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Summary

A hybrid location finding technique based on time difference of arrival (TDOA) with round-trip time (RTT)

measurements is proposed for a wideband code division multiple access (WCDMA) network. In this technique, a

mobile station measures timing from at least three base stations using user equipment receive–transmit (UE Rx–

Tx) time difference and at least three base stations measure timing from the mobile station using RTT. The timing

measurements of mobile and base stations are then combined to solve for both the location of the mobile and the

synchronization offset between base stations. A software-only geolocation system based on the above mobile/base

stations timing measurements is implemented in Matlab platform and the performance of the system is investigated

using large-scale propagation models. Copyright # 2007 John Wiley & Sons, Ltd.
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1. Introduction

In this paper, we will describe and analyze a software-

only geolocation system for a third generation wide-

band code division multiple access (WCDMA) net-

work. The increase in cellular phone usage has

resulted in an increase in the number of emergency

calls originating from cellular phones. In such appli-

cations, the location must be accurate to within a few

hundred meters and it must be calculated within a few

seconds after the initiation of the call. In USA, the

FCCmandated an E-911 location accuracy of 50m for

67% of the time and 150m for 95% of the time for

mobile-based location methods [1]. From the service

providers’ point of view, position location offers many

commercial applications. The service providers can

offer additional services such as mobile yellow pages,

equipment tracking, location-specific advertising, na-

vigation assistance, and zone-based billing [2].

For WCDMA networks, there are techniques re-

ported for mobile location with accuracies in the

range of a few meters. In Reference [3], idle-period

downlink (IP-DL) method is specified where a mobile

station measures only the downlink signals based on

TOA or time difference of arrival (TDOA) for

WCDMA and CDMA 2000. For WCDMA, location

errors less than 100m are reported using a correlation

length of 13ms and with the assumption that the

mobile station can ‘hear’ sufficient number of base

stations. In Reference [4], another down link-only
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measurements technique is reported, which does not

use idle periods. There are also techniques that use

TOA technique where graph theory is employed as a

different way of solution of the DLTOA equations [5],

for WCDMA. An interference cancellation IPDL is

introduced in Reference [6] to increase hearability of

base stations. The reported location error is in the

order of 100m for 90% of the time. All the techniques

in References [3,4,6] rely on the assumption that the

transmission time offsets of the base stations are

measured and known at the serving mobile location

center (SMLC). This assumption also implies a loca-

tion monitoring unit (LMU) network deployment for

availability of these time offsets. In Reference [7], a

hybrid technique of using forward link pilot signals

for TDOA and reverse link AOA by the base stations

is proposed, and generates location accuracies much

higher than a TDOA-only solution. The hybrid tech-

nique in Reference [7] relies on AOA information that

will require deployment of antenna arrays at the base

stations. Further, the hybrid TDOA/AOA technique is

also applied to UWB systems with Kalman filtering to

improve location accuracy [8].

This paper evaluates a simple hybrid technique,

which uses only TDOA measurements at the mobile

station, and round-trip time (RTT) measurements at

least at three base stations to estimate the location of a

mobile station in a WCDMA network. Location find-

ing in a WCDMA network is one of the challenging

problems since the network is asynchronous. In order

to utilize timing information from a WCDMA net-

work for the purpose of location finding, the time

offsets between base stations are required, which may

necessitate a large investment in a monitoring equip-

ment network such as LMU. Our hybrid technique

yields both the location of the mobile and the time

offsets between the three base stations, which can

replace an LMU network. In addition, our technique

involves very simple algebraic equations to solve for

the location of the mobile and the time offsets, hence,

involved complexity is very low. However, these are

advantages which result from timing measurements at

the mobile as well as at the three base stations, which

may not be possible at all the times because of the

hearability problem both at the mobile and base

stations.

For our hybrid technique, the mobile station makes

signal arrival-time measurements (UE Rx–Tx) from

the common pilot channel (CPICH for WCDMA [9])

from each of the three base stations. In addition, the

mobile station is locked on to one of the base stations

(primary base station) and at the request of this base

station, the mobile station transmits a response, and

this transmission is picked up by all the three base

stations, resulting in a RTT measurement available at

each base station. The RTT measurement for the

primary base station corresponds to the real round

trip distance between the UE and the mobile station.

