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Abstract

Enabling the positioning and tracking of mobile phones has emerged as a key
facility of existing and future generation mobile communication systems. This
feature provides opportunities for many value added location-based services and
systems. For instance, mobile phones are increasingly employed in traffic infor-
mation systems and present several advantages over traditional sensor-based traffic
systems. However, there are still plenty of aspects that must be investigated and
addressed towards the fully operational deployment. The aim of the research per-
formed in this thesis is to examine and propose solutions to two of the problems in
the deployment of a mobile phone-based smart traffic information system.

The first problem investigated is the mobile phone-based vehicle positioning and
tracking. The investigation starts with a comprehensive study of mobile positioning
with emphasis on existing standardizations. Based on the mobile location methods
standardized in UMTS, possible hybrid solutions are proposed. In addition, a tool
for simulating one of the UMTS mobile positioning methods (i.e., OTDOA) in
vehicular environment is developed. A Kalman filter-based hybrid method, which
can track the mobile phones traveling on-board vehicles, is then implemented. This
method fuses two of the UMTS standard methods (i.e., OTDOA and A-GPS) loca-
tion estimates at the state-vector level. Statistical simulation results demonstrate
that the hybrid method can provide better position and velocity estimations than
each individual method.

The second problem addressed is the mobile phone-based urban traffic state
estimation. A traffic simulation-based framework is proposed to emulate and evalu-
ate the operation of urban traffic state estimation with A-GPS mobile phones as
probes. Based on the emulated mobile phone probe data, algorithms of location data
processing/filtering and average speed estimation are developed and then evaluated
by comparing against “ground truth” data from the traffic simulation. Moreover, the
estimated average speeds are classified to different traffic condition levels, which
are prepared for displaying a traffic map on the mobile phone display. The achieved
simulation results demonstrate the effectiveness of the proposed method, which is
fundamental for the subsequent development of a mobile phone-based smart traffic
information system demonstrator.
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CHAPTER 1

INTRODUCTION

Traffic congestion is a universal problem that has enormous personal, business,
safety, and environmental consequences. The delays and inconvenience caused by
traffic jams deteriorate the quality-of-life of people sitting in never ending queues,
lead to money losses to business owners waiting for goods deliveries, prevent first
responders from accessing the scene of an emergency, and have a detrimental effect
on the environment due to the extra emissions of air pollutants. Therefore, if traffic
congestion can be alleviated properly, several social issues can be solved by saving
time and fuel, reducing greenhouse gas emissions and stress.

One way to address this problem is to enable travelers to take fast and informed
decisions through real-time traffic information. The traffic information system
(TIS) is such a system that provides travelers with useful traffic information in order
to assist their route decision making. TISs take advantage of the rapid advances in
sensor, computer, electronic and communication technologies. State-of-the-practice
TISs take two general forms: sensor-based and cellular network monitoring. Sen-
sor-based TIS is expensive to deploy and maintain; it covers only a small fraction of
roadways. Cellular network monitoring TIS can solve the issues of high cost and
limited coverage of the former; however, it suffers large variations in accuracy.
Recently, a new approach has been considered that uses mobile phones (enabled
with positioning features) as traffic data collection devices. This new approach can
provide higher location accuracy, and thus more accurate traffic data. It also takes
advantage of new features of modern mobile phones and offers an opportunity for
development of efficient and sustainable traffic systems, which meet society needs.
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1.1 Background

1.1.1 The Use of Mobile Phones in ITS

Since the 1980s, transportation authorities have moved to advanced information and
communication technologies (ICTs) to make transport safer, more efficient, and
less polluted. This created a new field called intelligent transportation systems
(ITSs), which may take many different forms. ITSs range from simple ra-
dio-frequency identification (RFID) transponders based toll collection systems, to
different variations of traffic monitoring and broadcasting systems, and to more
sophisticated traffic management systems, which control urban traffic and give
automatic route directions to individual drivers with navigation equipment.

For instance, ITS research has been dedicated for finding solutions to the global
problem of traffic congestion. This research focuses on monitoring road traffic and
then disseminating real-time information to drivers. Traffic monitoring systems
deployed until now, use data collected mainly from roadside infrastructures, e.g.,
passive sensors, radars, and video cameras. One challenge to the existing systems is
the lack of accurate, up to date traffic data for the entire road network due to the fact
that deployment of infrastructures at wide scales is cost prohibitive. One alternative
is to employ an ad-hoc network, which includes wireless sensors or GPS-equipped
vehicles. However, these systems require on-board units (OBUs). In addition, the
ad-hoc network may not work properly when the density of vehicles is not adequate
for data to be transmitted between them [1].

By comparison, cellular networks have already been widely deployed and can
provide large population coverage. In addition, the ability to locate mobile phones
inside the network has emerged as a key facility of existing and future generation
mobile communication systems. In this context, ITS based on mobile positioning
technologies (either network-based or handset-based) can provide opportunity to
obtain traffic information in a cost effective manner. In recent years, the increasing
penetration of the positioning-enabled mobile phones makes them more attractive
as vehicle locators and traffic sensors, since an extensive spatial and temporal
coverage is potentially guarantied [2]. Moreover, as indicated in [3], advances in
mobile positioning are now maturing to the point where the positioning accuracy is
sufficient to support the estimation of traffic states on roadways.

1.1.2 Smart Traffic Information System: An Overview

A generic view of the proposed mobile phone-based smart traffic information
system is presented in Figure 1.1. In this proposed system, positioning-enabled
mobile phones are used to locate the vehicles. The mobile phones are also utilized
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as on-board processing units, which for instance can make appropriate decisions to
protect user’s privacy. In addition, these switched-on mobile phones are employed
as probes to collect traffic data used for real-time urban road traffic state estimation.
The system’s main components include a mobile application (i.e. the MobiTraS [4])
running on each on-board mobile phone and a central server where algorithms, such
as location data processing, traffic state estimation, user privacy protection, etc., are
running in real-time. Additional components of the system are location service
providers, i.e., satellites and the cellular network, used for communication between
different parts and for positioning. The mobile phone's location is calculated using
the embedded GPS receiver and the network-assisted information. Then the mobile
application sends location updates to the server according to an algorithm that
prevents revealing the user's private information. The communication between
server and client is implemented through the cellular network, which the subscriber
is connected to. In order to preserve the security of the system, a secure channel is
established between two parts, which augments the standard generic bootstrapping
architecture (GBA) by anonymous authentication [5]. The server collects locations,
processes them to estimate the traffic and then send to each client personalized and
dynamic information. As shown in Figure 1.1, the information presented on mobile
phone display consists of an area map with the user’s location and colored road
segments showing traffic conditions.

] D D LCS
Satellites \g Provider

Secure 3G
Communication

Traffic State Estimation

Location Data Processing}@:‘
Eg User Privacy Protection
N

Cellular ‘
Traffic System Network
Central Server

Figure 1.1: Mobile Phone-based Smart Traffic Information System.
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1.2 Problem Formulation

Although the motivation behind using mobile phones in TIS is obvious, there are
still a range of issues that must be addressed before deploying it to the real world: 1)
the technical issues, e.g., data quality in terms of accuracy and reliability 2) the legal
issues, e.g., safety and privacy of mobile phone users, 3) the institutional issues, and
4) the cost issues.

In this thesis, two major problems in the operational design of the proposed smart
traffic information system (described in Section 1.1.2) are addressed. The first one
concerns positioning and tracking the mobile phone, traveling on board a vehicle,
all around the journey with appropriate accuracy; the second one concerns pro-
cessing the location data collected by mobile phones to estimate in real-time the
traffic state on urban road networks.

Problem 1

The problem of interest consists in analyzing standard mobile positioning methods,
proposing and implementing a solution for the mobile phone-based vehicle location
in our system. Three objectives are identified from this problem.

e Objective I: review the existing standardized mobile positioning methods
and find possible solutions (e.g., combinations of the standard methods) to
the vehicle location application.

o Objective 2: develop a mobile positioning simulator in order to provide
reasonable estimations on positioning accuracies through modeling the ra-
dio propagation environment in a specific cellular network.

o Objective 3: implement one of the proposed hybrid solutions (achieved in
Objective 1), which can find the optimal location estimates of the mobile
and track its trajectory in an emulated vehicular scenario.

Problem 2

The problem of interest lies in proposing, simulating and evaluating an approach for
mobile phone-based urban traffic state estimation. Two objectives are targeted in
this problem.

o Objective I: propose a method that makes use of the mobile positioning and
tracking data to perform traffic state estimation on urban road networks.

e Objective 2: show the potential feasibility of the mobile phone-based smart
traffic information system through a simulation testbed.
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1.3 Thesis Outline and Contributions

The outline of the thesis is as follows. Chapter 2 presents a survey on vehicle loca-
tion using mobile phones; it serves as an introduction to the following two chapters
by investigating the standard mobile positioning methods and suggesting hybrid
solutions to these methods. Chapter 3 demonstrates the models and methods used to
develop the UMTS mobile positioning simulator, which is targeted for vehicle
location applications. Chapter 4 is devoted to detail implementations of a mobile
phone-based hybrid vehicle positioning and tracking solution, proposed in Chapter
2. Chapter 5 shows how positioning and tracking information from mobile phones
can be used to estimate real-time urban road traffic states. Finally, Chapter 6 con-
cludes the thesis. A summary of each chapter is given next.

Chapter 2

This chapter aims to find practical solutions to vehicle location using wireless wide
area network in the proposed mobile phone-based smart traffic information system.
A thorough investigation has been performed with the focus on standard location
methods specified for different generations of the radio access networks. Based on
the comparative survey, combinations and hybrid solutions to the standard methods,
particularly in UMTS, are suggested in order to improve the location performance.
The chapter is based upon:

e S.Tao, S. Rodriguez, and A. Rusu, “Vehicle Location Using Wireless Wide
Area Network,” in Proceedings of Joint IFIP Wireless and Mobile Net-
working Conference, Oct. 2010, pp. 1-6.

