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(57) Abstract

The location of a mobile unit M of a cellular radio system is determined by determining the differences in timing of a characteristic
feature of the transmission of the control channel of each base station A, B, C, D, E as measured at the mobile unit. Preferably the
characteristic feature is the training sample already used by the mobile unit in cellular systems to measure signal strength in order to inform
handover decisions. By determining the differences between time of amival of transmissions from four base stations A, B, C, D, position
in two dimensions can be derived without prior knowledge of the actual distance to any of the base stations. A fifth base station E allows
position in three dimensions to be determined. .




posi tion finding device. As is well known, cellular radio systens allow a

user 15 having a portable handset (a "nobile unit") to make and receive
t &l ephone calls, either to another nobile unit or to a conventional fixed
term nation, by nmeans of a radio link. The radio link is established
bet ween the nmobile unit and one of a network of fixed radio base stations

distributed over the area to be covered. The systemall ows any nobile unit

to communi cate through any of the base stations; 20 wusually the nobile
comuni cate through the base station providing the best quality

unit will

radi o signal

it tan becone necessary for it to nove out of range of the base station
with which the call was initially established. Cellular radio systens
t herefore include handover 25 systens to allow conmunication to be

established with a second base station, and dropped fromthe first, w thout

interrupting the call itself as perceived by either party to the call.
t he systen1known_as GSM (d obal: System for Mobile

Because the nobile unit may nove during the course of a call

In
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comuni cations), the nobile unit frequently nonitors the BCCH (Broadcast
Control CHannel) of the surrounding base stations in order to establish
whi ch base station 30 is providj |, and therefore through
whi ch base station a new call shplHt® SHEESHASIBEENGd, or whet her a handover
shoul d be i ni WQEHI6Thi s procesp occREPLAGEDO! h ildl e and acPCAEBAGI0,
i.e. there is no need for the us ‘ 2 process occurs in

both idle and active nodes, i.e. there is no need for the user to nake a
call. Developments in GPS technol ogy meah that a hi ghly accurate
synchroni sation source can now be inplemented relatively cheaply at each
cel:l ul ar CELLULAR RADIO LOCATION SYSTEM
. This invention relates to radio location systems. A number of systems are
being developed for identifying the location of a mobile unit, using radio
R 5 propagation characteristics. One such system is the Giobal Positioning System

{GPS), in which a portable unit obtains a position fix using radio transmissions from

space satellites. This system is highly accurate, but requires special equipment,

and is unreliable in locations having poor visibility of the sky, because several

widely separated satellites must be in. Iine-of-sight relationship with the handset for
10 a fix to be obtained.

Several proposals have been made for systems which use the radio
propagation characteristics of a cellular radio system to provide a position fix for a
cellular radio mobile unit. This would allow the mobile unit itself to act as a
position finding device. As is well known, cellular radio systems allow a user

15 having a portable handset {a “mobile unit”) to make and recsive telephone calls,
either to another mobile unit or to a conventiohal fixed termination, by means of a
radio link. The radio link is established between the mobile unit and one of a
network of fixed radio base stations distributed over the area to be covered. The
system allows any mobile unit to communicate through any of the base stations;.

20 usually the mobile unit will communicate through the base station providing the
best quality radio signal. _

Because the mobile unit may move during the course of a call, it can
become necessary for it to move out of range of the base station with which the
call was initially established. Cellular radio systems therefore . include handover

25 systems to allow communication to be established with a second base station, and
dropped from the first, without interrupting the call itself as perceived by either
party to the call. In the system known as GSM, (Global System for Mobile
communications), the mobile unit frequently monitors the BCCH (Broadcast Contro!

. CHannel) of the surrounding base stations in order to establish which base station
30 is providing the best signal, and therefore through which base station a new call

- - should be established, or whether a handover should be initiated. This process
occurs in both idle and active modes, i.e. there is no need for the user to make a

call.
-
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5 radio base site. A good source of synchronisation has a nunber of
benefits, these include; inproved handover, an ability to reduce the effect
of interference between nei ghbou TB% h Eﬂ%ﬂ? and enabling highly
accurate radiating frequencies Ou_zd%%gg ce. It should be noted
t hat unli ke 3O9638306r oadcast ti m E synchr onPEHGBPIBIgNnal
takes the position of the GPS receiver into account and can therefore
conmpensate for the tine |ag caused by the fkkr)” te speed of radio waves.

Eur opean patent Specification EP032091 3, kia), describes a systemin
which timng pul ses derived fromthe GPS systemare transmtted from each

of :.three or nore baseDeveldpnents N dGRS eiechdolbfer arebn arhaty ad higmvs Reurate
nmobil e unit are d to identif

us t he positipn, of the u Thi s prior
Dot system r oquernebraiiERn e SR poy pa pkreniad Biolivelk ety ot s e
turn, which requadiebasetsite0 Agoat soutce afosymolwonizationhdscd marabertdf denefits Othesdase
2;3; glnst Ir gf ]9 Ir ger gﬁhgr?r r\yegq'l E\ﬁo | Sﬁn" qoily ﬁry rtg geutu'cg nhe ef?ec% o!i in éjrlferrggcetbhe%wgesne of
® neighbouring base stations, and enabling highly accurate radiating frequencies on

the radio interface. It should be noted that unlike simple broadcast time signals,
the GPS synchronisation signal takes the position of the GPS receiver intd account,
and can therefore compensate for the time lag caused by the finite speed of radio
waves.

10 European patent Specification EP0320913, (Nokia), describes a system in
which timing pulses derived from the GPS system are transmitted from each of
three or more base stations, and their different arrival times at the mobile unit are
used to identify the position of the unit. This prior art system requires the mobile
unit. to interrogate each base station in turn, which requires it to hand over

15 communication between the various base stations in order to carry out this
interrogation. This requires the use of several traffic channels, or an auxiliary
channel and also requires that reliable radio communication can be established with
each nearby base station.

In. International Patent Application WO95/00821 (Omniplex) each base

20 station transmits synchronised packet data signals. The mobile unit monitors all
the base stations simultaneously, which either requires a mbbile unit capable of
receiving several radio frequencies at once, or that all the base stations transmit
their data packets on th_a same channel. Neither of these features are conventional
in a cellular radio system.

25 Both of these systems also require the transmission of special timing or
synchronisation pulses from the cell sites (base stations) to the mobile unit, and
the recognition of these puises by the mobile unit. This requirement not only
imposes a signalling overhead on the mobile unit, but it requires additional
functionality in the mobile unit fo recognise the timing pulses.

30 According to the invention, there is provided a method of determining the
location of a mobile unit of a cellular radio system having a plurality of base
stations, comprising the steps of determining the differences in timing between the

base stations’ transmissions as measured at the mobile unit, determining from the
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chanpel and al so requires that reliable radio comunication can be

establ i shed 20 with each nearby base st ation. In_International Patent

Appl i cation WO5/ 00821 (Omi pl ex) -‘3_" EWEH BEEN £93, 645 (Sood) ., each
e

base station transmts synchroni s ﬁr& a signals. The nobile unit
nonitors all WePsEIWe stations' | arkm‘ H S si nmul t aPEUGBISPI0I2NI ch

either requires a nobile unit capabl e of recelving several 25 radio
frequencies at once, or that all the base stations transmt their data
packets on the sane channel. Neither of thest features are conventional in
a cellular radio system These systens also require the transm ssion of
special timng cﬁmiagrﬂtﬂferemes%é cdiffqneﬁmeﬁn thieodistanee ot lthe mobites ulib sdm each of

stations) toth b|Ie n|t | |on f t hes ul sgs by the
nobil e unit. Thi s rga ?@%tanﬁ d?nvnm; yh 9 'ﬁ'ﬁ% gor} ts" Pplﬁgmgbﬂﬁfggge[%est he
nobi | e unit, bu_tm!dxstanmfwcr determtined, mba:abtehsﬁtbhl ma'athettyme division fravae [serutiturds t O
recogni se the t ' & hé cBHtlrglec%anngls of at least some of the base stations within radio range of

. 5 the mobile unit are synchronised, and the mobile unit determines the differences in
timing at the mobile unit of a characteristic feature of the time division frame
structure broadcast by the control channel of each base station. .

By using the control channel the mobile unit is able to make use of the
existing radio link quality monitoring systems used to establish whether a-handover

10 should take place, and does not need to establish full communication with any of
the base stations. _

Preferably the characteristic feature used is a training signat transmitted by
each base station, which can be correlated with a reference training signal stored
by the mobile unit, such as the “synchronisation burst'; {SCH), and .its correlation

15 process which already form part of the GSM standard for the purpose of
characterising the radio path for the purpose of eliminating multipath interference.
The method of the invention can therefore make use of these existing signals and
correlation analysis programming. However, for position determination it is
preferred that the system should use the first identified correlation of the reference

20 signal, rather than the strongest as is used for handover determination. This
ensures that the most direct signal path, rather than a stronger but more indirect
path is used for distance calculation.

The derived location may also be time averaged to minimise the effects of
spurious results from reflected signals, which would make the apparent distance

25 between the base station and the mobile unit longer than it really is.

The derived location may be communicated via the cellular radio network
to a remote user, instead of to the user of the mobile unit itself. An alarm signal
may be transmitted if the derived Io_cation corresponds to a predetermined location.

. According to another aspect of the invention, there is provided a mobile

30 unit for use with a cellular radio system, the mobile unit comprising apparatus for
determining the position of the mobile unit; the apparatus comprising means for
detecting timing differences between signals received from different radic base

stations, and means for determining, from the timing differences, the differences in
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3 According to the invention, there is provided a method of determ ning the
| ocation of a nobile unit of a cellular radig systemhaving a plurality of

base stations, conprising the st eps WIS%E@T@AQ BQE e differences in
timng between the base stations’ ransnpggy asured at the nobile
unit, determ WO/IBISM 5 t he tlan i f f er enpencBRs/I16B9

di stan_ce of the nobile unit fromeach of the base stations, and derivi ng
the location of the nobile unit fromthe differences in distance so

determ ned, characterised in that the time drfvision frame structures of the
control channels of at |east sonme of the base stations within radio range
of :the nobile unthe dis@nssmchtteninskite usindrotheaciobll the bevetstalfdrl Ghd @seand fort he

?: .I[:Yfeer ences in thm% a*ro&h?hmlférgnc%m ; lsta%c(e:,h%ﬂgclgga%o%t IO t‘lga}ng lee ?.lI\It,t he

characterised in that the mobile unit has means for determining the differences in
timing at the mobile unit of a characteristic feature of a time division frame
6 structure broadcast synchronously by the control channel of each base station.
The mobile unit may further comprise means for receiving data from the
currently serving base station concerning base stations within radio range of the
mobile unit, the information including the geographical locations of the base
stations.

10 The cellular radio network may be compiementary to the mobile unit of the
second aspect of the invention as defined above. Alternatively, the location
determination functions may be performed by the network itself. Accordingly, the
cellular network may comprise means for determining the difference in timing
between signals transmitted by the base stations as measured at the mobile unit;

15 means for determining, from the timing differences, the differences in the
distances of the mobile unit from each of the base stations; and means for
deriving, from the differences in distance, the location of the mobile unit, being
characterised in that the base stations have broadcast control channels operating
with synchronised time division frame structures having a characteristic feature for

20 detection by the mobile units, and in having means for receiving from the mobile
unit an indication of the arrival time at the mobile unit of the characteristic feature
from each base station.

According to a further aspect of the invention, there is provided apparatus
for determining the position of a mobile unit using a cellular radio system having a

25 Dplurality of base stations, means for determining the differences in timing between
the operation of the base stations as measured at the mobile unit; means for
determining, from the timing differences, the differences in the distances of the
mobile unit from each of the base stations; and means for deriving, from the
differences in distance, the iocation of the mobile unit, characterised in that the

30 system corhprises_ means for synchronising the time division frame structures of
control channels broadcast by at least a plurality of the base stations within radio
range of the mobile unit, and the mobile unit has means for determining the

differences in timing at the mobile unit of a characteristic feature of the time
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division frame structure broadcast by the control channel of each base
station. By using the control channel the nobile unit is able to make use
of the existing radio link quality Eﬁlgl § E‘Fﬁ[b used to establish
whet her a handover shoul d take pl ak,, aﬁ?ﬂg& need to establish full
communi cat i orwosg3sae h any of the Rase R S, Prgf er abl y #OTéGRB96/01039
characteristic feature used is a training signal transmtted by each base
station, which is correlated with a reference training signal stored by the
mobil e unit. Such a "synchronisation burst" YSCH), and its correl ation
process already form part of the GSM standard for characterising the radio
path. The 20 nadivision érbmilseructuve bioadease by théresrafod tieanmakef eaglke bae stadare The
exi sting signals.and.correl ation. anal ysi s .oprograpn ng. wever . for ’
pos: Li on deter miR [IeTRIce BegPirr Pk nablafie Lguptsn SRETMERTS BoERE P o
i dentified corr doctionrdesiving vaedraf mey reach Sommplart sfatHecmobileaonit e oft the nipeat
as is used for ha dgr e([I .d%erm’ I[!]atitgn 'Thiif enspres that.the nost direct
signal path, r at'ls niini gtn?,o(;: a Spi ,bmns HOiF may further comprise means tor receiving
. 5 data from the currently serving base station concerning base stations within radio

range of the m_obile unit, the information including the geographical locations of the
base stations.
in a further aspect, there is providad'a position-finding device comprising
.means for determining the geographical location of the device, means for
10 identifying a predetermined geographicai location, and alarm means for signalling to
a user that the geographical location of the device corresponds to the
predetermined geographical location or area.
In existing GSM systems each base station transmits a control channel
{BCCH) having a TDMA frame structure. This frame structure is made up of
.15  “multiframes” each of 235.38 milliseconds. Each multiframe has a substructure of
fifty-one frames, each frame having eight bursts. Each burst is made up of three
“tall” bits, 142 information bits, three more “tail” bits, and a guard period
equivalent in duration to 8% bits. The frame is thus 156% bits in duration, and
each bit has a duration of approximately 3.9 microseconds, so a burst has a
20 duration of 0.577 milliseconds. The frames in each muitiframe are conventionally
numbered Q0 to 50, of which five are frequet;cy control frames {FCCH), {00, 10,
20, 30 and 40); and five are synchronisation frames [(SCH); 01, 11, 21, 31, 41.
The interval between the synchronisation frames is therefore generally 46.15
msec, {BO bursts), but the interval between frames 41 and O1 has a longer
25 duration of 50.77 msec {88 bursts) because of the presence of the extra frame 50.
The synchronisation frames each include a training sequence which is used in this
embodiment of the invention as the characteristic feature.
In GSM, the use of time division multiple access (TDMA) means that the
. mobile station and the serving base station have to be highly synchronised. For the
30 mobile pnit to decode the identity code BSIC of a base station, it has to briefly
‘ synchronise itself with the base station. Consequently, the mobile unit always has
an indication of by what fraction of a frame (i.e., how many bits) each of the

neighbouring base stations differ from the serving base station, as seen by the



25 indirect path, is used for distance cal culation. The derived | ocation
may al so be tine averaged to mnimse the effects of spurious results from
refl ected signals, which would nakd arent—di sf ance bet ween t he base
station and the mobile unit | onger* ‘H&ﬁ&ﬁﬁw& BEENs] The derived | ocation
may be comurW@aeasdoévi a t he cel | ul ra,oﬁEPMSED/ork 30 to a PEWIGBIGAIGr

i nstead of to the user of the nobil e unit rtserf al arm si gnal may be
transmtted if the derived |ocation corresponds to a pr edet er m ned VO
96/ 35306 PCT/ GB96/ 01039 4

the distances of the nmobile unit fromeach of the base stations; and neans
for deriving, fmewpiémitdi ffithe Grmes cydled] of BRARE baid) etakionsiwerd) t® et dbBokktdly | €

unit, synchronised, (i.e. all the base stations simultaneously transmit the same part of
the frame) the amount the mobile unit would have to shift its frame structure

(relative to the serving base station) to decode the BSIC of the other base stations

5 would be purely a function of the difference in path length between the serving

base station and its neighbours. In existing systems mobile units are synchronised

to their serving base stations to better than % bit, 0.923 microseconds, which, at

the speed of light (3x10% mfs), corresponds to a resolution of 277m. This

accuracy can be significantly improved upon for location purposes by using the

10 data present in the equaliser of the mobile unit.

In GSM practice, the frame structure of each base stafion is not
synchronised in the absolute sense, but only in the relative sense that for each
base station there is some point in the frame structure which is synchronised with
the external synchronisation signal. Thus the timing of the frame structures of the

15 base stations differ from each other by an arbitrary but constant amount, referred
to herein as the “offset”. The term “synchronised”, as used in this specification, is
used in this relative sense (i.e. differing by a constant amount}, unless the context
cleariy demands otherwise.

It would be possible to reconfigure the GSM system such that the base

20 stations are .all synchronised in the absolute sense. However, in a preferred
arrangement, for each base station the respective offset is subtracted from the
arrival time at the mobile unit of the characteristic feature of the frame to obtain
the difference between the distance that base station is from the mobite unit and
the distance the serving base station is from the mobile unit. These calculations

25 may be performed in the fixed part of the network, but in a preferred arrangement
data relating to the offset associated with each base station is transmitted from
the serving base station to the mobile unit, and the timing difference is determined
by the mobile unit from said offset data and the arrival times of the characteristic
feature from each base station. Accordingly, another aspect of the invention

30 provides a cellular radio network for use with the mobile units defined above,
comprising a plurality of base stations operating with control channels
broadcasting synchronous time division frame structures, means for identifying

which of the base stations are in radio range of a specified maobile unit, and means
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characterised in that the nobile unit has nmeans for determ ning the
differences in timng at the nobile unit of a characteristic feature of

time division frane 5 structure br , |y by the control
channel of each base station. The bt 8HBRT HASEBEENUY t her conpri se neans

a

SeBEENU
for recei vi ngVO&¥W346G om t he currenfly sdiEPLAGEDase slt ation REHCBIHNIN base

stations within radi o range of the nobil'e untrt5—the~i nformati on i ncludin
t he geographical |ocations of the base stations. 10 The cel I ul ar

g

radi o network may be conplenmentary to the bile unit of the second aspect

of the invention as defined above. Alternatively, the |ocation

determ nati on f derctraramittingydate relatirigotonthe loyatidncantesynohionisttdan bffsets of each
Accordingly, th | 3L, gﬁiy nprise neans for determ ning the
difference in t?‘r’n&ﬁgé%e %A%Je?‘ﬁ%\gﬁéﬁ‘a S %"S'ginsrritted by the base stations as
measyred at the nobi | Eheitiming difereneamriwovide thikcdifferencasnig pathr lengths Ibetviéeni the

difterences, !hGafibs/isg dfdidnk obkering} 3B HE8 pRivide"Lh B8R pdth idngh. OfF 2"

of the base stations;
. 6 prior art systems described above, the timing of signals from a minimum of three

base stations is stated to be sufficient to provide a unique position fix {in two
dimensions). In order to achieve this, it is necessary to know not only the
difference in arrival times of the signais from the different base stations, but also
their absolute arrival times relative to some fixed timescale. This requires the

10 mobile unit to have a clock synchronised with those of the base stations. The base
stations can be synchronised using the GPS system, but the mobile units cannot
themselves be synchronised to the GPS system unless they too incorporate GPS
receivers, thereby re-introducing the complexity sought to be avoided by using the
cellular radio characteristics.

15 It has béen' sugges;ced- that timing advance be used to determine distance
from the serving base station. Timing advance is the amount by which a mobile
unit is instructed by the serving base station to advance its transmissions relative
to the signals received by the mobile unit, to allow the transmissions from the
mobile unit to arrive at the base station at its allocated point in the TDMA frame.

