the right-hand
portion of ACFcgy (i.e. the trace to the right of the central peak in B corresponding to the
positive time axis). This is shown in Figure 6 trace C. The measured CCF is shown by
trace D, and we can see that the template C reproduces the major features. The estimate of
the time offset, Az, is then obtained by fitting the template to the measured CCF using any
30  standard method. allowing the amplitudes of the two halves of the template to be free
parameters as well as Ar. The fitting procedure also produces a ‘goodness of fit* parameter

which may be used as a basis for rejection or inclusion of the data.
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receive the signals fromthe three transnitters sequentially introduces a

conplication in that the synchronisation error, [err], is changing
al ITThe TTne and 15 UnlTkely To be constant

12 . WO 97/ 11384

PCT/ GB96/ 02308 over the period of recording. W can nodel this error
over short perwglmnmd4an of fset plus a | i near sl ope, i.e. PCh&B9§/02308

where [err] and [err] are constants, and t is the time. W have a further
unknown quantity to 5 eval uat e, [err] and we can do this by recording
t he signal s from t hindases shere meresthan theee GSlybtirapsmitteds gan be recpived @t hothibasé¢ snd bot h

imes Torr . aheretes PO AR MChdinielll oy 630 3, ol POH dememii L
especially if one or more of the paths is substantially indirect. In such a case, the goodness
of fit parameter can provide a weighting factor for each Af to be used in evaluating the

5 position.

GSM handsets incorporate multi-level Analogue-to-Digital Converters (ADCs)
and use adaptive processing techniques in order to reduce the errors resulting from
multipath propagation. It may therefore be possible to use the demodulated signals
themselves for the cross correlation function rather than the raw 7 and Q data streams from

10  the receivers, depending on the design of the handset. Such extra delay put in by the
adaptive processing must be removed of course, and no amount of processing can allow
for the unknown extra path length of a wholly-indirect signal, but the demodulated output
may nevertheless be better for estimating time-delays than the pre-processed 7 and Q raw

-data streams. Shown in dotted outline in Figure 5 is an FM discriminator 19 (FMD). FM

15  discrimination translates a frequency offset into a steady (DC) shift in the output, so
quadrature signals (I and Q) are not needed, but are replaced by a single signal (J in Figure
5). This offers two further advantages in that (a) half as much data need be transferred
over the links, and (b) it is unnecessary to adjust for the frequency offset at the position
determining processor thus reducing the processor overhead.

20 As noted above, several different configurations of a position determining system
according to the present invention are possible, depending on the relative locations of the
GSM transmitters (often called Base Transceiver Stations, BTSs), the roving receivers
(CRUs), the base receivers (CBUs), the position determining processor (CPP), and a
service provider database (SPD). Three configurations are illustrated in Figures 7a, 7b,

25 and 7c, denoted A, B, and C. Each of these is further subdivided into two. Figure 7a
shows configuration A in which the CPP and SPD are co-located at a position remote
from both the CBU and CRU. This could be the case, for example, when one CPP/SPD
combination serves an entire region. In Al each BTS has a CBU co-located with it. In A2
the CBU serving the local cell embraced by the three BTS is shown somewhere within the

30 cell. Configurations B1 and B2 (Figure 7b) are similar to Al and A2 respectively except
that there are now many CPPs. In Bl each BTS has a CBU attached to it; in B2 each
triangle of three BTSs has a CPP within it of which just one is shown in the Figure. The
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[err] 10 and [err]

(2) The first and |ast of these equations can be subtracted to give
[e§r] ~ 15 fromwhich [err] can be found. Hence with four estinates of
[eir] equations (2) can be eval uated to recoverx and vy.

Handsets containing nulti-channel receivers able to receive all three
channel s si2PYE®%usl y do not need to repeat the recor diPS3A096/H3308
signals fromtransmtter A since 3

regional SPD remains at a remote location. Configurations C1 and C2 (Figure 7c) are
similar to Al and A2 but with the position processing carried out within each handset.
Other configurations are also possible, each having relative advantages making them
suited to particular commercial applications.

