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POSITION DETERMINING SYSTEM 

This invention relates to a posidon determining system using radio or other 

broadcast transmissions. Ma~ particularly. it mlates lO a system using the Global System 

for Mobile Communications (GSM) or other digital transmission systems. 

5 In our European Parent EP-B-0 303 371 we describe a radio navigation and 

ttaeking system. now known as 'CURSOR'. which uses the spatial coherence of the 

signals from several radio transmitters to determine the position of a roving receiver. Its 

principles are explained in the above patent specification where it is stiown how the 

signals received direcdy by the roving receiver (rover) are compared with those received 

10 by a fixed base station whose location is lcnown (base) lO derermine Eheir phase diffemu:e, 

and hence the difference in range of the base and rover from each transmitter. Three such 

measurements made on independent transmitters are needed for navigation and tracking in 

two dimensions to fix the position ofthe rover relative lO the base station and network of 

uansmitters. The unknown quantities.calculared for each new position are ·me spatial x and 

IS y co-ordinates of the rover together with the phase offset between the local oscillators in 

the equipment of the two receivms. A further parent specification, WO 94128432, shows 

how the same principles may be applied in amnels and other shielded spaces such as .. 
underground car parks. Duffett-Smith and Woan (Joumal of Navigation. 45. 157, 1992) 

describe a particular implementation of the phase-measuring system in which the sipals 

20 from three or more medium-wave AM public broadcast stations are used to traek the 

position of a vehicle in and around Cambridge, UK. at speeds up to 110 Ian h"1
• with a 

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

additional costly infrasU1JCt11re of cohemlt radio transmitters needs to be set up for 

CURSOR operalion. On the contrary. CURSOR is able to use the signals from any 

2S independent radio transmitters set up for any purpose. 

EP-B-0 303 371 also ~xplains how the wider . bandwidth signals of modulated 

transmissions may be used to measure the rime difference between the signals received 

from each rransmitter at the base swion and the rover. In this· case. the position of the 

peak in the cross conelation can be used as an estimator of the time difference between 

JO the two received signals. and hence lhe difference in disiance from the transmitter of the 

base and rover. As with the phase-measuring system. three such measurements made on 
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three widely-spaced cransmitters suffice to calculate die spatial x and y co-ordinates of the 

rover together with the time offset between the oscillators in the two receiving srations. 

Mobile telephones are increasingly using GSM and other digital techniques. and it 

would be an advantage to add time-measuring CURSOR positioning technology to 

· s provide additional services for users. However, signals radiated by digital telephone 

transmitters are complex and therefore there are problems to be overcome in attempting to 

combine the technologies. 

According to the present invention there is provided a position determining 

system, for receiving broad band signals transmitted by a number of transmission 

10 sources equal at least to the number of dimensions in which the movement of a roving 

object is to be monitored. the system comprising 

a pair of receiving stations. in use the first of the receiving stations being at a 

known position and the second being located on the roving object; 

a position determining processor; 

15 means for passing a link signal from each of the receiving stations to the 

position detennining processor, the link signal containing infonnation about the signals 

received at the receiving station from the transmission sources; 

wherein each of the receiving stations is manged to receive the signals from the 

respective transmission sources subsrantially simultaneously. and the position 

20 detennining processor is manged to compare the infonnation received from the one 

receiving station about the signals received at the one receiving station from the 

transmission sources with the infonnation received from the other receiving station 

about the signals received at the other receiving station from the transmission sources. 

and to determine the time delay between the respective signals received at both 

2S receiving stations in order to determine the position of the roving object. 

The .receiving stations may receive the signals from the respective transmission 

. sources sequentially and in the same sequence as each other. 

The invention also includes a method of detennining the position of a roving 

object. the method comprising transmitting a broadband signal from a number of 

30 transmission sources equal at least to the number of dimensions in which the movement 

of a roving object is to be monitored; receiving the signals at a pair of receiving stations, 

in use a first of the receiving stations being at a known position and a second being 
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located on die roving object. each of the receiving stations being arranged to receive the 

sipals from the respective ttansmission SOUICes substantially simultaneously; passing 

link signals from each of the receiving stations to a position determining processor. the 

link sipals containing information about the signals received at the respective receiving 

s station from lhe transmission sources: comparing the infonnation received at the 

position determining processor from the one receiving station about the signals 

received at the one receiving station from the transmission sources with the infonnation 

received from the other receiving station about the signals received at the other 

receiving station from the transmission sources; and determining the time delay between 

10 the respective signals received at both receiving stations in order to detennine the 

position of the roving object. 