20 The timing advance corresponds to the time taken for radio waves to cover the
out-and-back distance between the base station and the mobile unit, i.e. twice the
path length. However, the timing advance is only determined when a mobile unit
has a call in progress. Furthermore, the timing advance is determined for the
strongest signal, which is not necessarily the most direct if multipath interference

25 is present, and its accuracy is also relatively coarse.

instead, in one preferred arrangement according to the invention the

differences in timing between at least four base stations are determined

{conveniently these are the differences between the currently serving base station

. and each of three neighbouring ones}, thereby allowing the determination of the
30 absolute location of the mobile unit in two dimensions. As will be described below,

. the use of four base stations provides a unique result in two dimensions, without
the need for an absolute reference in the mobile unit. In another preferred

arrangement the differences in timing between at least five base stations (the

This Sheet Has Been Reilaced

A

|

Il

|



deriving, fromthe differences in distance, the |ocation of the nobile
unit, being characterised in that the base stations have broadcast control
channel s operating w th synchroni i S rane .structures having
a characteristic feature for 20 T8t SHEETHYAS BEEMYbi | e units, and in
havi ng neans W@P6IS3esei vi ng from t e nobREBLAGED an indi cat i BFTB¢/01839
arrival tinme at the nobile unit of The characterrstic feature from each
base station. According to a further aspectgof the invention, there is
provi ded apparatus for determning the posi?i on of a nobile unit using a
cellular radio systemhaving a 25 plurality of base stations, neans for
det er mi ni ng t hesefvinbebasec station andrifay ethefslc are: [deteppined: ithereby allawinga the
stations as nea - ad: E‘P}h@% Lty Wa :
timng differ en?g%ﬁq'tnﬁ{em%l fter ehélggeqpﬁétioﬁrem gpgt"gér?@%gﬁ%?ﬁ m:gé 9m %nF%R%pant&e
from each of t héatishgerangemenyissto bgmprefgseeddf ther differengesnig, the eliitvdeascof the base
differences in di8ba0aRa/of e MBGIR! irflara lafglGn MRidrELo tHe! oveFdNdcRGlaBY 'of thb
that the 30 system conprises neans for synchronising the tinme division
frame structupesyssem. :

Embodiments of the invention may nevertheless use timing advance

=]

information to supplement the basic method in circumstances where fewer than
the minimum number of base stations are detected by the mobile unit. Other
supplementary information may also be used where circumstances require, such as
10 information relating to the direction of the mobile unit relative to the antenna. If
one or more of the plurality of base stations in the cellular radio system have a
very limited range, the method may comprise an additional step wherein if the
mobile unit is recognised as ‘being within range of one of said limited-range base
stations the location of the mobile unit is determined to be the location of said
15 limited-range base station.
An embodiment -of the invention. will now be described with reference to
the drawings in which:
Figure 1 shows part of a cellular radio system;
Figure 2 is a schematic illustrating part of the system of Figure 1 in more
20 detail, and indicating the various parameters used in the calculations carried out in
the method of the invention;
Figure 3 illustrates multipath propagation; and
Figure 4 shows a plot of correlation against time for a training sequence;
Figure 1 shows a cellular radio system including a mobile unit M, a base
25 station A, currently serving the mobile unit M, and six neighbouring base stations
B, C, D, E, F, G. Each base station is shown as having a hexagonal coverage area,
or “cell”, but in practice the cells are more irregular because of topographical
reasons, and base station siting. Moreover, the propogation characteristics of radio
waves mean that coverage areas overlap in practice, and the mobile unit can .
30 detect signals from several nearby base stations, albeit less strongly than from the
currently serving base station A. For the purposes of this illustration, it will be
assumed that the mobile unit M can detect the BCCH (control channel) of base
stations A, B, C, D, and E at [east.
-
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control channels broadcast by at least a plurality of the base stations
within radio range of the nobile unit, and the nobile unit has neans for

determ ning the differences intirms rgsJ unit of a
characteristic feature of the ting ' g ps of the nobile unit
from each of WA/ AW stations; amd-aea Uderivlng, frorRCI/EB6/01039

differences in distance, the location of the nobile unit, characterised in
that the apparatus conprises nmeans in the cellular radio systemfor
synchronising the time division frame structures of control channels
broadcast by at 5 least a plurality of the base stations within radio
range of the nobile ufhe coveragerareasofi base (statippbh lis shpwn sehdivided interthreed 20he

differences in tdegidadséttorshR1 A | £3,UBsdh BF ViGN %ﬁntvﬁaiﬁt iaCszﬁeét%esé?:ftort he
time division frame structure broadcast by the control
antenna at base station A, having its own channel allocation.
Also within the coverage of base station A there is a microcell H. This is a
. 5 cell having its own low power (and therefore short range) base station, provided to
serve a limited area having a high demand for call traffic, and/or which is poorly
served by the main cellular structure, for example because of tall buildings.
In Figure 2, there is shown the mobile unit M and five base stations A, B,
C, D, E are represented, together with their co-ordinates in three dimensions {X,,
10 Ya Zai Xor Yor 2o Xer Yoo Zoi Xar Yar Za; Xer Yeo Zeo). and the distance of the
mobite unit from each base station d, d,, d., dy, d., respectively. The unknown co-
ordinates of the mobile unit M are represnted as (x,v,2).
For illustrative purposes the embodiment will be described as operating
according to the GSM standard, using GPS data, but this is not intended to be
15 limitative. In GSM, each base station, {for example, the base station A) holds
information relating to itself and six nearby base stations B, C, D, E, F, G. For the
purpose of the present invention only four nearby base stations B, C, D, E of the
six are used, the four in question generally being those providing the strongest
signal at the mobile unit M. The base station transmits the data to the mobile unit .
20 M on its BCCH (Broadcast Control Channel). This data includes the radio frequency
of each base station’s BCCH, allowing the mobile unit to periodically sample the

signal quality of each BCCH, and allow handovers to take place based on the
results of this sampling.

In this embodiment of the invention information additional to that required
25 by the GSM system is transmitted to the mobile unit, either over the BCCH or in a
separate data message. This information includes the location of each of the base
stations A, B, C, D, E and their relative frame offsets (as defined above). This
offsét indicates 'how the timing of the TDMA frame structure relates to a reference
timeframe, which may be the time frame of the serving base station A, or of

30 universal reference.

. The radio link between the mobile unit M and the base station A is a time
division multiple access (TDMA) system, in which different mobile units
communicate with the base station A on the same radio frequency, at different

-
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channpel of each base station. The tine difference neasuring neans,

di stance difference determ ning neans and | ocation deriving means may each
formpart of the 10 nobile unit o fhwork. If in the nobile
unit, this unit may further COI’YpI’I‘SJﬂI‘ﬁ? %Efﬁ gose@@ ving data fromthe
currently ser WOASP6e station congernj LEDst atibns Wi t hPOT/GBRE00I9aNge
of the nobile unit, the information including the geographical |ocations of
the base stations. In existing GSM systens egch base station transmts a
control channel 1 5 (BCCH) having a TDVA frarme structure. This frane
structure is made up of "nultiframes" each of 235.38 mlliseconds. Each
nul.tiframe has atimeh#Atrtinesiwberpthef basestation A isatransmitting/tofotherandbileiungs dnaght
bursts. Each bur d r S foPr Bt b
three nore "tai I%“;n?sm% ﬁ‘&”“b 9{‘1’5"1‘3 “g‘g'rnla{(‘)s“élllﬂl‘equa\%I fere%"%ac'b%t??a deg{i’g %{ err]
bits. The frame stetionsB; Q%[Eeﬂﬁ.]G)mtl@MIhe@mabvdm bmtmmt has a 20

duration of approxi mitE%El? base Qaﬁ&ﬁsﬁﬁiﬁaﬂ:ﬁﬂy Stpanﬁmﬁgrﬁttrgﬁﬁgnfélgfeﬂﬁ 3§ch

0.577 mlliseconds. The frames In frame are conv
nunber ed 00 t & S8pecifically, in GSM, the SCH is transmitted five times in each multiframe of the

BCCH, in TDMA frames 01, 11, 21, 31, and 41. This training sequence

corresponds to a sequence stored in the mobile unit, which is arranged to identify

correlations between the stored sequence and the BCCH transmissions, thereby

allowing the mobile unit and base station to be synchronised and an estimate of
10 the signal quality to be made.

Figure 3 illustrates a phenomenon known as “muitipathing”. In a typical
environment radio signals may propagate between a base station A and a mobile
unit M by a number of different paths, as a result of reflections and refraction
caused by buildings and other obstructions. These paths are, in general, of

15 different length; for example a direct path 41 is shorter than a path 42 reflected by
a building 40. The correlation of the training sequence may therefore identify more
than one correlation, occurring at different times. This is illustrated in Figure 4, in
which there is a first correlation 31 at time t3, and a second, stronger correlation
32 at time t3,. This situation can occur when the direct path 41 is subject to

20 attenuation, for example by foliage, and the direct path is not attenuated. In the
example of Figure 3, a strong indirect signal 42 will occur if the building 40 is a
good reflector of radio waves.

For the purpose of assessing suitability for handover, and synchronising
with a base station, the strongest correlation 32 would be used, even though this

25 corresponds to a longer path 42 than the earlier, weaker correlation 31. However,
for the purpose of position identification, the straight line distance from the base
station is required and so the time of arrival of the first correlation 31 is used, and
not the strongest correlation 32. The first correlation may itself relate to a
reflected signal, if there is no direct line of sight path, it will still be the closest to

30 the time a direct signal would have arrived.

The mobile unit M identifies from the respective BCCHs the times of
arrival Tg, Te, Tp, Te of the first instance of the training sequence from each

nearby base station B, C, D, E and compares them with the time of arrival T, of

\
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of which five are frequency control frames (FCCH, (00, 10, 20, 30 and 40);
and five are synchroni sation frames (SCH); 01, 11, 21, 31, 41. The interval
bet ween the synchronisation franes t-herefore—general |y 46.15 nsec, (80
bursts), but the 25 interval bet wel FHISr SHEET HMAS BEBN(1 has a | onger
duration of SOVOY6R3%6c (88 bursts) pecaufiéPbACEDe prgsence ofPcriaBI@oInIs
frame 50. The synchronisation franmes each Tncrude—a—trai ning sequence which
is used in this enbodi ment of the invention as.the characteristic feature.
In GSM the use of time division multiple acddss (TDMA) neans that the 30
mobi l e station and the serving base station have to be highly synchronised.
For. the nobile umhd tr"aﬂtr@%‘éﬁ@@néehﬂoﬂnd@lgtdekﬁné:g% atibn ¥, 18 19@ %fn‘?et ln?é}valét
has to-briefly synchronise Itself wt hat base stati on

the mobile unit pmg}'g-T iTa=Te-Ta Ta =Tp-Ta: T4 = Tg - Ta. These mtervals can be

. measured accurately by counting the number of digital bits which occur between

the arrivals of these signals. This gives an accuracy of the order of 1 microsecond.
. 5 The intervals will be different, as a result of three factors: difference in path
length; different relative frame offsets; and transmission in different frames. It is
first necessary to eliminate the latter two factors in order to determine the
differences in path length.
Each base station transmits the same synchronisation training sequence
10 five times in every control channel muitiframe, that is at a time interval tz. Since
the mobile unit monitors control channel multiframes as a method of pre-
synchronisation it will not always identify correlations from all the base stations A,
B8, C, D, E on the same part of the multiframe cycle structure. However, the time
difference t; between synchronisation bursts (SCH) within the cohtrol channel
15 multiframe is large enough for a radio wave to propagate several thousand
kilometres (approximately 13,800km), therefore multiples of the frame length can
easily be eliminated.
The different offsets of SCH within the mutiframe can be allowed for by
measuring, at each base station, the time of transmission of the control channel
20 mutiframe sequence relative to a universal reference such as the GPS
synchronisation signal. The serving base station A transmits over the BCCH a
signal representing the offsets of the neighbouring base stations (relative either to
the universal reference or, preferably, relative to its own transmissions), thus
allowing these offsets to be compensated for.
25 In this way a time difference t; = T, - {(nit + Qg) can be derived, where
Qg is the offset of base station B relative to base station A, t; is the frame length,
and n; is an integer, selected such that the magnitude of t; is a minimum. GPS
provides time signals accurate to 50 nanoseconds, and this may be used at the
1 base stations to provide the timing information required to determine the offset
30 values. The frame length is a constant of the system. The accuracy of the value of
t, is therefore determined largely by the accuracy with which T, is measured

{typically of the order of 1 microsecond, as already discussed).
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WD 96/ 35306

PCT/ (B96/ 01039 6 nobile unit. If the frame cycles of all the base stations
were to be absolutely synchroni segr———e—all_fhe base stations

si mul t aneously transnmit the sane JHIS-SH.EETIHASrBEm. the amount the nobile
unit woul d haW@9®3s3eshi ft its franp strREPWAGEIT el atfi ve to t ETABI6H108Y base
station) to decode the BSIC of the orner—tase—stat-Hons 5 would be purely a
function of the difference in path |length between the serving base station
and its neighbours. In existing systems nobilBe units are synchronised to
their serving base stations to better than [err] bit, 0.923 m croseconds,

which, at the speed oNote ki tHedvahidd 61 1;] ms?%,negeﬁw@m%%séetﬁoﬁ@e!aﬂéepn
of 277m This accuracy, can be significantly inproved upon for |ocation

purposes by usi f¢tha/aohile unitthan He-seeyipg base; Ftationals BaY oeRur i ibe bass statiom ¢ .
In GSM practiceA h#ia fstranger igndCatihe MébiRait a8 Dasd Hatiom B Jedpite its greater

synchroni sed in the absol ute s$_ns%, bl]J'[, only in the rel ative sense that for
each distance, or if no traffic channel is available on base station B. As stated above,

5 the interval between SCH frames is either 88 bursts or 80, and thus there are two
possible values for t: {46.16 or 50.77milliseconds). The position within the
muitiframe can easily be determined by the mobile unit, and the appropriate value
of t selected.

Values t; = T3 - (nate + Qc), t3 = Ta- (nate + Qp), and ty = T,4- (Ngte

10 + Q) canbe derived in a similar way. '

The values t;, t,, t3, and t4, when multiplied by c, the speed of propagation
of radio waves, produce values d;, d,, ds;, and ds which are the differences
between path length d, and the path iengths dy, d., dg, and d, respectively (see
Figure 1), Specifically, dy = d,-dp; d3 = dy-d;d3 = d,~dg; anddg = dg-d, T

15 it will be appreciated that the mobile unit has no means of detecting the
GPS synchronisation pulse itself, as it is not a GPS receiver. The arrival times of
the training sequences can therefore only be measured relative to each other, not
against an absolute timescale, and therefore the time t, it takes the training signal.
to reach the mobile unit M from the base station A is unknown. Thus the distance

20 d, of the mobile unit M from the base station A {which is simply the distance radio
waves propagate in this unkm;wn time t,) cannot be derived directly {and similarly
for base stations B, C, D, E}). The relative arrival times indicate only that base
station B, for example, is further from mobile unit M than base station A by a
distance d, ==tl:la . dy . _

25 - To enable the mobile unit to calculate its position, it has to know the
location of the base station sites in its area. This information could be passed to
the mobile unit by either using a “Cell Broadcast” message or a Short Message
Service {SMS) as provided on some cellular systems; both are capable of message
lengths up to an ample 160 characters. Information sent to the mobile unit from a

30 base station would include; the co-ordinates of that base station, and information
about the neighbouring base stations such as their_locations' and their offsets (the

timing of the training sequence relative to a universal standard, or relative to the
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base station there is sonme point in the frame structure which is

synchroni sed with the external synchronisation signal. Thus the tim ng of
the franme structures of the 15 base.stations differ fromeach other by an
arbitrary but_constant amount, ref grTHi@ SKEETEHAS BEE |t he "of fset”. The term
"synchr oni sedWO@30sed in this spdcifi CREPDAGED S usgd in t HIGI/GRIGALY e
sense (i.e. differing by a constant~ametnty—trtess—dhe context clearly
dermands otherwi se. It would be possible to rgconfigure the GSM system such
that the base 20 stations are all synchronised in the absol ute sense.
However, in a preferred arrangenent, for each base station the respective
of fset is subtraetviih fbhasen stadiosl r a vildg ttomindidatd He avbdsec stitioh @fast precisely
characteristic fgﬁs‘i}re o f he frgg‘yﬁa to obtain the difference between the

di stance that bat PP ey apd the nmobile unit and the distance the
servi.ng base station iThefseosing haserstatibre Altriahsmits @se ooigl icsibevhi detsils? but ey be
performed in the e ngt wor t erhelledr Lange nt
- data relating todet%')é &g te'ggé%%ge%{tgﬁw\?\n%h -lke;%cﬁ'o '5 gﬁlit t5%8nt qﬁe e the
transm tted fBonnformation it needs without having to handover to the other base stations. The

rate at which such information is broadcast would have to dimensioned to allow
the mobile unit to .calculate its position quickly, this wouid be especially important
for a tracking service to make use of the information. The “Short Message
Searvice” (SMS)} available in the GSM system could be used when a customer

10 initially requests the service, to provide authentication and prevent unauthorised
use. Once a customer has been validated as a user, SMS could then pass a
ciphering key to the mobile unit to allow it to decode the cell broadcast message.
This system would be relatively secure as the messages passing over the radio
interface are already protected by GSM's ciphering system.

15 SMS couid be used instead. of the Cell Broadcast system to pass all the
base station site location information to a mobile unit and allow it to calculate its
position. This method would be less prone to fraud than a Cell Broadcast, as SMS
is a point to point system. However the large number of messages required to
reach a potentially large number of mobile units could prove to be too high an

20 overhead on the network. Another problem with an SMS based system is
identifying which base station sites’ details to send to a particular mobile unit
without first knowing where the mobile unit is. Hence a mobile unit’s serving base

| station [D would have to be known by the network before the information
concerning its neighbouring base stations can be transmitted over SMS.

25 A tracking service would require the use of SMS originating from the
mobile unit if the location were to be passed to a remote centre, for example the
emergency services or a fleet control centre. Position information transmitted from
the mobile unit could include a time stamp to allow for delays in the SMS network
and the motion of the mobile unit. _

30 The determination of position from timing differences will now be

. described in detail. it will be seen from the following that five base stations is the

minimum necessary to ensure an unambiguous result in three dimensions if the
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the serving base station to the nobile unit, and the timng difference is
determ ned by the nobile unit fromsaid offset data and the arrival tines
of the-characteristic feature fromeach base statig_n. Accordlkn]gly, anot hte[1
aspect of the invention 30 provi ar—fa€i 0 net wor or use W
thg nobi | e unMOPERB$ ned above, c‘)ﬁaﬁjg ETE glﬂﬁEHI;i ty of baEI/CRsESioans
operating with control channels bloadc ynchrfonous time division
frame structures, means for identifying Whl(;' of the base stations are in
radio range of a specified nobile unit, and ans WO 96/ 35306

PCT/ GB96/ 01039 7 for transmtting data relating to the |ocation and

synchr oni sat i on abkdlgtetdistencectrorh none bf theacis khewhonift mrhetwobidifensidns. are

considered, four base stations are sufficient.

Figure 2 shows the information available to the mobile unit. (A star
indicates that a value is unknown), The values x, y and z represent the mobile
5 unit’s position in three dimensions, which are to be calculated. The values X, etc

indicate the known positions of the base stations, as transmitted to the mobile unit
M over the BCCH.

Consider five base stations:
Base station A at (X,, Y,.Z,): distance to mobile unit is d,
10 Base station B at (X}, Y5 Z,): distance to mobile unit is dy,
' Base station C at (X, Y, Z.): distance to mobile unit is i:lc
Base station D at (X, Y4Z,): distance to mobile unit is d

Base station E at (X, Y,Z,): distance to mobile unit is d,

15 The mobile unit scans the base stations and measures the timing
differences tq, t;, t3, t, between the serving base station and each surrounding
base station, as described above. These timing differences are directly
proportional to the path length differences: d; = t,c, where ¢ is the speed of
propagation of radio waves, approximately 300 metres per microsecond. Hence -

20 the mobile unit can easily calcutate d, to d; where;

dy = d,-d,
d; = d, -d,
ds = d, - dy
de= d, - d,

25

The foliowing five equations represent the mobile unit’s location, based on
the equation for a sphere;

x-XS + ty-Y) + (z-2,)° = d;? - Equation [1]
x - X,,}z + fy- Y,,IZ + [z -Z,,)z = dbz - Equation 2]
30 tx-XL +ly-YSP +(2-2) =42 - Equation (3]
- X+ ly - YR+ (z2-ZF = df - Equation [4)
X-XJ + ty-YS + (z-2Z) = d,? - Equation [5]
\
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The timng differences provide the differences in path | engths between the
various base stations, however they do not provide an absolute path |ength.

I t

In the 5 prior art systens descrilf ' tHre—t+
ni ni num of three base stations is ﬁil'@ﬁﬁ%&%ﬁﬁﬁw
uni que posi t Woweas3vef i n two di nensi ons).REHP&’Eﬂer to
necessary to know not only the difference 1n arrirva
fromthe different base stations, but also their abs
relative to sone fixed tinescale. This requ15es the 10 nobile unit to have
a clock synchronised with those of the base stations. The base stations can
be synchroni sednew) 80=t de dFFRewittdreds d oW, < Be,, BRPEquRriHG bbth siddsties;

t hensel ves be synchronpsed o the GPS system unl ess they togqi ncor por at e

t

GPS recei vers,

ng of signals froma
Cient to provide a
achi evecricBss/01039 i S

t her elfy 7+ €99mtt Bdui%g the conpl exity sough

by using the cellular radio characteristics. 15

suggest ed t hat

servi ng base st

5

10

16

20

25

30

times of the signals
olute arrival tines

ugtigR (8] o ded
It has been
i stance fromthe

i.m.n vance. be ed to determne d _
é‘qugﬂﬂe??]rﬁ'ﬁdsém e is the ampunt by which a nobile
d2-2dyd, + (x-XP + ly- Y + (z-Z) =

Ix -Xp)? + ly - Yo)?