5 In some commercial applications, it may be an advantage to display map
information in graphical form as part of the response of the service provider database to a
request for a position-related service. An example of this is given in Figure 8 where it is
shown how a map of the local area might be displayed on a screen attached to the position
determining processor or at a monitoring station. The user has requested directions to a

10 location marked by a filled circle labelled Z, and the position determining processor has
computed the user’s position to be somewhere within the filled circle labelled W. The
user’s handset includes a liguid crystal dot-matrix display which can display small
portions of the larger map. as well as character-based information. The first screen
displayed on the handset might be as shown in the panel marked (2) in Figure 8. This is a

15  large scale map of the local area with the circle, radius 100 m, centred on the calculated
position. The roads are marked 1, 2, 3 etc., corresponding to the names indicated on the

“second screen, panel (b). The user can scroll back and forth between screens at will. Panel
(c) shows a larger scale map of the local area, together with a pointer, K, which indicates
the direction of the target destination, Z. Clearly, many other screens of information are

20  possible, including one giving the address of the target destination, local traffic conditions,
approximate distance, etc. In a commercial application, there might also be scope for a
limited amount of advertising on the handset display.

Tests of prototype system

25 A prototype test apparatus using a pair of standard hand portable units and some
additional recording equipment was set up in Cambridge, UK. The base station (CBU)
was in a three-storey building near the city centre (see Figure 9) with the antenna fixed on
the roof. The roving receiver (CRU) was carried in a car to various locations in the south
of the city as shown by the crosses in Figure 9. Three GSM transmitters (BTSs) were used

30  in the trial, located respectively in the city centre, at Great Shelford to the south, and at
Fulbourn to the south east. Table 2 gives the mean positional errors in both co-ordinates,
i.e. the differences between the averages of about 10 independent position determinations
and the true positions as measured on a map. Simple data analysis techniques were used
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PCT/ G896/ 02308 the rate of drift between the clocks (measured by
[erTT) 5 Then of no consequence and does not need to be determ ned.
H gh-quality single-channel handsets may al so be able to di spense with

the repeated recording if the drift in the clock error is small enough to
igriore. 5 wo 971133 not ed above. alnost all the hardware ®CEMGBIE2IMcded
i nsi de a OSM handset for the purposes of the present invention exist

al ready for normal GSM operation. Figure 5 illustrates a_typical
i npl enent at i onwitlyme special diserimination against the gffeqts oft matipathy prepagationgElye inherent \1-7

are received b Wf aﬁg}gl' L florh heitT 6o I cle ﬁ& Lditered in
the RF bandpass fi @r .'%&#ore Eeeslhng mggﬂt&o t e%ﬁt@?&e&%&%

f requency, | F, sidebyssideon te bénch, was 18s than 20im mscTdstsammbers il g6 wete@efonnied
generated by os

channel sw tch?’%“ﬁﬁﬁ?@ow%?}g‘#f% #g&%%ié%ﬁaﬁmeﬁf ing(r:]etsf]:'[ Y

its frgquency is phase-locked to that of a master oscillator. MO
usually a crystal oscillator 6. This is also a requirenent for normnal
GSM operation so it inposes no additional costs. The I F signals are

anplified in apgpgedier 7. filtered by the bandpass filter 8, and converted

15 to baseband in guadrature mxersg.,9 and 10 using t si gha Jerr],
froma second | oddcation number; | | ¢ o : °ﬁ&°"\k‘ﬂn L] er ““fgﬁ‘%ké' nd

oscillator also needs to be phase-| ocked®o t he mast ef®osci | | at or .
However, fine tuning (automatic frequency control, AFC) is often al so
i ncorporated into the Foop which nust b&6Hel d const ant derSPﬁg t he recording

process. Quadrat u?e outputs are fil%#8red by the | owp®89 filters 12 and
13, digitised in 20 3nal ogue-to-digi t880converters 14 arl8015, and the bit
streans | abelled | and4Q are produ8®@. Position deteSfPnation then
just requires the mcrdprocessor 16 to -k®fe recor di ngd.0of the bit
streans in dynanmc ran6l17 under the cont48l of the prograf®08. There

m ght be a need for some additional menory. The main nodification to enable
position determnation7is in the firmaf#&0Gprogram runni ng 68 t he
m croprocessor, and it825 m ght be neé@sary to upgrade 598e processor

itself to a faster nodgl. Simlar equi pagot is needei@8iOn t he base
receiving station. 10 A comeggpal ly limting el3ggent in a system
according to the present invention is g5¢0 |likely to be tfgggreans by which
the signals recorded at the base and rover are transferred to the

position determ ning processor for cross correlation. It is therefore
inportant to 30 reduce the nunber of bits transferred as nuch as possi bl e.
As not ed above, one-bit
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sanpl i ng produces adequate results even under conditions of poor signal
reception, and al though slightly better accuracy can be obtained
usi ng,: say, two-bit sanpling, the increase '

éé‘i’/ GB96/ 02308 Yo gr/rllgﬁgdfl‘i nk ”“M "m I“IL"III)I““L be unattragtive. |ndeed,
it is probabl WHHEMBE {0 double the® ' nlinbér bf one-bit sa ; hence

doubl e the length of the sanpling interval, than to use two-bit sanpl es.

