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INTRODUCTION 

There is a current demand for mobile location services for applications such as vehicle security, navigation 
systems and fleet management, This paper provides a brief introduction to current methods used to locate 
cellular mobiles (MS), with emphasis on digital cellular mobile telephony networks. Some of these 
techniques are based on time of arrival (TOA) methods, but a minimum of three base-stations (BS) are 
required. This may not always be possible because non-serving BSs are involved and communication links to 
these BSs may be difficult for a number of reasons. There are advantages if angle of arrival (AOA) methods 
are used since these require only two base-stations, although greater accuracy is possible with three. Planned 
enhancements to the mobile network include the deployment of 'smart antennas: at the base-station. These 
can be used to provide angle of arrival information and enable AOA methods to be a practical proposition. 
Hybrid TOMAOA techniques may provide further advantages in accuracy and speed of acquisition. A major 
problem of vehicle location using methods based on TOA and AOA, however, is the impact of multipath 
fading since this causes errors in the estimation of both the timing and the angle of arrival of the received - 
signals. This paper examines both TOA and AOA methods in a multipath fading environment. 

LOCATION ESTIMATION METHODS 

The basic methods available for the location of the MS rely on the accurate location of the BSs to calculate the 
position of the MS, trigonometrically, from either the distance of the MS from each of three or more BSs or 
the bearing of the MS to two or more BSs, as illustrated in figures l a  and lb. 

Figure 1 Location Estimation based on (a) TOA and (b) AOA 

These methods suffer, to a greater or lesser extent, on measurement errors, relying on statistical algorithms to 
minimise the error in position. Calculation of the MS's position may be at the mobile or within the cellular 
network. Which system is required may reflect whether the recipent of the positional information is the owner 
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of the MS (e.g. navigation aid) or a fleet operator, for example. If the former is the case, postion estimators 
must be added into the handset. For the latter case, however, the handset requires no modification. An 
advantage of specifically designing the position estimator into the handset is that a separate location 
technique, such as a satellite global positioning system (e.g. GPS or GLONASS), [ 11 can be used, ensuring 
that the location system does not place additional burdens on the cellular network. The disadvantage of this 
approach is the extra cost borne by the user. Ignoring the use of GPS-based systems, three location estimation 
methods are available: signal attenuation, time of arrival and angle of arrival. 

Signal Attenuation Method 
In this method, the signal strength of the MS at three or more BSs is measured for network-calculated position 
estimation, or vice-versa for mobile-calculated position estimation. The measured signal strengths are used to 
estimate the distance between the MS and each BS. The location of the MS is the intersection of circles of 
radius representing the distance of the MS to the BS and centred on each BS, as illustrated in figure la. The 
main problem of this approach is the accurate estimation of the signal strength in a multipath fading 
environment and particularly how this relates to distance, given that the fading characteristics may be different 
in the directions of the three BSs. This method can be accommodated relatively easily by the signal structure 
of first-generation analogue systems. 

Time of Arrival (TOA) 
In this method, the ‘round-trip time of a signal transmitted from the MS to the BS which is retransmitted back 
to the MS is measured at the MS. Alternatively, the signal is initiated by the BS and the round-trip time is 
measured at the BS. The distance of the MS from a BS is related to half the round-trip time and the location 
of the MS is found by the intersection of three circles of appropriate radius (trilateration), as for the previous 
case. TOA clock inaccuracies of just lp will introduce a position error of 300 m, which greatly exceeds the 
FCC position accuracy requirement of 2 125 m [2]. The following variants have been proposed: 

Handover Timing Advance (TA) GSM inherently requires accurate timing and synchronisation. Since 
the signals from different MSs must arrive at the controlling BSs within the allocated time slot, the instant 
at which signals are transmitted from the MSs must be varied to compensate for the different ranges from 
the BSs. The BSs compute the desired TA during the initial Random Access Burst and send it to the 
appropriate MS. Assuming that the MS is within communication range of three BSs, by performing two 
forced handovers, the TA to each of the BSs can be determined. These TA values represent the time 
delay, and therefore the range, of an MS from each BS, and can be used to calculate the MS position 
based on TOA trilateration [3]. 

Observed Time Differences (OTD) An optional mechanism within GSM is pseudo-synchronisation 
used to improve the efficiency with which handover is achieved. This mechanism has each MS monitor 
the time differences between the epochs of the different BSs in its vicinity. These observed time 
differences are obtainable in both the idle and communication modes of a MS and are used to estimate the 
change in timing advance or retard required at handover to another BS. Positional location can be derived 
by comparing OTDs from a number of BSs [3]. 