Rearranging to put known variables on the right hand s
= dydy - xfXy -Xp) - yiYs - Y} -2(Z, - Z) = k;/2

Where k4 consists of the known values;
k; = —d,z-X,z - Y,Z-Z,z + sz + sz + sz

For simplicity we define;:
Xab = Xa = Xbr
Yoo = Yo- Y,

and: Lop = 2Zy-2Zp .

Equation 7a becomes;
- dydy - xXop - YYap - 2Z3p = k1/2

Repeating this process with equations /3] to /5] gives;
Base stations A and C

« 0oy~ XX - YYo= 225 = ko/2
Where; k2 = -d>- X7 -y, - 27 + X7 + ¥ + 27

Base stations Aand D
=3y - XXaq - YYoa - 2250 = k3/2
Where k3 = - d32 - Xaz - Yaz "Z,z + Xd2 + de + Zdz

Base stations A and E
= U4y - XXae - YYae - 2Z5e = ka/2
Where ke=-dZ-X2-Y2-2Z2 + X2 +Y.2 + 2.2

+ (z-2Z)°

ide gives;

- Equation (7a)

- Equa'tian 7]

- Equation [8]

- Equation [9]

- Equation [10]
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unit is instructed by the serving base station to advance its transm ssions
relative to the signals received by the nobile unit, to allow the

transm ssions fromthe nmobile unit to arrive at the base station at its

al | ocated point in the TDVA frane. |3f)s Shert HAG SE ance corresponds to
the tinme takewof9snsaoadi o waves to gover RE] %E -and- pack di seCwGRIcHHBNCEN
the base station and the nobil e unt——i e _thel path | ength. However,
the timng advance is only determ ned when a nobile unit has a call in
progress. Furthermore, the tining advance id8determined for the strongest
signal, which is not necessarily the nost direct if nmultipath interference
25 is present, and its accuracy is also relatively coarse. Instead, in one
preferred arrangenent according to the invention the differences in timng
bet ween at Ieas%‘ef"ﬁﬂﬂg'%%%‘ag?'é&]%?"%@fde’t erm ned (conveniently these are
the differences between thpq:urrently serving base station and each of

t hr ee nei ghbouri ng onds, —timertet, 2 awiadg |t he det er mi nat i efquetiont{&€7/30
absol ute | ocation of theﬁb le unit int di nensions. As will be
descri bed bel ow,

B Substitution of /7 7] into /8] leads to; - Equation [12]

Xy = Xl Y+ Aoy = . (G - 2, )~ (B =) g

Substitution of [77] into [9] leads to; - Equation [13]
XX,y = X )+ Y, = Vud )+ 2(Z o, - Z,d,) - (ﬂ;—‘”—k—'-) =0
10
Substitution of [77] into /70] leads to; - Equation [14]
(X pdy = X opd )+ y(¥oub, + Yod )+ 2(Zpd, - Z,d,) - (-‘ﬁg—d-‘ﬁ) =0

For two-dimensional positioning, all z co-ordinates can be ignored. This
15 will induce an error due to the fact that the four base stations and the mobile unit-
are unlikely to all be in exactly the same plane. In particular, base stations are,
whenever possible, mounted on hills or tall structures (buildings or purpose-built
masts) to improve their range, whilst mobile units generally to operate near ground
level. However, when the differences in altitude are small (of the order of the
20 accuracy of the system as a whole) the error wiil be insignificant.
Subject to these limitations, we can solve in two dimensions by ignoring
the z co-ordinates from the equations and from the calculation of the terms &4, ko,
etc. Equation /72] then becomes;

(X ud; = X, d\)+ (¥ud, ~ Y, d,)- (f"k!_;%.) =0

25

and equation /73] becomes;

dk,.-d.k
x(Xds - Xmldl)+ y(Yahd?l - }:mdl)"('l'_z'—s'l-): 0

-
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the use of four base stations provides a unique result in two dinensions,
W thout the need for an absolute reference in the nobile unit. In anotBer
preferred arrangenent the differe Attt en at |east five base
stations (the %96/35306 THIS SHEET HAS BEEN

PCT/ GB96/ 0103% %%FHMg base statioh andREBUACER hers) are det BFFEHP1039

t hereby allowing the determ nation of the absolute Tocation of the nobile
unit in three dinensions. This latter arrangq?ent is to be preferred if the
differences in the altitudes of the base stations and/or the nobile unit
are large in relation to the overall. accuracy of the 5 system Enbodi nents
of the invention may neverthel ess use timng advance information to

suppl ement t he basic nBhRQ thdbedaltbie rakISsin WHSERT iHolS tr;[eW plane. The point

. where these two lines cross represents the mobile unit’s position. This point can

be found by substituting one equation into the other.

. 5 In three dimensions equations /72], [13] and [74] each represent planes in
space. The intersection of two planes represents a straight line, hence all three
equations are needed to find the mobile unit location (x, y. 2) uniquely.

The general equation of aplaneis; Ax + By + Cz2 + D =0
10

For equation {72]; A = Xty - Xgdy; B = Yoo, - Yacds: C = Zgptds- Xpedy; and
D= _(a',k2 —d:k,)
2

To solve the intersection of the three planes, the equations need to be put
into Hessian form. For equation [72];

2 A? 2 B?

15 n = — n~ = ——
' 4+ B+ C? P A+ B+
SR T ALy e,

The plane can now be simply represented as a vector;
nx = -p, where: n=ni+ni+nk
- 20 .
Once all the planes are represented in this form, the intersection can easily
be calculated.
The calculation using timing d.ifferences described above can be carried
out in the mobile unit with very' little network overhead. This system will be able
25 to support a large number of users as it does not necessitate calls to be made,
apart from initial authenticating SMS messages. It should be noted that much of
the software required to process time difference information already exists in
mobile units. However, the system does require the addition of special software in
the mobile unit to perform the necessary calculations. Improvements in the signal
30 processing, for example by using data retreived from the mobile unit's equaliser,
‘\
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the m ni mum nunber of base stations are detected by the nobile unit. Qher
suppl enentary informati on may al so be used where circunstances require,
such as 10 information relating [[f e—e+ectigon of the nobile unit
relative to the antenna. |f one dr' WBrdi&ET HA®Bpfyrjal ity of base stations
in the cel | ul W09%88806 system havd_a_ veRGPLAOEDt ed T dnge, t he PEHORAGOIIY
conprise an additional step wherein if E~—mobi+e-linit is recogni sed as
being within range of one of said Iim'ted-ra%ge base stations the |ocati.on
of ‘the nobile unit is determned to be the |'O0cation of said 15

| i mted-range base station. An enbodi nent of the invention will now be
descri bed with rreéealenbe used thessdivewo ngthei bettdnitbdn the Bubit (0LS2h oirogemondsf a

cellular radio s ' ' n%pai' s '

system of Fi gur eéﬁ?;v?ﬁhtrr@r g#'%g‘%ee% ’Zinﬁ?&g [ lcficlgrcﬂéét %%Sﬁ{oﬁ{esh@g‘f ﬁ%&?ag;a?%grrbg}ter S

used in the cal doltheienyslisenrofi the wabilei unit [sbowidt allow oFsolutiontov4% pbione bit,
equivalent to approximately 50 metres.

5 Factors such as multipath, shadowing and fading may cause the accuracy
of the location calculation to vary with time. Therefore, it is desirable to use time
averaging in the location calculation algorithm to improve the accuracy.

There are a number of possible services that could be provided as adjuncts
to a positioning service. Large amounts of money are defrauded from the cellular

10 radio industry by illegal practices such as, “cloning”, which is the fraudulent
practice of giving one mobile unit, usually a stolen one, the electronic identity of
another, legitimate, unit. Calis made on the “clone” are then charged by the
cellular network to the legitimate user. The existence of as clone is usually only
detected when the legitimate user gets his bill, or if both the clone and legitimate

15 user attempt to access the system simultaneously. Providing a buiit-in location
service would mean that a stolen or otherwise suspicious mobile unit could be
quickly located and recovered.

Similarly, a mobile unit built into a vehicle would enable the vehicle to be

'Iocated, if it should be stolen. For such services to be effective the location

20 software would have to be enabled remotely, either by the official owners or by
the police.

Accurate positional information would prove invaluable to the emergency
services in other ways. The service would allow heip to be directed quickly and
efficiently to a person in distress making an emergency call from a mobile unit so

25 fitted. It may be desirable that the customer has control as to whether the
service is activated, to avoid any customer perception that they are under
surveillance by the authorities.

The emergency services, and other organisations with large field forces
such as utility companies, may themselves make use of the cellular network, in

30 place of a private mbbile network (PMR), and the tracking service would allow a
controlier to monitor the distribution of his field force personnel.

A tracking service can also be used to monitor the progress of valuable or

sensitive cargoes. The system could be arranged to warn of deviations from a
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Figure 3 illustrates nultipath propagation; and Figure 4 shows a plot of
correlation against time for a trgkhing sequence; Fjgure 1 shows a cellular
radi o systemincluding a nobile udiTHIBISHEEDa#S BEEN $tation A currently
serving the nobile unit M and si) nei gRBRIACEPY basg stations B, C, D, E,
F G Each baW@®%Bs¥6on i s shown as—traving—a—hexagehal cover RGHGBIS®IIor
ceII , but in practice the cells are nore irregul ar because of _
t opogr aphi cal reasons, and base station siting. Mreover, the propogation
characteristics of radio waves nmean that cov age areas overlap in
practice, and the nobile unit can 30 detect signals from several nearby
base stations, giréset u'oﬁtessAMthemgbpﬁcatiuuncdud)be tahealaror seraick \to satary wegnoaain
station A For the t on, it will be assumed that
the nmobile unit ‘r\ﬂ"é eﬁs ?g‘{ﬁ%% H'se gtr' channel) of base stations A
B, C.D and E at | eaﬂs.stated above, a sugnal needs to be received from four base stations in

order to provide a position fix in two dimensions, (five base stations for three
. 5 dimensions). There are some circumstances when fewer base stations are within
range. In these circumstances various supplementary methods may be used to
obtain a position fix.
in one possible arrangement the mobile unit may be forced to hand over
from the currently serving base station A to a neighbouring base station, for

10 example Base Station B (see Figure 1). This base station will have a different
“neighbour list” from that of Base Station A (aithough the lists will have several
base stations in common). Between the two neighbour lists there may be sufficient
base stations in range of the mobile unit for a fix to be obtained. The base stations
in each neighbour list will each have their offsets determined according to the

15 respective base station A or B, but this can be allowed for because the offset of
base station B relative to base station A is known, since they are in each other's
neighbour lists. |

Other supplementary methods may also be employed. For example the
absolute distance to the currently serving base station may be derived from the

20 timing advance; that is, the amount by which the mobile unit’s transmissions need
to be advanced relative to the signals received from the base station such that
they arrive at the base station in the correct time slot. This is only accurate to
about 800 metres, and the timing advance is normally only calculated when a call
is in progress, not when the mobile unit is on standby.

25 As shown in Figure 1 for base station A, one (or more} cells may be
sectored, that is, the base station has several antennas each serving a limited
azimuthal range (typically 60 or 120 degrees). !dentification of the sector A1
serving the mobile unit may be used to identify which solution of the equations is

’ correct. However, this method is not practical where the base station has an

30 omnidirectional antenna, nor where two or more possible results all occur in the

. . same sector A1. In particular, since the sectoring is azimuthal, it will not resolve an
. ambiguity in the z coordinate (altitude). Furthermore, there is a possibility that a

side or rear lobe of the sector antenna might be detected. —_—
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9 The coverage area of base station_Ais shown subdl vided into three 120
degree sectors Al, A2, A3, each OfL HEfE a respective sector
antenna at base station A having ijfts o ocation. Also within
t he coverage WO WBEW6 st 4t i on A the ceII H  Thi s PCT/GBIS/0KEP |

having its own | ow power (and therefore short range) base station, provided
to serve a limted area having a high demand,for call traffic, and/or which
i s poorly served by the main cellular structure, for exanpl e because of

tall buildings. In Figure 2, there is shown the nobile unit Mand five base
stations A, B, C, D, B Awgherposaibiity isdto idegufivn &romithenpessible selytionsdithatase i n

th di ,
) TP et gt Sl e i g

and the di st anceonst mpsfelikehhtq el!i'Fﬁ new rQné: a@rpaaatseere@mapbmrewéq if] thegpebile] |
dierr], dlerr], gliekmiavelifyA8rly Heothpardtn tothéAiMe beBieen location updates.

5 Figure 1 also shows a microcell H. Microcells are very small cells served
by low power base stations often mounted well below roof-top level or even
indoors to provide additional coverage in locations of very high demand. It is very
likely that a GPS receiver would not aperate in such a base station, as it would not
be reliably visible to the satellites, as well as being cost prohibitive. Moreover,

10 because the antenna of the microcell H is likely to be at low level or indoars it is
probable that a mobile unit in range of a microcell base station is not in radio range
of as many as four base stations, and possibly is in range of no base station other
than that serving the microcell H. However, because the microcell H only covers a
very small area, the information that the mobile unit M is within range of the

15 microcell H can give sufficient accuracy to locate the mobile unit to the same
accuracy as the basic system.

All of these suppiementary processes have the potential for systematic
errors, and lower accuracy than the basic system, and also require additional
processing, but may be used, individually or in combination, to maintain the service

20 when fewer base stations than the minimum four (five) are within range of the
mobile unit.

The GPS system has systematic errors in it, resulting in an accuracy of
about 100 metres. For some applications, such as surveying, greater accuracy is
required, and a system known as “differential GPS” has been developed to

25 overcome this. This involves placing a GPS receiver at a precisely known
“beacon” position and measuring the error in its position as measured by GPS,
which error value is then transmitted to other users. The position location system
of the present invention requires a_significant number of cellular base stations to
have GPS receivers fitted, to provide accurate synchronising signals. Since the

30 positions of the cellular base stations are fixed, they can be determined by other
means with great accuracy, allowing them to be used to offer such a differential
GPS beacon service.
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ordinates of the nobile unit Mare represnted as (x,y,z). For illustrative
purposes the enbodiment will be described as operating according to the GSM
standard, using GPS data, but thisfrs—+ret—intended to be 15 limtative. In
GSM each base station, (for exanp Z"”St GHEBRHAS PEghjon A) hol ds i nformation
relating to | WOR6RSMAd six nearby pase RERLAGRS B j D, E, PFCT/GB6MIN39t he
pur pose of the present invention only Tour—mearby-hase stations B, C, D, E
of the six are used, the four in question g_el;gerally bei ng those providing
the strongest signal at the nobile unit M e base station transmts the
data to the nobile unit 20 Mon its BCCH (Broadcast Control Channel). This
data includes the radi o frequency of each base station's BCCH, allow ng the
mobile unit to periodically sanple the si §hAIM$ual ity of each BCCH, and

al  ow handovers to take place based on-the results of this sanpling. In
this embodiment of hey idil édetbfifingTihd a6l of bIRGis! it B defifil fafifl 25
by the GSM systemis transmtted to th e unit, erther B

or in a system having a plurality of base statlons, compnsung the steps of deterrmmng the

differences in timing between the base stations’ transmissions as measured at the

5 mobile unit, determining from the timing differences the differences in the distance

of the mobile unit from each of the base stations, and deriving the location of the

mobile unit from the differences in distance so determined, characterised in that

the time division frame structures of the control channels of at least some of the

base stations within radio range of the mobile unit are synchronised, and the

10 mobile unit determines the differences in timing at the mobile unit of a

characteristic feature of the timé division frame structure broadcast by the control
channel of each base station.

2, A method according to claim 1, in which the differences in timing between
at least four base stations are determined, thereby allowing the determination of

15 the absolute location of the mobile unit in two dimensions.

3. A method according to claim 1, in which the differences in timing between
at least five base stations are determined, thereby allowing the determination of

the absoiute location of the mobile unit in three dimensions.

4. A method according to claim 2 or claim 3, wherein if fewer than the
20 required number of base stations are detected by the mobile unit, the timing
advance required for communication with the serving base station is used to derive

the distance between the mobile unit and the serving base station.

5. A method according to claim 2, 3, or 4, wherein if fewer than the required
‘ 25 number of base stations are detected by the mobile unit, information relating to the
direction of the mobile unit relative to one or more of the base stations is

additionally used to identify the correct location.

This Sheet Has Been Replaced

AU




Separate data nmessage. This information includes the |ocation of each of
the base stations A, B, C, D, E and their relative frame offsets (as
defined above). This offset indic the timng of the TDVA frane
structure relates to a reference tiWSrSi‘fﬁEJ’HASgEE y be the tinme frame of
the serving bWO®63%386i on A or of [30 URERIACER ref ¢rence. TREI/GRIGDI3L i nk
bet ween the nobile unit M and the base stattomr—A—sla tine division

mul ti pl e access (TDMA) system in which diffgrent nobile units comunicate
wi th the base station A on the sane radio fr%uency, at different WO
96/ 35306 PCT/ GB96/ 01039 10 ti nes.
At tinmes when the. baseA steabhodbacordisg to amg praceding daimpinhwhichthi |basel stationg’ not

time division frame structures' timings are offset relative to each other, and in

which for each base station the respective offset is subtracted from the arrival
time of the characteristic feature of the frame to obtain the difference between the

5 distance that base station is from the mobile unit and the distance the serving base .
station is from the mobile unit.

7. - A method according to claim 6, wherein data relating to the offset
associated with each base station is transmitted from the serving base station to
the mobile unit, and the distance calculation is determined by the mobile unit from

10 said offset data and the arrival times of the characteristic feature.

8. A method according to any preceding claim, in which the characteristic
feature used is a training signal transmitted by each base station, and the mobile
unit identifies correlations of the signals received from each base station with a

reference training signal stored by the mobile unit.

15 9. A method according to claim 8, in which the cellular radio system operates
according to the GSM standard, and the training signal is the synchronisation burst
(SCH) transmitted according to that standard.

10. A method according to claim 8 or claim 9, in which the first identified
correlation of the reference signal, corresponding to the most direct signal path, is
20 used for distance calculation.

11. A method according to any preceding claim, in which the derived location
is time averaged.

12. A method according to any preceding claim, wherein one or more of the
plurality of base stations in the cellular radio system have a very short range, and
25 comprising the additional step wherein if the mobile unit is recognised as being
within range of one of said limited-range base stations the location of the mobile

unit is determined to be the iocation of said limited-range base station.

13. A method according to any preceding claim, wherein the derived location

is communicated via the celiular radio network to aremoteuser, ——m—— ==
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shown), the nobile unit Mnonitors the BCCH frequenci es of the nearby base
stations B, C, D, E, (F, G as identified to it by the base station A Each
base station periodically transmt trajining sequence (SCH). 5
Specifically, in GSM the SCHis t d'H!sSrsHEErpiHy\ @fﬂ s in each miltifrane
of the BCCH, WOS/I5##% fr anes 01, 11 6 hi s tr ROTGRI6MAWence
corresponds to a sequence stored i T tihe—rebiL um_{ which is arranged to
identify correl ations between the stored s_e%lr.%ence and the BCCH

transm ssions, thereby allow ng the nobile it and base station to be
synchroni sed and an estinmate of 10 the signal quality to be nade. Figure 3
illustrates a pHénomeAomsitrmvacasdingntot amatpneceging Claing Wwhpreiml if ctvei devivednt

radi o signals 0 M by
 unber of i 1 1ok BARRBnaElc'EBidaleliing b Biordln s el B st

caused by buil di ngs and ot her obstructions. These paths are, in general, of
15 different |er§h; N@blleuamrelsavmrraaeqllupatrw-q;vstgnsmrmmletqmmomppam 42

reflected by apparatus for determining the position of the mobile unit; the apparatus comprising

5 means for detecting timing differences of signals received from different radio base
stations, and means for determining, from the timing differences, the differences in
the distances of the mobile unit from each of the base stations; and means for
deriving, from the differences in distance, the location of the mobile unit,
characterised in that the mobile unit has means for determining the differences in

10 timing at the mobile unit of a characteristic feature of a time division frame

structure broadcast synchronously by the control channel of each base station.