It may al so be necessary to neasure bg%gnd Q channels and to perform
a conplex cross correlation, since th and rover signals are unlikely
to be in 5 phase with each other. and the crystal oscillators are not

| ocked toget hgr. Lagipoditish detentiinig'séth,fobiekeivikg Brosibartl sifraR cfafstiitied 6F%) be
represented by I and Q (see Figure 5), where [err] . . 10 where [err]
i s the phase B?mﬁef%WS?Wﬂ“éi?]l‘(‘f‘)‘? the number of \dirgnsions,is; whigh e i t udes.
The COKT ERdWEHEnE'SF atEviRg djdofi8 1d IRGARYTIER e sydiém BomghisligBl) are

a pair of receiving stations, in use the first of the receiving stations being at a
known position and the second being located on the roving object;

a position determining processor;
means for passing a link signal from each of the receiving stations to the position
10  determining processor, the link signal containing information about the signals received at
the receiving station from the transmission sources;
wherein each of the receiving stations is arranged to receive the signals from the
respective transmission sources substantially simultaneously, and the position determining
processor is arranged to compare the information received from the one receiving station
1S  about the signals received at the one receiving station from the transmission sources with
the information received at the other receiving station about the signals received at the -
other receiving station from the transmission sources, and to determine the time delay
between the respective signals received at both recetving stations in order to determine the

position of the roving object.

20
2. A position determining system according to claim ! in which the receiving
stations may receive the signals from the respective transmission sources sequentially
and in the same sequence as each other.

s 3. A position determining system according to claim | or claim 2, wherein each of

the receiving stations is also arranged to receive a second signal from one or more of the

transmission sources.

4, A position determining system according to any of claims 1 to 3, wherein the

30 position determining processor is co-located with one of the receiving stations.



[err] and 15 The m croprocessor nust then conpute four cross
correlations corresponding to 1T, QQ, IQ, and I Q and then seek the

peak—TIT THNe quantity p, where [err] - The phase difference, [err] =
[erf], can also be obtained fropmu nd this can be used to take
out the small frequency offset mllmml“““ﬁﬂum oscillators in t he
base and rover ywwootiiigds | onger int'egfatt o i § pessi bl e. PCT/GB96/02308

15

5. A position determining system according to claim 4, wherein the link signal
from one of the receiving stations is passed to the other receiving station and from the
other receiving station to the position determining processor.

s 6. A position determining system according to any of claims 1 to 3, wherein the

position determining processor is located remote from the receiving stations.

7. A position determining system according to any of claims 1 to 6, wherein a
signal providing information about the position of the roving object is passed from the
10  position determining processor to at least one of the receiving stations.

8. A position determining system according to any of claims 1 to 7, further

comprising a monitoring station and wherein a signal providing information about the

position of the roving object is passed from the position determining processor to the
15 monitoring station.

9. A position determining system according to any of claims | to 8, further
comprising
a database server connected to said position determining processor, said
20 database server containing data elements relating to a plurality of known positions;
Ms for passing information about the position of the roving object
determined by the position determining processor to the database server;
means for retrieving data elements related to the position determined by the
position determining processor; and
25 means for passing the data elements to one of the receiving stations or to the

monitoring station.
10. A position determining system according to any of claims ! to 9, wherein the or

each receiving station or the monitoring station includes a display and the position of
30 the roving object is displayed on the display.
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PCT/ GB96/ 02308 Equations (1) and (2) above show how
estimates of the tine delays, [err] nay be used to deduce the

posdition (x, y) of the rover jjsation error, [err] between
t he base and rover. Oenﬂmmmmﬂll[m[mmess is the accuracy with

whi ch estinmat ¥O8T11B% ] can be ¢ . obta ned fromthe croPETERBIEE | ons.
As noted above. the major limtation to the accuracy 5 is likely to be

caused by nul t§pat Lon. . si.gnal s fromthe M. tr.angm,tter to
the rover. It *g aghs%g&?%*&;ﬁggas%{]%ﬁna “‘ﬁ%cgagge{bh@ﬁ&ﬁwi Y | e
hi gh enough abeomprises a dot matrizdisglap.g cl utter to ensure that nultipath