However, the other two RTT measurements are not in

one-to-one correspondence to the round trip distance

between the UE and base stations; however, these

measurements can be still used to find the mobile

distances. By combining all available timing measure-

ments both from the base stations and the mobile, an

estimate for each propagation time from mobile sta-

tion to base station can be obtained. It should be

mentioned that this technique does not need any

synchronization, or any additional hardware such as

LMU.

The rest of the paper is organized as follows: in

Section 2, the algorithm of the geolocation system

will be explained in detail, i.e., a diagram will be

introduced for timing measurements, and finding the

mobile’s location and time offsets between base sta-

tions will be derived using the timing measurements.

The simulation scenarios and models will be illu-

strated in Section 3, where the performance of the

proposed technique will be investigated. In Section 4,

the numerical results on the accuracy of the hybrid

technique will be presented, and finally the paper will

conclude with Section 5.

2. Geolocation System

In most geolocation systems, synchronization be-

tween base stations is a requirement. However,

WCDMA is designed as an asynchronous network.

Therefore, different measurements and techniques

should be employed to locate a mobile station in

such a network. One method is to employ many

LMUs to obtain the synchronization offsets between

the base stations, and let the mobile station measure

the time-of-arrival of at least three different base

stations and hence obtain enough timing information

to calculate its location [3,4,6]. Such a method might

be costly due to the need of an LMU network. As an

alternative solution, we propose a time measurement

technique both at the mobile station and base station

and hence elimination of an LMU network deploy-

ment. In the proposed technique, the mobile station

makes time of arrival measurement of the downlink

pilot signal transmitted from each of the base stations

with respect to mobile’s local reference time just as a
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mobile station would do for a geolocation network

with LMUs. However, instead of deploying LMUs, if

the mobile’s uplink signal could be measured at least

by three base stations with respect to their local

reference times, a solution can be achieved for the

location of the mobile. When these measurements

are combined with mobile measured timings, both the

location of the mobile and the time offsets of the base

stations with respect to each other can be obtained.

These timing measurements are already defined in

WCDMA standards as user equipment receive–trans-

mit (UE Rx–Tx) and RTT measurement [10]. In order

to better understand the involved timings and the

algorithms, one can use a timing diagram where three

base stations to mobile station uplink/downlink trans-

missions are shown in Figure 1(a–c). Let t be the

absolute reference time, which may be taken as GPS

or UTC time, and let tns represent different base

stations clocks with respect to the absolute time t.

According to timing diagrams in Figure 1, BS1 (base

station 1) transmits its pilot signal synchronized at

t þ t1s , BS2 transmits its pilot signal synchronized at

t þ t2s and BS3 transmits its pilot signal synchronized

at t þ t3s . Let t
n
p be the actual propagation time from

BSn to the mobile station, where n¼ 1, 2, 3 for the

three base stations. So, the transmitted pilot signals

from base stations will reach the mobile station at

absolute times given by

tnabs;mobile ¼ t þ tns þ tnp for n ¼ 1; 2; 3 ð1Þ

Equation (1) simply states that if a base station

transmits at absolute time t with an offset tns , this will

reach mobile station with an additional delay of one-

way propagation tnp between that base station and the

mobile station. Assuming that the mobile station is

synchronized with BS1 (primary base station), mobile

local time is t þ t1s þ t1p.

All the timings are given with respect to the antenna

reference of both the mobile and the base stations. In

Figure 1, the sum of the hardware Tx–Rx chain delay

is denoted as UE Rx–Tx time difference. Note that

each mobile might have different hardware delay (turn

around time can also include some processing delay as

well) depending on specific models, however, it is

assumed that these delays can be measured and can be

stored in a mobile and the mobile can convey this

information to the network when requested. Actually,

this time difference is already defined as a message in

WCDMA standards as UE Rx–Tx time difference type

2, which takes the first detected path in time as Rx

path reference and also a measurement of this time
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Fig. 1. Base stations and mobile station transmit and receive timing diagrams for (a) BS1, (b) BS2, and (c) BS3.
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difference with a higher chip accuracy of �1 chip

[10]. Also, note that this discussion holds for other

techniques which use timing measurements. For ex-

ample, in GSM standards, the mobile station will

transmit three time slots before its reception of the

downlink signal defined at the antenna of mobile [11],

and when base stations receive the mobile uplink

signal and measures the RTT, this predetermined

time offset at the mobile station will be calibrated.