Additionally. the invention includes a method of estimating the offset in time of 

·receipt of a broadcast signal received at two locations~ where the signal received at the one 

location may have been subject ·to conuption by multiparh effects.· the .method comprising 

15 auto-conelating the signals received at the one location: auto-conelating the signals 

received at the other location; cross-coaelating the signals received at the one and other 

locations; constructing a template comprising that portion of the auto-conelation of the 

signals received at the other location corresponding to the negative time axis. and that 

pordon of the auto-correlation of the signals received at the one location corresponding to 

20 the positive time axis; and measuring the offset at which the template best fits the 

measured cross-correlation of the signals received at the one and other locations as an 

estimate of the time offset between die signals received at the two locations. 

In some systems. each of the receiving stations is also ammged to receive a 

second signal from one or more of the transmitters, said second signal being used to 

25 enabJe compensation for changes in equipment offsets during receipt of the sequentially 

received signals. 

The position detennining processor may be co-located with one of the receiving 

stations or may be Jocared remotely. 

In one embodiment. the link signal from one of the receiving stations is passed 

30 to the other receiving station and from the other receiving station to the position 

determining processor. 

3 



W097/lt384 PCT/GB96/02308 

Preferably, for locaang purposes, a signal providing information about the 

position of the roving object is passed from the position determining processor to at 

least one of the receiving stations. 

The system may further comprise one or more monitoring stations and a signal 
S providing infonnation about the position of the roving object may then be passed from 

the position determining processor to one or more of the monitoring stations. 

To provide enhanced functionality. a database server may be connected to the 
position determining processor, the database server con.taining data elements relating to 

a plurality of known positions; and the system funher comprises means for passing 

JO infonnation about the position of the roving object detennined by the position 

detennining processor to the database server; means for retrieving data elements 
related to the position detennined by the position determining processor: and means for 
passing the data elements to one of the receiving stations or to one or more of the 

monitoring stations. 

15 The. or each receiving station or the or each monitoring station preferably 
includes a display and the position of the roving object is displayed on the display 

which may be a dot matrix display. 

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

10 display to indicate the position of the roving object. 

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

ttansmission sources and select a plurality of sufficiently strong signals for reception. 

2S The quasi-synchronisation between the signals received from the respective 

transmission sources is preferably achieved by monitoring receipt of a specific ponion 

of the transmitted signals. but may be achieved, alternatively, by means independent of 

the transmitted signals such as a local clock signal. 

The system preferably includes a series of regionally. nationally, or even 
30 internationally networked fixed receiving stations to provide wide coverage and usage 

of the positioning system. 
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The receiving stations may be capable of receiving two or more channels 

simultaneoUsly and it may be advantageous to repeat the reception of signals from plural 

transmission sources. 

The description below sets out how the principles of the time-measuring 

s ~OR system may be applied to a digiw· radio network. such as the GSM telephone 

system. to enable the position of a secciver. such as a portable telephone handset. to be 

measured relative to the uansmitter netWork. The equipment used in such a network 

already incorporates most of that required for position fixing operation, so that its 

implementation may be achieved with little extra cost. The precision of each position 

10 measurement is proponional (amongst other factors) to the inverse of the bandwidth of the 

signals; for a GSM single channel of 200 KHz bandwidth. the precision is about SO m. 

Some improvement on this figure may be obtained in cases where more than three GSM 

transmitters can be received at ·both base and rover; they may all then be used in the 

position.determining process. 

15 The principles of operation of a position determining system according to the 

pn:sent invention, and a specific application to GSM technology. will now be described 

with reference to the accompanying drawings and included tables. in which:· 

Figure 1 is a diagram of the basic system elements; 

Figure 2 is a diagram used to define rhe system co-ordinates; 

20 Figure 3 illusttatcs calculation of cross correlation functions: 

Figure 4 illustrates a GSM netWork incorporating the time-measuring technology 

of the invention. and identifies the logical elements thereof; 

Figure S illusuates the basic circuit components of a GSM handset: 

Figure 6 illustrates a particular method of overcoming the effect of multipath 

1S propagation on measuring relative time delays; 

Figure 7 (a, b, c) shows·various different ·configurations ofthe elements in a GSM 

system incorporating the invention; 

Figure 8 illustrates bow position infonnation may be displayed graphically on a 

small liquid crystal display; 

30 Figure 9 illustnUeS the arrangement of elements and test sites in a trial carried out 

in C&mbridge. UK; 
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Table 1 shows BoW the intrinsic measurement error varies with the signal to noise 

power ratio and tbe number of bits recorded: and 

Table 2 gives some results from teslS of a position detennining system carried out 

in Cambridge, UK. 