propagation is snmall enough to be ignored In t hese circunstances.
mul ti path propagation to the rover causes the cross correlation profile

to be spread olg. t Qwasosition @egAtining! S¥teini BRGrdinGi AC Elain LONES Llnfht N19CHwhed Onal s
arrive first. hecéo ‘H‘prefe red nmethod for obtaining an estimte of [err]

i's based or® us%?@“ Bl 5L S % whereim he database goxygr copsping graphieal dnfemmation)

signal s as wel daicgraphical SfSERicH{s passad wme%}ng%%wﬁﬁpn{oﬁgaﬂng station anlf US®

the two auto-correlations to deduce the |ikely shape of the

cross- cor r el at fisplayed ag the display {o-jadicate the ppsition of thespving-objecs -t he
cross-correlation to obtain the best estimate of [err] The two
auto-correl ations, ACF[err] and ACF[err] together with the cross 15

correl ation, Ck. rposition detgimining bsystemyacoérdingctossrynofatie precading( claiensf or

exanple in X | . e [ e t. procedures”. by J.

S. Bendat é.?]d X‘.‘%ﬁqg?gﬂr%%ﬁm ‘%99‘%“2?-%9%‘[“% rsg%ggsng‘ﬁ’?pﬁgﬂ?‘?"%s pcffeq‘ er the
met hods whi ch digitad celinldr aslephéreuneiveork.t r ansf or ns. The ACF[err] is a good
estimate of the "intrinsic' auto-correlation of the transmtted signals
(negligible multipath effect) whilst the ACF[err] is likely to be corrupted
by nultipath 204, sigrpakition idetermifiing sybtémiRterimg BYclaR' €3, Wideid RRe! dighdl M

equi val ent path. This js shown for_a particul ar exanple in Figure 6.
‘where trace A@“WFE?‘?‘T“&W&*B‘P?SMWH. W can see that multipath
has given R¢§se to secondary peaks in trace B which appear on both sides of
the main peak since the auto-correlation is always symetrical. The

‘tenplate’ is 13- Adwsiien deleamiBipg: HRFMgaccording ciot anyapld thsopresadingoflaimsy er r |
(i.e. the traC@héranhkbenééJi%g tiochd oivor m&%ﬁg’:@bfi ﬂﬁ?ﬁ}%ﬂbﬁmréﬁﬁm&&l ng to

the negative tinme axis) and joining it to the r portion of

ACFCRU (i.e. tnurces andselees aipiusality ghsufficiently strang signals fopeegeption. B corr espondi ng
to the positive tinme axis). This is shown in Figure 6 trace C. The
measured CCF is shown by trace D, and we can see that the tenplate C

r epr oduces 2@ helGyaj ok péosition detgesminifigesystemiancordingyto any of claimisel i IFewbértinahe [err]
i's then obtaingd by fiffi blSvedS IR t asur Lng..any 30
standard net ho@gﬂaﬁ?"“%&\fm&é%w‘he arrp'ﬁ P?us%@so “EJ?% f{EE\Wo aﬁ%%%gf%@g?@npl ate
to be free sources is achieved by monitoring receipt of a specific portion of the transmitted

signals.

25 17. A position determining system according to claim 15 wherein the quasi-
synchronisation between the signals received from the respective transmission sources
is achieved by means independent of the transmitted signals.

18. A method of determining the position of a roving object, the method comprising
30 transmitting broadband signals from a number of transmission sources equal at least to
the number of dimensions in which the movement of a roving object is to be monitored;

receiving the signals at a pair of receiving stations, in use the first of the receiving stations



par anet ers as wel | as | err] The fitting procedure al so produces a

| el | as | i _
rgj‘iii?ﬁiillﬁllﬂlﬂﬂlllﬁm'ﬂll%e s a7/ BV LT

PCT/ GB96/ 023Bg - " s I n caseyHIgSHEETTHAS BHENN three GSM
transmtters can be received at both|base ggpl ACED rover, it may be an
advant age to ugémessal | in the positien—deterniTiTTg pr ocesBCT/GBI6/02308
especially if one or nore of the paths is substantially indirect In such a
case, the goodness of fit paranmeter can provide a wei htier;gnfact or for
each [err] to beingasedknpwn pesitionand the secrrd being logaedionjthsyoving object, each of thesg)y