16. Mobile unit accprding to claim 15 comprising means for detecting the
differences in timing at the mobile unit of at least four base stations, and means

for thereby determining the position of the mobile unit in two dimensions.

16 17. Mobile unit according to claim 15 comprising means for detecting the
differences in timing at the mobile unit of at least five base stations, and means for

thereby determining the position of the mobile unit in three dimensions.

18. Mobile unit according to claim 16 or 17, having means for deriving the
distance between the mobile unit and the serving base station from the timing

20 advance required for communication with the serving base station if fewer than
the required number of base stations are detected by the mobile unit.

19. Mobile unit according to 16, 17 or 18, having means for détermining the
direction of the mobile unit relative to one or more of the base stations if fewer

than the required number of base stations are detected by the mobile unit.

25

20. Mobile unit according to claim 15, 16, 17, 18 - or 19 further comprising

means for receiving data concerning the location of the base stations.

—_—
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a building 40. The correlation of the training sequence may therefore
identify nore than one correl ation, occurring at different tines. This is
Ll lustrated in Figure 4, in which there is a first correlation 31 at tinme
t[err] and a second, stronger co TellS'SHEET BASABEEN he t32. This situation
can occur whewmovsissaes rect path 431 is SRERIACEDt o 20| at t enuat POWGBIENI0IX anpl e
by foliage, and the direct path is—mot—=attemuated In the exanple of Figure
3, a strong indirect si gnal 42 will occur %4t he building 40 is a good
reflector of radi o waves.  For the purpose of"assessing suitability for
handover, and synchronising with a base station, the strongest correl ation
32 woul d be usem ev eMobilkough at&e'rdin@& chaim @Opfuntier t:mmsinm@eanqam heabﬂlinﬁan

the earlier, ker correlation 31 e for e i O

i dentifi cat i_on, °§P?r§|"§at§‘ 3PSt PY \:F}'e{wer ar?lets%;e}mﬂg'u{é '('ﬁfp o8
required and sorél#m:ettonuaea.ﬁrramﬂy yaling fbasd statipn,sandcmeares! fat psohtra?:hng,sfousech
and not the str e eI 0 t ' ; i f. f
relate to a ref SCLI&%“ 3I°?fts|etfﬁ?'ﬁépee;n%af M‘g °rf g@{ Fr?Jin%tetb %?t Jsﬁfgl}?té'ﬁgéteﬂ‘,’e it
will still bebt Ibetvméeosthet distance between that base station and the mobile unit, and the

distance between the serving base station and the mobile unit.

22. Mobile unit according to any of claims 15 to 21, arranged to operate
according to the GSM standard, and wherein the characteristic feature is the
10 synchronisation burst {SCH) transmitted according to that standard.

23. Mobile unit according to any of claims 15 to 22, further comprising means

for identifying the base stations within radio range of the mobile unit.

15 24. Mobile unit according to any of claims 15 to 23, further comprising means
for identifying a predetermined geographical location, and alarm means for
signalling to a user that the geographical location of the device corresponds to the
predetermined location.

20 25. A cellular radio network for use with the mobile unit of any of claims 21,
22, 23 or 24, comprising a plurality of base stations operating with control
channels broadcasting synchronous time division frame structures, means for
identifying which of the base stations are in radio range of a specified mobile unit,
and means for transmitting data relating to the location and synchronisation offset

25 of each such base station to the mobile unit.
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30 the time a direct signal would have arrived. The nobile unit M
identifies fromthe respective B the tinmes of arrival T[err], T[err],
Tlerr], T[err] of the first insta crﬁ;'s)gHEfrPHg ]‘9 sequence from each
ati o

near by base station B, C, D, E an Conﬂﬁ'@p h the time of arrival
TA of for WOS6Reose of positHer—-dentd t he st rpCT/GBIGHOI03L

di stance fromthe base station is required and so the tinme of arrival of
the first correlation 31 is used, and not tEg strongest correlation 32. The
first correlation may itself relate to a reffected signal, if there is no
direct line of sight path, but it will nevertheless be 5 the closest to the
time a direct sﬂgnal Aelidahradi> nstiovie dompiisingTs lpldrelity rif tbabé isttridhs foperatihg om

{Eg ][Iefgte Clt In\s{te ance 0 "t{]')ﬁ cth?'r"éel?sn|gr°§%gés&m§nsé@L$r %‘Hseg'&'ﬁ dbision Farmd ‘strittirds, ©'

. means for identifying which of the base stations are in radio range of a specified

mebile unit, means for identifying the difference in timing between signals

6 transmitted by the base stations as measured at the mobile unit; means for
determining, from the timing differences, the differences in the distances of the
mobile unit from each of the base stations; and means for deriving, from the
differences in distance, the location of the mobile unit, characterised in that the
base stations have broadcast control channels operating with synchronised time

10 division frame structures having a characteristic feature for detection by the mobile
units, and in having means for receiving from the mobile unit an indication of the

arrival time at the mobile unit of the characteristic feature transmitted from each
base station.

27. Celiular radio network according to claim 25 or 26, arranged to operate
15 according to the GSM standard, and wherein the characteristic feature is the
synchronisation burst (SCH) transmitted according to that standard.

28, Cellular radio network according to claim 25, 26 or 27, comprising means
for detecting the differences in timing at the mobile unit of at least four base

stations, and means for thereby determining the position of the mobile unit in two
20 dimensions.

29. Cellular radic network according to claim 25, 26 or 27, comprising means
for detecting the differences in timing at the mobile unit of at least five base
stations, and means for thereby determining the position of the mobile unit in three
dimensions.

25 30. Cellular radio network according to claim 27, 28, or 29, having means for
deriving the distance of the mobile unit from the serving base station from the
timing advance required for communication with the serving base station, if fewer

than the required number of base stations are detected by the mobile unit.
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near by base station B, C, D, E and conpares themwth the tine of arrival
T[err] of the training sequence fromthe serving base station A to
i.dentify tinme intervals 10 T[er rp—=FF T ]; Tlerr] = T[err] -
Tlerr]; T[err] = T[err] - T[err]; ﬁ'ﬂ% %EL Seﬁﬂl':ri‘ﬂ T[err]. These intervals
can be measur¥W@9Bs& at el y by counti ngR PG Iber bf di gi t alPCATIGBIS6/ON0BL h
occur between the arrivals of theSe Signals. This gives an accuracy of the
order of 1 microsecond. The intervals wll different, as a result of
three factors: difference in path length; di““ferent relative franme offsets;
and transmssion in different frames. It is 1 5 first necessary to
elimnate the | @ter Celuléraatiormetivarkaicderdingaodtdimr 27, 128, t29cord3d, fraving ¢esans N -
path | ength. Ea se .statjon.transm ts the sane synchronisation,training
sequence five ticth%gaf'ﬁ"'g'\?grt ® HsEve é?cthﬁm%’fqe HOR FS19VEJ2 ong ok mare of the base .o
interval t[err] .staliansdf fdweernmbian Ithe neuiredmnivber sf bas statiorsharendstedted biyfthanes .
as a net hod of Rhbi % synchronisation it will not always identify
correlations from allel Mhe base stations A B, C, D E onthe sane part of
the nultiframe cycle structure. However, the tine

5 32, Celluiar radio system according to any of claims 26 to 31, in which the

base stations’ frame timings are offset relative to each other, and further

comprising means for subtracting the respective offset from the arrival time of the

characteristic feature of the frame at the mobile unit to obtain the difference

between the distance that base station is from the mobile unit and the distance the
10 serving base station is from the mobile unit.

33. Apparatus for determining the position of a mobile unit using a cellular
radio system having a plurality of base stations, comprising means for determining
the differences in timing of the operation of the base stations as measured at the
mobile unit; means for determining, from the timing differences, the differences in
15 the distances of the mobile unit from each of the base stations; and means for
deriving, from the differences in distance, the location of the mobile unit,
characterised in that the system comprises means for synchronising the time
division frame structures of control channels broadcast by at least a plurality of the
base stations within radio range of the mobile unit, and the mobile unit has means
20 f{or determining the differences in timing at the mobile unit of a characteristic

feature of the time division frame structure broadcast by the control channel of
each base station. '

34. Apparatus according to claim 33, wherein the time difference measuring
means, distance difference determining means and location deriving means form
25 part of the mobile unit.

35. Apparatus according to claim 34, further comprising means for identifying
the base stations within ra_dio range of the mobile unit, and means for transmitting
data to the mobile unit relating to the geographical locations of said base stations.

_—
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difference t[err] between synchronisation frames (SCH) within the control
channel nultiframe is at |east 46.15 nmsec, as previously discussed, which
is large enough for a radio wave to_propadate approximtely 1 3, 800km

Consequent |y rgg{’é&r%il’&g of 25 the frpamig s}m@th,qgrBEggsi |y be elimnated. The

different offs CH wi thin the] nuti fypprcE®n be |al | owed PCBICBRE01039

measuring, at each base station, the—-fre—er—t+ansm-dgsi on of the control

channel nutiframe sequence relative to a universal reference such as the

GPS synchroni sation signal. The serving base &tation A transmts over the

BCCH a 30 signal representing the offsets of the neighbouring base

stations (relativds.eit ippatatus Reorting/ &y Sidim 88 841,653 ﬂfnhepbﬁﬁﬁﬁﬁg Bhggns for
s to

relative to its o transm §si ons I hus al] owi hg these offse
conpensat ed for. etermining an compelnéatlng f%r ostets in~synchronisation bgtween the base

stations’ transmissions.

37. Apparatus according to any of claims 33 to 36, arranged to operate
5 according to the GSM standard, and wherein the characteristic feature is the
synchronisation burst (SCH) transmitted according to that standard.

38. Apparatus according to any of claims 33, 34, 35, 36 or 37 comprising
means for detecting the differences in timing at the mobile unit of at least four

base stations, and means for thereby determining the position of the mobile unit in
10 two dimensions.

39. Apparatus according to any of claims 33, 34, 35, 36, 37 or 38 comprising
means for detecting the differences in timing at the mobile unit of at least five
base stations, and means for thereby determining the position of the mobile ﬁnit in
3 dimensions. |

15 40. Apparatus according to claim 38 or 39, having means for deriving the
distance of the mobile unit from the serving'base station from the timing advance
requii'ed for communication with the serving base statioh, if fewer than the

required number of base stations are detected by the mobile unit.

41. Apparatus according to claim 38, 39 or 40, having means for deterrhining
20 the direction of the mobile unit relative to one or more of the base stations, if

fewer than the required number of base stations are detected by the mobile unit.

42, Position-finding device comprising means for determining the geographical

location of the device, means for identifying a predetermined geographical location,

and alarm means for signalling to a user that the geographical location of the
25 device corresponds to the predetermined location.

43, Method of determining location. of a cellular telephone, substantiglly as

decribed with reference to the drawings.

44, Apparatus for determining the location of a cellular telephone, substantially

as decribed with reference to the dra_wings.
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12 Note that the value of t[err] may be negative, if the base station Bis
closer to the nobile unit than the serving base station A as may occur if
the base statign A has a stronger signal at the nobile unit than base
station B, desvg §65 greater distance, or if no traffic ch®CEeB/01039
avai l abl e on base station B. As stated above, 5 the interval between SCH
frames is either 88 bursts or 80, and thus there are two possi bl e val ues
for-tF (46.15 or 50.77m |liseconds). The position within the nultiframe can
easily be determ ned by the nobile unit, and the appropriate val ue of

t[err] selected. Values t[err] = T[err] - (n[err]t[err] + Qerr]), tlerr] =
Tlerr] - (n[err]t[err] + Qerr]), and t[eryh = T[err] - (n[err]t[err] 10 +
@ err]) can be derived in a simlar way. The values t[err], t[err], t[err],
and t{err], when nmultiplied by c, the speed of propagation of radi o waves,
produce values d[err], d[err], d[err], and d4 which are the differences

'FIGURE 1

SUBSTITUTE SHEET (RULE 26)



between path length dlerr] and the path lengths d[err], d[err], d[err], and
dlerr] respectively (see Figure 1). Specifically, dlerr] = d[err] - d[err];
dlerr] = d[err] - d[err]; d[err] = d[err] - d[err]; and d[err] = d[err] -
dierr] T 15 It will be appreciated that the nobile unit has no
means of detegv?ﬂﬁwrﬁe GPS synchroni sation pulse itself, as PET/GBISIONI®a GPS
receiver. The arrival tines of the training sequences can therefore only be
neasured rel ative to each other, not against an absolute tinmescale, and
therefore the time t[err] it takes the training signal to reach the nobile
unit Mfromthe base station A is unknown. Thus the distance 20 d[err] of
the nobile unit Mfromthe base station Agfggwhich i-s sinply the distance
radio waves propagate in this unknown tine t[err]) cannot be derived
directly (and simlarly for base stations B, C, D, E). The relative arrival
times.indicate only that base station B, for exanple, is further from
nobile unit Mthan base station A by a distance d[err] =dlerr]- dferr]. 25
To enable the nobile unit to calculate its position, it h&é to know the

| ocation of the base statlcns5|tes inits area. This |nf05§at|on coul d be
passed to
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the nobile unit by either using a "Cell Broadcast" nessage or a Short
Message Service (SM5) as provided on sone cellular systens; both are
capabl e of message |lengths up to an anple 160 characters. Information sent
to the nobile i froma 30 base station would include; the co-ordinates
of that base gﬁﬁ ;. and i nformation about the nei ghbouri ng PORGB9601039 ons
such as their locations and their offsets (the timng of the training
sequence relative to a universal standard, or relative to the WO

96/ 35306 PCT/ GB96/ 01039 13
serving base station), a flag to indicategjf a base station was precisely
synchroni sed, time, and date. The serving base station A transmts not only

its own details, but also

]

Figure 3
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detajls of its neighbours B, C, D, E. The nobile unit Mcan then get al
the 5 information it needs w thout having to handover to the other base
stations. The rate at which such information is broadcast woul d have to
di mensi oned t 6@ the nmobile unit to calculate its position Euickl
this would be’es al ly inportant for a tracking service toP { of
the information. The "Short Message Service" (SM5) available in the GSM
system coul d be used when a custonmer 10 initially requests the service, to .
provi de authentication and prevent unauthorised use. Once cust oner has
been validated as a user, SMS could then pass a cipherin ey to the nobile

unit to allowit to decode the cell broaqﬁgsf nmessage. THrs system woul d be
relatively secure as the nessages passing over. the radio interface are
al ready protected by GSM s ci phering system 15 Slt coul d be used

instead of the Cell Broadcast systemto pass all the base_ftation site
| ocation information to a nobile unit and allowit to calcjulate its
position. This method would be | ess prone to fraud than a [Cell Broadcast,
as SMS -

Figure 4
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| b iRk Ph 22y StgMm However the |arge nunber of nessages required
t?o@giﬁﬂﬁ a Hott eﬂtlz;Izl y Ia%nge nunber of nobile units could prove to.be , t00

hi gh an 20 overhead on the network. Another problemw th an SM5 based'. R,
system is identifying which base station sites' details to send to=a’s" ..
particular nobile unit wthout first know ng where the nobile unit is.

Hence a nobile unit's serving base station I D woul d have to be known by the
network before the information concerning its neighbouring base stations

can be transnmitted over SMS. CRBBLULAR RADI@ LIOGICROROS$STIiice woul d require
the use of SM5 originating fromthe nobiTe unit 1T the Tocation were to be
passed to a renote centre, for exanple the enmergency services or a f![eet '
control centre. Po nit _cou
include a tine sta?ryidt @Ogﬁﬁ%ﬁeﬁéé égifﬂ?%%i?&ékg neAt \B\g?‘ggands\fsﬁ% MABES on
of the nobi | &eing tdevepped for Ideﬁhé/lrmbatmemmtmonobfa posbild armif, rogrhgt;]am,dwg

' ]9 BH‘g\ngaﬂge hyfééa#?w%as ara ggﬁrtig%g nlgnfd tsysl'c(-:‘m is \#\e Glc?t?al Sléaoespuofmrn%mss/st%m
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(GPS), in which a portable unlt obtains a position fix using radio transmnssxons

from space satellites. ThlS system is highly accurate, but requires special

equipment, and is unreliable in locations having poor visibility of the sky, because

several widely separated satellites must be in line-of-sight relationship with the
10 handset for a fix to be obtained.

Several proposals have been made for systems which use the radio
propagation chéracteristics of a cellular radio system to provide a position fix for a
cellular radio mobile unit. This would allow the mobile unit itself to act as a
position finding device. As is well known, cellu.lar radio systems allow a user

15 having a portable handset (é “mobile unit”) to make and receive telephone calls,
e_ither to another mobile unit or to a conventional fixed termination, by means of a
radio link. The radio link is established between the mobile unit and one of a
network of fixed radio base stations distributed over the area to be covered. The .
system allows any mobile unit to communicafe through any of the base stations;

20 usually the mobile unit will comn'.\unicate. through the base station providing the
best quality radio signal.

Because the mobile unit may move during the course of a call, it can
become necessary for it to move out of range of the base station with which the
call was initially established. Cellular radio systems therefore include handover

25 systems to allow communication to be_ established with a second base station,
and dropped from the firs't.. without interruptihg the call itself as perbeived by
either party to the call. In the system known as GSM, (Gldbal System for Mobile
communications), the mobile unit frequently monitors the BCCHS (Broadcast
Control CHannels) of the surrounding base stations in order to establish which

30 base station is providing the best sighal, and therefore through which base sfation

a new call should be established, of whether a handover should be initiated. This
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RCT/ GB96/ 01039 14 absol ute di stande fr oRERIAGEDOf thémis known'"lf ohl-y t,V\Q,,
di.nensi ons are considered, four baSestratt fficient” A gur‘e 200" W0t 2
shows the information available to the nobjle unit. (A star indicates that

a value is unknown). The values x, y and represent the nobile 5 unit's
position in three dinensions, which are to be cal cul ated. The val ues

Xerr], etc iprdeesatacuheinkinamndipesidtdcting nadddshee Daeee &t 8d nOES fordthe user to
transmtted to. the nﬁ)blle unit Mover the BCCH Consider five base

'stations: ma

Developments in GPS technology mean that a highly accurate

synchronisation source can now be implemented relatively cheaply at each cellular

5 radio base site. A good source of synchronisation has a number of beneflts these

lnclude improved handover, an ability to reduce the effect of interference

between neighbouring base stations, and enabling highly accurate radiating

frequencies on the radio interface. It should be noted that unlike simple bfoédcast

time signals,' the GPS synchronisation signal takes the position of the GPS receiver

10 into account, and can therefore compensate for the time lag caused by the finite
speed of radio waves. | '

| Eu'ropean'patent Specification EP0320913, (Nokia), describes a system in
“which timing pulses derived from the GPS system are transmitted from each of
three or more base stations, and their different arrival times at the mobile unit are

16 used to identify the position of the unit. This prior art system requires the mobile
unit to interrogate each base station in turn,. which requires it to hand 6ver
communication between the various base stations in order to carry out this -
interrogation. This requires the use of several traffic channelé, or an auxiliary
channel and also requires that reliable radio communication can be .established

20_ with each nearby base station. _ ’

In lnternat:onal Patent Application W095/00821 (Omnlplex) each base
station transmits synchromsed packet data signals. The mobile unit monitors all
the basg stations’ packet data channels simultaneously, which either requires a
mobile unit capable of receiving several radio frequencies at once, or that all the

25 base stations transmit their data packets on the same channel. Neither of these

' featurés are conventional in a cell'_ular radio system.

Both of these systems also require the transmission of special timing or
synchronisation puises from the cell sites {base stations) to the mobile unit, and
the recognition of these pulses by the mobile unit. This requirement not only

30 imposes a signalling overhead on the mobile unit, but it requires additional
functionality in the mobile unit to recognise the timing pulses.

I
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B Y] Zlerr di stance to rmbile unit is
a§?06f99?%59 u \patents\wo%g%er ; af| E)ﬁr rB] [%‘ﬁ[% é %E Z[ er r] ) ‘di' st ance_ t-O
A

mobile unit is db Base station C & 4[err]): distance to- 3_.:‘ .
nobile unit is dlerr] Base station| D at .r] Z[er'r']) -di. st-ance® to.. :
mobile unit is dd Base station E at (X err] Y[err] Z[err]) di stance .to

nmobile unit is dlerr] 15 The nobil @ unit scans the base stations

and neasures the timng differences t[err], t[err], t[err], t[err] between

the serving base stabieigng 188G R OMaR rggpreaﬁsd 54 Ay o@éetgﬁ'ﬁ?amg?ﬁd

above. These timing differences are directly proportiona

| engt h di f f er lO§8ten Cg[@rf'ﬁ?blte vpigraf] &, cellbler eadjoi systdme mg@aggblumh%&?ﬁ&as@n

of radi o wave r net m ¢rosecon nce e

nobi | e uni t cgtn gggl y %%I"E R égecﬂse?{ ?eﬂegmﬁf%gr fhe Rﬁﬁ%f%ﬂcea['ar?q‘ma PRt¥Yaep -

dierr] d[err]the bdsersthtionsd[tenbinigticisrds megduRed bt thdd@bild unit, determining from

5 the timing differences the differences in the distance of the mobile unit from each

of the base stations, and deriving the location of the mobile unit from the
differences in distance so determined, characterised in that the time division frame
structures of the control channels of at least some of the base stations within
radio range of the mobhile uhit are synchronised, and the mobile unit determines
10 the differences in timing at .the mobile unit of a characteristic feature of the time
division frame structure broadcast by the control channel of each base station.