In IS-95 CDMA systems, round trip delay is measured

at the serving cell for hand-off purposes and also in

GSM systems, timing advance (TA) that can be

related to RTT can be easily measured.

When the mobile local time is synchronized with

t þ t1s þ t1p, the mobile station will measure TDOA

measurements of BS2 and BS3 stations as,

t þ t2s þ t2p � t þ t1s þ t1p

� �
¼ UERx Tx1

� UERx Tx2 ¼ c2 for BS2
ð2Þ

t þ t3s þ t3p � t þ t1s þ t1p

� �
¼ UERx Tx1

� UERx Tx3 ¼ c3 for BS3
ð3Þ

where c2 and c3 are the constants that are the differ-

ences of UE Rx–Tx time differences as shown in

Figure 1. When the mobile station transmits at abso-

lute time of t þ t1s þ t1p, the mobile uplink signal will

be picked up at three base stations at absolute times

given by,

tnabs;BS ¼ t þ t1s þ t1p þ UERx Tx1þ tnp

for n ¼ 1; 2; 3
ð4Þ

where the mobile uplink signal is delayed by one-way

propagation time of each base station. Each base

station synchronized with respect to their own trans-

mission time (t þ tns ) will measure three RTTn from

the mobile uplink signal given as,

t þ t1s þ 2 � t1p � ðt þ t1s Þ ¼ RTT1

� UERx Tx1 ¼ c4 for BS1
ð5Þ

t þ t1s þ t1p þ t2p � ðt þ t2s Þ ¼ RTT2

� UERx Tx1 ¼ c5 for BS2
ð6Þ

t þ t1s þ t1p þ t3p � ðt þ t3s Þ ¼ RTT3

� UERx Tx1 ¼ c6 for BS3
ð7Þ

where c4, c5, and c6 are the RTT measurements of

each base station minus UE Rx–Tx delay of the BS1,

respectively. Using Equation (5), we can solve for the

one-way propagation delay from the first base station

which is given by

t1p ¼
c4

2
¼ RTT1� UERx Tx1

2
ð8Þ

By manipulating Equations (2) and (6), we can obtain

the solution for t2p and Equations (3) and (7) for t3p as,

t2p ¼
c2 þ c5

2
¼ RTT2� UERx Tx2

2
ð9Þ

t3p ¼
c3 þ c6

2
¼ RTT3� UERx Tx3

2
ð10Þ

Similarly, we can also solve the relative time offsets of

the base stations with respect to first base station.

Using Equations (2), (8), and (9), we can obtain the

relative time offset of BS2 and BS1 as,

t2s � t1s ¼ c2 � t2p � t1p

� �
¼ c2 þ c4 � c5

2

¼ RTT1� RTT2

2
þ UERx Tx1� UERx Tx2

2

ð11Þ

and using Equations (3), (8), and (10), the time offset

between BS3 and BS1 is given by,

t3s � t1s ¼ c3 � t3p � t1p

� �
¼ c3 þ c4 � c6

2

¼ RTT1� RTT3

2
þ UERx Tx1� UERx Tx3

2

ð12Þ

Mobile station measures UE Rx–Tx time difference

(type 2) for three different base stations and then

forms the difference of these measurements by taking

the measurement of the primary base station as the

reference measurement, and these measurements are

given as c2 and c3 in Equations (2) and (3), respec-

tively. The base stations measure RTTs with respect to

their own transmission times and form the difference

between RTTs and UERx–Tx1, and these measure-

ments are given as c4, c5, and c6 in Equations (4)–(6),

respectively. Given these mobile and base station time

measurements, Equations (11) and (12) define the

algorithms which result in the relative time offsets

of the base stations with respect to the first base

station. Furthermore, Equations (8)–(10) are the de-

fining algorithms for the estimation of propagation

delays between mobile station and base stations.