handsets incor porat SM"Ei"éih?é'?ﬁﬁ,é’;‘ﬁ"ag”@“*%;@?ﬂifm th@Wfiﬁeﬁ'ﬁlSM)'

and use adaptive processing es in or to reduce the errors
resul ting fronsources swhstanighizitsimyltaneous)yst passing link signals fromedach of the Fod¥inBl e to

use the denodul at ed.si,anal . Ms . r‘x%ﬁﬁdu‘
function rat hef&foﬂgrﬁo Pﬁﬁ?@%ﬂ fmgﬁtém a é&z‘t é‘gélﬁér}fgg‘ggm%@m&%é recel&\g/ers,
dependi ng op t hboutldRi gignals§ retdived ha nths edspectivec receiving sstatied dyonpdie transinissiome

adaptive processing nust, be repoved of cours and no amount of processin
canpal I owIo sﬁ“ﬁ“gfﬂﬁ‘wmgg’?ﬂ"& reeat T‘te‘ﬁﬁl’?f'%‘f' deteTpnne Wr'g%f )
signal . but thm@mmﬁa&i@wtme signalsiTyivedutahé bl receividpestdtion from ther
estimating tinme-delays than the pre-pr,oces%%% | and raw, . dat a st eans.
Shown i n dot t etfansessiom sources with the dnformation peceiyad fromthe RWS?FFa‘P‘Eﬂ"“FQS"(“P WtEn 15
di scri m nati onglransk GtRfed af e YR Fteiving SBiion o e HalstlisionYohrceddishd | n

t he output, so quadrature signals (I' and Q are not needed, hut are

repl aced byloa détergiining thgrtime @elay fbetwegthe respectivg)signaisreceiyed @ shey JSeiYig ¢ her
cdvant ages. | 1 |, (00 ol T Bt asasans or o0 over the

i nks, and (b) unnecessary ad] ust requency offset at the
position determ ni ng processor thus reducing the processor overhead.

20 ted gb ral  dif EH_EQ ! ' iti
det er mi ni ng sﬁ?’g(r)ngm"amg\é‘g%@egnv(grcﬁg“ ?%ﬁhg{‘g‘s%%‘?& nvenFrl O?}@%ﬁgﬁ%g@& ISIe on
dependi ng on t kfephstieatiwork transmissiensignal t he

15

20. A method of estimating the offset in time of receipt of a broadcast signal received
at two locations, where the signal received at the one location may have been' subject to
corruption by multipath effects, the method comprising auto-correlating the signals
received at the one location; auto-correlating the signals received at the other location;
20 cross-correlating the signals received at the one and other locations; constructing a
template comprising that pdrtion of the auto-correlation of the signals received at the other
location corresponding to the negative time axis, and that portion of the auto-correlation of
the signals received at the one location comresponding to the positive time axis; and
measuring the offset at which the template best fits the measured cross-correlation of the
25  signals received at the one and other locations as an estimate of the time offset between

- the signals received at the two locations.

This Sheet Has Been Remlaced
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GSM transmtters (often called Base Transceiver Stations, BTSs), the roving

receivers (CRUs), the base receivers (CBUs), the position determ ning
pr:ecessor—(€PP),~ and a Service provi der database (SPD). Three
configurations are illustrated in Figures 7a, 7b, 25 and 7c, denoted A B
and C. Each of these is further subdivided into two. Figure 7a shows
configuration ypifsks ch the CPP and SPD are co-located at PCIEREPEE
renot e fromboth the CBU and CRU. This could be the case, for exanple,
when one CPP/ SPD conbi nati on serves an entire region. In Al each BTS
has a CBU co-located with it. In A2 1/8ne cBU serving the |ocal cel
enbraced by the three BTS is s sonewhere within th cel |.
Configurations Bl and B2 (Figur® 7b) are simlar to A A2 respectively
except t hat there are=tow/fgnmy—€PPs. I n Bl ea%gag s a CBU attached
toit; in B2 each triangl f three BTSs has_a hin it of which
just.one is shown in the Fi gure=XThe ,5745

