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Preface

Radio-frequency positioning is a vast and exciting field. Its possible applications are 
virtually limitless, from guiding unmanned aircraft to finding nearby stores. How-
ever, almost 10 years ago, what drew our attention to this subject was the issue of 
locating emergency calls originated from cell phones, and the need to explore other 
positioning techniques—rather than rely solely on a Global Positioning System 
(GPS)—to increase the availability of such a critical localization service. Throughout 
the years, we have expanded our research to other applications of radio-frequency 
positioning. This book congregates a lot of material we have developed during these 
nine years of partnership, working with and researching radio-frequency position-
ing services and applications. Additionally, the reference lists contain many works 
recently published by a variety of authors, which will provide the reader an insight 
into the state-of-the-art studies on radio-frequency positioning.

This book has been organized in such a way as to allow the reader to progress 
at a fast pace, from the fundamentals of radio-frequency positioning until the use 
of advanced tools such as artificial intelligence systems and application develop-
ment environments. To achieve that, this textbook presents numerous MATLAB 
examples, accompanied by the corresponding MATLAB code, made available at the 
http://www.artechhouse.com/static/Downloads/campos.zip. The MATLAB code to 
most figures is also provided, as well as databases of measurements collected during 
experiments conducted both in cellular and Wi-Fi networks. These tools are offered 
so that the reader, after getting acquainted with radio-frequency localization funda-
mentals—described in depth and presented preserving the required mathematical 
rigor—is capable of using them to develop his or her own applications or to use 
them for their scientific research.

As a result, this book can be used by those seeking an entry point into radio-
frequency positioning, and also by those already familiar with radio-frequency 
localization fundamentals. The latter can still benefit from the ancillary material 
accompanying the book (MATLAB codes, measurement databases, and Android 
apps source codes). Therefore, the book audience is found both in academia and 
industry: undergraduate and graduate students, researchers and field engineers.

The structure of the book reflects its title: RF Positioning: Fundamentals, Ap-
plications and Tools. The first part, comprising Chapters 1 to 4, covers the funda-
mentals of radio-frequency localization. The second part, composed of Chapters 5 
to 8, addresses the application of those fundamentals in several types of wireless 
networks. Finally, the third part, formed by Chapters 9 and 10, and by the ancil-
lary material accompanying the book (referring also to several other chapters) and 
available online, presents several tools to allow rapid development of positioning 
applications for mobile devices, as well as to support implementation and research 
of localization algorithms.



ART_Campos_FM.indd                xii                                        Manila Typesetting Company                                                                         05/21/2015

xii Preface

ART_Campos_FM.indd                xiii                                        Manila Typesetting Company                                                                         05/21/2015ART_Campos_FM.indd                xii                                        Manila Typesetting Company                                                                         05/21/2015

The chapters are organized as follows:

Chapter 1 provides a brief history of radio-frequency positioning, from its • 

origins in the beginning of the twentieth century up to the present day, de-
fines a basic terminology that is followed throughout the book, and also 
provides a taxonomy of localization methods, as well as covering some topics 
concerning technical recommendations and regulatory demands for radio-
frequency positioning.
Chapter 2 discusses the fundamentals of triangulation-based positioning, • 

introducing circular multilateration using time and received signal measure-
ments, hyperbolic multilateration and multiangulation; the mathematical 
methods employed to solve the nonlinear sets of equations arising from the 
application of the aforementioned methods are also studied in depth with the 
help of computer simulations.
Chapter 3 discusses the methods to obtain time, received signal strength, and • 

angle measurements in wireless networks. This chapter complements Chapter 
2, where those measurements are employed for mobile station localization.
Chapter 4 introduces the fundamentals of radio-frequency fingerprinting, a • 

positioning technique that is widely used in a variety of wireless networks. 
The basic elements of fingerprinting methods (radio-frequency fingerprint, 
correlation database or radio map, search space reduction technique; loca-
tion server, and correlation or matching function) are studied in detail.
Chapter 5 covers the positioning methods, which include algorithms, net-• 

work elements to support localization, and specific protocols, applied in 2G, 
3G, and 4G cellular networks, as well as the technical specifications address-
ing this issue on those networks. This chapter also presents a brief review on 
the evolution of cellular networks.
Chapter 6 examines the application of several positioning techniques in Wi-Fi • 

and wireless sensor networks both in indoor and outdoor environments. This 
chapter also provides a brief review on Wi-Fi protocols and an introduction 
to wireless sensor networks. A large literature review has been conducted 
in this chapter for the evaluation of several positioning techniques in those 
networks, in a wide variety of scenarios.
Chapter 7 discusses Global Navigation Satellite Systems (GNSSs). These are • 

probably and arguably the most well known and successful positioning tech-
nology embarked in consumer products. Systems already in operation as GPS 
from the United States, and GLONASS from Russia, as well as others under 
deployment such as BeiDou from China and Galileo from the European Union, 
are addressed. A brief historical perspective of GNSSs is presented tracing back 
to their military origins. The fundamentals of GNSSs are presented using a 
general framework that attempts to consider the common aspects across the 
different systems; specificities of each system are shown so that the reader can 
grasp the main (although small) differences among them. The ubiquity of ap-
plications based on GNSSs requires maintenance, which leads to the modern-
ization of the systems already in use and the main aspects and results of this 
process, are listed. Finally, the international satellite-based system for search & 
rescue is also surveyed, and its convergent path to GNSSs is examined;
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Preface xiii

Chapter 8 deals with radio-frequency positioning in wireless personal area • 

networks, implemented using Bluetooth or ultrawideband technologies. Again, 
the basics of those types of networks are presented and several location methods 
are evaluated.
Chapter 9 explains the basics of machine learning and fuzzy logic, applied • 

to mobile station positioning. Detailed descriptions of several experiments 
conducted by the authors in cellular and Wi-Fi networks are presented, 
both in outdoor and indoor scenarios, and all databases and MATLAB 
codes employed during those tests are made available online to reader.
Chapter 10 provides practical guidelines for the development of position-• 

ing applications for mobile devices. It introduces the basics of the MIT App 
Inventor 2 development tool and presents a tutorial about the installation 
of the Eclipse IDE with Android System Development kit, for users already 
familiar with Java programming and the Android Application Programming 
Interfaces.

Radio-frequency positioning is indeed a vast subject, and this book tries to 
cover many relevant topics. However, it could not possibly intend to be a substitute 
for all the existing literature on this field neither to exhaust the topic. It is intended 
to be a starting point for those taking first steps into this area, and as a source of 
useful tools for those already familiar with positioning basics. We sincerely hope 
that this book can be of use to you, the reader, that you relish it, and that it makes 
you want to learn more and continue delving into this very interesting field.
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C h a p t e r  1

Introduction to RF Positioning Systems

1.1 Introduction

On 12th December 1901, Marconi successfully transmitted a Morse-code letter “S” 
through a radio link across the Atlantic, proving that low-frequency radio waves 
could travel far beyond the horizon, following Earth’s curvature [1]. This scientific 
breakthrough was the beginning of a revolution in communications.1 Even before 
this transhorizon radio transmission experiment, it was realized that radio waves, 
apart from being able to convey information through great distances, could also be 
used as a navigational aid to ships at sea. This marked the beginning of the radio-
frequency (RF) positioning systems.

It has been a long evolution, from the first navigational aid radio direction-finding 
system, patented in 1902 [2], to the location-based social networks—such as Foursquare 
and Facebook Places—where smartphone users locate each other. Along the way, a lot 
has changed—transmission frequencies, modulation, and other signal processing tech-
niques, positioning system operational ranges and availability, type of mobile stations 
being localized (ships, airplanes, missiles, cellphones), and how the position estimate is 
used (e.g., to assist ships in navigating safely at sea, to help a bomber finding a target 
at night, to help mobile phone users locating stores in a shopping mall). However, the 
principles underlying all those RF positioning systems remain the same as they rely on 
the properties of electromagnetic waves and some basic geometric principles.

For almost 100 years, from 1902 until the late 1990s, RF positioning applications 
were mainly used as a navigational aid to ships, aircrafts, and terrestrial vehicles (after 
the popularization of Global Positioning System (GPS) receivers in the early 1990s [3]). 
The evolution of mobile cellular telephony profoundly changed this scenario, opening 
a wide range of new applications. Location-based services (LBSs) in cellular networks 
have grown considerably in the last few years, becoming the mainstay of RF position-
ing applications today. Recent estimates indicate that the global LBS market would 
reach revenues of USD $10.7 billion in 2013 [4]. This can be attributed mainly to the

Worldwide rapid growth of mobile cell phone users in the last 10 years•	 : From 
2004 to 2011, the global average number of mobile cellular subscriptions per 
100 people has risen from 27.4 to 85.5 [5].

1. There is a great amount of controversy regarding the invention of radio [6, 7], and some sources claim 
that the transatlantic Marconi experiment was faked [8, 9]. This discussion could, by itself, fill an entire 
volume. However, despite the dispute regarding the first transatlantic radio transmission, Marconi did 
establish and operate the first successful radio link beyond a line-of-sight path in 1899 between the French 
resort of Wimereux and Chelmsford, 128 km away [10].
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Popularization of smartphones with positioning capabilities• : Recent data 
(May 2013) from a developed economy illustrates that 91% of USA inhab-
itants have a cell phone. Among those cell phone users, 49% use LBS; this 
number rises to 74% among smartphone owners, which comprise 55% 
of all cell phone users in the United States [11], which gives an estimated 
117  million2 LBS users in the United States alone.
Regulatory issues• : Even before the popularization of LBS in cellular net-
works, cell phone positioning was addressed by regulatory boards, like the 
U.S. Federal Communications Commission (FCC) [12], to allow location 
(within certain precision boundaries) of users originating emergency calls.

Even before LBS, some level of mobile station location awareness was inher-
ent to cellular networks operation. However, enhanced mobile station positioning 
capabilities can help improve handover3 and paging4 efficiency [13]. In cellular 
networks, both operations are critical in terms of resource allocation in the radio 
access network, directly affecting several key performance indicators. If the mobile 
station position is known with higher precision at all times (even when in idle mode, 
i.e., when the mobile station is not engaged in a call), the network can not only bet-
ter direct the handover (which happens in active mode), diminishing dropped call 
indicators, but also reduce the resource allocation when sending paging messages 
(which happens in idle mode) by decreasing the number of target base stations (i.e., 
the number of base stations that will receive and retransmit those paging messages). 
Besides that operational advantage, RF positioning made possible a wide range of 
location-based applications in cellular networks, such as:

Emergency call location• , which is a nonprofitable application aimed at secu-
rity; the Federal Communications Commission (FCC) in the United States 
pioneered in the regulatory demands for emergency call location [12], and 
was soon followed by the European Union [14];
Location-based billing• , where a home zone is defined for the user and within 
that zone, he or she is charged lower costs for cell phone call. Rates are 
usually competitive with those of wireline phone service. Outside the user’s 
home zone, they are charged the standard rate [15];
Workforce and fleet management• , which is knowing where the employees 
are (workforce management) and knowing the location of the fleet’s cars and 
trucks (fleet management) [16];

2. This value was obtained multiplying the USA population (316 million in January 2013) [17], by the per-
centage of inhabitants with cell phones (91%), by the percentage of cell phone users who have a smart-
phone (55%) and by the percentage of smartphone owners who use LBS (74%).

3. Handover is the transfer of an on-going call from one base station to another, to allow call continuity as 
the mobile station moves between coverage areas of neighbor base stations.

4. Paging is the broadcast of different types of messages destined to a specific mobile station, or to a group of 
mobile stations. In the absence of high accuracy mobile station location information, those messages are 
broadcasted to a group of base stations belonging to the logic register zone where the mobile station last 
registered.
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People tracking• , which are public safety applications, like on-demand local-
ization of criminals under house arrest who have fled, lost children, and 
elderly people [18];
Route guidance• , which is a navigational aid for cars (driving assistance) or 
for users on foot that helps subscribers get to their destinations [19];
Location-based marketing•  (also known as mobile yellow pages), where the 
user receives advertisements based on his or her current location that alert 
them to nearby points of interest, such as restaurants, shopping malls, and 
cinemas [20];
Geofencing• , which is a trigger for other applications rather than an applica-
tion of itself. It works as follows: if a mobile station has entered or left pre-
determined geographic boundaries (a virtual fence), yellow pages messages 
(mobile marketing) or warning messages (people and asset tracking) can be 
sent to specific recipients. For example, security forces might be warned if a 
prisoner under house arrest has left his or her confinement zone, or parents 
might be warned if their child has left a predetermined safe zone5;
Location-based social networks•  (also known as geosocial networks), which 
are applications that extend the interaction provided by online social net-
works, allowing users to check into places (like restaurants, theaters, and 
malls) and interact based on their current location. Geosocial networks are 
relatively recent6 and are still not as popular as other LBS applications – 
recent data indicates that only 8% of cell phone users check into places and 
share their location [11].

Another factor that helps enhance LBS usage among cell phone users is the 
increasing number of smartphones with built-in wireless fidelity (Wi-Fi) adapters. 
This has sparked the development of many applications for RF positioning in WiFi 
networks. The development of positioning applications for mobile devices is stud-
ied in Chapter 10.

Before moving on to studying RF positioning fundamentals, applications, and 
tools in the subsequent chapters, it is important to define some basic terminology 
that will be used throughout the book. This is done in Section 1.2. Then, Section 
1.3 presents a brief history of RF positioning systems and applications from 1902 
to 2013. After that, it will be possible to organize a classification or taxonomy of 
RF positioning methods based on different criteria (position estimation method, 
level of participation of the mobile station in the position calculation, the minimum 
number of reference fixed ground stations required for the mobile station loca-
tion). This is done in Section 1.4. Closing the chapter, Section 1.5 discusses some 
RF positioning technical recommendations and regulatory demands, with the main 
focus on precision requirements for emergency call location in cellular networks.

5. Some geofencing applications, like StealthGenie [21], are also mobile spy softwares, which might bring 
about privacy violation issues [22]. This discussion, however, is beyond the scope of this book.

6. Among the major players in geosocial networks, Facebook Places was launched in 2010 and Foursquare in 2009. 
Google Latitude, also launched in 2009, was retired in August 9, 2013 [23].
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1.2 Some Basic Terminology

Several key terms are repeatedly used throughout this book, and therefore will be 
unambiguously defined.

1.2.1 Location or Position

A location or position—in this book the two terms are used interchangeably—is 
a place in a three-dimensional (3D) space, or over a bidimensional (2D) surface 
(e.g., Earth’s surface or a building floor). A location can be either physical or  
symbolic [24].

Physical locations are usually represented within a fixed reference system, such 
as World Geodetic System (WGS) [25], which expresses physical locations over 
Earth’s curved surface as latitude and longitudes, or as northings (distances in the 
North/South direction) and eastings (distances in the East/West direction) using the 
rectangular Universal Transverse Mercator (UTM) projection [26].

A symbolic location provides abstract information about where something is, 
using some form of infrastructure or architectonic information (e.g., the 2D floor 
plan of a building). A symbolic location might be a room, a floor within a building, 
or an area of the city where the target object—the one to be found—is located. A 
symbolic location might be converted into a physical one; for example, if the target 
object is within a particular floor of a building, a Cartesian coordinate system, with 
its origin at the southeast corner of the building, might be used to convert this sym-
bolic location (the floor) into a physical one (coordinates x and y in meters, within 
that floor).

1.2.2 Positioning

Positioning, also referred to as position location, localization, or position fix, is 
the estimation of the target station position or location. It returns a physical or 
symbolic—or both—position estimate of an object.

1.2.3 Target Mobile Station

The target mobile station (MS) is a station able to move, which might con-
tain a transmitter, receiver, and/or a transponder, and whose position must be 
 estimated.

1.2.4 Reference or Anchor Station

A reference station is either a fixed or mobile station, which might contain a trans-
mitter, receiver, and/or a transponder, whose signals are used by the target MS to 
estimate its own position or that uses the target MS transmissions to calculate the 
target position. The coordinates of the reference stations must be known at all times 
and with the highest possible degree of confidence.
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1.2.5 Radio Determination

Radio determination is the calculation of the position, velocity, and/or other charac-
teristics of an object, or the obtaining of information related to these parameters, by 
means of the propagation properties of radio waves [27]. There are three types of 
radio determination: ranging, radiolocation, and radio navigation. Ranging is the 
most basic one, which is estimating the distance between two objects. Radioloca-
tion is the positioning of an object. Radio navigation encompasses both ranging and 
radiolocation, adding the estimation of velocity and direction of movement, among 
other properties of a moving target MS.

1.2.6 Line-of-Position

A line-of-position (LOP) is the set of points at which the target MS can be located. 
LOPs are generated when positioning methods based on triangulation (multilatera-
tion or multiangulation) are used. Different positioning techniques yield different 
types of LOPs: linear, circular, or hyperbolic. The MS estimated position is given by 
the intersection of two or more LOPs.

1.2.7 Accuracy

The accuracy of a position estimate can be defined as the Euclidean distance between 
the MS reference position7 (x0,y0) and the MS estimated position ˆ ˆ( , )x y . Therefore, 
numerically, the accuracy is equal to the position estimate error, given by:

 = − + −2 2
0 0ˆ ˆ( ) ( )e x x y y  (1.1)

The accuracy definition expressed by (1.1) refers to individual position estimates. 
Within this context, it is possible to refer to the accuracy of a position estimate, not 
to the accuracy of a positioning method. In an attempt to define the accuracy of a 
positioning method, it is possible to use a statistical estimator, such as the average 
error of a set of M position estimates provided by that method [28] (i.e.,

 
=

= ∑
1

1 M

i
i

e e
M

 (1.2)

where ei is the accuracy of the ith position estimate, given by (1.1)).

1.2.8 Precision

The precision of a positioning method can be defined as the probability distribution 
of the accuracy of a set of position estimates. If all position estimates are obtained 
while the MS is stationary in a fixed reference point, then precision can be charac-
terized by the circular error probability (CEP) [29].

7. The MS reference position is given by highly accurate positioning methods, such as differential GPS 
(DGPS), or by topographical charts.
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Consider the pair ˆ ˆ( , )x y , obtained by the arithmetic mean of the position esti-
mates ˆ ˆ( , )i ix y , i = 1,2,...,M, given by a positioning method while the MS is sta-
tionary at the reference point (x0,y0). The CEP is equal to the radius of the circle 
centered at ˆ ˆ( , )x y  and within which lie 50% of the M position estimates. The higher 
the CEP, the lower the positioning method’s precision, as the dispersion of the posi-
tion estimates around the mean will be greater.8

Note that a positioning method can be precise (i.e., have a low CEP) and at the 
same time have a poor accuracy (i.e., the Euclidean distance between the reference 
position (x0,y0) and ˆ ˆ( , )x y  can be high). This condition is depicted in Figure 1.1(b), 
where P0 is the reference position and P is located at ˆ ˆ( , )x y .

Precision can also be defined by the cumulative distribution function (CDF), 
which is typically used to compare different positioning methods [28] or to specify 
minimum precision requirements [12]. Assume that the assessment of the position-
ing error in meters (discarding the fractional values in centimeters) of each position 
estimate is a random experiment. Let E be the discrete random variable that maps 
the results of this experiment into nonnegative integer values. Let e be the value of 
E for a given realization of the random experiment. The CDF of random variable 
E, which represents the positioning error, is a function defined by:

 
0

( ) { } { }
e

i

F e P E e P E i
=

= ≤ = =∑  (1.3)

where P {E = i} is the probability that the positioning error is equal to i meters and 
P {E < e} is the probability that the positioning error is equal to or less than e. The 
value of P {E = i} is experimentally defined as:

 { }
m

P E i
M

= =  (1.4)

8. Dispersion measures, as the variance or standard deviation, can also be used to characterize the precision 
of a positioning method.

Figure 1.1 Precision vs. accuracy: (a) and (b) compare the performance of two hypothetical posi-
tioning methods. Assuming that a set of position estimates have been carried out by each method 
for a stationary target MS, method (a) achieved a lower precision than method (b), as its CEP is much 
larger; however, it has a better accuracy, as its PP0 distance is shorter than in method (b).
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where M is the number of realizations of the random experiment (i.e., the number 
of position estimates), and m is the number of realizations where the positioning 
error is equal to i meters.

1.3 A Brief History of RF Positioning

Early RF positioning systems were based on radio direction finding (RDF), most 
widely known today as the angle of arrival (AOA) technique. The idea, which is 
based on a very simple geometric principle, is to determine the bearing of two fixed 
ground stations in relation to the mobile station that is to be localized. Each bearing 
provides a line along which both the mobile and the fixed stations are located. By 
taking two bearings, the mobile station position can be estimated at the interception 
of the corresponding lines of position. The first RDF positioning systems, like the 
one patented in 1902 by J. S. Stone [2], used rotating loop antennas placed at the 
mobile station, detecting omnidirectional transmissions from fixed ground stations. 
This scheme required the installation at each mobile station—initially ships and 
later airplanes—of a rotating beacon with a carefully controlled angular velocity. 
However, it soon became apparent that the opposite alternative (i.e., using an omni-
directional receiver at the mobile station and directional antennas at the ground 
stations) was a much more reliable option. Those were sometimes called reverse 
RDF systems.

1.3.1  Telefunken Kompass Sender

One of the first reverse RDF systems was the Telefunken Kompass Sender, devel-
oped in Germany in 1908. Some years later, it found extensive use throughout 
World War I, aiding Zeppelins finding their targets on bombing missions over 
Britain [30]. Each ground station had a pole, approximately 20m high, to which 
thirty-two 60m long wires were attached. A rotating switch connected each pair 
of opposing wires, forming 16 dipoles. The system operated in cycles comprising 
two phases: first, a ground station repeatedly broadcasted its unique identifier 
in Morse code; second, the switch was connected to the north dipole and began 
rotating, completing a full turn every 30 seconds. In the first phase, the transmit-
ter was connected to all dipoles in the array, so the ground station identifier was 
irradiated in an omnidirectional manner. In the second phase, the rotation of the 
switch provided for the rotation of the radiation pattern, connecting to a different 
dipole every 15/16 of a second. At each connection, a single Morse code dot was 
transmitted. The operator would wait until receiving a ground station identifier. 
After the ground station stopped transmitting its Morse code unique identifier, the 
operator would start a specially designed stopwatch with just one indicator needle 
and 32 fixed indications at the same angles of the dipoles at the ground stations. 
The operator would stop the watch when the signal reached its lower level (i.e., 
when the operator heard the null). The indicator angle would then give the ground 
station bearing in relation to the user. By taking these bearing measurements from 
at least two ground stations, the mobile station position could be estimated as 
shown in Figure 1.2.
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1.3.2 Orfordness Rotating Beacon

In 1929, the British began operating a similar system, but with smaller ground sta-
tions and higher accuracy. The Orfordness rotating beacon system had two ground 
stations on the British southeast coast, one in Orfordness and another at the Farn-
borough Airfield [31]. Both stations used a loop antenna that rotated 360 degrees 
per minute (6 degrees/second). Each station irradiated a 288.5-KHz amplitude mod-
ulated signal. When the null passed the north direction, a Morse code letter “V” 
(for the Orfordness station) or “G” (for the Farnborough Airfield station) was 
transmitted. After hearing the ground station identifier (“V” or “G”), the operator 
would start a watch, and stop it as soon as he heard the null. By multiplying the 
number of seconds elapsed between the reception of the station identifier and the 
null, by the angular velocity of 6 degrees per second, the operator could calculate 
the mobile station bearing in relation to each ground station. As both stations 
used the same frequency, some time-multiplexing had to be used. Therefore, the 
Orfordness station transmitted the first 5 minutes of every 10-minute period, and 
the Farnborough Airfield station, the other 5 minutes. The loop antenna rotated 
continuously, unlike the rotating switch of the Telefunken Kompass Sender, which 
had only 16 possible angular positions. This resulted in higher accuracy in the Brit-
ish system, where 80% of the bearings had errors below 2 degrees for distances up 
to 160 km [32].

In both aforementioned positioning systems, the operators at the mobile sta-
tions (aircraft or ships) listened for the signal’s null and not for its peak. Figure 1.2 
illustrates why: (1) the null point lies along the LOP passing through the ground 

Figure 1.2 Mobile station position estimate using two Telefunken Kompass Sender ground stations. 
The figure shows the radial disposition of the wires at the ground stations and the horizontal radia-
tion patterns of the active dipoles (indicated by the wider black lines).
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and mobile stations, whereas the peak is perpendicular to it, and (2) the null in the 
dipole radiation pattern is clearly distinguishable, while the direction of the highest 
gain is not, due to the low directivity of the dipole or loop antennas.

1.3.3 Sonne

The next main step in RDF positioning development was the Sonne system, which 
was used in Germany from 1940 on for aircraft and sea vessel navigation during 
the Second World War. It consisted of ground stations with three collinear anten-
nas, as shown in Figure 1.3, transmitting at the 300-KHz band. The outer antennas 
received one-quarter of the power fed to the central antenna and the signal fed to 
the outer antennas was shifted, producing a complex polar radiation pattern, as 
shown in Figure 1.4 [33]. The system operated in 40-second cycles. During the 
first 6 seconds, the transmitter was connected only to the central antenna, which 
irradiated the ground station identifier in Morse code omnidirectionally. After a 
2-second pause, the transmitter was connected during 30 seconds to all three anten-
nas and started transmitting Morse code dots (1/8 of a second) and dashes (3/8 of 
a second) alternately. During the Morse code dashes transmission, the phase shifts 
of the outer antennas were interchanged, resulting in a mirror radiation pattern for 
the dashes transmission in relation to the dots transmission. The phase shifts of the 
outer antennas were slowly rotated 7.5 degrees every 30 seconds. These features 
resulted in two symmetrical radiation patterns, one rotating clockwise (dots), the 
other counter clockwise (dashes), as shown if Figure 1.5. After the phase sweep, 

Figure 1.3 Schematic representation of a Sonne ground station, depicting the central and outer 
antennas with a three-wavelength inter-antenna spacing. The keying unit switched between Morse 
code dots and dashes. The phase-shifter allowed for the horizontal radiation pattern rotation.
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Figure 1.4 Sonne horizontal radiation pattern for outer antenna phase shifts of –90 and +90 
degrees in relation to the central antenna. The inter-antenna spacing is three wavelengths.

Figure 1.5 Sonne horizontal radiation patterns (dots and dashes). The arrow indicates the clock-
wise rotation of the dot horizontal radiation pattern.
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there was another 2-second pause. The radiation patterns superposition created 
equisignal zones—sections of the lobes where a continuous signal was transmitted 
due to the juxtaposition of Morse code dots and dashes.

To locate the aircraft, the operator would first estimate its approximate position 
using one of the simpler RDF techniques. Thereby, he could know within which lobe 
of the horizontal radiation pattern of a given Sonne station he was located. Then, 
after hearing the station identifier for 6 seconds and waiting the 2-second pause, the 
operator would count how many dots (or dashes, depending on which lobe he was 
located) he heard before starting to receive the equisignal. As the diagrams rotated 
7.5 degrees every 30 seconds and one dot (or one dash) was transmitted every sec-
ond, the operator would know its angular position within the lobe. Special nautical 
charts were issued with lines of position containing the number of dots (or dashes) 
for different Sonne stations, thereby simplifying the position estimation process. 
The theoretical Sonne system accuracy was 7.5/30 of a degree (1/4 of a degree). In 
practice, accuracies of 1/2 degree were obtainable, which were at least four times 
better than previous RDF systems.

In 1944, the secrecy of the Sonne system was compromised by the capture of 
Sonne receivers and nautical charts on board the German submarine U-505 [34]. 
The Royal Air Force quickly realized the superior accuracy of the German system 
in relation to all RDF techniques the British had at the time, and started using the 
Sonne system under the name Consol. After the war, the Consol system remained 
available for civilian use until 1991 [35].

1.3.4 Gee

Gee became operational in 1942 and was the first hyperbolic RF positioning sys-
tem: its lines of position were hyperbolas, having two ground stations as foci. It 
operated in the upper high frequency (HF) band and lower very high frequency 
(VHF) band, with channels spanning from 20 to 85 MHz [35]. The system had 
groups of three or four ground stations called Gee chains. Each Gee chain oper-
ated in a different channel and comprised a master station and two or three slave 
stations. All stations within a Gee chain shared the same time reference, controlled 
by the master. The system operated in 4-ms cycles using 6-ms pulses.9 At the mobile 
station (airplane) to be localized, a receiver connected to a oscilloscope showed the 
received pulses. By adjusting the oscilloscope time base, it was possible to measure 
the time differences between the reception of the master station pulse (A) and the 
first (B) and second (C) slave stations pulses—DtAB and DtAC. Each time difference 
defined a hyperbola on Earth’s surface, having each pair of stations (A and B, A 
and C) as foci. Groups of hyperbolic lines of position were calculated for each Gee 

9. Each Gee chain with one master and two slave stations had an operation cycle that followed the trans-
mission pattern ABDACD, where A was a pulse transmitted by the master station, B and C were pulses 
transmitted by the first and second slave stations, respectively, and D was a double pulse transmitted by the 
master station. The interval between pulses was 1 ms, so the full cycle lasted 4 ms (there was no interval 
between the D and the subsequent A pulse). The D double pulse was required to discriminate the master 
station pulses from the slave stations pulses.
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chain and plotted on charts called Gee lattices [36]. By measuring DtAB and DtAC for 
a given Gee chain, and looking up the values on the Gee lattice, the navigator could 
identify its position at the hyperbolas’ intersection. Two hyperbolas might intercept 
at two points, one of which could be discarded by dead reckoning. The third slave 
station was used as backup and for system calibration. Gee accuracy varied as a 
function of distance between the mobile and ground stations: 150m for short ranges 
and approximately 1.6 km for long ranges, which was considered enough for aerial 
bombing of cities.

1.3.5 Oboe

Oboe became operational by the end of 1942 and was primarily used for aerial 
blind bombing during the Second World War [37]. The system operated in the 
upper VHF band at 200 MHz. A ground station transmitted a pulse, which was 
received by an airplane carrying a transponder. The transponder received, ampli-
fied, and retransmitted the pulse. The distance between the airplane and the ground 
station was given by:

 
(RTT )

2
t

d c
− ∆=  (1.5)

where c is the speed of light, RTT is the pulse round-trip time between the ground 
station and the airplane, and Dt is the signal processing time at the transponder. The 
distance d defined a circular LOP, containing all possible locations for the airplane. 
A second ground station was required to produce a second circular LOP. Those two 
lines of position intercepted at two points, as seen in Figure 1.6, one of which could 
be rejected by dead reckoning (the plane was on a bombing mission over Germany, 
so the intersection over England could be discarded). The remaining interception 
point provided the airplane estimated position.

Figure 1.6 The Oboe system: the picture depicts two Oboe ground stations on the channel coast 
of England and the intersection of the two circular lines of position over western Germany, marking 
the target area.
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An Oboe ground station could handle only one plane at a time, so the Oboe 
transponder was carried by pathfinder bombers, which would drop flares to mark 
the targets for the bomber formations. The ground stations operated in pairs; one 
was the cat and the other was the mouse. The pathfinder bomber would travel along 
the circular LOP centered at the cat station. The cat station would continuously send 
Morse code dots if the plane were within the course and dashes if the plane was de-
viating from the course. When the plane reached the target area at the intersection of 
the two circular lines of position, the mouse station would send five dots and a dash. 
The Oboe accuracy was around 110m, which made it one of the most accurate RF 
positioning systems at the time. However, from a military point of view, it had seri-
ous disadvantages, as it could handle only one plane at a time, and the plane had to 
follow a predetermined course and transmitted a signal back—both of which made 
the plane more susceptible to interception by German fighters. Unlike RDF systems 
operating in the upper low frequency (LF) band, which relied on surface wave propa-
gation to achieve ranges of several hundred kilometers, both Oboe and Gee systems 
were restricted to line-of-sight (LOS) propagation conditions as they operated in the 
VHF band. Therefore, the higher the plane altitude, the longer the Oboe and Gee op-
erational range. This range could be calculated from simple trigonometric relations 
as shown in Figure 1.7. Assuming a standard troposphere, with a vertical refractivity 
gradient dN/dh of –39 units/km10, a ground station antenna height h1 of 20m, and a 
flying altitude h2 of 4,000m, the range would be approximately 280 km.

1.3.6 Gee-H

Gee-H became operational in 1943 and was an attempt to overcome the opera-
tional limitations of the Oboe system by reusing the Gee chains ground stations and 
receivers (on board the aircraft) to speed up deployment. It was a circular multi-
lateration positioning system, just like Oboe, but in Gee-H the transmitter/receiver 
(interrogator/responsor, to use radar terminology) was on board the aircraft, while 

10. The vertical refractivity gradient is used to obtain the effective Earth radius, used in radio propagation cal-
culations to compensate for the ray bending due to the vertical stratification of the tropospheric refractive 
index.

Figure 1.7 Estimation of LOS distance, considering tropospheric refraction. From the triangles in 

the figure, one obtains ( )= + = +1 2 1 22 ed d d a h h , where  =  
 + 
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ea a

dN
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; a = 6370 km is Earth’s 
radius [38].
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the transponder (the beacon, to use radar terminology), was placed on the ground 
stations (i.e., the reverse of the Oboe system). The aircraft determined its position 
by measuring the RTT of the signal to two ground stations with known locations. 
This produced two circular lines of position and from this point on localization was 
carried out just like in the Oboe system. Gee-H operated from 80 to 100 MHz for 
interrogation (downlink transmission, from the airplane to the ground station) and 
from 20 to 40 MHz for reply (uplink transmission, from the ground station to the 
aircraft) [36]. Gee-H had an accuracy similar to the one achieved by Oboe. How-
ever, unlike the latter, Gee-H was able to guide several planes simultaneously—in 
Oboe, one plane was directed at a time by each pair of ground stations [39].

1.3.7 Loran-A

Long range navigation (LORAN) or Loran-A was a hyperbolic multilateration 
positioning system developed by the United States that was similar to the British 
Gee. Loran-A became operational in 1943. It had sets of ground stations, known 
as Loran chains (just like the Gee chains), with three or more ground stations. 
Hyperbolic multilateration requires at least four reference stations to yield an 
unambiguous position estimate because two hyperbolas might intercept at two 
points, requiring a fourth station to produce a third hyperbola. However, using 
dead reckoning in long-range navigation, one of the interception points might be 
discarded, making three stations the practical minimum required to produce a 
position fix (one master and two slaves). This minimum set was known as a Loran 
triplet. Loran-A operated in the upper medium frequency (MF) band, at 1.95 MHz. 
At this frequency, propagation occurs by ground wave and sky wave (signal reflec-
tion at the ionosphere), especially at night [38]. During the day (ground wave 
only), over saltwater, Loran-A operational range extended up to 1,500 km. Dur-
ing the night, the sky wave component increased this range to up to 2,600 km. 
Loran-A minimum positioning error was 165m [36]. Loran-A remained available 
for civilian use until 1980 [40].

1.3.8 VOR/DME

VHF Omnidirectional Ranging (VOR) is a RDF system that began being used in the 
early 1950s and today is still the standard short-range aircraft navigation system. 
It operates in the VHF band, from 108 to 117.5 MHz, in 50-KHz channels. Each 
ground station transmits two signals simultaneously, one omnidirectional, contain-
ing the ground station identifier, and another directional. The directional signal 
rotates, and its phase is compared to the omnidirectional signal phase at the VOR 
receiver on board the plane. This phase difference indicates the aircraft bearing11 
[41].

11. VOR operation principles are very similar to those of earlier RDF systems, like the Telefunken Kompass 
Sender. In the latter, radiation pattern rotation was provided by a mechanical rotating switch and the bear-
ing was taken manually using the received signal intensity; in the former, the radiation pattern rotation is 
done electrically and the bearing is taken automatically using phase differences between the omnidirectional 
and directional signals, transmitted at different subcarriers. Both VOR and the old Telefunken Kompass 
Sender use an omnidirectional signal to broadcast the ground station identifier.
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VOR stations are typically equipped with a distance measuring equipment 
(DME) for estimating the distance between the ground station and the aircraft. 
DME is a kind of active radar where a signal is transmitted by the aircraft and 
received, amplified, and retransmitted back by a transponder at the ground station 
[41]. The distance is estimated from the RTT, just like in the Oboe system. The 
VOR bearing provides a linear LOP. The DME distance estimate provides a circular 
LOP centered at the ground station. The aircraft estimated position is given by the 
interception of the two LOPs. With such an arrangement, the aircraft can be located 
with a single VOR/DME ground station.

1.3.9 Loran-C

Loran-C became operational in 1948 and is a hyperbolic multilateration system 
operating at 100 KHz, with greater range—due to the lower frequencies—and 
higher accuracy than the previous Loran-A. Along its development, Loran-C chains 
have received atomic clocks for precise timing of the pulses, which accounts for 
the higher accuracy in relation to Loran-A. Typical Loran-C accuracies range from 
18 to 90m [42]. Technical details about the Loran-C signals can be found in [41]. 
Loran-C system is being upgraded to eLoran, and most of the Loran-C stations 
have been closed—all Loran-C stations in the United States, Canada, and England 
had been shut off by 2010.

1.3.10 GNSS

Global Navigation Satellite Systems (GNSS) have worldwide coverage and use con-
stellations of medium earth orbit (MEO) satellites to provide location and navigation 
capabilities to compatible receivers. Even though there are several satellite-based 
navigational systems, as of 2013, only two such systems can be considered GNSS 
(i.e., have global coverage): the United State’s GPS, fully operational since 1995, and 
the Russian GLONASS, fully operational since 1993. Two other systems are still in 
the process of development or activation (which includes launching several satellites 
into orbit): Galileo (European Union) and Compass (China). Among these, GPS is 
the one with the most widespread use—from aircraft and ship navigation to people 
tracking—especially after its integration with smartphones, which has revolution-
ized the LBS market. GNSS systems are studied in detail in Chapter 7.

1.3.11 Positioning in Cellular, Wi-Fi, and Sensor Networks

As discussed in Section 1.1, the popularization of cell phones sparked the LBS 
market. Even before the advent of smartphones with built-in GPS receivers, regula-
tory demands for emergency call locating were issued by the FCC in 1996. After 
the integration of GPS into smartphones, the usage of LBS into cellular networks 
increased significantly. The fact that most smartphones also have built-in Wi-Fi 
receivers has also improved the usage of positioning applications in Wi-Fi networks. 
The technical details of localization in cellular networks are studied in Chapter 5, 
and the technical details of positioning in Wi-Fi and sensor networks are studied in 
Chapter 6.



16 Introduction to RF Positioning Systems

ART_Campos_Ch.01.indd                16                                        Manila Typesetting Company                                                                         05/15/2015 ART_Campos_Ch.01.indd                17                                        Manila Typesetting Company                                                                         05/15/2015

1.3.12 eLoran

Enhanced Loran (eLoran) is an improvement over Loran-C receivers and transmit-
ted signals to achieve better accuracy, enabling it to serve as a GNSS backup. When 
calculating its position, an eLoran receiver is not restricted to the ground stations 
of a single chain because it can use signals of up to 40 stations. As well, additional 
pulses transmit auxiliary data, such as DGPS corrections. The eLoran trial service 
began in 2007, and its development is not yet complete [43]. However, its long range 
(it operates in the same 90–100-kHz band of its predecessor, Loran-C) and high 
accuracy (up to 10 m) [44] make it a good candidate to act as a GNSS backup.

1.4 RF Positioning Taxonomy

This section presents a brief classification of RF positioning methods. Only three cri-
teria are used: position calculation technique, MS participation in the position calcu-
lation, and the minimum number of reference stations required to produce a position 
estimate. These criteria are sufficient for a comparative evaluation of most methods. 
However, there are several other taxonomies available in the literature, especially for 
RF localization in cellular, Wi-Fi, and sensor networks [24, 28, 45, 46].

1.4.1 Classification According to the Position Calculation Technique

The first classification criterion is how the target MS position is calculated. There 
are five main techniques: proximity, triangulation (multiangulation and multilat-
eration), RF fingerprinting (also known as database correlation method (DCM)), 
centroids, and hybrid.

1.4.1.1 Proximity

Proximity methods assume that the MS is located at the coordinates of the nearest 
reference station. This kind of method relies on the assumption that the closest refer-
ence station is the one whose signal reaches the target MS with the highest received 
signal strength (RSS). It is not always necessarily true, particularly in nonline-of-
sight (NLOS) propagation conditions, where the signal of a farther reference station 
might reach the target MS with a higher RSS than a closer reference station, but 
whose direct path to the target MS is obstructed by a building or wall. This kind of 
method is used in Wi-Fi and sensor networks, where the reference stations density 
is typically high. It is also used in cellular networks, where it is usually called cell 
identity (CID) or cell of origin (COO) [45]. It is the simplest RF positioning tech-
nique, but its accuracy is highly dependent on the reference stations density—the 
higher the density, the lower the error. Therefore, in cellular networks, its accuracy 
is usually poor, being usable only in urban areas where the base stations density is 
higher. However, due to its simplicity and ubiquity, it is used as a backup method 
when more precise ones are not available, and is defined the by FCC as the basic 
method for emergency call locating [12].
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1.4.1.2 Triangulation (Multilateration and Multiangulation)

Triangulation techniques use distance (multilateration) or angular (multiangula-
tion) measurements between the target MS and the reference stations to estimate the 
MS position [28]. All triangulation methods assume LOS propagation between the 
MS and the reference stations. Multipath propagation and obstacles between 
the MS and the reference stations might impair angular measurements as well 
as time-of-flight and attenuation measurements, both of which are used for 
multilateration. In fact, NLOS propagation is the main source of error for those 
methods. This is particularly true in cellular networks in urban areas, where NLOS 
propagation conditions are prevalent. In such environments, the accuracy of tri-
angulation methods might be seriously compromised. Besides NLOS propagation, 
another limiting factor of the triangulation method’s accuracy is the finite resolution 
of the measurements used in position calculation: time, RSS, and angle of arrival. 
Time resolution depends on the signal bandwidth and RSS resolution depends on 
the type of network and the sensibility of the receivers. Angular resolution depends 
on the configuration of the reference station antenna arrays.

Triangulation by multilateration requires distance or distance difference mea-
surements. These are obtained indirectly from time or propagation loss measure-
ments. As already seen, multilateration can be either circular or hyperbolic:

In circular multilateration, the LOPs are circles centered at the reference sta-• 

tions. The LOPs radiuses are obtained from time (time-of-flight or RTT) or 
propagation loss measurements. Time-of-flight can be converted to a distance 
estimate if multiplied by the radiowave propagation speed. RTT can be con-
verted to a distance estimate using (1.5). Propagation loss can be converted 
to a distance estimate if a mathematical model describing propagation loss 
as a function of distance is used and if the radiating systems characteristics 
(antenna radiation patterns, effective radiated power, etc.) are well known. 
As shown in Figure 1.8, at least three circular LOPs are required to obtain 
an unambiguous 2D position estimate. Circular multilateration was used in 
Oboe and Gee-H systems and is used today in GPS, as well as in a variety 
of RF localization methods in cellular, Wi-Fi, and sensor networks. Circular 
multilateration is studied in detail in Chapter 2.
In hyperbolic multilateration, LOPs are hyperbolas having two reference • 

stations as foci. A hyperbola is the locus of all points such that the differ-
ence in the distances to each focus is constant. This distance difference, in 
RF positioning, is indirectly obtained from time differences, as described 
in the Gee system. Under some circumstances, as shown in Figure 1.9, 
three hyperbolic LOPs might be required to obtain an unambiguous 2D 
position estimate. As each pair of reference stations produces one hyper-
bolic LOP, four reference stations are necessary to yield three independent 
LOPs. Hyperbolic multilateration was used in Gee, Loran-A, and Loran-C 
systems, and is used today in eLoran and a variety of RF positioning meth-
ods in cellular networks. Hyperbolic multilateration is studied in detail in 
Chapter 2.
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Triangulation by multiangulation requires angle of arrival measurements, which 
can be made either at the MS or the reference stations. For that, directive antenna 
arrays are required, typically at the anchor stations. As already seen in the RDF 
systems, such as the Telefunken Kompass Sender and VOR, in multiangulation the 
LOPs are lines linear lines of position (LLOP), and only two noncollinear reference 

Figure 1.8 Circular multilateration: three reference stations providing three LOPs for an unambigu-
ous MS position estimate.

Figure 1.9 Hyperbolic multilateration: four reference stations providing three LOPs for an unam-
biguous MS position estimate.
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stations are required to yield an unambiguous position fix, as shown in Figure 1.10. 
Multiangulation is studied in detail in Chapter 2.

1.4.1.3 RF Fingerprinting (DCM)

Fingerprinting methods estimate the MS position by comparing an RF fingerprint 
collected by the MS (the target fingerprint) with georeferenced RF fingerprints 
previously stored in a database (the reference fingerprints). The coordinates of the 
reference fingerprint that is most similar to the target fingerprint are returned as 
the MS position estimate. An RF fingerprint is a set of RF parameters (e.g., RTT, 
RSS, or a list of detected reference stations) measured by the target MS or by the 
reference stations with which it is communicating. The parameters used in an RF 
fingerprint vary significantly depending on the type of wireless network where the 
positioning is being carried out. The key elements in any fingerprinting method 
are the RF fingerprint, the correlation database (the database that stores the ref-
erence fingerprints), and the correlation function (the function used to compare 
target and reference fingerprints). Fingerprinting methods are more common in 
cellular, Wi-Fi, and sensor networks. Fingerprinting methods are studied in detail 
in Chapter 4.