If the distances of a mobile station to three base

stations are given, one may calculate the location of

898 S. KABADAYI AND I. TEKIN

Copyright # 2007 John Wiley & Sons, Ltd. Wirel. Commun. Mob. Comput. 2008; 8:895–906

DOI: 10.1002/wcm



the mobile in various ways. One of the techniques is

such that three distances from the mobile station

define three circles passing through the location of

the mobile station. Intersection of any two of these

circles will generate two intersection points as possi-

ble locations of the mobile station. The third circle can

be used to resolve the ambiguity between the two

solutions. This may be the simplest algorithm. How-

ever, in case of multipath error, two circles may not

intersect at a point, or may generate very large errors.

The third circle can also be incorporated into the

solutions using a technique such as TDOA. The

TDOA technique may eliminate common timing er-

rors as well as some of the multipath caused error for

the first base station. In this case, rather than using

Equations (8)–(10) which define base stations cen-

tered circles which also passes through from mobile

location, the time-difference equations can be used to

calculate the mobile position. TDOA equations are

formed by taking the difference of Equations (9), (10)

with (8) and then the exact solution is obtained which

is proposed in Reference [2]. The TDOA equations

can be easily obtained as

t2p � t1p ¼
c2 þ c5 � c4

2

¼ RTT2� UERx Tx2

2
� RTT1� UERx Tx1

2

ð13Þ

t3p � t1p ¼
c3 þ c6 � c4

2

¼ RTT3� UERx Tx3

2
� RTT1� UERx Tx1

2

ð14Þ

Note that the right-hand side of the Equations (13)

and (14) are known measurements from both mobile

station (UE Rx–Tx) and base stations (RTT) including

the multipath error. These equations define two hy-

perbolas with the base station coordinates being at the

foci of the hyperbolas. In the case of multipath free

propagation, the solution of these equations will yield

the exact solutions for the location of the mobile and

also synchronization offsets between the base stations.

However, the multipath environment will induce tim-

ing errors and deteriorate the performance of the

mobile location network.

The location finding technique has simple algo-

rithms to solve both the location of the mobiles and

the time offsets between base stations; however, there

may be decisions or problems associated with the

technique which should be taken into consideration.

One of these decisions is to determine where the

location calculations will be performed. If the location

is calculated at the mobile (which can be done since

the TDOA equations are solved exactly which do not

require much processing power), the timing measure-

ments performed at the base stations should be trans-

ferred to the mobile station as well as base stations’

coordinates, which may require new message defini-

tions. In contrast, primary base station may request the

timing information from the mobile station as well as

other base stations to calculate the location of the

mobile. It is also possible using other measurement

messages defined in Reference [12] for location cal-

culation. For example, pilot signal timing difference

measurements (SFN–SFN and SFN–CFN observed

time differences type 1 and type 2; CFN, connection

frame number and SFN, system frame number) that

are sent to the network for handover purposes can also

be used in location calculations. However, one should

note that these messages would be used only when

location calculation is needed and will not use a large

bandwidth since the message will contain only pilot

signal measurements. The required messaging can be

done on the WCDMA data channel if the mobile is in

active call mode, however, for idle mode positioning,

messaging should be performed on one of the control

channels.

One of the major challenges of the hybrid location

finding technique is the hearability problem, i.e., the

mobile station should be able to receive and make

timing measurements on three base stations downlink

signal and also three base stations should be able to

detect the mobile station uplink signal and perform

the required time measurements. This may not be

possible at all the times and all the locations in a

network. However, for a 2G IS-95a CDMA network, it

is the author’s field measurement experience that in a

typical field drive test, percentage of locations that

mobile can detect more than three base stations’ pilot

signals could be as high as 20–30%. In addition, for

the various channels simulated in our paper, the

success rate of seeing at least three base stations to

calculate locations was around 30% for COST 231

rural model, and was low as high as 10% in the urban

model. This ratio could be higher for the number of

base stations that could see the mobile station since

the base station hardware is made of better quality,

and also processing power at the base station will be

more powerful than at the mobile station. In order to

solve the hearability problem, mobile integration time
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for detection can also be increased or interference

cancellation techniques can also be employed [6].