Chapter 3

This chapter presents a tool for simulating UMTS mobile positioning in vehicular
environment. The primary function of this simulator is to locate the UMTS mobile
in realistic propagation environments. This tool first models network configurations
and radio propagations in a vehicular scenario. Based on the system-level radio
network model, it then simulates the pilot signal transmitted by a base station to a
mobile through the standard 3GPP WCDMA FDD downlink. The received pilots at
the mobile are processed to obtain the time-difference-of-arrival estimates, which
are used to construct the hyperbolic equations for mobile position calculation. The
chapter is based upon:

e S.Tao, S. Rodriguez, and A. Rusu, “ UMTS Mobile Positioning Simulator
for Vehicle Location,” in Proceedings of IET International Conference on
Wireless, Mobile and Multimedia Networks, Sept. 2010, pp. 344-347.
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Chapter 4

In this chapter, a hybrid scheme which combines location estimates from both
A-GPS and OTDOA is proposed for mobile phone-based vehicle positioning and
tracking. In the proposed scheme, the Kalman filtering technique is exploited to
fuse the noisy OTDOA and A-GPS location measurements at the state-vector level.
Moreover, statistical evaluations and field tests are performed to obtain reasonable
noise models for both location measurements. Numerical results demonstrate that
the hybrid scheme can provide better position and velocity estimations than each
individual location method. The chapter is based upon:

e S. Tao, V. Manolopoulos, S. Rodriguez, M. Ismail and A. Rusu, “Hybrid
Vehicle Positioning and Tracking Using Mobile Phones,” in Proceedings
of IEEE International Conference on ITS Telecommunications, Aug. 2011,
pp. 315-320.

Chapter 5

In this chapter, a method of real-time urban traffic state estimation is presented. The
proposed method, taking advantage of the recently booming A-GPS mobile phones,
potentially solves the problems in the current state-of-the-practice traffic systems.
Based on the microscopic traffic simulation and field tests, “realistic” A-GPS mo-
bile probe data is emulated and “ground truth” traffic data is generated. The A-GPS
location samples are firstly processed by Kalman filtering and data screening. The
resultant state estimates are then allocated to road links through simple
map-matching. By aggregating speed estimates on each road link, traffic states are
determined. The achieved simulation results suggest that reliable average link speed
estimations can be generated, which are fundamental for the subsequent develop-
ment of a system demonstrator. The chapter is based upon:

e S. Tao, V. Manolopoulos, S. Rodriguez, and A. Rusu, “Real-time Urban
Traffic State Estimation with A-GPS Mobile Phones as Probes,” accepted
for publication in SCIRP Journal of Transportation Technologies.



CHAPTER 2

VEHICLE LOCATION USING MOBILE PHONES:
SURVEY AND PROSPECTS

Development of vehicle location and navigation systems has a long history, even
though these systems have only recently started to reach the world market. The
current solution to vehicle location and navigation is an inertial navigation system
(INS). Modern INS is normally equipped with (relatively) expensive OBUs. On the
other hand, mobile phones, taking advantage of the development of location ser-
vices in modern communication systems, can be a natural alternative to the posi-
tioning module in INS. Moreover, the communication functionality of mobile
phones can replace the ITS specific communication module. The high resolution
(touch) screen of modern mobile phones can also be an excellent substitute for a
separate human-machine interface module. Economically, it is desirable to develop
vehicle positioning techniques that take advantage of the well-established wireless
networks and the pervasive low cost mobile phones. In this sense, the problem of
positioning a vehicle becomes the problem of accurately locating the mobile phone
traveling on-board. In order to tackle this problem, this chapter first investigates the
standard mobile location methods and exploits this information in ITSs, especially
in vehicle location applications. Hybrid solutions are then proposed based on the
well-established and standardized location methods.
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2.1 Mobile Positioning and Its Performance Metrics

2.1.1 Calls for Mobile Positioning

Location services (LCS) refers to services that utilize the position estimate of a
mobile station [6]. As specified in [7], there are four categories of location services:
commercial LCS, internal LCS, emergency LCS, and lawful intercept LCS. The
demand to locate mobile phones in the case of emergency calls is commonly ac-
cepted as the main driving force for LCS. This demand was initiated by the U.S.
FCC (Federal Communication Commission), which ruled that the calling party of
all emergency calls (911) in the United States should be located with a defined
degree of accuracy [8], as specified in Table 2.1. In Europe, the EC (European
Community) defines positioning performance requirements for their E-112 location
systems [9], as specified in Table 2.2. The above requirements are for emergency
location. In contrast, vehicle positioning requires far finer resolution and greater
accuracy. The mobile application in our proposed traffic system is a commercial
LCS. Such an application provides a value-added service to subscriber. In [10],
descriptions of possible location-based services are given. Categories B3.2 “Traffic
Monitoring” and B5.1 “Navigation” fit best to the goals of our proposed system.
Location technologies are increasingly designed to meet the requirements for cer-
tain location-based services (LBS), rather than simply to meet the mandatory reg-
ulations (as per Tables 2.1 and 2.2). Table 2.3 lists some specific LBS and their
expected accuracy ranges [10].

Table 2.1: Accuracy required from FCC.

Solutions 67% of Calls 95% of Calls
Handset-based 50 meters 150 meters
Network-based 100 meters 300 meters

Table 2.2: E-112 accuracy guidelines.

Urban Suburban Rural Crossroads

50 meters 50 meters 100 meters < 100 meters

Table 2.3: Typical LBS position accuracy.

Service Types Accuracy Range
Fleet Management 125m - Cell Radius
Network Planning 10m - Cell Radius
Person Tracking 10m - 125m

Navigation and Route Guidance 10m - 125m
Traffic Congestion Reporting 10m - 40m
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2.1.2 Vehicle Location: Requirements and Metrics

In order to accomplish vehicle location and navigation functions, the positioning
system should have the ability to determine its current position within 20 meters of
its actual location over 90% of its travel time [11]. This 20 meters resolution is
required to differentiate between closely spaced parallel road segments, and
consequently minimizes the map-matching errors. In addition, as a supplement to
accuracy, the 90% of time coverage is demanded.

Here we consider the accuracy as how closely the location measurements agree
with the actual location of the targets. The positioning accuracy can be defined by
root mean square (RMS) or standard deviation. Specifically, in the 2D case, the
RMS is composed of the standard deviations of two 1D axes [12], as illustrated in
Figure 2.1. The standard deviation can be calculated as:

oyp = 20,2 = \[20,° (2.1)

In addition, the root mean square error (RMSE) can be defined as an accuracy
evaluation of multiple location measurements [13]:

1
RMSE = \/N Z[i;\le[mmeasured(k) T Ty ]2 (22)

Northing

Easting

IDRMS: one deviation root mean square
2DRMS: two deviation root mean square

Figure 2.1: The confidence circle.
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More generally, accuracy, geometric dilution of precision (GDOP) and coverage
are three important performance measures for positioning systems. A common
measure of accuracy is the comparison of the mean-square-error (MSE) of the
location estimate with the theoretical MSE based on the Cramer-Rao lower bound
(CRLB) [14]. The MSE in two dimensions is given by:

MSE =¢ = E[(z — 2)* + (y — 9)?] (2.3)

where (Ji,y ) are the coordinates of the target and (i",g]) is the estimated position.
In addition, the GDOP provides a measure of the effect of the base stations’ con-
figuration on the location estimate [14]. It is defined as the ratio of the RMS position
error to the RMS ranging error, which is given by:

cpop — VE@ = 8P + (- )] (24)

g,

where o, denotes the fundamental ranging error. Another evaluation metrics of
positioning system is coverage. It is defined as the proportion of an area of interest
that is provided with an acceptable level of service by the positioning system [15].

2.2 Legacy Systems and Mobile Positioning

2.2.1 Legacy Vehicle Positioning Systems

Before digging into the location technologies based on wireless wide area networks,
let us first quickly review the legacy positioning systems. Historically, vehicle
positioning systems can be divided into three basic classes [15]: signpost systems,
wave-based systems, and dead reckoning systems.

Signpost systems measure position based on the fact that the vehicle is located
close to a reference point, i.e., a signpost. The “signpost” can be a person standing
by the road or some dispersed roadside beacons. Two important elements of this
beacon system are a vehicle-mounted “tag” and the roadside unit.

Wave-based systems use propagation properties of waves to determine position,
e.g., a radar system. The position of a vehicle is measured relative to reference sites.
For GPS, each satellite is a reference site. The on-board GPS receiver receives
signals from satellites and uses time-of-arrival information to calculate its position.

Dead reckoning systems rely on sensing the vehicle’s acceleration or velocity,
which are used to determine the track of the vehicle. In dead reckoning systems, a
compass and odometer or a gyroscope and accelerometer can be used as sensors.
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All of the positioning systems described above are inevitably linked with com-
munication systems. In other words, the OBUs in vehicles are not only inertial
sensors and GPS receivers, but also dedicated mobile communication equipments.
Hence, it would be desirable to develop vehicle positioning techniques that take
advantage of the well-established wireless wide area networks and the pervasive
low cost mobile phones.

2.2.2 Mobile Positioning Principles

This section explains the principles of mobile positioning methods. Among the
basic positioning methods [12], three of them are of particular interest for mobile
location estimation in wireless wide area networks. These three approaches (i.e.,
proximity sensing, circular lateration and hyperbolic lateration) will later be em-
ployed by location technologies in the following sections.

2.2.2.1 Proximity Sensing

Proximity sensing is an intuitive way to estimate the rough position of a mobile
terminal. Geolocation of the mobile terminal can be derived from the coordinates of
a base station (BS), which can sense that mobile terminal (or which the mobile
terminal senses). As shown in Figure 2.2, the known position (X;,Y]) of the BS1
that either sends or receives a pilot signal is simply assumed to be (near) the position
of the mobile terminal [12]. In this proximity sensing case, the expected deviation

error is limited by the radius of this sensing area.

Mobile
Terminal

Pilot Signal

BS1

Figure 2.2: Illustration of proximity sensing.

2.2.2.2 Circular Lateration

For circular lateration, assume that the distances d; between the mobile terminal
and a set of BSs are known. Given three base stations with known coordinates
(X,,Y), we can then uniquely determine the mobile terminal’s position (:L“,y) .

071
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As illustrated in Figure 2.3 (a), the mobile terminal can be located by the intersec-
tion of the three circles, with distance d, as radius. The mobile terminal’s position
(x Y ) can be analytically determined from the following equations:

d = \/(X1 — z) + Y —y)?
dy = (X, — 2 + (Y, — y)? (2.5)
dy = (X, — 2 + (¥, — y)?

In the realistic case, the measured distance m, may have a derivation error ¢
from the actual distance d,. Then, the three circles will not intersect at a point
(x,y ) , but the intersection becomes an error margin, as shown in Figure 2.3 (b).