1.4.1.4 Centroid Methods

In this class of methods, the target MS position is estimated by the calculation of 
centroids of plane geometric figures. These techniques are used in cellular, Wi-Fi, 
and sensor networks. There are four main subtypes of this technique:

Simple centroid• . The target MS position is given by the centroid of the poly-
gon whose vertexes are the reference stations [47], as shown in Figure 1.11. 
Let S be the set of reference stations used in the position fix. Let (xi,yi) be the 
coordinates of the ith reference station and # be the cardinality of . Then, 
the target MS position estimated is given by (1.6).
Weighted centroid• . Usually, the higher the RSSi value, the closer the MS is 
to the ith reference station. Therefore, it is possible to apply a weighting fac-
tor Wi, defined in (1.7), to reduce positioning error in relation to the simple 

Figure 1.10 Multiangulation: two noncollinear reference stations providing two LLOPs for an 
unambiguous MS position estimate.
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centroid method [47]. Equation (1.8) gives the MS position estimate. The 
accuracy gain, in relation to the simple centroid method, is higher in areas 
where LOS propagation conditions are prevalent. In [48], a weighted cen-
troid achieved a 14% accuracy gain in relation to a simple centroid in subur-
ban areas. In urban areas, this improvement was around 10%.
Centroid of the angular ring section• . This variation is specific for cellular net-
works; for a sectorized base station transceiver (BTS)12, the best server area13 
of a given sector can be represented by an angular section centered at the 
BTS. Direction, radius, and angular aperture of this section are determined 
by the sector antenna azimuth, the output power, and the antenna horizontal 
radiation pattern. If RTT values are used, this angular section can be reduced 
to an angular ring section [49]. This angular ring section defines the area 
where it is more likely that the target MS is located, as shown in Figure 1.12. 
The MS estimated position is given by the centroid of this area.
Centroid of the predicted best server area• . The best server area representation 
as an angular section is an extreme simplification; the real best server area of 
a BTS sector (in cellular networks) or a reference node (in Wi-Fi and sensor 
networks) is highly irregular and depends on the propagation environment 
and the radiating system characteristics (antenna radiation pattern, output 
power, etc.). A more realistic representation, like the one shown in Figure 1.13, 
can be obtained from coverage maps built using propagation modeling and 
digital elevation models of the terrain (or 2D floor plans, in the case of 

12. A BTS might be physically and logically split into sectors—logically, because each sector or cell has its own 
unique identity within the cellular network, and physically, because cells usually have separated radiating 
systems and their antennas typically cover different areas.

13. The geographic area at which a given sector signal is received with the highest RSS.

Figure 1.11 Simple centroid method in a cellular network. The figure shows seven omnidirectional 
BTSs in a hexagonal pattern, which is typically used in cellular network representation. Point M is 
the actual MS position at which it receives signals from BTSs 0, 1, 5, and 6. These are the vertexes 
of the polygon whose centroid, point M ¢, is the estimated MS position. Positioning error is given by 
the length of segment MM ¢.
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indoor positioning). The MS estimated position can be given by the centroid 
of this predicted best server area. RTT values, if available, can be used to 
further reduce this area, increasing positioning accuracy. This method was 
originally proposed in [48].
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Figure 1.12 Angular ring section in gray indicates the area of higher probability for the MS posi-
tion. The MS estimated position is given by the centroid of this area.

Figure 1.13 Predicted best server area of a BTS sector in a dense urban area.
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1.4.1.5 Hybrid Methods

It is possible to combine two or more of the previously presented positioning tech-
niques into a hybrid localization method. One example of such a method is the 
VOR/DME, which combines angle and distance measurements. This method, as the 
AOA+RTT [46] proposed for use in cellular networks, requires only one reference 
ground station for the position fix. As shown in Figure 1.14, both VOR/DME and 
AOA+RTT estimate the MS position at the intersection of an LLOP obtained by the 
angular measurement with a circular LOP provided by the distance measurement. 
The circular LOP radius d is calculated by (1.5). The MS estimated position (x,y) is 
given by:

 0

0

ˆ sin

ˆ cos

x x d

y y d

θ
θ

+ ⋅   
=   + ⋅   

 (1.9)

where q is the angle of arrival measured at the MS, in the case of VOR/DME, and 
at the reference station, in the case of AOA+RTT, and (x0,y0) are the reference sta-
tion coordinates.

1.4.2  Classification According to the MS Participation in the Position 
Calculation

Two classes are considered in this criterion: network-based and MS-based methods. 
A more detailed classification according to the MS participation in the position cal-
culation is presented in Chapter 5, where several RF positioning methods specific 
to cellular networks are introduced.

Figure 1.14 Hybrid AOA+RTT positioning. Only one reference station yields two LOPs (one linear 
and one circular) at the intersection of which the MS is assumed to be located.
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1.4.2.1 Network-Based Methods

Network-based methods are positioning methods where the position fix is car-
ried out by a reference station using signals transmitted by the target MS. Among 
the methods presented in Section 1.3, Oboe is an example of a network-based 
method.

1.4.2.2 MS-Based Methods

MS-based methods are the positioning methods where the position fix is carried out 
by the MS using signals transmitted by the reference stations. The old reverse RDF 
systems, like the Telefunken Kompass Sender, the Orfordness Rotating Beacon, 
Sonne, and Consol, fall within this category, as well as several hyperbolic localiza-
tion systems, like Gee, Loran-A, Loran-C, and eLoran. Some circular multilatera-
tion positioning systems, like Gee-H and GPS, are also MS-based.

1.4.3  Classification According to Minimum Number of Reference Stations 
Required for Position Calculation

The minimum number Nmin of reference stations required to yield an unambiguous 
MS position estimate is directly related to the positioning method availability. As a 
rule of thumb, the higher this minimum number, the lower the method’s availability. 
If the number N of reference stations able to communicate with the target MS is 
less that Nmin, then the MS position cannot be unambiguously estimated. However, 
it is important to note that even if N ³ Nmin, a position estimate might still not be 
produced, depending on the relative position of the reference stations and the MS. 
For example, for multiangulation, simple and weighted centroid techniques, the 
reference stations, and the MS cannot be collinear. The reference stations and MS 
relative positions might also affect the positioning method accuracy. The effect of 
this geometric disposition of the reference stations and the MS can be numerically 
expressed by the geometric dilution of precision (GDOP). A theoretical evaluation 
of GDOP for several geometric configurations associated with circular and hyper-
bolic multilateration in cellular networks is available in [50]. Table 1.1 lists Nmin 
for the positioning techniques presented in Section 1.4.1.

Table 1.1 Position Techniques versus Nmin

Position Technique Nmin

Cell identity 1
Centroid of angular ring section 1
Centroid of predicted best server area 1
Fingerprinting 1
Multiangulation 2
Simple centroid 3
Weighted centroid 3
Circular multilateration 3
Hyperbolic multilateration 4
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1.5  RF Positioning Technical Recommendations and Regulatory 
Demands

Typically, technical recommendations and regulatory demands concerning RF posi-
tioning are published when there are security issues involved. This section covers 
some of these recommendations and demands regarding locating ships and aircraft 
in distress conditions and emergency call localization in cellular networks.

1.5.1 Locating Ships and Aircraft in Distress Conditions

The International Convention for the Safety of Life at Sea requires that, when 
engaged on international voyages, ships of 1,600 tons gross tonnage and upward 
shall be fitted with RDF equipment operating at the 2-MHz band. International 
telecommunications union (ITU) Recommendation 428-3 defines technical details 
regarding operation and installation of such an RDF apparatus on ships. Rec. 428-3 
also defines maximum absolute bearing errors in such RDF systems ranging from 2 
to 5 degrees, depending on the type of ship [51].

ITU Recommendation 631-1 defines technical details for the operation of long-
range hyperbolic positioning systems in the 283.5–315-kHz band. These recom-
mendations include the pulse bandwidth, the frequency stability, effective radiated 
power of the ground stations, and signal protection ratios against interfering sig-
nals [52]. ITU Recommendation 632-3 contains the transmission characteristics of 
a satellite emergency position indicating radio beacon (EPIRB) system operating 
through geostationary satellites in the 1.6-GHz band [53]. It defines the distress 
message contents as well as signal modulation and coding. Note that in such an 
EPIRB system operating through geosynchronous satellites, the satellites do not 
carry out position estimates—these must be forwarded in the distress message. They 
act as fixed relay stations with a very wide coverage area.

1.5.2 Emergency Call Locating in Cellular Networks

1.5.2.1 E911 and E112

The E911 service started in the 1980s in the United States. Its was primarily designed 
for wireline telephony: the phone company would route the emergency call to the 
nearest emergency communications center, also referred to as public safety answer-
ing point (PSAP). In wireline telephony, there is a well-known location associated 
with every phone number, as all phones are fixed. However, to cope with the new 
demands of mobile telephony, the phone company would not only forward the 
emergency call to the PSAP nearest to the calling phone, but also provide a position 
estimate of the mobile phone originating the emergency call. The FCC specified that 
the effective implementation of E911 calls positioning should follow two distinct 
phases. In the first phase, initiated in 1996, the MS position would be provided 
using a cell identification method (i.e., the MS position was assumed to be located 
at the serving station coordinates) [12]. In the second phase, initiated in 2001, the 
following precision requirements were defined [54]:
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For network-based methods: 100m for 67% of the calls and 300m for 95% • 

of the calls;
For MS-based methods: 50m for 67% of the calls and 150m for 95% of the • 

calls.

Besides the aforementioned precision requirements, the E911 positioning ca-
pability must have a coverage at least comparable to that of the cellular system 
and should preferably minimize data rate backhaul requirements and use existing 
cellular antennas to avoid recurring operational costs [55]. Some localization meth-
ods, such as AOA, which requires the installation of directional array antennas at 
the base stations, sacrifice the former, as they require the deployment of additional 
network elements.

The European Union adopted in 2003 a regulation for the location of calls 
originating from cell phones to the pan-European emergency number 112 [14]. Ini-
tially, no precision requirements were specified. The mobile operators must provide 
the best available position estimate (best effort approach).

1.5.2.2 Next Generation 911 (NG911)

The FCC E911 resolution seemed to have presented a definitive solution for locat-
ing emergency calls originating from mobile cell phones, until Voice Over Internet 
Protocol (VoIP) calls came along through services like Skype and Viber. Today, with 
the advent of fourth-generation (4G) cellular networks14—which do not support 
circuit-switched voice service—the number of VoIP emergency calls is expected to 
increase steadily. However, the current E911 is not capable of locating such calls. 
Therefore, an improvement of current E911 capabilities was required, not only to 
deal with VoIP emergency call positioning, but also to allow the transfer of addi-
tional data—such as pictures and video—during an emergency call, as well as per-
mitting emergency notifications through text messages (Text-to-911).

NG911 is defined by the National Emergency Number Association (NENA), 
and is intended to allow VoIP call locating as well as support nonvoice emergency 
communications. NG911 comprises a set of standards and procedures, but its 
two core components are the Emergency Services IP Network (ESInet), and the 
Location-to-Service Translation (LoST) protocol. The ESInet receives packets (dur-
ing a VoIP emergency call) from the all-IP network—such as 4G cellular networks—
and forwards them to the LoST server, where they are routed to the proper PSAP. 
LoST protocol adds flexibility to emergency call routing, reducing the likelihood 
of overwhelming a PSAP capability in case of catastrophic emergencies or sever 
public distress conditions (during which a huge number of emergency call would be 
expected) [56]. This is shown in Figure 1.15. Note that circuit-switched emergency 
calls are also supported, but they are converted to IP calls at a gateway. Full NG911 
implementation is not just about deploying the ESInet and LoST servers. It also 
involves coordination of several agents: phone companies, security  authorities, 

14. For more details, please refer to Chapter 5.
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and  specialized personnel receiving NG911 emergency communications at the 
emergency communications centers. A baseline NG911 specification with minimal 
features is proposed by NENA [57], which also created a NG911 Transition Plan-
ning Committee to identify gaps in the E911 to NG911 transition [58]. A similar 
effort is being carried out in the European Union, with the next generation of E112 
services, the NG112 [56].

1.6 Summary

This introductory chapter has presented a brief history of RF positioning develop-
ment, from the early RDF systems of the beginning of the twentieth century to 
current GNSS positioning. It is important to note that the basic principles on which 
localization is carried out remain the same, as they are based on immutable char-
acteristics of electromagnetic waves. Of course, the applications, techniques, and 
target mobile devices have expanded drastically: from airplanes and sea ships to 

Figure 1.15 Scheme of NG911 implementation, according to NENA specification. The ESInet 
receives packets from an all-IP network (e.g., a 4G cellular network) during an VoIP emergency call 
and sends them to the ESINet router, which forwards them to the proper PSAP after communicat-
ing with the LoST server. The location information is not available in the IP network and must be 
obtained from the radio access network. The target MS—which, in this case, is the one originating 
the emergency communication—queries a location server, which them returns the MS estimated 
location (in the case of network-based positioning) or sends auxiliary information to the MS so that 
it can locate itself (in the case of MS-based positioning). The location information is encapsulated 
in IP packets and sent through the ESInet to the LoST server, which will then use it to help route the 
emergency call to the PSAP closest to the caller.
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smartphones. Some statistics were presented that stress the enormous growth in 
the use of location-based services, particularly among cellular networks subscribers 
after the dissemination of GPS-enabled smartphones.

This chapter also introduced some of the key terms that will be used through-
out this book, and presented a taxonomy of positioning methods. This taxonomy 
included five localization techniques: proximity, triangulation (multiangulation and 
multilateration), RF fingerprinting (also known as database correlation method 
(DCM)), centroids, and hybrid. Among those, triangulation-based positioning is 
studied in detail in Chapter 2 and RF fingerprinting in Chapter 4.

The chapter ended by addressing regulatory issues concerning the localization 
of airplanes and sea vessels in distress conditions as well as of mobile phone users 
originating emergency calls. In this latter scenario, the FCC E911 was described, 
followed by its next evolution step, NG911.
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C h a p t e r  2

Fundamentals of Triangulation-Based 
Positioning

2.1 Introduction

This chapter presents the fundamentals of triangulation-based positioning. Trian-
gulation uses geometric properties of triangles to estimate positions [1] and can be 
further classified into two categories based on the type of measurement employed 
in the location estimation: multilateration, which uses ranges (distance measure-
ments), and multiangulation, which uses angular measurements. The geometric 
principles of triangulation are applied in several localization methods in wireless 
networks from sensor and cellular networks to GNSS. All triangulation methods 
are strongly dependent on LOS propagation. NLOS conditions might severely im-
pair their positioning accuracy, or, as in the case of multiangulation, render the 
method unusable. The triangulation method’s accuracy is also strongly related to 
the geometric disposition of the anchor nodes and the target node. For instance, as 
already seen in Chapter 1, in multiangulation or AOA localization, the target node 
and the anchor nodes cannot be collinear for a position estimate to be produced. 
The effect of different geometric disposition of nodes on triangulation positioning 
accuracy is analyzed in this chapter through computer simulations.1

2.2 Multilateration

Multilateration is one type of triangulation-based positioning, which employ dis-
tance measurements between the target and anchor nodes to obtain a position 
estimate. The distances can be estimated indirectly through time-of-flight, time dif-
ference of arrival, or using RF propagation loss. Multilateration can be circular, 
where the LOPs are circles centered at the anchor nodes and the circles’ radiuses 
are obtained from time-of-flight or propagation loss measurements, or hyperbolic, 
where the LOPs are hyperbolas defined by time difference of arrival and whose 
focuses are located at pairs of anchor nodes.

2.2.1 Circular Multilateration

In circular multilateration, circular LOPs are used. Each circle is defined by its 
radius and by the coordinates of its center. The radius is obtained from a range 

1. The MATLAB code used in all simulations in this and all other chapters is available at the book website.
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32 Fundamentals of Triangulation-Based Positioning

estimate, derived either from time-of-flight or propagation loss measurements. The 
circle center is located at the anchor node coordinates. As shown in Figure 2.1(a), 
the intersection of two circles might comprise two distinct points. As a result, to 
achieve a 2D position estimate, at least three anchor nodes are required to eliminate 
the ambiguity. For a 3D position estimate using circular multilateration, as in GPS, 
a fourth anchor node is necessary. For simplicity, this and the following sections will 
refer to 2D positioning. The extension to 3D positioning is straightforward. The 3D 
positioning case in GNSS is studied in Chapter 7.

Typically, due to NLOS propagation and system errors, such as limited resolu-
tion of time and RSS measurements or lack of synchronization between the target 
and anchor nodes, the circular LOPs do not intersect at a single point, meaning that 
the nonlinear equation system representing the positioning problem has no closed-
form solution. In such conditions, the target station location can be estimated by a 
least squares (LS) solution to the equation system. Nonlinear LS might be compu-
tationally intensive [2], so typically, some form of linearization is applied, allowing 
the use of a linear least squares (LLS) solution [3]. The target node location can also 
be estimated by the centroid of the confidence region obtained from the circular 
LOPs intersection. The confidence region defines the area in the plane within which 
the target node is most likely to be located [4].

2.2.1.1 Using Time-of-Arrival Measurements

The time-of-flight is the time the signal takes to travel between the anchor node and 
target node. It is also known as time of arrival (TOA). TOA can be measured in the 
uplink (i.e., the anchor node measures the time-of-flight of a signal transmitted by 
the target node) or in the downlink (i.e., the target node measures the time-of-flight 
of a signal transmitted by the anchor node). In both cases, synchronization between 
the target and anchor nodes is required. This is discussed in detail in Chapter 3. 

Figure 2.1 Position fixes using circular multilateration in LOS (a) and NLOS (b) conditions. The triangles 
show the anchor nodes true locations. The star indicates the centroid of the confidence region. The square 
shows the target node position estimated by LLS. The circle indicates the target node true location.
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2.2 Multilateration 33

Another approach that does not require this synchronization is obtaining the TOA 
from the RTT between the anchor and target nodes, as in the old Oboe system de-
tailed in Chapter 1 [5]. In that case, either node might start the transmission. Upon 
reception, the other node replies. If the processing time at the responder is known, 
it can be subtracted from the total RTT. The result is divided by two, yielding a 
TOA estimate.

By multiplying a TOA value by the speed of propagation of the radiowaves,2 it 
is possible to obtain a range estimate, which is the distance between the target and 
the anchor node. This distance is the radius of a circular LOP centered at the anchor 
node. The target node can be located at any point along that circular LOP. As shown 
in Figure 2.1(a), in LOS conditions, three circular LOPs intersect at a single point, 
which is the target node location. In NLOS conditions, the three circular LOPs’ in-
tersection yields a confidence region, which is shown shaded in Figure 2.1(b).

Figure 2.1(a) shows circular multilateration in LOS conditions. The four cir-
cular LOPs intercept at the target node location. However, in reality, even in such 
a scenario, the circles would not intersect at a single point. This happens because 
of the limited time resolution of the TOA measurements made either at the target 
node or at the anchor nodes. As a result, as shown in Figure 2.2, the circular LOPs 
are in fact circular rings with width ct, where t is the TOA measurement resolution. 
Usually, t is approximately equal to 1/B, where B is the signal bandwidth [6]. For 
example, a 20-MHz signal would have t = 50 ns, which would result in 15m wide 
circular LOPs. In such a scenario, even under LOS conditions, there would be no 
single intersection point, but a confidence region, whose centroid can be used as an 
estimate of the target node location.

2. The speed of propagation of the radiowaves is assumed the be approximately equal to the speed of light in 
free space (c = 2.99792458 × 108).

Figure 2.2 LOPs in circular multilateration depicted as circular rings with width ct, where t is the time 
resolution of the TOA measurement. The triangles show the anchor nodes true locations. The star 
indicates the centroid of the confidence region. The circle indicates the real target node  location.
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34 Fundamentals of Triangulation-Based Positioning

Example 2.1

Consider a target node located at (250, 300) and three anchor nodes located at 
coordinates (100, 200), (250, 400), and (400, 200), all expressed in meters. Using 
TOA and assuming LOS conditions, calculate the positioning error for t = 0.1 ms, 
t = 0.3 ms, and t = 0.6 ms.

Solution:
This example demonstrates the effect of a limited TOA measurement resolution 
on the circular multilateration positioning error. Two straightforward approaches 
are possible to estimate the target node location: (1) take the coordinates of the 
points at the intersection of the circular rings and return their mean or (2) calculate 
the centroid of the confidence region, as in Figure 2.2. The expected result is that 
for any given ground-truth position of the target node, as t value increases, the 
positioning error will increase or remain the same. The MATLAB code available at 
the book website implements the second approach, returning positioning errors of 
8, 40, and 105m for t = 0.1 ms, t = 0.3 ms, and t = 0.6 ms, respectively. Figure 2.3 
shows the geometry of the solution.

In NLOS conditions, disregarding the limited TOA measurement resolution 
(which is a reasonable assumption if ct << d), the distance estimate di between the 
target node and the ith anchor node is given by

 
ˆ ( )i i id c t n= +  (2.1)

where ti is the LOS time-of-flight between the ith anchor node and the target node,3 
and ni is the random excess delay due to NLOS propagation. Of course, in LOS 
conditions, ni = 0, "i, i = 1,…,N, where N is the number of anchor nodes.

The equation of the circle centered at the ith anchor node and with radius îd  is 
given by (x − xi)2 + 2 2ˆ( )i iy y d− = , where (xi, yi) are the ith anchor node 2D coordinates. 
To obtain a position fix, at least three anchor nodes are required. For a generic case, 
depicted in Figure 2.1(b), with N ³ 3, one obtains the system of nonlinear  equations:

 

2 2 2
1 1 1

2 2 2

ˆ( ) ( )

ˆ( ) ( )N N N

x x y y d

x x y y d

- + - =

- + - =

�  (2.2)

Due to NLOS conditions, this quadratic equation system has no closed-form 
solution. After linearization, it is possible to find an LLS solution. Some of the alter-
natives for linearization are Taylor series and secant lines. However, linearization 
using secant lines is simpler and usually yields more accurate results than Taylor 
series [7].

Linearization using secant lines is based on a simple geometric principle. Two 
circular LOPs may intercept in two points. Those two points uniquely define a line, 
which is secant to both circles. In the nonlinear equation system given by (2.2), the 
first equation is selected as a reference. Then, it is subtracted from all the remaining 

3. This would be the time a signal from the ith anchor node would take to reach the target node if it followed 
the straight line connecting them, which would be the case in LOS conditions.
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2.2 Multilateration 35

equations, and after some algebraic manipulation, a linear system with (N − 1) 
equations is obtained:

 

 − − − + − + −       =          − − − + − + −   

� � �

2 2 2 2 2 2
2 1 2 1 2 1 2 1 1 2

2 2 2 2 2 21 1 1 1 1

ˆ ˆ
1
2

ˆ ˆN N N N N

x x y y x x y y d dx

yx x y y x x y y d d

 (2.3)

where the jth equation, j = 1,2,...,(N − 1), is the equation of the secant line defined 
by the intersection of the first and (j + 1)th circular LOPs.

Three anchor nodes yield two secant lines,4 that will intersect at a single point, 
even in NLOS conditions, as shown in Figure 2.4(a). Using TOA of more than three 
anchor nodes might enhance the position estimate accuracy [8]. For N > 3, the 
resulting linear equation system is overdetermined, as it has more than two linear 
independent equations, but only two variables. Overdetermined systems do not 
have a closed-form solution. As shown in Figure 2.4(b), in that case the secant lines 
do not intersect at a single point, defining a confidence region. The location estimate 
can be given by the centroid of this confidence region or by the LLS solution of the 
linear equation system defined in (2.3). The LLS solution is given by

 ( )−
 
 
  

1T T
ˆ 1 ˆ

2ˆ

x

y
U U U V=  (2.4)

where

 

2 2 2 2 2 2
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2 2 2 2 2 21 1 1 1 1

ˆ ˆ

ˆU = ,V
ˆ ˆN N N N N

x x y y x x y y d d
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 − − − + − + − 
   =   
  − − − + − + −   

� � �  (2.5)

4. In [7], those secant lines are referred to as LLOPs. By definition, an LOP is the set of points in the plane where 
the target node might be located. A target node cannot be located at any point of a line secant to two circular 
LOPs, but only at the circles intersections (two points). Therefore, those secant lines are not LOPs.

Figure 2.3 Solution of Example 2.1: (a) t = 0.1 ms, (b) t = 0.3 ms, (c) t = 0.6 ms. The triangles show 
the anchor nodes’ true locations. The star indicates the centroid of the confidence region. The circle 
indicates the target node’s true location.
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36 Fundamentals of Triangulation-Based Positioning

One of the ways to evaluate the precision of TOA methods in NLOS condi-
tions are computational simulations. To do that, the NLOS excess delay must be 
statistically represented. Some full-duplex systems use frequency division duplexing 
(FDD). For large duplex separations, multipaths in the uplink and downlink can be 
a priori assumed to be independent at any given target node position. As a result, 
the mean excess delays in the downlink (tm,d) and uplink (tm,u) can be treated as 
independent random variables [9]. They are always positive, as NLOS produces a 
positive bias in TOA estimation. Both in the uplink and downlink, the mean excess 
delay tm can be assumed to be log-normally distributed at any given distance be-
tween the target and anchor nodes [10], as follows:

 0m kT D Xτ = �  (2.6)

where k is the proportionality constant between tm and trms (root mean square 
delay spread)5, T0 is the trms median value at D = 1 km, D is the distance in 
kilometers between the target node and anchor nodes, and e is a constant. X is 
a lognormal random variable at distance D, such that ln (X) is normally distrib-
uted with zero mean and standard deviation s. Parameters T0, k, e, and s are 
environment-dependent. As an example, typical values for those parameters in 
macrocell urban and sub urban environments in cellular networks are shown in 
Table 2.1 [10, 11].

5. For a set of n observations, the root mean square delay spread is given by 
2 2

1

( )n i i a
rms i

tP
α τ ττ

=

−= ∑ , where 

ai and ti are the amplitude and the delay of the ith multipath component and Pt is the total power of the 
delay profile, given by 2

1

n
t ii

P α
=

= ∑ . Parameter ta is the power-weighted first moment of the echo delays, 

given by 
2

1

n i i
a i

tP
α ττ

=
= ∑  [12].

Figure 2.4 Linearization using secant lines with N = 3 (a) and N = 4 (b), both in NLOS conditions. 
For N = 3, the secant lines intersect at a single point, which is not necessarily the true target node 
position. For N > 3, the secant lines do not intersect at a single point, defining a confidence region.
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If the TOA is measured at the uplink or downlink, then (2.6) can be used directly 
to model the excess NLOS delay. If the TOA is estimated from RTT measurements, 
then the total random mean excess delay ni can be given by [9]

 , ,

2
m d m u

in
τ τ+

=  (2.7)

where tm,d and tm,u are the mean excess delays in the downlink and uplink, respec-
tively. They are given by

 
, 0

, 0

m d i d

m u i u

kT d X

kT d X

τ

τ

=

=

�

�

 (2.8)

where Xd and Xu are independent lognormal random variables at distance di, both 
with zero mean and standard deviation s.

Figures 2.5 and 2.6 show planar error maps of TOA positioning in NLOS con-
ditions for two different sets of anchor nodes. In Figure 2.5, the anchor nodes are 
disposed forming an equilateral triangle. In Figure 2.6, the anchor nodes are disposed 
almost along the same line. Each map depicts the mean localization error over a 

Table 2.1 Parameters for NLOS Excess Delay 
Models in Urban and Suburban Macrocells in 
Cellular Systems

Parameter Urban Suburban
T

0
 (ms) [0.41,0.94] 0.28

k [0.66,1] 0.5

e 0.5 0.5

s (dB)
[1.9,3.6] [2.0,4.7]

Figure 2.5 Error map of TOA positioning using the centroid of the confidence region with t = 0. 
The anchor nodes (triangles) are disposed forming an equilateral triangle. NLOS excess delay was 
estimated using (2.7) with parameters k = 0.5, T0 = 0.28 ms, s = 2 dB, e = 0.5.
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500 × 500 m2 area. At each point of the grid, 10 positioning fixes were taken and 
the average error was calculated. Each location estimate is given by the centroid of 
the confidence region delimited by the intersection of the circular LOPs. The NLOS 
excess delay was modeled using (2.7).

Figures 2.5 and 2.6 show that the average positioning error is lower when the 
target node is located within the convex polygon formed by the anchor or refer-
ence nodes. For the second map, where the anchor nodes are disposed almost lin-
early, this means that the error is lower along the best fit line of the nodes. In both 
cases, the farther away from the reference nodes, the higher the localization error. 
Therefore, on average, TOA positioning will have a poor accuracy in areas with 
low density of reference nodes, especially if the target node is outside the convex 
hull whose vertexes are located at the anchor nodes coordinates. TOA positioning 
accuracy also depends on the anchor nodes geographic disposition in relation to 
the target node.

Example 2.2

Consider three anchor nodes located at coordinates (100, 200), (250, 400), and 
(400, 200), all expressed in meters. Using TOA and assuming NLOS conditions in 
a suburban environment, calculate the effect of a moving average filter with length 
L = 10 on the positioning error of a target node following the route shown in Figure 
2.7(a). The route is defined in the MATLAB code available at the book website. 
Assume t = 0.

Solution:
This example shows the effect of a simple moving average filter on the positioning 
accuracy of a TOA method. For any given target node, there is a strong correlation 

Figure 2.6 Error map of TOA positioning using the centroid of the confidence region with t = 0. 
The anchor nodes (triangles) are disposed almost linearly. NLOS excess delay was estimated using 
(2.7) with parameters k = 0.5, T0 = 0.28 ms, s = 2 dB, e = 0.5.
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between its locations at instants tk and tk + Dt, as long as the product of its speed 
υ by the time interval Dt is sufficiently small [13]. The moving average filter acts as 
a low-pass filter, smoothing sharp variations between position estimates that are 
adjacent along a route. Using a filter with length L, the target node estimated coor-
dinates [ ˆ ˆk kx y  ]T at instant tk are given by the arithmetic mean of the current and the 
L − 1 previous location estimates; that is:

 
1

0

ˆ ˆ1
ˆ ˆ

L
k k u

k k uu

x x

y yL

−
−

−=

   
=   

   
∑  (2.9)

Figure 2.7(a) shows the anchor nodes, the true route followed by the moving 
target, and the routes estimated by TOA positioning, with an without the moving 
average filter. It is clear that the use of the moving average filter better fits the true 
route. This is confirmed by the positioning error plot on Figure 2.7(b), which shows 
that the use of a moving average filter reduces the error peaks. With L = 10, for the 
route used in this example, the mean positioning error is reduced from 111 to 87m— 
 a 22% reduction.6 The optimum value of L depends on the product υ ∙ Dt and on 
the target node speed variations and direction changes [13]. The reader might try 
different values of L and see how this affects the accuracy of the target node track-
ing along the route given in this example.

6. Due to the probabilistic NLOS component, the results vary each time the MATLAB code is run. However, 
in this example, with L = 10, the average positioning error reduction will usually lie within 15%–22%.

Figure 2.7 Effect of a moving average filter with L = 10 on TOA positioning using LLS, with t = 0 
and under NLOS conditions. NLOS excess delay was estimated using (2.7) with parameters k = 0.5, 
T0 = 0.28 ms, s = 2 dB, e = 0.5. (a) The black triangles indicate the anchor nodes coordinates. The 
white triangles and crosses indicate the position estimates, with and without filtering, respectively. 
The true route is indicated by a dark line. (b) Positioning error plot, with (white triangles) and with-
out (crosses) filtering.
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2.2.1.2 Using RSS Measurements

Another way to obtain the range estimates used in circular multilateration is to 
calculate the radiowave attenuation between the target and anchor nodes. If the 
mean output power of the transmitting station is approximately constant and if 
the RSS can be measured at the receiving station then it is possible to estimate the 
distance between the target and anchor nodes from the propagation loss. For that, 
a mathematical model expressing the propagation loss as a function f of distance is 
required. Once this function is defined, the distance between the transmitting and 
receiving stations can be estimated by its inverse function g = f –1 which expresses 
the distance as a function of the propagation loss. The starting point is the power 
balance equation of the link between the ith anchor and the target node, which can 
be given, in the logarithmic scale, by

 , , , , , , ,( ),( ), ,( ) ( ) ( ) ( ) ( ) ( ) ( )t i t i t i p i r i r i iP dBm L dB G dB L dB G dB L dB RSS dBmθ φ θ π φ π± ±- + - + - =  
(2.10)

where Pt,i is the output power of the ith anchor node, Lt,i and Lr,i are the losses at the 
transmitting and receiving nodes, respectively, and Gt,θ,f,i (dB) and Gr ,(θ±π),(f±π),i (dB) 
are the transmitting and receiving antennas gains, respectively, at the direction speci-
fied by the horizontal angle θ and the vertical angle f. As shown in Figure 2.8, angles 
θ and f define the direction of the line segment connecting the ith anchor and the tar-
get node in LOS conditions. The values of Gt,θ,f,i (dB) and Gr,(θ±π),(f±π),i (dB) depend 
on the radiation patterns of the antennas. Lp,i (dB) is the propagation loss between 
the ith anchor and the target node. Isolating the propagation loss term, one obtains

 , , , , , , , ,( ),( ),( ) ( ) ( ) ( ) ( ) ( ) ( )p i t i i t i r i t i r iL dB P dBm RSS dBm L dB L dB G dB G dBθ φ θ π φ π± += - - - + +  
(2.11)

Figure 2.8 (a) Horizontal (θ angle, plane xy) and (b) vertical (f angle, plane xz) angles defining the 
3D LOS line connecting two nodes.
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2.2 Multilateration 41

It is then necessary to apply a mathematical model that expresses Lp,i (dB) as 
a function f of the distance di between the target and the ith anchor node. So, by 
taking the inverse of that function, g = f –1 it is possible to estimate the distance di  
as a function of the propagation loss Lp,i; that is:

 1
, ,

ˆ ( ) ( )i p i p id g L f L−= =  (2.12)

One of the simplest propagation models is the lognormal path loss model, 
defined by [14]:

 = = + +0, 10 0( ) ( ) ( ) 10 log ( / )p i i d iL dB f d L dB n d d σχ  (2.13)

where Ld0
 is the path loss at reference distance d0 from the transmitting node and n 

is the path loss exponent or slope. The term χs is taken from a zero-mean Gaussian 
distribution with standard deviation s [15]. It accounts for the random shadowing 
that occurs due to the presence of obstacles along the propagation path. As those 
are not known beforehand, this additional loss must be treated probabilistically. 
Equation (2.13) expresses the average propagation loss as a function of distance. 
To obtain the inverse of that function, it is necessary to isolate the term of distance, 
obtaining the estimate:

 , 0( ( ) ) /10
, 0

ˆ ( ) 10 p i dL dB L n
i p id g L d σχ− −= = ×  (2.14)

The reference distance d0 and the path loss slope n might be empirically defined for 
different environments and frequencies. Table 2.2 shows some typical values for n 
in indoor environments [16].

The parameters of an empirical model must be adjusted by means of field 
measurements taken at the environment where it is going to be used. This calibra-
tion process is essential, if the propagation model is expected to reach any rea-
sonable level of accuracy in predicting path loss, which will have a direct impact 
on the positioning accuracy as well if RSS-based circular multilateration is being 
used. Table 2.3 shows empirical slope values obtained for different cities at the 
800-MHz band [17]. Generic values are to be used only if more specific ones are 
not available.

Table 2.2 Typical Values for n in Different Indoor Environments

Environment Frequency (MHz) n

Retail store 914 2.2
Grocery store 914 1.8
Office (hard partition) 1,500 3.0
Office (soft partition) 900 2.4
Office (soft partition) 1,900 2.6
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42 Fundamentals of Triangulation-Based Positioning

Among the wide variety of indoor and outdoor radial-based empirical propa-
gation models, the Okumura-Hata is one of the most well known, having been 
extensively used for coverage predictions in VHF and ultrahigh frequency (UHF) 
point-to-area radio links, especially in cellular networks. The mean Okumura-Hata 
path loss for urban environments is given by [18]

 , 10 10 10 10( ) 69.55 26.16log ( ) 13.82log ( ) ( ) (44.9 6.55log ( ))log ( )p i b m b iL dB f h a h h d= + - - + -  
(2.15)

where f is the operating frequency (150 £ f £ 1500 MHz), hm and hb are the effective 
heights of the mobile station and base station antennas, respectively (1 £ hm £ 10 m; 
30 £ hb £ 200 m); a(hm) is the correction factor for hm, which is zero for hm = 1.5m. 
Note that the path loss slope in Hata’s equation is n = 0.1 (44.9 − 6.55log10(hb)), 
and it is expressed as a function of hb. Isolating the distance term di and assuming 
hm = 1.5m, one obtains

 , 10 10 10( ( ) 69.55 26.16log ( ) 13.82log ( )) /(44.9 6.55log ( ))ˆ 10 p i b bL dB f h h
id − − + −=  (2.16)

Once the distances ˆ , 1,2, ,id i N= …  have been estimated, a nonlinear equation 
system like the one in (2.2) is formed. Its approximate solution can be found just 
like in the TOA case, using the LLS solution provided by (2.4).

RSS-based circular multilateration has the advantage that no synchronization is 
required between the target and anchor nodes, as in TOA. However, knowing the 
precise value of the propagation loss is quite difficult, even if a carefully calibrated 
propagation model is used. This happens because, as the target node location is not 
known beforehand, it is also not possible to know the angles θ and f. As a result, it 
is not possible to known a priori the effective isotropic radiated power (EIRP) of the 
transmitting antenna at the direction of the target node. If the EIRP is not known 
precisely, then the propagation loss estimation is also highly inaccurate, leading to 
impaired distance estimates. Besides that, there is also the fact that the obstacles 
lying between the target and anchor node are not known a priori. Such obstacles, 
as the one shown in Figure 2.9, introduce additional propagation losses that result 
in overestimation of the distance between the nodes. These limitations—not know-
ing the EIRP at the direction of the target node and not knowing the obstacles lying 
along the propagation path—result in large positioning errors when using RSS-
based circular multilateration, except in well-controlled environments [15, 19].

Table 2.3 Values for n in Different 
Cities at the 800-MHz Band

City n

New York City (USA) 4.8
Newark (USA) 4.31
San Francisco (USA) 3.84
Philadelphia (USA) 3.68
Tokyo (Japan) 3.05
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2.2 Multilateration 43

2.2.2 Hyperbolic Multilateration

Hyperbolic multilateration is one type of range difference location (RDL).7 Any 
RDL system relies on range differences to yield a position fix. In hyperbolic multi-
lateration, the time difference of arrival (TDOA) between the signals of two anchor 
nodes (received at the target node)8 multiplied by the radiowave propagation speed 
gives the difference in range to the two anchor nodes. This range difference defines 
a hyperbolic LOP, whose focuses are located at the anchor nodes. The target node 
position estimate is given by the intersection of the hyperbolic LOPs. However, as 
already seen in Chapter 1, two hyperbolas might intersect at two points, so a third 
hyperbola is required to provide an unambiguous position estimate. As each pair of 
anchor nodes produces a hyperbola, this requires at least four reference stations.9

Hyperbolic multilateration, or TDOA positioning, has an advantage in relation 
to TOA systems, as it does not require strict synchronization between the target 
and anchor nodes. Synchronization is necessary only among the anchor stations 
involved in the position fix (for example, the anchor stations on an LORAN triplet 
shared the same clock). TDOA positioning has been used for long-range naviga-
tion, from 1943 onward, in the Gee, LORAN-A, and LORAN-C systems. Gee was 
used in the 1940s and LORAN-A operation ended in 1980 [21]. As of 2010, most 
LORAN-C ground stations have been shut off, but TDOA is still used in the eLO-
RAN system, whose tests started in 2007, and once fully operational, is intended 
to act as a backup for GNSS positioning [22]. TDOA is also one of the positioning 
methods supported on 3G cellular networks [23].

7. One example of a nonhyperbolic RDL system is LOCA (location on the conic axes) [24]. In LOCA, the dif-
ferences in range to three reference stations produces a linear LOP, which is the major axis of an ellipse. The 
reference stations are located on the ellipse, and one of its focuses provides the target station position estimate. 

8. Alternatively, the TDOA of the target’s node signal at two anchor nodes might be calculated.
9. However, as already seen in Chapter 1, in long-range navigation, one of the intersections might be discarded 

through dead reckoning, reducing the minimum number of anchor nodes required to produce an unambigu-
ous position fix to three. This was the case in the Gee and LORAN hyperbolic navigation systems.

Figure 2.9 Radio link profile showing obstacles along the transmission path. One obstacle pen-
etrates the first Fresnel zone and will introduce additional losses due to diffraction. The Fresnel zones 
are regions of constructive and destructive interference delimited by the Fresnel ellipsoids. Within 
the first Fresnel zone, the distance difference between the direct and indirect paths is less than a 
half-wavelength. For LOS links, the first Fresnel zone must have at least 60% clearance [20].
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44 Fundamentals of Triangulation-Based Positioning

Figure 2.10(a) shows three anchor nodes and two hyperbolas (LOP23 and 
LOP13). Anchor nodes 2 and 3 are the focuses of the first hyperbola (LOP23) and 
nodes 1 and 3 are the focuses of the second one (LOP13). A third hyperbola is 
defined by nodes 1 and 2, but it would be redundant in LOS conditions.10 As each 
pair of anchor nodes defines a hyperbola, the number of hyperbolic LOPs that can 
be generated with N anchor nodes is given by

 
!

2 ( 2)!2!

N N
M

N
 

= =  − 
 (2.17)

Figure 2.10(b) shows the effect of the finite resolution of the TDOA measure-
ments: the hyperbolic LOPs become hyperbolic regions. The target node position 
estimate can be given by the centroid of the confidence region formed by the inter-
section of the two hyperbolic regions.

As previously stated, TDOA can be measured either in the uplink (at the anchor 
nodes) or the downlink (at the target node). For simplicity, in this demonstration 
only the downlink case is considered, but the procedure is promptly applicable to the 
uplink case as well. Let Dtij be the TDOA, measured in LOS conditions at the target 
node, between the signals of the ith and jth anchor nodes, i ¹ j; i,j = 1,...,N; where N 
is the number of anchor nodes. Let di be the estimated distance between the target 
node and the ith anchor node in NLOS conditions. Disregarding the limited TDOA 
measurement resolution, the difference between ranges di and dj is given by

 ˆ ( ) ( )k i j ij ijr d d c t n∆ = − = ∆ +  (2.18)

10. If (d2 − d3) = δ23 and (d1 − d3) = δ13 are the range differences that define hyperbolas LOP23 and LOP13, 
then the range difference that defines a third hyperbola, namely LOP12, in LOS conditions, is given by 
(d1 − d2) = (δ13 − δ23). Therefore, the third hyperbola obtained from a set of three anchor nodes does not 
add information to the position fix in LOS conditions.

Figure 2.10 Hyperbolic multilateration, assuming (a) infinite and (b) finite time resolution. The 
triangles indicate the anchor nodes coordinates. The circle indicates the target node estimated 
 position.
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2.2 Multilateration 45

where c is the speed of light in free space, nij is the random delay in Dtij due to NLOS 
propagation, and k = 1,...,M.

The M × 1 vector of measured range differences is defined by
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 ∆ + 

R T

�

�

 (2.19)

where DT is the TDOA vector in LOS conditions, given by

 −∆ = ∆ ∆ ∆ ∆ ∆… … T
12 13 1 23 ( 1)[ ]M M Mt t t t tT  (2.20)

and N is the error vector, which accounts for the noise introduced by NLOS propa-
gation. N is given by

 −= … … T
12   13 1 23 ( 1)[ ]M M Mc n  n n n nN  (2.21)

The equation of the hyperbola whose focuses are located at anchor nodes i and 

j, i ¹ j is given by 2 2 2 2( ) ( ) ( ) ( )i i i i ijx x y y x x y y c t− + − − − + − = ∆ , where [xi yi]T and 
[xj yj]T are the 2D coordinates of anchors i and j, respectively, and S = [x y]T are the 
true 2D coordinates of the target node. To obtain an unambiguous position fix, at 
least four anchor nodes are required. For a generic case, with N ³ 4, one obtains the 
system of nonlinear equations:

 = ∆( ) cF S T (2.22)

where
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ART_Campos_Ch.02.indd                44                                        Manila Typesetting Company                                                                         05/27/2015 ART_Campos_Ch.02.indd                45                                        Manila Typesetting Company                                                                         05/27/2015



46 Fundamentals of Triangulation-Based Positioning

By combining (2.19) and (2.22), and isolating the error vector, one obtains

 ˆ ( )= ∆ −N R F S  (2.24)

Due to NLOS conditions, the equation system given by (2.22) has no closed-
form solution (i.e., the hyperbolas do not intersect at a single point).11 In such 
conditions, the target station location can be estimated by an LS solution to the 
nonlinear equation system. The LS solution Tˆ ˆ ˆ[ ]x y=S  is the one that minimizes the 
squared error NTN; that is:

 ( ) ( ){ }= ∆ − ∆ −
Tˆ ˆ ˆargmin ( )

S
S R F(S) R F S  (2.25)

Several approaches exist to this approximation problem. For example, in [25], 
a Monte Carlo based method for positioning and a gradient search algorithm  
using a non-linear LS framework are applied to TDOA positioning. However, as 
previously stated in this chapter, non-linear LS might be computationally intensive, 
without the guarantee that a better solution will be found in relation to a linear  
approach. Therefore, some form of linearization to the system of (2.22) is prefera-
ble. Linearization using secant lines applied to the TOA nonlinear system of (2.2) is 
not applicable in the TDOA case. Therefore, as in [26], linearization using a Taylor 
series is used instead. Taylor series expansion is an iterative method that requires an 
initial estimate [ ]0 0 0

ˆ ˆ ˆx y=S  for the target node location. Each equation is linearized 
after eliminating the nonlinear terms of the series [27].