Prindples of operation 

Let us suppose that a transmitter, A, is broadcasting modulated radio sipals 

within a band of frequencies of width Av centred on frequency v0 • The signals are 

received by a fixed base station, o. and a roving receiver, R, as shown in Figure I. We 

10 define Cartesian co-ordinates (x, y) with respect to axes centred on die base station, as 

shown in Figure 2. The axes can have any orientation, but might conveniendy be set so 

rhat the y-axis lies along the local mapping grid north-south direction. g = (a1, a1) is a 

vector which defines the position of die ttansmiaer. and ! = (x, y) defines the position of 

the rover. The vector!· g = (.r-011, y-a1) completcs·the triangle OAR. 

15 Transmitter A transmits signals continuously. At a prearranged moment the radio 

receiven in 0 and R begin receiving and recording a short length of the transmissions. 

This moment may for example be signalled by the arrival of a trigger transmitted from A, 

or a trigger derived from the nonnal signal traffic radiated by A. or a trigger generared 

locally. The last of these may be achieved, for ex.ample, by using a pulse of short duration 

20 derived from high-precision clocks at R and 0 which have been synchronised earlier. In a 

digital version of this application. the signals might first be converted from v0 to 

baseband, digitised, and then recorded jn dynamic memory. Although 0 and R record as 

near simultaneously as possible. there will nevenheless be a time offset between the two 

records which is caused both by the difference in the distances AO and AR. and by the 

:ZS synchronisation error between the arrival of the trigger at 0 and R. Let flt be this time 

offset; it is given by 

where £ is the synchronisation error and u is the speed of the radio waves. 

An estimate of t:.t may be obtained from the cross cmrelation of the recordings 

made at 0 and R. In Figure I there are shown links. LI and L2. which represent means of 
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conveying repiesentations of the recordings made at each n:ceiving station to a position 

detennining processor CPP. 1be nahlre of the links, whether they convey infonnation in 

near read time or impose delays. is of no consequence in principle. All that matters is that 

duplicates of the recordings made by each receiving station are assembled together at the 

s position determining processor for comparison with each other. 

The cross correlation of the two recordings is now performed by the position 

determining processor usin1 any convenient means. In the cue of digital signals. this may 

best be carried out by a microprocessor which calculaies estimares of the function at 

disacte interVals of time offset. t, corresponding to the sampling interVal, r1, as shown by 

10 the dots in Figure 3. It is unlikely that the peak of the function corresponds with a 

particular sample, so the microprocessor must also fit an interpalation function, shown by 

the dashed curve, in order to obtain the best estimate of the position of the peak. The value 

of~ corresponding to the peak is an ·estimator of bl. 

This process of quasi-simultaneous recording. conveyance over one or mme links, 

IS assembly of copies at one place, and estimation of the value of & from the cross 

c:orrelarl~ must be perfonned on at least two or three spatially distinct transmitteIS. If 

there are means at 0 and R of synchronising sufficiently accurately, then just two 

measurements would generally suffice; otherwise, if £ is unknown as is generally the 

case. at least three measurements are needed Let A. B, and C be the three transmitters in 

20 the latter c~ at vector positions g = (a ... a,). Jz. = (b ... by). and r.: = (c ... c1). Then the three 

measurements of 6t are given by 

[(x ·bx fl +(y·bv Y. /
1

~ -(~+~ )Yz 
11 lb= . . £ 

'\) 

and 
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(1) 

These three non-Jinear equations can be solved to evaluate .x, y. and a. and hence 

the position of the rover is delemlined. Actually, the solution of these three equations is 

generally ambiguous with two possible pairs of (A; y). Often these are sufficiendy far apart 

s that it is obvious which is the correct result (for example. only one might lie within the 

triangle formed by the three transmitters). but if the ambiguity must be resolved 

automatically then an extra transmitter must be monitoml. 

The accuracy of the method depends on the error in the estimator of Al derived 

from the cross correlation, and there are three main factors. First. the width of the cross 

10 correlation affects the accuracy of the IeSUlt, since a wider function provides a less 

sharply-defined peak. The width is inversely proportional to the bandwidth. Av, of the 

transmitted signals. Hence. wider bandwidth transmissions provide for more accunre 

inttinsic position dctennination. It ·should be noted ·here that the "bandwidth" could 

. encompass all the signals radiated from a panicular radio mast and not just one particular 

l5 channel. For example, if ten adjacent channels of 200 KHz width each were active within 

a total bandwidth of 2 MHz, it may be possible, using a wide-band receiver or one which 

can receive simultaneously on more than one channel. to make use of all ten at once and 

thereby obtain the accuracy corresponding to a 2 MHz bandwidth. If some of the channels 

were inactive. it might nevertheless still be possible to obtain the full accuracy 

20 corresponding to the separation of the two channels funhest apart. 