() (b)

Figure 2.3: Illustration of circular lateration: (a) the ideal intersection, and (b) the
measurement error margin.

2.2.2.3 Hyperbolic Lateration
For hyperbolic lateration, the mobile terminal’s position is determined by the dis-
tance differences (d; — dj) instead of the absolute distance d;. A hyperbola is

defined to be the set of all points for which the difference from two fixed points is
constant [12]. Then two BSs with known locations determine a hyperbolic curve.
The intersection of two hyperbolic curves can determine a unique point. Therefore,
three BSs are required to locate a mobile terminal, as shown in Figure 2.4 (a). The

mobile terminal’s position (x,y ) can be derived from:
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dy —dy = (X, — ) + (Y, —yP — (X, — 2 + (Y, —y)°
dy —dy = (X, — 2P + (¥, — 9P — (X, — 2) + (¥, — y)?

As in the circular case, hyperbolic lateration has a derivation error 4, _, , which is
i

due to the inaccurate measurement of distance differences. The two hyperbolas
intersect in an error margin area, as illustrated in Figure 2.4 (b).

Figure 2.4: Illustration of hyperbolic lateration: (a) the ideal intersection, and (b) the
measurement error margin.

2.3 Mobile Positioning Standardization in
Generations of RANs

In the past decade, the telecommunication standards organization 3GPP (Third
Generation Partnership Project) has been endeavoring to incorporate location
techniques (introduced in Section 2.2.2) into their standards. LCS (Location Ser-
vices) defined by 3GPP are not exclusively for “3G” networks but rather cover
several generations of RAN (radio access network): GERAN (GSM EDGE RAN),
UTRAN (UMTS Terrestrial RAN) and E-UTRAN (Evolved UMTS Terrestrial
RAN). EDGE stands for “Enhanced Data rate for Global Evolution”. The evolution
is with respect to the GSM (Global System for Mobile communication), i.e., a “2G”
system. UMTS stands for “Universal Mobile Telecommunications System”, which
commonly refers to WCDMA (Wide-band Code Division Multiple Access), i.e., a
“3G” system. E-UTRAN refers to LTE (Long Term Evolution) i.e., a “4G”’system
(candidate)'.

! LTE-Advanced meets the ITU-T's requirements for a 4G system.
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In specification TS 22.071 [10], 3GPP provides an overall description of location
services and requirements (i.e., LCS stage 1). In addition, a description of the
function model, the LCS architecture and the message flow is given in specification
TS 23.271 [7] (i.e., LCS stage 2). Stage 1 is described from the service subscriber’s
points of view and does not include the details of how the service is realized. Stage
2 provides methods to support mobile location services for operators, subscribers,
and third party service providers. The following subsections describe the standard-
ized positioning methods supported in each RAN.

2.3.1 Standard LCS in GERAN

3GPP TS 43.059 (the functional description of LCS in GERAN) [16] specifies the
location methods supported in GSM. There are four positioning methods supported
in the GSM/EDGE RAN: Timing Advance (TA), Enhanced Observed Time Dif-
ference (E-OTD), Global Navigation Satellite System (GNSS) based positioning
(A-GNSS), and Uplink Time Difference Of Arrival (U-TDOA).

In GSM, the TA (Timing Advance) value corresponds to the time a signal takes
from the MS (Mobile Station) to the BTS (Base Transceiver Station). In a proximity
positioning method, the use of TA is a way to limit location uncertainty in cell-ID
(cell identification) technology. The cell-ID of the corresponding BTS is returned
along with the TA value.

The E-OTD method is based on the measurement of relative time of arrival of the
signals (from nearby pairs of BTSs). The position of the MS is determined by the
hyperbolic lateration (trilateration) illustrated in Section 2.2.2. To obtain accurate
trilateration, at least three BTSs with good geometry are required to be within the
range of the MS. This is basically a TDOA (Time Difference of Arrival) method.
For it to work properly, additional location determination software and hardware
must be added to the network [17].

A Global Navigation Satellite System (GNSS) refers to a satellite system that is
used to pinpoint the geolocation of a user's receiver. GNSS uses the same principle
as in Time Of Arrival (TOA) system which determines the MS position by the
circular lateration illustrated in Section 2.2.2. In order to resolve the latency and
sensitivity issues in GNSS, network-assisted is GNSS standardized, which aug-
ments the weak signal received from the satellites with network-assisted data.

The U-TDOA positioning method is based on the measurement of time of arrival
of the signal sent from the MS and received at BTSs. With known BTS coordinates,
the MS’s position can be calculated via hyperbolic lateration. Although based on a
similar principle, the position calculation in U-TDOA is done by the network in-
frastructure, while in E-OTD the position is calculated by the MS.
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2.3.2 Standard LCS in UTRAN

3GPP TS 25.305 (the functional description of UE positioning in UTRAN) [18]
provides means to support the calculation of the user equipment (UE”) position.
There are four standard positioning methods supported in UMTS Terrestrial RAN:
Cell-ID (CID), Observed Time Difference Of Arrival (OTDOA), Network-assisted
GPS (A-GPS), and Uplink-Time Difference Of Arrival (U-TDOA).

In UMTS, the Cell-ID based method estimates the position of a UE by knowing
its serving Node B’. The estimated position of the UE is the position of the serving
Node B. Similar to using TA in GSM, additional techniques can be employed in
UMTS to improve accuracy of the CID method. One of them is measurement of
signal round trip delay, i.e., round-trip-time (RTT). Due to the larger bandwidth and
shorter chip duration in UMTS, the accuracy of RTT is significantly higher than the
resolution of the TA-based techniques in GSM [19].

OTDOA is similar to E-OTD since it is a UE-based technology using the TDOA
positioning method. The UE's position is determined by the intersection of hyper-
bolas for at least two pairs of Node Bs, using the same principle demonstrated in
Figure 2.4 (a). In some conditions, UEs may have difficulty hearing a sufficient
number of cells needed for TDOA calculations. One solution, specified by 3GPP for
this problem, is an idle period downlink (IPDL) where the serving Node B intro-
duces idle periods in the downlink to improve the hearability of weaker neighboring
Node Bs.

As in GSM, a network-assisted GNSS method is also standardized. In particular,
network-assisted GPS (A-GPS) is specified in detail as a separated clause in the
standard. Two types of A-GPS methods are specified in UTRAN, namely UE-based
and UE-assisted. Computation of the position can either be performed in UTRAN
for UE-assisted or in the UE for UE-based. In the former, the UE employs GPS
receiver with reduced complexity, whereas in the later, a full GPS receiver is re-
quired in the UE.

The network-based U-TDOA positioning method in UMTS is basically the same
as in GSM. Likewise, the difference between U-TDOA and OTDOA lies in whether
the measurement is done by the network or by the UE. In UTRAN, the U-TDOA
shows significant advantage over its handset-based counterpart [20]: no IPDL in
OTDOA is needed; more complicated processing becomes affordable and therefore
the positioning accuracy can be improved; no need to modify the UE nor the node
B; network management becomes easier, as it is less complex to upgrade the soft-
ware in network entities than it is to upgrade millions of terminals.

2 User Equipment is a UMTS terminology for Mobile Station.
3 Node B is a UMTS terminology for Base Station.



16 CHAPTER 2. VEHICLE LOCATION USING MOBILE PHONES: SURVEY
AND PROSPECTS

2.3.3 Standard LCS in E-UTRAN

3GPP TS 36.305 (the functional description of UE positioning in E-UTRAN) [21]
defines the E-UTRAN (Evolved UTRAN) UE positioning architecture, functional
entities, and operations to support positioning methods. The E-UTRAN positioning
capabilities are still under discussion; and the aim is to be compatible to other types
of access and position methods. In the latest release (Release 10), three standard
positioning methods are supported for E-UTRAN: Enhanced Cell ID (E-CID),
Downlink Positioning (Downlink), and Network-assisted GNSS (A-GNSS).

In E-UTRAN, Enhanced Cell ID (E-CID) method estimates the UE with the
knowledge of its serving Evolved Node B (eNode B*) and cell. This E-CID method
uses additional measurements, for instance the UE and/or E-UTRAN resources to
improve the UE location estimate.

In the downlink positioning method, the UE position is estimated based on
measurements (taken at the UE) of pilot signals from several eNode Bs. It can be
compared to OTDOA in UTRAN, since this downlink method is based on measured
time differences observed by the UE. It is worth noting that this downlink posi-
tioning method is still under discussion and cannot be considered definitive yet.

Similar as in UTRAN, when GNSS is designed to cooperate with the E-UTRAN,
the network assists the UE GNSS receiver to improve the performance. Two as-
sisted modes are supported here, namely UE-based and UE-assisted.

2.4 Classification and Discussion

As stated in Section 2.3, various location technologies have been developed for use
in wireless wide area networks. Despite their numerous variations, these standard-
ized methods can be systematically classified. In this section, comparisons and
discussions will focus on several interesting aspects of these technologies.

2.4.1 Major Categories of Wireless Location

Mobile positioning in wireless networks can be divided into two major categories:
network-based and handset-based methods. In the former, the handset position is
determined purely from measurements taken at network infrastructures. Thus, no
modification is required in the handset. In the latter, a position is calculated based
upon measurements in handset. The handset either reports the measurement results
to the network or does the calculation itself. Hence, the handset needs to be
equipped with additional software and hardware. Table 2.4 lists the standard mobile
positioning methods described in Section 2.3, together with their impact on both
network infrastructure and handset.

* eNode B is an Evolved UMTS terminology for Base Station.
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Table 2.4: Categories of standard mobile positioning.

Standard Positioning Methods Modification Requirements
RANs
Network-based Handset-based Network Handset
CID + TA - Software No
GSM - E-OTD Hardware Software
20) - A-GNSS Hardware Both
U-TDOA - Hardware No
CID +RTT - Software No
UMTS - OTDOA-IPDL Hardware Software
(0) - A-GPS Hardware Both
U-TDOA - Hardware No
E-CID - Software No
tITGEj‘) - A-GNSS Hardware Both
- Downlink Hardware Software

a. LTE is branded as “4G”; although it is not been fully comply with 4G requirements.