'By using the control channel the mobile unit is able to make use of the
existing radio link quality. monitoring systems used to establish whether a
handover should take place, and does not need té establish full communication

15 with any of the base stations.

Preferably the characteristic feature used is a training signal transmitted
by each base station, which is correlated with a reference training signal stored by
the mobile unit. Such a “synchronisation burst” (SCH), and its correlation process -
already form part of the GSM standard for characterising the radio path for the

20 purpose of identifying candidate base stations for handover. The method of the
invention can therefore make use of these existing signéls and correlation analysis
programming. However, for position determination it is preferred that the system
should use the first identified correlation of the reference signal, rather than the
strongest as is used for handover determination. This ensures that the most direct

25 signal path, rather than a stronger but more indirect path, is used for distance
calculation. ' o | .

The derived location rﬁay also be time averaged to minimise the effects of
spurious'results from reflected signals, which would make the apparent distance
between the base station and the mobile unit longer than it realiy is.

30 The derived location may be communicated via the cellular radio network |
to a remote user, instead of to the user of the mobile unit itself. An alarm signal

may be transmitted if the derived location corresponds to a predetermined
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RO

AMENDED SHEET



r] dlerr] 25 The fol | owi ng five equations represent t he
m%‘ﬁﬁ’ﬁ'Jé ﬁ?r‘°§='r==b%°ade 8h, °B¥sed on the equation for a sphere (x- e
Xerr])[err] + (y Y[err])[err] + (z - Zerr])[err] dierr]. : .o
- Equation [1] (x- Xerr])[err] + (y - Y[err])[err] + (z -"Z[err])[1err]°-
dierr] - Equation [2] 30 (x - Xerr])[err] + (y -
Y[err])[err] + (z-Z[err])[err] = d[err] 4 - Equati on.
[3] (x - Xerr])[err] + (y - Y[err])[err] + (z - Z[err])[err] ]d[err]
-Equation [4 X[ er, =
d[grr] [ 4lodation. XI Ncic);io‘?ﬁc{ ]ItEO uaarlithher EE%FE{L \}\%éé%\?eéigééestlze[rg p)rovrde a
PCT/ GB96/ 0108®bilg unit for use wrth a cellular radio system, the mobile unit comprising

e
L
LE ]

apparatus for determining the position of the mobile unit; the apparatué comprising
means for detecting timing differences between signals'reoeived from different
5 radio base stations, and means for _determining, from the timing differences, the
differences in the distances of the mobile unit from each of the base stations: and
means for deriving, from the differences in distance, the location of the mobile
unit, characterised in that the mobile unit has means for determining the
differences in timing at the mobile unit of a characteristic feature of a time division

10 frame structure broadcast synchronously by the control channel of each base
station. The mobile unit may further cornprise means for receiving data from the
currently serving base station concerning base stations within radio range of the
mobile unit, the information including the geographicai locations of the base
stations. _

15 The cellular radio network may be complementary to the rnobile unit of
the second aspect of the invention as defined above. Alternatively, the location
determination functions may be performed by the network itself. Accordingly, the
ce_lluiar network may cornprise means for determining the difference in timing
between signals transmitted by the base stations as measured at the mobile unit;

20 means for determining, from the timing differenc_es, the differences in the
distances of the mobile unit from each of the base stations; and means for
deriving, from the differences in distance, the location of the mobile unit, being
characterised in that the base stations have broadcast control channels operating
with synchronised time division frame structures having a characteristic feature

25 for detection by the mobile units, and in having means for receiving from the
mobile unit an indication of the arrival time at the mobile unit of the characteristic
feature from each base station. .

According to a further aspect of the invention, there is provided apparatus
for determining the position of a mobile unit using a cell'uiar radio system having a’

30 plurality of base stetions, said apparatus comprising means for determining the

| differences in timing of the operation of the base stations as measured at the

mobile unit; means for determining, from the timing differences, the differences in
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NI%YUV%SIISCJ,[1 %L}pﬁte édéism dLerr] Revvrltten as d[err] - dlerr] = -d[err] and.
S I'n

*d dlerr]=dlerr]., -
- Equati on [ 6] SubStIg![ \131?2 [1][ e;Hj [I'Q]S kHtWPE géé:sN : d[err]-- s et L SO
2d[err]d[err] + (x - Xerr])[err] |+ (yR LI : (z°'- Z[Err]')['ef-r] Se _.'
r

u.
10

] +
(x -Xerr])[err] + (y - Y[err])[erT] + (z - Z[err] err] Rearranging to put
known variables on the right hand side giVes; - dlerr]d[err] - x(Xerr]
-X[err]) - y(Y[err] - Y[err]) -z(Zerr] - Z[err]) k[err]/2 - Equation
(7a) 10 Wher nk [da¥tadcesosrSitet soblie AR HEHAVEhchabER bdeChiations:” éi{oeHe]ans for
Xerr] - Ylerr] Y[err] - Zerr] + Xerr] + Y[err] + Z[err]
sinplicity V\gea@ngnefrormyhe differeno@serim | distghee.r the loxatamy Jof Yirer rn]mbderaltr] -

Y[err] and: chgl[a%liér]seazﬁnertrh]at tr%[ applaratus comprises means in the network for

I ('D"’"

synchronising the time division frame structures of control channels broadcast by
5 at least a plurality o_f the base stations within radio 'range of the mobile unit, and
means in the mobile unit for determining the ditferences in timing at the mobile
unit of a characteristic feature of the time division frame structure broadcast by
the control channel of each base station. The time difference measuring means,
distance difference determining means and location deriving means may each form
10 part of the mobile unit or of the fixed network. If in the mobile unit, this unit may
further comprise means for receiving data from the currently serving base station
concerning base ‘stations. within radio range of the mobile unit, the information
including the geographical locations of the base stations.
In existing GSM systems each base station transmits a control channel
16 (BCCH) having a TDMA frame structure. This frame structure is made up of
“multiframes” each of 235.38 milliseconds. Each multiframe has a substructure of
fifty-one frames, each frame having eight bursts. Each burst is made up of three
“tail” bits, 142 information bits, three more *“tail” bits, and a guard period .
equivalent in duration to 8% bits. The frame is thus 156% bits in duration, and
20_ each bit has a duration of approximately 3.9 microseconds, so a burst has a
duration of 0.577 milliseconds. The frames in each muitiframe are conventionally
numbered 00 to 50, of which five are frequency control frames (FCCH), (00, 10,
20, 30 and 40); and five are synchronisation frames (SCH); 01, 11, 21, 31, 41.
_ The interval between the synchronisation frames is_ therefore generally 46.15
25 msec, (80 bursts), but the interval betwéen frames 41 and 01 has a longer
duration of 50.77 msec (88 bursts) because of the presence of the extra fram_e
50Q. The synchronisation frames each include a training sequence which is used in
this embodiment of the invention as the éharacteristic feature. .
In GS.M, the use of time division multiple access (TDMA) means that the
30 .mobile station and the serving base station have to be highly synchronised. For .
the mobile unit to decode the identity code BSIC of a base station, it has to briefly

synchronise itself with that base station. Consequently, the mobile unit always
_ AR
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Ecomboni 282 \Res0WBA 25020 .0.doc [err] Repeating this process with.
equations 131 to [5] gives; Base stations A and C [err] 25~ W};e[e; -[er,ri

Base stations A and D [err] Were [err]

VWhere [err]
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has an indication of by what fraction of a frame {i.e., how many bits) each of the
neighbouring base stations differ from the serving base station, as seen by the
mobile unit. If the frame cycles of all the base stations were to bé absolutely
synchronised, (i.e. all the base stations simultaneously transmit the same part of
the frame) the amount the mobile unit would have to shift its frame structure
(relative to the serving base station) to decode the BSIC of the other base stations
would be purely a' function of the difference in path length between the serving
base station and its neighbours. In existing systems mobile units are synchronised
tb their serving base stations to better than % bit, 0.923 microseconds, which, at
the speed of light (3x10® m/s), corresponds to a resolution of 277m. This
accuracy can be significantly improved upon for location purposes by using the
data present in the equaliser of the mobile unit. '

In GSM practice, the frame étructure of each base station is in fact not
synchronised in the absolute sense, but only in the relative sense that for each
base station there is some point in the frame structure which is synchronised with
the external synchronisation signal. Thus the timing of the frame structures of the
base stations differ from each other by an arbitrary but constant amount, referred
to herein as the “offset”. The term “synchronised”, as used in this specification, is
used in this relative sehsé {i.e. differing by a constant amount), unless the context
clearly 'demands otherwise.

It would be possible (although undesirable for other reasons) to
reconfigure the GSM system s-uch that the base stations are all synchronised in
the absolute sense. However, in a preferred arrangement, for each base station
the respective offset is subtractéd from the arrival time at the mobile unit of thé

characteristic feature of the frame to obtain the difference between the distance

that base station is from the mobile unit and the distance the serving base station

is from the mobile unit. These calculations méy be performed in the fixed part of

the network, but in a preferred arrangement data relating to the offset associated
with each base station is transmitted from the serving base station to the mobile

unit, and the timing difference is determined by the mobile unit from said offset

data and the arrival times of the characteristic feature from each base station.

Accordingly, another aspect of the invention provides a cellular radio network for
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WD 96/ 35306 16 Rearrangi ng equation [7] in terms of d[err]; [err] 5

SUlSEEPT Ui Perpetps\red R %ntosof 8] | eads to; .. - Egquation [12] ., _
[err] Substitution of (11] into [9] |eads to; o - Eguathn-_[Al;%] :
[err] 10 Substitution of [11] into [10] |eads to; - v+~ Egudti‘on

[14] [err] For two-dimensional positioning, all z co-ordinates can be
I gnored. This 7 '

10

15

20

25

30

use with the mobile units defined above, comprising a plurality of base s_tétions
operating with control channels broadcasting synchronous time‘division frame
structures, means for identifying which of the base stations are in radio range of a
specified mobile unit, and means for transmitting data relating to the location and
synchronisation offsets of each such base station to the mobile unit.

The timing differences provide the differences in path lengths between the
various base stations, however they do not provide an absolute path length. In
the prior art systems described above, the timing of signals from a minimum of
three base stations is stated to be sufficient to provide a unique position fix (in
two dimensions). .In order to achieve this, it is necessary to know not only the
difference in arrival times of the signals from the different base stations, but also
their absolute arrival times relative to some fixed timescale. This requires the
mobile unit to have a clock synchronised with those of the base stations. The
base stations can be synchronised using the GPS system, but the mobile units

cannot themselves be synchronis_ed to the GPS system unless they too

incorporate GPS receivers, thereby re-introducing the complexity sought to be

avoided by using the cellular radio characteristics. -

It has previously been suggested that timing advance be used to
determine distance from the serving base station. Timing advance is the amouht
by which a mobile unit is instructed by the serving base station to advance its
transmissions relative to the signals received by the mobile unit, to allow the
transmissions from the mobile unit to arrive at the base stafion at its allocated
point in_the TDMA frame. The timing advance corresponds to the time taken for
radio waves to cover the out-and-back distance between the base station and the
mobile unit, i.e. twice the path length. However, the timing advance is only
determined when a mobile unit has a call in progress. Furthermore, the timing
advance is determined for the strongest signal, which is not necessarily the most
direct if multipath interference is present, and its accuracy is also relatively
coarse.

Instead, in one preferred .arrangerﬁent according to the invention the
differences in timing between at least four base stations are determined

{conveniently these are the differences between the currently serving base station
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LD d\rror due to the fact that the four base stations and
théO’?ﬁ')SBﬂlé ‘U\ﬁitf"tsé‘ﬁ“ 0 i'%&°y to all be in exactly the sane pI ape. In ..

particul ar, base stations are, whenever possible, nountied on'hills or tall
structures (buildings or purpose-built masts) to inprove théit range: -
whil st nobile units generally to operate near ground |evel. However, when .
the differences in altitude are small (of 8he order of the 20 . accuracy of
the systemas a whole) the error will be insignificant. Subject to these:

limtations, Wed@abhI thesd HBIEH\&JLGIIH gEiEs PPty SRNihGInd %t&mﬁ%ﬁgfdéfn?%
fromthe equations and fromthe calculation of the terms k[err] err
etc. Equat i onabsgytetipestigseafdhe snolilerunjt in3wardimeqgsians.oks iBbe Hesmwiled befosv,r |
the use of four base stations provides a unique result in two dlmensmns, without
the need for an absoiute reference in the mobile’ unit. In another preferred
5 arrangement the differences in timing between at least five base stations (the
serving base station énd four others) are determined, thereby allowing the
* determination of the absolute location of the mobile unit in three dimensions. This
latter arrangement is to be preferred if the differences in the altitudes of the base
stations and/or the mobile unit are large in relation to the overall accuracy of the
10 system. | |
Embodiments of the invention may nevertheless use timing advance
information to supplement the basic method in circumstances where fewer than
the minimdrﬁ number of base stations are detected by the mobile unit. Other
supplementary informétion may also be used where circumstances require, such
15 as information relating to the direction of the mobile unit relative to the antenna. If
 one or more of the plurality of base stations in the cellular radio syStem have a
very limited range, the method may comprise an additional step wherein if the
mobile unit is recognised as being within range of one of said limited-range base
stations the location of the mobile unit is determined to be the location of said
2Q limited-range base station. ' '
An embodiment of the invention will now Ee described with reference to
the drawings in which:
_Figure 1 shows part of a cellular radio system;
Figure 2 is a schematic illustrating part of the system of Figure 1 in more
25 detail, and indicating the various parameters used in the calculations carried out in
| the method of the invention;
' Figure 3 illustrates multipath propagation; and
Figure 4 shows a plot of correlation against time for a training sequence;
Figure 1 shows a cellular radio'system including a mobile unit M, a base
30 station A, currently serving the mobile unit M, and six neighbouring base stations
B, C. D, E, F, G. Each hase station is shown as having a hexagonal coverage ar‘ea;
|

or “cell”, but in practice the cells are more irregular because of topographical

LX)
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WO 96/ 35306 PCT/ GB96/ 01039 17 Both
0f0PHYSI:22 grivateritdvs\I58pradent straight lines in the x y plane; ! The pOI nt

where these two lines cross represents the nobile unit's poS|t1on ThIS
poi nt can be found by substituting one equation into the ot'her.” 5 :
In three di nensions equations [12], [13] and [14] each represent planes in
space. The intersection of two planes repreesents a straight |ine, hence al
three equations are needed to find the nobile unit location (x, y, 2)

ESLQ? ?lo% [Ig]? eg%%r%{‘d %Jed%ta??’]‘ 9'“52? aeg'[@e‘/gf rt]he péopzaggﬁgrﬁr F%ﬁé}eﬂst:igsooflpadll:oor
Y[err]d[err] vavesZinean]tiperch era)e edredgdpeeddp irmpeadtel Jand the mobile unit can -
detect signals from several nearby base stations, albeit less strongly tﬁan from the
currently serving basé station A. For the purposes 6f this illustration, if will be
5 assumed that the mobile unit M can detect the BCCH (control channel) of base
stations A, B, C, D, and E at least.
The coverage area of base station A is shown subdivided into three 120
. degree sectors A1, A2, A3, each of which is served by a respective sector
antenna at base station A, having its own channel allocation.

10 Also within the coverage of base station A there is a microcell H. This is a
cell having its own low power (and therefore short range) base station, provided to
serve a limited area having a high demand for call traffic, and/or which is poorly
served by the main cellular structure, for example because of tall buildings.

| In Figure 2, there is shown the mobile unit M and five base stations A, B,

15 C,D, E are represented, together with their co-ordinates in three dimensions (Xa,

| Ya, Za; Xb, Yo, Zb; Xe, Ye, Ze; Xd, Yo, Za; Xe, Ye, Ze}, and the distance of the

mobile unit from each base station da. d. de. da. de. respectively. The unknown co-
ordinates of the mobile unit M are represented as (x,v,2z). _

For illustrative purposes the embodiment .wiII be described as operating

20 according to the GSM standard, using GPS data, but this is not intended to be

. l.imi"tative. In GSM, each base station, {for example, the base station A) holds

information relating to itself and six nearby base stations B, C, D, E, F, G. For the

purpoée_of the present invention only four nearby base stations B, C, D, E of the

six are .used, the four in question generally being those providing the strongest

25 signal at the mobile unit M. 'The base station transmits the data to the mobile unit
M on its BCCH (Broadcast Control Channel). This data includes the radio frequency
of each base station’s BCCH, allowing the mobile unit to periodically sample the
signal quality of each BCCH, and allow handovers to take' place based on the
results of this sampling. - _

30 In this embodinient of the invention information additional to that required

. by the GSM system is transmitted to the mobile unit, either over the BCCH or in a

separate data message. This information includes the location of each of the base
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represented as a vector; nx = p[err] where: = nlerr]i + n[er-r*]i ’+‘§
‘n[err]k 20 Once all the planes are represented inthis forn the '~ '
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I ntersection can easily be cal cul at ed. Thgocalculatlon using timng

di fferences descri bed above can be carrie

little network overhead. This systemw || be able 25 to support a |large
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reference timeframe, which may be the time frame of the serving base station A,
or of universal reference. | |

The radio link between the mobile unit'M and the base station A is a time
division muitiple access (TDMA) system, in which- different mobile units
communicate with the base station A on the same radio frequency, at different
times. At times when the base station A is transmitting to other mobile units (not
shown), the mobile unit M monitors the BCCH frequencies of the nearby base
stations B, C, D, E, (F, G) as identified to it by the base station A. _

Each base station periodically transmits a training sequence (SCH).
Specifically, in GSM, the SCH is transmitted five times in each muitiframe of the
BCCH, in TDMA frames 01, 11, 21, 31, and 41. This training sequence
corresponds to a sequence stored in the mebile unit, which is arranged to identify

correlations between the stored sequence and the BCCH transmissions, thereby

- allowing the mobile unit and base station to be synchronised and an estimate of

the signal quality to be made. _

Figure 3 illustrates a phenomenon known as “multipathing”. In a typical
environment radio signals may propagate between a base station A and a mobile
unit M by a number of different paths, as a resuit of reflections and refraction
caused by buildings and other obstructions. These paths are, in general, of
different length; for exarhple a direct path 41 is shorter than a path 42 reflected

by a buﬂ_ding 40. The' correlation of the training sequence may therefore identify

more than one correlation, occurring at different times. This is Iil_lustrated in Figure

4, in which there is a first correlation 31 at time ts1 and a second, stronger
correlation 32 at time ts2. This 'situation can occur when the direct path 41 is

subject to attenuation, for example by foliage, and the in direct path 42 is not

attenuated. In the example of Figure 3, a strong indirect signal 42 will occur if the

building 40 is a good reflector of radio waves. .
For the purpose of assessing suitability for handover, and synchronising
with a base station, the strongest correlation 32 would be used, even though this

corresponds to a longer path 42 than the earlier, weaker correlation 31. However,

gt of dhe e TP rfrape oHfruftereadslateri a1 sa i n

the equations need to be put

£ 3 ]

out in the nobile unit with very
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bl s H%E-’%p-a LQueyer, the systemdoes require the addition of special,
software 1n the nmobile unit to pe g.g

. EE‘IE 5 Ty calculations.: -i.,
| mprovenents in the signal 30 pro¢ géjﬁﬁiefby using.data,--, " e
retreived fromthe nobile unit's ¢quall ROLAGED 18 The pl ane can now be
sinply represented as a vector; nx = -p[er1r] where: n = n[err]i + n[err]i-
+ n[err]k Once all the planes are represenf‘ed in this form the

intersection can 5 easily be calculated. It should be noted that nuch of

the software foetd pethose oprpoeiids ibéntHicatibn ethengmighil INeN@ikianBe dtdne Y baXs St S
in mobile units, As discussed previously, the arrival tinme information nmay
be comuni catS&UYT SFefHeed#f pe thantitneras artiyal of the first correlation 31 is used, and

not the strongest correlation 32. The first correlation may itself relate to a -

reflected signal, if there is no direct line of sight path, but it will nevertheless be
5 the closest to the time a direct signal would have arrived. _

The mobile unit M identifies from the respective BCCHs the times of
arrival Ts, Te, To, Te of the first instance of the training sequence from each
nearby base station B, C, D, E and comparés them with the time of arrival Ta of
the training sequence from the serving base station A, to identify time intervals

10 Ti=Te-Ta;Tz=Tc-Ta; Ta = To-Ta; Te = Te - Ta. These intervals can be
measured accurately by counting the number of digital bits which occur between
the arrivals of these signals. This gives an accuracy of the order of 1 microsecond.
The intervals will be different, as a result of three factors: difference in path
length; different relative frame offsets; and transmission in different frames. It is

15 first- necessary to eliminate the latter two factors in order to determine the
differences in path length. | |

Each base station transmits the same synchronisation training sequence
five times in evéry control channel multiframe, that is at a time interval tr. Since
the mobile unit monitors control channel multiframes as a method of pre-

20 syhchronisation it will not always identify correlations from all the base stations A,
B, C, D, E on the same part of the multiframe cycle structure. However, the time

- difference tr between synchronisation frameé (SCH) within the cohtrol éhannel
multifrarrle is approximately 46msec in which time a radio wave will propagate
approximately 13,800km, therefore muiltiples of the frame Iengfh can easily be

25 eliminated.
| The different offsets of SCH wfthin the mutiframe can be allowed for by
measuring, at each base station, the time of transmission of the control channel
mutiframe sequence relative to a universal | reference such as the GPS
synchronisation signal. The sefving’ base station A transmits over the BCCH a

30 signal representing the offsets of the neighbouring base stations {relative either to

the universal reference or, preferably, relative to its own transmissions), thus

allowing these offsets to be compensated for.