Also, IPDL which is proposed for downlink location

finding, can also be used with our technique to

increase the likelihood of ‘hearing’ at least three

base stations. It is beyond the scope of this paper to

discuss further the hearability problem in detail.

Another challenge with the hybrid location finding

technique could be the ill-conditioned TDOA equa-

tions when the mobile station is very close to a base

station, or due to deployment geometry of base sta-

tions such as three base stations are deployed in a

straight line, which might be the case on a highway.

One of the advantages of the using TDOA exact

solution in our hybrid technique is that geometrical

dilution of precision (GDOP) is also calculated, and

ill-conditioned cases can be determined and elimi-

nated from the solution easily. For the locations with

bad GDOP number, a fall back solution such as Cell-

ID/RTT can be used instead. In a practical implemen-

tation of the hybrid location finding technique, it is

important to note that for a specific three base stations

in a network, if one of the mobile can hear three base

stations, then the timing offsets between base stations

can be calculated based on this mobile, and then the

calculated values can be broadcasted to the rest of the

mobiles using the same three base stations, and for

those mobiles, the network does not have to measure

the time offsets again and mobile stations will mea-

sure only the three base stations timing to employ the

TDOA technique.

Now, given the TDOA/RTT measurements and

TDOA algorithms for the location of the mobile, the

performance of the location finding technique will be

investigated using a realistic simulation of the overall

system. The solution of the Equations (13) and (14)

will be simulated in a multipath propagation environ-

ment to assess the performance of the geolocation

system. The details of the system simulation para-

meters which include the network parameters, propa-

gation models, channel parameters, fading, receiver

characteristics, etc., will be explained in the next

section.

3. Simulation Model

The simulation model of the TDOA/RTT technique

can be separated into two parts: the first part which

describes the overall network model which includes

number of base stations, slow and fast fading models,

propagation models, and shadowing. The second part

is about the link model where one mobile station to

one base station’s point-to-point communications

parameters such as filters, spreading, correlation in-

tegration time, and related parameters are specified.

As a system model, the geolocation system simu-

lated in this paper has a 19-cell 3-tier 3-sector hex-

agonal cell topology with three directional antennas at

each base station. The directional antenna of each

sector of the base station has a 120-degree beamwidth.

The path loss, shadowing, and fading models were

analyzed for a 5-km cell radius, using lognormal

shadowing with a standard deviation of 8 dB. The

path loss model used in evaluating the downlink

performance is the COST-231 model (extended

HATA model) at a carrier frequency of 2GHz and

the fast fading is modeled using Rayleigh fading for a

maximum Doppler spread of 175.92Hz, correspond-

ing to a mobile speed of 95 km/h at the carrier

frequency [11]. Rayleigh fading is a worst-case sce-

nario where no direct line of sight path exists and is

most perceptible in urban areas. Then, a simulink end-

to-end model was created according to WCDMA

system specifications, where the pilot signal (CPICH)

was scrambled using 38400-chip complex Gold

spreading and shaped using a square-root raised

cosine transmit filter [9,13]. The effects of multipath

fading and noise were also introduced to the simula-

tions. The link model includes a base station trans-

mitter/receiver, mobile fading channel, and a mobile

station receiver/transmitter. The simulations are im-

plemented in Matlab simulink, and the blocks from

the Communications Blockset, DSP Blockset, and the

CDMA demo were used extensively [14]. Also, the

link model is assumed to be symmetric, and the same

models are applied both at the uplink and downlink.

For the link model, the transmitter section includes

quadrature spreading with the long code and filtering

to reduce the interference to adjacent channels. Ray-

leigh fading and additive white Gaussian noise

(AWGN) blocks model the effects of the channel

between the transmitter and the receiver. The receiver

section includes filtering, despreading with the long

code, and correlation for detection of the base sta-

tions’ pilot signal.