17 WO 97/11384 ~ ¢

nal_ékp remains at” a renpte | ocation

simijar to Al and A2 but
i n each handset. Q her
rel att vant ages maki ng

PCT/ GB96/ 02308

Configurations Cl and
with the position proce
configurations are al so

regi
(Figure 7c) are
pNng carried out
ossi bl e. eagfl havin

t hem suited to pgfticular copffercial ap i catt 5 In
sonme commercial applications it y]fe an advantageito di splay map
information i n gr@phical fornyaéftar of the response of the service
provi der dat abase Yo a ~Tequest for a positionjrel ated service. An
exanple of this is] given ifi Figure 8 where it is shown how a nmap of
the | ocal area m ght—tq di spl ayed on a screen att ed to the position
determ ni ng procegsor {¢=%u a nonitoring stati e user has requested
directions to a 10—ftotati marked by a fille ircle labelled Z and the

position determ ning processSor has

- Figure 1

A
)’ Id&. (ax,ay)

(T - a)

(X,y)

R

Figure 2



conputed the user's position to be sonmewhere within the filled circle

| abelled W The user's handset includes a liquid crystal dot-nmatrix
di spl ay which can display smll portions of the larger map as well as
chatacter-based informati on. The first screen di spl ayed on the handset

m ght be as shown in the panel marked (a) in Figure 8. This is a 15 large
scale map of tWOPHWIM4 area with the circle, radius 100 m -ceorGBY6/02308 he
cal cul at ed position. The roads are marked 1, 2, 3 etc.. corresponding
to the names indicated on the second screen, panel (b). The user can
scrol | ‘back and forth between screens at2i811. Panel (c) shows a

| arger scale map of the |ocal area, together with a pointer, K which

i ndi cat es the direction of the target destination, Z Clearly, nany

ot her screens of infgimation are 20 possi bl e, including one giving the
address of the targefy-destination, |ocal traffic conditions,

approxi mate di stapce,] etc. In a conmercial application, there nmight also be
scope for a giinited anount of adverti si on the handset displ ay.
Tests, of prototy, system 25 A proffotype test apparatus using a
pair of standar and portable units and song_ ddi tional recording
equi pnent was s up%in Canbri dge, UK The base/statipon (CBU) was in a

t hree-storey bU|¢h|n near the city centre (s e F'9U§F 9) with the antenna
fixed on tha ropf. The roving rggglvgﬁ ried in

various | ocatio® in|the south of th& cyty as sh wgﬂﬁ“rﬁé tﬁbzgéé
Figure 9. Three®@SM{ransnitters (BTSs) werg used 30 lin the trial, Iocated
respectively |ncbhe City centre, at Geat el ford toithe south, and at

Ful bourn to theééouth east . tTabIe 2 gives yhe nean pos\tional errors in

bot h co-ordi nat &<, i.e.d the differenges between tRe averages of about

10 i ndependent sitj on de nati ons and the trug positions as
nmeasured on a #gg. %i ata anal ysi s fechni ques were jgsed WO
97/ 11384 . ? | \\
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Wi th no special discrimnation against the effects of multipath
propagation. The inherent accuracy of the apparatus, found fromtests with
botHr—tasereceirver—and Toving recel ver si de-by-side on the bench, was |ess
than 20 mrms. Tests nunbers | to 6 were perforned with the rover
stationary; tests 7-11 were nmade at speeds between 40 and 6ébkn1h[err].
r

Tabl e2: Locwiioamseamber Mean error East IGBN2WB  or
Nor t h (m (m
1 66.5 -59.5 2
-5.5 80.0 3/8 : -68.0
-15.0 4 89.0 90.0
5 -19.0 41. 3N ---- 6
64. 0 1 79.0 7 gmemeeees *FMDe-3-J  -73.0
6.0 8
9 . 17.0
43.0 2. 33.0
105.0 ) \

) RF — s «

Processor £ D ata

Figure 5 RAM

time offset —»

Figure 6
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CLAI M5 1. A position determ ning system for receiving broadband

signals transmtted by a nunber of transm ssion sources equal at |east
to the nunmber of dinensions in which the 5 novenent of a roving object is

to be nonitored, the system.conprising a pair of receiving
stations, in uwoeimsdsi rst of the receiving stations bei ng aPCwGB96/60236810Wn
position and the second being |located on the roving object; a
posi tion determ ning processor, means for passing a |link signa
from each of the receiving stations to t#4g8position
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10 determ ning processor, the link signal containing information about the
signal s received at the receiving station fromthe transm ssion
sources, 7 WNer eI n_each o1 the recelving statrons 1s arranged to
recéive the signals fromthe - respective transm ssi on sources
substantially sinmultaneously, and the position determn ning processor
is arranged towospases the informati on recei ved fromthe one ptebosinigs
station 15 about the signals received at the one receiving station from
the transm ssion sources with the information received at the other
recei ving station about the signals recei5/8d at the ot her receiving
station fromthe transm ssion sources, and to determ ne the tine del ay