A network-based method has the obvious advantage that it can be directly applied
to any legacy network. For operators, this feature is favored since they want to serve
as many subscribers as possible to make greater profit. This method is also benefi-
cial to the subscribers. Firstly, they do not need to invest in new devices and sec-
ondly the network-based measurement significantly reduces the power consump-
tion of their devices. However, the network-based location not only utilizes a cer-
tain amount of network resources, but also involves insignificant changes in net-
work infrastructures. On the other hand, although the handset-based method de-
mands expensive terminals with high power consumption, it is still worth the price:
this approach reduces utilization of network resources; and positioning is less de-
pendent on the network. Hence, the handset-based location is applicable even to
networks which have low capacity and are not specially designed for location
services. Moreover, since the handset is not limited by the network, the location
accuracy can be improved, as needed, by making more measurements. In addition,
in some situations, this method is more secure than its network-based counterpart
since the position and tracking information are not available in the network [22].
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2.4.2 Location Methods in Generations of RANs

The standard mobile positioning methods, whether in GSM, UMTS, or LTE, fall
into four classes: cell coverage based positioning, downlink observed time differ-
ence, network assisted GNSS, and uplink TDOA. Table 2.5 gives a summary of
different techniques specified for each generation of RANS.

Table 2.5: Summary of location methods in generations of RANS.

Location Principle Standard Wireless Estimated
Methods Ilustration Techniques Networks Accuracy
CID +TA GSM 80-450m
Cell
Coverage CID + RTT UMTS 180-550m
Based
E-CID LTE -
) E-OTD GSM 150-500m
Downlink é
Observed Time \é\ OTDOA-IPDL UMTS >30m
Difference é .
Downlink LTE -
GSM
Network > 10m*
Assisted A-GPS UMTS
GNSS
LTE -
N é GSM
Uplink Time é U-TDOA 40-120m
Difference of

\é\ UMTS
Arrival é

- LTE -

a. This accuracy cannot be achieved in some environments, e.g. urban canyon and dense building.

As discussed above, the second and earlier generation cellular networks were
not dedicated to LCS. The limited bandwidth makes them less attractive to incor-
porate positioning functionalities, since the bandwidth of cellular signal determines
the precision that can be attained in timing measurement [22]. On the contrary, the
third and higher generation networks have protocol provisions for LCS and their
wider bandwidths enhance the positioning accuracy. The standards for E-UTRAN,
however, are not yet finalized. Additionally, LTE is actually defined as a transi-
tional generation, called pre-4G or 3.5G, rather than 4G. The 3G, on the other hand,
has been deployed pervasively worldwide and welcomed its 500 millionth customer
in Jan. 2010, according to the UMTS Forum [23]. Nevertheless, LCS will not be
limited to the 3G networks, and should be forward compatible to the next generation
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wireless wide area network. Despite this trend, further discussions and the proposed
solution in the coming sections will focus on UMTS (a 3G network), because it is
well established, standardized and widely implemented.

2.4.3 Performance Evaluation of 3G UE Positioning

It is challenging to compare these 3G mobile positioning methods since there are so
many performance metrics to evaluate. In [24], several performance criteria are
defined to evaluate different positioning technologies: accuracy, availability, reli-
ability, latency, and applicability.

Among them, accuracy and availability are of major importance. Accuracy refers
to how closely the location measurements agree with the actual location of the
target. Availability is related to environmental situations where positioning is pos-
sible. Availability is characterized by the following scenarios: remote, rural, sub-
urban, urban, indoor, and underground. For example, in E-112 guidelines, the
accuracy is defined according to these availability classifications. Table 2.6 gives
the comparison of 3G positioning accuracy in rural, suburban, and urban areas,
which are valid for our vehicle location application [22], [25]. As it can be seen in
the table, only A-GPS meets the 20 m requirement.

In addition, reliability is defined as the ratio of successful positioning attempts
out of all attempts made. For instance, in the FCC-E911 requirements, 67% or 95%
of successful calls is the reliability constraint. Latency refers to the time from
power-up to the first location measurement being obtained. This is better known as
TTFF (Time-To-First-Fix) in GPS terminology. Applicability is more related to
economic than technical issues. It covers aspects of power consumption, processing
and signaling load, hardware and software size, deployment and operational cost.
Inferred from [26], a comparison of 3G positioning methods in terms of the above
three metrics is given in Table 2.7.

Table 2.6: Comparison of 3G positioning methods: accuracy and availability.

Positioning Accuracy vs. Availability

Methods Rural Suburban Urban
CID +RTT 250-35km 250-2500m 50-550m
A-GPS 10m 10-20m 10-100m
OTDOA-IPDL 50-150m 50-250m 50-300m
U-TDOA 50-120m 40-50m 40-50m
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Table 2.7: Comparison of 3G positioning methods: reliability, latency and

applicability.
Positioning Methods Reliability Latency Applicability
CID +RTT high 1-5s high
A-GPS medium 1-10s* medium
OTDOA-IPDL medium <10s medium
U-TDOA medium <10s low

a. This latency is limited to the outdoor environment.

2.4.4 Further Discussion

Not surprisingly, the cell-based method shows the poorest accuracy which can be
easily explained due to its dependency on the cell size. However, its reliability and
attainability is outstanding, since this method only requires one base station for
positioning and does not require any change to either the network or the handset.

In contrast, a GPS-based method provides excellent performance in terms of
accuracy, especially in open-space. In stand-alone mode, which means the network
assistance functionality is off, the handset is able to determine its location even
outside the coverage of a UMTS network. However, GPS does not operate well in a
dense urban area or underground. This may be due to not enough satellites being
visible and GPS signal penetration being blocked by walls. Another problem for
stand-alone GPS is the long latency, e.g. signal acquisition time. Network-assisted
mode overcomes these problems by assisting the handset through providing the
correction data and rough UE position along with an accurate reference time. For
A-GPS, the best accuracy is achieved in rural area; while in an urban area it also
suffers from shadowing effects near high buildings, but much less than the pure
GPS. The reliability of A-GPS method is descent since the assistance data from the
network helps to improve the sensitivity of the GPS receiver.

OTDOA seems to offer a good compromise between purely network-based
method and purely satellite-based method. Its latency is acceptable, requiring less
than 10 seconds to calculate the position. Additionally, it shows much better ac-
curacy than cell-based methods, with tens of meters. Compared with A-GPS, which
requires a GPS receiver in handset, the cost of this method in the handset is rela-
tively modest. It only requires minor software updates in the handset. However, the
network modification is needed: Location Measurement Units (LMUSs) should be
located in all cells and networked to the Core Network (CN). The reliability of this
method is not high, since it involves at least three Node Bs and the LMUs corre-
spondingly. This requirement cannot be always fulfilled in the real world.
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Despite the existence of various OTDOA enhancements, e.g., the standard
OTDOA-IPDL and the CVB (Cumulative Virtual Blanking) [27], the uplink TDOA
methods have been developed and standardized to overcome the problems of
“hearability” in the downlink measurement. Since it is a completely network-based
method, no additional hardware or software needs to be included in the handset.
Thus, one advantage for this uplink method is that it can be applied to all the sub-
scribers. This method works quite well in urban and suburban environment, suf-
fering in some rural settings where the cell sites are not appropriately arranged.
However, U-TDOA requires more complicated measurement units in the network
in addition to the LMUs required by the downlink OTDOA. Thus the applicability
of this purely network-based method is low comparing to others. Moreover, since it
employs location estimation process through hyperbolic lateration, its reliability is
as high, for the same reason, as for OTDOA.

2.5 The Proposed Hybrid Positioning Methods

The mobile positioning techniques, especially the four standard LCS methods in
UMTS, have been presented and evaluated. None of them is clearly the “magic
bullet”, i.e., is perfectly suitable for vehicle location. Generally, network-assisted
GPS seems to be an attractive solution for our application. Moreover, A-GPS
phones are increasingly available in the global mobile phone market. According to
Canalys [28], the annual GPS-enabled smart phone sales are estimated to be above
90 million units. Nevertheless, as discussed in the last section, A-GPS has major
drawbacks that prevent its availability in certain scenarios, such as dense urban area
surrounded by high buildings and underground. This is not catastrophic, but indeed
a serious problem for vehicle navigation services. Hence, it is worthwhile to find an
inexpensive way to supplement the A-GPS method.

Inspired by the previous discussion of the standard location methods, it is
straightforward to expect that combinations can complement the downside of one
method with the advantages of another. In the past decade, attempts have been made
to pursue hybrid mobile location and tracking [29-32]. Nevertheless, they still leave
the doors open for further investigations. Firstly, most of them are based on the old
generations of location techniques and only a few of them use the 3G standard
location methods. Secondly, they aim to complement GPS performance not the
more recently evolved A-GPS. Thirdly, they barely target vehicle location and
navigation applications, which will make difference in performance requirements.
In the following subsections, three hybrid positioning methods are proposed. They
fall into two sets of combing considerations.
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2.5.1 Combining Network-based with Handset-based

Methods

According to 3GPP active work program description [33], hybrid location has been
defined as the concurrent use of a single network-based location technology in
combination with a single mobile-based location technology in response to a single
location request. This combination helps to optimize location accuracy, increase
location yield, and minimize the latency of location delivery. UTRAN currently
allows for a hybrid location solution for technologies that use separate resources.
Based on this principle, two hybrid network-based/handset-based location methods
are presented below.

2.5.1.1 Hybrid of Cell-ID and A-GPS

Recall that the simplest and most reliable method for UE positioning is Cell-ID
based. However, its accuracy cannot meet the requirements of vehicle location and
navigation services. A wide range of enhancements for the basic Cell-ID have been
developed and standardized, as illustrated in Section 2.3. In the UMTS network, for
instance, the most applicable method is Cell-ID+RTT. It has been claimed to be
theoretically capable of estimating the distance between UE to BS with an accuracy
of 36 meters [19]. Moreover, there is a trend towards greater widespread of WLAN
(wireless local area network) and WPAN (wireless personal area networks). Con-
sequently, these Micro- and Pico- cells can be pervasively used in the future to
enable better estimation accuracy of position. A combination of Cell-ID and A-GPS
can then offer adequate positioning for vehicle location.

2.5.1.2 Hybrid of U-TDOA and A-GPS

An alternative to the network-based/handset-based hybrid solution is the use of
uplink TDOA instead of the Cell-ID method. As mentioned before, the U-TDOA
method does not require any modification to the handset, and offers better accuracy
than Cell-ID+RTT and OTDOA. There are two different ways to combine multiple
location technologies in GSM, suggested by [34]. One way is to combine the two
methods in a fallback arrangement, in which the system calls on one method when
performance of the other has deteriorated due to environmental conditions. The
other is to utilize the two simultaneously, mathematically combining the results to
provide enhanced results. Ideally, these two combinations can be applied to the
A-GPS and U-TDOA hybrid positioning in UMTS. For instance, in a “fallback
arrangement”, A-GPS would provide positioning functions when it is available, and
when it is not, the more robust network-based U-TDOA would take over.
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2.5.2 Fusion of Two Handset-based Methods

Two handset-based methods may also be combined together to produce higher
accuracy and availability than a single technology. In UMTS, location estimation
can be based upon fusion from both the A-GPS and the OTDOA measurements.