This Sheet Has Been Replaced
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netowerk):Alloewngotb®:| ezat i on determ nation function to be perforned by

the 10 network. Alternatively, the position calculation can-be carried out .
in the nobile unit itself with very little network overhead:. K Thi's system: >,
woul d be able to support a large nunber of users as it does not necessi'taté* *
calls to be nade, apart frominitial authgmticating SM5 nmessages. However,

such a systemwould require the addition of special software in the nobile

unit to performthe necessary 15 calculations. |nprovenents in the signal
processing, for exdfphis By @simAe dffgraneetr Feled(mirom @i eandis ferived where _
equal i ser, ey, &lHe FRetsEd Y rat ex i.han err bi t
(0.923 mecr oseBconds, egui va?%aeg?{a'?g'qfﬁlatr%&ertgs g%ée%&tg {‘)U{r':e'g)sh% gr‘;”%ﬁfn;t[h
synchr oni sat iang. niTiseardiategepire sembali aircuinetegealseieetedofuchhthate heaghitude of

houl d al | resolution t % of. one bit, ui val ent to approxi mately 50
motres. 20t &8 i 8p8 BRVSS Rme 1 SoSHatom AY TERBSSRRmGIAGS

cause the gcanapdy Gled b the®atd Qthrlonk Gl Gl RR e ¥Ry WrdthdtiloRBrequired to
Therefore, it is desirable to use tinme averaging in the | ocation
cal cul ati on #He§omingihe offisapralvies helhe framecigngth te is a constant of the system.
The accuracy. of the value of t1 is therefore determined largely by the accuracy
with which Ti is measured (typically of the order of 1 microsecond, as already
discussed). - ' _
10 Note that the value of ti may be negative, if the base station B is closer
to the mobile unit than the serving bése station A, as may occur if the base
station A has a stronger signal at the mobile unit than base station B, despite its
greater distance, or if no traffic channel is available on base station B. As stated
above, the interval between SCH frames is either 88 bursts or 80, and thus there
15 are two possible valueé for t= (46.15 or 50.77rhi||iseconds).l The position within.
the multiframe can easily be deter'mined by the mobile unit, and the appropriate
value of tr selected.
Values tz2 = Tz2- {n2tr + Qc), ts = Ta- (natr + Qo), and te = Ta- (netr +
Qe) can be derived in a similar way. .
20 The values t1, t2, ts, and t«. when muiltiplied by ¢, the speed of propagation
. of radio waves, produce values di, d2, d3, and ds« which are the differences
between path length d. and the path lengths dv, de, da, and d.. respectively (see
Figure 1). Specifically, di = da - do; d2 = da - de; da = da - da; and d# = da - de.
It will be appreciated that the mobile unit has no means of detecting the
25 GPS synchronisation pulse itself, as it is not a GPS receiver. The arrival times of
the training sequences can therefore only be measure_d relative to each other, not
against an absolute timescéle, and therefore the time ta it takes the training signal
to reach the mobile unit M from the base station A is unknown. Thus the distance
da of the mobile unit M from the base sfatioh A (which is simply the distance radio
30 waves propagate in this unknown time t.) cannot be derived directly (and similarly

for base stations B, C, D, E). The relative arrival times indicate only that base

Agam.
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i onl ng service. Large ampunts of noney are def raugieq; frgmit’he 25 2

‘T@g;ogmaﬁeztgg_\pra\ttéqu‘gvggrd\gsfc pgssi bl e services that could be provi.ded as adjuncts_.
to a positi i

~cellular radio industry by illegal practices such as "cloning"; whi ch, jis’ N
the fraudul ent practice of giving one nobile unit, usually a stolen.one,
the electronic identity of another, legitimate, unit. Calls nmade on the
~"clone" are then charged by the cellul ar hdtwork to the | egiti mate user.
The existence of a clone is usually only detected when the legitinmate user
gets his billstatign iBf fboeRarhple, ¢4 @lreherNflorAOmobifg iuhit Mt BaH Sise AthBEPIA bY a
access the system simul taneously. Providing a built-in | ocation service
woul d mean t HH$taBCREGT €1 Hr- ot her wi se suspi ci ous mobile unit coul d be

qui ckly | ocated andrd gf; r.ed. . i . 3 . - . :
PCT/ GB96/ 01039 BREBIE tﬁg mobnlevgng% t?a‘?’&ﬁate its position, it has to know the

location of the base station sites in its area. This infbrmation could be passed ta

8 the mobile unit by either using a “Cell Broadcast” message or a Short Message
Service (SMS) as provided on some cellular systems; both are capable of message
lengths up to an ample 160 characters. Information sent to the mobile unit from a
base station would include; the co-ordinates of that base station, and information
about the neighbouring base stations such as their locations and their offsets (the

10 timing of the training sequénce relative to a universal standard, or relative to the
serving base station), a flag to indicate if a base station was precisely |
syhchronised, time, and date. |

| The serving base station A transmits not only its own details, but also
_details of its neighbours B, C, D, E. The mobile unit M can then get all the

15 information it needs without having to handover to the other base stations. The
rate at which such information is broadcast would have to be dimensioned to
allow the mobile unit to calculate its position quickly, this would be especially
important if a tracking service is to rﬁake use of the information. The “Short :
M.essage Service” {SMS) available in the GSM system could be used when a

20 'customer'initially requests the service, to provide authentication and prevent

. unauthorised use. Once a customer has been validated as a user, SMS could then
pass a ciphering key to the mobile unit to allow it to decode the cell broadcast
message. This system would be relatively secure as the messages passing over
the radio interface are already protected by GSM's ciphering system.

25 SMS could be used instead of the Cell Broadcast system to pass all the
base station site location information to a mobile unit and allow it to calculate its
position. This method would be less prone to fraud than a Cell Broadcast, as SMS
is a point to pbint system. However the large number of messages required to
reach a potentially large number of mobile'units. could prove to be too high an

30 overhead on the network. Another problem" with an SMS based syster\n is
identifying which base station sites’ details to send to a particular mobile unit

without first knowing where.-the mobile unit is. Hence a mobile unit's serving
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.application could be an al arm service to .alert

weary train travellers Wnen theéy reach their home station. As sta,tetl..above

a signal needs to be received fromfour base stations in arder to .prqyi de’d

‘position fix in two dinensions, (five base stations for three 5
There are sone circunstances when fewer base stations are

di mensi ons).

W t hin range. _
used to obtain a position fix. In one possible arrangenment the nobile unit

may be for ceblageostatind IDV@bulldrigaviet Rebe kho ent by ti5e hetvigk s eresthat infdtmAtibe a
nei ghbouri ng base station, for 10 exanple Base Statjon B (see Figure 1).
This base st SR1SHNR It Neidngowring PIser Bt OMSan PhBapsmitedovef SMI-hat of Base

Station A (al thougR fB&ihd %te?vu\ﬁé leloJ"@\qutﬁl%Vﬂ{@lu?f asres s bHgRatihd ERRTRE) -

Bet ween t he
range of the

5

In these circunmstances vari'dus suppl enentary net hods nay be

two nei ghbour  lists there may be sufficient baSe stations iIn
mobleé upitifite fogatien fieke to bbe@askrdtmedenTteectrss fot akaropls the

emergency services or a fleet control centre. Position information transmitted

from the mobile unit could include a time stamp to allow for delays in the SMS

network and the motion of the mobile unit.
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The determination of position from timing differences will now be
described in detail. It will be seen from the following that five base stations is the

minimum necessary to ensure an unambiguous result in three dimensions if the

absolute distance from none of them is known. If only two dimensions are

considered, four base stations are sufficient.
| Figure 2 shows the information available to the mobile unit. The values x,
y and z represent the mobile unit’s bosition in three dimensions, which are to be
calculated. The values X,, etc indicate the known positions of the base stations,
as transmitted to the mobile unit M over the BCCH.
Consider five base statioﬁs:
Base station A at {X,, Y., Z,): distance to mobile unit is da
Base station B at (Xs, Ys,Zs): distance to mobile unit is ds
Base station C at (Xe, Y., Z2): distance to mobile unit is de
Base station D at (Xg, Yq,24): distanbe to mobile unit is da
Base station E at {Xe, Y., Zs): distance to mabile unit is de
The mobile .unit scans the base stations and measures the timing
differences t1, t2, s, t+ between the serving base station and each surrounding
base station, as described above. These timing differences are directly
proportional to the path length differences: dr = tic, where ¢ is the speed of
propagation of radio waves, apbroximately 300 metres per microsecond. Hence

the mobile unit can easily calculate di to ds where;

dl = da - db
d2 = da - de
d3 = da - da
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-|Q0,gg§,h1aghg,ggggg\um4\15$t ~gld each have their offsets determ ned according to

respective base station A or B, but this can be al I oved for - _
.the offset of base station B relative to base station:A is:known, srnge
‘they are in each other's neighbour lists. Qher supplenentary nethods nmay

al so be enpl oyed. For exanple the absolutfﬁdlstance to the currently

serving base station may be derived from

e 20 timng advance; that is,

t he amount by which the nobile unit's transm ssions need to be advanced
relative to the si ghal & vécei ved fromthe base station such that they

This is only accurate
to about 600 netres, and the timng advance is nornmally only cal cul ated

when a call is in ﬂ"h@g‘bﬂ’@sﬁmg”%éﬁ{] 180ohRprRdht ehdmbbild 8nied lééa%ﬂbsase%%n

arrive at the base station in the correct tine slot.

As shown in Figure 1 for base st

ion A one (or nore)

cel |

s may be

sectored, thdbeeguatigrefop@swheteati on has several antennas each serV| ng ‘a
I derlg: H on of
quatisi 1]

limted az hg} jor e  faypi cal 60 Or 120 degrees)
t he sectorsA§ Q} #e y(} e 2)\1

fx - Xo)® + ly - Yn)z + 1z -2 = dv?

fx -Xc}z + /y - Yc)z + {Z-Za)z = dcz

X - Xa? + fy - Yo* + (z-2Z4* = d?

- Equation [2]
- Equation [3]
- Equation [4]
- Equation [5]

- Equation (6]

- Equation (7a)

_ x -Xe}z + (Y - Ye/z + (z- Za/z = de?
10
Now, di = da - db. Rewritten as di- do = -db, and squaring both sides gives;
d’2_' 2dlda + daz = db2
Substitute [7/ and {2} into [6];
15 di?-2dide + Ix-Xa)? + [y - Ya)? + (z-2.)° =
(x -Xo)?* + ly - Yo)?* + (z-Zs)?
Rearranging to put known variables on the right hand side gives;
- dils - X{Xa -Xo) - Y(Ya - Yo -2(Za - Zs) = k1/2
20
' Where ki consists of the known values;
ki = -d?-XP2-YP -2 + X2 + Y2 + 2?
For simplicity we define;
25 -Xab = Xa - Xh,
Yab = Ya' Yb,
and: Zw =2Z.-2.
Equation 7a becomes;

30 © - dids - XXab - YYor - 226 = Kki1/2

Repeating this process with equations [3/ to [5] gives;

- Eduation (71
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“SSdidkleR 91: LN MBRINE AT Lo Y be used to identify which sol utien of t he, -
equations is correct. However, this nmethod is not practlcal where thee base :

station has an 30 omidi rect|onal ant enna, nor where twoe+ HAore, p’o‘ss'l bl e’
‘results all ‘occur in the same sector Al. In particular, since the sectoring

s

is azinmuthal, it will not resolve an anbi]gquity inthez coordi nate :
(altitude). Furthernore, there is a possibility that a side or rear |obe of
t he sector antenna m ght be detected. WO 96/ 35306

PCT/ GBQG/OlOB@sQ@taﬁohaﬁtMCpossi bility is to identify, fromthe possible
“solutions, the one gfgy S ¢l osegt _?Tg he previously iden |f|ed cation
of the nobile unit” g‘f"f‘f‘é likely to be the” ‘é’\’ﬁf?ﬁ This can

be reasonabl wHepbi abke. 53‘2 the. p;@blziie+ X2 + Yo + 22

5 Base stations A and D .
- d3fa - XxXad - Y Yad - 220 = k3/2 - Equation 9]
Where k3 = -d7 - Xo" - Yo - 2.2 + X&* + Y + 24

Base stations A and E
10 - dstla - X Xae - Y Yoe - ZZae_= ks/2 - Equation [10] .

Where k¢ = - d42 - Xaz - Yaz - Zaz + Xe2 +Ye2 + Zez

Rearrang'ing equation {7/ in terms of da;

o d, = il—(k +xX,, +yY, +‘Z,,,,) - Equation [11]
15
Substitution of [77] into [8] leads to; ' - Equation [12]
dk,~dk
x(Xul)-d‘!. - Xm-dl ) + y(yahdz m‘d )+ (Zahd Zacdl) - (—LLZ—Z_L) = 0
. Substitution of [77] into [9] leads to; . - Equation [13]
dk, -d.k
20 (X pdy — X 44, ) + y(Yud, — Youd )+ (2,4, - Z,4d,) - (-L—’-z—-—’-—‘) =0
Substitution of [77] into 10] leads to; o - Equation [14]
- dk, -d.k
x(Xabd4 - /‘(uhd ) + \ ( ahb + Y d ) + (Znh - Zaldl) - (—_I_L-z__.‘_l—) = O
25 ' For two-dimensional positioning, all z co-ordinates can be ignored. This

will induce an error due to the fact that the four base stations and the mobile unit
are unlikely to all be in exactly the same plane. In particular, base stations are,

whenever possible, mounted on hills or tall structures (buildings or purpose-built
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. URo/te/d73 1:29 @wstrkshrpgh\ 25t Owb.yoci N conpari son to the tinme between i ocati on: LT,
‘updates. 5 Figure 1 al so shows a m crocell H: Mcrocells :ar-é Veryn: T
smal | cells served by | ow power base stations often rounted well. “bel ow A
:roof-top level or even indoors to provide additional coverage in |ocations
of .very high demand. It is very likely thgg a GPS receiver woul d not
. operate in such a base station, as it woul d not be reliably visible to the

satellites, as WE; as be| .cost (?{"\I biti ge. Mor eove 10 because the
antenna of t M#SH ctr°o'&ﬂr?"‘1—l Ir f‘?"i@@i YISt moble Ungs, 9e86'A'Y SPera dsAs arqunds

probabl e t hajeval.MRGiveer Niker fhd AtBReMesdinMhiiREChe BASE (St Bld BRid SoN@le i N
radi o range of as nmany as four base stations, and possibly is in range of

no base st at iB6EMIEEVOF thehsystemnaas & mholehghe ereomvilr kecieSignificadiowever , because
the mcrocell H on small area, the |nfo hat t he
%YJR%Q%’% %he%e l*ml¥%|oni5wen%;%n golv? lnn I-?N(Q,anrr%F's' sséyfn%;%?rm

mobile unit Mis wt rangé o giv

accuracy t® kigsaice-driidatesbirdre thaietudtibrishimdsiasta A6 culcaryionfithe t&ras £, ko,

system Al of these su;)zol enentary processes have the potential for
systematic etc. Equation /72] then becomes: _

x(’\,«.:hdz - X,.(.L/|) +J,'-(Y“,,d:_, - Yu'dl) - (_d_lk‘l ;dzkl) =0

1

énd equation {73/ becomes;

10 ' x(X(',,,d,, - Xm,dl) +).'(Yﬂb,;1(3 - Ynhdl) _ (d,k_—, ;d3kl) -0

Both of these equations represent straight lines in the x y plane. The
point where these two lines cross represents the mobile unit’s position. This point
can be found by substituting one equation into the other. |

15 In three dimensions equations (72], (73] and [714] each represent planes in
space. The intersection of two planes represents a straight line, hence all thre_e

equations are needed to find the mobile unit location (x, y, zJ uniquely.

" The general equation of aplaneis; Ax + By + Cz+ D =0

20 |
For equation [72/; A = Xudz- Xwdi; B = Yudz- Yedi; C = Zudz- Xaedi; and
- _ _ (d,/c2 -_dzk,)
5
To solve the intersection of the three planes, the equations need to be put
into Hessian form. For equation [72]; |
Az ) 2 Bz
25 n’ = — - n,” = .
Y AR+ B+ AP+ B+
2 CZ . 2 DZ

St iR
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er JoRkS7 1230 N8 L ASEU ACY. t han the basic system and also-require.. .. -

a 3|t|ona processing, but nay be @SH xs y or in conbj natlon, to
mai ntai n the service 20 when fewe_ asek t.' an ‘t he -Ai-ni bumrfoug,* 0 :
(five) are within range of the nobide-uni 9 system has systematic

errors init, resulting in an accuracy of 1 out 100 nmetres. For sone
applications, such as surveying, greater accuracy is required, and a system
known as "differential GPS' has been devel oped to 25 overcone this. This

i nvol ves pl aci ng a TSplese eav epwalbe simplye cipsedeytddhasna védmwacon” position and
nmeasuring the error in its position as nmeasured by GPS, which error value
is then transmtted™ & (ﬁ'r’(g?e’ﬁsel"f "Th*‘”zlbd”s'l’(‘l on |l ocation system of the
present invention requires a significant nunber of cellular base stations
to have GPS receivers fitted, to provide accurate synchronising signals.

Since the 30 positiOnse afl tHeepkaﬁéé Wr@lreprasentsti aihi tis faine, fHexattersbyh ecan be
det erm ned by ot her neans vmth great accuracy, allowing themto be used to

of fer such®a easlY beslqulgted.

It should be noted that much of the software required to process time
difference information already exists in mobile units. This information may be
communicated to the network for position calculations to be made. Alternatively,
the position calculation can be carried out in the mobile unit itself with very little

10 network overhead. This system would b_e able to support a large number of users
as it does not necessitate calls to be made, apart from initial authenticating SMS
messages. However, such a system would require the addition of special software
in the mobile unit to perform the necessary calculations. Improvements in the
signal processing, for example by using data retrieved from the mobile unit’'s
15 equaliser, may also be used to resolve to rather better than the % bit (0.923
microseconds, equivalent to 277 metres) needed purely for bit synchronisation.
The data present in the equaliser of the mobile unit should allow resolution to 4%
of one bit, equivalent to approximately 50 metres. _ ‘

Factors such as multipath, shadowing énd fading may cause the accuracy

20 of the location calculation to vary with time. Therefore, it is desirable to use time
| averaging in the location calculation algorithm to improve the accuracy.