bet ween the respective signals received at both receiving stations in order

to determ ne the position of the roving object. 20 2. A
position determ ning system according to {1 in which the receiving
stati’ons may receive Hne signals fromthe pective transm ssion sources
sequentially and Tn fhe same sequence &as each ot her. 25 3. A
position determ ning s according to claiml or claim?2, wherein each
of ) t he receiving fst ons is _alsp arranged to receive a second signal
fromone or nore of the ' traﬁgﬁﬁg?ion sour ces. 4, A
position determ ning systemaccording to any of clainms 1 to 3, wherein the
30 position determ ning processor is co-located with one of the receiving
stati ons. N 20
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WD 97/ 11384 PCT/ GB96/ 02308 5. A
position determ ning systemaccording to claim4 wherein the |ink signal
fromone of the receiving stations I's passed to the other recerving station
and fromthe ot her receiving station to the position determ ning
processor. S 6. A position determ ning systemaccording to any of
claine 1 to 3, Wo97d41384t he position determ ni ng processopctapdeadsced
renote fromthe receiving stations. 7. A position determning
system according to any of clainms I to 6, wherein a si gnal providing

i nformation about the position of the rovef8 object is passed fromthe 10
position determ ning processor to at | east one of the receiving stations.

8. A position determ ning systemaccording to any of clains | to 7,
further conprising a nonitoring station and wherein a signal providing
i nformati on about the position of the roving object is passed fromthe
posi t'i on determ ning pEbcessor to the 15 dnﬁﬁnhﬂoring station. 9.

A position det er mi ni ng®sygt em accordi ng t y&of clainms 1 to 8. further
conpr.i si ng abase server coMnected to said position
determ ni ng processor, f%méﬁzo dat abase server containing data el enents
relating to a plurality of known positions; means for passing
i nformati on about the poslition of the roving object determ ned by the
position determ ning processor f hg dat abase server; means
for retrieving data elenents re dto the positionedeternined by the

= @)

Figure 7(c)
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position determ ning processor; and 25 means for passing the data

elenents to one of the receiving stations or to the noni t ori ng
statron. 10. A position determ ning systemaccording to any of
cldins 1 to 9, wherein the or each receiving station or the nonitoring
station includes a display and the position of 30 the roving object is
displ ayed on twoensskay. PCT/GB96/02308

21 097/ 11384

PCT/ GB96/ 02308 11. A position determ ning systemaccording to
claim 10. wherein the display conpifif8es a dot matrix display.

12. A position det

when 5 dependuuG—_—_—
graphi cal infor
receiving stati
to indicate the

system according to claim 10 or claim 11
oy assed to the
he di spl ay
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13. A position determ ning systemaccording to any of the preceding
clainms, 10 wherein the transm ssion sources and receiving stations

COAPt-TSe—COMPUTEN S 01 A argital cellular tel ephone network.
14. A position determ ning systemaccording to claim 13, wherein the
di gi tal cellular tel ephone network is a GSM network. 15 15. A

posi tion deterywpoym3seyst em according to any of the precedi rREGRA6QRI08
wherein the receiving stations nonitor the strength of the signals of

plural transm ssion sources and select a plurality of sufficiently
strong signals for reception. 20 16.8/8A position determ ning system
according to any of clains 1 to 15, wherein the quasi - synchroni sati on
bet ween the signals received fromthe respective transm ssion sour ces
is achieved by nonitoring receipt of a specific portion of the transmtted
si gnal s. 25 17. A position determ ning systemaccording to claim 15
wherei n the quasi - synchroni sati on between the signals received from
the respective transm ssion sources i s achi eved by means i ndependent
of the transmtted signals. 18. A met hod of determ ning the

position of a roving object, the method conprising 30 transmtting
br oadband signal sfraom a nunober of transmission saurces egual gt |east to

t he nunber of dijnensions in which the novenent of a rovi?ng objedt is to be

noni t or ed; receiving the siignals at: a pair g receiving s%ati ons, in
use the first of] the receiving stations: g : k=
22 : : ,Q -6»
: >
>
E
L