In the transmitter section, the pilot channel is a

constant symbol. The channel coding operations in the

WCDMA system use 10ms frames for all channels.

The WCDMA system requires spreading of the spec-

trum using a PN sequence. In WCDMA, the rate of

this PN sequence is 3.84Mchips/s which results in a

bandwidth of the spread signals to be about 4.6848MHz.

The spreading is achieved using the long codes used in
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WCDMA, which is a pair of periodic binary PN

sequences with a period of 218� 1. These sequences

are used for spreading and despreading signals into in-

phase and quadrature components. Multiple base sta-

tions use different masks in the PN sequence generator

to obtain different codes for identification. The pilot

signals are transmitted continuously for coherent

detection, and the timing measurement for the pro-

posed mobile location technique is based on this

WCDMA CPICH. There are techniques like IP-DL

to increase hearability where base stations transmit in

specified intervals; however, here continuous pilot

transmission is assumed.

The role of the transmitter section is to generate the

spreading signal that contains the pilot channel.

The transmitter components are the pilot signal, the

spreading code, and the transmit filter. The code

generator block generates the complex spreading

code. The pilot signal is spread with the in-phase

and quadrature components of the PN sequence. The

signal generated is then processed by the pulse shap-

ing transmit filter block. The transmit filter consists of

upsampling by a factor of 8 and filtering by using a

square-root raised cosine filter which is defined by

3GPP documents as a square-root raised cosine filter

(with a roll-off factor of 0.22 [9]), which generates the

modulated I and Q waveforms. Mobile channel is

assumed to be a Rayleigh fading channel for a mobile

speed of 95 km/h and also AWGN noise is added to

simulate the intracell interference. Power allocated to

pilot signal was assumed to be 10% of the total

transmitted power from the base station.

The receiver section of the system is responsible for

the detection of the time delay, which corresponds to

cn’s in Equations (2)–(7). The receive filter consists of

filtering using the same square-root raised cosine filter

that is used in the transmit filter and then down-

sampling by a factor of 8. The square-root raised

cosine filter again has a roll-off factor of 0.22. The

positions of the correlation peaks are estimated as the

timing measurements. The correlation integration

time is set to 10ms, which is the frame duration for

WCDMA. The coherence time of the channel is

around 6ms for the chosen Rayleigh model, so we

have integrated two 5ms parts of the pilot signal

coherently and then combined the two correlated

outputs incoherently to stay within the coherence

time of the channel.

The simulation is performed as follows: time delay

estimation is based on correlation of 10ms pilot

signal, and then ten such correlation samples are

generated for simulation of Rayleigh fading channel,

and ten set of such samples for shadowing, so for one

point simulation, 100 location estimation is calculated

and overall 2000 different such points are chosen to

obtain distribution of the overall network location

performance. Correlation involves only processing

of 10ms of the pilot signal, which corresponds to

one frame integration. Note that the performance of

the algorithms could be increased by integration of

location estimations, or increasing the correlation

time.

For the detection of the correlation peak, we used a

threshold-based detection. First, an average signal

plus noise level is determined as an average of the

different lags of the correlation of the signal and then

this is set as the threshold. As a time delay estimate of

the signal, the left most time at which a peak above the

threshold is taken as the estimate of the base station

pilot signal time since it is the first incoming multipath

above the set threshold. The effect of the moving

mobile is seen in the signal levels as the mobile station

moves which will deteriorate the timing measure-

ments. When correlation of the incoming pilot signal

with the locally generated pilot signal is performed,

we take the first most left peak as our desired solution

since it is the earliest arrival incoming path, which has

the least multipath timing error.