After discarding the nonlinear terms, the Taylor series expansion of function 
Fk(S), k = 1,2,...,M, at the initial estimate 0Ŝ  is given by

 0 0
0 0 0

ˆ ˆ( ) ( )ˆ ˆ ˆ( ) ( ) ( ) ( )k k
k k

F F
F F x x y y

x y
∂ = ∂ =≈ + − + −

∂ ∂
S S S S

S S  (2.26)

Taking all M equations, one has a approximation to the F vector, given by

 0 0
ˆ ˆ( ) ( )≈ + −F S F(S ) H S S  (2.27)

where the M × 2 matrix H is given by

 

1 0 1 0

0 0

ˆ ˆ( ) ( )

ˆ ˆ( ) ( )M M

F F
x y

F F
x y

 ∂ = ∂ =
 ∂ ∂ 
 =
 
 ∂ = ∂ =
 ∂ ∂ 

S S S S

H

S S S S

� �  (2.28)

11. Early hyperbolic navigation systems, such as Gee and LORAN, had charts where the hyperbolic LOPs of 
pairs of ground stations were drawn. Based on the TDOA measurements of the mobile receiver, the opera-
tor could find his or her position at the interception of the hyperbolas on the chart. However, automatically 
finding the target position is a much harder problem [24], as it involves a nonlinear set of equations which, 
due to system inaccuracies and NLOS propagation conditions, do not have a closed-form solution.
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2.2 Multilateration 47

Replacing the value of F in (2.24) by the one given in (2.27), one has

 0 0 0 0
ˆ ˆ ˆ ˆˆ ˆ( ) ( ) ( ( ) )= ∆ − − − = ∆ − + −N R F S H S S R F S HS HS (2.29)

where the first term

 0 0
ˆ ˆˆ ( )∆ = ∆ − +R R F S HS�  (2.30)

is a function of the initial estimate 0Ŝ  and of ˆ∆R, which is the set of measured TDOA 
values. Both are known values. Vector N then becomes

 = ∆ −N R HS�  (2.31)

Replacing the value of N in (2.25) by the one given in (2.31), one has

 ( ) ( ){ }= ∆ − ∆ −�
Tˆ ˆargmin

S
S R HS R HS  (2.32)

The LLS solution to (2.32) is given by

 ( ) 1ˆ −
= ∆T TS H H H R�  (2.33)

Replacing the value of ∆R�  in (2.33) by the one given in (2.30), one has

 ( ) ( )( ) ( ) ( )( )1 1T
0 0 0 0

ˆ ˆ ˆ ˆ ˆˆ- -
= D - + = + D -T T TS H H H R F S HS S H H H R F S�  (2.34)

Therefore, a initial estimate 0Ŝ  results in another position estimate Ŝ, which, if 
the iterative process converges (as shown in Figure 2.11), is closer to the optimal 
solution of the minimization problem. The iterative approximation process can be 
described by12:

 ( ) ( )( )1T Tˆ ˆ ˆˆ[ 1] [ ] [ ]n n n
−

+ = + ∆ −S S H H H R F S  (2.35)

The LLS with Taylor series linearization approximation has a lower computa-
tional complexity than nonlinear LS approaches [14], but, as it is an iterative pro-
cess, requires an initial position estimate. Figure 2.12 analyzes the iterative method 
convergence as a function of the initial position estimate for different geometric 
dispositions of the anchor nodes. For each configuration, two relative positions for 
the target node are considered: inside and outside the polygon formed by the anchor 
nodes. The convergence varies depending on the problem geometry, and an initial 
position estimate that leads to convergence in one geometric configuration, might 
not converge to the optimal solution in another one. However, the convergence 
maps indicate that, regardless the geometric disposition of the anchor nodes and 

12. Note that matrix H is also a function of ˆ [ ]nS  and therefore must be updated at each step. Notation H has 
been used instead of H ( ˆ [ ]nS ) for better legibility of the equations.
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48 Fundamentals of Triangulation-Based Positioning

the target node’s true location, if the centroid of the polygon formed by the anchor 
nodes is used as an initial estimate, the iterative process converges. Even if this is not 
true for any geometric configuration, Figure 2.12 suggests that it might be a good 
initial guess in most cases.

Figures 2.13 and 2.14 show planar error maps of TDOA positioning in 
NLOS conditions for two different sets of anchor nodes. In Figure 2.13, the 
anchor nodes are disposed forming a square. In Figure 2.6, the anchor nodes 
are linearly disposed. Each map depicts the mean positioning error over a 500 × 
500 m2 area. At each point of the grid, 50 position fixes were taken and the 
average error was calculated. Each location estimate is given by the LLS with 
Taylor series linearization iterative method.13 The NLOS excess delay was mod-
eled using (2.7).

13. The iterative process stops when subsequent position estimates are closer than 1m, or if a maximum 
number of steps is reached without convergence.

Figure 2.11 Hyperbolic multilateration using LLS with Taylor series linearization. The figure shows 
the convergence of the iterative method for three initial position estimates (x). The final position 
estimates are indicated by the white circles. The target and anchor nodes ground-truth coordinates 
are indicated by the black circle and black triangles, respectively. NLOS excess delay was estimated 
using (2.7) with parameters k = 0.5, T0 = 0.28 ms, s = 2 dB, e = 0.5.
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Figure 2.12 Convergence analysis of LLS with Taylor series linearization, applied to TDOA positioning, varying the initial position estimate S0 and the 
geometric disposition of the anchor nodes. The figure shows the positioning error e(m) for 3 sets of anchor nodes (white triangles). For each set two target 
node (white circle) locations are selected. Dark areas show the coordinates S0 = (x0, y0), x0 Î [1, 2, 3,...,500] and y0 Î [1, 2, 3,...,500], that, when used as 
initial estimates by the iterative method, converge to the real target node position or to its vicinity. Outside the convergence area, the error is too high, 
making it necessary to display the positioning error in the logarithmic scale (10log10e (m)) for compression. NLOS excess delay was estimated using (2.7) 
with parameters k = 0.5, T0 = 0.28 ms, s = 2 dB, e = 0.5.
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50 Fundamentals of Triangulation-Based Positioning

Figures 2.13 and 2.14 show that the average positioning error is lower when the 
target node is located within the convex polygon formed by the anchor nodes. For 
the second map, where the anchor nodes are disposed linearly, this means that the 
error is lower along the line connecting the anchor nodes. In both cases, the farther 
away from the anchor nodes, the higher the positioning error. Accordingly, on aver-
age, TDOA positioning will have a poor accuracy in areas with low density of anchor 
nodes, especially if the target node is outside the convex hull whose vertexes are 
located at the anchor nodes coordinates. TDOA positioning accuracy also depends 

Figure 2.13 Error map of TDOA positioning using LLS with Taylor series linearization. The anchor 
nodes (triangles) are disposed forming a square. NLOS excess delay was estimated using (2.7) with 
parameters k = 0.5, T0 = 0.28 ms, s  = 2 dB, e = 0.5. The initial estimate for the iterative algorithm was 
the centroid of the polygon formed by the anchor nodes.

Figure 2.14 Error map of TDOA positioning using LLS with Taylor series linearization. The anchor 
nodes (triangles) are linearly disposed. NLOS excess delay was estimated using (2.7) with param-
eters k = 0.5, T0 = 0.28 ms, s = 2 dB, e = 0.5. The initial estimate for the iterative algorithm was the 
centroid of the polygon formed by the anchor nodes.
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2.3 Multiangulation 51

on the anchor nodes geographic disposition in relation to the target node. Note that 
these conclusions are the same as those reached in the TOA positioning analysis.

2.3 Multiangulation

Multiangulation positioning uses AOA, also known as radio direction finding 
(RDF), to estimate the target node location. As seen in Chapter 1, by taking the 
bearings to at least two anchor nodes, the target node location can be estimated 
at the intersection of the LLOPs connecting the target node to each anchor node. 
Figure 2.15(a) illustrates the geometry of AOA positioning. The signal of the tar-
get node is received at two anchor nodes at angles θ1 and θ2. The anchor nodes 
coordinates are (x1, y1) and (x2, y2). In LOS conditions, the estimated target node 
coordinates ( ˆ ˆ,x y) are given by

 
θ θ θ θ

θ θ θ θ θ θ

= − − − −

= − + − −

2 2 1 1 2 1 2 1

2 1 1 2 1 2 2 1 2 1

ˆ [( tan tan ) ( )]/(tan tan )

ˆ [( )tan tan ( tan tan )]/(tan tan )

x x x y y

y x x y y
 (2.36)

where x1, x2, y1, y2 are in meters and θ1,θ2 are in radians. An AOA position fix is 
not possible if the two anchor nodes and the target node are collinear—in that case, 
tanθ1 = tanθ2 = 0 and the denominators of both expressions in (2.36) are zero.

As shown in Figure 2.15(a), in LOS conditions, the LLOPs intersect at a single 
point, which is the ground-truth target node location, and (2.36) can be used for 
each pair of anchor nodes. However, even in LOS conditions, the finite angular res-
olution of the AOA measurements must be taken into account. In such a scenario, 
the LLOPs do not intersect at a single point. Instead of lines, each angular measure-
ment defines an angular section. The intersection of the angular sections defines a 
confidence region, as shown in Figure 2.15(b). As in the case of TOA measurement 
with finite resolution, the target node position can be estimated by the centroid of 
the confidence region.

Figure 2.15 AOA positioning in LOS conditions: (a) with infinite angular resolution—the LLOPs all 
intersect at a single point, which is the true target node position and (b) with finite angular resolu-
tion. The black circle indicates the true target node location and the white star indicates the centroid 
of the confidence region. The black triangles indicate the true locations of the anchor nodes.
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52 Fundamentals of Triangulation-Based Positioning

AOA was the basis of several old positioning systems studied in Chapter 1. All 
those systems were long-range, low-frequency positioning systems, or relied on LOS 
conditions, as is the case of the still-used VOR [28]. In fact, AOA is unusable unless 
there is at least one LOS component available. In NLOS conditions, obstacles block 
the LOS component and might also introduce multipath components, all of which 
have a detrimental effect on AOA positioning accuracy.14 Reflections at obstacles 
closer to the anchor nodes—assuming that the AOA measurement is being carried 
out at them—have a more detrimental effect than those closer to the target node, 
as they cause a greater angular spread at the reception, degrading accuracy even 
more [27]. This scenario, depicted in Figure 2.16, is typical of microcells in cellular 
networks in urban environments, where the antennas are usually below the average 
height of nearby obstacles. The dark circles represent the scatterers uniformly dis-
posed around the anchor node forming a circle of radius R. If the model proposed 
in [29] is applied to this situation, the AOA at the anchor node will be a random 
variable with an uniform distribution in the [0–2π] interval. In such conditions, 
AOA positioning is not viable [27].

2.4 Summary

The material in this chapter presented the essentials of triangulation-based posi-
tioning. It introduced the basic geometric principles underlying multilateration and 
multiangulation, as well as some procedures for effectively obtaining position esti-
mates using those methods in NLOS scenarios and assuming limited resolution of 
the time and RSS measurements. Particularly for multilateration, these procedures 
include linearization using secant lines (for circular multilateration) and Taylor  
series approximation. The convergence of the latter, which is an iterative method, 
was evaluated for different geometric configurations of anchor nodes. Comple-
menting the topics covered in this chapter, the obtaining of TOA, TDOA and RSS 
measurements—which form the basic inputs to triangulation-based positioning 
methods—is studied in detail in Chapter 3.

14. Some studies propose techniques to improve AOA accuracy in NLOS environments, as in [30], but they all 
assume that an LOS component exists.

Figure 2.16 AOA in an NLOS propagation environment. (a) Obstacles nearby the anchor node 
block the LOS path and introduce several multipath components, causing a spreading of the AOA 
measurement, and (b) schematic representation of (a), showing the scatterers as black dots around 
the anchor node.
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C h a p t e r  3

Fundamentals of TOA, RSS, and AOA 
Estimation

3.1 Basic Principles

The position of a target node may be estimated by different actors [1]. In self-
positioning the target node makes the necessary measurements from the incoming 
signals from anchor nodes and computes its location estimate. In remote-positioning 
(network-centric [2, 3]) the location of the target node is estimated elsewhere, using 
information from other reference nodes. In either case, it is necessary to measure 
characteristics of the received waves.

In Chapter 2, we discussed how RSS, TOA, and AOA can be used for localiza-
tion purposes. Consider that node A transmits a signal and that node B receives it. 
RSS is an estimate of the path loss between A and B, the power loss (to be more 
precise, the attenuation) over the path followed by the propagating wave. TOA is 
an estimate of the time between transmission of a signal by A and its subsequent 
reception by B, which can be used to estimate the path length traversed by the 
propagating wave. AOA is often also referred as direction-of-arrival (DOA), as 
it assesses the relative direction (or angle) of the transmitter A with respect to the 
receiver B, or the opposite. While TOA and RSS estimates provide circular geomet-
ric loci where A is located with respect to B, AOA provides a line.

Although estimates of RSS, TOA, or AOA alone are very often used for local-
ization purposes, there are systems that mix those measurements (hybrid localiza-
tion systems) [4–6]. In this chapter we provide a brief discussion of some basic 
strategies for measuring or estimating these quantities (TOA, RSS, and AOA) and 
some fundamental limits on positioning that their estimates intrinsically impose on 
distance for TOA and RSS estimates and on angle or direction for AOA estimation. 
These limitations are presented using the Cramér-Rao-lower bound (CRLB) for the 
unbiased estimator, which can be used as a benchmark against the mean squared 
error of the estimator actually being employed.

3.2 TOA Estimation

Time-based multi-lateration methods employ TOA or TDOA measurements to 
compute a position fix. These strategies inherently assume that the air interface and 
associated hardware is capable of providing those measurements. Such localization 
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strategies can be applied interchangeably (in terms of where the position fix is 
computed) either at the MS or at base station (BS) antennas.

For example, in Global System for Mobile Communications (GSM) there is an 
inherent parameter of the air interface called timing advance (TA) that may be used 
for localization. It is primarily used to avoid collisions at the BS of the waves propa-
gating from different MSs to it. This is necessary as GSM is a time division multiple 
access (TDMA) system. The traveling time of signals from different MSs using the 
same BS may be different since the waves from the MSs to the BS may traverse 
different paths. Therefore, even if all MSs could share a very precise and accurate 
clock, they could not transmit just based on their correspondent time slot (interval 
allocated for transmission by each MS), since differences in the wave traveling times 
could make their signals arrive jointly at the BS, in which case there would be a 
collision and a possible communication outage. To avoid that, MSs must time align 
their transmissions bursts. MSs that are estimated to be farther from the BS should 
advance their transmissions so that their signals do not to collide with signals trans-
mitted by MSs allocated to the subsequent time slot. The TA parameter is sent by 
the BS to the MS, and in turn the MS uses it to advance its transmissions time to the 
BS so as to compensate for the propagation delay.

How can any time measurement regarding spatially separated equipments be 
computed? The strategies vary a lot. However, there must be some common knowl-
edge or characteristics in circuitry, computing method, or signaling design that are 
shared among the equipment and that can be used for timing estimates. Obviously 
this problem falls within synchronization techniques [7, 8] and this section intro-
duces their basic concepts, following a top-down approach of how to compute 
timing estimates.

In communication systems one may detect the packets or frames by introduc-
ing markers or prefixes in the transmitted data [7–9]. In the demodulated bits or 
symbols; that is, in the bit or symbol (a set of bits) domain, one looks for a known 
prefix or marker trying to detect it. As stated in [7], this is a classical epoch detec-
tion problem [9, 10]. The detector task is to search for certain patterns and indicate 
their occurrence and position. An effective method to solve this problem is the use of 
a sliding correlator. Figure 3.1 illustrates this. The received symbols are stored and 
compared to a known marker sequence.1 There are several possibilities to implement 
the comparator/detector, but its main task is to alarm the presence of the marker 
sequence and its position in the input symbol stream. That is, once a satisfactory 
match is encountered, one has the desired packets or frames start and therefore its 
timing. If there is a clock reference shared among transmitter and receiver, one may 
infer the TOA from the difference between the instant when the frame or packet was 
detected and the time when the frame or packet would be received if the transmitter 
and the receiver were placed at the same location (i.e., if the distance traversed by the 
propagating wave was zero). Note that for such an scheme to work, one must have 
a reference of the received symbols with respect to a time base.

Assuming that the comparison to detect the marker or prefix is done in the sym-
bol domain and that the symbol duration is Ts, one may easily obtain a time-of-flight 
or TOA estimate in multiples of Ts. However, in practical systems this is not simple, 

1. Figure 3.1 depicts the more general case where the markers are not all adjacent in time.
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as an accurate and precise sharing of a clock is a very hard task, being in several 
cases done by sending specific signaling or using a specific channel to synchronize 
different clocks. Some systems use GPS for that purpose, although this may not 
work in several cases, as when there is no LOS between the satellites and the nodes 
to be synchronized.

3.2.1 TOA Estimation Using Direct Sequence Spread Spectrum

Spreading sequences are used in several communication systems and positioning 
systems, as for example in GNSSs. A bit sequence is spread by a pseudorandom 
sequence (spreading code) that has a much higher rate. If b[n] is the bit sequence and 
c[m] is the spreading sequence code of length M, then the transmitted sequence is

 
ê ú= = ê úë û

[ ] [ ] [ mod ],
k

t k b n c k M n
M

 (3.1)

where k mod M is the remainder of the integer division of k by M and k
M
 
  

 is the 

quotient of the same division. This procedure is shown on the left in Figure 3.2. 
It is said that the spreading code is M chips long (chip is the code unit). In (3.1) 
it is assumed that each bit is transmitted using a whole spreading code. That is, 
each bit is transmitted at a higher rate (the chip rate) as an encoded sequence 

1

0
[ ] [ ] [ ]

M
s m

b n b n c m
−

=
= ∑ . Consequently, the transmitted signal is a sequence of chips 

given by

Figure 3.1 Transmitter and receiver share a marker, a known sequence of symbols M = {m0, 
m1,...,mN−1}. The symbols in this sequence are placed with a defined structure and spacing in the 
transmitted stream. In the receiver the sequence and its know structure is compared with symbols 
from the input stream −= …0 1 1

ˆ ˆ ˆ ˆ{ , , , }NM m m m  to find for the sequence position within the received 
stream. The symbols of the input stream are compared to the known marker sequence. For the 
comparison process the symbols of the input stream are chosen considering the known structure by 
which the marker is placed in the stream. For each different symbol in the input stream one obtains 
a different drawn sequence. The similarity of the drawn sequences in different positions is evaluated 
by comparing them with the marker. The marker is detected if the similarity is above a predefined 
threshold and the position of the marker start in the input stream is estimated as the one that leads 
to the best match (highest similarity).
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Therefore, if the bit rate is Rb, the chip rate is Rc = MRb. To recover the origi-
nal sequence of bits the receiver applies the same process so that it is reversed. 
The received sequence is multiplied by the spreading code to obtain the bits, as 
Figure 3.2 shows.

This technique is called direct sequence spread spectrum (DSSS), as this pro-
cedure increases the bandwidth. The bandwidth increase is justified by the resil-
ience that the technique brings to signal jamming and the resultant multiplexing 
possibilities—the so-called coded division multiple access (CDMA) [11, 12].

It is necessary to highlight that, for example, in GNSSs spreading codes are also 
called ranging codes. This a direct consequence of the fact that the higher rate of the 
transmitted signal allows a better estimation of the time-of-flight (and as a result, 
of the distance or range) of the signal than it would be possible using the actual 
information rate (bit-rate) of these systems.

For the detection of the bits from the received sequence and the time-of-flight 
estimation, we assume that the channel in Figure 3.2 is simply a delay. First, we 
evaluate the autocorrelation of the spreading code; that is:

 = -åCorr [ ] [ ] [ ]c
m

p c m c m p  (3.3)

c[m – p] is the spreading sequence shifted by p chips. This value is maximum when 
p = 0. Therefore, given the received sequence of chips one may compute its correla-
tion with versions of the spreading sequence shifted by p̂. In the result, one searches 
for the p̂ providing the largest correlation. This is an estimate of the transmission 
delay, in multiples of the chip duration Tc. Figure 3.3 illustrates that. Whenever a 
spreading sequence is transmitted, the whole incoming sequence is multiplied by 

Figure 3.2 On the left (before the channel) one sees the spreading of a sequence of bits by a 
spreading code. The transmitted sequence is the product between bits and the spreading code. On 
the right one sees the despreading of the transmitted sequence to recover the transmitted bits after 
the transmitted sequence flows through the channel.

Figure 3.3 The incoming sequence is multiplied by juxtapositions of the spreading code and the 
result of this multiplication in summed over period M (the spreading code duration). Over the result-
ing values of this integration (sum of the last M samples) the maximum is searched so that the time 
delay between transmission and reception can be found in chip duration units of time and the trans-
mitted bits can be detected.
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code juxtapositions. The output of this process is integrated over sliding windows 
with duration equal to the spreading code period (M chips). The maximums of the 
integrations occur when the spreading codes are aligned with the incoming bits.

Finally, if receiver and transmitter share a common clock reference, then the 
chip-alignment estimate p provides an estimate for the TOA of the sequence that 
arrives at the receiver. In the processes discussed above, subchip delay estimates can 
be obtained in some cases using oversampling. Let us present an example.

Example 3.1

Figure 3.4 shows an example of the DSSS procedure: the sequence of bits, spread-
ing code, and resulting transmitted chip sequence. On the top of Figure 3.5 is have 
the autocorrelation function of the spreading sequence, which is maximum when 
p = 0.

To detect the bits and estimate the time-of-flight, one applies to the received 
sequence the multiply-and-accumulate algorithm previously discussed. This allows 
one to detect and recover the transmitted bits from the amplitudes (if the amplitude 
is greater than 0 then the transmitted bit was 1, and instead, a zero bit is assumed 
if the amplitude is lower than zero) of the integration process and also to estimate 
how many code chips p the signal was delayed over the transmission channel. This 
is illustrated in the second graph of Figure 3.5; the graph on the bottom shows a 
close-up of the result as a function of chip duration (the code rate). In this case one 
obtains the channel delay (time-of-flight) of 6 chip units.

Figure 3.4 A sequence of bits 00100111 is spread by the sequence 1011110111010100. In these 
graphs the zero bit is represented by amplitude –1. The graph on the top shows the bits and the 
sequence superimposed and the graph on the bottom shows the resulting transmitted sequence, 
the product of each bit by juxtapositions of the spreading code. The vertical axes of both graphs 
bring the signal amplitudes while the horizontal one represent time in multiples of Tb, the bit dura-
tion Tb = 1/Rb.
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3.2.2 TOA Estimation Using Matched Filters

In digital transmission systems the symbols are mapped into waveforms adequate 
for the transmission channel or that satisfy some desired properties. The problem 
is then the detection of these pulses and their amplitudes in the received signal. A 
very common way to detect pulses is the matched filter. Figure 3.6 illustrates the 
behavior of a matched filter. Assuming that a pulse has a duration of Ts seconds, 
the matched filter is designed to output the energy of the pulse p(t) at t = Ts, given 
by ( ) ( )sp t p T t= −�  or simply ( ) ( )p t p t= −� . The matched filter [13] has some desirable 
characteristics [14–17] for detecting pulses corrupted by noise (n(t) in Figure 3.6(a)). 
Sampling its output at t = lTs, l being an integer, allows for detecting the presence 
of p(t) in the interval [(l − 1)Ts, lTs).

If a pulse is expected to occur within an interval Ts one can convolve the expected 
pulse with its matched filter and sample the output at a high rate, encountering the 
maximum of ( )*p p t�  and therefore the TOA of the pulse within Ts. In this sense the 
matched filter presents a way to construct a specific hardware for measuring TOA: 
from samples collected at the output of the matched filter one estimates the position 
of the received pulse in time with respect to the sampling time base of the matched 
filter output. The impacts of this TOA measuring approach to the CRLB on the 
estimated distance are discussed next.

3.2.2.1 Brief Notes on Timing Recovery

In coherent digital communication systems the receiver should sample the 
received baseband signal at time instants that are multiples of the symbol interval. 

Figure 3.5 The graph on the top shows the autocorrelation = −∑Corr [ ] [ ] [ ]c k
p c k c k p  of the spread-

ing code. Its maximum occurs when the shift p equals zero. The graph on the middle shows the 
correlation of the incoming chips with the spreading code over the code length interval. The graphic 
at the bottom is a close-up of the graphic in the middle showing the multiply-and-accumulate result 
with respect to chip (ranging code) timing. The output of the correlations are normalized to the 
[–1; 1] range.
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For effective demodulation it is important that the symbol timing (the set of the 
time instants when the signal is sampled) to be accurate regarding the expected 
output of the pulse detector. Consider that the baseband signal at the receiver is 
given by

 ( ) ( ) ( )r l s
l

s t p t lT n tα= − +∑  (3.4)

where p(t) is the transmitted pulse, Ts is the pulse duration, al is the lth symbol 
amplitude, and n(t) is the noise. For example, the previously discussed epoch detec-
tion for marker sequences would not work if the symbols had not been received 
properly, (i.e., sampled at lTs)—a situation that worsens for pulses like the third 
one in Figure 3.6(b). The problem of obtaining symbol timing (the clock at which 
symbols are transmitted) is known as timing recovery [18–20].

Timing recovery can be approached in very different ways and may be very 
different depending on the symbols employed in the communication system. Sym-
bol synchronization or time recovering is obtained directly from the received sig-
nal as it should be available for the demodulation process. Some approaches rest 

Figure 3.6 (a) Using a matched filter to detect a signal corrupted by noise in (b) examples of 
pulses lasting up to 1 second (Ts = 1 s), and the corresponding matched filter output. Note that its 
maximum occurs at Ts.
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on the extraction of harmonics existing in the received signal. If the transmitted 
symbols have zero crossings then one may use this characteristic to estimate the 
symbol timing. This illustrated by Figure 3.7, where different operations that 
can be applied to estimate timing from the input signal are shown. The baseband 
signal may be saturated or squared, then it may be derived and rectified so that 
just the crossings through zero remain observable. These crossings can then be 
used to adjust the receiver clock [7, 8], which provides the sampling timings at 
the receiver. The recovered clock can then be compared to a reference time base 
for estimating TOA.

3.2.3 Tracking TOA

It is not uncommon for the transmission delay to vary slowly with time, in which 
case the clock of the received signal needs to be tracked and the signal models 
turns into

 ( ) ( ( ))r l s
l

s t p t lT tα= − + ∆∑  (3.5)

where D(t) denotes a transmission delay. D(t) may be considered to vary slowly 
with time, at least with respect to the symbol duration Ts. How do we track the 
delay D(t)? That is, instead of estimating a constant delay (as for clock recovery 
or timing recovery) we need to track a varying one. This could be accomplished 
by sampling the signal twice, using an early-late gate synchronizer [7, 8], illus-
trated in Figure 3.8. Using a sequence of pulses one has a delay-locked loop (a 
discrete time version of a phase-locked loop (PLL)) that adjusts the time refer-
ence of a controlled clock. The reference time d of the controlled clock (that pro-
vides the timing information) is adjusted by means of the error signal between 
the early and late samples processed by an appropriate control function. Again, 
if the transmitter of the pulse train and the receiver share some common clock 
reference then the above discussed schemes may allow to estimate the TOA 
within this common clock reference.

Figure 3.7 Signal-based timing recovery possibilities.



ART_Campos_Ch.03.indd                62                                        Manila Typesetting Company                                                                         05/14/2015

3.4 RSS Estimation 63

ART_Campos_Ch.03.indd                63                                        Manila Typesetting Company                                                                         05/14/2015

3.3 TDOA Estimation

Any of the preceding ways to measure TOA requires that the transmitter and the 
receiver are synchronized (i.e., that they share a common clock reference). This is 
easily obtained solely when transmitter and receiver are at the same equipment. 
However, when they are physically separated one must try other approaches. This 
is when TDOA methods may play a key role. If there are two or more transmitters 
one may estimate at the receiver the time when pulses from the different transmit-
ters arrive at the receiver. The difference between these instants provide TDOA 
measurements that can be used to estimate the desired position. Another possibility 
is to have different anchor nodes receiving pulses from the same target (transmit-
ter). Considering that the anchors are synchronized, the differences between the 
times when the pulses arrive at the anchor nodes provide a different although prac-
tical set of TDOA measurements.

3.4 RSS Estimation

RSS measurements are often derived from a pilot signal. A signal whose complete 
power profile characteristics are known can be used to obtain the power loss or 
attenuation between transmitter and receiver. If the received signal amplitude or 

Figure 3.8 Block diagram of an early-late gate synchronizer.
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power of a pilot is compared against appropriate reference levels then one may 
estimate the loss and effectively its strength. This strategy is encountered in various 
cell-based communications systems, where there is a broadcast channel (a point–
multipoint channel) associated with each cell transmitting with a predefined power 
level. The MS is preprogrammed with the broadcast channel frequencies and scans 
them, measuring the power level received from each cell. Similar stratagems are 
used for location updates and hand-off in several cell-based systems.

The performance of the receiver depends on the power of the received signal. 
It has been stated that the synchronization of the carrier in the receiver by means 
of PLLs is susceptible to the received signal power [7, 8, 21]. Therefore, in order 
to keep good performance levels, in general the received signal is amplified to ad-
equate operational levels. For that purpose, it is necessary to control the received 
signal power so that it has a constant level. Two common approaches for that are 
limiting amplifiers and automatic gain control [21, 22]. The limiting amplifier 
was previously discussed in its use as part of the symbol timing retrieving strate-
gies (in Section 3.2). Automatic gain control (AGC) is discussed in the following 
section.

3.4.1 AGC

There are in general two approaches to implement an AGC: feedforward or feed-
back. Let w(t) be the input signal to an AGC, x(t) its output and r(t) a signal con-
taining the reference level—a control signal. In a feedforward AGC (illustrated in 
Figure 3.9(a)) an amplitude detector (for example, a rectifier) is used to evaluate 
the amplitude of the input signal that is then compared to a reference level. Then, 
the difference between the level of the input signal and the reference level is used 
to adjust the gain to be applied to the input signal in order to put it into adequate 
levels. One notes that the difference between the detected input signal amplitude 
and the reference level is inversely related to RSS: the smaller the RSS, the larger the 
error. The feedback AGC applies the amplitude detector after the amplification of 
the signal as in Figure 3.9(b). The detected amplitude is compared with a reference 
level and the difference is then employed to control the amplifier gain. One notes 
that in this case the difference between the output of the amplitude detector and 
the amplified input signal is not an expression of the RSS but rather the error signal 
in the control loop. However, the amplification level applied to the input signal is 
indeed an indication of the RSS: the larger it is, the smaller the RSS.

Although the basic components of feedforward and feedbackward AGC are 
very similar, their behavior is different and must be employed for obtaining RSS 
levels accordingly. In addition, it should be said that in general feedforward AGC 
systems have faster responses than feedback AGC to variations in the input signal 
amplitude. However, feedback AGC is less sensitive to eventual deviations of com-
ponents parameters, being more accurate, robust, and less sensitive to noise. The 
AGC provides a way to measure the amplitude or the attenuation suffered by a 
carrier/transmitted signal. However, several other approaches can be used to mea-
sure RSS (or its counterpart, the attenuation). The use of matched filters for this 
purpose is briefly discussed.
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3.4.2 RSS Estimation Using Matched Filters

Another possibility to estimate the RSS is to measure the received power of pulses, in 
which case a matched filter can also be employed. Consider that a pulse is transmit-
ted, and the correspondent wave propagates and is received. Then, the signal feeds a 
matched filter to the known pulse. Assuming that the timing recovery is correct, once 
sampled at Ts the output of the matched filter indicates the received signal amplitude 
(i.e., its strength). Consider that along the path between transmitter and receiver a 
pulse p(t) is attenuated by 0 < a < 1. When the attenuated pulse ap(t) is convolved 
with the matched filter one obtains

 ( ) ( ) [ ( ) ( )]* *s sp t p T t p t p T tα α  (3.6)

at the output of the matched filter, that is, the attenuation suffered by the pulse is 
explicitly present in the output of the matched filter. This allows one to measure 
the RSS level as a fraction of the ideal one—the one that would be received without 
attenuation. As a final note, we point out that the output of a matched filter to a 
pulse p(t) at t = kTs is the pulse energy p. This will be used to compute the CRLB 
for distance estimates as a function of RSS levels.

Figure 3.9 Common block diagram of AGC strategies to measure RSS.
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3.5 AOA Estimation

AOA/DOA estimation [23] has been around for some time and is the basis of 
many applications such as radar, sonar, seismic exploration, radio astronomy, 
and obviously navigation and object tracking. As we have seen in Chapter 1, 
the first localization systems relied on AOA/DOA techniques, some of which 
are still in use today for target acquisition and traffic control. For applica-
tions in wireless systems the AOA/DOA problem has recently gained relevance 
as beam-forming is expected to enhance bandwidth efficiency usage [24]. For 
beam-forming smart antennas [25] to be used, a good estimation of the user 
angle/direction is required.

3.5.1 Basic Principles

The problem of AOA/DOA is exemplified in Figure 3.10. An array of eight anten-
nas in arbitrary positions (xi, yi, zi) with respect to the reference point R receive 
the wave from a transmitter placed at (xT, yT, zT). The most general problem is to 
estimate the position of the transmitter T, while for DOA/AOA one reduces it to 
finding the angles q and f. The set of antennas compose what is called an antenna 
array, and AOA/DOA falls within the field of array signal processing [26–29].

Assume that the transmitter propagates a narrowband signal s(t) with center 
frequency f0 (w0 = 2p f0)

 0( ( ))( ) ( ) j t ts t p t e ω ψ− +=  (3.7)

Figure 3.10 General AOA/DOA estimation problem with an array of eight antennas in arbitrary po-
sitions (xi, yi, zi) (represents the position of antenna i with respect to R); t = (xt, yt, zt) is the position 
of the transmitter for which the estimation of the AOA/DOA with respect to R is aimed.
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where the band occupied by p(t) is much smaller than w 0 and ψ(t) varies slowly with time; 
p(t) and ψ(t) define the amplitude and phase of the transmitted signal, respectively.

At each element the received signal is si = ai(x, y, z, t, w)s(t); that is, the at-
tenuation ai a priori varies as a function of the antenna position, time, and the 
signal frequency. If the antenna elements are sufficiently close one may assume 
that at the different antenna elements the incident wave/signal is the same (it 
is assumed that the antenna elements are much closer to each other than the 
distance from the transmitter to any of them). One may also assume that 
ai(t,w) = aj(t,w), for any i,j Î [1,...,N], where N is the number of antennas in 
the array (i.e., at a given time t and frequency w the attenuation suffered by the 
signal (from T) received at all antennas is the same). With these assumptions the 
signal received at each antenna element in the array would be the same, besides 
the difference in the traveling time of the wave, that occur in different propaga-
tion delays. The different delays derive from the different distances traversed by 
the propagating wave.

Assuming that the transmitter is far away from the antenna array, the incident 
wave can be considered planar at the antenna array (i.e., it arrives at all the anten-
nas with the same orientation). In this case the relative delays at each receiver with 
respect to the reference point R are given by

 
sin( )sin( ) sin( )cos( ) cosi i i

i
x y z

c
φ θ φ θ φτ + +=  (3.8)

c being the propagating velocity. The signal at each sensor at instant t is then

 
( ( ) ( ))( ) ( ) ( ) 0 ij t t

i is t s t p t e ω τ ψα τ α − − += − =  (3.9)

where a denotes the attenuation. From the assumption that ψ(t) varies slowly with 
t (considering w0 and the occupied band) one has, for a = 1, that

 
0( ) ( ) ij

is t s t e ω τ−
 (3.10)

Therefore, if one is capable of measuring ti (a TOA estimation problem, previously 
discussed and solved by a matched filter), one way to estimate the angles q and f 
is to invert
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where NA is the quantity of sensors in the antenna array.
Now, defining

 + +0 [ sin( )sin( ) sin( )cos( ) cos ]i i i ix y z
c

ωξ φ θ φ θ φ   (3.12)
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one finds that
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In (3.13) one notes that the phase shifts derive only from the difference in sensor 
(antenna elements) positions. One also notes that xi varies with frequency, q, and 
f. Assuming that the receiving antennas have gains Gi which vary with w, q and f, 
one has
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a(w,q,f) is called the steering vector, the direction vector, or the aperture vector. The 
steering vector depends on the incident wave and the geometry of the sensors. Note 
that the above model can also be adapted to consider different properties (antenna 
gain patterns) at each sensor.

3.5.1.1 Narrow-band Arrays

If the frequency band of s(t) is sufficiently narrow one may assume ai(w,q,f) to be con-
stant with respect to the first parameter and then ai(w,q,f) = ai(q,f). This case is com-
monly known as a narrowband array problem. A simple conclusion is that the problem 
of estimating AOA/DOA can be solved by spectral estimation algorithms [26].

3.5.1.2 Multiple AOA

The model considering one emitter can be extended for the more general case of K 
incoming signals (emitters) corrupted by additive noise [30], as given by

 
1

( ) ( ) ( , , ) ( )
K

k k k
k

Sω ω ω θ φ ω
=

= +∑S a N  (3.15)

considering that F(w) is the Fourier transform of f(t) and that sk(t) is the signal irradiated 
by the kth emitter. If the signals/array can be assumed to be narrowband, one obtains

 
1

( ) ( ) ( , ) ( )
K

k k k
k

t s t tθ φ
=

= +∑s a n  (3.16)

3.5.1.3 Basic Solutions

As previously stated, AOA can be solved by spectral estimation algorithms. Among 
the most popular are multiple signal classification (MUSIC) [30, 31] and estimation 
of parameters via rotational invariance techniques (ESPRIT) [32]. For discussion on 
several algorithms for estimating AOA/DOA, the reader may refer to [33–38].
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3.5.2 Uniform Linear Array

A very common practical arrangement of antennas to estimate AOA/DOA is 
an uniform linear array (ULA), as depicted in Figure 3.11. It considers NA ele-
ments arranged linearly and uniformly spaced of dA. The advantage of such an 
arrangement is its characterization simplicity (the (x, yi, zi) coordinates are eas-
ily obtained) and its implication in the AOA/DOA model.

Let us consider that the ULA is colinear with the x direction, and that the NA-th 
sensor is at the origin of the coordinate system. Then, when arriving at the element 
n in the antenna array, the wave travels the same distance it traveled to the n – 1 ele-
ment plus dA cos (q). This introduces an enormous simplification in the formulation 
of the steering vector which in this particular case is given by
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Figure 3.11 ULA with NA antenna (sensors) elements spaced of dA. As the source is considered to be far 
from the ULA the wave front is considered (approximately) to be plane; q denotes the angle of arrival.
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To use a more common notation, let us assume that the incident wave comes 
from the left. In this case one has (using the identity w/c = 2p /l with l being the 
wavelength)
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Since s(t) = s(t)a(q), the AOA/DOA solution is to estimate from the measured s(t) 
(the vector formed by the received signal at the ULA elements) the arriving q.

Assuming that the frequencies are known (consequently the wavelengths) the 
problem of AOA/DOA estimation for multiple sources using an ULA is finding the 
incident angles qk in
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Let ˆ( )( )tθs  be a vector containing the estimates of the k incident angles at time t, the 
best estimate would provide the maximum of the correlation

 ˆ ( )H θs s (3.20)

where AH is the Hermitian (transpose conjugate) of A. In this case, due to the struc-
ture of the steering vector in (3.18)—which is equivalent to Fourier coefficients—
the correlation in (3.20) is equivalent to a discrete Fourier transform (DFT) on the 
data vector s(t).

3.6 Some Limits on the Attainable Estimates

In the preceding sections we have discussed how TOA, RSS, and AOA can be esti-
mated. In Chapter 2, we saw how they can be used to estimate the position of 
a node. However, the nature of the measurements and their dependence on the 
physical setup impose some limits on the position estimate accuracy. This issue is 
addressed by means of the CRLB for the unbiased estimator. This is relevant since 
CRLB provides a lower bound on the variance attainable by any unbiased estima-
tor and can therefore be used as benchmark against the mean squared error of the 
actual estimator being employed for a given application [5].

3.6.1 CRLB on Distance Estimates by Means of TOA

Let a pulse p(t) have its effective bandwidth defined as
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where P(f ) is the Fourier transform of p(t), and p its energy
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∞

−∞
= ∫  (3.22)

Assuming that the signal is attenuated in the path by a, the received signal energy is 
given by a2ep, and the received signal-to-noise ratio (SNR) (considering just white 
Gaussian noise in the transmission) is

 
2

0
SNR pα ε

η
=  (3.23)

where h0 is the noise power spectral density. If TOA, RSS, or AOA estimates are 
obtained from the received pulse using a matched filter, one can derive the CRLB 
for the different unbiased estimators. 

The CRLB for an unbiased TOA estimator is given by [39, 40]

 ( ) 1

effˆvar( ) 2 2SNRBτ π
−

≥  (3.24)

This indicates that the accuracy of TOA is mostly impaired by the bandwidth of 
the pulses employed for TOA. The larger the bandwidth, the better the accuracy. In 
addition, a larger SNR provides better TOA estimates. From τ̂  one can compute the 
estimated distance d̂. In doing so one has that the CRLB for the estimated distance 
is given by [41]

 ( )−≥
1

eff
ˆvar( ) 2 2SNRd c Bπ  (3.25)

where c is the speed of light in free space. One observes that accurate TOA estimation 
and consequently a good estimation of distance from TOA estimates requires pulses 
with larger bandwidths and a reception with a high SNR. These conditions are not 
counterintuitive since large bandwidth may be the consequence of shorter or rapidly 
varying pulses, which allows to better estimate their position in time from the matched 
filter output. On the other hand, the larger the SNR the more stable is the matched 
filter output, meaning that its samples at any instant of time have distributions that 
are more concentrated on the expected value (i.e., they have a smaller variance).

Example 3.2

We want to use TOA to estimate a distance. How do we define the pulse character-
istics to obtain a desired accuracy?

Solution:

Using (3.25) one can estimate the error as a function of the SNR and the effective 
pulse bandwidth. The attainable accuracy is evaluated for pulses having Beff rang-
ing from 10 KHz to 10 MHz, and SNR from 0 to 7 dB. This is shown in Figure 3.12 
using the MATLAB code available at the book website (ch03ex02.m). As expected, 
the larger the bandwidth, the better the TOA estimate. The same is observed with 
respect to the SNR.
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3.6.2 CRLB on Distance Estimates by Means of RSS

Path loss (signal attenuation) is often modeled as a function of distance using [42, 43]

 0 10
0

( ) 10logp
d

P d P n
d
 

= −  
 

 (3.26)

where ( )P d  is the average signal power at a distance d from the receiver, P0 is the 
average received signal power at a reference distance d0 from the transmitter, and 
np is the path-loss exponent that models how fast power reduces as a function of 
distance. This model together with variants was discussed in Chapter 2. Although 
there may be several impairments, such as shadowing and fading, among others, 
once P is obtained at a given point one can invert the path-loss equation to estimate 
the distance d.

Let us assume that the measured power (RSS) can be modeled as a random vari-
able with a Gaussian/normal density probability function

 ( )∼ 2( ) ( ),P d P d PσN  (3.27)

where ( )P d  denotes the mean value of the measured RSS and sP
2 its variance. Using 

this model, the CRLB for the unbiased distance estimator is given by [41]

 ≥ log(10)ˆvar( )
10 p

d d
n
σ

 (3.28)

Figure 3.12 CRLB of distance estimates using TOA for pulses with effective bandwidths ranging 
from 10 KHz to 10 MHz and SNRs from 0 to 7 dB.
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Note that from this CRLB the accuracy of the computed distance varies with dis-
tance itself. As a result, the distance between transmitter and receptor impacts the 
accuracy of the distance estimate. Also note that the received power measurement 
accuracy is in general dependent on the quantization employed in the hardware 
providing the RSS level [44, 45], which may vary significantly depending on the 
considered technology [2].

Example 3.3

We want to use RSS to estimate a distance. How does the attainable accuracy vary 
with the channel (i.e., the distance traversed by the propagating wave and the fad-
ing characteristics of the channel)?

Solution:

Using (3.28) one can estimate the error as a function of these characteristics. We 
evaluate the attainable accuracy for distances ranging from 10 to 10,000m and 
dispersions (standard deviation of the measured power random variable P) con-
sidered to assume values that are fractions of the distance ranging from 0.01 to 
0.1, for np = 2. This is shown in Figure 3.13 and is obtained using the MATLAB 
code available at the book website (ch03ex03.m). As Figure 3.13 exemplifies, the 
uncertainty in the distance value increases very fast with the distance itself and the 
RSS measured dispersion (that represents the error or noise in the measurement of 
P). That is, good distance estimates from RSS values require a channel and circuitry 
that add low uncertainty (noise and dispersion) to the RSS value.

Figure 3.13 CRLB of distance estimates using RSS for distances ranging from 10 to 10,000m and 
dispersions considered to be fractions of the distance from 0.01 to 0.1.
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3.6.3 CRLB on Angle Estimates by Means of AOA

For AOA measurement more than one receiver/sensor is employed. That is why 
calculating the CRLB for the unbiased angle estimator is a harder task than for 
the previous ones (τ̂  for TOA and d̂ from RSS). Assuming that the NA sensors are 
linearly arranged and spaced by dA (i.e., they form a ULA) and that the received 
signal is attenuated, then the correspondent CRLB for an unbiased estimate is given 
by [46]
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2 sin( ) ( 1)SNRA A A
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B d N N
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π θ
≥

−
 (3.29)

As one observes, there are many factors impacting the bound. As more sen-
sors are used better (more accurate) is the estimate of the angle. In addition, the 
more spaced they are the better the estimate. One also notes that larger SNRs 
at reception as well as larger transmission bandwidths improve the accuracy of 
the estimate. It should be noted that the alignment of the transmitter with the 
ULA also impacts the estimate of the angle/direction of the transmitter with 
respect to the ULA. As it is placed more closely to the line where the sensors in 
the ULA are placed (resulting in a smaller angle q), the accuracy on the estimate 
deteriorates.

As a final remark, one should observe that the ULA model presented here con-
siders that the sensors are close one to another, as one inherently assumes that the 
differences are due just to traveling time. If the sensors are far from each other then 
this assumption may not be valid anymore.

Example 3.4

Using a 5-MHz bandwidth centered at 2 GHz one wants to find the direction of 
arrival of the pulses. How much do the physical properties of an ULA impact on 
the AOA estimate? 

Solution:

Using (3.29) one can investigate the obtainable accuracy as a function of the AOA 
and also analyze the impact of the distance between successive ULA elements in 
this accuracy. In this example, the distance of the ULA elements is parametrized 
as a function of the wavelength. Figure 3.14 shows the attainable accuracy for 
these assumptions. The MATLAB code for this example is available at the book 
website (ch03ex04.m). Note that for the considered center frequency one has l = 
c/f = 0.06m. Therefore, if the elements were spaced by 0.4l, the 64-element ULA 
would be 3.78m long (the ULA length is given by dA (NA − 1)), while for a spacing 
of 3l (that for the values analyzed in Figure 3.14 provides a smaller variance for 
the estimated AOA), it would be 11.34m long. The AOA axis can be analyzed us-
ing Figure 3.11, which shows the incident wave angle with respect to the ULA. We 
see that the more frontal the incident wave is then the larger the confidence on the 
AOA estimate.
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3.7 Summary

This chapter discussed the fundamental strategies employed to measure and obtain 
TOA, RSS, and AOA estimates. Some aspects of the hardware necessary to obtain 
those estimates were discussed. Estimated values of TOA, RSS, and AOA are sub-
ject to noise and uncertainty and as a result can be modeled as random variables. 
Assuming their probability density functions as Gaussian, we briefly reviewed the 
impacts of using TOA, RSS, and AOA in the attainable localization accuracy by 
means of the CRLB. In the case of TOA and RSS estimation, the CRLBs of the 
resulting distances were evaluated, while for AOA estimation, the CRLB of the 
estimated angle was calculated.
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C h a p t e r  4

Fundamentals of RF Fingerprinting

4.1 Introduction

RF fingerprinting may be used on different wireless networks. Despite the vari-
ability and the broad scope of fingerprinting location techniques and applications, 
conceptually, all RF fingerprinting location systems share the same fundamental 
principles. Let us start with the most basic concept. An RF fingerprint is a set of 
RF parameters collected by a device or MS in a given position. In RF fingerprint-
ing this set is used to estimate the device position. The RF fingerprint is a set of 
location-dependent RF signal parameters. These parameters are measured, esti-
mated, or computed from reference RF signals. The more reference RF signals 
being observed and the more parameters per RF signal that are measured, the more 
unique the fingerprint is expected to be, which is likely to improve location accuracy.