Secondly, the signal-to-noise power ratio, r, of the signals is imponant. Let us 

assume that we are recording one-bit samples of the received signals converted first to 

baseband. Each sample is a 'one' or a 'zero' depending on whether the signal is greater than 

or less than zero at the instant of sampling. We also assume that the signals are contained 

2S wholly within a unifonn band of frequencies extending from zero to /JN, and that they are 

·.sampled at the Nyquist rate equal to 2Av. The error in the estimation of the position of the 

peak. A-r. is related to the average· number, q(r), of consecutive samples which contains 

just one error by the approximate expression 

At= r.: 
(q( r )·2)Avv N 

2.Jq(r )-1 
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where N is the total number of samples used in the cross correlation. The minimum value 

of q is 2 since even when there is no signal, rhe one-bit samples have an equal chance of 

being right as wrong. Here we have assumed that the cross correlation function is 

triangular in shape rather rhan the sine-squared function expected for noise signaJs and 

s square band-pass filters. An error of A't adds in quadratically as a position error, Ax. where 

Ax = u A't. The relationship between q(r) and r can be obtained from the following 

expressions on the assumption that the signals are noise-like: 

10 

I 
q(r)=­p 

I xz 
Q( a)= 12: J;..exp(--; )dz 

With Av set to 200 KHz. the results shown in Table 1 are obtained. 

Tablel 

SIN Power Ratio q N= 1024 

r llXlm 

n ?n -
I 4.0 81 

2 S.1 61 

3 6.0 S2 

4 6.8 47 

6 8.l 41 

10 10.3 34 

30 17.4 2S 

100 31.S 18 

9 

N=4096 

Axlm 

-
41 

31 

26 

24 

20 

17 

12 
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As noted above. the errors on the measumnents from each ttansmitter. say &a. 

~2. ~3' must be added in quadrature with each other and with any other errors in the 

estimation of the position of the rover. It is interesting to note that quite good results can 

be obtained even in conditions of poor reception. 

5 Thirdly. and usually the most imponant in practice. there is the error incurred by 

not having an accurate knowledge of the paths by which the signals reach the rover. 

Multipath propagation spreads out the cross correlation, making it harder to estimate the 

position of the peak. It may also result in a multi-peaked cross correlation with the desired 

peak having a lower amplitude than others. If all the signals arrive by indirect routes, there 

10 may be no peak at all corresponding to the line-of-sight propagation path. It should be 

noted, however, that multipath propagation always results in a delay of the signals 

compared to the direct path. Provided that the base station antenna is in the clear above the 

surrounding clutter so that it receives the most direct signals only, then delayed signals at 

the rover always appear to the larcr side of the peak of the cross correlation. (In these 

15 circumstances it is possible to alleviate the effects of the multipath propagation as 

explained later.) Having fitted an appropriate interpalation function to the discrete 

samples, it is important to choose the smallest value of 't at which there is a significant 

amount of signal as that value of /JJ to be used in the calculation of the position, rather 

than the position of the peak itself. 

20 

Application to GSM 

. The signals radiated by the transmitters in a GSM network are complex. The 

flexibility and capacity built into its design are such as to render it difficult, if not 

impossible, to predict precisely how the- allocated spectrum (near 900 MHz and 1800 

2S MHz in Europe) will be used at any moment The frequency band is split into a number of 

radio frequency (RF) channels of 200 KHz width, each of ~hich carries frequency 

modulated (FM) signals divided in time into a sequence of frames. The ba5ic unit is the 

so-called time division multiple access (TOMA) frame lasting 4.615 ms and further 

divided into 8 time slots. Each time slot cmics 156.25 bits at a rate of 270 Kbits s·1 and 

30 may represent a 'normal bUISt' of data and training bits, a 'frequency correction burst' of 

flxed pattern, a 'synchronisation burst' of data and synchronisation bits, or an 'access burst' 

with a synchronisation sequence and data. Each of these bursts also carries header, tail, 
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and guard bits. How many of the time slots are being used at any moment in a given 

frame. and how many of the RF caniers are being broadcast from a given transmitter, 

depends on the way the system has been set up and on the amount of traffic at that 

moment. However, in the minimum case when all is quiet one of the RF caniers will 

s always be alive, carrying the so-called broadcast conuol channel (BCCH; a logical 

channel). polling for handsets in its cell by broadcasting one access burst in every TDMA 

frame. We can therefore rely on there being at least one FM broadcast from each 

transmitter mast with a bandwidth of about 200 KHz. and this we can use for position 

location. 