A sample correlated signal can be seen in Figure 2

where there are two peaks above the set threshold, and

the location of the most left one is chosen as our time

delay estimate. All the transmit and receive filters are

performed by sampling the base station pilot signals

eight times the chip rate, and before taking the

correlation of the signal with the locally generated

codes, the peaks could be resolved with 1/8 of a chip

duration. However, we have taken the correlation with

1 chip resolution to decrease the number of samples

and hence save processing power that would be a

more realistic case when mobile calculates the corre-

lation of the pilot signals. Also, for the multipath

delay profiles we have chosen, the duration between

multipaths were already larger than a chip period. For

this purpose, correlation is calculated in terms of 1

chip resolution without sacrificing from the accuracy

of the technique. Results are also obtained without

truncating the time measurements to one-chip, i.e.,

eight times chip rate timing is also applied to see the

effect of truncation.

For multipath free propagation, the location of the

signal arrival time will only be deteriorated by the

internal noise of the receiver, which can be modeled as

AWGN. However, when the multipath components

are considered, the performance of the mobile
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location algorithm based on the timing measurement

will be affected considerably. If the multipath compo-

nents construct destructively, the first incoming path,

sometimes will not be detected, and this will induce a

large timing error and hence a location error. To assess

the performance of the TDOA/RTT algorithms for

multipath propagation, different scenarios are consid-

ered and following multipath delay profile models are

used: ATDMA Macro, CODIT Macro, ITU Vehicular

A, and ITU Vehicular Bin [13,15]. Further details on

simulation environment and channel models can be

found in References [16,17].

We have chosen four multipath models specified by

WCDMA and ITU documents for the performance of

the location algorithms. Two of them are ATDMA and

CODIT that are wideband models. ATDMA is chosen

as the wideband model in which the delay spread is

much wider than the CODIT model. The ATDMA

channel is more lossy since the second path is atten-

uated by 10 dB. However, this is a better channel

condition as far as the location finding is concerned

since the second multipath will not affect the corre-

lator output and the timing estimated will be better on

channels based on ATDMA. For ITU vehicular mod-

els, both models have two strong first incoming paths,

and hence an optimistic environment for a geolocation

network. ITU Vehicular Model A is a better channel

model for a geolocation network than Model B since it

has the first incoming path with the strongest power.

Model B represents an environment with a large delay

spread, and also a stronger second incoming path that

will result in an error for timing estimates. At all

locations included in the simulation results, the num-

ber of ‘hearable’ base stations was greater than three,

i.e., at least three base stations could hear the mobile

as well as the mobile could detect at least three base

stations’ signals. The method does not apply if the

number of base stations involved is less than three. In

that case, no location was calculated.

4. Numerical Results

In this section, numerical results are presented for the

accuracy of the TDOA/RTT technique for different

propagation environments such as rural, suburban,

and urban (mainly propagation path loss different

environments) for different multipath delay profile

distributions, namely ATDMA, CODIT, ITU Vehicu-

lar A and B models.

For the ATDMA Macro model, the multipath de-

lays start with the first major component at 380 ns, and

have all less than �10 dB relative gain. This causes

the correlator to detect the peak at 0 s most of the time.

This model assumes that the first incoming path is

strongest, and the multipath components are weaker

than the first multipath. Note that 1 chip resolution

will be sufficient for this case. As for the ITU

Vehicular Model A, the correlation peaks are detected

mostly at 0 s and at 1 chip offset corresponding to the

multipath at 310 ns since this multipath has a relative

gain of �1 dB quite close to the peak at 0 s, but the

later multipaths are already attenuated by more than

9 dB. This model assumes that the first incoming path

is strong, but the second incoming path is as strong as

the first incoming path. In the ITU Vehicular Model B,

the relative gain of the peak at 300 ns, corresponding

to approximately 1 chip delay, is higher than the delay

of the peak at 0 s So, peaks are detected mostly at 0

and 1 chip offset, since the later multipaths are already

attenuated by more than 12 dB. In this model, the

strongest path is the second incoming path. The

Fig. 2. Correlation of the incoming signal with the locally generated long code.
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CODIT Macro model is by far the most interesting

model, since it has many multipath components at

delays close to each other and having similar relative

gains. Peaks are detected at 0, 1, 2, 3, 4, 5, and 6 chip

offsets. It is the model where a geolocation would be

expected to be most erroneous. As expected, there are

0, 1, 2, 3, 4, 5, and 6 chip delays and the occurrence of

0 chip delays are rare, compared to the other possible

delays. Figure 3 shows an example of delays obtained

from this model.