In several RF fingerprinting location systems, parameters that are already avail-
able in the radio access network (RAN) are employed. These parameters are a 
priori location-dependent and therefore each RF fingerprint can be associated with 
a specific position. If only RAN-inherent parameters are included in the RF fin-
gerprint then the fingerprinting location technique can be entirely network-based. 
As a result, the deployment of the location system does not require any modifica-
tion to existing MSs or devices. RF fingerprints are discussed in further detail in 
Section 4.2.

In previous chapters techniques to estimate a position from some RF signal 
parameters such as DOA, TOA, TDOA and RSS were discussed. In these approaches, 
signal parameters that change with the relative position between the target MS and 
an anchor station are used to estimate the MS location. Those techniques compute 
the position estimate from basic geometry, electromagnetic, and signal processing 
principles. Those methods and RF fingerprinting differ on how the parameters are 
used to estimate the MS position. While in those methods, the position is estimated 
by inverting some signal parameters properties based on geometry and physics con-
cepts, in RF fingerprinting there is no such inversion. In these the RF fingerprints 
collected by the MS are compared to previously obtained RF fingerprints in order 
to estimate the position of the collecting MS. RF fingerprinting can be designed for 
legacy devices without requiring a specific hardware design or device embedded 
software for location. The name “RF fingerprinting” is employed to emphasize 
the resemblance between the set of location-dependent RF signal parameters and 
fingerprints employed to identify persons.

For estimating the position where a given RF fingerprint was collected, a set 
of known RF fingerprints must exist. This set is stored in the so-called correlation 
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database (CDB), and its entries are compared against the collected RF fingerprint 
to obtain a position estimate. The RF fingerprints composing the CDB may be col-
lected in field tests or generated using simulation models. CDBs for RF fingerprint-
ing location methods are discussed in Section 4.3.

The main engine of RF fingerprinting location is pattern matching or scene 
analysis algorithm. It is used to compare the target RF fingerprint (Tfing) to the 
reference RF fingerprints (Rfings) previously stored in the CDB. From these com-
parisons, one finds position candidates (the positions associated to the reference RF 
fingerprints) that are used to estimate the location where the target RF fingerprint 
has been collected.

Location server or location system are terms typically used to refer to network 
elements (hardware and software) responsible for computing the position estimate. 
They receive location requests from different applications or devices, consult CDBs, 
and estimate the location of the target MS from its RF fingerprint. In the location 
server, the position estimate can be computed using any supported positioning tech-
nique. In the case of RF fingerprinting, it is important to emphasize that the location 
server must have access to the CDB.

In order to estimate the MS position, one needs to compare the RF fingerprint 
measured by the MS with a subset of the RF fingerprints stored in the CDB. This 
comparison—also referred to as pattern matching or scene analysis—may employ 
different techniques. In Section 4.4 we discuss some of these techniques in more 
detail. There are several other approaches for pattern matching or scene analysis 
using expert systems. The discussion of these techniques for RF fingerprinting takes 
place in Chapter 9.

In some cases, the CDB might be quite large, depending on the area to be cov-
ered by the location system. Retrieving and comparing all RF fingerprints stored 
in the CDB to the target one might be very time-consuming. Therefore, it is com-
mon for RF fingerprinting location techniques to apply some method to reduce the 
search space within the CDB. As a consequence, the time required to produce a 
position fix is also diminished. Some strategies for search space reduction are pre-
sented in Section 4.5.

A simplified diagram of a fingerprinting location solution is depicted in Figure 
4.1. The diagram exemplifies an MS originated position request. First (step 1), the 
MS sends a position request (containing the measured Tfing) to the location server 
through the RAN. Following (step 2), the RAN communicates with the location 
server. The location server receives the Tfing and then queries the CDB (step 3) for
the reference RF fingerprints (Rfings), returned in sequence (step 4). The location 
server then compares the Tfing with the returned Rfings to obtain the MS posi-
tion estimate (step 5), which is sent back to the RAN (step 6) and then to the MS 
(step 7).

From this brief description, one notes that any fingerprinting location tech-
nique has two phases. The first is the training or building phase when the CDB 
is built. The second is the test or operational phase, during which MS position 
estimates are produced from collected RF fingerprints. RF fingerprinting methods, 
unlike DOA, TOA, or TDOA positioning techniques, do not rely on LOS geomet-
ric assumptions.
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4.2 Radio-Frequency Fingerprints

An RF fingerprint is a set of location-dependent RF signal parameters. These 
parameters may be measured by the MS to be located or by its anchor cells. Either 
way, just like a human fingerprint, which carries a unique identification of a per-
son, an RF fingerprint is expected to uniquely identify a geographic position. The 
larger the number of signal parameters in the RF fingerprint, the larger the prob-
ability of obtaining a unique correspondence between RF fingerprints and posi-
tions. Accordingly, RF signal parameters composing the fingerprint—or at least, 
their averages over time—are expected to be time-invariant at any given position. 
However, it is very unlikely that any set of RF signal parameters will be completely 
stable over time; therefore, in general, parameters having small variations in their 
time averages are acceptable.

Even though the use of mean values reduces small-scale variations, the location 
system must be updatable in order to accommodate changes, for example, in the 
RAN, such as the addition of new cells, changes in transmission or reception anten-
nas, or changes in output power. These changes could impair the mapping between an 
RF fingerprint and a certain position. In such cases, it may be necessary to obtain new 
RF fingerprints and update the CDB using the methods described in Section 4.3.4.

An RF fingerprint can be classified as either a target or reference fingerprint. A 
target RF fingerprint (Tfing) is the one associated to the MS one wants to localize, 
(i.e., it contains signal parameters measured by the MS or by its anchor cells). Rfings 
are collected or generated during the training phase and are stored in the CDB. Each 
Rfing is associated with a unique set of geographic coordinates. Therefore, each 
CDB entry i is given by a 4-uple (xi, yi, zi, Rfingi), where Rfingi is the ith reference 
RF fingerprint and (xi, yi, zi) are the 3D coordinates associated with it.1 Generally 

1. For a 2D positioning system, the CDB entry would be given by the 3-uple (xi, yi, Rfingi).

Figure 4.1 Simplified schematic diagram of RF fingerprinting location.
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speaking, the Rfing; is a matrix of RF signal parameters. Ideally, all the parameters 
used in the target fingerprint are also present in the reference fingerprints.

Different RF signal parameters can be used in an RF fingerprint: RSS [1], round-
trip delay (RTD) [2], channel impulse response [3], and DOA [4], among others. 
There are cases in which the measures are taken by the device from a number of 
anchor cells, and there are also cases where the opposite takes place: several an-
chors measure signals from the device. The more anchors that can be measured 
(or that measure the signal) then the more unique as a function of position the RF 
fingerprint is expected to be.

If the parameters composing the RF fingerprint are already available in the 
network, as, for example, the ones ordinarily involved with call setup or session 
management in cellular systems, then one prevents additional load at the RAN and 
no modifications—hardware or software—are required in the MS, which makes it 
possible to locate any MS within the RAN coverage area.

In cellular communication systems, the MS periodically measures the control 
channel RSS of cells to allow for cell selection and handover. They are reported 
to the core network through special messages called network measurement re-
ports (NMRs). Only the RSS of channels transmitted with constant (or known) 
power should be inserted in an RF fingerprint [1], so the control channel in 
cellular networks, which is transmitted by all cells and whose output power is 
constant (i.e., power control is not applied), is the most obvious choice. The 
RTD is periodically measured by either the MS or the anchor cells in networks 
using code division multiplexing (CDM) or time division multiplexing (TDM) 
in the physical layer. The target RF signal parameters matrix Tfing (the target 
fingerprint) is then given by

 
1 1 1ID RSS RTD

Tfing

ID RSS RTDa a aN N N

 
 =  
  

� � �  (4.1)

where Na is the number of anchor cells. The RF parameters composing the Tfing are 
(1) IDi, the cell identity (ID) from the ith anchor, (2) RSSi, the RSS measured from 
the ith anchor, and (3) RTDi, the RTD between the MS and the ith anchor cell.

Similarly, each reference RF fingerprint matrix Rfingi is given by

 

,1 ,1 ,1

, , ,

ID RSS RTD

Rfing

ID RSS RTDa a a

i i i

i

i N i N i N

 
 =  
  

� � �
 (4.2)

being i the index for the reference fingerprint in the CDB.
In actual systems, RSS and RTD values are quantized and have different 

dynamic ranges, which may vary in different RANs. The quantity of anchor cells 
that can be reported as well as the number of RTD values are also specific to each 
type of wireless network. In some networks, like GSM, only the RTD value for the 
best server is available [5]. In other networks, like Wi-Fi, there is no RTD value 
available at all [6].
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4.3 Correlation Database

The correlation database (CDB) is a collection of RF fingerprints. For each CDB 
entry, there is a unique set of geographic coordinates. CDBs are built during the 
training phase of the RF fingerprinting location method. This section discusses the 
main alternatives to build CDBs.

One observes that there may be different entries having the same coordinates, 
which implies the existence of more than one Rfing for that position. Conversely, 
it may also occur that different CDB entries contain equal valued Rfings. The first 
nonuniqueness may help to accommodate possible variations in RF frequency 
parameters (and therefore in the Tfing) at a given position while the second is inher-
ent to the difficulty in characterizing wireless links.

4.3.1 CDB Structure

The CDB entries are obtained during the training phase of the RF fingerprint-
ing location system [7]. These can be built using radio-propagation modeling, 
field measurements, or a combination of both. The employed strategy besides 
leading to different CDBs may also affect the method applied to estimate the 
position of a given Tfing, and in turn impact on the accuracy of the position 
estimate. In the remainder of this chapter, only 2D location is considered, but 
the extension to the 3D case is straightforward. The planar—or spatial, for 3D 
positioning—distribution of these coordinates within the service area2 defines 
the CDB structure.

4.3.1.1 Indexed List

If the CDB is organized as an indexed list, the reference coordinates planar distribu-
tion may not follow any regular pattern. In this case, each CDB entry contains an 
Rfing and a unique set of geographic coordinates. Assuming 2D coordinates, the 
ith CDB entry is given by

 ((xi, yi), Rfingi) (4.3)

where the pair (xi, yi) is the planar coordinates of the ith entry and Rfingi is the asso-
ciated reference RF fingerprint.

That is, the coordinates of each CBD entry are explicitly stored and are not 
restricted to a grid. Such inherent coordinates freedom, makes this CDB structure 
applicable for any measurement campaign of RF fingerprints. This structure is usu-
ally employed for CDBs built using actual field measurements [8]. For example, if 
the CDB is built using drive test measurement routes then the coordinates of each 
CDB element must be obtained either by a GPS receiver or directly from a map. The 
latter is usually the case for CDBs built from indoor measurements [9–11].

2. The service area is the region where the location service is to be offered.
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4.3.1.2 Uniform Grid

If the CDB is organized as a grid or lattice then reference coordinates can be param-
etrized. This is the CDB structure when propagation modeling is used. In that case, 
it is not necessary to explicitly store the coordinates associated with the predicted 
signal level, but instead only the parameters indexing the associated positions. In a 
uniform grid, the Rfing planar coordinates are evenly spaced. The distance between 
adjacent reference coordinates defines the uniform grid spacing or planar resolu-
tion. Let us consider a 2D CDB, and let the positions of the CDB entries be (x, y) = 
(iDx, jDy) being Dx and Dy the distance between two adjacent points along the x and 
y axes, respectively. In this case the CDB entries can be defined by

 , 0 0 ,(( , ),Rfing ) (( , ),Rfing )i j i ji j i x x j y y∆ + ∆ +�  (4.4)

where Dx and Dy define the planar resolution and (x0, y0) defines the initial position.
The planar resolution should be comparable to the location method expected pre-

cision [12]. To illustrate that, the effect of different values of planar resolution on the 
location precision of fingerprinting methods is empirically analyzed in Section 4.7. The 
building of CDBs using propagation modeling over a uniform grid is presented in more 
detail in Section 4.3.3, but let us start with CDBs built from measurement campaigns.

4.3.2 CDBs Built from Field Measurements

A possibility is to build a CDB entirely from field measurements. This usually 
requires an MS and a way (usually an embedded software) to collect, process, and 
store radio interface measurements made by the MS, as well as the positions where 
this happens. The position can be registered using a GPS receiver, in the case of 
outdoor measurements [8], or using a map for indoor applications [11, 13]. In a 
measurement campaign, periodically, the location related parameters, like those 
listed in (4.2), are collected and stored for further processing. In this case each CDB 
element is a structure like the one in (4.3).

The RF parameters can be either measured by the MS or the network. For each 
collected set of RF signal parameters, the ground-truth position3 of the MS is also 
stored. The MS reference coordinates and the measured RF signal parameters com-
pose an entry in the CDB, which can be internally structured as an indexed list, as 
described in Section 4.3.1.

CDBs built from field measurements usually provide the highest location accu-
racy as they are empirical. However, such an approach has a major drawback, 
as they can rapidly become out-of-date. To keep empirical CDBs up-to-date, fre-
quent modifications may be necessary. This is especially the case for metropolitan 
area networks (MANs). In those networks, drive tests must be carried out after 
any change in RAN elements. These changes (deployment of new cells, changes in 
antenna models, azimuth, and inclination, increase or decrease of transmit power, 
etc.) occur constantly, especially in cellular networks. Some of the detrimental 
effects due to the use of out-of-date network parameters in the pattern-matching 
process in cellular networks have been evaluated in [8, 14].

3. Reference position, obtained at the MS real location, and typically provided by GPS.
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However, for indoor RF fingerprinting location systems, using CDBs built 
from measurements might be easier. The area to be covered by the location 
system is small (as compared to a metropolis) and the measurement campaign 
is also restricted to this smaller region. Besides that, CDBs built from measure-
ment campaigns are better suited in this case mainly due to the greater complex-
ity of the indoor environment, which makes it difficult to accurately model RF 
propagation.

4.3.3 CDBs Built from Propagation Modeling

The main advantage of using a CDB built from propagation modeling is the easy, 
fast, and inexpensive CDB updating process it allows. Whenever there are changes 
in RAN elements, it is just necessary to rerun the models considering the new RAN 
parameters to obtain an updated CDB.

The mathematical models for radio propagation prediction can be roughly 
grouped in two main classes: deterministic and empirical. Deterministic propaga-
tion models are based on ray-tracing techniques. They model electromagnetic wave 
propagation using rays launched from the transmitting antenna and arriving at the 
desired point. These rays may be reflected and diffracted at walls and other obsta-
cles. Ray-tracing models require a very accurate knowledge of the environment 
where the RF propagation occurs and have a high computational load, resulting in 
a longer computation time for coverage predictions [15].

Empirical propagation models are based on extensive field measurements. After 
statistical analysis the field measurements produce parametric path loss equations. 
Those parameters or coefficients can be adjusted within some predetermined bounds 
to better represent a particular propagation environment [16]. Empirical models are 
less computationally intensive than deterministic ones, and even though they are 
usually less accurate than deterministic models, they still provide an accuracy that is 
comparable to the average accuracy of most RF fingerprinting methods for outdoor 
positioning [2, 17].

In Chapter 2, we discussed empirical propagation models, particularly, the 
Okumura-Hata model [18], which provides a formula (2.14) for propagation loss 
derived from extensive field measurements in urban areas. The Okumura-Hata 
model is widely used for RF planning in cellular networks. The basic Okumura-
Hata propagation loss formula does not explicitly account for diffraction over 
terrain and buildings. In order to do so, the topography of the service area is repre-
sented by a matrix H, also referred to as a digital elevation model (DEM) or digital 
topographical database [19].

In a DEM, each matrix element hi,j stores the terrain height averaged over an 
rH × rH m2 surface, where rH is the DEM planar resolution. This matrix may also 
contain the building heights added to the terrain height. If the region covers a total 

surface of l × w m2 the size of H is 
H H

l w
r r
   ×      

 elements; that is, H = [hi,j], with 

1, ,
H

l
i

r
 =   

…  and 
é ù= é ùê úê úê ú

…1, , ;
H

w
j x

r
 denotes the smallest integer greater than or 

equal to x. From this map one can compute the relative heights between transmitter 
and receiver and also diffraction losses [16, 20].
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If one represents the service area surface as a plane divided into evenly spaced pix-
els, then it is necessary to apply a geographic coordinate system using a rectangular 
cartographic projection, such as the Universal Transverse Mercator (UTM) [21]. In 
the following we use the UTM system and place the h1,1 element, the first element of 
H, in the northwest corner of the service area, as depicted in Figure 4.2. If the UTM 
coordinates (x1, y1) of h1,1 are known, then the coordinates of hi,j are given by

 1 1( , ) ( ( 1), ( 1))i j H Hx y x r i y r j= + − − −  (4.5)

where 1,2, ,
H

l
i

r
 =   

…  and 1,2, ,
H

w
j

r
 =   

… .

Figure 2.9 shows a terrain profile and the boundary of the first Fresnel zone [16] 
in the radio link. The terrain profile—including the building heights, if available—
between the kth cell in position (xk, yk) and the CDB element at (xi, yj) is read from 
the DEM. From the terrain profile, the diffraction losses are calculated using a spe-
cific model, such as Epstein-Peterson, Bullington, or Deygout [16, 20]. From this 
data, the Okumura-Hata average propagation loss in decibels between the kth cell 
within the service area and element (i, j) is given by

 , , 1 2 10 , , 3 10 4 , , 5 10 10 , ,log ( ) log ( ) log ( )log ( )i j k i j k k i j k k i j kL c c d c z c u c z d= + + + +  (4.6)

where zk is the kth cell antenna effective height [22] in meters and di,j,k is distance in 
meters between the kth cell antenna and the position of the CDB element (i, j). The 
model coefficients (c1, c2, c3, c4 and c5) depend on the area morphology and trans-
mission frequency. The term ui,j,k is the additional path loss in dB due to diffraction 
along the line connecting the kth cell antenna to the CDB element (i, j) at (xi, yj).

Figure 4.2 Matrix representation and indexing of a service area surface.
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4.3 Correlation Database 87

Knowing the kth cell control channel output power as well as the connector 
and cable losses, and with the kth cell antenna vertical and horizontal radiation 
patterns, it is possible to estimate the kth cell control channel EIRP in the direction 
of (i, j). The reference kth cell control channel RSS in dBm at (i, j) is then given by

 , , , , , ,RSS EIRPi j k i j k i j kL= −  (4.7)

where EIRPi, j,k is the kth cell control channel EIRP in the direction of (i, j) and Li,j,k 
is the propagation loss between the kth cell and (i, j), given by (4.6).

The RF fingerprint described in (4.1), considered not only RSS values, but also 
RTD values. The reference RTD value between the kth cell and a receiver at (i, j) 
can be calculated using

 , ,
, ,

2
RTD

T
i j k

i j k
s

d
c

 
=  
 

 (4.8)

where c is the speed of light in free space in meters per second, Ts is the symbol 
period in seconds, and di,j,k is again the distance in meters between the kth cell 
antenna and element (i, j). This estimate of RTD assumes LOS conditions: however, 
this is hardly the case, especially in dense urban areas. Consequently, to improve the 
estimate of the reference RTD value, an additional propagation delay due to NLOS 
conditions can be modeled as a random variable [2];  x  denotes the greatest integer 
smaller than or equal to x.

The RF fingerprint at (i, j) (i.e., Rfingi,j), is complete after each RSSi,j,k and 
RTDi,j,k has been calculated for k = 1, 2, ..., Ni,j, where Ni,j is the quantity of cells 
whose predicted RSS values at (xi, yj) are above the device sensibility threshold. 
Note that if Nc is the total number of cells in the service area then 1 ≤ Ni,j ≤ Nc.

Adding up, the reference fingerprint at (xi, yj) is

 

, , ,

, ,1 , ,1 , ,1

,

, , , , , ,

ID RSS RTD

Rfing

ID RSS RTDi j i j i j

i j i j i j

i j

i j N i j N i j N

 
 

=  
 
 

� � �  (4.9)

where IDi,j,k provides the ID of the kth strongest cell at element (i, j). That is, the 
rows of Rfingi,j in (4.9) are classified in descending order of RSS (i.e., RSSi,j,p ³ 
RSSi,j,q, if p £ q).

A CDB is complete after Rfingi,j has been calculated for all elements in the ser-

vice area 
æ é ù= ê úçè ê ú

…i.e., for 1,2, ,
H

l
i

r
 and 

öé ù= ê ú÷øê ú
…1,2, ,

H

w
j

r
. Such a CDB is structured as 

a uniform grid, as defined in Section 4.3.1. Therefore, in such a CDB, each element 
is given by (4.4). That is:

 , 1 1 ,(( , )Rfing ) (( , ),Rfing )i j H H i ji j ir x jr y+ +�  (4.10)

4.3.4 Mixing Predicted and Measured Values

Both predicted and measured reference fingerprints can be used simultaneously 
in the CDB. First, a CDB structured as a uniform grid is built using propagation 
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88 Fundamentals of RF Fingerprinting

models. Then, measurements are carried out collecting empirical reference finger-
prints. Independent of the measurements points distribution (that might be iso-
lated or located along drive test routes), the empirical reference fingerprints can be 
included into the CDB. At elements where measurement points are available, the 
measured reference fingerprints can be used to adjust the predicted fingerprints or 
to replace the predicted fingerprints. To smooth the possible discontinuities between 
measured and predicted RSS values, some form of interpolation or filtering may 
be required at CDB elements around the one where the replacement of Rfings has 
occurred [23]. For elements far from measurement points, the purely predicted 
Rfings are still used.

The insertion of measured Rfings in the CDB is expected to increase location 
accuracy. This is expected to be especially true at and around elements whose Rfings 
come from measurements. However, as for CDBs built entirely from measurements, 
updating is also crucial for mixed CDBs. After any change in RAN elements, updated 
measurements must be obtained to prevent location accuracy degradation [8].

4.3.5 CDB Tuning

If the CDB is built using propagation modeling, one may use field tests to fine tune 
it. This procedure is expected to enhance the location precision of the RF finger-
printing method. Consider that a calibration route is carried out across the service 
area. At each measurement point, the RSS of each detected cell is collected. The GPS 
coordinates of the measurement points are also registered, allowing one to identify 
the CDB elements they lie inside, as shown in Figure 4.3(a). From this mapping, 
the average of each cell RSS can be calculated for all measurement points inside the 
region corresponding to a given element. Doing that a set of averaged measurement 
point RSS values is obtained. These can be indexed by the 3-uple (in, jn, Mn), as 
shown in Figure 4.3(b). The pair (in, jn) identifies the pixel where the nth average is 

Figure 4.3 (a) Calibration route and (b) averaging of RF fingerprints in a calibration route.
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4.4 Pattern Matching of RF Fingerprints 89

located. Matrix Mn is the set of RSS measurements collected at the nth point, and 
is given by

 
,1 ,1

, ,

ID RSS

ID RSSn n

n n

n

n N n N

 
 =  
  

M � �  (4.11)

where IDn,k and RSSn,k are the kth cell ID and RSS, respectively, at the nth measure-
ment point. Note that 1 £ n £ Nm, where Nm is the number of measurement points 
in the calibration route. Note also that 1 £ k £ Nn, where Nn is the number of cells 
detected at the nth point and 1 £ Nn £ Nc.

From the calibration route the difference between the predicted and measured 
RSS of the kth cell at the nth point is given by

 , ,( ,2) Rfing ( ,2)n k n i jb k k′= −M  (4.12)

for

 ,( ,1) Rfing ( ,1) IDn i j kk k′= =M  (4.13)

and

 ( , ) ( , )n ni j i j=  (4.14)

where IDk is the kth cell identity. Observe that k is the index of the line in Mn whose 
cell ID (value in the first column) is equal to the kth cell identity (i.e., IDk). An 
analogous observation can be made regarding k¢ and Rfingi,j. Note that 1 £ k £ Nn, 
1 £ k¢ £ Ni,j, and 1 £ n £ Nm. Calculating bn,k for all points on the calibration route 
where the kth cell has been detected, one obtains a vector kB

��
 of size Nm,k ´ 1. The 

parameter Nm,k is the number of calibrating points where the kth cell was detected. 
Note that 1 £ Nm,k £ Nm.

The propagation model calibration is done on a per-cell basis, defining a cali-
bration factor ck that will be added to the path loss between the kth cell and any 
element (i, j) in the service area. This procedure minimizes the sum of the squared 
differences between the measured and predicted kth cell RSS values at the calibra-
tion route points where the kth cell was detected. The ck factor in dB can be esti-
mated using LS [24] as

 ( ) 1T TV V V kkc B
−

=
��

 (4.15)

where V is a Nm,k ´ 1 matrix of ones [23].

4.4 Pattern Matching of RF Fingerprints

In RF fingerprinting, the target RF fingerprint is compared to the reference finger-
prints in the CDB to yield a location estimate. As a result, it is necessary to specify 
how the Rfings in the CDB are compared to the Tfing. We will refer to this process 
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90 Fundamentals of RF Fingerprinting

generally as pattern matching or scene analysis. The key idea is to find the most 
probable location for the MS given the observed Tfing. An approach to solve this 
problem is the evaluation of the similarity between the Tfing and the Rfings in the 
CDB. The coordinates associated with the best matching Rfing can then be used to 
estimate the MS location.

If the similarity between the reference and target RF fingerprints is eval-
uated using absolute RSS values, it can be done calculating the distance in the 
N-dimensional RSS space between the reference and target RF fingerprints [2] or 
using some other pattern matching algorithm, such as machine learning (e.g., arti-
ficial neural networks (ANNs) [25], support vector machines (SVMs) [26], among 
others). If the similarity is measured using relative RSS values, it can be done, for 
example, using the Spearman rank correlation coefficient [27], among other met-
rics. In this section we will consider some of the common encountered matching 
functions. The use of ANN for pattern matching in this context is presented in 
Chapter 9. Nonetheless, the achievable accuracy of any strategy is somehow limited 
by the CRLB, as discussed in Section 3.5.2.

A priori the MS can be assumed to be positioned at the location associated 
with the Rfing having the highest similarity with the Tfing. Alternatively, instead 
of selecting only the best match to estimate the MS position, it is possible to select 
the K best matches, in which case the MS location is given by a weighted average of 
the K best matches coordinates. Such technique is often called K nearest neighbors 
(KNN) [28] and its effect on the location accuracy is analyzed in Section 4.7.

4.4.1 Distance in N-Dimensional RSS Space

The problem of defining a similarity measure between Tfing and Rfing depends on 
the RF parameters listed on these matrices. Let us assume that we are comparing 
just RSS levels. In this case the problem is equivalent to determining the distance 
between those fingerprints in a N-dimensional RSS space [29]. Each dimension 
corresponds to a cell, and the value in the dimension to its RSS. In a simple way, 
the distance in the kth dimension is proportional to the difference between the 
reference and target RSS values of the kth cell. Figure 4.4 shows an example for 
N = 3. The Euclidean distance between the RSS values in Tfing (black dot) and the 
values in each Rfing (white dots) in the 3D RSS space is indicated by the line seg-
ments. The similarity between the reference and target RF fingerprints is inversely 
proportional to the N-dimensional distance between those fingerprints in the RSS 
space.

4.4.1.1 Distance Metrics

Comparisons between Tfing and Rfing can be carried out by computing several 
distance metrics between these fingerprints in the N-dimensional RSS space. Let us 
define the set D as the search space within the CDB (i.e., D is the set of CDB ele-
ments whose Rfings are compared to a given Tfing). Let us also define the vector of 
RSS levels in Tfing matrix defined in (4.1) as

 [Tfing(1,2), ,Tfing( ,2)]T N=
��

…  (4.16)
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4.4 Pattern Matching of RF Fingerprints 91

where N informs the number of networks used to estimate the MS position and 
Tfing(i, j) is the element in the ith line and jth column of the matrix Tfing. In the 
following iR

��
 denotes the vector of RSS values for a given Rfingi Î D, where i denotes 

the Rfing index in the CDB. From Rfingi in (4.2) we define

 T[Rfing (1,2), ,Rfing ( ,2)]i i iR N=
��

…  (4.17)

Note that, for any u = 1,..., N, Rfingi(u, 1) = Tfing(u, 1) (i.e., the uth elements of 
both T

��
 and iR

��
 refer to the same cell ID).

From the above definitions, we can compute the index k corresponding to the 
kR
��

 being the most similar to T
��

 as

 
,

argmax i

i
i

T R
k

T R

〈 〉=
�� ��
�� �� , or (4.18)

 argmin i
i

k T R= −
�� ��

, or (4.19)

 ( ) ( )Targmin i i
i

k T R T R = − − 
�� ��� �� ���

 (4.20)

Note that the above expressions try to measure or evaluate the similarities 
between the RSS values in Tfing and the RSS values in any Rfing Î D. In (4.18) 
one has the inner product whose maximization would provide the index k cor-
responding to kR

��
 having the most similar direction to a given T

��
. However, the 

proportions among RSS values could be hindered due to the normalization process 
involved in the computation of the metric in (4.18). For example, if by chance any 

Figure 4.4 Euclidean distances between target (black dot) and reference (white dots) RF finger-
prints in a 3D RSS space.
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92 Fundamentals of RF Fingerprinting

RSS is not found in a given RF scan this would occur. Alternatively, one could em-
ploy minimization of the metric expressed in (4.19), the Euclidean distance [30]. 
This choice of search criterion outputs the index k of the kR

��
 closest to T

��
. Equation 

(4.20) is equivalent to (4.19) but avoiding the square root for norm calculation.
It is important to highlight that other distance metrics could be employed as the 

Mahalanobis [30] (for which the Euclidean distance is a particular case). Another 
possible metric for the problem at hand is the Tanimotto [31, 32] in which case one 
should search for

 
,

argmax
, , 2 ,

i

i i i i

T R
k

T T R R T R

〈 〉=
〈 〉 + 〈 〉 − 〈 〉

�� ��
�� �� �� �� �� ��  (4.21)

These example metrics do not exhaust the topic and the sum of absolute dis-
tances (SAD), also known as Manhattan distance, could also be used. This has the 
advantage of reducing the computational complexity; however if one searches for 
the kR
��

 that minimizes it, then in general one does not minimize the length of the line 
segment from kR

��
 (corresponding to the Rfing) to T

��
 (corresponding to the Tfing). 

For this metric we can compute the index k corresponding to the kR
��

 which is most 
similar to T

��
 as

 
1

argmin ( ) ( )
N

i
i n

k T n R n
=

= −∑
�� ��

 (4.22)

In any case, independent of distance employed, the MS position is estimated 
from the coordinates associated with kR

��
 stored in the CDB. Instead of selecting the 

most similar iR
��

 to T
��

, the matching algorithm could return a set of indexes {k1, k2,...
kK} and the estimated MS position could be computed from an average (weighted 
or not) of the positions associated to the correspondent Rfingk, k Î {k1, k2,…kK}.

The use of different metrics might yield significantly different location esti-
mates. This effect is analyzed in Section 4.7.

Note that in the expressions above, we did not consider the fact that in general 
RSS levels have some inaccuracy. In addition, we did not consider the order of the 
RSS levels (i.e., whose are the anchor cells providing the best RSS levels). We just 
considered the match of RSS values in two different RF fingerprints. In the follow-
ing, two additional situations are considered when calculating the N-dimensional 
distance in RSS space: quantization of RSS levels and the introduction of a penalty 
term to consider the mismatch of cell IDs between T

��
 and iR

��
.

4.4.1.2 Quantized RSS Levels

We see now how to account for the quantization of RSS values. For simplicity, let 
us assume that the CDB is organized as a uniform grid (Section 4.3.3 discussed 
the construction of such CDBs). Suppose that there is an inaccuracy (quantization 
errors provoke this) in measured RSS levels. Let d represent this inherent RSS mea-
surement inaccuracy in dB units [1]. Consequently, any difference between target 
and reference RSS values that is smaller than d can be considered to be zero. In 
doing so, the Euclidean distance between the RSS values in the Tfing (T

��
) and the 

ones in the Rfing ( iR
��

) in the N-dimensional RSS space is given by
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2

1

( ) ( )N
i

i
n

T n R n
d

δ=

  −      
∑

�� ��
 (4.23)

4.4.1.3 Penalty Term Inclusion

As we have discussed, the cell IDs in the first column of Tfing will rarely be all 
encountered in the first column of Rfingi,j. Because of this, a penalty term can 
be included in the computation of RSS distances between Tfing and Rfingi,j, 
providing

 

2

,
,

1

( ) ( )
2 ( )

N
i jk k

i j a
k

T m R n
d N Nβ

δ=

  − = + −     
∑

�� ��
 (4.24)

where mk and nk are the indexes of the lines in Tfing and Rfingi,j respectively, whose 
cell IDs (in the first columns of the RF fingerprints) are equal to the cell ID of the kth 
element in I = Rfingi,j (:, 1)ÇTfing (:, 1). Note that nk Î [1, Ni,j] and mk Î [1, Na].

The penalty term in this equation is 2b(Na – N). The parameter Na is the num-
ber of anchor cells in Tfing. The parameter b is the RSS dynamic range in dB units. 
In GSM networks, for example, b = 63 dB [5]. In (4.24), the parameter N informs 
how many of the cell IDs that are listed in Tfing are also listed in Rfingi,j, i.e., N = 
#I. Unlike (4.23), these cell IDs are not necessarily the ones with the N highest RSS 
values in Tfing. For each cell ID listed in Tfing and not in Rfingi,j, a penalty term 
2b is added. This value is twice the maximum difference between RSS values. This 
ensures that, given two Rfings and their RSS values vectors ,i jR

��
, only the one with 

the higher value of N (number of matching cell IDs) will be output as being closer 
to the target RF fingerprint regardless of the value yielded by the first term of (4.24). 
Note that for any given Rfing, if N = Na, (4.23) and (4.24) yield the same result.

4.4.1.4 Penalty Term with SAD

Instead of the Euclidean distance, SAD can be used as basic distance. Using SAD 
(defined in (4.22)) and the penalty term, one has

 
,

,
1

( ) ( )
2 ( )

N i j k k

i j a
k

R n T m
d N Nβ

δ=

 −
 = + − 
  

∑
�� ��

 (4.25)

where the variables have the same meaning as in (4.24).
In Section 4.7, we present results on the application of some of the metrics dis-

cussed. But first let us present another possibility for comparison, not exactly in the 
RSS levels per se but on the relative order of sensed anchors at a given location.

4.4.1.5 Weights Based on RSS Levels

At low RSS values one expects the inherent measurement inaccuracy to have large 
uncertainty, particularly when the RSS value drops to a value close to the MS recep-
tor sensibility. As a result, the higher the value of the RSS level, the more relevant 
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94 Fundamentals of RF Fingerprinting

its influence on the position estimate should be. Assuming that the lines of Tfing are 
listed in descending order of measured RSS values, that is, in (4.1), RSSp ³ RSSq, if 
p £ q, then the weights wk in linear scale can be defined by

 10,1 (RSS RSS )10 k
kw ψ −=  (4.26)

where RSS values are considered to be in log-scale and 1 £ y £ 3.4 The parameter 
RSS1 is the RSS value measured for the best server. Such computation provides 
dynamic weights wk depending on the RSS level difference between the kth server 
and the best server.

4.4.1.6 Weights Based on RSS Ordering

The sequence of serving base stations in Tfing and Rfing—sorted in descending 
order of the RSS level—may provide a relevant location information, as is further 
discussed in the next section. In that case, one may define an ordering factor fk to 
multiply the weight wk, augmenting it when the kth servers in Tfing and Rfing are 
the same and reducing it when they occupy different positions in the ordered list. 
This can be done, for example, using an expression like

 
1

k
k k

f
n m
µ

µ
=

+ −
 (4.27)

where m is adjustable and mk and nk are the positions occupied by the kth server 
station in Tfing and Rfing, respectively, assuming that they are sorted in decreasing 
order of RSS levels.

4.4.2 Rank Correlation Coefficient

Manufacturing variations among MS devices might affect the way they measure 
RSS values. As a result, at a given location and time, different MS devices might 
measure distinct RSS values for the same cell. Therefore, if the CDB is built from 
field measurements obtained using a certain MS device and another MS device is to 
be localized, the location accuracy of a fingerprinting method using this CDB may 
deteriorate. This is even more likely to occur if the MS used to build the CDB and 
MSs to be localized are from different manufacturers. This is called the cross-device 
effect [8]. In order to mitigate it, instead of using absolute RSS values in the correla-
tion function, one might use relative RSS values (i.e., their ranking). While absolute 
RSS values of a set of cells might be quite different when measured by distinct MS 
devices, their ranking is more likely to remain the same or at least be more similar. 
That is, one may assume that the ranking of RSS values is more robust to cross-
device operation than absolute RSS levels.

The greater stability of cell ranking than RSS absolute values across devices 
derives from the assumption that the relationship between the input signal strength 
at the receiving antenna and the RSS reported by the device is a monotonically 
increasing function [33]. For better understanding, consider two MS devices, MS1 

4. This range for parameter y has been empirically defined by the authors.
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4.4 Pattern Matching of RF Fingerprints 95

and MS2, both placed at the same location, and two anchor cells, A and B. The 
signals from these anchors reach both MS devices with input signal strengths sA and 
sB, respectively. The RSS values informed by MS1 are RSSA,1, and RSSB,1. The RSS 
values informed by MS2 are RSSA,2 and RSSB,2. If the relationship between the in-
put signal strength and the RSS is a monotonically increasing function, then, if sA > 
sB, RSSA,1 > RSSB,1 and RSSA,2 > RSSB,2. While the actual values (RSSA,1, RSSB,1) 
might be different from (RSSA,2, RSSB,2), the ranking of A and B RSS values is the 
same on both MS devices.

Considering the detected cells (i.e., the ones whose signals are received at the 
MS), one can rank the cell IDs in decreasing order of their RSS levels and then 
compare this rank to the correspondent one derived from Rfings in the CDB. This 
is roughly a string comparison that can be solved for example using something like 
the Hamming distance (the quantity of positions where two strings are different). 
However, such distance may be misguiding as, for example, when the deployment 
of a new cell in the covered area occurs. The new cell (let us call it D) may turn the 
sequence of RSS levels (from previous existing cells A, B, and C) RSSA > RSSB > 
RSSC into RSSA > RSSD > RSSB > RSSC. In this case, if the CDB is not updated then 
the Hamming distance would be three, although the orders of A, B, and C are the 
same in both fingerprints. This can be avoided by applying an ordering and selec-
tion step previous to rank evaluation. We illustrate that using the Spearman rank 
correlation coefficient [27], another way of evaluating the similarity between differ-
ent rankings of the same set of elements.

4.4.2.1 Spearman Rank Correlation

The Spearman rank correlation coefficient can be used as a matching index 
between the Tfing and the Rfing. However, these fingerprints do not necessarily 
have the same number of cells or the same cell IDs. Consequently, before applying 
the Spearman correlation factor, some modification is required, an ordering and 
selection step.

Two Nc × 2 matrices Vt and Vr are created, with initial values defined by

 
( ,1) ( ,1) ID

( ,2) ( ,2)

t r n

t r c

n n

n n N

= =

= =

V V

V V
 (4.28)

where n = 1, 2,...,Nc. The parameter Nc is the number of cells in the service area and 
IDn is the cell ID of the nth cell in the service area. The position of each cell in the 
RSS ranking of Tfing must be inserted in the second column of the correspondent 
row in Vt (note that Vr will be used for reference fingerprints—the ranking of the 
RSS levels of an Rfing in the CDB). If the rows in Tfing are organized in descend-
ing order of RSS, then the position of each cell in the RSS rank is the row index, as 
defined by

 = = Î = …( ,2) ,  where ( ,1) Tfing( ,1) , [1, ] and 1,2, ,t k t k k c an k n k n N k NV V  (4.29)

The same procedure must be followed for each Rfing Î D (the set of candidates’ 
reference fingerprints) as defined by
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96 Fundamentals of RF Fingerprinting

 ( ,2) ,  where ( ,1) Rfing( ,1) , [1, ] and 1,2, ,r k r k k c an k n k n N k N= = ∈ =V V …  (4.30)

Note that the index of Rfing into the CDB was dropped for notation simplicity.
Then, from these, the Spearman rank correlation coefficient [27] can be com-

puted as

 
{ } { }
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1 =1
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 (4.31)

where 
1

1
{ ( ,2)}cN

t tn
c

n
N

ρ
=

= ∑ V  and 
1

1
{ ( ,2)}cN

r rn
c

V n
N

ρ
=

= ∑ .

The Spearman distance between Tfing and the Rfing can be defined as [27]

 1d ρ= −  (4.32)

Note that, as –1 £ p £ 1, the Spearman distance ranges from 0 to 2.

Example 4.1

Calculate the Spearman distance between the target and reference fingerprints 
defined by (4.33) and (4.34). Assume that only the best server RTD value is known, 
so all other RTD values are negative indicating that they are not available. Also 
assume that the RSS is quantized using 64 possible values in 1-dB steps from 0 
(–110 dBm or below) to 63 (–48 dBm or above). Both assumptions are based on the 
GSM radio-interface specifications [5].

 

100 110 2 5 99

62 60 54 43 40

0 1 1 1 1

T

Tfing
 
 =  
 − − − − 

 (4.33)

 

100 5 110 111 10 200 201

54 50 49 45 34 30 29

0 1 1 1 1 1 1

T

Rfing
 
 =  
 − − − − − − 

 (4.34)

Solution:
The first column of these matrices indicate the IDs of the cells. As one can notice, there 
are nine different cells in the area (i.e., Nc = 9). Now, the second column of Vt and Vr 
must be filled with the ranking of the cell IDs. The matrices thus obtained are given by

 
2 5 100 99 100 110 111 200 201

3 4 9 5 1 2 9 9 9

T

t
 

=  
 

V  (4.35)

 
2 5 10 99 100 110 111 200 201

9 2 5 9 1 3 4 6 7

T

r
 

=  
 

V  (4.36)

Therefore, tρ  = 5.7 and 5.1rρ = . Applying (4.35), (4.36), tρ , and rρ  to (4.32), one 
obtains the Spearman distance d = 0.69.
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4.5 Search Space Reduction 97

4.5 Search Space Reduction

Each CDB element is composed by an Rfing and a set of geographic coordinates 
(i.e., ((xi, yi), Rfingi)). The set of CDB elements whose Rfings are compared to a given 
Tfing is the search space. The geographic coordinates of the CDB elements belong-
ing to the search space are solution candidates for the MS location problem.

Initially, the search space might comprise all CDB elements. However, it may 
not be feasible to compare the Tfing to all Rfings stored in the CDB, since this could 
result in a very large computational load and correspondingly in a long time to pro-
duce a position fix. As a result, it is necessary to apply some techniques to reduce 
the search space, and this must be done without significantly impairing location 
accuracy.

Let the original search space be the set , comprising the whole CDB. One 
reduces the search space to D Ì , and compares Tfing solely to Rfings belonging 
to D. The complexity for computing a position fix now depends on the number of 
elements in D (i.e., the cardinality of set D). The search space reduction factor can 
be defined as

 
#

1
#

γ = − D
A

 (4.37)

where # and #D are the number of elements in the original () and reduced (D) 
search spaces, respectively. In this book, two search space reducing techniques are 
presented. In this section, we present what we call CDB filtering [2]. In Chapter 9, 
where some applications of intelligent systems for MS positioning are discussed, 
the use of genetic algorithms (GAs) [34, 35] to reduce the search space is also 
 considered.

Let the CDB be organized as a uniform grid. In that case, assuming that the 

service area covers a total surface of l × w m2, then #
S S

l w
r r

é ù é ù= ´ê ú ê úê ú ê ú
A , where rS is 

the planar resolution of the CDB. Set  is defined as

 ,( , ,Rfing )  1,2, ,  and 1,2, ,i j i j
S S

l w
x y i j

r r

    
= = =    

    
… …A  (4.38)

where Rfingi,j is the Rfing at pixel (i, j). The geographic coordinates (xj, yi) of ele-
ment (i, j) are given by (4.5). For example, for a service area of 15 × 15 km2 and 
rS = 5m, # = 9 million elements. Without a technique to reduce the search space, 
for every position fix, 9 million reference fingerprints would have to be compared to 
the target RF fingerprint. For a search space reducing technique with g = 99%, this 
number would drop to 90,000 reference fingerprints per position fix.

4.5.1 CDB Filtering

We discuss a technique to reduce the search space assuming a CDB structured as 
a uniform grid. However, the extension to CDBs structured with any other grid 
or as an indexed list is straightforward. The technique presented progressively 
reduces the search space, applying three successive filtering steps to the CDB 
elements [2]. The whole service area is depicted in Figure 4.5(a), where the best 
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98 Fundamentals of RF Fingerprinting

server area of each cell is shown, as well as the vectors representing the streets. 
The service area map includes all CDB elements and corresponds to the original 
search space .

First Filtering Step. The first filtering step restricts the search space to the CDB ele-
ments () within the best server area of the sector with the highest RSS in Tfing, 
obtaining

 { }, , ,( , ,Rfing )  Rfing and Rfing (1,1) (1,1)i j i j i j i jx y Tfing= ∈ =B A  (4.39)

where Rfingi,j (1, 1) and Tfing (1, 1) are the cell IDs of the strongest received sig-
nal at Rfingi,j and Tfing, respectively. Rfingi,j was defined in (4.9) and Tfing was 
defined in (4.1). The best server area of an arbitrary cell, whose ID is indicated by 
Tfing(1, 1), is shown in Figure 4.5(b). This area contains the elements of .