Figure 9




bei ng at a known position and the second be|n ocated on the roving

_obj ect, each of the recﬂw Hmel ng arranged to receive
t he S|gnals fromthe respective tr sources
substantial |y sinultaneously:; paSS| ng [ nLk SI gnal s from each of the '
recei vi ng tations t.o t ositi [ ocessor
link signals con?%ﬁ‘gﬁtﬁd‘“PWf‘cPPﬁHP? GIHZF@Q second em& H%T‘&H?I ?ce&g?l\fgceih%t
the respective r tiohebdiftartAn3ea b Rciv 3l @dm th tive tFRAMHISGSH
conpari ng the |n§{§r Hg%nﬁrs’e‘%el%a d{ngt t ec%og?'tilmgﬁ detenrmerﬁsgacgreocessorén
from sdwcesrmbstattmily isimultanediislyn paksing link slgnalg ks eachcef] thed'eeﬂivingte '

one rece|V|ng stati,on transnts n, SOEFCGS W th

fr
i nf or mati on receF@B‘éstthﬁ? Pﬂﬁn?ﬁ ﬁE‘F"F‘éE’&RYP?F@s%t Q‘F tcontaining mfmat'ﬂ%
signal s received,gf, e s%hﬂ? eu{eﬁfeﬁ'a)f'tﬁg r s@”ref:éxﬁﬁ%tsmﬁow Mth& SaR8mission
sources; and 10 termnin el ay between the respective

si gnal s recei vedsaircésheomsating vliengfosmwomeewed at the posmoinniemmlﬂnng prockssarfronme
the position of tthe rovipg obje

hod t
Cl'ai M 18,  wher ei HieGRe TeReBARECHoRAbgHthe signals ceeivEht the Ondfessiving Station rom the °
tel ephone net wor hfﬁstﬁ@dﬂ s%ﬁtc%?w?h %%fonﬁ?uo recebved fréam thf other Fec?i@fnggﬁneﬁ about

estimati ng the oftset recei roadcast signa cel ved

at two | ocati onsthendigials febeivedd grthe ot}tew;eecemhgastanm ﬁmnetHecthmBsiomsyumeszeand
been subject to orruptlon bg{,rrultl atheffeqts the nmeth
conprisi i aut o- deterainingthejine delayibgtieeathe respective signalgreceiyedat the fP??éV"tﬁﬁamns

| ocation; aut o- cy r%laxatto'd%ge m%tﬁé 8515%031 Jﬁﬁgh\(ﬁ% ect he ot her | ocation; 20
rve

cross-correl ati n he Ssighal's rec at t ne”and ot her | ocations;
~constructing a tenpl ate conprising that portion of the
auto-correl ation of the signals received at .oc ti
corresponding to 185 f s &y methpdraccopding fo-claimals, %‘eﬁﬁbthEQFﬂafi%ﬁ“ﬂ %{ﬁpar

portion of the a‘t'él@p’h%ﬁé B&#@}%ﬁ,&sg{lss d?leslﬂapnal S received at the one | ocation

correspondi ng nes after that of the central peak;
and neasursi ng the of fset at which the 25 tenpl ate best fits the
nmeasur ed-cross-correlation of the signals received at, t one, and

other locations &9. anAcwethad plestimatipgthejofisetin fime of g ﬁqr?@cﬁtﬁﬁ&?lé'eceived
received at the al'Bvo locations, where the signal received at the one location may have been subject to

corruption by multipath effects, the method comprising auto-correlating the signals

received at the one location; auto-correlating the signals received at the other location;

20 cross-correlating the signals received at the one and other locations; constructing a
| template comprising that portion of the auto-correlation of the signals received at the

other location corresponding to offsets times before that of the central peak, and that

portion of the auto-correlation of the signals received at the one location corresponding

to offset times after that of the central peak; and measuring the offset at which the

25 template best'ﬁts the measured-cross-correlation of the signals received at the one and
other locations as an estimate of the time offset between the signals received at the two

locations.
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(57) Abstract

The invention relates to a position determining system, for receiving digital telephone signals transmitted by a number of transmission
sources (BTS). The system has a pair of receiving stations (CBU and CRU), one at a known position (O) and another on a roving object
@Y); a position determining processor (CPP); and means for passing a link signal (L1 and L2), from cach of the receiving stations to
the position determining processor, the link signal containing information about the signals received at the receiving station from the
transmission sources. Each of the receiving stations is arranged to receive the signals from the respective transmission sources substantially
simultaneously. The position determining processor is arranged to compare the information received from the one receiving station with
the information received at the other recelving station, and to determine the time delay between the respective signals received at both
receiving stations in order to determine the position of the roving object.