The driving force for this fusion is obvious, similar to the one behind hybrid of
A-GPS and U-TDOA. Generally, OTDOA is preferable in dense urban areas where
more base stations are available; whereas, A-GPS provides better accuracy on
highways where three satellites are easily visible.

Integration of A-GPS and OTDOA measurements can also be seen as data fusion,
which is a method for merging the information obtained from different sources.
Different sources, however, are subject to different errors that would contribute
unequally to global estimation errors. To address this issue, adaptive data fusion
algorithms have been employed to better integrate different types of position in-
formation, as presented in [35].

2.5.3 Suggestions for Further Implementation

Based on what we have discussed so far, there are majorly three aspects to be further
investigated for implementing the mobile phone-based vehicle location. One is to
develop simulators to emulate the cell coverage based (Cell-ID) or the time based
(OTDOA and U-TDOA) positioning methods, since the network parameters re-
quired by these methods are not accessible by us’. Another is to find a smart fusion
of the above position measurements and the location data acquired by the A-GPS
method. The third one, which can be seen as the continuation to the problems of
vehicle geolocation estimation, is to track the vehicle. For this purpose, not only the
position coordinates, but also the velocity of the vehicle (in our scenario the mobile)
should be estimated. This effort commonly resorts to mobility tracking algorithms
in wireless networks.

> The network parameters are commonly kept confidential by mobile operators.






CHAPTER 3

UMTS MOBILE POSITIONING SIMULATOR FOR
VEHICLE LOCATION

For vehicle location, the performance of mobile positioning will be affected by
real-life conditions in different outdoor environments. Thus, in order to evaluate the
performance, a reliable way is to perform field trials. However, it is expensive to
evaluate a system in this manner, in all environments [36]. One alternative to the
actual field test measurements is to develop a predictive simulation tool. The posi-
tioning simulator should be capable of providing reasonable estimations on posi-
tioning accuracies under the realistic conditions [37]. This chapter presents such a
positioning simulator that can help to analyse the OTDOA positioning supported by
the UMTS. This UMTS mobile positioning simulator consists of three parts. The
first part models the overall radio network at system level. It includes the network
topology, mobile mobility and radio propagation model. The second part is a link
level WCDMA FDD simulator. It covers the transmission code generation blocks, a
Rayleigh fading channel model, and the correlation reception blocks. The third part
is the position estimation composed of timing measurement and location calculation
algorithm. The system level model and the location algorithms are developed in
MATLAB. The link level simulator is implemented in Simulink, with extensive use
of the Communications Toolbox & Blockset, and the WCDMA End-to-End Phys-
ical Layer demo.
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3.1 Sources of Mobile Positioning Error

All positioning techniques are exposed to various environmental limitations due to
diverse and dynamic radio propagation characteristics [38]. In cellular scenarios,
several factors can introduce errors in location estimates. Two sources of error are
common to all cellular radio systems: multipath propagation and non-line-of-sight
(NLOS) propagation. For CDMA system, interference from mobile users in other
cells would also contribute to the error because of the near-far effect [14].

NLOS propagation describes the scenario where the direct path, i.e., the
line-of-sight (LOS) between mobile station (MS) and base station (BS) is blocked
by structures such as buildings in dense urban area [14]. With NLOS propagation,
the signal arriving at the MS is reflected, as shown in Figure 3.1. The NLOS path
can be longer than the LOS path which results in erroneous timing measurement.

Multipath propagation refers to the reception of multiple signals at a MS or BS. It
appears due to the existence of various obstacles in the radio environment that are
source of reflections, diffractions, and scattering of the signal [38]. Even if there is
an existing LOS path, multipath propagation may still lead to erroneous timing
estimates. Moreover, multipath channels result in signal components spread over
time and frequency [38]. It causes interference when selected spreading codes for
separating physical channels in the downlink are not fully orthogonal [39].

All cellular systems suffer from co-channel interference. In cellular CDMA, MSs
share the same frequency band with different spreading codes [14]. Therefore, one
challenge facing UMTS location is the existence of in band interference. The wide
bandwidth of UMTS makes resolution of timing estimation higher than earlier
generations of systems. However, the high interference in WCDMA may work
against this benefit by making it difficult to detect the arriving signal [40].

Structures

Figure 3.1: Source of mobile positioning error: NLOS propagation.
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3.2 Radio Network Modeling

The radio network model is the basis of the positioning simulator. In this section,
the cellular topology and the mobile generation are firstly described. Then, the
modeling of path loss, shadowing, and fading are presented.

3.2.1 Network Topology and MS Mobility

The cellular network is designed as a regular hexagonal pattern. Base stations are
placed on a hexagonal grid with distance of 1000 m; the cell radius is then equal to
577 m. Each BS, equipped with omni-directional antenna, is located in the middle
of the cell. In simulations, the network modeling is limited to a certain number of
cells with strict boundaries. BSs and MSs in the cell boundaries have different
interference than others inside the cellular network. In addition, MSs at the bound-
ary may leave the network and lose their connectivity. To avoid these two problems,
a wrap-around technique is applied in network modeling and simulation [41]. It is
demonstrated in [42] that performing system-level simulation in a 7-cell topology
may underestimate the total interference in the system whereas 19 is considered a
suitable number of cells when wrap around technique is used. A mobility pattern is
defined for updating the MS position. The inputs of the mobility model are the MS’s
initial position and velocity. The MS updates its position after every time step. The
new position would be the product of complex speed and time step added to the old
complex position. An example of MS movement in hexagonal cells with wrapped
boundary is illustrated in Figure 3.2. The MS (in a vehicle) is moving with speed of
50 km/h in a straight line through a city. The simulation area is limited to 19 cells in
the center of the city. When the MS is about to get out of the simulation boundary, it
will be wrapped around to the opposite side of the simulation area.

2000 ¢
1000
ol--
1000 L-----1-- 162 ). S S 5| L0 L
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—QUIUD -1000 0 1000 QOIUD 30‘:]0
Figure 3.2: Mobile movement in a wrapped 19-cell network topology.
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3.2.2 Radio Propagation Model

There are numerous possible radio environments where mobile radio systems are
expected to operate. Three generic radio environments have been classified [43].
Among them, the vehicular radio environment is of interest. It is characterized by
macro cell, large transmitting power, and high mobile speed. A three-stage propaga-
tion model is used to describe the characteristics of this environment [44], as illus-
trated in Figure 3.3. The first effect is path loss, which models how the received
signal strength decreases as the MS to BS distance increases. The second effect is
shadowing (referred also as slow or log-normal fading), which models how the
transmitted signal is attenuated through absorption, reflection, scattering and dif-
fraction. The third effect is fast fading (also known as Rayleigh fading or multipath
fading), which is due to multipath reflections of a transmitted signal by obstacles.
Out of all these characteristics, path loss and shadowing are modeled for the system
level analysis, whereas fast fading is included within the link level simulation.

\ Fast fading

MS

Figure 3.3: Radio propagation effects: path loss, shadowing and fast fading.

3.2.2.1 Path Loss

Two path loss models are implemented in the simulator to emulate two different
situations in urban macro cells. The COST231-Hata-Model calculates the path loss
in absence of environmental information while the COST231-Wallfisch-lkegami-
Model takes into account the geometry of the buildings and streets. Both empirical
models for outdoor applications in urban areas are developed by the European
COST Action 231, based on extensive measurements in European cities [45].

According to the COST231-Hata-Model, the path loss in an urban area is:
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P,(dB) = 46.3 + 33.910g,,(f.) — 13.8210g,, (hs)

(3.1)
—a(hyq) + (44.9 — 6.55log, (hyg))1og,,(d) + Cy,

where f, is the carrier frequency; hyg is the height of the BS antenna; h,,q is the
height of the MS antenna; d is the distance between MS and BS. In addition,
a(h,,¢) is a correction factor for the MS antenna height based on the size of cov-
erage area; (), is 0 dB for medium sized cities and suburbs and 3 dB for metropol-
itan areas.

COST231-Wallfisch-Ikegami-Model allows for improved path loss estimation
by considering additional characteristics of the urban environment. This model
distinguishes between LOS and NLOS situations. For the LOS case, a simple
propagation loss formula is applied:

P, (dB) = 42.6 + 261og,,(d) + 201log,,(f.) (3.2)

For the NLOS case, the path loss is composed of three terms: the free space loss L,
the multiple screen diffraction loss L, _, , and the roof-top-to-street diffraction and
scatter loss L, :

PdB)=L,+L,, +L., (3.3)
where
L, = 32.4 + 20log,,(d) + 201log,,(f,)
L., =L +k, +k;log,(d)+ ks log,(f) — 9log,,(b) (3.4)
L. = —16.9 —10log,,(w) 4+ 10log,,(f) + 20log,,(Ah, )+ L,

Environmental parameters such as heights of buildings, width of roads, building
separation, and road orientation with respect to the direct radio path [45] are in-
cluded in this model.

3.2.2.2 Correlated Shadowing

Inferred from its alternative name “log-normal fading”, statistical distribution of
shadowing can be approximated by a lognormal law with a zero mean and an en-
vironment-specific standard deviation:

Py = 10%/10 (3.5)
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where X is a zezo-mean Gaussian random variable with variance o . In addition, a
more realistic model that takes into account the autocorrelation property is proposed
in [46]. A correlated shadowing model is implemented to make the fading process
correlated between BSs. An uncorrelated process W is firstly defined with normal
distribution N(O, a) . As introduced in [46], a correlation factor A is defined as:

A=t/ (3.6)

where v is the speed of MS, T is the sampling period, and D is the correlation
distance. This correlation is an exponentially decreasing function over distance. In
this sense, the desired correlated random process X is generated by filtering the
uncorrelated random process W using an autoregressive filter:

Xt+1) =a-X(t)+ 6-W(t) (3.7)
where « and 3 are filter parameters, which can be solved by correlation as:

a=A= efvT/D

B=0c-1—(e"T/P)? (3.8)

3.2.2.3 Rayleigh Fading

As discussed previously, the transmitted signal may reach the receiver over multiple
paths. Each path may thus result in different attenuations and delays of the received
signal. The mathematical model of the multipath can be presented using the method
of impulse response:

h(t,T) = ;Ci(t)é(T -7;) (3.9)

which is a well-known tapped-delay line model [47]. The delay values 7, give
different received times of the single transmitted impulse from multiple paths. The
path amplitudes ¢;(¢) are time varying, which is described by Rayleigh distribution.