Second Filtering Step. In the second filtering step, the search space is further 
restricted to Rfings whose best server RTD values are equal to the best server RTD 
value in the Tfing. This yields the set

Figure 4.5 Example of CDB filtering for search space reduction. (a) Original search space (# = 
7569), (b) after first filtering step (# = 1338), (c) after second filtering step (#C = 78), and (d) after 
third filtering step (#D = 8).
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4.5 Search Space Reduction 99

 { }, ,( , , Rfing ) Rfing  and Rfing (1,3) Tfing(1,3)i j i j i j i,jx y= ∈ =C B  (4.40)

where Rfingi,j (1, 3) and Tfing (1, 3) are the reference and target best server RTD values, 
respectively. This filtering step is not applicable in networks where RTD values are not 
available, as in Wi-Fi networks. Figure 4.5(c) shows the pixels that belong to C.

Third Filtering Step. In the third filtering step, the search space is further restricted 
to the elements whose Rfingi,j contain the first N cells listed in Tfing. Considering 
that the rows of Tfing are classified in descending order of RSS, then these N cells 
are the ones with the highest RSS values in Tfing. The set of the N cell IDs with the 
highest RSS values in the target RF fingerprint is given by

 {Tfing(1 : , 1) [1, ]}NT aN N N= ÎI  (4.41)

where Na is the number of anchor cells in Tfing. The set of cell IDs in Rfingi,j is 
given by

 { }, , , , ,Rfing (1 : ,1) RfingR i j i j i j i jN= ∈I C  (4.42)

where Ni,j is the number of cells in Rfingi,j. The cardinality of the set ( , , NR i j T∩I I ) 
informs how many of the cell IDs in the Rfingi,j are among the N cell IDs with the 
highest RSS values in Tfing. In this third filtering step the search space C is restricted 
to the elements where # , ,( )NR i j T N≥∩I I . The reduced search space thus obtained 
is represented by

 { }, , , ,( , ,Rfing ) Rfing  and#( )  and [1, ]Nj i i j i j R i j T ax y N N N= ∈ ≥ ∈∩D C I I  (4.43)

This somewhat resembles the rank correlation that we have previously discussed. 
Figure 4.5(d) illustrates this last filtering step, which is the resulting D. Note that 
D Ì C Ì  Ì  and that #D << # which means that the CDB filtering technique 
achieves a high search space reduction factor.

Example 4.2

Given a Tfing defined by (4.44) and a sample 3 × 3 uniform grid CDB defined by 
(4.45), use CDB filtering and identify the elements in D for N = 3 (match of N cell 
IDs having the highest RSS values). Assume that only the best server RTD value is 
known, so all other RTD values are given a negative value to indicate that they are 
not available. Also assume that the RSS is quantized using 64 possible values in 
1-dB steps from 0 (–110 dBm or below) to 63 (–48 dBm or above). Both assump-
tions are based on the GSM radio-interface specifications [5].

 

100 62 0

110 60 1

2 54 1

5 43 1

99 40 1

Tfing

é ù
ê ú-ê ú
ê ú= -
ê ú-ê ú
ê ú-ë û

 (4.44)
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1,1 1,2 1,3

2,1

100 55 1

5 50 1 100 60 0 100 59 1

110 49 1 110 50 1 110 49 1

111 45 1 2 45 1 2 50 1

10 34 1 5 40 1 5 39 1

200 30 1 10 35 1 10 36 1

201 29 1

100 54 0

5

Rfing Rfing Rfing

Rfing

é ù
ê ú- é ù é ùê ú ê ú ê úê ú- - -ê ú ê úê ú ê ú ê ú= = =- - -ê ú ê ú ê úê ú- - -ê ú ê úê ú ê ú ê ú- - -ê ú ë û ë û
ê ú-ë û

= 2,2 2,3

3,1

50 1 100 61 0
110 60 0

110 49 1 110 50 1
2 52 1

111 45 1 2 45 1
100 50 1

10 34 1 5 40 1
5 39 1

200 30 1 10 35 1

201 29 1

110 63 0

2 52 1

100 50 1

5 38 1

Rfing Rfing

Rfing

é ù
ê ú- é ùê ú é ùê úê ú- - ê úê ú -ê ú ê úê ú= =- -ê ú ê ú-ê úê ú- - ê úê úê ú -ë ûê ú- -ê ú ë û
ê ú-ë û
é ù
ê ú-ê ú=
ê -
ê -ë û

3,2 3,3

110 60 0 110 59 1

100 52 1 100 52 1

2 50 1 2 50 1

Rfing Rfing
é ù é ù
ê ú ê ú= - = -ê ú ê úú
ê ú ê ú- -ú ë û ë û

 

(4.45)

Solution:
As the CDB is organized as a uniform grid, the  set (as well as the other sets 
obtained during the CDB filtering) can be referenced using the coordinates of the 
elements within the CDB (i.e., their lines and columns). Therefore, after the first 
filtering step is carried out, as defined in (4.39), the set  is obtained, being given 
by  = {(1,1), (1,2), (1,3), (2,1), (2,2)}. Note that the cell IDs (i.e., the value in the 
first column) in the first line of all elements in  are equal to the best server ID in 
Tfing (cell ID = 100). Applying the second filtering step as defined in (4.40), select-
ing the elements of  whose RTD is equal to the one informed in Tfing (RTD = 0), 
yields C = {(1,2), (2,1), (2,2)}. Finally, the third filtering step, as defined in (4.43) 
is applied, generating D = {(1,2), (2,2)}. Note that Rfing1,2 and Rfing2,2 all contain 
the three strongest cell IDs in Tfing (cell IDs 100, 110, and 2).

Example 4.3

Let us now mix CDB filtering and distance metrics in an example. Given a target 
RF fingerprint Tfing and two reference RF fingerprints, Rfing10,20 and Rfing10,25—
associated with the pixels in the indexed positions (10,20) and (10,25), respectively, 
in a uniform grid—find the pixel whose Rfing is closer to Tfing according to (4.23) 
and (4.25). The Tfing and the Rfings are given by (4.46). Assume that only the best 
server RTD value is known, so all other RTD values are negative, indicating that 
they are not available. Also assume that the RSS is quantized using 64 possible 
values in 1-dB steps from 0 (–110 dBm or below) to 63 (–48 dBm or above). Both 
assumptions are based on the GSM radio-interface specifications [5].
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10,20 10,25

100 55 0
100 60 0

100 62 0 005 50 1
110 50 1

110 60 1 110 49 1
002 45 1

005 54 1 111 45 1
005 40 1

002 43 1 010 34 1
010 35 1

200 30 1

Tfing Rfing Rfing

 
  −     −    − −   = = = −  − −    −    − −     − −  

 

(4.46)

Solution:
If the reduced search space D is obtained using CDB filtering, the sets NTI  and IR,i,j 
must be identified. They are defined by (4.41) and (4.42), respectively. From the RF 
fingerprints in (4.46) and assuming N = 3, one obtains

 

,10,20

,10,25

,10,20 ,10,25

{005, 010, 100, 110, 111, 200}

{002, 005, 010, 100, 110}

{005, 100, 110}

( ) ( ) {005, 100, 110}

N

N N

R

R

T

R T R T

=

=

=

= =∩ ∩

I

I

I

I I I I

 (4.47)

Therefore, (x10, y20, Rfing10,20) Î D and (x10, y25, Rfing10,25) Î D, because

 
10,20 10,20 ,10,20

10,25 10,25 ,10,25

(1, 1) (1, 1), (1, 3) (1, 3), #( ) 3

(1, 1) (1, 1), (1, 3) (1, 3), #( ) 3

N

N

R T

R T

Rfing Tfing Rfing Tfing

Rfing Tfing Rfing Tfing

= = =

= = =

∩

∩

I I

I I
 (4.48)

Using (4.23) to calculate the N-dimensional distances in RSS space between 
each Rfing and the Tfing, one obtains

 

2 2
10,20 10,20

10,20
2

10,20

2
10,25 10,25

10,25

(1,2) (1,2) (3,2) (2,2)

(2,2) (3,2)

(1,2) (1,2) (2,2) (2

Rfing Tfing Rfing Tfing

d

Rfing Tfing

Rfing Tfing Rfing Tfing

d

δ δ

δ

δ

   − −   +            
=

 − +    

 − −  +    
=

2

2
10,25

,2)

(4,2) (3,2)Rfing Tfing

δ

δ

  
    

 − +    

 (4.49)
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102 Fundamentals of RF Fingerprinting

Assuming d = 6 dB [5]:

 

2 2 2

10,20

2 2 2

10,25

55 62 49 60 50 54
1.41

6 6 6

60 62 50 60 40 54
2.23

6 6 6

d

d

     − − −     = + + =                    

     − − −     = + + =                    

 (4.50)

If there are no other location candidates, then 10 20ˆ ( , )x x y= , as d10,20 < d10,25.
Now, using (4.25) to calculate the N-dimensional distances in RSS space 

between each Rfing and Tfing, one obtains:

 

ê ú ê ú- -
= +ê ú ê ú

ê ú ê úë û ë û

ê ú-ê úë û+ + -ê ú
ê úë û

10,20 10,20
10,20

10,20

(1, 2) (1,2) (3,2) (2,2)

(2,2) (3,2)
2 (4 3)

Rfing Tfing Rfing Tfing
d

Rfing Tfing

δ δ

β
δ

 (4.51)

 

ê ú ê ú- -
= +ê ú ê ú

ê ú ê úë û ë û

ê ú ê ú- -
+ + + -ê ú ê ú

ê ú ê úë û ë û

10,25 10,25
10,25

10,25 10,25

(1, 2) (1,2) (2,2) (2,2)

(3,2) (4,2) (5,2) (3,2)
2 (4 4)

Rfing Tfing Rfing Tfing
d

Rfing Tfing Rfing Tfing

δ δ

β
δ δ  

(4.52)

Now, assuming d = 6 dB and b = 63 dB [5]:

 

10,20

10,25

55 62 49 60 50 54
126 128

6 6 6

60 62 50 60 40 54 45 43
3

6 6 6 6

d

d

     − − −
= + + + =     
     

       − − − −
= + + + =       
       

 (4.53)

If there are no other location candidates, then 10 25ˆ ( , )x x y= , as d10,25 < d10,20. 
Note that if one changes the distance evaluation function from (4.23) to (4.25) then 
the MS location estimate 10 25ˆ ( , )x x y= also changes, from (x10, y20) to (x10, y25).

4.6 Location Estimates Averages

When RSS values are used to compose the RF fingerprint there can be a large vari-
ability on collected results at a given position. In addition, in common embedded 
hardware there is an inherent quantization of RSS values that may lead to imprecise 
positioning results. In the case of a CDB built using propagation modeling such a 
situation could get even worse, because while the models used to predict RSS levels 
consider average path loss, the RF link may suffer from severe large- and small-scale 
attenuation effects [16, 20] that are modeled in statistical terms.
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Therefore, a simple way for diminishing localization errors is by averaging sev-
eral position estimates. Let us call the positions estimates used for averaging as 
position candidates. If one has a set of K position candidates ( ˆ ˆ,k kx y ), i Î {1...K} for 
an MS, one can average or combine these to return a position estimate ( ˆ ˆ,x y).

4.6.1 KNNs

The computation of the average position can be approached in several ways. The 
first and simpler one is to average the position corresponding to the K best Rfings 
matching the Tfing. That is, the CDB entries that provide the K best matches with 
Tfing (with regard to the employed metric) are selected and their coordinates (posi-
tion candidates) are averaged to return the position estimate. If each position candi-
date is denoted by ( ˆ ˆ,k kx y ) then the returned position estimate ( ˆ ˆ,x y) is given by

 ˆ ˆ ˆ ˆ( , ) ( , )k k k
k

x y w x y= ∑  (4.54)

where wk is the weight of each position candidate, where 1kk
w =∑ . When wk = 

1/K the simple averages are obtained (K-means). But note that, a priori, position 
candidates corresponding to larger distances or smaller similarities between Tfing 
and Rfing should have smaller weights in (4.54).

4.6.2 Moving Average Filter

Besides averaging positions candidates for a given Tfing, another approach that can 
be used to improve location accuracy is to compute a position estimate from succes-
sive position candidates. An MS is expected to observe some correlation between its 
locations in time instants tj and tj + Dt, as long as the product between MS velocity 
v and time interval Dt is small [36]. For a still MS, successive positions estimates 
are expected to be the same. However, due to the variability of the RF channel this 
may not occur. Thus, averages of successive position candidates could be employed 
to increase confidence and accuracy of the position estimate.

So, a possible way to provide a position estimate is to use weighted moving aver-
age of successive position candidates. In this case the MS position estimate at time tj 
is given by the average of the current and the last L – 1 position candidates; that is

 
[0, 1]

ˆ ˆ ˆ ˆ( , ) ( , )j j u j u j u
u L

x y w x y− −
∈ −

= ∑  (4.55)

where wu are the weights of each position candidate and L is the filter length. The sim-
plest case of the moving average is when wu = 1/L. The optimal value for L depends 
on the product vDt and on the MS changes in direction and velocity [36]. However, 
MS velocity is in general unknown, which may impair such an approach.

4.7 Experimental Evaluations

This section presents some experimental results obtained applying the RF finger-
printing techniques described in this chapter. Two different RANs and environments 
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104 Fundamentals of RF Fingerprinting

are considered in the experiments: a GSM network in an outdoor dense urban area 
and Wi-Fi 802.11g networks in an indoor environment. The experiments illustrate 
practical applications of the discussed techniques.

4.7.1 Outdoor Test in a GSM Cellular Network

Field tests were performed in a GSM 850-MHz network in the downtown region 
of Rio de Janeiro, Brazil. The region is a 2.2 × 2.2 km2 dense urban area with 
24 cells/km2 [2]. Figure 4.6 shows the reference positions (given by a GPS receiver) 
where NMRs were collected. The DEM used to represent the test area has a planar 
resolution rH = 5m and includes building heights, which increases the accuracy of 
the propagation modeling used to build the CDB. The test set was composed of a 
GSM phone and a GPS receiver, both connected to a laptop placed inside a mov-
ing vehicle. The MS was in active mode and for each transmitted NMR the current 
location was calculated by the GPS receiver. The MS sent two NMRs per second 
containing the cell ID and RSS of the best server and up to six strongest neighbor 
cells. The RTD values, known as timing advance (TA) in GSM systems, were also 
registered every time an NMR was sent. A total of 4,500 NMRs, TA values, and 
GPS measurements were recorded for further processing.5 The GPS location was 
assumed to be the ground-truth, so for each NMR and each location method ana-
lyzed, the positioning error was the Euclidean distance in meters between the GPS 
position and the location provided by the respective method.

A CDB built from propagation modeling is employed in the experiments. The 
downlink channels are in the 869–881 MHz band, and so the propagation model 
is applied at the central frequency of 875 MHz. The adopted propagation model is 
Okumura-Hata, and the coefficients values are c1 = –12.1, c2 = –44.9, c3 = –5.83, 
c4 = 0.5, and c5 = 6.55. All these are the standard Okumura-Hata values for urban 
environments, except for c4, which was empirically defined [1].

The main characteristics of the compared methods are summarized in Table 4.1. 
For each method, a moving average filter with length L = 20 is used to eliminate 
abrupt variations in location estimates between adjacent position fixes along the test 
route [37]. A cell identity (CID) location method [7], in which the MS is assumed to 
be located at the best serving cell coordinates, is used as a lower benchmark, since it 
usually has poor accuracy. The location capabilities of three MS positioning methods 
is evaluated using the CDF of the location error, as defined in Section 1.2.8.

Figure 4.7(a) shows the location error CDF for method I in Table 4.1 obtained 
for the three different values of rS (5, 10, and 25m). The location precision is slightly 
lower for rS = 25m. For rS = 5m and rS = 10m, the location precision is approxi-
mately the same. Therefore, 10m is assumed to be a good choice for the CDB planar 
resolution, as it provides approximately the same location precision of rS = 5m, 
while resulting in a CDB four times smaller, which reduces computational complex-
ity and the time to produce each position fix. 

Figure 4.7(b) shows the location error CDF for the three algorithms using a 
CDB with rS = 10m (for method III, this resolution is actually irrelevant). Method I 

5. These NMRs were selected out of a total of 12,920 that were collected. Please refer to Chapter 9.
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4.7 Experimental Evaluations 105

achieves the best overall results, with location errors of 98, 128, and 205m for the 
50th, 67th, and 90th percentiles, respectively. Methods I and II greatly outperform 
the basic CID method. Similar fingerprinting methods using CDBs built from field 
measurements in GSM networks in dense urban areas achieved 94 and 291m for 
the 50th and 90th percentiles in [8] and an average positioning error of 100m in 
[14]. These results show that a fingerprinting location method using a CDB built 
from properly tuned propagation models can achieve a location precision compa-
rable to that achieved with a CDB built from field measurements.

4.7.2 Indoor Test in Wi-Fi Networks

We now present some experiments for a Wi-Fi indoor environment. Figure 4.8 
shows a photograph of the Universidade do Estado do Rio de Janeiro (UERJ) 
main building and the distribution of the 275 measurement points on its 4th 
floor. Two Wi-Fi 802.11g adapters—an Atheros AR5005GS and a TP-Link—
were used to collect the ID and RSS of access points (APs) at a rate of 1 mea-
surement per second. Each measurement contains the ID and RSS of up to 20 

Figure 4.6 Test route in a dense urban area in downtown Rio de Janeiro, Brazil.

Table 4.1 Positioning Methods in GSM Test

Method Type Search Space Reduction Technique Matching Function N d
I Fingerprinting CDB filtering Euclidean distance (4.23) 5 6 dB
II Fingerprinting CDB filtering Spearman distance (4.32) n/a n/a
III Cell identity n/a n/a n/a n/a
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APs. Each adapter collected between 90 to 120 measurements per point. The 
RSS value of each detected AP, averaged during the 90–120-second period, was 
inserted in an Rfing and stored in the CDB. Therefore, two CDBs built from 
field measurements were obtained, one for each adapter, both with 275 ele-
ments. To test the fingerprinting location methods, a single measurement (1 
second) per point was randomly selected to compose target RF fingerprints for 
each adapter.

Three matching evaluating functions were tested: N-dimensional Euclidean dis-
tance (4.23), SAD with penalty factor (4.25), and Spearman distance (4.32). The 
first two functions used a parameter d = 5 dB [6] for considering the effects of RSS 
quantization. Figure 4.9(a) shows the location error CDF obtained when the test 
set and CDB are built using the Atheros adapter. All three distance functions yield a 
median accuracy approximately equal to the measurement point grid spacing (i.e., 
3m). However, the Spearman distance achieves the higher precision, with location 
errors of 2.9, 3.4, and 16m for the 50th, 67th, and 90th percentiles, respectively. 
In the GSM test, method II, which uses Spearman distance, did not yield the best 
results. Ranking correlation achieves the highest precision among other methods in 

Figure 4.7 Location error CDF for field test in a GSM network. (a) Method I with three different rS 
values and (b) fingerprinting methods with rS = 10m.
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Wi-Fi networks but not in GSM networks, probably due to the higher dimensionality 
(i.e., number of anchor cells) of Wi-Fi RF fingerprints: each RF fingerprint collected 
in the Wi-Fi test might have up to 20 APs, while in the GSM test the maximum 
number of cells in a fingerprint is 7. Ranking correlation—as the Spearman dis-
tance—compares sequences of cell IDs ordered by RSS. A longer sequence is more 
likely to be unique (i.e., does not repeat itself at different geographic locations). In 
such conditions, the ranking correlation has a higher probability of correctly iden-
tifying the MS location in comparison to distance functions comparing absolute 
RSS values.

Figure 4.9(b) shows the location error CDF obtained in cross-device operation, 
(i.e., when the test set is built using one adapter (TP-Link) and the CDB is built 
using another adapter (Atheros)). For the cross-device test, two laptops (one with 
a TP-Link Wi-Fi card, another with an Atheros Wi-Fi card) running NetStumbler 
software [38] were placed on a table with wheels. Each measurement for each card 
was taken at the same position at the same time. The precision for the cross device 
experiment is clearly worse than the one for a single device.

Figure 4.8 Indoor location experiment environment; (a) UERJ building and (b) measurement points 
within the 4th floor.
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These results suggest that ranking correlation is capable of improving location 
accuracy in cross-device operation conditions, especially for RF fingerprints with 
higher dimensionality (i.e., with a greater number of RSS values (at least around 
20)). This is also observed when the MS-inherent RSS measurement inaccuracy is 
considered in the evaluation function.

4.8 Summary

This chapter has presented the basic principles of RF fingerprinting, introducing 
the core concepts of such methods: the CDB, the location server, the target and 
reference RF fingerprints, and the matching functions used to compare them. The 
main types of internal structure of CDBs have been analyzed in detail—the uniform 
grid and the indexed list—as well as the strategies used to populate the CDB with 
reference fingerprints: measurement campaigns, propagation modeling, or a com-
bination of both. As well, a connection between the internal CDB structure and the 

Figure 4.9 Location error CDF for a Wi-Fi indoor location system: (a) three different matching func-
tions and (b) cross-device operation.
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strategies used to build the CDB has been established. Several similarity functions 
for pattern matching have been analyzed, including the use of rank correlation to 
mitigate positioning accuracy degradation due to the so-called cross-device effect. 
A technique for search space reduction within the CDB has been studied: CDB 
filtering. Other alternatives using artificial intelligence techniques are described in 
Chapter 9. The chapter ended with experimental results obtained applying some of 
the techniques studied here to two measurement campaigns, one in a GSM outdoor 
network in a dense urban area, and other in Wi-Fi networks in an indoor environ-
ment. RF fingerprinting is actually employed for location services built on different 
wireless networks, and the reference list in this chapter illustrates some of these. 
Some experiments and commercial applications using such techniques are described 
in [10, 39–41].
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C h a p t e r  5

Positioning in Cellular Networks

5.1 Introduction

At first, the main drive behind the development of positioning techniques to support 
location services (LCS) in cellular networks was the need to locate MSs originating 
emergency calls. The FCC issued the first regulation concerning the availability and 
accuracy of emergency calls localization in the United States as far back as 1996 
[1]. In 2002, the European Union adopted a similar approach, but without defining 
minimum precision requirements for the estimated positions [2]. With the advances 
in both the cellular RANs and core networks—particularly with the introduction of 
packet-switching—the mobile telephony operators and vendors devised a myriad of 
new commercial LCS applications. Those included location-based billing, location-
based marketing, location-based social networks, and several other applications 
already described in Chapter 1.

This chapter begins by explaining the intrinsic positioning capabilities available 
in any cellular system and then describes the functions that have been added by 
the Third Generation Partnership Program (3GPP) in the RAN and core networks 
through the generations—from the second (2G) to the fourth (4G)—to support 
enhanced LCS applications. To allow a better comparison, the same structure is 
used for all generations: first, the new network elements are described, then the 
standard localization methods, and finally the most important protocols support-
ing enhanced LCS functions. However, before proceeding, it is necessary to briefly 
review the cellular network evolutionary paths. This chapter also provides informa-
tion about the organization of 3GPP technical specifications, as most of the chapter 
material is based on them.

5.1.1 Brief Review of Cellular Technologies Evolution, from 2G to 4G

5.1.1.1 2G: Digital Voice and Circuit-Switched Data—GSM and IS-95

There were several 2G cellular systems, but the most important ones—the starting 
points of two families of digital technologies, as shown in Figure 5.1—were GSM 
and IS-95, also known as cdmaOne. Both were fully digital and supported voice 
and circuit-switched (CS) data at low rates (up to 14.4 Kbps). Their most important 
difference was in the multiple access technique employed in the RAN: GSM used 
frequency division multiple access (FDMA) and TDMA—200-kHz carriers with 
8 time slots per frame—while IS-95 used FDMA and CDMA—1.23-MHz carriers 
with multiple pseudonoise (PN) codes.
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Figure 5.1 Evolutionary path of the two cellular technologies families: GSM (above) and CDMA (below). This timeline is greatly simplified; many interme-
diary standards have been ruled out. Only the evolutionary cornerstones are represented. The figure also highlights some key features introduced by each 
standard, such as maximum achievable data rates, multiple access, and modulation  techniques.
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GSM started as a pan-European project aiming at developing a cellular system 
that allowed international roaming (at the time there were several standards that 
were not compatible with each other) [3]. GSM introduced the separation between 
the user and the MS identities by introducing a subscriber identification module 
(SIM), which is a chip inserted into the MS.

The CDMA technique was quite revolutionary at the time and achieved the 
highest cell capacity. However, IS-95 chips were produced by Qualcomm, which 
demanded the payment of royalties from hardware manufacturers who wanted to 
produce and sell IS-95 compliant MSs [4]. In the end, this was one of the reasons 
why the CDMA evolutionary path was discontinued [5].

5.1.1.2 2.5G: Introduction of Packet-Switched Data—GPRS and IS-95B

Overtime, data traffic on cellular networks kept increasing and new technologies 
supporting higher rates were demanded. Obviously, something beyond CS data 
was required. The General Packet Radio Service (GPRS) technology introduced the 
packet-switched (PS) domain in the GSM core network. GPRS uses the same modu-
lation scheme of GSM in the RAN—Gaussian minimum-shift keying (GMSK)—but, 
by assigning multiple time slots per user and using more efficient coding schemes, 
reaches higher data rates: up to 170 Kbps in the downlink [6]. In the cdmaOne 
family, packet switching was introduced by IS-95B, with downlink rates of up to 
64 Kbps. IS-95B networks were first deployed in September 1999 in South Korea, 
and after that only in another four countries [7].

5.1.1.3 3G: Improving the Data Rates with EDGE, 1xRTT, and UMTS

Enhanced Data Rates for GSM Evolution (EDGE), Universal Mobile Telecom-
munications System (UMTS) and cdma2000 1x Radio Transmission Technology 
(1xRTT) were the first third generation (3G) systems. While EDGE and UMTS 
belong to the GSM evolution path, 1xRTT is part of the cdmaOne family.

EDGE improved GPRS rates by using a modulation scheme of higher spectral 
efficiency—8-phase-shift keying (PSK), which transmits 3 bits per symbol, while 
GMSK transmits only 1 bit per symbol. Theoretically, EDGE data rates would 
be three times higher than GPRS. In practice, EDGE peak downlink data rate is 
384 Kbps [8].

UMTS share essentially the same core network of GSM/GPRS/EDGE sys-
tems. However, the UMTS RAN is completely different from the GSM/GPRS/
EDGE RAN (GERAN). While the GERAN uses 200 kHz carriers with 8 time 
slots per frame (i.e., both FDMA and TDMA) the UMTS RAN uses wideband 
code division multiple access (WCDMA) on a 5-MHz carrier [9]. Initially, UMTS 
download rates reached up to 384 Kbps, the same peak downlink rate of its pre-
decessor, EDGE.

On the cdmaOne evolution path, cdma2000 1xRTT, defined by IS-2000, 
reached downlink rates of up to 153.6 Kbps by using variable length orthogonal 
codes and quadrature phase-shift keying (QPSK) modulation [10].



116 Positioning in Cellular Networks

ART_Campos_Ch.05.indd                116                                        Manila Typesetting Company                                                                         05/21/2015 ART_Campos_Ch.05.indd                117                                        Manila Typesetting Company                                                                         05/21/2015

5.1.1.4 3.5G: 1xEVDO and HSDPA

The next step on the evolutionary path of the cdmaOne family was 1x Evolution 
Data Optimized (1xEVDO), defined by IS-856 [11]. 1xEVDO uses adaptive modu-
lation and coding (AMC), assigning forward error correction (FEC) codes with 
lower redundancy (i.e., with higher code rates) and modulation schemes of higher 
spectral efficiency1 to users with higher signal-to-noise ratios (SNRs). This feature, 
coupled with sophisticated scheduling algorithms, allow 1xEVDO to achieve a 
peak downlink rate of 2.4 Mbps on a 1.23-MHz carrier. The 1xEVDO carrier 
has the same bandwidth of IS-95 and IS-2000 carriers, but, unlike those earlier 
systems, supports only PS data. On the downlink, 1xEVDO uses TDMA with vari-
able length time slots (whose length is dynamically determined by the scheduling 
algorithm).

In the GSM family, high-speed downlink packet access (HSDPA) significantly 
improved UMTS downlink data rates, using fast physical layer retransmission 
and other techniques similar to those already adopted in 1xEVDO, such as AMC 
and improved scheduling algorithms to increase cell throughput [12]. However, 
as HSDPA runs on UMTS systems with 5-MHz carriers, the maximum achiev-
able rate is much higher than in the 1.23 MHz 1xEVDO carrier: up to 14 Mbps.2 
High-speed uplink packet access (HSUPA), using similar techniques [13], does 
the same thing to the UMTS uplink, reaching data rates of up to 5 Mbps in 
microcells [12].

5.1.1.5 4G: LTE and LTE-Advanced

Originally, the 3GPP 4G system was referred to as System Architecture Evolution 
(SAE), with a core network known as Evolved Packet Core (EPC) and a RAN 
called Long-Term Evolution (LTE). However, the LTE acronym ended up being 
used to designated the whole system. LTE has a RAN and a core network that 
are completely different from previous UMTS systems. LTE core network—the 
EPC—has only the PS domain, so CS voice service is not supported, as shown in 
Figure 5.2. Instead, voice is carried as data using Voice-Over-IP (VoIP) protocol. 
LTE RAN uses orthogonal frequency division multiple access (OFDMA) and car-
riers with up to 20 MHz of bandwidth on the downlink, achieving peak data rates of 
up to 300 Mbps. With a 20-MHz bandwidth, LTE spectral efficiency is 15 bits/Hz, 
which is approximately five times the WCDMA HSDPA Release 5 spectral effi-
ciency. LTE-Advanced pushes the data rates even higher. It achieves up to 3,000 
Mbps in the downlink by combing five 20-MHz carriers, using a total bandwidth 
of 100 MHz [14].

1. Such as quadrature amplitude modulation (QAM) with 16 and 64 symbols.
2. Note that even though the HSDPA downlink rate is six times the 1xEVDO downlink rate, the HSDPA 

spectral efficiency (2.88 bits/Hz) is only 48% higher than 1xEVDO’s (1.95 bits/Hz). However, this com-
parison does not take into account the fact that HSDPA runs on a UMTS carrier shared by PS data and CS 
voice, while the 1xEVDO carrier is reserved for PS data.
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5.1.2 3GPP Technical Specifications Organization

The 3GPP is an ensemble of six standardization groups: Association of Radio In-
dustries and Businesses (ARIB), Alliance for Telecommunications Industry Solu-
tions (ATIS), China Communications Standards Association (CCSA), European 
Telecommunications Standard Institute (ETSI), Telecommunications Technology 
Association (TTA), and Telecommunication Technology Committee (TTC). Those 
groups are referred to as 3GPP Organizational Partners, and they work together to 
issue technical specifications (TSs) and technical reports (TRs) regarding the radio 
access network, the core network, and services of GSM/GPRS/EDGE, UMTS, and 
LTE mobile telephony cellular systems.

The 3GPP specifications are grouped into releases, series and stages, as  follows:

 • Releases. Each new release marks the introduction of new technologies, such 
as UMTS in Release 99 or LTE in Release 8, or important enhancements, 
such as LTE-Advanced in Release 10. Table 5.1 lists 3GPP releases from 
1995 to 2013. Several versions of the same TS might be issued within the 
same release to implement new features3 until the release is frozen. There is a 
parallelism between the development of adjacent releases (until the previous 
release is frozen), which provides time for the vendors and operators to adapt 
to the new release.

3. A list of features per release, from Release 1999 to Release 13 is available in [15].

Figure 5.2 Schematic representation of the GSM/GPRS/EDGE, UMTS and LTE networks. The 
figure shows that GSM and UMTS share the same core network. In a GSM network, the BTS 
is connected to the core network through the base station controller (BSC). In the UMTS net-
work, the Node B is connected to the core network through the radio network controller (RNC). 
The evolved Node B (eNB) in the LTE network has both Node B and RNC functions and is di-
rectly connected to the EPC. GSM and UMTS core network CS domain connects to other public 
switched telephone networks (PSTNs), while the PS domain connects to other packet data net-
works (PDNs). The EPC in LTE has only the PS domain. In both UMTS and LTE, the MS is referred 
to as user equipment (UE).
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Series• . Each series refers to a particular subject and might span one or 
more releases. For example, the GSM RAN features before Release 4 are 
defined in the 05 series. From Release 4 onward they are defined in the 45 
series. In the case of 3G (and beyond) network, the RAN characteristics 
are defined in the 25 series. A table showing all 3GPP specification series 
is available in [16].4

Stages• . Stage 1 specifications define services under a user point of view; 
general requirements are defined without providing details about the imple-
mentation. Stage 2 specifications provide overall information about tech-
nical implementation of the services/features defined in Stage 1. Stage 3 
specifications bring highly detailed technical information that is used by 
network operators and hardware manufacturers/vendors. Stages 1 and 2 
specifications are grouped into series X2 and X3, respectively, where X = 0 
(GSM before release 4), 4 (GSM from release 4 onward), and 2 (3G and 
4G networks).

The title of each TS informs the series, release and version. The general format 
of a 3GPP specification title is TS xx.yyy Vzz.w.u, for series 21 to 55, or TS xx.yy 
Vzz.w.u, for series 01 to 13. The “TS” informs that it is a technical specification. 
The two digit number “xx” informs the series that this specification belongs to. 
The following three digit number “yyy,” or two digit number, for series 01 to 13, 
identify the TS within that series. The letter “V” stands for “version.” The two digit 
number “zz” informs the release the TS applies to. The one digit numbers “w” and 
“u” identify the TS version within release “zz.” A full list of 3GPP specifications 
grouped by release is available in [17].

4. This table is too large and therefore is not reproduced here due to lack of space.

Table 5.1 Frozen 3GPP Releases from 1997 to 2013

Release Spec. Version Number Freeze Date

Rel-11 11.w.u June 2013
Rel-10

(LTE-Advanced)

10.w.u June 2011

Rel-9 9.w.u December 2009
Rel-8

(LTE)

8.w.u December 2008

Rel-7 7.w.u December 2007
Rel-6

(HSUPA)

6.w.w March 2005

Rel-5

(HSDPA)

5.w.u June 2002

Rel-4 4.w.u March 2001
R99 (UMTS/EDGE) 8.w.u (GERAN) 3.w.u (UTRAN) March 2000
R98 7.w.u early 1999
R97 (GPRS) 6.w.u early 1998
R96 5.w.u early 1997
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5.2 Cellular Network Intrinsic Positioning Capabilities

Different levels of location awareness are inherent to any metropolitan area network 
(MAN) with wireless radio access in order to allow call forwarding and packet 
routing to any MS and call and session continuity when the MS moves from one 
BTS coverage area to another. These built-in location capabilities can be extended 
to support value-added LCS applications.

Figure 5.3 depicts the location resolution hierarchy within a GSM cellular net-
work. At the highest level, it is possible to have a very coarse MS location esti-
mate as the geographic area covered by the public land mobile network (PLMN) is 
known. A PLMN comprises a set of mobile switching centers (MSCs). Each MSC 
provides service to a part of the geographic area covered by the PLMN. Conse-
quently, knowing the MSC to which the target MS is connected allows a less coarse 
position estimate. Within each MSC, one or more BSCs manage groups of BTSs. 
Therefore, the geographic area served by an MSC might be divided into smaller 
zones, each associated with a different BSC. Within each BSC, one or more loca-
tion areas (LAs) can be defined. When an MS must be paged, the paging message 
is sent to all BTSs within the LA where the MS is located. When the MS crosses 
LAs boundaries, it notifies the network so that the BSC knows, at all times, within 
which LA the MS is located. Within each LA there are groups of BTSs. A BTS has 
one or more sectors. A sector covers a restricted area whose size and format de-
pend on a number of factors, such as the propagation environment, the transmitter 
output power, the type and height of the antennas, and the losses at the transmitter 
station. As GSM uses TDMA in the RAN, some time alignment between different 

Figure 5.3 Location resolution hierarchy within a GSM cellular network.
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MSs transmissions within the same sector must be implemented. This is achieved 
by means of the timing advance (TA) parameter, which is proportional to the signal 
round-trip time (RTT) between the MS and the serving sector antenna. The TA 
parameter subdivides the serving area of each sector into smaller areas (TA areas). 
A TA area provides the highest achievable resolution for an MS position estimate in 
active mode within a GSM network, using only the parameters ordinarily applied 
to mobility management. For an MS in idle mode, the highest achievable accuracy 
would be the geographic zone covered by the current LA.

The cellular network’s intrinsic positioning capabilities can be enhanced by 
means of specific measurements and signals that are used as support data for the 
position calculation. The following sections show how it is achieved in 2G, 3G, and 
4G cellular networks.

5.3 GSM/GPRS/EDGE LCS Architecture

5.3.1 Network Elements

In the GERAN LCS architecture two network elements have been added to pro-
vide specific support to LCS [18]: the serving mobile location center (SMLC) and 
the location management unit (LMU). A third element, the gateway mobile loca-
tion center (GMLC), has been added to the core network [19]. Figures 5.4 and 
5.5 illustrate how those elements are interconnected in two different positioning 
scenarios.

Figure 5.4 MS-assisted EOTD position fix: the SMLC uses RTD and OTD measurements sent by the 
LMU and the target MS, respectively. This scenario represents a mobile terminated location request 
(MT-LR) [19].
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5.3.1.1 SMLC

The SMLC is part of the GSM BSS and can be either a stand-alone element or 
integrated into the BSC. The SMLC manages the position fix process. It receives 
and relays position location requests to (in the case of network-initiated location 
requests) and from (in the case of MS-initiated location requests) the MS. It also 
receives measurements made by the target MS and by LMUs as well as GNSS sig-
nals that might assist the target MS positioning. The SMLC selects the localization 
technique to be used based on the availability of LMUs and cells and on the specific 
positioning service requirements, such as accuracy and position fix delay, as defined 
by the LCS client [20].5 The SMLC also sends LCS assistance data to the cell broad-
cast center (CBC) so that this data can be broadcast in order to support MS-based 
localization methods [21].

5.3.1.2 LMUs

3GPP technical specifications define two types of LMUs [18]: type A and type B. 
A Type A LMU (LMU-A) is a stand-alone mobile unit equipped with a GNSS re-
ceiver that communicates directly with the BTSs through the Um interface (the air 

5. An LCS client is a logical functional entity (e.g., a software application) that queries the SMLC for one or 
more target MS locations. The LCS client might reside in a network element, such as the MS, the SMLC, 
or the GMLC inside the PLMN or in an external entity. The GMLC is part of the GSM core network and 
establishes the communication between the SMLC and an LCS client located outside the PLMN.

Figure 5.5 Simplified scenario of an MS-assisted A-GPS position fix. The message flow shown here 
is a higher layer abstraction. Some specific position related protocols and messages are described in 
Sections 5.3.3, 5.4.3, and 5.5.3.
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interface). A Type B LMU (LMU-B) is integrated with the BTS and communicates 
directly with the BSC through the Abis interface. BTSs are not synchronized in 
the GERAN; therefore, the LMUs measure the real-time differences between their 
transmissions. These measurements are required in hyperbolic multilateration po-
sitioning. In order to ensure the highest possible localization accuracy, the LMU 
coordinates must be known at all times with a high accuracy level. In the case of 
type A LMUs, this is provided by the built-in GNSS receivers.

LMUs’ time measurement accuracy for positioning methods supported in GSM 
networks under different channel conditions are specified in [22]. The measure-
ment accuracy of the LMU is defined as the standard deviation of the 90% most 
accurate time measurements (this is also referred to as RMS90). Measurements are 
performed at two carrier-to-noise (C/N) ratios (0 and 20 dB) for two different chan-
nel conditions (static and mobile with Rayleigh fading). The lowest RMS90 value, 
which is obtained for a static MS with C/N = 20 dB, is 0.1 ms.

5.3.1.3 GMLC

The GMLC allows communication of the SMLC with LCS clients external to the 
PLMN. The GMLC implements functions such as charging and billing data for 
LCS, coordinates system transformation (between the coordinate system adopted 
at the SMLC and the one used by the external LCS client), as well as verification 
and authorization (i.e., it verifies if the LCS client is allowed to locate the target 
MS) [19].

5.3.2 Standard LCS Methods

GSM/GPRS/EDGE LCS architecture has four standard positioning methods [18]: 
TA, enhanced observed time difference (EOTD), uplink time difference of arrival 
(UTDA), and GNSS based (autonomous and assisted modes).

5.3.2.1 TA

TA positioning is also called enhanced cell identity (ECID) [23]. It has already been 
studied in Chapter 1, where its was classified as a centroid method called centroid 
of the angular ring section. Pure CID localization returns the coordinates of the 
serving sector as the target MS location estimate. The use of the TA parameter—
which is proportional to RTT and originally applied to align the MS transmissions 
within a sector, avoiding overlapping of transmissions of MSs on adjacent slots 
at the reception—allows to reduce the uncertainty area, as shown in Figure 1.12, 
therefore improving the positioning accuracy. The TA parameter can be used to 
restrict the uncertainty area of all the other supported localization methods [18].

5.3.2.2 EOTD

EOTD is a hyperbolic multilateration positioning method. Hyperbolic methods rely 
on TDOA measurements to estimate the target MS position. There is a TDOA 
measurement for each pair of reference nodes, yielding a hyperbolic line-of-position 
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(LOP), with the two reference stations as focuses. As two hyperbolas might inter-
cept at two points, at least three hyperbolic LOPs—and therefore four reference 
nodes—are required to yield an unambiguous position fix. If available, more 
than four reference nodes might be involved in an EOTD position fix in or-
der to improve accuracy. Two types of EOTD localization are supported in the 
GERAN [23]:

MS-assisted: the MS sends measurements to the SMLC, which then calcu-• 

lates the MS position;
MS-based: the MS calculates its position using assistance data broadcasted • 

by the network.

Unlike the cdmaOne RAN, whose BTSs transmissions are kept tightly synchro-
nized using GPS signals as a time reference, the GERAN is asynchronous. There-
fore, time corrections are required before using TDOA measurements. These time 
corrections are provided by the LMUs and are called real-time differences (RTDs). 
Consider that bursts sent from two BTSs, BTS1 and BTS2, are received at a nearby 
LMU at instants t1 and t2, respectively. The BTSs coordinates as well as the LMU 
coordinates must be known with a high level of accuracy.6 The RTD between BTS1 
and BTS2, as measured by the LMU, is given by

 12 12 12RTD OTD GTD= −  (5.1)

where OTD12 is the observed time difference (OTD) at the LMU between the re-
ception of bursts from BTS1 and BTS2 (i.e., OTD12 = (t1 – t2)), and GTD12 is the 
geometric time difference (GTD) at the LMU between the reception of bursts from 
BTS1 and BTS2. The GTD is calculated assuming LOS paths between each BTS and 
the LMU. It is given by

 12 1 2( )L LGTD d d c= −  (5.2)

where c is the speed of light in free space and dL1 and dL2 are the LOS distances 
between the LMU and BTS1 and BTS2, respectively. These distances are given by

 2 2( ) ( )Li L i L id x x y y= − + −  (5.3)

where (xL,yL) are the LMU coordinates7 and (xi,yi) are the BTSs coordinates, with 
i = 1, 2.

6. Type B LMUs are fixed, as they are integrated with BTSs, so their precise coordinates might be obtained 
directly from a map. Type A LMUs are mobile, so the most accurate available positioning method— typically 
GPS—must be used to obtain their coordinates. Inaccuracies in the coordinates of the reference nodes and 
LMUs used in the position fix might severely impair the position location accuracy [23].

7. In the case of type B LMUs, their coordinates coincide with the coordinates of the BTSs with which they 
are integrated.
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Let us consider an example of an MS-assisted EOTD position fix, as shown in 
Figure 5.4 [18]. An external LCS client sends a location request (LR) to the SMLC 
through the GMLC. The SMLC, based on an initial coarse estimated position of the 
target MS—for instance, its current LA—selects which BTSs and LMUs will be used 
in the position fix. The SMLC then orders the selected BTSs to send bursts, which 
are received by the selected LMUs8 and by the target MS. The LMUs measure the 
RTD between the BTS transmissions. The target MS measures the OTD between 
the BTS transmissions. The RTD and OTD values are sent back to the SMLC, 
which then uses theses values to calculate the target MS position. Each pair of refer-
ence BTSs yields a hyperbolic LOP given by

 2 2 2 2( ) ( ) ( ) ( ) GTDi i j j ijx x y y x x y y c− + − − − + − = ⋅  (5.4)

where (xi,yi) and (xj,yj), i, j = 1, . . . , N, i ¹ j, are the reference BTSs coordinates, 
and N is the number of reference BTSs used in the position fix; (x,y) are the target 
MS coordinates. Rearranging the terms in (5.1), GTDij is given by

 GTD OTD RTDij ij ij= −  (5.5)

At the SMLC, a system of at least three hyperbolic LOPs, as given by (5.4), 
is obtained. As already seen in Chapter 2, such a system does not have a closed-
form solution due to NLOS propagation and system inaccuracies. Some of the 
approximation methods detailed in Chapter 2 might be used to calculate the 
target MS position, ( ˆ ˆ,x y), which is then sent by the SMLC back to the external 
LCS client through the GMLC. The LMUs do not need to measure and report 
RTD values to the SMLC at every position fix—the SMLC might use previously 
reported values. However, a RTD update rate must be defined, as RTD between 
BTSs tend to vary along time due to the time drift between the clocks of asyn-
chronous BTSs [21].

To support MS-based EOTD position fixes, the SMLC broadcasts through 
the CBC assistance data to allow the MS to calculate its position. Some of 
the contents of the broadcast EOTD assistance message include neighbor cells 
RTD values, RTD drift factor values, serving cell, and neighbor cell geographic 
 coordinates [21].

5.3.2.3 UTDOA

Like EOTD, UTDOA is also a hyperbolic multilateration positioning technique. 
However, unlike EOTD, which requires software updates at the MS so that it can 
measure and report OTD values, UTDOA does not require any modification at 
the MSs [19]. Accordingly, at least theoretically, it is capable of locating any MS 
within the network. The ability to locate any terminal, regardless of any built-in 

8. In the example, for the sake of simplicity, just one LMU-A is used, but more LMUs might be involved in 
the position fix.
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hardware features or software updates, is particularly important in scenarios such 
as emergency call localization [24]. Nevertheless, UTDOA requires the deployment 
of more LMUs,9 and a common clock reference for the LMUs (which means that 
all of them need a GPS receiver). As well, UTDOA generates an extra signaling load 
in the network due to the exchange of coordination messages between the serving 
BTSs and the LMUs [23].