10 A regional GSM network incorporating a positioning system according to the 

present invention might be as shown in Figure 4. Here we see base receivers. hereinafter 

also refcm:d to by the acronym CBU. labelled CBUA. CBUs. CBUc etc .• at every GSM 

transmitter A, B, C etc., able to receive not only the signals -from their own local 

transmitters but also those from at least· two other. distant transmitters. We also see a 

IS number of handsets incorporating roving receivers. hc!einafter also refem:d lO using the 

acronym CRU, labeJJed CRUi. CRU2 ere., active in the region. It is imponant that these 

handsets can also ieceive the signals from die same set of distant transmitters as well as 

fiom the local transmitter. As noted above, it is not necessary to achieve a high 

signal-to-noise ratio for reception of the distant signals. but nevertheless the need to 

20 n:ceive distant transmitters may limit the usefulness of this system in rural areas where 

cells are very widely separated. Also shown in Figure 4 are the position determining 

processor (CPP) and a service provider database (SPD). This is a device which provides 

position-related data specific to a request by the user of the position determining system. 

For example, the user may need directions to find the railway station in an unfamiliar city. 

2S The position determining processor would compute the user's position and pass it to the 

service provider database . together with the. user's. request. The database would respond 

with the required list of instructions. The configuration shown.here, in which the position 

determining processor is a stand-alone remote unit. is just one of several possible 

configurations (see below). For example. the CPP and CRU might be combined together 

30 inside the handset so that position processing is carried out by the handset's own 

computer. 

11 
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There needs to be established a trigger code which is broadcast periodically from 

each transmitter, probably within the BCCH logical channel. As noted above, this could 

be a special code set up within the existing GSM framework. or it might be a iqnring 

element of the ordinary GSM signals themselves, such as the arrival of a frame number 

s ending in three zeroes which occurs every 4 seconds. The anival of the trigger code causes 

an active roving receiver (CRU) 10 begin the process of recording the signals from at least 

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

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

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

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

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

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

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

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

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

samples are iecolded for each of the two distant ttansminers ( 1024 each of l and Q 

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

the whole process can be completed within a few hundn:d ms including the time taken to 

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

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

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

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

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

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

25 base and roving receivers for correlation and position processing. It might also use other 

parameters of the signals recorded by the two.receiving stations such as signal strengths. 

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

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

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

30 &b and &c. the processor solves the equations to evaluate x and y. However. the need to 

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

lhat the synchronisation error. E, is changing all the time and is unlikely to be constant 

12 



W097/11384 PCTIGB96/02308 

over the period of recording. We can model this error over shon periods as an offset plus a 

linear slope. i.e.: 

£ =So+£1t 

where eo and £1 are constants, and tis the time. We have a funher unknown quantity to 

s evaluat~ £1o and we can do this by recording the signals from the local transmitter again 

for a second time (at both base and rover). We now obtain four values of l!r made at 

sequential times t1, t2, t3, and r,, and equations ( 1) become: 

10 

and 

(2) 

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

15 from which e., can be found. Hence with four estimates of At equations {2} can be 

evaluated to recover x and y. 

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

simultaneously do not need to repeat the recording of the signals from transmitter A since 
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the rate of drift between the clocks (measured by E1) is then of no consequence and docs 

not need to be determined. High-quality single-channel handsets may also be able to 

dispense with the repeated recording if the drift in the clock error is small enough to 

ignore. 

S As noted above. almost all 1he hardware elements needed inside a GSM handset 

for the purposes of the present invention exist already for nonnal GSM operation. Figure S 

illustraleS a typical implementation. The RF signals in the region of 900 MHz or 1800 

MHz are received by antenna I, amplified in the RF amplifier 2. and filtered in the RF 

bandpass filter 3. before being mixed to the intermediate frequency, IF, in mixer 4 with a 

10 local oscillator signal LO., generated by oscillator S. L01 already incorporates the 

necessary channel switching ability. It is important for the present invention that its 

frequency is phase·locked to that of a master oscillator. MO. usually a crystal oscillator 6. 

This is also a requirement for normal dSM operation so it imposes no additional costs. 

The IF signals are amplified in amplifier 7. filtered by the bandpass filter 8. and convened 

15 to baseband in quadrature mixers 9 and 10 using the signal. L02, from a second local 

oscillator 11. As with L01• this second oscillator also needs to be phue-lockcd to the 

master oscillator. However. fine tuning (automatic frequency control, AFC) is often also 

incorporated into the loop which must be held constant during the recording process. 

Quadrature outputs are filtered by rbe lowpass filters 12 and 13, digitised in 

20 analogue-to-digital converters 14 and 15. and the bit streams labelled I and Q are 

produced. Position detennination then just requires the microprocessor 16 to make 

recordings of the bit streams in dynamic ram 17 under the control of the program 18. 

There might be a need for some additional memory. The main modification to enable 

position determination is in the firmware program running on the microprocessor. and it 

25 might be necessary to upgrade the processor itself to a faster model. Similar equipment is 

needed in the base receiving station. 