3.3 WCDMA Link Simulator

Based on the system-level radio network model presented in the previous section,
the communication link between a MS and a BS is modeled. Timing measurements
obtained from such BS-MS links will be then used for UMTS mobile positioning.
The BS-MS link-level simulator includes a BS transmitter, a communication chan-
nel, and a MS receiver. The block diagram of the simulator implemented in Sim-
ulink is shown in Figure 3.4.
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Figure 3.4: WCDMA FDD downlink simulator block diagram.

3.3.1 BS Transmitter Model

The BS transmitter model includes spreading, scrambling, and filtering of the pilot
signal. The generated pilot (P-CPICH) is first spread by a channelization code, and
then scrambled by a complex scrambling code [48]. For channelization, Orthogonal
Variable Spreading Factor (OVSF) code is chosen, so that the channelization code
used in each cell is unique. For scrambling, complex Gold code is adopted, which is
composed of a pair of binary PN (Pseudo-Noise) sequences. The chip rate of PN
code is 3.84 Mchip/s, causing a bandwidth of 5 MHz. The resulted signal is Quadra-
ture Phase-Shift Keying (QPSK) modulated. This QPSK signal is then filtered with
a root raised cosine shaping filter with a roll-off factor of 0.22 [48].

3.3.2 Multipath Channel Model

The Rayleigh multipath and Additive White Gaussian Noise (AWGN) channel
model emulates the effects of the multipath propagation of a Rayleigh fading dis-
cussed in Section 3.2. Here, the AWGN represents the co-channel interference. In a
Rayleigh fading model, the number of paths, power attenuation and delay time are
specified for a particular scenario. In this work, channel models from [47] are
adopted for simulation.
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The Doppler frequency is chosen as 92.6 Hz, corresponding to a mobile speed of
50 km/h. The delay vector and the gain vector are the values specified by the typical
urban channel model (Tux) in 3GPP TR 25.943 [47]. The channel models that are
standardized in [47] are chosen as simplifications of the COST 259 model [49].
When applying the Tux model in the simulator, the model can be further simplified
for the UMTS WCDMA application to allow for more efficient and less complex
simulation. The simplification is done with a specific time resolution AT . For
WCDMA FDD, AT is 1/2 of the chip time which gives 130.2 ns. The simplified
WCDMA FDD model is then obtained by sampling the original channel profiles at
the following delays: { 0,AT,2AT,3AT.. } .

3.3.3 MS Receiver Model

The MS receiver model includes filtering, dispreading, and correlation for detection
of the pilot signal. The main challenge at the receiver side is to detect the received
signal that is attenuated and delayed. Here, a Rake receiver is implemented to
compensate for the multipath effect [39]. The Rake receiver consists of four rake
fingers, each associated with a different received component. Code generators and
correlator perform despreading and channel estimation. The delay is compensated
for the difference in the arrival times of the symbols in each finger. Finally, the
Rake combiner sums the output of different rake fingers to recover the energy
across different delays.

3.4 UMTS Mobile Positioning

Location finding in a WCDMA network is challenging since the network is asyn-
chronous. In this sense, special measurements and techniques should be employed
to locate a MS. In UMTS, MS performs signal arrival-time measurements of the
pilot signal (P-CPICH) from different BSs [50]. As introduced in Chapter 2, for
OTDOA method, signals from at least three BSs should be received by MS for
location calculation. The MS position is then determined by solving a nonlinear
system of hyperbolic equations.

3.4.1 OTDOA Measurement

Defined by 3GPP standard, the physical channel accessed for positioning is the
Common Pilot Channel (CPICH), which is in the downlink [48]. It is used for
observing the SFN-SFN (System Frame Number) observed time difference between
neighboring BSs.
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In such an asynchronous system, BSs transmit pilot signals at different instants.
The OTDOA measurements suffer from time offset which can be compensated by
the relative timing difference (RTD). The RTD is obtained by computing the
SFN-SFN observed time difference, which measures the time difference between
the clocks of the BSs [50]. In addition, the MS also measures the SFN-SFN ob-
served time difference. This time difference observed at MS is called observed time
difference (OTD). The OTD is obtained by computing the time difference between

TCPICHRW_ and TCPICHR_,”' TCPICHM is the time when MS receives one Primary
CPICH (P-CPICH) slot from cell j, and TCPICHR‘ is the time when MS receives
the P-CPICH slot from cell 7 [50].

3.4.2 Cross-correlation Method

The detection of TDOA of received pilots from a pair of base stations is based on
Generalized Cross-Correlation (GCC) method [51]. The cross-correlation function

of received pilot Tepicn, 1 and TopicH, 2 is given by:
T T

1 pr
Cyo(T) = ffo Tepicn, (t)TCPICHRN (t)dt (3.10)

The TDOA estimate is the value 7 that maximizes C|,(7). This GCC method is
implemented using the Find Delay block provided in Simulink.

3.4.3 MS Location Calculation

Given the known coordinates of the i BS as (z,,y,), the known time offset be-
tween two BSs as RTD;, and the observed time difference through correlation as
OTD,;, we can estimate the coordinates of the MS that are denoted as (%, ). In
absence of measurement errors, the hyperbolic difference equation for MS location
can be written as:

(OTD, — RTD,) = (@ — 2,2 + (5 — 4,7 —J(@ — 2,2 + (1 — y,)* (3.11)

where ¢ denotes the speed of light. Thus, we have a set of hyperbolic equations for
three pairs of BSs. This equation set is solved by the classic Chan’s algorithm [52].
The detail deviation and solution to these nonlinear equations can be found later in
Chapter 4 (specifically in Section 4.2.1).
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3.5 Summary

This chapter has presented the models and methods used to develop the UMTS
mobile positioning simulator, which responses to the first investigation aspect
suggested by the end of Chapter 2. The simulation tool is composed of three parts
specifically, the radio network, the WCDMA downlink and the mobile positioning.
This simulator, which is developed in accordance with the 3GPP standards for
OTDOA positioning, can be used to supplement the real field tests, and will be later
(partially) utilized to study the statistics of error in OTDOA location estimation.



CHAPTER 4

MOBILE PHONE-BASED HYBRID VEHICLE
POSITIONING AND TRACKING

The ability to locate the position of a mobile phone has emerged as a key facility of
existing and future generation mobile systems. Many value added location-based
services have been enabled by this feature. For instance, vehicle positioning and
tracking by locating mobile phones traveling on-board vehicles has become feasi-
ble. However, no single standard positioning method can provide decent trade-off
between accuracy and coverage. Hence, there is a challenge on tracking the position
and velocity of the mobile phone along the journey with appropriate accuracy. To
address this issue, in this chapter, we implement one of the hybrid mobile
phone-based vehicle location solutions proposed at the end of Chapter 2: a hybrid
scheme that combines location estimates from both A-GPS and OTDOA position-
ing methods in UMTS. This chapter starts with an illustration of the proposed
hybrid scheme. It is then followed by detailed descriptions of the position estima-
tion, the trajectory tracking, and the data fusion algorithms. After that, the simula-
tion setups are presented and finally the numerical results are provided.
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4.1 The Hybrid Positioning and Tracking Scheme

As introduced in Chapter 2, mobile positioning in wireless networks can be widely
divided into two categories: network-based and handset-based methods. Location
estimates from two handset-based methods (A-GPS and OTDOA) are combined
mathematically to provide enhanced results. In this section, the proposed hybrid
positioning and tracking scheme is firstly illustrated. Then, details about two types
of measurements are further described.

4.1.1 The Hybrid Scheme

The hybrid data fusion scheme is inspired by the classical target tracking problem
using noisy measurements from a variety of sensors [53]. Generally, there are two
approaches for the multi-sensor data fusion: the measurement fusion and the
state-vector fusion. The measurement level fusion is less attractive in real-time
applications since it involves large volume of data transmission. On the contrary,
the state-vector level fusion is preferable in terms of reduced overloads [54]. Each
sensor uses an estimator, which provides an estimate of the state vector and its
associated covariance matrices; then only these state estimates are transmitted to the
fusion center where the fused state vector is obtained. Due to the real-time nature of
this vehicle positioning and tracking application, the concept of state-vector level
fusion is applied. Figure 4.1 shows the diagram of the proposed hybrid positioning
and tracking scheme.

[ AGPS /" Cellular
\Mobile Phone/ \ Network /
(m,,e,) (m,,n,) 4.1.1.1 |

Hyperbolic Positioning
(Chan’s Algorithm)

X y6ps R Xomos R, 41121
Trajectory Tracking « Mobility IN Trajectory Tracking
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X scps Pl‘ %-Vector ‘A/()TDOA Pz 4'1'1'3§

” Fusion
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Figure 4.1: The hybrid positioning and tracking scheme.
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4.1.1.1 A-GPS and OTDOA Measurements
The A-GPS mobile phone provides two-dimensional (2D) geographical coordinates

m, with horizontal accuracy €, Timing measurements m, are obtained from the

parameters in WCDMA network, while OTDOA noise 7, is determined by many
factors (detailed description can be found later in Section 4.1.2.2).

4.1.1.2 Location Estimates and Noise Variance

The geographical coordinates m, = (D11 onn]T are translated to the Cartesian

. _ T . . .
coordinates X, pg = [7),, ,,] - The given accuracy e, is related to the vari-

ance I, of measurement noise. Hyperbolic equations are solved, which result in

. . _ T . .
location estimates X,,;po4 = [Torpoa  Yorpoa) - Variance R, contains the

uncertainty information in this estimation step.

4.1.1.3 State Estimates after KF

In order to track the mobile, Kalman filter (KF) is used for each set of measurements
separately. After KF, state estimates and their associated error covariance are then

generated: X, 1ps = [Z40ps Uacps Tacps Uaaps)' and B for the A-GPS;

> ~ ~ < < T
Xorpoa = Zorpoa  Yorpoa Torpoa Yorpoa) and B for the OTDOA.