In UTDOA, LMUs measure the TOA of bursts ordinarily generated by the MS 
while in dedicated mode.10 The LMUs share the same clock reference, so it is pos-
sible to calculate the TDOA between pairs of LMUs, each one yielding a hyperbolic 
LOP whose focuses are located at the LMUs’ coordinates (which are known). With 
at least three TDOA measurements—and therefore four LMUs—it is possible to 
obtain an unambiguous position estimate.

5.3.2.4 GNSS-Based Positioning

The most widespread GNSS currently in use is GPS. The GPS system comprises 
three segments [25]: (1) the space segment, composed of a constellation of up to 
32 medium-altitude Earth orbit (MEO) satellites,11 (2) the control segment, com-
prising all nine ground stations involved in the system monitoring and the user 
segment, composed of all military and civilian GPS receivers. The satellites are 
equipped with highly precise atomic clocks and transmit at two carrier frequencies—
 L1 and L2, at 1575.42 and 1227.6 MHz, respectively. These carriers are modulated 
by long PN code sequences and a navigation message. Each satellite transmits this 
long PN code sequence with a different offset to allow satellite identification at 
the GPS receiver. The navigation message contains data about the satellite orbit 
and a series of parameters, such as ionospheric delay and clock synchronization 
correction factors, which are used by the GPS receiver in the position calculation. 
GPS localization is a 3D circular multilateration technique where the GPS receiver 
must have a clear view of at least four GPS satellites in order to be able to yield an 
unambiguous position fix.12 The number and geometric disposition of the visible 
satellites affect the positioning accuracy. GPS and other GNSS are studied in detail 
in Chapter 7.

GPS-enabled MSs might operate in autonomous or assisted mode. In autono-
mous mode, the MS calculate its position using the GPS signals without any interac-
tion with the PLMN. In assisted mode, also referred to as assisted GPS (A-GPS), the 
MS receives assistance data from the PLMN and calculates its position (MS-based) 
or sends measurements back to the SMLC (MS-assisted). The assistance data might 

9. To improve positioning accuracy in EOTD, more geographically dispersed BTSs are required; in the case 
of UTDOA, more geographically dispersed LMUs are necessary for that same purpose.

10. Circular multilateration is not viable in this scenario, as the instant when the MS transmitted its burst can-
not be known. There is no synchronization between LMUs and MSs. See Chapter 2, Section 2.2.2.

11. MEO satellites have circular orbits with an altitude ranging between 5,000 and 20,000 km [26].
12. In fact, four GPS satellites do not give a unique position fix for three space dimensions plus time, since 

four second-order equations with four unknowns can have two solutions. However, one of the solutions 
can be discarded by dead reckoning, and an unambiguous position estimate over the Earth’s surface is 
obtained.
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enable the use of combined signals from other GNSS constellations as well, such as 
GLONASS and Galileo [18].

In autonomous mode, the MS is equipped with a fully functional GPS receiver 
and is capable of calculating its position without any communication with the cellu-
lar network. However, this mode has some disadvantages. Without assistance data 
from the PLMN, the MS has to scan the entire code phase (from 0 to 1,023 chips, 
which is the PN code length) and frequency (from –4 to +4 kHz around the carrier 
frequencies to account for the Doppler shift) spaces to identify which satellites are 
visible at its current location. This increases the TTFF, which in conventional GPS 
receivers might be longer than 10 minutes [19]. This also increases handset power 
consumption, reducing the MS battery lifetime.

In assisted mode, or A-GPS positioning, the MS receives assistance data from 
the cellular network. The GPS Assistance Data Message includes the list of satel-
lites that are visible at the target MS’s current location—the network is capable 
of starting with a coarse estimate of the MS location, as explained in Section 5.2, 
as well as Doppler shift corrections for each satellite. With that information, the 
MS can greatly reduce the code phase and frequency search window, reducing 
the TTFF to only a few seconds [19]. This also increases MS battery lifetime. The 
assistance data also helps the MS demodulating satellites signals that would be 
unusable in autonomous mode, increasing LCS availability—even, in some cases, 
in indoor environments. The GPS Assistance Data Message also includes DGPS 
corrections. DGPS data must be transmitted frequently to the MS (approximately 
every 30 seconds). The full contents of the GPS Assistance Data Message are listed 
in [21].

The operation of A-GPS requires the establishment of a GPS reference network, 
also known as a wide-area reference network (WARN), whose receivers are placed 
at fixed known locations and with a clear view of the sky, so that they can operate 
continuously [19]. Each fixed GPS receiver uses the satellites signals to estimate its 
position and compare this estimate with its ground-truth position, which has been 
previously surveyed to a high degree of accuracy. This comparison yields differential 
correction factors that are provided to the SMLC when requested. DGPS improves 
the positioning accuracy to under 5m. The WARN also provides information such 
as which satellites are visible over a given area at a given time, Doppler shifts, and 
ionospheric delays.

Figure 5.5 shows a simplified diagram of the information flow between the LCS 
client, the SMLC, the WARN, and the target MS during an MS-assisted A-GPS 
position fix. Initially, the SMLC receives a location request originated from an 
LCS client via the GMLC (which is not shown in the diagram). The SMLC then 
requests and receives DGPS corrections and assistance data (such as list of visible 
satellites, Doppler shift corrections, and code phase search window) [19] from the 
WARN. The SMLC broadcasts the assistance data in the A-GPS Assistance Data 
Message through the CBC (which is also not shown in the diagram). The target 
MS uses this information to calculate the pseudoranges to the visible satellites. 
The pseudoranges are sent to SMLC, where the MS position is calculated using 
the DGPS corrections previously provided by the WARN. Then, the estimated MS 
coordinates are sent back to the LCS client.
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5.3.3 Radio Resource LCS Protocol

Radio Resource LCS Protocol (RRLP) is the specific LCS protocol in GSM/GPRS/
EDGE networks. RRLP is part of Layer 3 of the GSM protocol stack and allows 
the exchange of LCS related messages between two entities: the SMLC and the 
MS. RRLP supports three procedures (Position Measurement Procedure, Assistance 
Data Delivery Procedure and Error Handling Procedure) implemented by means of 
five message (or component) types [27]:

Measure Position Request: used by the SMLC to request location measure-• 

ments (in MS-assisted positioning) or location estimates (in MS-based posi-
tioning) from the MS;
Measure Position Response: used by the MS in response to a Measure Posi-• 

tion Request; it contains location measurements, location estimates, or an 
error indicator;
Assistance Data: used by the SMLC to send EOTD or A-GPS assistance data • 

to the MS;
Assistance Data Acknowledgment: used by the MS to acknowledge the cor-• 

rect reception of a complete Assistance Data component;
Protocol Error: used by the receiving entity to notify the sender entity that • 

there is a problem that prevents the completion of a requested procedure;

The Assistance Data Delivery Procedure allows the SMLC to send assistance 
data to the MS for location measurements (in MS-assisted mode) or location calcu-
lation (in MS-based mode). The message flow between the two entities (SMLC and 
MS) in this procedure is shown in Figure 5.6. First, the SMLC sends one or more 
Assistance Data messages to the MS. If there is any error in the received messages or 
any condition that prevents the MS from sending back the requested information, a 
Protocol Error message is sent to the SMLC. Otherwise, the MS sends an Assistance 
Data Acknowledgment message to confirm correct reception of the Assistance Data 
message.

Figure 5.6 RRLP Assistance Data Delivery Procedure.
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The Position Measurement Procedure allows the SMLC to request and receive 
location measurements and location estimates from the MS.13 The message flow 
between the two entities (SMLC and MS) in this procedure is shown in Figure 5.7. 
First, the SMLC sends a Measurement Position Request, which might be preceded 
by an Assistance Data Delivery Procedure. The MS receives the request and tries to 
provide the required information. If any problem occurs, a Protocol Error message 
is generated. If not, the MS sends a Measurement Location Response containing 
the requested data.

When a receiving entity—either the SMLC or the MS—detects that some data 
is missing or receives erroneous data, a Protocol Error message is sent with an error 
code indicating the error type, as listed in Table 5.2.

13. According to the 3GPP definition of this procedure [27], only mobile terminated location requests (MT-LRs) 
are supported by RRLP [19].

Figure 5.7 RRLP Position Measurement Procedure.

Table 5.2 RRLP Error Codes

Error Code Description

0 Undefined
1 Not enough BTSs
2 Not enough satellites
3 EOTD location assistance data missing
4 EOTD assistance data missing
5 A-GPS location assistance data missing
6 A-GPS assistance data missing
7 Method not supported
8 Not processed
9 Ref. BTS for GPS not serving BTS
10 Ref. BTS for EOTD not serving BTS
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5.3.3.1 RRLP Privacy Issues

In MS-based positioning, upon reception of a Measure Position Request, the MS 
replies with a Measure Position Response message containing its location. How-
ever, no authentication is used. As a result, a third party might act as the SMLC, 
send a Measure Position Request message, and obtain the target MS coordinates. 
It is not an identity privacy violation in itself, because in order to send the RRLP 
messages to the MS, the eavesdropper already has the target MS unique identifier 
(the International Mobile Subscriber Identity (IMSI)) [28]. However, this is a viola-
tion of location privacy. It is even more serious as the subscribers may not even be 
aware that an RRLP session is taking place. The RRLP location privacy weaknesses 
were exposed during a large GSM field test carried at the 2009 Hacking at Random 
(HAR) conference [29]. The GSM test network comprised two microcells connected 
through an E1 trunk to a server running the OpenBSC software.14

5.4 UMTS LCS Architecture

5.4.1 Network Elements

GSM/GPRS/EDGE and UMTS networks have completely different RANs but share 
most core network elements. As a result, the same elements defined for 2G networks 
remain in the 3G LCS implementation: the LMUs, the GMLC, and the SMLC, 
which in 3G networks are incorporated into the RNC [30]. Only one new network 
element was added, the positioning element (PE), in order to improve the accuracy 
and availability of hyperbolic multilateration in WCDMA networks. PEs are used 
in the OTDOA-PE method, which is described in the following section.

5.4.2 Standard LCS Methods

UMTS LCS architecture has four standard positioning methods [31]: CID-based, 
observed time difference of arrival with idle period in the downlink (OTDOA-
IPDL), UTDOA, and GNSS-based (autonomous and assisted modes). Some other 
methods were indicated for further development in Release 4 [32], such as AOA, 
OTDOA-PE, and Almanac-based DGPS method (DGPS-A), which is an improve-
ment to previous A-GPS positioning.

5.4.2.1 CID-Based Positioning

CID positioning, also known as COO, has been described in Chapter 1 as a proximity-
 based method because it returns the geographic coordinates associated with the 
serving cell (which is assumed to be the closest to the target MS) as the MS location 
estimate. These coordinates might be the location of the antennas—and not that 
of the Node B equipment—or the centroid of the cell coverage area. Additional 
parameters, such as RTT or RSS, can be used to enhance the positioning accuracy 
of CID.

14. OpenBSC is an open source software implementation of the GSM network side protocol stack [33].
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One of the ECID alternatives, CID+RTT, achieves a much higher precision in 
UMTS than in GSM networks due to the much higher bandwidth in WCDMA. 
A higher bandwidth implies higher bit rates, and therefore, shorter bit periods. 
This improves the spatial resolution of RTT values from 554m in GSM to 78m in 
WCDMA. This better spatial resolution helps reduce the confidence region, which 
results in higher positioning accuracy. RTT spatial resolution in UMTS can be fur-
ther improved by means of oversampling. Oversampling factors down to 1/16 of 
the chip period are supported [34]. However, sampling rates higher than four times 
the chip rate (which would result in a spatial resolution of approximately 20m) are 
unusual in practical scenarios [35].

5.4.2.2 OTDOA-IPDL

CDMA and WCDMA might suffer from a condition referred to as the near-far 
problem: the reception at the UE of strong signals from a nearby BTS might make 
it impossible to detect and demodulate the signals from more distant BTS. This 
happens because, as all cells share the same downlink frequency, in the reception of 
the signals of a given cell the energy sum of signals from all other cells act as noise. 
If one cell—the near one—is received with a very high energy, the SNR of a distant 
cell—the far one—will be very low.

In downlink hyperbolic multilateration methods, such as EOTD, the UE must 
detect the TOA of signals from at least four geographically dispersed cells. The 
near-far problem might prevent the UE from achieving this minimum number of 
measurements required to obtain an unambiguous position fix. In fact, EOTD 
would be usable only at the border of each cell coverage area [32].

In order to prevent this problem in UMTS, 3GPP has proposed OTDOA-IPDL, 
which is an adaptation of EOTD positioning to WCDMA networks. OTDOA-
IPDL uses idle periods in the downlink. The idle periods of different cells might be 
time-aligned or randomly distributed. During an idle period, a cell will transmit 
only the synchronization channel or nothing at all, depending on the idle period 
configuration (continuous mode or burst mode). A UE will use the idle periods 
of its serving cell to obtain TOA measurements from other cells. OTDOA-IPDL 
improves the hearability of OTDOA, minimizing the near-far problem. OTDOA-
IPDL with time-aligned idle periods has another advantage: as the UE is making 
TOA measurements during periods where all neighbor cells are transmitting only 
the common pilot channel (CIPCH), the method’s availability is not affected by the 
RAN traffic (the energy sum of signals from cells with heavy downlink traffic would 
overcome the weaker signals of cells with low traffic) [32].

Even though OTDOA-IPDL improves OTDOA availability, it is still hard to 
obtain measurements from at least four cells in a UMTS network. In fact, this is 
caused by one of the most fundamental aspects of WCDMA networks planning; 
that each cell must have a dominant area where its signal overcomes the signals 
from neighbor cells. Simulations indicate that OTDOA-IPDL improves OTDOA 
availability from 31% (when no idle periods are used) to 74%, which is a signifi-
cant improvement, but whose final result is still insufficient. To improve accuracy, 
OTDOA positioning must be used in conjunction with other methods, such as 
ECID [9].
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5.4.2.3 UTDOA

UTDOA positioning in 3G networks is done the same way as in 2G networks. 
Please refer to Section 5.3.2.

5.4.2.4 GNSS-Based Positioning

GNSS-based positioning in 3G networks is done the same way as in 2G networks. 
Please refer to Section 5.3.2.

5.4.2.5 AOA

AOA positioning, also known as multiangulation, is described in detail in Chapter 
2. Its deployment in cellular networks requires the installation of antenna arrays 
at Node Bs’, which might be quite expensive and time-consuming. As previously 
mentioned, this positioning method suffers heavily from NLOS propagation, and is 
therefore of little use in dense urban environments.

5.4.2.6 OTDOA-PE

A further improvement to OTDOA was proposed by 3GPP, which is the intro-
duction of PEs that transmit short three-symbol identifier codes during the Node 
B idle periods. OTDOA-PE is therefore OTDOA-IPDL with the use of PEs. PEs 
are handheld-sized elements accessible only through the air interface. They are 
registered in the network just like other UEs and some operators reserve IMSI 
ranges to be assigned to them. PE coordinates must be accurately known. They 
must be placed at reference points other than the Node Bs locations. Each PE is 
attached to a Node B—hereafter referred to as its serving Node B—and is syn-
chronized with it. PEs transmit in the downlink channel and their signals, upon 
reception at the UEs, provide TOA measurements to be used in the hyperbolic 
multilateration [32].

The greater advantage of OTDOA-PE over EOTD is that, as the PEs are syn-
chronized with the serving Node B, there is no need to measure RTD values with 
LMUs. As previously mentioned in Section 5.3.3, RTD values are broadcasted by 
the SMLC through the CBC as positioning assistance data. However, RTD values 
between pair of BTSs must be periodically updated due to the clock drift between 
different BTSs. This LMU and RTD complication is eliminated with OTDOA-PE. 
For a better understanding and comparison of EOTD and OTDOA-PE, consider 
Figures 5.8 and 5.9.

Figure 5.8(a) shows the geometry of an EOTD positioning with four BTSs (for 
the sake of simplicity, let us assume that they all have just one sector, so each BTS 
corresponds to a cell) and an LMU, all placed at known coordinates. In order to 
obtain an unambiguous position estimate, the TDOA between at least three pairs 
of cells must be calculated (and therefore a minimum of four geographically dis-
persed cells is needed). Figure 5.8(b) shows this calculation along a timeline for 
BTS2 and BTS4. Their transmissions are not synchronous, so the control channel 
frames transmission at BTS2 and BTS4 start at instants tS2 and tS4, respectively. 
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Figure 5.8 (a) EOTD positioning scenario, with four single-cell geographically dispersed BTSs and 
an LMU, all placed at known coordinates. Note that ri, i = 1,2,3,4, indicate the distance between BTSi 
and the MS, and that si, i = 1,2,3,4, indicate the distance between BTSi and the LMU. (b) Timeline 
of the ETOD positioning scenario, assuming LOS between all elements.
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The RTD between BTS2 and BTS4 is RTD24 = (tS4 – tS2). The signal from BTS2 
takes r2/c seconds to reach the MS, where r2 is the distance between the MS and 
BTS2 and c is the speed of light in free space. It is detected at the MS at instant t2. 
The signal from BTS4 takes r4/c seconds to reach the MS, being received at instant 
t4 = (r4/c + RTD24). The MS then obtains the OTD between the reception of the 
signals from BTS2 and BTS4, OTD24 = (t4 – t2). At the LMU, signals from BTS2 
and BTS4 are detected at instants t’2 = s2/c and t’4 = (s4/c + RTD24). Therefore, the 
LMU obtains RTD24 = (t’4 – t’2) – GTD24, where GTD24 = (s4 – s1)/c. Distances s4 
and s1 are known because the coordinates of both BTSs and the LMU are known. 
OTD24, measured by the MS, and RTD24, measured by the LMU, are then reported 
back to the SMLC.

Figure 5.9 (a) OTDOA-PE positioning scenario, with one single-cell Node B and three geographi-
cally dispersed PEs, all placed at known coordinates. Note that ri, i = 1,2,3,4, indicate the distance 
between PEi and the UE and that si , i = 1,2,3,4, indicate the distance between PEi and Node B; L is 
the distance between the Node B and the UE. (b) Timeline of the OTDOA-PE positioning scenario 
assuming LOS between all elements.
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Figure 5.9(a) shows the geometry of an OTDOA-PE positioning, with one 
single cell Node B and three PEs (as a minimum of four reference points is needed 
to provide three hyperbolic LOPs), all placed at known coordinates. The TDOA 
measurements are made between the serving Node B and each PE. Figure 5.9(b) 
shows this calculation along a timeline for the Node B, PE1, and PE2. The control 
channel frame transmission at the Node B starts at instant ts and is received at 
PE1 and PE2 at instants ta and tb, respectively, where ta = s1/c and tb = s2/c. Each 
PE starts the transmission of its identifier code at instants t’a and t’b, T seconds 
after the detection of the Node B SOF. The Node B signal is detected at the UE 
at instant t0 and the codes of the PEs are received at the UE at instants t1 and t2, 
where t0 = L/c, t1 = (s1/c + T + r1/c) and t2 = (s2/c + T + r2/c). The UE then obtains 
OTDOA1 = (t1 – t0) and OTDOA2 = (t2 – t0). As the PEs are synchronized with 
the serving Node B, it is not necessary to calculate RTD values, so LMUs are not 
needed. Note that the PE transmissions are carried out during the serving Node 
B idle period.

5.4.2.7 DGPS-A

As already mentioned in Sections 5.3.2 and 5.3.3, A-GPS assistance data on 2G 
systems already include DGPS corrections. Those are ephemeris-based DGPS 
(DGPS-E) corrections that are used to compensate for deviations in satellite or-
bits, clock drift, and atmospheric perturbations. 3GPP recommends the augmenta-
tion of these DGPS assistance data, also providing to the UE almanac-based DGPS 
(DGPS-A) corrections. The combination of DGPS-E and DGPS-A corrections result 
in a lower assistance data update rate [32], which results in less additional network 
load and longer UE battery lifespan.

5.4.3 Radio Resource Control Protocol

Radio Resource Control (RRC) is a UMTS Layer 3 protocol that handles control 
plane signaling between the UE and the UTRAN. RRC supports the exchange of 
position-related messages, such as assistance data and position measurements, 
of EOTD and AGPS methods. However, RRC is not a protocol designed solely 
for positioning. It includes many other functions such as outer loop power con-
trol and paging notification. As it is not a positioning specific protocol, we are 
not going to get into details of RRC here. For further information, please refer 
to [36].

5.5 LTE LCS Architecture

5.5.1 Network Elements

Support to LCS in LTE networks was introduced only in Release 9 [14]. Essentially, 
the same specific positioning-related network elements present in 2G and 3G 
networks are also present in 4G networks. However, the SMLC in LTE is called 
Evolved SMLC (E-SMLC). It has the same basic functions of the 2G and 3G SMLC, 
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but with support to the enhanced positioning features in LTE, such as hybrid local-
ization and geofencing [37].

5.5.2 Supported Positioning Methods

The standard LCS methods in LTE are ECID, A-GNSS, and OTDOA (also referred 
to in LTE as downlink positioning) and UTDOA (also referred to in LTE as uplink 
positioning) [38]. ECID, as already stated in Sections 5.3.2 and 5.4.2, enhances 
CID accuracy by adding reference data to the position fix, such as RSS levels and 
RTT values. The difference is that the LTE Positioning Protocol (LPP), unlike RRLP 
(in 2G networks) and RRC (in 3G networks), supports ECID. In LTE, A-GNSS 
effectively is not just A-GPS: LPP also supports the Russian GLONASS [39] and is 
designed to be forward-compatible with future constellations (such as Galileo, still 
not fully operational). OTDOA in LTE uses position reference signals transmitted 
in antenna port 6 [14]. Reference signals in LTE do not convey any higher layer in-
formation, existing only at the physical layer. An antenna port is a logical mapping 
of OFDMA channels rather than a physical antenna.

5.5.3 LPP

LPP is the positioning protocol in LTE networks. It is designed to be forward-
compatible with future access networks to prevent piling up several position-
ing protocols through the generations to come. It supports ECID, A-GNSS, and 
OTDOA, as well as hybrid localization to improve accuracy. Unlike previous 
protocols, such as RRLP and RRC, which support only control plane positioning, 
LPP also can be used in user plane positioning [38, 39]. Control plane positioning 
uses dedicated control channels to convey location-related information (assis-
tance data and position estimates). It is considered more reliable and faster, so 
it is used in emergency call locations [40]. Control plane positioning can be car-
ried out without user intervention or even without user awareness.15 User plane 
positioning transfers location data into Internet Protocol (IP) datagrams using 
end-user applications. In LTE, user plane positioning is implemented by version 
2.0 of the Secure User Plane Location (SUPL) protocol. SUPL 2.0, however, does 
not reinvent the wheel. It is built on control plane protocols such as LPP, RRC, 
and RRLP.

LPP is a point-to-point protocol between the UE and the E-SMLC. However, it 
has an extension, the LPP Annex (LPPa), which is specified only for control plane 
procedures between the eNB and the SMLC [41]. Referring to the Open Systems 
Interconnection (OSI) network model, LPP is an application layer protocol, while 
LPPa is a network layer protocol. LPPa has two modules: Location Information 
Transfer Procedures and Management Procedures (error handling). LPPa supports 
ECID, OTDOA and UTDOA [42].

As shown in Figure 5.10, LPP conveys position-related data between the UE 
and the E-SMLC in control plane positioning or between the SET (SUPL Enable 

15. Refer to Section 5.3.3.1, which details RRLP privacy issues.
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Terminal) and the SLP (SUPL Location Platform) in user plane positioning. LPP 
uses six types of procedures or transactions, arranged in three groups [39]:

Procedures related to capabilities exchange: Capabilities Transfer and Capa-1. 
bilities Indication procedures;
Procedures related to assistance data exchange: Assistance Data Transfer 2. 
and Assistance Data Delivery procedures;
Procedures related to location information exchange: Location Information 3. 
Transfer and Location Information Delivery procedures.

LPP is also capable of detecting and reporting several specific error conditions, 
mostly in the positioning assistance data.

Figure 5.10 LPP conveying location-related information between the UE and E-SMLC (or between 
the SET and the SLP, in user plane positioning). In the case of UE-based positioning, the UE sends its 
location estimate to the E-SMLC; in the case of UE-assisted positioning, the UE sends measurements 
(from GNSS constellations, from the LTE network, or from both, in the case of OTDOA+A-GNSS 
hybrid positioning).
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An example of a full LPP session is shown in Figure 5.11. It shows a control 
plane network initiated location request (NI-LR). The first procedure is the Capa-
bilities Transfer, which starts with the server (in the case of a NI-LR, the SMLC) 
sending a Request Capabilities Message, requesting the target UE to report the posi-
tioning methods it supports. The UE replies with a Provide Capabilities Message. 
The server then ends this transaction with an acknowledgment message (ACK). 
Next, the UE starts an Assistance Data Transfer procedure, sending a Request As-
sistance Data message. The server must then reply with one or more Provide Assis-
tance Data message. After correctly receiving and decoding each Provide Assistance 
Data message from the server, the UE replies with an ACK. After sending all neces-
sary assistance data to the UE, the E-SMLC commences a Location Information 

Figure 5.11 Example of a NI-LR LPP session: (a) Capabilities Transfer procedure, (b) Assistance Data 
Transfer procedure and (c) Location Information Transfer procedure.
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Transfer procedure, sending a Request Location Information message. The UE then 
replies with one or more Provide Location Information messages, containing its 
estimated coordinates (in the case of UE-based positioning) or position-related mea-
surements (in the case of UE-assisted positioning).

In the case of a UE-initiated LR (the UE wants to locate itself), the UE starts the 
LPP session with a Capabilities Indication procedure, sending a Provide Capabilities 
message. Note that, unlike in the previous NI-LR example, the Provide Capabilities 
message is sent autonomously by the target device and not as a response to a Re-
quest Capabilities message sent by the E-SMLC. The same applies to the Location 
Information Delivery procedure, when the UE sends unsolicited location informa-
tion to the server. On the other hand, in the Assistance Data Delivery procedure, the 
server sends an unsolicited Provide Assistance Data to the UE.

5.6 Summary

This chapter has presented the positioning capabilities in cellular networks, start-
ing with the intrinsic localization support, inherent to any cellular system, and then 
passing through the specific features added by 3GPP—network elements, supported 
positioning methods, and protocols—from the second until the fourth generation. 
The mathematical basis of some of the methods presented here, such as EOTD, 
were previously detailed in Chapter 2. This chapter also included a section explain-
ing the organization of 3GPP Technical Specifications and provided a quick review 
on cellular network evolutionary paths.
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C h a p t e r  6

Positioning in Wireless Local Area 
Networks and Wireless Sensor Networks

6.1 Introduction

This chapter studies RF positioning in ZigBee IEEE 802.15.4 wireless sensor net-
works (WSNs) [1] and IEEE 802.11 (Wi-Fi) wireless local area networks (WLANs) 
[2]. Both Institute of Electrical and Electronics Engineers (IEEEs) specifications are 
used in the physical layer and medium access control (MAC) sublayer of those 
networks. The ZigBee Alliance has extended IEEE 802.15.4, defining the remain-
ing layers up to the application layer [3]. Since 1997, when the first IEEE 802.11 
Wi-Fi networks became available, WLANs based on that standard have spread 
enormously. Today, Wi-Fi networks are becoming ubiquitous in domestic, corpo-
rate, and public areas.1 This fact, coupled with the availability of Wi-Fi-enabled 
smartphones, makes positioning of MSs in WLANs a crucial issue. This is even 
more relevant if one considers that in a typical indoor environment, such as 
a multifloor building, GPS signals are usually unavailable. Moreover, in such 
environments, unless dedicated indoor BTS or repeaters are deployed, cellular 
network coverage is also often poor. In that case, the use of Wi-Fi signals become 
an important option for MS localization. Nonetheless, Wi-Fi positioning is not 
restricted to indoor environments, as some examples presented in Section 6.3 
make clear.

In Wi-Fi networks, MS positioning might be of interest to commercial and 
sometimes even to security applications. However, when it comes to WSNs, node 
positioning might be essential to the network operation [4]. WSNs are typically 
composed of a vast number of sensors spread throughout a large area. They usually 
collect and report environmental measurements, such as temperature and humid-
ity, among many others. These measurements must be geographically referenced, 
but most of the time the sensors are randomly spread throughout the service area. 
Consequently, their locations are not known a priori. Therefore, node positioning is 
needed. In WSNs, due to the power and range limitations of the nodes, this presents 
a whole different problem than in WLANs. Some of the proposed approaches to 
handling this problem are discussed in Section 6.5.

Before proceeding and presenting this chapter’s structure, let us briefly recall what 
we have detailed so far in this book. The basic types of positioning techniques— 

1. As an example, consider the database of Wi-Fi measurements that is used and described in Chapter 9 (and 
is available on the book website). These measurements were collected in a 12-floor building, and no less 
than 136 Wi-Fi networks were detected.
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proximity (CID), triangulation (multiangulation and multilateration), RF finger-
printing and centroids—have been explained in Chapters 1, 2, and 4. Chapter 3 
discussed the methods for obtaining TOA, TDOA, RSS and AOA estimates. Those 
parameters are used in triangulation-based techniques and can also be included in 
the RF fingerprints of database correlation methods (DCM). The results of a single-
floor indoor positioning experiment in Wi-Fi networks were presented in Chapter 4, 
where a DCM technique has been used. Further ahead in the book, Chapter 9 will 
give the results of such an experiment, but in a multifloor indoor environment and 
applying artificial intelligence techniques.

Therefore, there is no need to go over the basic position techniques again in 
this chapter. Neither will it be possible to develop this chapter in the same way 
as Chapter 5, where MS positioning in cellular networks was described, because 
there is no standardization of position techniques throughout the Wi-Fi evolu-
tion path, as has been done along the cellular network generations from 2G to 
4G. Nonetheless, even without such standardization, Wi-Fi networks, just like 
cellular networks, have intrinsic positioning capabilities. This is because the ac-
cess points, which are the elements communicating with the MSs with Wi-Fi 
adapters in the RAN, have a limited coverage area. Therefore, by knowing which 
access points an MS is detecting in the Wi-Fi RAN, the confidence area for the MS 
positioning problem can be obtained. Within that confidence area, some of the 
localization techniques listed in the previous paragraph can be applied to estimate 
the MS location. One key distinction must be made, however: in Wi-Fi networks 
there are no RTT parameters promptly available to be used in MS positioning, 
as in cellular networks. As a result, most RF positioning techniques applied on 
Wi-Fi networks are RSS-based. In the case of sensor networks, there is also no 
standardization regarding positioning features, but there are intrinsic localization 
capabilities too.

We now define the structure of the remainder of this chapter. Section 6.2 
introduces the main features of the IEEE 802.11 standards (a similar approach has 
been used in Chapter 5, where the basic characteristics of RAN protocols from 2G 
to 4G were presented). Section 6.3 provides a literature review of papers on Wi-Fi 
positioning, with the main focus on indoor location. Section 6.4 introduces the 
basic features of the ZigBee specification set, as defined by IEEE 802.15.4 and the 
ZigBee Alliance, and Section 6.5 provides a literature review of papers on ZigBee 
WSNs positioning.

6.2 IEEE 802.11 Networks

In 1990 the IEEE formed a working group, IEEE 802.11, whose task would be to 
devise a standard for the physical layer and MAC protocol for WLANs operating at 
the unlicensed industrial, scientific and medical (ISM) band. The first IEEE 802.11 
standard was issued in 1997, but it only achieved industry acceptance in 1999 with 
IEEE 802.11b. Since then, several improvements to the original standard have been 
developed, achieving higher data rates and better security. Some of these are listed 
in Table 6.1. A more comprehensive list can be found in [5].
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6.2.1 Architecture of IEEE 802.11 Networks

The fundamental building block of the IEEE 802.11 architecture is the basic service 
set (BSS), which is a group of Wi-Fi stations under the same coordination function. 
The coordination function controls when the stations can transmit and receive data. 
A BSS can be either infrastructured or ad hoc.

In infrastructured mode there is a central node, the access point (AP), which 
intermediates communications between the Wi-Fi stations—in this context, an in-
frastructured BSS is analogous to the concept of a cell in a cellular network. The 
AP manages Wi-Fi stations association and authentication, and implements the co-
ordination function. Association, authentication, and medium access control tech-
niques are discussed in Section 6.2.3. In most implementations, the AP also acts as 
a translation bridge [6], connecting the BSS to wired networks. The interconnec-
tion between BSSs (Ethernet, Token Ring, or any other communication network) 
is called a distribution system (DS). For instance, as shown in Figure 6.1, the AP 

Figure 6.1 Infrastructured Wi-Fi networks interconnected by a router. Besides performing as-
sociation, authentication, and access control, the AP also carries out protocol translation at the 
link layer: it communicates with the Wi-Fi devices on the BSS using IEEE 802.11 (a,b,g,n) and with 
the router using IEEE 802.3 (Ethernet).

Table 6.1 Summary of IEEE 802.11 Standards Physical Layer Characteristics

IEEE Standard
Transmission 
Technique

Supported Data 
Rates (Mbps)

RF Band 
(GHz)

Channel Width 
(MHz)

No. of Data 
Spatial Streams

802.11 DSSS, FHSS, 
IR (850–950 nm)

1 and 2 2.4 1 (FHSS) 
22 (DSSS)

1

802.11a OFDM 6, 9, 12, 18
24, 36, 48, 54

5 20 1

802.11b HR-DSSS 1, 2, 5.5, 11 2.4 22 1
802.11g HR-DSSS or 

OFDM
1, 2, 5.5, 11 
(HR-DSSS) 6, 9, 
12, 18 24, 36, 48, 
54 (OFDM)

2.4 20 (OFDM) 22 
(DSSS)

1

802.11n OFDM and 
MIMO

up to 600 2.4 or 5 20 or 40 1 to 4
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might connect the BSS to another BSS through a router, forming what is called an 
extended service set (ESS).

In ad hoc mode, there is no central node coordinating the BSS, only a group of 
Wi-Fi stations communicating with each other, forming what is sometimes referred 
to as an independent basic service set (IBSS). Ad hoc networks are not intercon-
nected to other networks and are usually deployed for short periods and with a 
specific purpose (e.g., a group of laptop users who want to share files in a confer-
ence or who are engaged in a multiplayer online game). As they lack a central 
hub or coordinating node (i.e., they do not have a node hierarchy), ad hoc nodes 
resemble WSNs. Consequently, Sections 6.2 and 6.3 focus on infrastructured net-
works only.

6.2.2 Physical Layer

The basic IEEE 802.11 standard defines three types of physical layers: infrared (IR), 
frequency hopping spread spectrum (FHSS) and DSSS. Both FHSS and DSSS use the 
2.4-GHz ISM band. FHSS achieves data rates of 1 Mbps and 2 Mbps, using 2-GFSK 
(1 bit per symbol) and 4-GFSK (2 bits per symbol) modulation schemes, respectively. 
There are 79 1-MHz channels and 26 predefined orthogonal hop sequences. The 
transmission follows a hopping pattern defined by one of the hop sequences, chang-
ing from one channel to another following the list. The dwell time at each channel is 
390 ms. DSSS achieves the same data rates (1 and 2 Mbps) with differential binary 
phase-shift keying (DBPSK) and differential quadrature phase-shift keying (DQPSK), 
respectively. There are 11 22-MHz channel placed 5 MHz apart. As a result, there is 
a partial overlapping between channels,2 but the processing gain3 of the spread spec-
trum technique compensates the cochannel interference. DSSS is used in cellular net-
works using CDMA in the RAN.4 In the 802.11 DSSS, 11-chip sequences known as 
Barker codes [5] are used to spread the signal. Barker codes have low cross-correlation 
(correlation between different codes), which allows despreading the signal at the re-
ception by using the same code applied at the transmission.

The low rate of the original 802.11 standard limited its commercial acceptance. 
Higher data rates were needed. The first advance toward that was the introduc-
tion of orthogonal frequency division multiplexing (OFDM) in the Wi-Fi RAN. 
This was done in IEEE 802.11a, with 52 subcarriers (48 for data) per 16.6-MHz 
channel in the 5-GHz band. Different modulation schemes (BPSK, 16-QAM, and 
64-QAM)5 and coding rates (1/2,2/3,3/4) allowed for data rates ranging from 6 to 

2. This fact may be relevant when one is designing RSS-based positioning algorithms in Wi-Fi networks, as 
the measured RSS of a given network might be modified by the signal of nearby networks using adjacent 
channels. 

3. A numerical measure of the processing gain in spread spectrum systems is the ratio between the band of the 
spread signal and the band of the original signal.

4. For more details, please refer to Chapter 5. 
5. BPSK stands for binary phase-shift keying, QAM stands for quadrature amplitude modulation. BPSK is a 

binary modulation scheme, with 1 bit per symbol. QAM constellations might have 16 points (4 bits per 
symbol), 64 points (6 bits per symbol), or even more. Of course, the higher the number of points in the 
modulation scheme constellation, the higher the minimum required signal-to-noise ratio to achieve demodu-
lation with a low error rate.
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54 Mbps. This coupled with the fact that the 5-GHz (45 MHz) ISM band is much 
wider than the 2.4-GHz ISM band, was a significant improvement in relation 
to the original standard. However, due to its higher frequency, IEEE 802.11a 
WLANs had a much lower coverage than 802.11 WLANs, especially in indoor 
environments.

The next standard, IEEE 802.11b, operates in the 2.4-GHz ISM band and im-
proves the original 802.11 standard data rates using the so-called high-rate DSSS 
(HR-DSSS) which employs Complementary Code Keying (CCK) with DSSS. In HR-
DSSS, instead of using 11-chip Barker codes, 8-chip code words are used. Each 
code word maps a symbol and carries multiple data bits: 4 bits (for 5.5-Mbps data 
rates) or 8 bits (for 11-Mbps data rates). The packet headers are still transmitted at 
1 Mbps to provide backward compatibility with 802.11.

The next step on the Wi-Fi evolutionary path came with the advent of 802.11g, 
which seemed to bring together the best of both worlds: the high data rates of 
802.11a with the wider coverage of 802.11b. Besides these, 802.11g has another 
advantage over 802.11a: it is backward-compatible with 802.11 and 802.11b de-
vices. IEEE 802.11g supports 1- and 2-Mbps data rates using DSSS (for backward 
compatibility with the original 802.11 standard), 5.5 and 11 Mbps using HR-DSSS 
(for backward compatibility with 802.11b), and higher data rates up to 54 Mbps 
using OFDM, as in 802.11a.

IEEE 802.11n takes it a step further in terms of throughput, achieving data 
rates of up to 600 Mbps with the use of multiple-input multiple-output (MIMO). 
The data is split and transmitted into separate data streams. This requires multiple 
antennas at the AP and at the mobile Wi-Fi devices. IEEE 802.11n also uses larger 
channels, with 40-MHz bandwidth, and operates both in the 2.4-GHz ISM band 
and the 5-GHz band. Besides higher throughput, IEEE 802.11n also has quality of 
service (QoS) features based on the IEEE 802.11e standard.

6.2.3 Link Layer

Before a Wi-Fi MS can access the network—either the Internet, through the distri-
bution system, or simply exchange data with other Wi-Fi devices within the same 
infrastructured BSS—it must associate with an AP after authentication. To do so, 
the MS needs to identify which APs are active, which is done through a process 
called scanning. The scanning can be passive or active. In passive scanning, the 
MS cycles through the channels, waiting to listen a beacon. A beacon is one of 
the Wi-Fi management frames, which is periodically sent by all APs and contains 
the AP service set identifier (SSID)6 and MAC address.7 In active scanning, the MS 
cycles through the channels sending probe requests, to which the APs reply with 
probe response frames. After scanning, the MS knows which infrastructured Wi-Fi 
networks are available nearby. It can then select one AP to associate with. The IEEE 
802.11 standard does not define a criteria for this selection, which is then usually 

6. The SSID is a string of characters defined by the network administrator. It can be seen as the WLAN 
“name.” Unlike the AP MAC, there is no uniqueness guarantee for the SSID.

7. A MAC address is a 48-bit long identifier. The first 3 bytes are defined by IEEE and uniquely identify each hard-
ware vendor. The last 3 bytes are administered by each vendor and are used to identify each network adapter.
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based on RSS levels: the MS associates with the AP with the highest RSS.8 However, 
prior to associating with an AP, the MS must be authenticated.

Authentication is a security procedure that prevents unauthorized MSs from 
accessing the Wi-Fi network. In its simplest form, authentication may be imple-
mented using a MAC address list (i.e., only the MSs whose MAC addresses are 
within that list can be granted access) or using a login/password scheme protected 
by some encryption technique, such as the shared key authentication used in wire-
line equivalent privacy (WEP). WEP, however, has some serious weaknesses, so a 
new standard, Wi-Fi protected access (WPA) has been promulgated by IEEE. WPA 
is based on the IEEE 802.11i standard, which addresses three main security areas: 
authentication, key management, and data transfer privacy. For a general view on 
Wi-Fi security issues, the interested reader can refer to [5]. For a more detailed dis-
cussion on this topic, please refer to [6].

After authentication, the Wi-Fi MS can associate itself with the selected AP. Ac-
cording to the IEEE 802.11 standard, association is “the service used to establish 
access point/station (AP/STA) mapping and enable STA invocation of the distribu-
tion system services (DSSs)” [2]. This means that, after association, the MS can 
access the wireless medium under the AP coordination. The AP will relay packets 
to and from the MS, within the BSS, and to and from other networks, through the 
distribution system. The MS will send and receive packets only through the AP to 
which it is associated.

Once associated with an AP, MSs can send and receive packets. However, as 
multiple MSs will be attempting to access the wireless medium simultaneously, a 
medium access control strategy is of paramount importance to allow effective com-
munication. In the case of Ethernet IEEE 802.3 LANs, the MAC strategy used is 
carrier sense with collision detection (CSMA/CD) with binary exponential back-off 
[7]. However, as the following discussion will underline, this technique is not suit-
able for WLANs.

IEEE 802.3 LANs logical topology is a bus, to which all stations are connected. 
Before starting a transmission, a station listens to the medium to detect if there is 
any ongoing transmission. If that is the case, the station starts a timer before trying 
to access the medium again. If the medium is free, the station might transmit. While 
transmitting, it keeps listening to the medium, receiving back its own transmission. 
If this reception becomes garbled, then a collision has occurred. The station then 
halts transmitting and waits a random back-off time before resuming transmission. 
Each time subsequent collisions occur, the average value of the random back-off 
time exponentially increases (i.e., the station waits progressively longer periods 
before attempting to transmit again).

In WLANs, collision detection is not feasible, mainly due to two factors. First, 
the dynamic range of wireless signals is too large, making it very hard for a station 
to simultaneously transmit and receive (the station’s own transmission desensitizes 

8. This is not necessarily the best option. As already discussed in Section 6.2.2, when adaptive modulation 
techniques are used, the lower the RSS (and the lower the signal-to-noise ratio), the lower the data rates. 
However, in heavily loaded BSSs, an MS must compete with many others to access the shared wireless 
medium, which will reduce the data throughput. Therefore, the highest RSS does not necessarily imply the 
highest data rates.
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its receiver, making it impossible to detect received signals, which are usually many 
orders of magnitude lower than transmitted signals in wireless networks). Second, 
and even more serious, is the fact that in WLANs, due to the limited radio coverage 
of each transmitter, the stations are not able to detect all transmissions in the wire-
less medium (unlike LANs, where all stations are connected to a common logical 
bus and are able to sense all transmissions in the medium). From this second factor 
arises the so-called hidden terminal problem [7], which Figure 6.2 depicts. Station 
A is transmitting packets to the AP. During station A’s transmission, station B senses 
the medium. As station B is beyond the transmission range of station A, station B 
cannot detect station A’s transmission and assumes that the wireless medium is free, 
starting its own transmission. This will cause a collision at the AP.

To overcome the aforementioned limitations, instead of CSMA/CD, IEEE 
802.11 WLANs use CSMA/CA with Request to Send/Clear to Send RTS/CTS [2]. 
This distributed access control scheme works as follows: if a station has a packet 
to transmit, it senses the wireless medium (carrier sensing). If the wireless medium 
is idle, then the station waits an interval called interframe space (IFS).9 After this 
time, if the medium is still idle, the station transmits. If the medium is busy (another 
transmission might have started during the waiting period or could have begun 
exactly after the IFS time), the station refrains from transmitting until the current 
transmission ends. After that, the station waits a time equal to IFS and starts a 
random back-off timer, which is decremented while the medium is idle. The mean 
value of this random back-off time also increases exponentially when collisions oc-
cur repeatedly, as in IEEE 802.3. LANs. When this timer reaches zero, the station 
transmits. Due to the unreliability and limited coverage of wireless transmissions, 

9. In fact, there are three different IFSs. However, for better understanding, this detail can be left out of this 
introductory explanation. For detailed information about the three different IFS values and their use in 
IEEE 802.11 MAC, please refer to [5].

Figure 6.2 Hidden terminal problem. Both stations (A and B) are out of range of each other, 
but within range of the AP. In other words, stations A and B are hidden from one another, but 
not from the AP. The coverage areas of the AP and of each station are represented as circles with 
radiuses RAP, RA, and RB, respectively.
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IEEE 802.11 medium access control uses link layer acknowledgment (ACK). The 
station waits for the reception of an ACK frame before transmitting another frame, 
starting the aforementioned process all over again. If no ACK is received after a 
time limit, the sender station assumes a collision has happened and retransmits the 
frame using the CSMA/CA scheme.