Note that the resolution time was taken as 1 chip

time, 260 ns, for the considered multipath models.

Taking more samples can increase the resolution, and

in general, it can increase the accuracy of the timing

measurement. In a typical application, a long time

integration of pilot signals such as 10ms with finer

resolution will consume much more processing

power. However, the results are also obtained with

1/8 chip resolution to see the effect of 1 chip resolu-

tion. In Figures 4–7, the staircase curve is obtained for

the 1 chip resolution time measurements, and the solid

curve is obtained with the 1/8 chip resolution time

measurements. For the CODIT channel model, the

cumulative distribution function (CDF) of the distance

error is plotted in Figure 4 for a COST 231 suburban

environment.

For the exact time measurements, the error is below

95m for 67% of the time and below 160m for 90% of

Fig. 3. Chip delay versus sample number for CODIT Macro model.

Fig. 4. CDF of estimation error for suburban CODIT model.
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Fig. 5. CDF of estimation error for suburban ATDMA model.

Fig. 6. CDF of estimation error for suburban ITU Vehicular A.

Fig. 7. CDF of estimation error for suburban ITU Vehicular B.
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the time. The overall error is decreased for the 1/8

chip resolution compared to 1 chip resolution. In

Figure 5, the performance of the TDOA/RTT algo-

rithm is obtained for suburban ATDMA channel

model in terms of the CDF of location error. For

ATDMA channel, the first incoming path is at least

10 dB stronger than the other multipath components,

the error is within 59m for 67% of the time and 92m

for 90% of the time, mainly caused by the AWGN

contribution.

In Figure 6, the result of the TDOA/RTT algorithm

is plotted for ITU Vehicular A channel model in

suburban environment. The location error is within

55m for 67% of the time and 104m for 90% of the

time. The ITU Vehicular A model has a better multi-

path distribution than the CODIT model, but multi-

path components are much widely distributed than the

ATDMA channel model and the location error var-

iance is larger than the ATDMA channel model.

Finally, the CDF of the location error for ITU

Vehicular B channel model is plotted in Figure 7.

From the CDF distribution, the location error is within

53m for 67% of the time and 91m for 90% of the

time, which is the second best channel model. In this

channel model, the strongest incoming path is offset

but this induces a small amount of timing error

(300 ns).

We have also obtained overall error for different

propagation environments and different multipath

models in the location estimates of mobile station. These

are tabulated as 90% estimation errors in Table I for

suburban, urban, and rural environments using COST

231 propagation models. It can be seen from the table

that the CODIT Macro model, simulates the worst

multipath conditions and yields the largest error for

the urban environment type (161m). The ATDMA

model yields the largest error for the urban environ-

ment type while the location errors in Vehicular A and

Vehicular B models do not seem to depend on the

environment type. The simulated results are fairly

reasonable for some of the location-based services

such as location-based billing, location-specific adver-

tising, considering that 1 chip time corresponds to

78m resolution.

5. Conclusions

In this paper, a hybrid TDOA/RTT mobile location

finding technique is introduced for a WCDMA net-

work. The input to the algorithms is provided by both

mobile and base stations time of arrival measure-

ments. The mobile station measures TDOA at least

from three base stations downlink CPICH, and at least

three base stations measure RTT on mobile station

uplink signal. As solution from the algorithms, mobile

location and synchronization time offsets between

base stations are obtained. The effect of multipath

propagation on the performance of these algorithms is

investigated for ATDMA Macro, CODIT Macro, ITU

Vehicular A, and ITU Vehicular B channel models,

and the assumed propagation model is the COST231

model with 8 dB lognormal shadowing as well as

Rayleigh fading for a mobile speed of 95 km/h. The

proposed algorithms do not need any special hardware

for the measurement of synchronization time offsets

between base stations. Implementation of the techni-

que may require new messages on WCDMA stan-

dards or can use some of the messages that are already

in standards and hence the TDOA/RTT technique is a

software-only solution.
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