. A commercially limiting element in a system according to the present ·invention is 

likely to be the means by which lhe signals recorded at the base and rover are transferred 

to the position detennining processor for cross correlation. lt is therefore important to 

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

sampling produces adequate results even under conditions of poor signal reception, and 

although slighdy better accuracy can be obtained using, say, two-bit sampling, the increase 
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in the link load is likely to be unamactive. Indeed. it is probab1y better to double the 

number of one-bit samples. and hence double the length of the sampling interVal, than to 

use two-bit samples. It may also be necessary to measure both I and Q channels and to 

perfonn a complex cross correlation. since the base and rover signals are unlikely to be in 

s phase with each other. and the crystal oscillators are not locked together. Let the 

quadrature bit sueams at the rover (CRU) be represented by I and Q (see Figure S), where 

I= V1(t)cos(8 1} 

and 

Q = V2(r)sin(8,) 

10 where 81 is the ·phase of· the signals, and Vi(t), ·V2{t) are their amplitudes. The 

corresponding quantities recorded at the. base (CBU) are 

and 

Q' = v:<rJsin<e,) 

ts The microprocessor must then compute four cross corre1ations conesponding to ll, QQ', 

IQ', and rQ, and then seek the peak in the quantity p. where 

p = ~(ll'+QQ' f + (IQ'-l'Q f 

The phase difference. e = 81-82. can also be obtained from 

•1 J'Q-JQ' 
9 = tan I II'+QQ' J 

20 and this can be used to take out the small frequency offset between the local oscillators in 

the base and rover so that longer integration is possible. 
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Equations ( 1) and (2) above show how estimates of the time delays, llr. may be 

used to deduce the position (x, y) of the rover and the synchronisation eaor. e. between the 

base and rover. Central to this process is the accuracy with which estimates of & can be 

obtained from the cross correlations. As noted above. the major limitation to the accuracy 

S is likely to be caused by multipath propagation of the signals from the GSM transmitter to 

the rover. It is assumed that che antenna at the base has been installed high enough above 

surrounding clutter to ensure that multipath propagation is small enough to be ignored. In 

these circumstances. multipath propagation to the rover causes the cross correlation profile 

to be spread out towards longer delay times. since the most-direct signals mive first. The 

JO preferred method for obtaining an estimate of llt is based on using auto-correlations 

(ACF) of the base and rover signals as welJ as the cross-correlation (CCF) between them. 

We use the two auto-correlations to deduce the likely shape of the cross-correlation. and 

then fit that •template' to the cross-correlation to obtain the best estimate of Ill. 

The two auto-correlations, ACfcRu and ACFcau. together with the cross 

ts correlation. CCF. may be obtained by any of the standard means (see for example in 

"Random Data: analysis and measurement procedures" by J. S. Bendat and A. G. Piersol, 

Wiley-Interscience, 1971); we prefer the methods which involve fast Fourier transfonns. 

The ACFceu is a good estimate of the 'intrinsic' auto-correlation of the ttansmitted signals 

(negligible multipath effect) whilst the ACFau is likely to be corrupted by multipath 

20 signals. i.e. signals delayed by more than about 30 m equivalent path. This is shown for a 

panicular example in Figure 6. where trace A is ACFcau and Bis ACFau. We can see 

that multipath has given rise to secondary peaks in trace B which appear on both sides of 

the main peak since the auto-correlation is always symmetrical. The 'template' is 

consaucted by taking the left-hand ponion of ACFcau (i.e. the trace to the left of the 

2S central peak in A corresponding to the negative time axis) and joining it to the right-hand 

ponion of ACFcRv (i.e. the trace to the right of the central peak in B corresponding to the 

positive time axis). This is shown in Figure 6 trace C. The measured CCF is shown by 

trace D. and we can see that the template C reproduces the major features. The estimate of 

the time offset. &. is then obtained by fitting the template to the measured CCF using any 

30 standard method. allowing the amplitudes of the two halves of the template to be free 

parameters as well as Al. The fitting procedure also produces a 'goodness of fit' parameter 

which may be used as a basis for rejection or inclusion of the data. 

16 
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In cases where more than duce GSM transmitters can be teeeived at both base and 

rover, it may be an advantage to use them all in the position determining process, 

especially if one or more of the paths is substantially indirect. Jn such a case. the goodness 

of fit parameter can provide a weighting factor for each f:J to be used in evaluating the 

s position. 

GSM handsets incorponue multi-level Analoaue-to-Digital Conveners (ADCs) 

and use adaptive processing techniques in order to reduce the errors resulting from 

multipath propagation. It may therefore be possible to use the demodulated signals 

themselves for the cross correlation function rather than the raw I and Q data streams from 

10 the receivers. depending on the design of the handset. Such extra delay put in by the 

adaptive processing must be removed of course. and no amount of processing can allow 

for the unknown extra path length of a wholly-indirect signal. but the demodulated outpUt 

may nevenheless be better for estimating time-delays· than the pre-processed I and Q raw 

· data streams. Shown in dotted outline in Figme S is an FM discriminator 19 (FMD). PM 

15 discrimination translates a fn=quency offset into a steady (DC) shift in the output, so 

quadrature signals (I and Q) are not needed, but are replaced by a single signal (J in Figure 

S). This offers two funher advantageS in dw (a) half as much data need be transferred 

over the links. and (b) it is unneces.wy to adjust for the frequency offset at the position 

detennining processor thus reducing the processor overhead. 