The CSMA/CA deals with the inability of detecting collisions in WLANs 
through the introduction of the IFS intervals and the use of random binary back-off 
algorithm. This scheme makes it unlikely that two stations will attempt to transmit 
exactly at the same time. As well, once one station grabs the channel, the other will 
detect it through carrier sensing and refrain from transmitting. However, CSMA/
CA does not cover all scenarios. Collisions might still occur due to the propaga-
tion delay (a station might start transmitting before being reached by the signal of 
a nearby station that began transmitting earlier) and to the limited coverage of the 
stations (from which the hidden terminal problem arises). To deal with those situ-
ations, an optional scheme is available: the use of RTS/CTS control frames, as de-
picted in Figure 6.3. Before transmitting a data frame, a station sends an RTS frame 
to the AP. The RTS informs the time that will be needed to transmit the subsequent 
data frame. Upon reception of the RTS, the AP sends a CTS frame. All nearby sta-
tions, on reception of the RTS and/or the CTS frames, refrain from transmitting for 
the required duration. The RTS/CTS scheme reduces collisions by defining periods 
during which the wireless medium is reserved for only one station. However, it also 
introduces additional traffic and delay in the network. Consequently, it is typically 
only used to reserve the medium for the transmission of large data frames.10

10. As collision detection in WLANs is not feasible, once the transmission of a packet has begun, it will go all the 
way through. There is no way to detect a collision and halt the transmission, as in IEEE 802.3 networks. The 
occurrence of a collision—and the necessity of a retransmission—will only be noticed after the ACK frame is 
not received. In the case of large data frames, this delay is more detrimental to the network throughput.

Figure 6.3 RTS/CTS: station A sends an RTS to the AP, which then broadcasts a CTS informing 
which station will transmit (station A) and for how long. All stations visible to station A receive the 
RTS frames, and all stations visible to the AP receive the CTS frames. In both cases, those stations 
will refrain from transmitting during the period the wireless medium is reserved to A.
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6.3 Positioning in Wi-Fi WLANs

Positioning in Wi-Fi WLANs is by no means restricted to indoor environments, as 
some examples in this section will show. However, it goes without saying that it is in 
indoor scenarios that Wi-Fi positioning becomes more useful, mainly due to (1) the 
unavailability of GNSS signals in indoor environments, (2) the lower availability of 
cellular signals in indoor environments (unless there are dedicated micro- and pico-
cells deployed specifically to provide indoor coverage), and (3) the high density of 
Wi-Fi APs in indoor environments (today, such networks are becoming ubiquitous 
both in residential and corporate buildings).

However, even in outdoor scenarios, Wi-Fi positioning can be useful and extend 
GNSS localization availability. This is particularly true in dense urban areas, where 
along urban canyons—long streets sided by skyscrapers—sky visibility is very poor, 
and most of the time a GNSS-enabled device is incapable of receiving signals from 
enough satellites. In such conditions, Wi-Fi outdoor positioning could fill in the 
gap, providing a position estimate when GNSS is unavailable. Of course, the accu-
racy is not expected to match that of GNSS, but, as the results in Section 6.3.1 will 
show, it is enough for most current LBSs.

In Chapters 1, 2, and 4 we described the basic positioning techniques: CID, 
centroid, multilateration (using time or measurements), multiangulation (using 
AOA measurements), and DCM. At first, all would be applicable to Wi-Fi net-
works. However, even though there are a few exceptions (such as [8, 9]), most 
publications on the topic use DCM (also referred to as fingerprinting, pattern 
matching, or scene analysis). This is mainly due to the following issues: (1) unlike 
cellular networks (see Chapter 5), RTT values are not available in Wi-Fi networks; 
therefore, time-based multilateration (either circular or hyperbolic) would require 
the deployment of additional hardware, (2) APs antennas are typically omnidirec-
tional, therefore triangulation using AOA would also require additional hardware 
(i.e., the installation of directional antenna arrays), (3) as already mentioned, Wi-Fi 
positioning is more relevant in indoor environments; however, in such scenarios 
most of the time there are severe obstructions (such as walls, columns, furniture, 
etc.) between the AP and the MSs and therefore, NLOS propagation is prevalent, 
and this condition severely hinders the accuracy of TOA, TDOA, and AOA posi-
tioning, and (4) CID and centroid positioning require that the locations of the APs 
are known; however, this is hardly the case,11 as the APs are deployed in a chaotic 
manner in urban environments without a centralized coordinated effort as in cel-
lular networks.

6.3.1 Wi-Fi Outdoor Positioning

6.3.1.1 Fingerprinting-Based Solutions

One of the first research papers on 2.4-GHz Wi-Fi outdoor positioning was pub-
lished in 2005 by a joint effort of the University of California and Intel Research 
team in Seattle and the Microsoft Corporation [10]. This paper evaluated different 

11. However, as we will see in Section 6.3.1, there are a couple of solutions to estimate the APs coordinates.



150 Positioning in Wireless Local Area Networks and Wireless Sensor Networks

ART_Campos_Ch.06.indd                150                                        Manila Typesetting Company                                                                         05/15/2015 ART_Campos_Ch.06.indd                151                                        Manila Typesetting Company                                                                         05/15/2015

localization techniques in three urban environments in Seattle (downtown Seattle, 
which has a mix of residential and commercial high buildings, Ravenna’s neighbor-
hood, a medium-density residential area, and Kirkland, a sparsely built residential 
suburb). The selected positioning techniques were DCM, centroid, and particle fil-
ters.12 Each comprised two phases (training and test phases), during which the 
authors drove around the chosen areas with a Wi-Fi-enabled laptop connected to a 
GPS receiver, collecting Wi-Fi scans.13

In the DCM positioning evaluation, the training phase was used to build the 
correlation database (CDB), also referred to as the fingerprint map. In the test 
phase, two metrics were used to calculate the similarity between the target and 
reference fingerprints (i.e., between the fingerprint collected during the test phase 
and the georeferenced fingerprints obtained during the training phase and stored in 
the CDB). The first metric was the Euclidean distance between the fingerprints in 
the N-dimensional RSS space. The second metric was the Spearman rank-order cor-
relation coefficient. Both metrics provide a measure of similarity between the target 
and reference fingerprints and were described in detail in Chapter 4. Then, a KNN 
algorithm [11] was applied, so that the MS estimated coordinates were given by the 
arithmetic mean of the coordinates of the K reference fingerprints most similar to 
the target fingerprint. By varying the value of K, the authors in [10] achieved the 
best accuracy with K = 4.

As already seen in Chapter 1, centroid positioning can only be carried out if the 
coordinates of the reference nodes are known. Therefore, the training set was used 
to estimate the APs coordinates (when those were not known). The coordinates 

Tˆ ˆ ˆ[ ]i i ix y=X  of the ith AP were given by
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where N is the number of Wi-Fi scans where APi was listed, and Tˆ [ ]j j jx y=v  are 
the reference GPS coordinates of the jth location where the ith AP signal was de-
tected. Once the AP locations were obtained,14 the authors in [10] used the simple 
centroid, where the MS position estimate is given by the arithmetic mean of the 
coordinates of the APs listed in the Wi-Fi scan, and the weighted centroid. The lat-
ter positioning method assumes that the higher the RSSi value, the closer the MS 
is to the ith AP, i = 1,..., M. Accordingly, it is possible to apply a weighting factor 
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 to reduce positioning error in relation to the simple cen-

troid method. Equation (6.2) gives the MS position estimate Tˆ ˆ ˆ[ ]xy=x  provided by 

12. Positioning with particle filters lies beyond the scope of this chapter. For a discussion about particle filters 
and their use in MS localization, please refer to [12].

13. The authors performed active scanning, (i.e., the Wi-Fi adapter sent probe requests, to which the nearby 
APs replied with probe responses containing their SSID and MAC addresses).

14. There are other approaches to estimate the location of APs. In [13], the authors used a steerable directional 
antenna mounted on the top of a moving vehicle to locate outdoor roadside Wi-Fi APs. In [14], the authors 
used RSS triangulation to estimate the location of indoor APs.
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the weighted centroid method. Note that by making wi = 1, for i = 1,..., M, (6.2) 
becomes the simple centroid case.
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During the training phase the authors identified densities around 1,000 APs 
per square kilometer in downtown Seattle and Ravenna. At those same regions, the 
average number of APs per Wi-Fi scan was approximately 2.6. In the Kirkland resi-
dential suburb, as would be expected, the AP surface density is much lower, as well 
as the average number of APs per scan. Those statistics are summarized in Table 
6.2. This data helps understand the accuracy achieved by the evaluated methods in 
the test phase.

Table 6.3 shows the median positioning error for all evaluated methods in the 
three test areas.15 All methods performed worse in Kirkland, with median posi-
tioning errors between two and three times higher than in the other two areas. 
This can be explained by the much lower AP surface density in Kirkland: as seen 
in Table 6.2, it is between seven and eight times lower than in downtown Seattle 
and Ravenna. The lower AP surface density also caused a low number of APs per 
Wi-Fi scan—on average, only 1.41. In fact, the authors reported that half the scans 
in Kirkland had just one AP. As a result, it was impossible to apply RSS ranking 
correlation to most target fingerprints, which explains why DCM with RSS ranking 
had such a poor accuracy, if compared to the other methods, with a median error 
of almost 60m. DCM and particle filter positioning achieved the best results, with 
similar accuracies. Another interesting result was that the weighted centroid prac-
tically did not improve the simple centroid accuracy. This goes against the results 
presented in [15] and already mentioned in Chapter 1, where the authors reported 
an accuracy improvement of 10% in urban areas and 14% in suburban areas when 
using a weighted centroid in cellular networks (in comparison to a simple centroid). 
One can explain this apparent discrepancy by remembering that the coverage area 
of an AP is typically much smaller than that of a cell, and that in such a case the use 
of RSS as weights yields practically the same output coordinates. One can confirm 
that assumption by observing that in [15], the accuracy improvement of a weighted 
centroid in suburban areas (where the coverage area of a cell is typically larger than 
in urban areas) was 40% higher than in urban areas (14% compared with 10%).

In [16], another paper on 2.4-GHz Wi-Fi outdoor positioning, the authors used 
a multilayer back-propagation ANN to estimate the location of a vehicular Wi-Fi 
MS. The Wi-Fi positioning system proposed and evaluated in [16] was developed 
within the Positioning and Mapping (POMA) subproject of the European Coop-
erative Vehicle-Infrastructure Systems (CVIS) project [17]. The POMA subproject 
aims at providing high accuracy positioning by fusing data from a variety of sensors 
(GNSS, WLANs, cellular, dead-reckoning).

15. The median positioning errors were rounded to the nearest integer. Regarding the particle filter method, 
two approaches were used by the authors in [10]: signal strength and response rate [12]. Table 6.3 shows 
the best result achieved by any of the two particle filter approaches in each test area (as previously stated, 
a discussion about particle filters lies beyond the scope of this chapter).
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Three measurement campaigns were carried out at the same region (an area of 
about 750 × 150 square meters comprising 4 parallel lanes in Corso Castelfidardo, 
Turin, Italy), during which 144 APs were detected (of which 95 were used in the 
evaluation), with an average of 12 APs per training point location. At each training 
point, whose reference coordinates were given by DGPS, several Wi-Fi scans might 
be collected to compose a reference fingerprint. In the first measurement campaign, 
1,531 fingerprints were collected and used to train the ANN. The backpropagation 
ANN was submitted to supervised training; that is, for each input vector (RF fin-
gerprint) presented to the ANN, there was a target output (the MS DGPS reference 
coordinates). The ANN synaptic weights and biases were then adjusted iteratively 
so that the ANN’s outputs (the estimated coordinates) converged to their respec-
tive targets (the reference coordinates). It is assumed the ANN is converging to the 
desired output if a given cost function is minimized. In [16], the cost function is 
the mean squared-error (MSE). In the second campaign, 697 fingerprints were col-
lected and used to validate the training cost function applied in the ANN supervised 
training. In the third campaign, 376 fingerprints were collected and used to test the 
trained ANN. Each fingerprint is a vector containing 95 RSS values (one for each 
of the 95 APs used in the evaluation) and 95 binary flags, one for each AP (if the 
AP was not detected in the current fingerprint, the flag was set to 0, otherwise it 
was set to 1). The RSS values were normalized before being presented to the ANN. 
The ANN topology consisted of 190 neurons in the input layer (the same length of 
the RSS vector), 15 neurons in the hidden layer, and three elements at the output 
layer. The ANN output provided the MS estimated latitude, longitude, and height. All 
output values were normalized. More details on the ANN topology (such as neu-
rons activation function and learning algorithm) and the preprocessing techniques 
(normalization and AP selection) used in [16] are discussed in further detail in 
Chapter 9, which is devoted to studying artificial intelligence and machine learning 
techniques (such as supervised training) applied to the MS positioning problem.

The authors in [16] reported a root-mean square (RMS) location error of 7m for 
the training set, which is within the accuracy restraints imposed by POMA (15m). 

Table 6.2 AP Density per Square Kilometer and per 
Wi-Fi Scan

Area AP Density (APs/km2) No. APs per Scan

Downtown 1,030 2.66
Ravenna 1,000 2.56
Kirkland 130 1.41

Table 6.3 Median Positioning Error in Meters

Positioning Method
Downtown 
(Dense  Urban)

Ravenna 
(Urban)

Kirkland 
 (Suburban)

Simple centroid 24 15 37
Weighted centroid 23 14 37
DCM 18 15 30
DCM (ranking) 20 17 59
Particle filter 18 13 29
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This result is highly accurate, being competitive even with GPS. If compared to 
the previous example [10], where the lowest median error was 15m the results in 
[16] are excellent. However, it does not necessarily mean that the use of ANNs will 
achieve such good accuracy in any scenario. One must note that the test areas in 
[10] were much larger and with a much lower AP density per RF fingerprint: in [10] 
there were on average from 1.4 to 2.6 APs per scan, while on [16] this number rose 
to 12 APs.

The solution proposed in [16] can be classified as a fingerprinting technique. In 
fact, even though the fingerprints collected during the off-line phase are not explic-
itly stored in a database and are not directly compared to the target fingerprints, 
they are used to adjust the ANN parameters during the supervised training. As a 
result, as in any DCM technique, where new measurement campaigns must be peri-
odically carried out to update the CDB, new measurement campaigns are necessary 
to retrain the ANN.

6.3.1.2 Wi-Fi+GPS Hybrid Solutions

The two previous examples [10, 16] are among the very few ones on outdoor 
WLAN-based positioning. There are, however, a few more examples on hybrid 
solutions, such as Wi-Fi+GPS. In [18], the authors proposed a multilateration lo-
calization scheme, using RSS measurements from Wi-Fi networks to complete the 
GPS four-equation system16 (if less than four satellites were visible) (i.e., combin-
ing multilateration based on TOA (from GPS satellites) and on RSS (from Wi-Fi 
APs)). They reported significant error reductions in very poor visibility conditions 
(less than three visible satellites), if compared to assisted GPS (AGPS),17 as Table 
6.4 shows. However, as Wi-Fi and GPS measurements are merged in the same non-
linear equation system, the hybrid solution accuracy degrades with the decreasing 
number of satellites.18

In [19], a hybrid Wi-Fi+GPS DCM scheme was proposed with a somewhat 
different approach: in the off-line phase, not only a Wi-Fi fingerprint map was 
built, but a GPS fingerprint map as well. In fact, GPS signals were collected at 
each training point under three different weather conditions—sunny, overcast, 
and rainy. In the online phase, the user had to select among the three climate data-
bases and also had to define the weights (a and b) to be applied to the Wi-Fi ((x̂1, 
ŷ1)) and GPS ((x̂2, ŷ2)) position estimates. The MS position estimate (x̂, ŷ) was 
then given by (x̂, ŷ) = a (x̂1, ŷ1) + b (x̂2, ŷ2). The values assigned to a and b were 
also weather-dependent. For example, the authors observed that, on rainy days, 
the GPS localization error was higher, so it was better to assign lower values for a 
in such conditions. Table 6.5 summarizes the results obtained by the Wi-Fi+GPS 
selective weighting scheme.

16. At least four satellites are needed to provide an unambiguous 3D position estimate using GPS. See Chapter 7.
17. The AGPS basics were described in Chapter 5.
18. This result suggests that instead of combining measurements from both systems, it would be better to sim-

ply switch from GPS to Wi-Fi positioning when visibility conditions were very poor.
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6.3.2 Wi-Fi Indoor Positioning

In Wi-Fi outdoor positioning,19 we are concerned in estimating the MS coordinates 
over a plane (i.e., 2D localization). However, when it comes to multifloor indoor 
environments, a practical solution must be to find out not only the MS planar  
coordinates (on any given floor), but also the floor on which the MS is most prob-
ably located. In fact, if one considers architectural aspects of most multistory build-
ings, it is obvious that planar positioning errors are much less relevant that errors of 
the same magnitude along the vertical direction. For example, a 15m error along a 
corridor is much less important than the same error along the z-axis. In the former, 
the distance between the estimated and real location of the MS would be traversed 
in a few seconds. In the latter, that same error would be equivalent to three or 
four floors (below or above the floor where the MS is really located), which would 
require much more time to go from the estimated to the real MS location. If one 
considers security applications,20 the importance of this comparison becomes even 
more evident. Nevertheless, even though there is a vast number of papers on Wi-Fi 
indoor positioning, surprisingly very few address the multifloor scenario.

6.3.2.1 2D Positioning (Single-Floor) Using RF Fingerprinting

Due the characteristics of indoor environments––many obstructions (walls, furni-
ture, people) and prevalence of NLOS propagation––triangulation-based localiza-
tion (multilateration or multiangulation) is not often used in such scenarios. In the 

19. One must note that, even though in [16] the ANN’s output provided three coordinates (x, y, z), the MS 
antenna during the test was essentially always at the same height above the ground––placed on the roof of 
a moving vehicle driving along four parallel lanes. Consequently, there would be practically no variation 
in the MS estimated height, and the problem could be reduced to 2D positioning.

20. As the SkyLoc floor localization system [20]––a fingerprinting technique that runs on GSM networks—that 
was designed in a effort to improve floor identification accuracy, thereby reducing the time police, firefight-
ers, and/or paramedics would take to reach an emergency scene in response to a 911 call.

Table 6.4 AGPS and Hybrid Wi-Fi+GPS 
Average Positioning Error in Meters

No. of Visible 
Satellites AGPS Wi-Fi+GPS

4 18 19
3 35 80
2 253 78
1 345 95

From: [18].

Table 6.5 Selective Weighting Mean Positioning 
Error under Different Weather Conditions

Weather Error(m) (a, b)

Sunny 2.3 (1, 0)
Overcast 4.9 (0.9, 0.1)
Rainy 11.1 (0.7, 0.3)

From: [19].
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specific case of Wi-Fi networks, because no RTD values are ordinarily available 
and because omnidirectional antennas are usually used at the APs, TOA, TDOA, 
or AOA positioning becomes practically unfeasible without the deployment of ad-
ditional hardware. Therefore, most works in this area rely on fingerprinting to 
locate the MS. However, implementing Wi-Fi indoor fingerprinting positioning sys-
tems is not an undertaking deprived of challenges: (1) typically, extensive and time-
 consuming off-line training phases are required to gather reference fingerprints to 
be stored in the CDB (the fingerprint map), (2) the RF environment is not stable 
over time (new APs are deployed, others are shut down or moved to another loca-
tion, the WLANs channel frequency might change, furniture might be moved or 
added within the floor, presence of people along the propagation path, among other 
effects typical of indoor environments), so the fingerprint map must be periodically 
updated to prevent accuracy degradation, (3) implementation differences between 
manufactures result in different devices reporting distinct RSS values at the same  
location (the so-called cross-device effect), and (4) Wi-Fi networks use an unli-
censed band, so they are prone to suffer interference from external sources. Most of 
these problems have been described in detail in  Chapter 4. Regardless of these dif-
ficulties, fingerprinting (or a combination of fingerprinting and some other method) 
is considered the best option for Wi-Fi indoor positioning (if one considers the vast 
number of papers published on the subject compared with other techniques), as it 
allows obtaining position estimates without any modification on the WLAN. In this 
section we will go over some published DCM solutions on 2.4-GHz Wi-Fi single-
floor indoor localization. As DCM has already been described in detail in Chapter 4 
and which included an experimental evaluation,21 only the key aspects of each 
implementation and the results they achieved will be highlighted.

Nearest neighbor in the signal space. One of the first RF systems for locating 
and tracking indoor users in Wi-Fi networks was RADAR [21], published in 2000. 
The RADAR system was developed by Microsoft and was tested in a 22 × 43 m2 
single-floor, where three APs were deployed and 70 measurement points were se-
lected. At each measurement point, at least 20 samples (Wi-Fi scans) were collected 
at four different directions (north, south, east, west), and the authors verified that 
depending on the direction the user was facing, the RSS of a given AP might vary 
±5 dB. For each 3-uple (x, y, q), at least 20 samples (Wi-Fi scans) were collected, where 
(x, y) were the measurement point coordinates and q was the direction the user was 
facing. The mean RSS per AP at each point/orientation was then calculated, yield-
ing 70 × 4 reference fingerprints. To compare the target and reference fingerprints, 
they introduced the concept of nearest neighbor in the signal space (NNSS) (i.e., 
the similarity between the fingerprints was measured by the Euclidean distance in 
the N-dimensional RSS space, which we have already detailed in Chapter 4). In the 
RADAR test bed, N = 3, as only three APs were used. To test the algorithm, one of 
the four directions at the ith measurement point was selected to be the target finger-
print (Tfing). The reference fingerprint (Rfing) of the ith point was then excluded 
from the fingerprint map and the Tfing was compared to the remaining 69 × 4 Rfings. 
The process was repeated for i = 1,...,70. The authors in [21] reported a median 

21. The dataset used in that evaluation is a subset of the multifloor experiment conducted at the same building. 
The full dataset is available at the book website. For more details please refer to Chapter 9.
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2D positioning error of 2.94m. Another experiment was conducted at the same test 
site, with a fingerprint map (for the same 70 measurement points) built using the 
empirical propagation model given by

 0 10
0

( ) ( ) 10 log WAF
d

P d P d n m
d

 = − − × 
 

 (6.3)

where P(d) is the RSS (in dBm) at d meters from the AP, d0 is a reference distance (in 
meters), n is the path loss exponent or slope, m is the number of walls between the AP 
and the current position, and WAF is the wall attenuation factor (i.e., the additional 
loss (in dB) introduced by each wall). Parameters d0, n, and WAF were empirically de-
fined. In that second experiment, the median 2D positioning error increased to 4.3m. 
The use of CDBs built from propagation models to reduce the time consumed in the 
off-line phase—either at the initial CDB acquisition or at its periodical updates—has 
already been analyzed in Chapter 4. However, it represents a trade-off between pre-
processing time (off-line) and accuracy. And, as previously discussed, modeling RF 
propagation in indoor environments is not an easy task. In [21], (6.3) could be used 
to build the fingerprint map only because the locations of the three APs on the floor 
were known. See Example 6.1 for a simple MATLAB implementation where, given 
the locations of a set of N APs and the floor blueprint, RSS maps are produced. Those 
could then be used to populate the radio map of a fingerprinting algorithm to be 
employed at that hypothetical scenario. Practical implementations in real scenarios 
can be easily derived from the provided MATLAB code (available on-line).

Example 6.1

Given the locations of a set of four APs and the blueprint of a floor, build the RSS 
coverage map for each AP using 6.3.

Solution:
Figure 6.4(a) shows the floor blueprint and the AP locations (white squares). The 
floor dimensions are 20 × 40 m2. It has a large entrance hall (left), a long corridor, 
and three rooms, each with just one entrance. The door of one of the rooms is 
open (lower left room). The floor blueprint is represented as a matrix, where each 
element (to which we will refer to as a pixel) corresponds to a R × R m2 area. In 
this example, R = 0.1m and, therefore the blueprint is a 200 × 400 matrix. Matrix 
elements (pixels) where there are obstacles have a value representing the additional 
loss (in decibels) due to the presence of the barrier at that location. Two types of ob-
stacles are considered in this simulation: 30-cm thick concrete walls, with a 20-dB 
loss per meter (which is equivalent to 2 dB per 10 cm), and 10-cm thick wooden 
doors, with a 8-dB loss per meter (which is equivalent to 0.8 dB per 10 cm). The 
values of the parameters of the propagation model are n = 3.43, d0 = 2.5, P(d0) = 
–43 dBm [22]. We assumed that the APs have isotropic antennas,22 so no radiation 

22. In fact, most APs deployed in indoor environments have omnidirectional antennas (i.e., they radiate energy 
with the same intensity at all directions on the horizontal plane, but not on the vertical plane). So for a bet-
ter representation, the antennas’ vertical radiation pattern should be taken into account when generating 
the RSS coverage map.
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patterns were applied when the RSS coverage maps were generated. Multipath due 
to reflections over surfaces and diffraction around corners are not considered in the 
simulation. Figure 6.4(b) shows the best server map that represents, at each pixel, 
the highest RSS value. Figures 6.4(c) and 6.4(d) depict the RSS coverage maps of 
APs 3 and 4, respectively. The effect of the obstacles on the RF propagation is 
clearly distinguishable on both maps. The RSS maps for the other APs can be gen-
erated with the MATLAB code available at the book website. The four RSS maps 
can be piled up, yielding a 200 × 400 × 4 radio map that would provide, for each 
location in the floor grid, a four-element RSS vector.

Context aware radio maps. Changing environmental factors such as air hu-
midity, open or closed doors, and the presence of people can interfere with the 
propagation conditions, altering the RSS at each point in relation to the time when 
the fingerprint map was built. The authors in [23] tried to evaluate the quantitative 
effect of those environmental factors (air humidity, doors, and people) in Wi-Fi in-
door positioning accuracy. These factors have been chosen because (1) the presence 
of people has an effect similar to obstacles blocking the RF propagation, (2) open 
and closed doors have an effect similar to changes in the floor layout and, (3) the 
Wi-Fi 802.11b/g/n frequency (2.4 GHz) is also the resonant frequency of water, 
thereby an atmosphere with high humidity is expected to absorb more energy of 
the propagating RF signal than a dry one. The idea was to build context-aware 
radio maps that would be selected by the target MS based on the current indoor 
environmental conditions. As the authors assumed two possible states for each of 
the three environmental factors (humidity, high or low; doors, all closed or all open; 
people, no people or people blocking the RF path), six fingerprint maps were built. 
They deployed one AP in each of the five rooms of a single-floor and collected at 
least 200 Wi-Fi scans along a corridor for each context aware radio map. During 

Figure 6.4 (a) APs locations and floor blueprint, (b) Best server map, (c) AP-3 RSS map, and 
(d) AP-4 RSS map. Graphic scales in (b), (c), (d) indicate RSS values in dBm. Graphic scale in (a) 
indicates additional loss in dB per R meters, where R is the blueprint matrix planar resolution.
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the online test phase, humidity sensors (to detect the current air humidity level), 
RFID tags (to detect if the doors were open or closed), and Bluetooth sensors (to 
detect the presence of people blocking the RF path23) would be queried by the target 
MS so that it could select the best context-aware radio map to use, (i.e., the one 
that best matched the environmental conditions at the time of the test). Tables 6.6 
and 6.7 show accuracy degradations of 1.1m––when a low-humidity radio map is 
used in a high-humidity environment, and 1.9m––when a no-people-blocking radio 
map is used in a people-blocking test environment. However, the worst scenario 
occurs when there is a mismatch in the open/closed doors condition: the average 
location error increases from 2.1 to 7.2m (more than three times the original av-
erage error) when an all-doors-closed radio map is used in an all-doors-open test 
environment. The system proposed in [23] can still be classified as DCM24 for Wi-Fi 
2D indoor positioning, because, even though sensors other than Wi-Fi network 
devices were employed––humidity sensors and Bluetooth transmitters––those were 
not used in the positioning fix, but just helped select the context-aware radio map 
better suited to the current test conditions. To the best of our knowledge, this is the 
first experimental setup developed to quantitatively evaluate the effect of changing 
environmental dynamics in Wi-Fi indoor localization. However, it has some severe 
limitations if considered for a practical large-scale implementation, as it requires 
(1) the deployment of additional hardware, (2) that users carry Bluetooth-enabled 
devices, and (3) that users keep their MSs’ built-in Bluetooth adapters on. Even 
tough item (2) is a quite reasonable requirement considering currently available 
smartphones, item (3) is not, as most users keep their Bluetooth adapters off most 
of the time to increase battery lifetime.

On-demand radio maps for client-based solutions. DCM indoor positioning 
solutions might be classified either as MS-assisted or MS-based. In the MS-assisted 
case, a location server calculates the MS position using fingerprints sent by the 
target MS and querying a server-based CDB. In the MS-based case, the MS calcu-
lates its own position querying a client-based CDB (i.e., a fingerprint map stored in 
the MS itself25). In the case of a server-based CDB, the location server might have 
to deal with several simultaneous location requests, and a search space reduction 
technique26 might significantly reduce the delay of each position fix. In the case of a 
client-server CDB, a search space reduction technique, besides speeding up the posi-
tion fix acquisition time, also reduces the network load (as smaller fingerprint maps 
are downloaded by the MS) and the required storage space at the MS. In [24], the 
authors proposed two techniques to reduce the search space in client-based solu-
tions: intersection of access points (IAP) and union of access points (UAP). In IAP, 
the target MS downloads only the Rfings containing at least all the APs detected in 

23. The propagation loss between fixed Bluetooth transmitters and the target MS was used to identify the no-
people-blocking or people-blocking condition.

24. The authors used the Industrial Technology Research Institute (ITRI) positioning engine, whose descrip-
tion is available at www.itri.org.tw.

25. The client-based CDB is usually a subset of the server-based CDB.
26. The search space is the set of reference RF fingerprints whose associated coordinates are candidate solu-

tions for the MS positioning problem. For more details on search space definition and search space reduc-
tion techniques, please refer to Chapter 4.
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the Wi-Fi scan. In UAP, the MS downloads the Rfings containing at least one of the 
APs detected in the Wi-Fi scan. The authors also defined a criteria called N-Group to 
trigger a fingerprint data query (i.e., the query and download of an updated search 
space from the location server to the client-based CDB) whenever more than N APs 
changed in two consecutive Wi-Fi scans. The higher the N, the lower the frequency 
of fingerprint data queries. The objective of N-Group was to reduce the frequency 
of data queries, without degrading positioning accuracy. Their experimental test-
bed was set at a 57 × 32 m2 second floor of an office building on the campus of the 
University of Manheim, where 25 APs were deployed. In the off-line training phase, 
130 measurement points were chosen (disposed in a regular grid, 1.5m apart from 
each other). In the test phase, 46 points were randomly chosen. Both in the train-
ing and test phase, 110 Wi-Fi scans were collected per point. The average accuracy 
was 3m, using no search space reduction.27 Then, the value of N was progressively 

27. The probabilistic positioning algorithm used in [24] is defined in [25].

Table 6.6 Impact of Relative Humidity on Average DCM 
Positioning Accuracy*

Average Accuracy
40% RH 
 Radio Map

70% RH 
 Radio Map

40% RH environment 2.1m 3.7m
70% RH environment 3.1m 2.6m

*  The other factors were the same for the radio map and the test environment: 
all-doors-closed and no-people-blocking.

RH = relative humidity.

Table 6.7 Impact of People Blocking on Average DCM 
Positioning Accuracy*

Average Accuracy
No-People-Blocking 
Radio Map

People-Blocking 
Radio Map

No-people-blocking 
environment

2.1m 4.3m

People-blocking 
environment

4.0m 2.5m

*  The other factors were the same for the radio map and the test environment: 
40% RH and all-doors-closed.

RH = relative humidity.

Table 6.8 Impact of Open/Closed Doors on Average DCM 
Positioning Accuracy*

Average Accuracy
All-Doors-Closed 
Radio Map

All-Doors-Open 
Radio Map

All-doors-closed 
environment

2.1m 4.6m

All-doors-open 
environment

7.2m 2.8m

*  The other factors were the same for the radio map and the test environment: 
40% RH and no-people-blocking.

RH = relative humidity.
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increased when using IAP and UAP, and three parameters were monitored: accuracy 
degradation, fingerprint map query frequency and search space size (measured in 
number of points, i.e., of Rfings). The authors in [24] observed that, when using 
UAP, there is practically no search space reduction (the average search space size 
when using UAP was 129). However, when using IAP, the average search space size 
was reduced to 12. With IAP, when increasing N from 1 to 10, the positioning error 
increased almost 20% (from 3 to 3.5m).

ANN-based pattern matching. As in [16], a multilayer backpropagation ANN 
is used in [26] to establish a relationship between input Wi-Fi RSS vectors and lo-
cations. The difference is that here the ANN is trained to estimate positions in an 
indoor environment, while in [16] it was designed for vehicular localization. The 
authors in [26] deployed three APs in a 28 × 15 m2 floor and selected 125 points, 
collecting 400 samples per point. The samples collected at 110 points were used to 
train the ANN. The remainder points were used to test it. The ANN had three inputs 
(the RSS values of each AP), 18 neurons in the hidden layer and two outputs (pla-
nar coordinates x and y). As in [16], the experimental accuracy was excellent: 61% 
of the test patterns had errors lower than 1.8m and 85% had errors smaller than 
3m. Even though, as stated before, there is no guarantee that ANN-based pattern 
matching algorithms will yield such high accuracy in more complex scenarios (as in a 
multifloor positioning or when radio maps built using propagation models are used 
in the supervised training28), it is an alternative worth trying in many cases.

Using parameters other than RSS in RF fingerprinting. All DCM techniques 
described so far in this chapter used RF fingerprints containing only mean RSS 
values, which are relatively simple to measure and are readily available in Wi-Fi 
networks. These traits made RSS fingerprinting a practical solution for Wi-Fi local-
ization systems. The core difference between distinct implementations lies mostly 
on how the target and reference fingerprints are compared; that is, on which pattern 
matching technique (NNSS, KNN, RSS rank correlation, ANN-based, etc.) is used. 
However, other parameters can be employed in the RF fingerprint. This possibility 
is explored in [27], where the authors compared the accuracy of DCM techniques 
applied to 2.4-GHz Wi-Fi indoor positioning using RSS, channel impulse response 
(CIR), channel transfer function (CTF) and frequency coherence function (FCF)-
based fingerprints. The CIR to the impulse transmitted by the jth AP is given by

 
1

( ) ( )i
M

j
j i i

i

t a e tθ δ τ−

=

= −∑h  (6.4)

where ai, qi, and ti are the amplitude, phase and delay of the ith received multipath 
component, M is the number of multipath components, and d(t) denotes the im-
pulse function. Equation (6.4) shows that in multipath propagation conditions, the 
receiver detects multiple delayed and attenuated copies of the transmitted impulse. 
By taking the CIR with respect to different APs at the same position, it is possible 
to build an RF fingerprint given by

 1[ ( ) ( )]Nt t=S h h…  (6.5)

28. This specific scenario is experimentally evaluated in Chapter 9, with no promising results.
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where N is the number of APs. Note that each element of the fingerprint is a M-element 
vector, so the CIR-based fingerprint is a M × N matrix. The CIR is expected to carry 
the multipath information that is unique to each location. However, the practical 
accuracy is limited by the signal bandwidth: higher bandwidths are equivalent to 
higher time-domain resolution, which allows detecting (separating) more multipath 
components (i.e., increasing M). CTF is the discrete Fourier transform (DFT) Hj(f ) 
of the CIR.29 A CTF-based fingerprint [H1(f )…HN(f )] can then be formed, which 
will have the same dimensions of the fingerprint given by (6.5). The same applies 
when using FCF-based fingerprints, where FCF is the complex autocorrelation of 
the CTF.30 The authors set up an experimental testbed in a 30 × 25 m2 single-floor 
with three APs. A total of 152 measurement points were chosen with a fixed distance 
of 1m between adjacent points. Among those points, 51 were randomly selected for 
the test and the remainder composed the CDB. Euclidean distance in the signal 
space was used to compare the target and reference RSS-based fingerprints (the 
higher the distance, the lower the similarity). For the CIR-, CTF-, and FCF-based 
fingerprints, vector correlation (dot-product) was used (the higher the dot-product, 
the higher the similarity). Then, weighted KNN (w-KNN) was applied.31 The best 
results were obtained using FCF-based fingerprints: an average error of 2.5m, with 
almost no variation as the number of neighbor points in the w-KNN algorithm 
increased from 1 to 10. RSS-based fingerprinting was the technique that benefited 
the most from the use of w-KNN: the average error dropped from 3.5m (for K = 1) 
to 2.8m (for K = 9). CTF performance was a little worse than FCF and CIR was the 
worst of all, with errors between 3 and 4m for K ranging from 2 to 10 (for K = 1, 
CIR-based fingerprinting error was 4.2m). Even though FCF-based fingerprinting 
performed better in the test, if one considers practical larger implementations, the 
accuracy gain will most likely not compensate for the increased complexity of ob-
taining those measurements (which would involve the deployment of additional 
hardware to the preexisting Wi-Fi network infrastructure) if compared to the rela-
tive simplicity of measuring RSS.

6.3.2.2 2D Positioning (Single-Floor) Using Other Techniques

Fingerprinting + RSS-based multilateration. In [22] the authors proposed a hybrid 
positioning scheme with two phases. In the first phase, RF fingerprinting identi-
fies the room where the MS is most probably located; in the second phase, RSS-
based multilateration locates the MS within the preselected room. The testbed was 
a 17 × 23 m2 floor (comprising seven rooms and a large corridor) with five APs. 
The radio map for the fingerprinting algorithm was built using RSS mean values 
obtained from Wi-Fi scans collected at 14 locations. The DCM similarity measure 

29. In [27] the authors measured the RSS and the CTF (frequency domain). Then the CIR was obtained calcu-
lating the inverse discrete Fourier transform (IDFT) of the CTF.

30. The FCF for the jth AP at a given measurement position is given by *( ) ( ) ( )j jR f f f f df
+¥

-¥
D = + Dò H H .

31. In w-KNN the position estimate is given by 
1 1
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bors, wi and (xi, yi) are the weight and the reference coordinates of the ith neighbor point, respectively. The 
weight wi is directly proportional to the similarity between the target and ith reference fingerprints. As in 
any weighted average calculation, 
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was the Euclidean distance. The WiFi 802.11b/g scans collected at another 100 
points (12 samples per point) were used to calibrate the empirical propagation 
models.   Equation (6.3) was employed to estimate the RSS. The distances between 
the MS and the APs were obtained by taking the inverse of the path-loss equa-
tion (see Chapter 2). A total of nine symbolic locations were defined: the seven 
rooms plus two sections of the corridor. For each AP and each symbolic location, 
different path-loss equation parameters—reference distance,32 RSS at the reference 
distance,33 attenuation slope—were defined. As the floor blueprint and the APs 
locations are known, by identifying which room the target MS is located in, it is 
possible to select a specific propagation model and also compute additional losses 
due to obstructions (walls). Attenuation factors obtained during the experiment 
for different types of walls are listed in Table 6.9. The values of P(d0) for each AP 
(WX-1590 SparkLAN) were measured at a reference distance of d0 = 2.5m and 
their values ranged from –46.7 to –43.7 dBm. In the test phase, 30 locations were 
selected. In the first stage, fingerprinting achieved a symbolic location identification 
accuracy (room or corridor section) of 97%. In the second stage, multilateration 
using specific (for each AP and each symbolic location) and calibrated propagation 
models achieved a mean 2D positioning accuracy of 1.83m. However, when apply-
ing only fingerprinting (using a radio map with 33 reference fingerprints instead 
of only 14), the planar error was 1.78m, (i.e., approximately the same result, but 
without the need of an lengthy off-line propagation model calibration phase).

Circular multilateration using an RTS/CTS distance estimator. In [8], the au-
thors explored the use of the RTS/CTS two-frame exchange mechanism in the Wi-Fi 
MAC sublayer to obtain range estimates between the MS and the AP, which would 
later be used locate the target MS by circular multilateration. As there is no syn-
chronization between the AP and the MSs in Wi-Fi networks, the TOA or time-of-
flight cannot be measured directly. Instead, it is obtained from the RTT between the 
MS and the AP.34 In that case, the target MS transmits an RTS at instant ti. Upon 
reception, the AP replies with a CTS, which is received by the target MS at instant 
tf , yielding RTT = tf – ti. If the processing time Dt at the AP is known, it can be sub-
tracted from the RTT value. The result is divided by two, producing a time-of-flight, 
which, once multiplied by the speed of propagation of the radiowave (v), results in 

a distance estimate (RTT )
2

v t
d

− ∆= . As already seen in Chapter 2, at least three dis-

tance estimates from three different APs are required for a position fix. The authors 
performed an indoor test along a 50 × 4.3 m2 corridor. During the test, there was 
always a LOS between the target MS and the AP. On average, the ranging estimates 
had an error under 4m. However, the authors did not report the positioning 
accuracy achieved using those range estimates in circular multilateration. Anyway, 
the proposed solution has two major drawbacks: (1) it requires the deployment of 
additional hardware (a printed circuit board with an Intersil HFA3861B baseband 

32. The reference distance d0 can be chosen arbitrarily. In the experiment conducted in [22], it was fixed as 
2.5m for all APs.

33. The value of P(d0) can be obtained from the hardware specifications provided by the AP manufacturer 
or derived empirically. The authors in [22] observed variations of ±1.5 dB in the APs output power (with 
respect to the values informed by the manufacturer), so the latter method was selected.

34. This is sometimes referred to as two-way TOA [28].
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processor) at each MS to allow measuring the RTT, and (2) to operate, the system 
needs the RTS/CTS exchange to be activated, which, as mentioned in Section 6.2.3, 
is not always the case, as the RTS/CTS scheme introduces additional traffic and 
delay in the network.

6.3.2.3 2.5-D Positioning (Multifloor)

As most of the time we are not interested in knowing the MS height on a given floor, 
but simply on which floor it is most probably located, the vertical coordinate can be 
treated as a discrete variable, conveying only the floor number. Such a problem—
when there are two continuous planar coordinates (x, y) and one discrete vertical 
coordinate z—is referred to as 2.5-D positioning [29]. On this section we have 
selected some of the very few papers on Wi-Fi indoor localization that address the 
multifloor scenario. Their features are summarized in Table 6.10.

The first six lines of Table 6.10 show the characteristics of each experiment: 
(1) the positioning technique that was used, (2) the number of floors covered in the 
test, (3) the number of calibration points (i.e., the number of locations where RF 
fingerprints were collected during the off-line training phase), (4) the number of 
collected RF fingerprints (i.e, the number of samples (Wi-Fi scans) obtained during 
the off-line phase35), (5) the number of test points (i.e., the quantity of locations 
where Wi-Fi scans were collected during the test phase), and (6) the window length: 
the number of Tfings (obtained during the test phase) that were used to yield each 
position fix (if the window length was N, then the RSS values of N Tfings were aver-
aged; the resulting Tfing was then compared to the Rfings in the search space). The 
last two lines list the experimental results: the floor identification accuracy and the 
mean 2D positioning error (i.e., the error within each floor).

In [9] the authors developed a RSS-based multilateration positioning system 
called SaskEPS.36 The proposed solution achieved 100% floor identification ac-
curacy in a testbed comprising two buildings with three floors each, 25 test points 
were selected per floor per building, comprising a total of 150 test locations. As it is 
not a DCM technique, SaskEPS does not demand a time-consuming off-line training 
phase. The system, however, requires careful calibration of the propagation models 
used to estimate the distance between the target MS and each of the APs listed in 
the Wi-Fi scan, and that the coordinates of all APs are very accurately known—this 
latter requirement might be prohibitive in some scenarios [31].

35. Or in the on-line phase, in the case of single-phase techniques, such as [30].
36. SaskEPS stands for Saskatchewan Enhanced Positioning System.

Table 6.9 Wall Attenuation Factor for Different 
Types of Walls

Type of Obstacle WAF (dB)

Very thick concrete wall 12.6
Thick concrete wall 9.5
Concrete wall 5.5
Soft partition 0.8

From: [22].
WAF = wall attenuation factor.
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In [32] the authors used a Bayesian graphic model (BGM) to obtain position 
fixes. Such implementation—whose details lie outside the scope of this chapter—
does not require an off-line training phase. As they do not need an initial profiling to 
populate the CDB with fingerprints, single-phase implementations are also referred 
to as zero profiling techniques [29]. The authors reported an average planar po-
sitioning error of 2.3m in a testbed comprising 600 samples collected in 30 test 
points distributed in two floors.37 The floor identification accuracy, however, was 
not informed.

In [14] the authors applied a hybrid two-step technique, combining DCM for 
floor identification (first step) with RSS multilateration for 2D positioning (second 
step). Unlike the SaskEPS system [9], where the locations of the APs needed to be 
known a priori and with high accuracy, the system proposed in [14] is capable of 
estimating the unknown AP coordinates on-the-fly38 before triangulating the target 
MS location. A floor identification accuracy of 100% was reported, but just three 
test points were used.

In [33] the authors used DCM with KNN in what was called the nearest floor 
algorithm for floor identification only (achieving 86% accuracy), so the correspond-
ing 2D positioning accuracy is not available.

In [34] the authors used DCM with different similarity functions (Euclidean, 
Manhattan, and Tanimoto distances) and a sequence of filtering steps and majority 
rules, in order to progressively identify the building, the floor, the room, and then the 
geometric position of the target MS within the room.39 A 99.5% floor identification 

37. The test points were not distributed evenly between the floors: 21 in the first floor and just nine in the 
second floor.

38. RSS triangulation is used to estimate the APs locations. Other alternatives for obtaining the APs coordi-
nates are presented in [10, 13].

39. As in [22], there are two stages in the positioning fix: first, a symbolic location is determined (the room 
where the target MS is located) then, a physical location (within the room) is determined.

Table 6.10 Several Results on Multifloor Positioning

Reference [9] [32] [14] [33] [34] [31]
Positioning 
 technique

Multilateration 
(RSS)

BGM DCM + 
 Multilateration 

(RSS)

DCM 
with KNN 

 (Nearest Floor 
 Algorithm)

DCM with 
Filtering and 

Majority 
Rules

DCM with 
 Kohonen Layer and 

Backpropagation 
ANN

No. of floors 3 2 8 3 3 13
No. of  calibration 
points

(n/a) (n/a) 57 150 392 
 (distributed in 
2  buildings)

900

No. of collected 
RF fingerprints

(–) 600 3,420 (–) 9,358 
 (distributed in 
2  buildings)

40,200

No. of test points 150 30 3 150 236/building 900
Window length (–) 20 (–) 6 3 1, 5, 10, 25
Correct Floor 
ID(%)

100% (–) 100% 86% 99.5% 91%, 94%, 95%, 
97%

Mean 2D 
 positioning 
 accuracy (m)

7.5 2.3 1.6 (n/a) 3.3 4.5, 3.4, 2.7, 1.7

(–) indicates that the information was not provided in the reference; (n/a) indicates that the parameter is not applicable to the location technique.