4.1.1.4 Position and Velocity Estimates after Fusion
State-vector fusion is performed by fusing the filtered state estimates X 1cps and
XOTDOA into a new state estimate XDF = [Zpr Upr :i"DF g}DF]T. The fusion

results are weighted sums of the two state estimates; while the weight factor is
expressed by the two error covariance F and F,.

4.1.2 A-GPS and OTDOA Measurements

4.1.2.1 A-GPS

For handset-based A-GPS location method, the mobile is the primary position
calculating entity. Thus, the mobile locations are sent to the central server to update
the traffic system with real-time position information. The Java Specification Re-
quest 179 (JSR179) Location Application Programming Interfaces (API) [55] is
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utilized to periodically request location updates from the A-GPS mobile. JSR179 is
the only standardized J2ME™ “location-related” API that works across different
mobile phones. In this work, we conducted several field tests on Sony Ericsson and
Nokia A-GPS mobile phones. The location updates include latitude and longitude
coordinates, their accuracy, and the timestamp. Horizontal accuracy is the root
mean square (RMS) of easting error (in meters, 1-sigma standard deviation) and
northing error (in meters, 1-sigma standard deviation). Assuming a Gaussian dis-
tribution, this implies that the actual location is within the circle defined by the
returned point and radius at a probability of about 68%.

4.1.2.2 OTDOA

For OTDOA method, signals from at least three BSs should be received for location
calculation. Time differences are obtained from physical layer measurements which
have been defined by 3GPP standard [50]. As illustrated in Section 3.4, the OTDOA
measurements suffer from time offset, which can be compensated by the RTD. The
RTD is observed by the measurement element “SFN-SFN observed time difference
(type 2)”. In addition, the element “SFN-SFN observed time difference (type 1)”
measures the timing difference between two cells, which is called the OTD. In
absence of errors, actual time difference between the mobile and one pair of BSs
can be calculated as OTD — RTD _1In reality, measurement errors are present and
can be modeled as zero-mean Gaussian random variables. The specified accuracy
for OTD and RTD are 1 chip and 0.5 chip respectively [56]. In UMTS, the chip rate
is 3.84 Mchips/s, which corresponds to 260.42 ns of chip period AT . In conse-
quence, OTDOA range uncertainty is limited to ¢ x AT= 78.126 m.

4.2 The Positioning and Tracking Algorithms

This section presents the mathematical description of the hyperbolic positioning,
the mobile trajectory tracking, and the state-vector fusion which are three major
steps in the hybrid scheme.

4.2.1 Hyperbolic Solution based on OTDOA
Given known coordinates of BS, (xi,yi> and BS i (:r j,yj) , the measured time

difference m, = OTD, ; —RTD, ;, and the modeled timing measurement noise

. . .o, _ T
n,, we can estimate the mobile position X,,po4 = [Zorpoa  Yorpoa) - The

hyperbolic difference equation for mobile location can be written as:
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R, =cx(m +n)= \/(%TDOA —2,)" + Worpoa = Y:)* (4.1)

2 2
_\/(%TDOA = 2;)" + Worpoa — Y;)

where ¢ is the signal speed (ca. 3 x10°m /s ) and R; i denotes the distance

difference from the mobile to BS; and to BS i Consequently, mobile location can

be estimated by solving a set of nonlinear hyperbolic equations. Many methods
have been proposed to solve these nonlinear equations. Compared to iterative
methods that use the linearization techniques such as the Taylor-series expansion,
closed-form methods are faster and are developed for real-time implementation
[57]. Among them, the Chan’s algorithm, proposed in [52], is an approximation of
the maximum likelihood (ML) estimator, which consists of two-step least squares
(LS). The Chan’s algorithm is employed to locate the mobile using OTDOA
measurements.

Suppose that BS j is the serving base station, which is considered as the refer-
ence point; BS,(i=2,3,...,N) are neighboring sites that are involved in position
calculation. In this sense, (4.1) can be transformed into the following form:

2 2 2
R+ 2R R = (z7 +y7) — 2z, — 2)%0rpoa

) . (4.2)
—2Y; — ¥ Worpos — (&, +y;7)

where R, = \/(%TDOA — :I:j)2 + Worpoa — yj)2 is the distance between the
mobile and the BS jo It is a set of linear equations with unknown vector

2, = [Torpos Yorpoa B;|" to be solved. If we take into account the OTDOA

measurement noise, the OTDOA covariance matrix can be written as:
. 2 2 2
Q = dlag{aw 103 s O } (4.3)

where o j2 are variances of OTDOA timing errors. With this noise, the error

vector derived from (4.2) can be expressed as:

v=h—-G2° (4.4)

a-a

where
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RS, —(x) +4°) + (2 + y,°)
7 2 2 &) &)
h:l Rs,j*(:ES +y3)+($]‘ +yj)
2 :
2 2 2 2 2
RN,j _(mN + Yy )+(xj +yj ) (4‘5)
Ty =Ty Yy~ Yy By
G =BT BTy Ry

Ty =% Yy —Y; By,

and 7 is assumed to be normally distributed. The first-step LS solution of (4.4)
gives a ML estimate of z, as:
z, = (GG )G TU R (4.6)

where V¥ is assumed to be normally distributed and the covariance matrix of W can
be written as:

R, R,
RS

m:ﬂwﬂ:é (4.7)

Ry Ry
The solution given by (4.6) assumes that z,;504 > Yorpos and R, are inde-

pendent. However, in reality they are related. Hence, a second-step LS is applied
which gives the following results:

T T 2

1 0 1 0 Zy1
z,'=1/0 1| (¥)'0 1 0 1| (¥H'22, (4.8)

11 1 11 z23

where
za,l za,,l
U= E[l/)@bT] =4 24 cov(z,) Z, (4.9)
za,,?) za,?)

The resulting z, = [Tprpou Yorpoa Fi)® gives the mobile position estimation.
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4.2.2 Mobility and Measurement Models

This subsection presents the mathematical description of the vehicle motion dynam-
ics in terms of transition equations, and measurement models that relate location
observations to the dynamic states. It is modeled as a sample-data system [58]. Its
dynamics is described by a continuous-time equation, but measurements are ob-
tained at discrete-time.

4.2.2.1 Motion Dynamics

For computational simplicity, the moving vehicle/mobile is modeled as a dynamic
linear system driven by a random acceleration. As a result, the transition equation is
firstly derived for continuous-time movement, and then after discretization is ex-
pressed in discrete-time. Suppose that a vehicle, equipped with a mobile, moves in a
2D Cartesian coordinate system. In order to track this moving mobile, its state can
be expressed as a dynamic state vector:

X(0) = [a(t) () () ()] (4.10)

where x(t) and y(t) are positions; their first derivatives 2(¢) and y(¢) are veloc-
ities. In this way, the motion dynamics can be described by a continuous white noise
acceleration model [59]. In this model, the velocity undergoes perturbations which
are modeled by zero-mean Gaussian white acceleration v(t) :

u(t) = &t) = §(t) (4.11)
with the variance
E[v(t)v(T)] =q6(t—T1) (4.12)

where ¢, is the power spectrum density. The continuous-time transition equation is
then written as:

X(t) = AX(t)+ V(t) (4.13)
where
0 01 0 0
0 0 0 1 0
A= 000 0 V(t) = o(t) (4.14)
0 00O v(t)

Let the sampling period in this sample-data system to be AT . After discretization,
the discrete-time transition equation is:
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X(k+1) = FX(k)+ V(k) (4.15)
with the transition matrix
1 0 AT 0
01 0 AT

F =487 = (4.16)

00 1 0

00 O 1

T
and the process noise vector V (k) = [0 0 v(k) v(k) ] , which models dis-

turbance in driving velocity; its covariance matrix is:

lAT?’ 0 1AT2 0
3 2

0 fars o Llar
Q = BlVkWV(HE)] = , 3 2 g, (4.17)
§AT2 0 AT 0

0 %ATQ 0 AT

4.2.2.2 Measurement Models

T
The discretized version of the state vector X (k) = [ZL’(kJ) y(k) :z:(k) y(kz)}
is related to the noisy location observations Y (k) by the measurement equation:
Y(k) = HX(k) + W(k) (4.18)

1 000

with the measurement matrix H = 01 0 01 , which takes only the position

observations, and the measurement noise vector W (k). W(k) can be modeled as:

w(k) O||R O
w(k)NN[O 0 R

error variance. It is assumed that the variances in both £ and y directions are the

I

W(k) =

], where R = J_TQ = UIQ is the measurement

same and independent.
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4.2.3 Kalman Filter for Trajectory Tracking

In order to track the vehicle/mobile in real-time, a discrete-time Kalman filter (KF)
is applied for each set of noisy location measurements. The KF gives a recursive
solution for the state estimation of a linear system, which is described by (4.15) and
(4.18). The transition and measurement equations can be rewritten in a more com-
pact way as:

X, =FX, , +V,, (4.19)
Vk‘—] - N(07 Q) ‘
W, ~ N(0,R) ‘

where @@ and R are covariance matrices for the process error vector V,._, and the
measurement error vector W, , respectively. Then, the optimal estimations (in terms
of minimizing variances) are obtained by the following iterated steps (the deviation
can be found in many state estimation texts, e.g. in [58], [59]):

e Before the measurements are available at ¢, , priori estimates of the state
mean X, and covariance P, are obtained by the time update equations:

X; =FX,_, (4.21)
P =FX,_ F' +Q (4.22)

e Kalman gain K is then computed to set an appropriate correction term for
the next propagation step, so as to minimize the mean square estimation
(MSE) error:

K, = B H'(HE H" + R)™! (4.23)

e  After processing the noisy measurements Y, , posteriori state mean estimate
X, is obtained by updating X,  with a corrected version of measurement
residual:

X, = X; + K,(Y, — HX;) (4.24)

Then the covariance matrix P, associated with X  can be updated from
the priori estimate as:

P = (I — K .H)F, (4.25)
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Provided that matrices F', @), H, R are defined beforechand, the calculation of
P, K, ,and P, will be independent of any measurements. In other words (4.22),
(4.23), and (4.25) can be solved off-line before the tracking starts. This feature is
favored in such a real-time tracking application.