Time Difference of Arrival (TDOA) Commerical systems utilise the TDOA technique rather than the 
‘time of arrival’ (TOA) method, because TOA requires that all the participating station and mobile clocks 
are synchronised to a high accuracy and that each station also has a time-stamp. TDOA relies on 
processing the difference in time at which the signal from a mobile phone arrives at multiple base station 
receivers only [3]. Each TDOA measurement determines that the transmitter must lie on a hyperboloid 
with constant range difference between the two receivers. In a co-planar model, a 2-D source location 
estimation requires the intersection of two or more hyperboloids, whose generation requires the use of 
three or more TDOA measurements. 3-D source location measurements require a minimum of four 
independent TDOA measurements. 

Angle of Am-val (AOA) 
This multilateral technique is based on triangulation, where the angle of arrival at the base station is 
determined by electronically steering the main lobe of an adaptive phased array antenna in the direction of the 
arriving mobile signal [4]. The position of the MS is calculated from the intersection of a minimum of two 
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lines of bearing, as shown in figure lb. To combat inaccuracies introduced by multi-path propagation effects, 
more than two basestations may be employed along with the use of highly directional antennas. AOA does not 
require an accurate (sub-microsecond) timing reference at each site and also does not require system-wide 
synchronization (to within less than a microsecond). However it does require receiver calibration at each 
individual site to compensate for receiver mismatches and temperature variations. The AOA technique is 
particularly suitable for future wideband spread-spectrum systems due to its improved immunity to multipath 
propagation effects. 

Hybrid Techniques 
Commercial systems exist that determine a mobile’s position by combining AOA measurements with TOA 
measurements. The AOA obtains the MS bearing whereas the measurement of TOA provides the distance of 
the MS along that bearing [5 ] .  Consequently, only one BS is required, although greater accuracy is possible if 
more than one BS is available. 

IMPACT OF ERRORS 

Consider a location geometry such as shown in figure l(a) where the BS coordinates are: BSl(xl,yl), 
BS2(xz,yJ, and BS3(x3,y3). The mobile position MS(x,y) relative to BS1 can be calculated as: 

However, due to multipath propagation and other timing errors in the receiver, the accuracy of the TOA 
measurement may be severely degraded and, as a result, equation (1) yields inaccurate position estimates. 
These position estimates can be improved by using a least squares technique or a Kalman filter to get the best 

location estimate. As a performance measure, the horizontal dilution of precision is defined as ,/=, 
2 where 0: and by are the variances in the errors in the x and y components respectively. This term is often 

quantified in terms of drms (distance root mean square), given by: 

drms = (trace(E[eeT ] ) )0.5 

where xhown and yhOm are the actual coordinates of the MS, xi and yi are the calculated MS coordinates for the 
i* observation, N is the number of observations taken, e is the error in the estimates of the x and y components 
and E[eeT] is the 2x2 error covariance matrix. 

Another important factor is the Geometric Dilution of Precision (GDOP) which relates the error variances to 
the direction cosine matrix of the MS relative to the BSs. As an example of the effect of GDOP, consider a 
situation where three BSs are located at: xl,yl =O,O, xz,yz=0,2000m and x3,y3=1000m,3000m. The MS is 
located within this triangle at x=1000m, y=1000m (i.e. almost at the centre of mass of the triangle enclosed by 
the BSs). The MS maintains its y position at lOOOm and traverses the x axis from x = Om to x = 2000m. Figure 
2 shows how the GDOP (figure 2a) and the drms (figure 2b) varies with the x position of the MS. It is clear 
that when the MS is equidistant from all the BSs, GDOP is at a minimum. The drms is plotted for two cases. 
The first case is for a system using TOA and assumes a fixed error in obtaining I-], r2 and 1-3 irrespective of the 
x position of the MS. The value of measurement error assumed was 0 . 5 ~ ~ .  Despite the fixed measurement 
error, the drms value varies with x due to the variation in GDOP. 

Also shown in this figure is the corresponding drms curve for the AOA algorithm using two basestations. The 
purpose of plotting this curve is to compare the drms of the TOA method with the AOA method. The BSMS 
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geometry was the same for both cases and fixed measurement errors are also assumed based on the results of 
the simulation described in the following sections. A value of 4" angular spread was assumed to be typical of 
the measurement error at the BS. 
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Figure 2 (a) Effect of location geometry on GDOP 
(b) Effect of location geometry on drms for TA0  and AOA methods 

IMPACT OF MULTIPATH PROPAGATION ON ANGLE OF ARRIVAL 

A major difficulty in applying TOA, TDOA and AOA techniques to mobile cellular applications is the impact 
of multipath fading on the estimation accuracy of the TOA or AOA. Typically, in built-up areas where high 
rise buildings, cars and bridges invoke additional copies of the transmitted signal which caused delay spread 
up to a few tens of microseconds. 