There are a number of possible services that could be provided as
adjuncts_to a positioning service. Large amounts of.mo_ney are defrauded from the
cellular radio industry by illegal practices such as “cloning”, which is the

25 fraudulent practice of giving one mobile unit, usually a stolen one, the electronic
identity of another, legitimate, unit. Calls made on the “clone” are then dharged by
the cellular network to the legitimate user. The existence of a clone is usually
only detected when the legitimate user gets his bill, or if both the clone and
legitimate user attempt to access the system simultaneously. Providing a built-in

30 location service would mean that a stolen or otherwise suspicious mobile unit
could be quickly_ located and recovered.
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PCT/-GB96/ 01039 21 CLAI M5 1. A nmet hod of  determ ni ng the t_ocat1 on: .@f a ;

mobile unit of a cellular radio system havi ng a plurali tynof base',statt ons,>
‘conprising the steps of determining the differences in timng between the
~base stations' transm ssions as neasured the 5 nobile unit, determning
fromthe timng differences the differenc I n the distance of the nobile
unit fromeach of the base stations, and deriving the |ocation of the
mobi | e unit from t Bemithrivi @rrenoiksunin bdiltsinen e erediziel atoatdrematte tehastacie aniltsed
in that the *0' ”ﬁeéjdl I|‘£5|s gulgrl?en%tjt ! ucl]-;ol#rseuschogergnrt]:gs Ctgntt)é Oelffe%?legnt?\!esloggtlo%t
| east sonme o
software would have to be enabled remotely, enther by the official owners or by
the police. '
5 Accurate positional information would prove invaluable to the emergency
services in other ways. The service would allow help to be directed quickly and
_efficiently to a person in distress making an emergency call from a mobile unit so
fitted. It may be desirable that the customer has control as to whether the
service is activated, to avoid any customer perception that they are under
10 surveillance by the authorities.
The emergency services, and other organisations with large field forces
such as utility companies, may themselves make use of the cellular network, in
place of a private mobile network (PMR), and the tracking service would allow a
controller to monitor the distribution of his field force personnel. _
15 A tracking service can also be used to monitor the progress of valuable or
sensitive cargoes. The system could be arranged to warn of deviations from a
preset route. Another' application could be an alarm service to alert weary train
tra\)ellers when they reach their home station.
As stated above, a signal needs to be received from four base stations in
20 order to provide a position fix in two dimensions, (five base stations for three
. dimensions). There are some circumstances when fewer base stations are within
range. In these circumstances various supplementary methods may be used to
obtain a position fix. .
In one possibie arrangement the mobile unit may be forced to hand over
25 from the currently sérving base stétion A to a neighbouring base station, for
example Base Station B (sele Figure 1). This base station will have a different
“neighbour list” from that of Base Station A (although the lists will have several
base stations in common). Between the two neighbour lists there may be
sufficient base stations in range of the mdbile unit for a fix to be obtained. The
30 base stations in each neighbour list will each have their offsets determined

according to the respective base station A or B, but this ¢an be allowed for
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O nobile unit deté&fifnes the differences in tining at the rmblle uni;t".
of a characteristic feature of the tine division frane structure brdetd(:ast“ v
by the control channel of each base station. 2. A met hod according to '
claim1l1, in which the differences in timng between at |east four base
stations are determ ned, thereby allow ng4*he determ nation of 15 the
absol ute | ocation of the nobile unit in two dinmensions. 3. A et hod
accor di ng' t 0 isdcaiuse khe ioffsehios hasbestahidd Erf%ﬂﬁi% ﬂo”béée”!st%ﬂope& \E&RoRh, lsﬁ'\%?t
five base statlons are determned, thereby allow ng the determ nation o
the absol ute XA ¢ Bhezah ether sppighBowrists.i n t hr ee di mensi ons. 4.

nmet hod according t [ erein i the 2
required nunber gof O%@s?g gkélf%ﬂggrg_rrgg otdghrp% 35p Eﬁee%BY?cgapLﬂﬁl ‘F’fa"fcﬂ_% the
tim ng advancabspkgeidigtandeoro tiosmeuneewy iseivind blsd BRtise Moy BehdiRed fdrh aRel S

| st an e between the nobile unit and the serving base
gtsggl E)ﬁ de%' Vtemllngea vance; t at l% the amount by which the mobile unit’s transmissions need

ba;b%f,gt,a;igqn reMslli3s s @di 0 range of the nobile unit are synchronised, and

to be advanced relative to the signals received from the base station such that
they arrive at the base statlon in the correct time slot. This is only accurate to
about 600 metres, and the tlmmg advance is normally only calculated when a call
is in progress, not when the mobile unit is on standby._

10 As shown in Figure 1 for base station A, one (or more) cells may be
sectored, that is, the base station has several antennas each serving a limited
azimuthal range (typically 60 or 120 degrees). Identification of the sector A1l
serving the mobile unit may be used to identify which solution of the equations is
correct. However, this method is not practical where the base station has an

15 omnidirectional antenna, nor where two or more possible results all occur in the
same sector Al. In particular, since the sectoring is azimuthal, it will not resolve
an ambiguity in the z coordinate (altitude). Furthermore, there is a possibility that a
side or rear lobe of the sector antenna might be detected. -

A further possibility is to identify, from the possible solutions; the one

20 which is closest to the previously identified location of the mobile unit as being the

. one most likely to be the new one. This can be reasonably reliable if the mobile
unit is travelling slowly in comparison to the time between location updates.

Figure 1 also shows a microcell H. Microcells are very small cells served

by low power base-stations often mounted well below roof-top level or even

25 indoors'to provide édditional coverage in locations of very high demand. It is very
likely that a GPS receiver wquld'not operate in such a base. station, as it would not
be reliably visible to the satellites, as well as being cost prohibitive. Moreover,
because the antenna of the microcell H is likely to be at low level or indoors it is'

* probable that a mobile unit in range of a microcell base station is not in radio range

30 of as many as four base stations, and possibly is in range of no base station other

than that serving the microcell H. However, because the microcell H only covers a

very small area, the information that the mobile unit M is within range of the
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or 4, wherein if.fewer than. the
nunber of base stations are det ect ed by ‘the nobi {:e uni tett. L

information relating to the direction of the nobile unit. rei ati ve 1+ 0 +ehe o
‘more of the base stations is additionally used to identify the correct

| ocati on.
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WD 96/ 35306 : 21
A net hod according to any preceding claim in

whi ch the base stations' time division frame structures' tinmngs are offset

relative to &xetecell ht

ican gve isyffigignthagayracyath lansse the Mokl wik te dbpesameye

offset is su val tine of the characteristic feature of
Egt a%? stlr\é:)gh% Sy &k,

the frame to o

n

is fromthe nobil eAlinot thasd dupplatnesttanycerochssesenaventhebpstential for systematic

10

15

errors, and lower accuracy than the basic system,  and also require additional
processing, but may be used, individually or in combination, to maintain the
service when fewer base stations than the minimum four (five) are within range of
the mobile unit.

The GPS system has systerﬁatic errors in it, resulting in an accuracy of
about 100 metres. For some applications, such as surveying, greater accuracy is
required, and a system known as “differential GPS” has been developed to
overcome this. This involves placing a GPS receiver at a precisely known
“beacon” position and measuring the error in its position as measured by GPS,
which error va|ué is then transmitted to other users. The position location system
of the present invention requires a significant number of cellular base stations to
have GPS receivers fitted, to provide accurate synchronising éi.gnals. Since the
positions of the cellular base stations aré fixed, they can be determined by other
means with great accuracy, allowing'them to be used to offer such a differential

GPS beacon service.

erence between the 5 distance that base station

3
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- Stadersan 1:2Bubitamvichiesobbde unit. 7. A nmet hod according to clai m6g, )
wherein data relating to the offset associated with each base;statigi™sis’ i
transmtted fromthe serving base station'to the nobile unit, 'and® the' "
“di stance calculation is determ ned by the nobile unit from 10 sai d of f set
data and the arrival tines of the charactgjistic feature hod
according to any preceding claim in which the characte at ure used
is a training signal transmtted by each base station, M@qm
identifies correlations of the signals received from eac

a reference training signal stored by tEAMDi | e unit. 15 0. AP rre't hod
according to claim8, in which the cellular radio system oper ates accordi ng
to the GSM stiandar @ mathd S clétefthiMidid sl BR&iod af tah%o&Vé”lGh&%laSé&ndPé} oSt

(SCH) transmitted according to that standard. A nmet hod according to
claim 8 or cPésteITOhaving amiwhlityind base §tatuouencompreaing:mer sliens job detsfmirtirg the

reference si Qﬂﬁérené’e‘%ﬂﬁ %%Rg%epvgeénot#e ase s%atlcgnsr %%tnsr%%sgpo%ls apsar%gasulrgd at the

5 mobile unit, determining from the timing differences the differences in the distance

of the mobile.unit from each of the base stations, and deriving the location of the
mobile unit from the differences in distance so determined, characterised in that
the time division frame .structures of the control channels of at least some of the
base stations within radio range of the mobile unit are synchronised, and the
10 mobile unit determines the differences in timing at the mobile unit of a
characteristic feature of the time division frarhe structure broadcast by the control

channel of each base station.

2. A method according to claim 1, in which the differences in timing
between at least four base stations are determined, thereby allowing the

15 determination of the absolute location of the mobile unit in two dimensions.

3. A method according to claim 1, in which the differences in timing
between at least five base stations are determined, thereby allowing the

_ determination of the absolute location of the mobile unit in three dimensions.

4, A method éccording to claim 2 or claim 3, wherein if fewer than the
20 required number of base stations are detected by the mobile unit, the timing
advance required for communication with the serving base station is used to

derive the distance between the mobile unit and the serving base station.

5. " A method according to claim 2, 3, or 4, wherein if fewer than the required
25 number of base stations are detected by the mobile unit, information relating to .
the direction 'of_ the ‘mobile unit relative to one or more of the base stations is

additionally used to identify the carrect location.
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- 2Qooaydd: 2 sraditavedse eakeul ation. 11. A et hod
preceding claim in which the derived location is ti ra ed 12 .
nmethod according to any preceding claim wherein oneWE mm,,m
‘plurality of base stations in the cellular radio syst ort
range, and 25 conprising the additional ggep wherein if the nobi fe tnit is
recogni sed as being within.range of one of said |inited-range base stations
the location of the nobile unit is determned to be the location of said
limted-range base station. 13. A nmet hod according to any preceding
claim wherein the derived |l ocation is conmunicated via the cellular radio

network to .a@.endt @ Hffied accotding to any preceding claim, in which the base stations’

time division frame structures’ timings are offset relative to .each other, and in
which for each base station the respective offset ié subtracted from the arrival
5 time of the characteristic feature of the frame to obtain the difference between
the distance that base station is from the mobile unit and the distance the serving

base station is from the mobile unit.

7. A method according to claim 6, wherein data relating to the offset
associated with each hase station is transmitted from the serving base station to
10 the mobile unit, and the distance calculation is determined by the mobile unit from

said offset data and the arrival times of the characteristic feature.

8. A method according to any preceding claim, in which the characteristic
feature used is a training signal transmitted by each base station, and the mobile
unit identifies correlations of the signals received from each base station with a

15 reference training signal stored by the mobile unit.

9. A method according to claim 8, in which the cellular radio system
operates according to the GSM standard, and the training signal is the

synchronisation burst {SCH) transmitted according to that standard.

10. A method according to claim 8 or claim 9, in which the first identified
20 correlation of the reference signal, corresponding to the most direct signal path, is

used for distance calculation.

11. A method according to any preceding claim, in which the derived location

is time averaged.

12. A method according to any preceding claim, wherein one or mare of the

25 plurality of base stations in the cellular radio system have a very short range, and
comprising the additional step wherein if the mobile unit is recognised as being

- within range of one of said limited-range base stations the location of the mobile

unit is determined to be the location of said limited-range base station.
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- 1oee7 A:29RMRGE\@a0scdi AGd 0 any preceding claim wherein, if the deri ved
| ocation corresponds to a predeterm ned | ocation, :an al armsi

transmtted. 15. Mbbile unit for use with a cell ' the‘ ;
“mobi | e unit conprising apparatus for deternining thﬂ m m Jﬂm nobi | e
unit; the apparatus conprising 5 neans hgr det ectiny td mingudi nces of
Si gnal s received fromdifferent radio base stations, and means for

det erm ni ng, fromthe timng differences, the di fferences in the distances
of the mobi | E-unit m%h%aéqaprémﬂeeartya@r@c%ag ickiD; vaeerimsam defivrd tasation ng,

from the di;ffs gmt th vFH tﬂa GSiar Ha?%ésg\?cl?k%a%mtogee%@b' le unit,

characteri sed | m)bl e uni neans erm ni ng the
differences in 10 tlmng at the nobile unit of a characteristic feature of
a tinme divisién fr'%meemoduetwéinbrtmadoaspresydiogrmaiuuswnebgmt ffe oo rderiobd
channel of aa h(base stat% uni t ac ng to claim Ja
conprisi ng meahe FoF FBPEE 19 @pfqﬁigt‘ﬁ?‘fqe@rlgﬁ@é@ i°A "?rfﬂ ﬁﬁ alds TRESTASISC e uni t
of at least four base stations, and neans for thereby determning the
posi tion &f tde nolabbiee whit foriuge Wi gicemisd ARk system, the mobile unit comprising

apparatus for detérmining the position of the mobile unit; _the apparatus comprising
means for detecting timing differences of signals received from different radio
base stations, and means for determinihg, from the timing differences, the
differences in the distances of the mobile unit from each of the base stations; and

10 means for deriving, from thé differences in distance, the location of the mobile
unit, characterised in that the mobile unit has means for determining the

- differences in timing at the mobile unit of a characteristic feature of a time division
frame structure broadcast synchronously by the cohtrol channel of each base

station.

15 16. Mobile unit according to claim 15 comprising means for detecting the
differences in timing at the mobile unit of at least four base stations, and means

for thereby determining the position of the mobile unit in two dimensions.

7. Mobile unit according to claim 15 comprising means for detecting the
differences in tim'ing at the mobile unit of at least five base stations, and means

20 for thereby determining the position of the mobile unit in three dimensions.

18. Mobile unit according to claim 16 or 17, having means for deriving the
distance between the mobile unit and the serving base station from the timing
advance required for communication with the serving base station if fewer than

the required number of base stations are detected by the mobile unit.

25 19. Mobile unit according to 16, 17 or 18, having means for determining the
direction of the mobile unit relative to one or more of the base stations if fewer

than the required number of base stations are detected by the mobile unit.
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- 1%20/08/d7. 11:29 ulatobth\@ortt it sva@eOr di ng to cl a| m 15 conpri si ng WC-t-i-ng
the.differences in timng at the e | east five base

stations, and neans for thereby - Regn'e po-|t|onrrﬂ“!|uﬁm¥m“ Eﬁ“ﬂﬂ
“in three dinmensions. 18. Mobi | e aC CAY J-reg—+d cl ai

means for deriving the distance béfween theg nobile unit and t e Servi ng
base station fromthe timng 20 advance required for comunication with

the serving b se st tion if fewer than the required nunber of base stations
are detected fRjls yrit greardinggto claimyg 8. dri- t1 8ot RifHgherocarpprising or
18, having neagéqsfmr&%nﬁﬁ@hman&nkem.@ fibé st thﬁ%ag@maﬁ%nymt relative
to one or nore of the base stations | ewer-than the required nunber of
base stations are detected by the nobile unit. 25 20. Mobi | e unit
according to claim15, 16, 17, 18 or 19 further conprising neans for

recei ving data concerning the location of the base ‘stati ons. :

21. Mobile unit according to claim 20 further comprising means for redeiving
5 data concerning the amount by which the base stations’ frame timings are offset
relative to the currently serving base s$tation, and means for subtracting, for each
base station, the offset from the arrival time of the frame to obtain the difference
between the distance between that base station and the mobile unit, and the

distance between the serving base station and the mabile unit.

10

22. Mobile unit according to any of claims 15 to 21, arranged to operate
according to the GSM standard, and wherein the characteristic feature is the

synchronisation burst (SCH) transmitted according to that standard.

15 23. Mobile unit according to any of claims 15 to 22, further comprising means

for identifying the base stations within radio range of the mobile unit.

24, Mobile unit according to any of claims 15 to 23, further comprising means
for identifying a predetermined geographical location, and alarm means for
20 signalling to a user that the geographical location of the device corresponds to the

predetermined location.

25. In combination with the mobile unit of any of claims 21, 22, 23 or 24, a
cellular radio network comprising a plurality of base stations operating with control
25 channels broadcasting synchronous time division frame structures, means for

identifying which of the base stations are in radio range of a specified mobile unit,
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24 21.- Mobil e unit according to claim 20 further conpri si ng means for» “...
_recel ving data concerning the anount by which the ba Ilemll “ e e
‘timngs are offset relative to the currently servi ng mu Il“"cu "m

neans for subtracting, for each base statjgn, the offset “frém the® aryival
time of the frane to obtain the difference 5 between the distance between
that base station and the nmobile unit, and the distance between the serving
base st at i onaafideans fnbb'uah%mwtwg datzreiatingbithe lagatipn aod svachrgnisatiempfiagt
claims 15 to r te ording to the GSM standard, and
wherein the Cﬁé?%@ e“f}?g 87.9;? ghemoﬁﬁe urlt) synchroni sation burst (SCH)

transmtted according to that standard. 23. Mobil e unit according to any
of claims 15 to 22, further conprising nmeans

26. A cellular radiq network comprising é plurality of base stations operating

5 with control channels hroadcasting synchronous time division frame structures,
means for identifying which of the base stations are in radio range of a specified
mobile unit, means for identifying the difference in timing between signals
transmitted by the base stations as measured -at the mobile unit; means for
determining, from the timing differences, the differences in the distances of the

10 mobile unit from each of the base stations; and means for deriving, from the
differences in distance. the location of the mobile unit, characterised in that the
base stations have broadcast control channels operating with synchronised time
division frame structures having a characteristic feature for detection by the
mobile units, and in having means for receiving from the mobile unit an indication

15 of the arrival time at the mobile unit of the characteristic feature transmitted from

each base station.

27. Cellular radio network according to claim 25 or 26, arranged to operate
according to the GSM standard, and wherein the characteristic feature is the

-.synchronisation burst (SCH) transmitted according to that standard.

20 28. Cellular radio network according to claim 25, 26 or 27, comprising means
for detecting the differences in timing at the mobile unit of at least four base
stations, and means for thereby determining the position of the mobile unit in two

dimensions.

29. Cellular radio network according to claim 25, 26 or 27, comprising means
25 for detecting the differences in timing at the mobile unit of at least five base
stations, and means for thereby determining the position of the mobile unit in

three dimensions.

30. Cellular radio network according to claim 27, 28, or 29, having means for

deriving the distance of the mobile unit from the serving base station from the
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24.. Mobile unit according to any! 6HISCSHEEGHAS BEENA3, i—&F’t—h@%ﬁOﬂﬁTTSTﬁQ"
neans for identifying a predeterm ped g&REPLADED cal ljocat i

“means for signalling to a user that Ioc i‘iﬂn m“ma!mm“:
corresponds to the predetermned |ocationgz20 25.

network for use with the mobile unit of any of clains" 21 22, 23 or
conprising a ur al |t of base stations operating with contr ol channel s
br oadcast i ng @S‘/ﬁgﬁ’l‘j& reapingd fRrgosimunicatigie withrthe serérg baseastationrif fewer

i dentifyin ecified
nobi | e ﬁm? wgﬁﬁ%ékﬁgn%opeﬁﬁgﬁéﬁ% ;g [h'ri]ag%d% térg dre?éa[té’d B{;‘Q}geef'ﬁ%”?g@gt i on and
synchroni sation offset 25 of each such base station to the mobile unit.

31. Cellular radio network according to ciaim 27, 28, 29 or 30, having means
5 for détermining the direction of the maobile unit relative to one or more of the base

stations if fewer than the required number of base stations are detected by the

mobile unit.

32. Cellular radio system according to any of claims 26 to 31, in which the
base stations’ frame timings are offset relative to each other, and further
10 comprising means for subtracting the respective offset from the arrival time of the
characteristic feature of the frame at the mobile unit to obtain the difference
between the distance that base station is from the mobile unit and the distance

the serving base station is from the mobile unit.

33. Apparatus for determining the position of a mobile unit using a cellular

15 fadio system having a plurality of base stations, said apparatus comprising means
for determining the differences in timing of the operation of the base stations as
measured at the mobile unit; means for determining, from the timing differences,

the differences in the distances of the maobile unit from each of the base stations;

‘ and means for deriving, from the differences in distance, the location of the mobile
20 unit, characterised in that the apparatus comprises means in the network for
synchroni_sing the time division frame structures of control channels broadcast by

at least a plurality of the base stations within radio range of the mobile unit, and
means in the mobile unit for determining the differences in timing at the mobile
unit of a characteristic feature of the time division frame structure broadcast by

25 the control channel of each base station.