20 As noted above, several different configurations of a position detennining system 

according to the present invention are possible. depending on the relative locations of the 

GSM transmitters (often called Base Transceiver Stations. BTSs), the roving receivers 

(CRUs), the base receivers (CBUs), the position determining processor (CPP). and a 

service provider database (SPD). 11uee configurations arc illustrated in Figures 7a. 7b, 

25 and 7c, denoted A, B. and C. Each of these is further subdivided into two. Figure 7a 

shows configuration A in whitjl the CPP and SPD are co-located at a position remote 

from both the CBU and CRU. This could be the case, for example, when orie CPP/SPD 

combination serves an entire region. In Al each BTS has a CBU co-located with it. In A2 

the CBU serving the local cell embraced by the three BTS is shown somewhere within the 

30 cell. Configurations Bl and 82 (Figure 7b) are similar to Al and A2 respectively except 

that there are now many CPPs. In B 1 each BTS has a CBU attached to it; in B2 each 

triangle of three BTSs has a CPP within it of which just one is shown in the Figure. The 

17 
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regional SPD remains at a remote location. Configurations Cl and C2 (Figure 7c) are 

similar to Al and A2 but with the position processing calried out within each handset. 

Other configurations are also possible. each having relative advaniages making them 

suited to particular commercial applications. 

s In some commercial applications. it may be an advantage to display map 
infonnation in graphical fonn as part of the response of the service provider database to a 

zcquest for a position-related service. An example of this is given in Figure 8 where it is 

shown how a map of the local area might be displayed on a screen attached to the position 

detcnnining processor or at a monitoring station. The user has requested directions to a 

10 location marked by a filled circle labelled Z. and the position determining processor has 

computed the user's position to be somewhere within the filled circle labelled W. The 

user's handset includes a liquid crystal dot-matrix display which can display small 

ponions of the larger map. as well as character-based . infomwion. The first screen 

displayed on the handset might be as shown in the panel marked (a) in Figure 8. This is a 
. is large scale map of the local area with. the circle, radius 100 m. centred on the calculated 

position. The roads are marked 1, 2. 3 etc •• coaesponding to the names indicated on the 

·second screen, panel (b). The user can scroll back and forth between scn:ens at will. Panel 

(c) sho~s a larger scale map of the local area. together with a pointer, K. which indicates 

the direction of the target destination. Z. Clearly. many other screens of information are 

20 possib~ including one giving the address of the target destination. local traffic conditions, 

approximate distance, etc. In a commercial application. there might also be scope for a 

limited amount of advertising on the handset display. 

Tests of prototype system 

25 A prototype test apparatus using a pair of swadard hand portable units and some 

additional recording equipment was set up in Cambridge. UK. The base station (CBU) 

was in a three-storey building near the city centte (see.Figure 9) with the antenna fixed on 

the roof. The roving receiver (CRU) was carried in a car to various locations in the south 

of the city as shown by the crosses in Figure 9. Three GSM transmitters (BTSs) were used 

30 in the trial, located respectively in the city centre, at Great Shelford to the south, and at 

Fulboum to the south easL Table 2 gives the mean positional errors in both co-ordinates, 

i.e. the differences between the averages of about 10 independent position dctenninations 

and the we positions as measured on a map. Simple data analysis techniques were used 

18 
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with no special disc:rmiimtion against the effects of multipath propagation. The inherent 

accu.racy of the apparatus, found from tests with both base receiver and roving m:eiver 

side-by-side on the bench, was less than 20 m nns. Tests numbers I to 6 were performed 

with the rover stationary; tests 7-11 were made at speeds between 40 and 64 km h"1
• 

Tabk2: 

Location nmnber Mean error East Mean error North 
(m) (m) 

1 66.S -S9.S 
2 -S.S 80.0 
3 -68.0 -15.0 
4 89.0 90.0 
s -19.0 41.0 
6 64.0 79.0 

7 -73.0 6.0 
8 -62.0 S9.Q 
9 17.0 128.0 
10 43.0 31.0 
11 9S.O 10.S.O 

19 
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CLAIMS 

1. A position determining system. for receiving broadband signals transmitted by a 

number of transmission sources equal at least to the number of dimensions in which die 

s movement of a roving object is to be monitored. the system comprising 

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

known position and the second being located on the roving object; 

a position determining processor; 

means for pa.uing a link signal from each of the receiving stations to the pos~on 

10 determining processor, the link signal containing information about the signals ~ved at 

the receiving station from the transmission sources; 

wherein each of the receiving stations is manged to receive the signals from the 

respective ttansmission sources substantially simultaneously. and the position determining 

processor is manged to compare the information received from the one receiving station 

is about the signals received at the one receiving station from the transmission sources with 

the information received at die other receiving station about the signals received at the · 

other receiving station from the transmission somces. and to determine the time delay 

between the respective signals received at both receiving stations in order to detennine the 

position of the roving object. 