It has been proposed that there are many operational advantages to be gained by employing 'smart antennas' 
at the BSs, ranging from improved capacity to lower interference [6] .  This is particularly true for next 
generation systems based on CDMA multiplexing. Such antennas must estimate an accurate AOA of the MS 
within its coverage area for reception of the signal from the MS and this estimated AOA is then used to set the 
amplitude and phase of the antenna array elements to steer the beam in the direction of the mobile. A 
consequence of the deployment of smart antennas will be that AOA methods of mobile location can be 
facilitated. 

A number of different AOA estimator algorithms have been proposed with varying degrees of complexity and 
resolution. Of these, the simplest is the beamforming method, which is based on the FIT, but this has the 
broadest beamwidth and lowest resolution. Super-resolution methods based on signal subspace techniques 
have been proposed to reduce the beamwidth. These include the Unitary-ESPRIT [7] and MUSIC [8] 
algorithms. To illustrate their use, figure 3 compares the angle of arrival estimation of a single MS at the BS 
using (i) beamforming, (ii) MUSIC and (iii) Unitary-ESPRIT in the absence of multipath fading for a GSM 
system. For these simulations an eight element array was assumed with U2 spacing of the antenna elements. 
The system parameters that were used are: GMSK modulation with BT=0.3, 15dB S N R  and an actual bearing 
between the MS and the BS of 15". 
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Figure 3 AOA estimation by unitary-ESPRIT, 
MUSIC and beamforming methods for a point 

source 

-60 4 0  -20 0 20 40 60 
Angle of Arrival (degrees) 

Figure 4 Effect of multipath on AOA estimation 
using the MUSIC algorithm 

Figure 4 shows a typical result of using the MUSIC algorithm in the presence of multipath fading which gives 
rise to an angular-spread of 4". In this simulation, the bearing of the MS to the BS is 15", as before, and 20 
randomly placed scatterers were located around the MS. GMSK, BT=0.3 modulation was used, as for the 
previous example, however, the channel was assumed to suffer from Rayleigh fading. An eight element array 
with U2 spaced elements was also assumed at the BS. In this case, the impact of the angular-spread is to give 
rise to an error in the AOA. In the next section we consider the impact of this error on the accuracy of the 
mobile location. 

Impact of AOA Error on Mobile Position Estimation 
In this section it is assumed that the mobile location estimation is being made by two BSs separated by 2km 
and that the MS is located midway between the BSs (in the x direction) but offset by lOOOm in the y direction, 
as shown in figure 5. 

1500 t MS 

0 500 1000 1500 
X - axis 

Figure 5 Impact of angular-spread due to 
multipath on the positional uncertainty 
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Figure 6 Impact of location geometry on the drms 
in the presence of multipath for TOA and AOA 

methods 
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Also shown in this figure are the two true bearings between the two BSs and the mobile. The ellipses 
represent the error bounds in mobile location due to errors in AOA estimation by the two BSs and are 
obtained by averaging the positional errors over time. Each ellipse is drawn for a random pattern of scatterers 
but with fixed angular-spread. In figure 5 we show five such ellipses. Each of these represents a new 
population of randomly placed scatterers. 

As described earlier, as the position of the mobile varies between the two BSs, the location geometry changes 
and this has an effect on both the GDOP and the drms. Figure 6 shows how the drms varies with mobile 
location geometry when the channel suffers from multipath fading for both TOA and AOA methods for an 
identical system to that outlined earlier. To obtain these results 20 observations of the estimated location were 
averaged for each position of the MS on the x axis for both the TOA and AOA methods. It will be apparent 
that the AOA method has a lower drms than the TOA method under these conditions. 

CONCLUSIONS 

The paper has presented a comparison of some of the current techniques used for mobile location in a cellular 
system. It has highlighted the problem of multipath fading in providing accurate estimations of time and 
angle of arrival and it has compared the effect of location geometry on TOA and AOA in terms of their 
GDOP. It has illustrated the impact of different angle of arrival estimation techniques such as MUSIC and 
ESPRIT on the accuracy of angle of arrival estimation. The drms of both TOA and AOA methods been 
obtained in multipath fading and we conclude that, for the geometry stated, AOA is more accurate than TOA. 
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