4.2.4 State-Vector Fusion

Following the discussion in Section 4.1, the state-vector fusion, which was targeting
on two-sensor fused-track, is applied in this work. Firstly presented in [53], the
fusion method combines two filtered state vectors z; and zj into a new state vector.
The fused estimate Z;, and its covariance matrix P, are given by:

f=ag+ (B BB+ B -B -B) e —g)  (4.26)
B =F (B -B)F +F ~F -B)YB -F)  (427)

where B and P,/ are covariance matrices for 7; and zj; P and P/ are cross
covariance matrices between the two estimates.

In this work, the location estimation errors from OTDOA and A-GPS are as-
sumed to be independent, i.e., the cross covariance items should be eliminated.
Thus, the fused state estimate X and covariance matrix P are expressed as:

X]?F — XkOTDOA + -P]COTDOA(-P]COTDOA + -P]CAGPS>_1(X]?TDOA —leGPS) (428)
-PkDF — POTDOA . POTDOA<POTDOA + PAG’PS)—lpOTDOA (429)

where XOTD 04 and X AGPS are the estimation results of the two Kalman filters
applied on the OTDOA and the A-GPS measurements; POTD 04 and PAGP 5 are
the associated covariance matrices.

4.3 Simulation Results and Evaluation

To evaluate the feasibility of the proposed hybrid vehicle positioning and tracking
scheme, simulations of typical vehicle motion in urban area are performed. The
simulation first generates a random vehicle trajectory using the dynamic model
defined by (4.13). This mobility model is practical since observations of real vehicle
speeds by traffic engineers show that the distribution of car speed can be modeled as
Gaussian process [60]. According to the typical vehicle motion in urban scenario,
average speed of 50 km/h (i.e., 15 m/s) and mean acceleration of 1 m/s” are applied.

The acceleration magnitude is Rayleigh distributed with variance o and expecta-
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tion o+/7 / 2. Hence, ¢, in (4.12) can be calculated as 1* x (2 /7). Noisy loca-

tion observations from both OTDOA and A-GPS are then generated along this
simulated trajectory.

The OTDOA location estimation noise is assumed as unbiased Gaussian with 2D
standard deviation o, , . In order to obtain statistics of the location error, Monte
Carlo trials are performed for 10000 runs. In each trial, the true mobile position is
generated uniformly in a hexagonal cell, which is surrounded by six neighboring
cells with radius of 1 km, as depicted in Figure 4.2 (a). The figure of merit used to
evaluate the location estimation is the Root Mean Square Error (RMSE):

RMSE = JL%(XOTDOA . Xtme )T(XOTDOA . Xtme) 4.30
- MC ) 7 7 i ( . )

1=1

where MC is the total number of performed Monte Carlo trials; and

XOTPOY = (3004 Yorpoa) . is the position estimate in the i Monte Carlo

run. Different numbers of BSs (range from 4 to 7) are involved in the position
calculation, as shown in Figure 4.2 (b). RMSE of OTDOA location estimation is
obtained with range noises of: 39.063 m, 78.126 m, and 117.189 m, which corre-
spond to 0.5, 1, and 1.5 chip periods in UMTS. As it is marked in the figure, a
RMSE of 82.14 m (where 4 BSs are hearable, and range noise is 78.126 m) is
selected due to two facts: 1) measurements in [61] demonstrate that there is a 90%
probability of hearing more than 3 BSs in urban area, and 2) previous discussion
shows that the OTDOA timing measurement accuracy is limited to 1 chip period.

140
—3¥— 4BSs hearable %l
—f— 5BSshearable | ... .., . |
=120 e
E 6 BSs hearable ;
2 -0 /
%100 ~— 7BSshearable | . 7: . |
2000F - ooy Ty T T E : j /M
@ RMSE=82.14 m: L
1000 [ e NI T
0 G § 80 : : /D 7z /o
g ot 4 3 : Z Z -
= 5 LS g B
10007 8 40 _)5// B
3 7 :
o S &1 :
-2000- — - - -
: | | | 20 g : : :
1 1 1 1
-2000 -1000 0 1000 2000 20 40 60 80 100 120
(meters) OTDOA measurement noise in meters
(a) (b)

Figure 4.2: OTDOA location estimation: (a) Network topology and mobile
distribution, and (b) RMSE of the OTDOA location estimation.
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The position estimation error of A-GPS can be directly obtained from the field
test, as described in Section 4.1.2. Figure 4.3 shows the A-GPS samples collected
during a 15-min trip in urban area of Stockholm. Totally 300 valid location updates
were measured with a sampling period of 3 s. The provided horizontal accuracy of

each location sample is the RMS composed from the standard deviations o, and
o of the northing and easting axes respectively. Assuming the circular case

( Oy =0p ) , A-GPS location error is generated as Gaussian noise with the variance
(RMSACTS / \/5)2, where RMS/,;4 @PS denotes the recorded horizontal accuracy at

t. . Figure 4.4 shows a sample mobile trajectory, along with the OTDOA and

A-GPS location measurements generated by the described models. As shown in the
zoomed figure, the location accuracy of OTDOA is lower than A-GPS.

A good selection of initial conditions for the filters is essential for the tracking
algorithm to operate well [60]. It is important that the initial state X, together with
its covariance F, reflects realistically its accuracy. In this simulation, the KF is
initialized as follows. The position estimates are initialized by the first location
measurements; the velocity estimates set to zero due to the absence of position
information at #;. Initial variance of OTDOA position estimate is given by the
Cramér-Rao lower bound (CRLB) which is derived in [52]. Variance of A-GPS
position estimate is initiated by the statistical mean of the given accuracy in the field
test data. The initial variance of the velocity estimates is decided based on the fact
that the initial velocity is uniformly distributed between +15m /s

262 |

Edswiken

Figure 4.3: Vehicle trajectory samples collected by the A-GPS mobile phone.
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Figure 4.4: Real mobile track vs. the generated OTDOA and A-GPS locations.
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A sample trajectory of a mobile after the filtering and fusion processes is shown
in Figure 4.5, along with the estimated trajectories, i.e., the position estimation
results. The trajectory of the hybrid method (labeled as DF) demonstrates a better
match to the real track. Figure 4.6 illustrates the real and estimated velocities over
filter steps in both easting and northing directions. Although being processed at
each filter step ¢, , the position and velocity estimation results are illustrated con-
tinuously, i.e., the values are connected by solid lines.

The performance metrics used for comparing the estimation accuracies of the
three methods (specifically, OTDOA, A-GPS, and Hybrid) are defined as:

1 ) )
RMSEposition = \/z Z {(xk - )2 + (yk - yk)2]
= (4.31)
1 . T N\2 . T N2
RMSEvelocity = \/ZI{Z {(xk - xk) + (yk - yk) ]
=1

5 O N
where L is the total number of filter steps; X, = [:z:k Y T, U ] denotes the
state estimates at filter step & .

Table 4.1 shows the RMSE sample mean (fij,,c;) and standard deviation
(0 pusp) of position and velocity estimations calculated using 1000 independently
generated sample trajectories. The cumulative distribution function (CDF) of the
position and velocity estimation errors for the OTDOA, the AGPS and the Hybrid
(DF) methods, are plotted in Figure 4.7 respectively.
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Figure 4.5: KF tracking of a sample trajectory based on the OTDOA, the AGPS and

the Hybrid (DF) methods.
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Figure 4.6: KF tracking using the OTDOA, the AGPS and the Hybrid (DF) methods:
the actual and estimated velocities (m/s).
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Table 4.1: Evaluation of Position and Velocity Estimations.

RMSE statistics of Position and Velocity Tracking®

Total number of
generated sample 0oTDO0A A-GPS Hybrid (DF)
trajectories: n=1000
Hryse  9rmse  Mruse Opmse  Mruse  9RMSE
2.65 25.19 1.80 23.71 1.48

Position RMSE (m) 45.54
0.18 3.94 0.17

4.66 0.26 3.97

Velocity RMSE (m/s)
a. Results of each sample trajectory correspond to 300 filter steps (15 minutes).

4.4 Summary
A hybrid mobile phone-based vehicle positioning and tracking solution has been

implemented and simulated, in response to the last two investigation aspects sug-
gested at the end of Chapter 2. In this hybrid solution, the Kalman filtering tech-
nique is exploited to track the vehicle and fuse the noisy OTDOA and A-GPS
location measurements at the state-vector level. Moreover, statistical evaluations
(by the simulation and the small-scale field tests) are performed to obtain reasona-
ble noise models for both location measurements. Numerical results demonstrate
that the hybrid scheme can provide better position and velocity estimations than
each individual location method. The dynamic model of vehicle motion and the
KF-based location and velocity tracking algorithm will be reused in the following

chapter for real-time urban traffic state estimation.



CHAPTER 5

TRAFFIC STATE ESTIMATION WITH A-GPS
MOBILE PHONES AS PROBES

Real-time traffic information is essential for supporting the development of many
ITS applications: incident detection, vehicle navigation, traffic signal control,
traffic monitoring, etc. For instance, in the smart traffic information system (intro-
duced in Chapter 1), the up-to-date information on traffic condition is the major
feedback sent to the subscribers. In this chapter, we show how location data col-
lected by A-GPS mobile phones can be used to estimate urban traffic states. The
urban road traffic is generated by microscopic simulation, while small-scale field
tests are used to emulate the A-GPS mobile location measurements. This chapter
begins with the background and motivation for the traffic simulation-based urban
arterials traffic state estimation using A-GPS mobile probes. It is followed by a brief
overview of the simulation-based framework. Then, three data processing steps are
presented: emulation of A-GPS location measurements, filtering of individual
probe data, and estimation of average road link speeds. Simulation setups, results of
every steps, and performance evaluations are given in the end.
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5.1 Background

The current state-of-the-practice traffic data collection relies on road-side sensors,
e.g., inductive loop detectors (ILDs), to gather information about traffic flow at
fixed points on the road network [62-64]. Although fixed sensors are a proven
technology, they are not deployed at wide scale mostly because of the high cost.
Moreover, with fixed sensors, it is only possible to measure the spot speed, which is
one inherent deficiency in comprehensive reflection of speed over the entire road
link. Additionally, this type of model is link and detector location specific, which
requires careful calibration [65].

An alternative to these road-side infrastructures is to employ dedicated vehicles
as floating traffic probes [66-68]. These dedicated vehicle probes (PVs) are typi-
cally equipped with a GPS receiver and a dedicated communication link. A large
number of vehicles should be so equipped to have an adequate probe size. Insuffi-
cient number of probes limits the ability of generating information for large num-
bers of streets and the accuracy of the results [69]. Given the trend that
GPS-equipped vehicles