20 

2. A position detennining system according to claim 1 in which the receiving 

stations may receive the signals from the respective transmission sources sequentially 

and in the same sequence as each other. 

lS 3. A position determining system according to claim 1 or claim 2, wherein each of 

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

transmission sources. 

4. A position detennining system according to any of claims 1 to 3. wherein the 

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

20 
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S. A position determining system according to claim 4. wherein the link signal 

fJom one of the receiving stations is passed to lhe other receiving station and from the 

other receiving station to lhe position detennining processor. 

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

position determining processor is located remote from the receiving stations. 

7. A position determining system according to any of claims I to 6. wherein a 

signal providing infonnation about the position of the roving object is passed from the 

10 position determining processor to at least one of the receiving stations. 

8. A position determining system according to any of claims l to 1, funher 

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

position of the.roving object is.passed from the.position detennining.processor to the 

lS monitoring station. 

9. A position determining system according to any of claims I to 8. funher · 

comprising 

a database server connected to said position determining processor. said 

20 database server containing data elements relating to a plurality of known positions; 

means for. passing infonnation about the position of the roving object 

determined by the position determining processor to the database server; 

means for retrieving data elements related to the position determined by lhe 

position determining processor; and 

25 means for passing the data elements to one of the receiving stations or to the 

monitoring station. 

10. A position detennining system according to any of claims l to 91 wherein the or 

each receiving station or the monitoring station includes a display and the position of 

30 the roving object is displayed on the display. 
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11. A position determining system according to claim l O. wherein the display 

comprises a dot matrix display. 

12. A position detennining system according to claim 10 or claim J I when 

s dependent on claim 9, wherein the database server contains graphical information and 

said graphical infonnation is passed to the ieceiving station or monitoring station and 

displayed on the display to indicate the position of the roving object: . · 

13. A position determining system according to any of the preceding claims, 

10 wherein the transmission sources and receiving stations comprise components of a 

digital cellular telephone network. 

15 

14. A position determining system according to claim 13, wherein the digital 

cellular telephone network is a GSM network. 

IS. A position detennining system according to any of the pieceding claims, 

wherein the receiving stations monitor the strength of the signals of plural transmission 

sources and select a plurality of sufficiently sttong signals for reception. 

20 16. A position detennining system according to any of claims I to 15, wherein the 

quasi-synchronisation between the signals received from the respective transmission 

sources is achieved by monitoring receipt of a specific portion of the transmitted 

signals. 

25 17. A position detennining system according to claim 15 wherein the quasi-

synchronisation between the signals received from the respective transmission sources 

is achieved by means independent of the transmitted signals. 

18. A method of determining the position of a roving object. the method comprising 

30 transmitting broadband signals from a number of transmission sources equal at least to 

the number of dimensions in which the movement of a roving object is to be monitored: 

receiving the signals at a pair of receiving stations. in use the first of the receiving stations 
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being at a known poSiti6n and the second being located on the roving object, each of the 

receiving stations being arranged to receive the signals from the respective transmission 

sowces substantially simultaneously; passing link signals from each of the receiving 

stations to the position determining processor, the link signals containing information 

s about the signals received at the respective receiving station from the transmission 

sources; comparing the infonnation received at the position detennining processor from 

the one receiving station about the signals received at the one receiving station from the 

transmission sources with the information received from the other receiving station about 

the signals received at the other receiving station from the transmission sources; and 

10 determining the time delay between the respective signals received at the receiving 

stations in order to detennine the position of the roving objecL 

lS 

19. . A method according to claim 18, wherein thc,broadcast signal is a digiEal cellular 

telephone network transmission signal. 

20. A method of estimating the offset in time of receipt of a broadcast signal receivell 

at two locations, where the signal received at the one location may have been· subject to 

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

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

20 cross-correlating the signals received at the one and other locations; consuucting a 

template comprising that ponion of the auto-correlation of the signals received at the other 

location corresponding to the negative time axis. and that ponion of the auto-conelation of 

the signals received at the one location corresponding to the positive time axis; and 

measuring the offset at which the template best fits the measured cross-correlation of the 

2S signals received at the one and other locations as an estimate of the time offset between 

the signals received at the two locations. 
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