34. Apparatus according to claim 33, wherein the time difference measuring

means, distance difference determining means and location deriving means form

part of the mobile unit. e
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conprising neans for receiving da EHES)SHEETnHA BIEES Iocatlon of tiﬁ l;ﬂhe
ns °

stations. 21, Mobi | e unit accotdi ng REPLACER m 20 urt.h

“for receiving data concerni ng the“amount By whi ch t he b

timngs are offset 5 relative to the cur2&ntly serving base statlon and
means for subtracting, for each base station, the offset fromthe arrival
time of the kgane f

(e of Lo, BEae Mg Bl R UL LRIATRE BRLAESI AL AbARSS BRLGER,
base st ati ontlntladehetations Inethtiniddio Adge of thdBidbile WRIt] afd ARads g tansAfiyti f
clainms 1 5tg 21, arranged to operate 10 according to the GSM st andar

and wher ei n OAE hke{pekle Wiy f@'%t@attertae |9§°$rﬁ‘8h'§9‘H€?ﬁtt9rﬁ‘lss°étsla@nb§§ﬁr5§@t”{'§€|—l)

transmtted according to that standard. 23. Mobile unit according to any
of claims 1 3gto ZAppE%&GAWQEc&&REth%iQS\ §gang, $r035'fdﬁﬂér' é&h&%nﬁd‘ﬁwelaf%%r
stations within radio range of the nobile unit. Mob uni t

accor di ng & odatymisfing laad neempeiisetin@ 3or pifsetsein smqb'lmrwa’tgmnm% the base

stations' transmissions.

37. Apparatus according to any of claims 33 to 36, arranged to operate
'according to the GSM standard, and wherein the characteristic feature is the

synchronisation burst (SCH) transmitted according to that standard.

10 38.  Apparatus according to any of claims 33, 34, 35, 36 or 37 comprising
means for detecting the differences in timing at the mobile unit of at least four
base stations, and means for thereby determining the position of the mobile unit in

two dimensions.

39. Apparatus according to any of claims 33, 34, 35, 36, 37 or 38
15 comprising means for detecting the differences in timing at the mobile unit of at
least five base stations, and means for thereby determining the position of the

mobile unit in 3 dimensions.

- 40, Apparatus according to claim 38 or 39, having means for deriving the
distance of the mobile unit from the serving base station from the timing advance
20 required for communication with the serving base station, if fewer than the

required mumber of base stations are detected by the mobile unit.

41.  Apparatus according to claim 38, 39 or 40, ha_ving means for determining
the direction of the mobile unit relative to one or more of the base stations, if

fewer than the required number of base stations are detected by the mobile unit.

25 42, Position-finding device according to any preceding claim means for
identifying a predetermined geographical location, and alarm means for signalling
“to a user that the geographical location of the device corresponds to the

predetermined location.
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1 é for identifying a predeterm nﬁ.d._g.eag-ﬁ-a?m—ea-l—.-l-e-,atl on, and al arm neans

for.-signalling to a user that the |JeBgSHERT S BN i on

gorresponds to the predetermned llocati BEPLADED The ”DB","nm‘m['HﬂM m of :
claims 21, 22 and 23, in conbinatiomwtt Certurar radio reetwor

cel lul ar rad| 0 network conprising a pl urg%lty of base 20 stations

operating with control channels broadcasting synchronous tine division
frame structéBes, Nedimd bbrdeiteie'ﬁnihg ybcruguovm«'nfcb adiutaheelepBanes t aubsamsially asi n

radi o range qf a SR ecifi (? nobi | en WO 96/ 35306
PCT/ GB96/ 010%@3‘32' 3B Wit 1676reMEe to The'Walwings”

44, Apparatus for determining the Ilocation of a cellular telephone,

substantially as described with reference to the drawirigs.
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31. Cel lul ar radi o network according to claim27, 28, 29 SO—Fev-ig
nmeans-for determning the direction of the nobile unit relatijve¢ to.one or
nmore of the base stations if fewer than the required nunber ¢f bk & NOV 1998
stations are detected by the nobile unit.,5 32, Cel I ul ar yadiQ.system
according to any of clainms 26 to 31, in I ch the base statipns' frame
timngs are offset relative to each other, and further conprFstrg—rears— oFr
'subt r act i ngptdcess espetstinvetbfidls @éndfactine trhedes: i.evihereiisrpo oked lier the user to
characteristi¢c feature of the frame at the nobile unit to obtain the

di fference B@f‘ﬁ/@eﬁa't’he di stance that base station is fromthe nobile unit
and the distance . Vidgghas o i OfR: he e ynit . 33.
Appar atus for det géﬁielrj?igrr{‘g&ﬁe'ﬂogi tgi gtﬁéﬁ'?slg tg??ger{ u{rﬁ%t usrﬁgmé caleﬁ@% “Gr
radi o syst egymehromigatopkourgkicey rafy basapietrainted sela ety chedphgatresohscdliQra:
determining the differences in timng of the gperation of the base stations
as measur®dradio bage §88i 125098 SOURR AN SYNSrOtisEEPTHNAS AgIUThes 9f DeRe it nihege

di ffrerences

inc‘iu e_;dfnfl (0 &0 Randdver, en ability to reduce the eifect of interference

“between neighbouring bes
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siations, and enabling highly &ccurate radiating

frequencies on the radio interizce. It should be noted that uniike simple broadcas:

time signals, the GPS S\)nchronisation signal takes the position of the GPS receiver

10 into account, and can therefore compensate for the time lag caused by the finite
speed of radio waves.

European patent Specification EP0320913, (Nokia), describes a system in
which timing pulses derived from the GPS system are transmitted from each of
three or more base stations, and their different arrival times &t the mobile unit are

15 used to identify the position of the unit. This prior art system requires the mobile
unit to interrogate each base station in turn, which requires it to hand over
communication between the various base stations in order to carry out this
interrogation. This requires the use of several traffic channels, or an auxiliary
channel and also requires fhat reliable radio communication can be established

20 with each nearby base station.

In International Patent Application WO095/00821 (Omniplex) and US
patent 5,293,645 (Sood), each base station transmits synchronised packet data
signals. The mobile unit monitors all the base stations’ packet data channels
simultaneously, which either requires a mobile unit capable of receiving several

25 radio frequencies at once, or that all the base stations transmit their data packets
on the same channel. Neithe: of these features are conventional in a cellular radio
system.

These systems also require the transmission oi special timing o
synchronisation pulses from the cell sites {base stations) to the mobile unit, and

30 the recognition of these pu!ses by the mobile unit. This requirement not only
imposes a signalling overhzzd on the mobile unit, but it requires additional

functionality in the mobile uniz 10 recognise the timing pulses.



15 the distances of the nobile unit fromeach of the base ERERLAGEMENWOSHEET
means for deriving, fromthe differences in distance, the |ofation of the
nmobi l e unit, characterised in that the system conprises :nefng fcpg NOV 1998
synchronising the time division frame structures of contro] ghannels
broadcast by at least a plurality of the Sase stations withi '
of the nobile unit, and the nobile unit has neans 20 for fHeterm ning the
differences in timdegrditg tdthe MDA Rhdre 9 pAoVidE ACIREHORdf Weh&FHIMRG the L 1T
time division frane structure broadcast by the control channel of each base
station. 34locatinppefr at mobie coitdphe telutdr aiadic3 8y stehreheivingt &ielurilitg of bees ence
measuring neans, distance difference deternni ng ans and | ocation

derivi ng me&HRENSr FPRPTSING, Ne§ieph O REREMINInR; e A erences i imipg besween di ng
~to claim 34,4 : L, Jdentifyi . -at i.ons
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the nobi | uhe timisg diffeigndes theecieeatanin kel disraaes iodnise afovb@ufit Iase each
st ati ons.

o

of the base stations. anc Ceriving the location of the mobile unit from the
differences in distance so determined, characteriséd in that the time division frame
structures of the control 'channeis. of at least some of the bsse stations within
radio range of the mobile urit are synchronised, and the mobile unit determines
10 the differences in timing at the mobile unit of a characteristic feature of the time
division frame structure brozdcast by the control channel of ezch base station.

By using the control channel the mobile unit is able to make use of the
existing radio link quality monitoring systems used_ to establish whether a
handover should take place, and does not need to establish full communication

15 with any of the base stations.

- Preferably the characteristic feature used is a training signal transmitted
by each base station, which is correlated with a reference training signal stored by
the mobile unit. Such a “synchronisation burst” {SCH), and its correlation process
already form part of the GSM standard for characterising the radio péth. The

20 method of the invention can therefore make use of these existing signals and
correlation analysis programming. However, for pos:i:tion détiermination it is
preferred that the system should use the first identified cc;:g‘rrelation of the
reference signal, rather than the strongest as is used for handovér determination.
This ensures that the most direct signal path, rather than 2 st.ronger but more

25 indirect path, is used for distance calculation.

The derived location may also be time averaged to minimise the effects of
spurious results from reflected signals, which would make ths epparent distance
between the base station anc the mobile unit longer than it reglly is.

The derived location may be communicated via the ceiivlar radio network

30 to aremote user, instead of 0 the user of the mobile unit itseli. An alarm signel

may be transmitted if the derived location corresponds to a predziermined




timng advance required for communication with the serving REBBAQEWN%SHEET
fewer than the required nunber of base sta5| ons are detect ¢d|by The mobrt
unit. 31. Cel lul ar radi o network according to claim27, |28, @ @V%
having means 5 for deternmining the direction of the rmbll r

to one or nore of the base stations if f&wer.than the requir Frtf
base stations are detected by the m)bile unipt. 32. Cell @il ar radi o system
accordingtg gof cl grs 26 0 in whic he, base stations 1rane -
timngs ar & 8f{3ENCE% %t ?/em?l?i eﬁ'&‘ﬁ T &RCD A dtheuPFTre F1BHENE 35 MERRY) fRfeans
for subtracddrivthg, herore SRS CHifiPerRES SR didiMBel Nthedllbéatin tof MheOfmdtNE unit,
characteristic feature of the frame at the nobile unit to obtain the

di fference Yurageisedna WpsgnerPe(3IBe comBrsestmeansnini wefgeuiet tadionsistdre fomi t

and the di Sgﬁlgﬁt%msmg the time divisicn frame slructurss of control channels broadcast by &

5 least a plurality of the base stations wuhm radio range of the mobile unii, and means
in the mobile unit for datermining the differences in timing at the mobile unit of &
characteristic feature of the tinﬂe division frame structure broadcast by the control
channel of each base station. The time difference measuring means, distance
~difference determining means and location. deriving means may each form part of the

10 mobile unit or of the fixed network. If in the mobile unit, this unit may further
comprise means for receiving data from the currently serving base station concerning
base stations” within radio range of the mobile unit, the information including the
geographical locations of the base stations.

In existing GSM systems each base station transmiis a control channel

15 (BCCH) having a TQMA frame structure. This frame structure is made up of
“"multiframes” each of 235.38 milliseconds. Each multiframe has a substructure of
fifty-one frames, each frame having eight bursts. Each burst is made up of three “tail”
bits, 142 information bits, three more “tail”. bits, and a guard period equivalent in
duration to 8% bits. The frame is thus 156% bits in duration, and each bit has a

20 duration of approximately 3.9 microseconds, so a burst has a duration of 0.577
milliseconds. The frames in each multiframe are conventionally numbered 00 to 50,
of which five are frequency control frames (FCCH), (00, 1Q, 20, 30 and 40); and five
are synchronisation frames-(SCH}; 01, 11, 21, 31, 41. The interval between the
synchronisation frames is therefore generally 46.15 msec, (80 bursts), but the

25 interval between frames 41 and 01 has a longer duration of 50.77 msec (88 bursts)
because of the presence of the éxtra frame B0. The synchronisation frames each
include a training éequence which is used in this embodiment of the invention as the
characteristic feature.

In GSM, the use of time division multiple access {TDMA) means that the

30 mobile station and the sarving bass station have to be highly synchronisad. .For tha
mobile unit to decodes the identity code BSIC of a base station, it has 1o briefly

synchronise itself with that bass station. Consequently, the mobile unit always




t he serving base station is fromthe nobile unit. 33.

determning the position of a nobile unit using a cellula
syst em havi ng a plurality of base stations, said apparatus
for determ ning the differenhces in tlmnqnof the operation
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arruval_Ts Te, To, Tz of the first instance of the training sequence from each
nearby base station B, C, D, E and compares them with the time of arrival Ta of
the training sequence from the serving base station A, to identify time intervals
=Te-Ta;Ta=Tc-Ta;Ta= To-Ta; Te = Te - Ta. These intervals can be
measured accurately by counting the number of digital bits which occur between
the arrivals of these signals. This gives an accuracy of the order of 1 microsecond.
The intervals will be different, as a result of three factors: difference in path
length; different relative frame offsets; and transmission in different frames. It is
first necessary to eliminate the latter two factors in order to determine the

differences in path length.
Each base station trensmits the same synchronisation training sequence

five times in every control channel multiframe, that is at a time interval t-. Since

~ the mobile unit monitors control channel multiframes as a method of pre-

synchronisation it will not always identify correlations from all the base stations A,

B, C, D, E on the same part of the multiframe cycle structure. However, the time
difference tr between synchronisation frames (SCH) within the control channel

multiframe is at least 46.15 msec, as previously discussed, which is large enough

for a radio wave to propagate spproximately 13,800km. Consequently multiples of

the frame length can easily be eliminated.

The different offsets of SCH within the mutiframe can be &llowed for by

measuring. at each base station, the time of transmission of the control channel

mutiframe sequence relative to a universal reference such as the GPS

synchronisation signal. The se:ving base station A transmits over the BCCH a
signal representing the offsets of the neighbouring base stations [relative either to
the universal reference or, pieierably, relative to its own transmissions), thus

allowing these offsets 1o be compensated. for.




means, distance difference determning neans and | ocation deriving neans

formpart of the nobile unit. ©28 35 . - Apparatus accordf ﬂ,mmm

further conprising neans for identifying the base stations
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range of the nobile unit, and neans for & ansmtting data t he nobil e
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Appar at us accor di lo claim3 or 35 further co risijng nmeans for
det ermi ning and c HQ%PF'HQOWPG B'f"fpé\éf@’???”é @ﬁraoYﬁcst ¥i on| betwee S
base stations' transmssime: F=p Apg_a;;gct us according tlo_any of clai

5

ne

33 to 36, arranged to operate accofd'l 0 the GSM standard, and wherein
the characteristic feature is the

Once all the. planes are represented in this form, the intersection can
5 easily be calculated.

It should be noted that much of the software required to process time
difference information already e'xists in mobile units. As discussed previously, the
arrival time information may be communicated from the mobile unit to the
network, allowing the location detérmination function to be performed by the

10 network. Alternatively, the position calculation can b_e carried out in the mobile
unit itself with very little network overhead. This system would be able to support
a large number of users as it does not necessitate calls to be made, apart from
initial authenticating SMS messages. However, such a system would require the
addition of special software in the mobile unit to perform the necessary
15 calculations. Improvements in the signal processing, for example by using data
retrieved from the mobile unit's equaliser, may also be used to resolve to rather
better than the % bit (0.923 microseconds, equivalent to 277 metres) needed
purely. for bit synchronisation. The data bresent in the equéliser of the mobile unit
should allow resolution to 4% of one bit, equivalent to approximately 50 metres.
20 Factors such as multipath, shadowing and fading may cause the accuracy
of the location calculation to vary with time. Therefore,’it is desirable to use time
averaging in the location dalculation algorithm to improve the accuracy.
There are a number of possible services that could be provided as
adjuncts to a positioning service. Large amounts of money are defrauded from the
25 cellular radio industry by illegal practices such as “cloning”, which is the
fraudulent practice of giving one mobile unit, usually a stolen one, the electronic
identity of another, legitimate, unit. Calls made on the “clone” are then charged by
the cellular network to the legitimate user. The existence of z clone is usually
only detected when the legitimzate user gets his bill, or if boin the clone and
30 legitimate user attempt to access the system simultaneously. Providing a built-in
location service would mean that a stolen or otherwise suspicious mabile unit

could be quickly located and recovered.




synchroni sation burst (SCH) transmtted accord| ng to that standard.

10 38.
Appar atus accordi ng to any of clains: '33; 34, 35, 36 or 37 T
f-or ' Mm

base stati ons, by determ ning the posit]idn of the nobille
unit in two di rre u[' aratus according to any jofl ch@ Ngy I8 31
35, 36, 37 or 38 1*
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det erm ni n@1. Mobile unit according to claim 20 further comprising means for receiving

10

15

data concerning the amount by which the base stations’ frame timings zare offset
relative to the currently serving base station, and means for subtracting, for each
base station, the ofiset from the arrival time of the frame to obtain the difierence
between the distance between that base station and the mobile unit, end the

distance between the serving base station and the mobile unit.

22, Mobile unit according to any of claims 15 to 21, arranged to operate
according to the GSM standard, and wherein the characteristic feature is the

synchronisation burst {SCH) transmitted according to that standard.

23. Mobile unit according to any of claims 15 to 22, further comprising means

for identifying the base stations within radio range of the mobile unit.

24, Mobile unit according to any of claims 15 to 23, further comprising means
for identifying a predetermined geographical location, and alarm means for
signallingto a user that the geographical location of the device corresponds to the

predetermined location.

25, The mobile unit of'any of claims 21, 22 and 23, in combination with a

cellular radio network, the cellular radio network comprising a plurality of base

20

25

stations operating with control channels broadcasting synchronous time division
frame structures, means for identifying which of the base stations are in radio

range of a specified mobile unit,

e stations are detected by the nobile
Apparatus according to claim38, 39 or 40, having neans for




the direction of the nobile unit relative to one or nore of the base
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timing advance required for communication with the serving bese station, if fewer

than the required number of bzse stations are detected by the mobile unit.

31. Celiular radio network according to claim 27, 28, 29 or 30, having means
for determining the direction of the mobile unit retative to one or more of the base

stations if fewer than the reguired number of base stations ere detected by the

mobile unit.

32. Cellular radio system according to any of claims 26 to 31, in which the

-base stations’ frame timings are offset relative to each other, and further

comprising means for subtracting the respective offset from the arrival time of the
characteristic feature of the frame at the mobile unit to obtain the difference
between the distance that base station is from the mobile unit and the distance

the serving base station is from the mobile unit.

33. Apparatus for determining the position of a mobile unit using a cellular
radio system having a plurality of base stations, said apparatus comprising means
for determining the differences in timing of the operation of the base stations as
measured at the mobile unit; means for determining, from the timing differences,
the differences in the distances of the mobile unit from each of the base stations;
and means for deriving, from the differences in distance, the location of the mobile

unit, characterised in that the apparatus comprises means in the cellular radio

system for synchronising the time division frame structures of control channels

broadcast by at least a plurality of the base stations within radio range of the
mobile unit, and means in the mobile unit for determining the differences in timing
at the mobile unit of a characteristic feature of the time division frame structure

broadcast by the control channel of each base station.

34.  Apparatus according to claim 33, wherein the time cifierence measuring
means, ‘distance difference determining means and location ceriving means form

part of the mobile unit.
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35.  Appereis according to clzim 34, further comprising means for icentifying
the base staiions within recic renge of the mobile unit. end meens for yransmiss iting

data 1o the mobile unit 12leting 10 the geograohical locations cf saic base siations.

38. Apperews eccofding 15 claim 33, 34, or 35 further comprising mean

wn
-ty
Q
v

getarmining end comperszling for ofisets in sync"xromsa:'" betwesn the bass

STENoNs’ transmissions.

37. Apparzws eccording 1o eny of claims 33 to 38, errancsd o aperels
according to the GSii siencderd, and wherein the chareciznsiic fazture is the

synchronisation burst (SCH) trensmitied according to that siencerd.

38. Apparews according to any of claims 33, 34, 35, 38 or 37 comprising
means for detecting the cifierences in timing et the mobile unit of & least four
base stations, end means for thereby determining the position of the mebile unit in

two dimensions.

39. Appareius according 10 any of cleims 33, 34, 35, 36, 37 or 38
comprising mezns for detecting the differences in timing at the mobile unit of &t
least five base stetions, and means for thereby determining the position of the

mobile unit in 3 dimensions.

- 40, Apparatus according to claim 38 or 39, having means for ceriving the

distance of the mobile unit from the serving base station from the timing advance
required for communicaf.ion with the serving base station, if fewer than the

required number of base stztions are detected by the mobile uait.

41, Apparzius according to claim 38, 39 or 40. having mzaas for determining
the direction oi the mobdile unit relative to one or more of the base stations, i

fewar than thea reauired numbar of base stiations are detected by the mghils unit.
d

42, Mobile unit or apparetus according to any of claims 15 to 41
comprising mneans for identifying a predetermined geographical
location, and alarm means for signalling to & ussr that the

geographical 1location of ths device corresponds to the

-

predetermined locatio:x.