ART_Campos_Ch.06.indd                164                                        Manila Typesetting Company                                                                         05/15/2015

6.4 ZigBee Networks 165

ART_Campos_Ch.06.indd                165                                        Manila Typesetting Company                                                                         05/15/2015

accuracy was reported in a test bed comprising two buildings and three floors per 
building.

In [31] the authors used a hybrid three-step technique, combining a Kohonen 
layer to reduce the search space (first step), a backpropagation multilayer ANN 
for floor identification (second step), and DCM for 2D positioning (third step). In 
a testbed with 900 points distributed over 13 floors, floor identification and 2D 
positioning accuracy ranged from 91% and 4.5m (for a window length of 1) to 
97% and 1.7m (for a window length of 25).40 As expected, it is possible to improve 
accuracy increasing the window length, but this is done at the expense of a larger 
time to acquire a position fix.

One final word about the results shown in Table 6.10: there is a high variability 
on the database sizes, which affects any comparative analysis. Even more critical 
is the presence of small number of floors in some experiments [9, 32–34], which 
indeed may affect conclusions on the floor identification accuracy.

6.4 ZigBee Networks

Today, when talking about WSNs, the first name that comes to mind is ZigBee. In 
that sense, one would say that ZigBee is to WSNs what Wi-Fi is to WLANs. The 
technology known as ZigBee was formed by the union of two groups: the ZigBee 
Alliance and IEEE 802.15.4. The ZigBee Alliance is formed by big companies, such 
as Motorola, Philips, and Samsung,41 aiming at developing low-cost, low-energy 
consumption wireless products for control and monitoring [3]. IEEE 802.15.4 is 
the IEEE working group that defines standards for wireless personal area networks 
(WPANs) physical and MAC layers [1].

6.4.1 Overview of WSNs

In a broad sense, WSNs are a special type of ad hoc networks composed of nodes 
capable of carrying out communication, signal processing and sensing tasks.42 Usu-
ally, the sensors in a WSN are smaller and less expensive than nodes in a traditional 
ad hoc network. Their reduced size and cost, coupled with their self-organizing 
capability, allows the deployment of vast numbers of nodes in large areas, which is 
a requirement for some sensing applications. WSNs applications include the remote 
monitoring of patients, residential and industrial automation, vehicle traffic moni-
toring, corporate and residential security, surveillance of enemy and allied forces in 
the field (in the case of military applications), and sensing of environmental param-
eters, such as humidity, temperature, among others. Other typical characteristics of 
nodes in a WSN are restricted computational capacity, severe energy restrictions, 
and adaptation to failures.

40. The experiment carried out in [31] is further detailed in Chapter 9.
41. For a complete list of the ZigBee Alliance participant companies, visit zigbee.org/zigbeealliance/our-members.
42. We would like to thank Prof. Felipe da Rocha Henriques, whose master thesis first chapter [35] provided 

the basis for this summary on WSNs. Prof. Felipe also kindly provided the figures for Section 6.4.
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The nodes in a WSN can be generically classified as either sensing or sink nodes. 
Sensing nodes are spread throughout the region of interest, collecting data and 
transferring it to the sink node, which might act as a gateway to external networks. 
If the sink node is outside the range of some sensing nodes, multihop transmission 
can be used, where each sensing node might relay data from other nodes. In terms 
of hardware, each node comprises four basic units: a sensing unit, a processing unit, 
a communication unit, and an energy unit. The sensing unit is specific to the type 
of monitoring and allows the node to survey some parameter (e.g., a thermometer 
for temperature sensing). The processing unit prepares the data for transmission 
(e.g., coding). The communication unit allows the nodes to transmit and receive 
data. The energy unit is essentially a battery, which provides energy to the other 
three modules.

6.4.2 ZigBee Protocol Stack

The ZigBee protocol stack is shown in Figure 6.5. The physical and MAC layers 
were defined by IEEE 802.15.4. The above layers were defined by the ZigBee 
 Alliance.

In the physical layer, three frequency bands were originally defined: 868–868, 
6 MHz (used in Europe), 902–928 MHz (used in the United States), and 2.4–2.4835 
GHz. The supported data rates are 20 kbps (1 channel) for the 868 MHz band, 
40 kbps (10 channels) for the 915-MHz band and 250 kbps (16 channels) for the 
2.4-GHz band. The first two bands use BPSK modulation. The 2.4-GHz band uses 
offset QPSK (OQPSK) modulation. DSSS is used in all bands to minimize data loss 
due to noise and interference [1].

In the MAC layer, the shared medium access might be decentralized or cen-
tralized. In the former, CSMA/CA is used. In the latter, a beacon—transmitted by 
a coordinator node—is used to mark the beginning of a superframe, comprising 
an active period, followed by an inactive period (which is optional), as shown in 
 Figure 6.6. The active period is divided into 16 time slots and has a contention access 
period (CAP), composed of at least eight time slots, followed by a contention-free 

Figure 6.5 ZigBee protocol stack.
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period (CFP). During the CAP, CSMA/CA is used. During the CFP, the coordinator 
node reserves multiple time slots—composing intervals called guaranteed time slot 
(GTS)—to provide exclusive medium access to a given node. During the inactive 
period, the nodes enter sleep mode to save energy, increasing battery lifetime.

The network layer is responsible for device addressing and packet routing. 
It discovers neighbor nodes and maintains routes between devices. The APS sub-
layer is responsible for the communication between the network and application 
layers.

6.4.3 ZigBee Network Devices

The IEEE 802.15.4 standard defines two types of network devices43: full function 
device (FFD) and reduced function device (RFD). An FFD can become a network 
coordinator, implements the complete protocol set, and is capable of communicat-
ing with any other network device. An RFD cannot become a network coordinator, 
implements just a reduced protocol set (thereby it has a very simple implementa-
tion), and can communicate only with FFDs. A WSN must have at least one FFD 
(e.g., the sink node), which, in that case, will be the network coordinator.

6.4.4 ZigBee Network Topologies

ZigBee architecture supports two basic topology types: star and peer-to-peer (P2P). 
Both are shown in Figure 6.7. In star topology, all nodes are directly connected only 
to the network coordinator. In P2P topology, network devices can communicate 
directly with one another (FFDs with FFDs or RFDs, RFDs with FFDs), as long 
as they are within range. A P2P network can be ad hoc and self-organizing, using 
multihop communication to route packets between nodes, which allows a WSN to 
cover a wider area [1].

43. According to the IEEE 802.15.4 definition, a network device is an RFD or an FFD implementation contain-
ing a IEEE 802.15.4 MAC and physical interface.

Figure 6.6 IEEE 802.15.4 superframe structure for centralized shared medium access. Note that 
each superframe might have more than one GTS and that the CFP has no more than eight time 
slots (as, out of the 16 time slots per superframe, at least eight are in the CAP).
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6.5 Positioning in ZigBee WSNs

All location methods studied so far ultimately rely on one or more references to 
yield a position estimate. The geographical coordinates of the references must 
be know with a high degree of accuracy at all times. Those references might be 
anchor nodes (in the case of multilateration, multiangulation, centroid, cell ID) 
or RF fingerprints stored in the radio map (in the case of DCM positioning). The 
minimum number of references required to estimate the target MS location vary 
depending on the method (for example, two on multiangulation and three on 
multilateration). Another characteristic common to all methods discussed up to 
this point is that they are all capable of independently locating the target MS, (i.e., 
they do not need any information about the estimated position of other MSs to 
yield a  position fix).

When it comes to WSNs, some specific characteristics must be taken into 
account. WSNs are ad hoc networks with typically a large number of nodes; as a 
result the nodes must be small and inexpensive, so they have rigid computational 
capacity limitations as well as severe energy restraints. Thereby, it is not feasible 
to supply every node with a GPS receiver or any other specific localization feature. 
This can be done only with some nodes—the reference or anchor nodes. However, 
due to the nodes’ mobility (including the reference nodes) and to their vast number, 
there is no guarantee that a target node (i.e., the one we want to locate) will be 
within range of enough reference nodes to allow an independent position estimate. 
In such a scenario, the issue of cooperative positioning arises.

The cooperative positioning problem can be stated as locating the nodes in a 
network, given pairwise distance44 measurements and the coordinates of the ref-
erence nodes. Note that unlike in independent positioning, now the position of 
nearby nodes in relation to the target node—expressed by means of the pairwise 
distances—must be known. In this section, maximum likelihood estimation [28, 
36] cooperative positioning is introduced. Independent positioning using residual 
weighting [37, 38] and connectivity-based localization [39] is also discussed. The 
aforementioned algorithms do not specify how the pairwise distances between the 
nodes (except the weighted centroid method, which does not use pairwise distances) 

44. That is, distances between pair of nodes.

Figure 6.7 ZigBee network topologies: (a) star and (b) P2P.
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are calculated.45 Several papers use RSS [40–43] or link quality indicator (LQI) 
[28, 41] to estimate those distances.

6.5.1 Maximum Likelihood Estimation Cooperative Positioning

For cooperative positioning to be possible in a WSN, the following conditions must 
be met [36]: (1) the nodes must be capable of estimating their distances from neigh-
bor nodes (either reference or regular nodes46), (2) the WSN must have anchor 
nodes with known reference coordinates, (3) there must exist a ad hoc network 
protocol that allows the nodes to exchange their pairwise distance estimates with 
other nodes, and (4) a location algorithm must be implemented. In this section, it 
is assumed that the three first requirements are met before the maximum likelihood 
estimation (MLE) algorithm is applied.

In order to use MLE cooperative positioning, a carefully calibrated channel 
model is required to map RSS measurements into distances. Such a model would 
be given by

 ,
, 0 10

0
( ) 10 log i j

i j
d

p P d n
d

 = −  
 

 (6.6)

where pi,j is the RSS of the signal transmitted by the jth node when received at the 
ith node and di,j is the distance between nodes i and j. Note that (6.6) is obtained 
from (6.3), but now without specifically considering additional losses due to ob-
stacles. Parameters d0 (reference distance), P(d0) (RSS at the reference distance), 
and n (path-loss slope) uniquely define the channel model. By taking the inverse of 
that equation one has

 0 ,( ( ) ) /10
, 0 10 i jP d p n

i jd d −= ⋅  (6.7)

However, the RSS measured at the receiving node will most probably not be 
equal to the one given by (6.6) due to long-term fluctuations on the radio signal. 
This random variations are referred to as slow fading or shadowing. The effects of 
fast fading (also referred to as Rayleigh fading) are filtered out, as the measured RSS 
values are averaged. So, the measured RSS will be given by

 , ,ˆ i j i jp p σ= +X  (6.8)

45. This is not different from some other algorithms previously studied. For example, in weighted centroid 
positioning, the final estimate is given by the weighting of the reference nodes coordinates; however, the 
weights are not specifically defined in the method. They can be based on any available RF parameter. 
Another example is fingerprinting, where the final estimate is obtained by the comparison between a 
target fingerprint and georeferenced fingerprints. This is the core of this type of localization algorithm. 
All the rest—similarity functions, search space reduction, and the RF parameters that compose the RF 
fingerprint—are not specifically defined.

46. In this context, regular nodes are nodes whose ground-truth position is not known (i.e., any nodes that are 
not anchor or reference nodes).
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where cs (dB) accounts for the slow fading. Typically, slow fading can be modeled 
as a lognormal random variable, with zero mean and standard deviation s (dB). By 
replacing the value of pi,j in (6.8) with the value provided by (6.6), and taking the 
inverse of the resulting equation, one has

 0 ,( ( ) )/10
, 0

ˆ 10 i jP d p n
i jd d σ- -= × X  (6.9)

Note that

 /10
, ,

ˆ 10 n
i j i jd d σ-= × X  (6.10)

All nodes measure the RSS values of the nodes they communicate with. Those 
average RSS values are periodically reported47 to a location server, which maintains 
a matrix of pairwise RSS values denoted by ,ˆ[ ]i j N Np ×=P  where N is the number of 
nodes. Then, a initial solution must be provided, postulating the locations of all nodes 
in the WSN, and therefore also their pairwise distances. From that, applying (6.6), one 
gets a initial estimate for the pairwise RSS values pi,j, i = 1,…,N and j = 1,…,N.

Assuming that the postulate location estimates are correct, the probability that 
matrix P would be received is given by
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where Hi is the set of neighbor nodes detected by node i.
Still assuming that postulate location estimates are correct, the probability that 

all nodes j, such that j Ï Hi, are not detected at node i; that is, that their transmis-
sions reach node i with a RSS below a certain threshold pthr – is given by
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where Q[x] denotes the area under the normal distribution curve, x standard devia-
tions away from the mean.

The optimal solution is the one that maximizes the likelihood function given by

 in outL L L= ×  (6.13)

However, it is simpler to take the logarithm of function L – due to the ln(uv) = 
ln(u) + ln(v) property of logarithms, the products become sums – and then multiply 
by –1 (so that the problem becomes one of minimization), yielding
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47. To reduce the load on the WSN and increase battery lifetime, the pairwise average RSS values might be 
reported only if they suffer an absolute variation greater than a certain threshold.
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where b = 10n/(sln10) and dthr = d0 · 10(P(d0) – pthr)/10n. The optimal solution is the 
one that minimizes f; that is

 arg minopt f=
V

V  (6.15)

where matrix V is a solution candidate containing the estimated 2D coordinates 
(x, y) of the N nodes; that is
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Note that f is a function of V, because the estimated locations of the nodes de-
fine the values of the estimated pairwise distances ,î jd . The solution to (6.15) can be 
found using iterative methods, such as conjugate gradient and Newton-Raphson. 
However, MLE is sensitive to initial errors: if the initial estimate is too bad, the 
method will not converge to a good solution.48 In [28], the authors proposed using 
multidimensional scaling (MDS)49 to provide an initial estimate for MLE position-
ing. This scheme is expected to guarantee convergence to a global maximum of 
the likelihood function. In computer simulations carried out in [28], MLE+MDS 
outperformed MLE and classical MDS.

6.5.2 Residual Weighting

Assuming that a target node is using multilateration to estimate its 2D location, and 
given a set of N anchor nodes, the number of subsets that can be formed that would 
be able to provide a position fix is given by
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Note that only subsets with at least three elements are considered, because that is 
the minimum number of nodes required to yield a position fix when using multi-
lateration. Also note that residual weighting (RWGH) does not specify how those 
distances are calculated, so RSS or TOA might be used.

Now assume that, at a given location, the target node is within range of all N 
anchor nodes of the aforementioned set. For each subset Si, i = 1,…,M, the target 
node can estimate its distance to each anchor node in the subset (i.e., ˆ

jd , j = 1…, 
#Si), where #Si denotes the number of elements in the ith subset. Then, the target 

48. The convergence of another iterative method—LLS with Taylor series linearization—applied to TDOA 
positioning has been analyzed in Chapter 2, by varying the initial position estimate of the target node and 
the geometric disposition of the anchor nodes.

49. MDS is a technique applied in cooperative positioning. It can be either classical MDS, where the pairwise 
distances between all nodes must be estimated, or distributed MDS, where only the pairwise distances of 
nodes in the vicinity of the target node need to be estimated. Distributed MDS is a more feasible approach 
in very large WSNs. The study of MDS lies beyond the scope of this chapter, but the interested reader will 
find further details in [28, 44].
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node can calculate its own location using multilateration. The residual of the posi-
tion estimate Tˆ ˆ ˆ[ ]i i ix y=x  obtained using subset Si is given by

 ( )
# 2

1

ˆˆ ˆ( , )
i

i i j j i
j

r d
=

= − −∑ X x
S

Sx  (6.18)

where T[ ]j j jx y=X  are the coordinates of the jth anchor node in subset Si. Note 
that ˆj i−X x  is the Euclidean distance between the target node estimated position 
and the jth anchor node. As the subsets do not have the same number of elements, 
the residual is normalized by the cardinality of the corresponding subset [37, 38], 
yielding
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The final location is provided by the average of the position estimates obtained 
using each anchor node subset weighted by the inverse normalized residual. The 
inverse normalized residual is used because higher weights must be attributed to 
location estimates with smaller residuals. The RWGH final position estimate is then 
given by

 
1

1
1

1

ˆ ˆ[ ( , )]
ˆ

ˆ[ ( , )]

M
i i ii

M
i ii

r

r

−
=

−
=

= ∑
∑

x x
x

x

�

�

S

S
 (6.20)

Example 6.2 brings a simple simulation scenario where RWGH is applied to 
RSS-based circular multilateration position estimates.

Example 6.2

Given five anchor nodes placed at known positions in a 400 × 400 m2 open area, 
estimate the target node location at 20 different test points using RSS-based cir-
cular multilateration with and without RWGH. The anchor nodes and test points 
ground-truth coordinates are listed in the MATLAB code available at the book 
website.

Solution:
Figure 6.8(a) shows the anchor nodes locations and the test points. The aver-
age RSS maps were generated using the empirical propagation model given by 
(6.3), with the following parameters: n = 2.5, d0 = 2.5, P(d0) = –43 dBm and 
WAF = 0. The anchor nodes were assumed to radiate energy isotropically. In 
the test phase, RSS-based multilateration has been used, taking the inverse of 
the path-loss equation and adding a random term xs (dB), to account for the 
lognormal fading.50 The distance between the ith test point and the jth anchor 
node was then given by (6.9). The value of Pi,j was obtained from the jth anchor 
node RSS map. Figure 6.8(b) shows the error with and without RWGH, aver-
aged over 100 simulations. One notes that in both cases the error increases with 

50. Also referred to as slow fading. The effects of fast fading (also referred to as Rayleigh fading) are filtered 
out, as the RSS maps have average values.
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Figure 6.8 (a) RSS best server map showing the anchor nodes, the test points (circles), and the 
target node position estimates provided by RSS-based multilateration with (triangles) and with-
out (crosses) RWGH, for s = 5 dB and (b) RSS-based multilateration positioning error averaged 
over 100 simulations.

Figure 6.9 The five four-element subsets that can be formed out of the five available anchor 
nodes in Example 6.2.
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the lognormal fading standard deviation s. However, for any value of s, the use 
of RWGH reduces average location error by approximately 30%. During each 
simulation, at each test point, 16 positions estimates were calculated: 10 using 
anchor nodes subsets with three elements, five using anchor nodes subsets with 
four elements and one using all five anchor nodes. (6.20) receives these estimates 
together with their corresponding normalized residuals, given by (6.19)—and 
yields a final RWGH position estimate per test point per simulation. Figure 6.9 
illustrates some of the subsets used in the RWGH position fix at a given test point.

6.5.3 Connectivity-Based Localization

The two location algorithms studied so far in this section—MLE and RWGH—rely 
on the ability of the target node to estimate its distance to nearby nodes and/or 
to reference nodes. However, in some WSNs, there are very small low-cost nodes 
that are not capable of reporting RSS or TOA measurements, making it impos-
sible to apply the aforementioned methods. In [39], the authors proposed the use 
of a connectivity- based localization algorithm, where the target node position is 
provided by a weighted average of the nearby anchor nodes coordinates. To infer 
proximity (i.e., to select the nearby anchor nodes), a connectivity metric (CM) is 
used. This metric is defined as

 recv

sent

( , )
100

( , )
i

N i t
CM

N i t
= ×  (6.21)

where CMi is the connectivity metric for the ith anchor node, t is the target node 
sampling time, Nsent(i,t) is the number of packets sent by the ith anchor node dur-
ing time t, and Nrecv(i,t) is the number of packets from the ith anchor received at 
the target node during time t. It is assumed that each anchor node transmit a short 
packet—called a beacon—containing its ID and its reference coordinates, every T 
seconds. The target node sampling interval t will be a multiple of T, so that many 
beacons from each anchor node can be received and the CM can be calculated. The 
position estimate Tˆ ˆ ˆ[ ]x y=x  is given by the weighted average of the anchor nodes 
coordinates, using the CMs as weights; that is
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where N is the number of anchor nodes and Xi = [xi yi]T are the coordinates of the 
ith anchor node. Only anchor nodes with CMi ³ 90% are used in the position fix. 
The authors set up an experimental testbed, with four nodes acting as anchors, 
placed at the corners of a 10 × 10 m2 square in an empty parking lot. Then, 121 test 
points were selected, forming a regular grid with a 1m spacing between adjacent 
points. During the experiment, T = 2 seconds and t = 42 seconds,51 so that each 
node could sent 20 packets during the sampling time. The authors reported an 

51. A larger t might yield more reliable metrics, but at the expense of a larger delay, as the time to obtain a 
position fix will be always greater than t.
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average localization error of 1.83m. However, as explicitly pointed out in [39], the 
proposed algorithm is suitable for outdoor unconstrained environments only.

6.6 Summary

This chapter presented the fundamentals of RF positioning in Wi-Fi WLANs and 
ZigBee WSNs, grouping, highlighting and analyzing the key aspects of several 
works published on those subjects. A brief review of IEEE 802.11, IEEE 802.15 and 
ZigBee standards has also been provided. In the WLAN section, the selected works 
have been grouped into outdoor and indoor scenarios. In indoor scenarios, a further 
division has been made: single-floor (DCM and other techniques) and multifloor. 
Most solutions rely on RSS fingerprinting, applying features as NNSS, context-aware 
radio maps, and ANN-based pattern matching to improve accuracy. The use of other 
parameters to compose the RF fingerprint—CIR, CTF, and FCF—has also been ana-
lyzed, as well as techniques to reduce the search space within the radio map (IAP and 
UAP). Other location techniques rather than DCM have also been detailed: TOA and 
RSS-based multilateration. The chapter also provided a comparison among several 
positioning solutions for multifloor environments, a subject still not widely available 
in the literature. As a conclusion of this study, we state that an arbitrarily high loca-
tion precision in Wi-Fi networks can certainly be obtained in well-controlled environ-
ments with the deployment of a very high number of APs, but the main research focus 
on this area lies in seeking the best precision in chaotic environments, where most of 
the time not even the location of the APs are known. This aims at allowing the easy 
deployment and use of localization systems in a wider range of environments, with 
minimum cost and delay. Another conclusion is that due to the intrinsic characteris-
tics of indoor environments, fingerprinting seems to be the most suitable solution for 
Wi-Fi positioning. Next, the WSN section introduced the topic of cooperative posi-
tioning. Its need has been established, based on the specific characteristics of WSNs, 
such as mobility and, mostly, processing and energy limitations of the nodes. Finally, 
MLE cooperative positioning was presented, as well as two independent (RWGH and 
connectivity-based localization) positioning algorithms.
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C h a p t e r  7

GNSSs—Global Navigation 
Satellite Systems

7.1 Introduction

During its existence, humans have spread around the world. Our inner nature to go 
beyond places of nurture drove us to go almost everywhere over the globe. Most prob-
ably, our species initially used landmarks to go back and forth; that is, to orientate and 
locate. However, the observation of the sky did not just allow us to keep up with time 
and seasons to improve agricultural production but also to provide good self-location 
techniques. Sky maps and the compass, the use of earth’s magnetic field for orienta-
tion, leveraged us to go intentionally around the world, including overseas, accom-
plishing more than the simple inland displacement achieved by means of landmarks.

The sky is full of luminous reference points that coupled with the appropriate charts 
describing their observed positions over time can be translated into an estimate of where 
one is in the world. Navigation satellite systems (NSS) rely on the same concept:

Artificial references (manmade satellites) are distributed and have their move-• 

ment calculated and controlled to be in appropriate orbits;
The satellite emits RF signals containing known information and codes that • 

vary with time;
The receiver listens to these signals, computes the signal arrival time, and • 

extracts the relevant carried messages, and inputs this information to a local-
ization algorithm;
The algorithm returns an estimate of the receiver position.• 

The most obvious advantage of the above strategy is its availability. The disadvan-
tage is the cost involved to spread and position the artificial references.

NSS aim at providing positioning in terms of latitude, longitude, and height; that 
is, a triplet. As discussed in Chapter 2, to estimate such a triplet, three or more refer-
ences must be visible to the receiver. Despite the involved difficulties, NSSs were put 
into action. Primarily, they were conceived for military applications. Coupled with 
different databases and information systems, they now have widespread usage in ci-
vilian applications. Among the applications, one finds agricultural planning, helping 
tourists to reach and discover sights, allowing adventurers to go beyond, and provid-
ing drivers shortcuts and traffic information, to name a few common applications.

Since the first propositions in the late sixties for the so-called GPS and GLONASS, 
a U.S.S.R. counterpart to the U.S. GPS, different GNSSs have emerged and are be-
ing deployed. More specifically, we have China’s BeiDou/Compass and European 
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Union’s Galileo. All GNSSs rely on satellites that transmit RF signals bearing data 
that allow a receiver on the globe to locate itself without requiring a bidirectional 
link. The received signal timing and its conveyed data are used by the receiver to 
compute its position. Satellite identification, data transmission time according to 
the satellite own clock, and ephemeris1 often compose the data. The success and 
widespread commercial application of GNSSs have leveraged not just the deploy-
ment of other GNSSs but also the service continuity and modernization of the ones 
in operation. GNSS improvements are accommodating necessities of critical posi-
tioning applications, such as airplane maneuvers, such as takeoff and landing.

Other satellite position and navigation systems less ambitious in terms of cover-
age area are also being implemented. These aim at supporting location capabilities 
in smaller areas (than the whole globe) and are then called regional navigation satel-
lite systems (RNSSs). Some of them use similar principles to the ones behind GNSS 
to provide positioning services. Other RNSSs simply aim to improve the accuracy 
of existing GNSSs by introducing positioning correction parameters to mitigate 
inherent GNSS errors; these are called augmentation systems (ASs).

The next section provides an overview of NSSs. It presents a brief history of 
GNSSs and also some characteristics of GNSSs already in operation or still in the 
deployment phase, including ongoing modernization. The section also briefly men-
tions RNSS and the conceptual difference between GNSS and search and rescue 
satellite-based system: who must do the position fix? Next, the subsequent section 
presents basic concepts regarding GNSSs: how position fixes are obtained, which 
are the sources of errors, and how GNSS receivers work. Then, some characteristics 
of GPS, GLONASS, BeiDou, and Galileo are presented. Following some aspects 
of the international collaborative search and rescue system known as COSPAS-
 SARSAT are listed. It is necessary to point out that this chapter is not intended 
to cover in depth all aspects of NSS. There is an abundance of good books on the 
theme; some are mentioned in the references. Instead, this chapter aims to provide 
brief overviews on the history and operational principles of NSSs and GNSSs, on 
their nuances and their increasing worldwide relevance.

7.2 NSSs

In Chapter 1, a brief historical perspective of ground-based positioning tech-
niques was presented, including Gee, Oboe, and LORAN, to name a few. These 
systems used terrestrial longwave transmission from known location stations so 
that receivers could locate themselves. In NSSs, the RF reference signals carry-
ing the information for location (mainly reference identification, position, and 
timing information) are transmitted from artificial satellites orbiting Earth. The 
receiver uses the information conveyed by the RF signals to compute its position. 
Roughly, regarding coverage, there are two main classes of such systems. Systems 
in the first-class target global coverage and positioning, while the ones in the sec-
ond target regional coverage. The use of satellites for navigation purposes traces 
back to investigations on radio-astronomy and the application of radio-astronomy 

1. Values or formulas providing the positions of a heavenly body in space over time.
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technologies  for aeronavigation. Further research lead to increased accuracy, pro-
vided strategies for global coverage and developed a wide range of applications.

7.2.1 Brief GNSS History

GNSSs, as well as other location systems discussed in Chapter 1, started as war efforts 
for ballistic purposes, most specifically during the Cold War. Transit [1], an NSS de-
ployed by the U.S. military in the 1960s, was the first of such systems. Satellites broad-
casted in well-known frequencies. As the satellites move in well-known ephemerides, 
the Doppler effect is present in the received signals. Consequently, the frequencies of 
the received signals differ from the broadcasted ones. The measured frequency shift 
allows a receiver to estimate its relative movement to the correspondent satellite. A 
position fix can be obtained by combining a set of such estimates with the knowledge 
of satellites ephemerides. Transit is also known as Navy Navigation Satellite System 
(NAVSAT) which is considered to be the first NSS. Between the mid-1960s and the 
mid-1970s, the U.S.S.R. has also launched an NSS, Tsiklon. Tsikada/Parus followed 
Tsiklon. The design of these systems traces back to the 1950s [2, 3].

One notes that a relevant part of an NSS is a precise knowledge of satellite posi-
tions and their orbits. For this reason, in Transit, the orbits of the satellites had to 
be (and continue to be in contemporaneous GNSS) tracked by special facilities on 
Earth’s surface. The tracking of satellites orbital deviations was necessary so that 
positioning accuracy was not compromised over time.

Technology has evolved since those days. The applications of NSSs have shifted 
a lot, from military to civilian usage. Mass-market devices such as smartphones are 
embarking GNSS receivers at an increasing rate. Nevertheless, the principles of NSS 
operation remain similar. Figure 7.1 illustrates these principles:

Satellites transmit signals in known carriers, the signal bear satellite data • 

(identity and ephemeris) and timing information;

Figure 7.1 A set of satellites that move around the globe and each satellite emits signals with a 
unique feature. The signals are captured, the satellite is identified, and the information conveyed 
in the signal is extracted by a receiver to estimate its position. Each satellite is assumed to have 
its position in space known over time.
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The receiver detects those signals, identifies the satellites, and extracts the • 

data from the received signals;
A set of such data from different satellites is used to compute a position fix • 

by the receiver.

7.2.1.1 Contemporaneous and Future GNSSs

Table 7.12 summarizes the GNSSs already in operation or still in the deployment 
phase. The columns of Table 7.1 are chronologically ordered as a function of the 
date when each GNSS has started to provide or is expected to provide full globally 
available capabilities. In this chapter we describe some of the features and charac-
teristics of these systems [4–10].

From the data in Table 7.1, one sees that the different efforts to provide GNSS 
services may involve several countries. Their motivations derive mainly from the 
preoccupation to provide military services. A country owing/controlling a GNSS 
has advantages in case of war. In contrast with the three others, Galileo is a multi-
country funded and supported GNSS. Besides the countries enrolled in European 
Space Agency (ESA) or European Global navigation Space Agency (GSA), other 
countries are also involved in the project. As well, negotiations exist for more coun-
tries to participate in it. It is also relevant to note that the different projects have 
suffered delays due to the economic problems of the supporting countries.

The majority of the GNSSs are under military/government control. Galileo is the 
only exception, even though it is not yet operational. System control brings some spe-
cific design issues. For example, signals broadcasted by GLONASS and GPS have 
information not explicitly recoverable by standard (public) receivers that allow better 
resolution and accuracy in military warfare applications. GPS provides a standard 
positioning service, in opposition to the precise positioning service that is available only 
to authorized users. GLONASS employes obfuscated signals to support a restricted-
access precision service. These signals are not recoverable by standard GLONASS 
receptors. GLONASS open signals support its standard service. BeiDou and Galileo 
also provide signals for military applications separately from their open signals.

Table 7.1 presents some characteristics, techniques, and methods employed by 
the different GNSSs. In contemporaneous GNSSs, satellites broadcast signals con-
veying their orbital data (ephemeris—making it possible to compute the satellite 
position) and accurate transmission time information. Such data requires a precise 
synchronization of the satellites in the constellation (the collection of artificial satel-
lites employed in the GNSS). The receiver has its own clock (although, in general, 
not as precise as the one embarked on the satellites) and compares it with the trans-
mission time extracted from the message. The comparison provides an estimate of 
the RF signal time-of-flight (TOF) from the satellite to the receiver. Multilateration 
techniques, as described in Chapter 2, can be used to compute a position fix from 
a set of such measurements.

2. The NaviPedia (www.navipedia.net) presents information on different GNSSs. These are GPS, GLONASS, 
Galileo, and BeiDou/Compass; two are in operation, and two are being deployed. Specific information 
about GPS status is provided at www.gps.gov, about GLONASS status at www.glonass-center.ru, about 
BeiDou at en.beidou.gov.cn, and about Galileo at www.esa.int and also at www.gsa.europa.eu.
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Table 7.1 shows that the systems use similar bands and coding strategies. 
Besides GLONASS, all systems employ CDMA to identify the satellite. The time 
alignment of the received signal with respect to the receiver clock might be obtained 
using any algorithm or circuit that evaluates the correlation of the received signal 
with the employed spreading code. Until GLONASS-M satellites started being 
launched, GLONASS employed only FDMA to identify the satellite. In Table 7.1, 
as GLONASS employs FDMA, in the definition of its frequencies n refers to the 
satellite’s frequency channel number n ∈ {−7, −6, ..., 5, 6}. Since 2014, with 
GLONASS-M satellites, GLONASS employs CDMA as well. Signals and the codes 
are discussed further in following sections.

The use of similar frequency bands by the GNSS derive from some simple 
facts: (1) frequencies above 2 GHz require sophisticated directional antennas, but 
the GNSS receiver must be as simple as possible and provide position fixes inde-
pendently of its orientation with respect to the transmitting antenna, hardening 
the use of directional antennas, (2) the transmitted electromagnetic waves should 
be such that Earth’s atmospheric transmittance3 is high, (3) the carriers must 

3. Transmittance is the fraction of the incident electromagnetic radiation at a specified wavelength that passes 
through a medium.

Table 7.1 GNSSs, Frequency Carriers, and Navigation Message Acronyms Are in Conformance with the 
Documentation of the Systems

System GPS GLONASS BeiDou (Compass) Galileo

Owner United States Russian Federation China European Union
Control Governmental Governmental Governmental Civilian
Beginning of 

 operation
Global in 1994 1995 

Restored in 2011
2012 (Regional) First position fix 

provided in 2013
Status Operational 

in evolution 
and modernization

Operational 
in evolution 
and modernization

Restricted coverage 
global » 2020

Global » 2020

Orbital height 20.2 × 103 km 19.1 × 103 km 21.2 × 103 km 23.2 × 103 km
Period 11h 58m 11h 15m 12h 38m 14h 05m
Evolution per 

 sidereal day
2 17/8 17/9 17/10

Number of 
 satellites

30 29 Under deployment, 
expected to have 35

Under deployment, 
 expected to have 30

Satellites used 
for service

27 (used to be 24) 24 30 
(5 GEO)

27

Transmission 
 frequencies

1.57542 GHz (L1) 
1.2276 GHz (L2) 
1.17645 GHz (L5)

1.602 GHz+n0.5625 
MHz (L1) 
1.246 GHz+n0.4375 
MHz (L2) 
1.20714 MHz (L3)

1.561098 GHz (B1) 
1.20714 GHz (B2) 
1.26852 GHz (B3) 
1.17645 GHz (E5a) 
1.20714 GHz (E5b)

1.57542 GHz (E1) 
1.27875 GHz (E6) 
1.191795 GHz (E5)

Multiplexing CDMA FDMA/CDMA CDMA CDMA
Modulation BPSK, TMBOC BPSK QPSK, BOC, BPSK, BOC,

BOC BOC MBOC, and AltBOC CBOC, and AltBOC
Navigation 

messages
L1 C/A, L1 P, 
L2 P, L2-CNAV, 
L5-CNAV, 
L1C (CNAV2), MNAV

L1OF, L1SF 
L2OF, L2SF 
L1OC, L3OC

D1 (on B1) 
D2 (on B2)

F/NAV (on E5aI), 
C/NAV (on E6B), 
I/NAV (E1B and E5bI), 
G/NAV (E1A and E6A)

Accuracy 
 (timing)

C/A receivers 5–10m 
P/Y receivers 2–9m 
40 ns

4–7m horizontal 
10–15m vertical 
200 ns

25m horizontal 
30m vertical 
50 ns

4m horizontal 
8m vertical 
30 ns
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allow the use of a relevant bandwidth to accommodate data, and (4) the band 
employed should be relatively immune to attenuation by rain, clouds, and haze 
[11] improving system availability. Consequently, putting all together, the differ-
ent GNSS transmit in the 1–2-GHz bandwidth.

GNSS employ medium earth orbit (MEO) satellites4 with reasonably similar 
periods and sidereal days. As the satellites orbit in the same orientation that Earth 
does, roughly each satellite flies over the same region once a day. Table 7.1 also 
presents the orbital periods in sidereal time, which is used to define a time scale with 
respect to Earth’s rate of rotation relative to fixed stars.

The system accuracies presented in Table 7.1 were collected in the literature in 
order to present the attainable accuracy for 95% of the position fixes and consider-
ing different kinds of positioning services. One highlights that among those accu-
racy figures, some are estimates provided by actual position fixes while others are 
obtained from simulations. The accuracy at a given point on Earth’s surface varies 
with electromagnetic wave propagation conditions, the quantity of visible satellites, 
and the geometrical arrangement of the receiver and satellites in view.

7.2.2 RNSSs

Besides GNSSs, there are other NSSs, called RNSSs. An RNSS targets the provision 
of position fixes in continents or regions (i.e., positioning services that have regional 
coverage). The Quasi-Zenith Satellite System (QZSS) [12], IRNSS [13], and BeiDou-1 
(incorporated as part of BeiDou) [14] are examples of RNSSs, among others. Some of 
these aim to be completely autonomous as the IRNSS. Others aim to work together 
with a GNSS, as for example QZSS with regards to GPS.

QZSS aims at improving GPS/GLONASS position accuracy and reliability within 
Japan. It proposes using three satellites for enhancing already available services over 
Japan. Its name derives from the use of satellites in quasi-zenith orbits (QZO) for emit-
ting extra signals. QZSS is expected to become a four-satellite constellation in 2018, 
and then three of its spacecrafts will always be visible from any point within the Asia-
Oceania region. QZSS is designed to be integrated with GPS, augmenting the number 
of visible satellites so that the positioning service becomes more stable for high-
 precision positioning applications—a typical requirement for transportation applica-
tions. For this reason, QZSS satellites signals are compatible with GPS signals. QZSS 
is not designed to work in stand-alone mode, in such scenario, QZSS can only provide 
limited accuracy positioning services. Considering that, QZSS can also be viewed as 
a GNSS augmentation service (AS) as Japan’s Multi-Functional Transport Satellite 
(MTSAT), currently under development. MTSAT5 will be a satellite-based augmenta-
tion system (SBAS) similar to the U.S. Wide Area Augmentation System (WAAS) 
[15, 16]. ASs are described in more detail later in this chapter.

The Indian Regional Navigational Satellite System (IRNSS) is being designed 
and deployed to be an autonomous RNSS. IRNSS will be controlled by the Indian 

4. In some cases, they employ MEO together with GEO satellites (geostationary orbit or geosynchronous 
equatorial orbit). For example, BeiDou employs five GEO satellites to provide compatibility with the RNSS 
previous (experimental) system known as BeiDou-1.

5. MTSAT will be shared with meteorology, hence be multifunctional.
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government, and the Indian Space Research Organization is responsible for its de-
velopment. IRNSS main drive is that there is no guarantee of GPS or GLONASS 
positioning service continuity during conflicts. Since Indian territory is at low lati-
tudes, coverage with low inclination satellites is facilitated. As a result, IRNSS will 
employ three satellites in geostationary orbits over the Indian Ocean together with 
four satellites that will be crossing the Equator plane. IRNSS signals are designed 
to provide two different quality services, a special positioning service, and a preci-
sion service. The goal of being completely Indian makes it necessary that the whole 
system and its parts are built within India.

BeiDou-1 is a Chinese experimental regional navigation system. Its history 
traces back to 1994, when the Chinese government authorized the start of the de-
velopment and the deployment of an experimental NSS based on two GEO satellites 
launched in 2000. In 2003, a third spacecraft was launched, establishing BeiDou-1 
service, which has been available to civilians since 2004. Besides positioning service, 
BeiDou-1 also includes a regional short message service for informing user posi-
tions. BeiDou-1 is being expanded to form the BeiDou-2 (simply BeiDou), a GNSS 
expected to be soon available.

7.2.3 Search and Rescue

The satellites in a GNSS broadcast signals and messages so that receivers can locate 
themselves on Earth’s surface. However, for search and rescue (S&R) it is most 
important for the rescue team to know where the distress object is, than the self-
location capability provided by a GNSS. That is, S&R systems a priori do not need 
to provide self-location capabilities but rather to locate the distress call origin. As 
a result, S&R satellite systems should embark the receiving instrumentation for 
detecting objects emitting distress calls or beacons. The beacons are sensed by the 
S&R system so that the relevant alerts can be generated and forwarded to the com-
petent authorities in order to dispatch the necessary S&R teams. COSPAS-SARSAT 
detects and locates distress radio beacons to emit the relevant alerts. It defines dif-
ferent radio beacon emitting equipment, depending on the vessel: ships, aircrafts, 
and people. One notes that the principle of operation differs from the one used in 
GNSS. The S&R system locates the user from its beacon instead of the user locating 
itself from signals transmitted by the system satellites. Although in the evolution of 
COSPAS-SARSAT there is a shift toward using GNSS, the distress object computes 
its position and feeds it to COSPAS-SARSAT in its beacon. The COSPAS-SARSAT 
system is also briefly presented in this chapter.

7.2.4 Collaborative Services

If one considers the different RNSS and GNSS, then the quantity of satellites and signals 
for radio-navigation is great. In addition, with the deployment and start of operation of 
planned GNSS, RNSS, and augmentation systems, the figure will further augment. This 
eventual signal deluge will bring reception diversity that will translate into accuracy and 
availability increases and improve positioning system integrity [17].

That is, most probably, positioning devices will support different GNSSs. In this 
case, the position fix may be computed using more reference satellites. There are 
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obvious advantages in using a mix of GNSS signal references. First, such strategy 
may improve availability. It may also reduce the time required to obtain the posi-
tion fix and improve positioning accuracy. Those enhancements derive from the 
increase in the number of satellites and signals (or the quantity of reference signals) 
employed. Such receivers are already available in the market. It is relevant to men-
tion that a large quantity of smartphones supporting location services has already 
both GPS and GLONASS embedded receivers. Manufacturers of GPS devices are 
adding GLONASS signal capabilities in receptors to increase the quantity of detect-
able satellites. That is of especial interest in urban areas. In these, LOS condition 
to satellites may be obstructed by buildings. That is also relevant in the Poles, due 
to GLONASS constellation distribution that on average covers such regions with a 
larger quantity of satellites than GPS does.

The International Telecommunications Union (ITU) is constantly producing 
recommendations for communications systems to coexist adequately. The ITU Ra-
diocommunication Sector (ITU-R) publishes documents recommending practices 
for the use of the radio-frequency spectrum. The objective is an appropriate share 
of the spectrum. With regards to NSSs, Recommendation ITU-R M.1787-2 [18] 
describes technical aspects of the RF signals used by GNSSs and RNSSs. Recom-
mendations on characteristics and protection criteria for receiving stations on Earth 
for radio-navigation-satellite services [19–22] followed the ITU-R M.1787-2. The 
International Civil Aviation Organization increasingly incorporates navigation sys-
tems based on GNSS [23] in the 1.164–1.215-GHz band and the International Mar-
itime Organization adopted a policy for the use of GNSS for navigation [24]. These 
organizations assume the use of GNSS open signals that lie in this frequency band. 
The navigation messages (NAVs) transmitted in the L1 band of GPS and GLONASS 
fall within these band limits, as well as D1 from BeiDou and I/NAV from Galileo, 
as shown in Table 7.1. It is not by chance that the GPS L5, the GLONASS L3, the 
BeiDou E5a and E5b, and the Galileo E3 signals also fall within those limits (see 
Table 7.1). The support of safety-critical applications as, for example, air traffic is 
the objective of these signals.

In addition, GNSS modernized spacecrafts are incorporating support for 
COSPAS-SARSAT distress beacons. This will drastically improve S&R tasks all 
over the world. Before discussing the specificities of the systems described above, 
we first present some GNSS principles.

7.3  GNSS Basics

7.3.1 General Model

In GNSS, the receiver can estimate its position, velocity, and time (PVT) with respect 
to a common reference, Earth. That is possible because satellites in a GNSS transmit 
signals that convey information on the satellite itself and its timiming, within the 
GNSS timescale. GNSS position is based on the TOA information of signals arriv-
ing at the GNSS receiver from distinct satellites. The time-relevant information is 
carried by signals using different frequencies, modulation, and codes. However, 
GNSSs can be understood using a general framework, seen in Figure 7.2.
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In Figure 7.2, three satellites i, j, and k are considered. Each satellite transmits a 
signal as a function of time t. The signal transmitted by satellite i (si(t)) depends on its 
identity (i) and a set of allocated frequencies {f }i. A GNSS may employ more than one 
carrier frequency. These may be used either to transmit different information for posi-
tioning fixes or to identify the different satellites in the constellation (i.e., each satellite 
uses a different carrier frequency). In general, more than one RF signals are transmitted 
in the same GNSS so that more sophisticated receivers can correct ionospheric propaga-
tion delay  variation.

Instead, spreading codes may be used to identify the satellites encompassing a 
GNSS, using the so-called CDMA technique [25, 26]. Consider that the GNSS con-
stellation has N satellites. The GNSS receiver is assumed to know the set of codes 
{sc}i and frequencies {f }i that may be used by each satellite i Î {1, ..., N} in the GNSS 
constellation. Summarizing, GNSSs employ different multiple access techniques. GPS, 
GALILEO, and BeiDou employ CDMA. GLONASS employs FDMA.

We assume that satellite i employs a set of spreading codes {sc}i. Spreading codes 
are employed to increase the rate of GNSS signals (its bandwidth) as compared with 
the messages low data rates. The rate increase allows a fine time alignment between 
the transmitted spreading code and a replica of it in the receiver. In a GNSS, more 
than one spreading code can be used for transmitting distinct data. The different 
data may either be of different types or may improve the attainable precision of the 
time alignment computation necessary for computing position fixes, providing dif-
ferent quality services (accuracy improvement). The transmitted signal also depends 
on the satellite reference clock ti.

Figure 7.2 NSS signals for position fix computation. Three reference satellites are considered. 
The signal emitted by satellite i is a function of time t. The signal depends on the satellite refer-
ence clock ti, a set of spreading codes {sc}i, and a set of frequencies/carriers {f }i. The reference 
axes (x, y, z) illustrate the importance of a reference frame, but not its actual placement/origin.
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Using the spreading code (an information shared by satellite and receiver), the 
receiver detects the satellite and extracts the corresponding time, obtaining an es-
timate of the TOA of the transmitted signal with respect to its own clock tr. Each 
TOA estimate is converted into a distance between satellite and receiver. Then, from 
a set of different TOAs, the receiver position can be estimated. Chapter 2 describes 
this principle, explaining how TOA estimates can be employed in multilateration 
algorithms to obtain position estimates. In Chapter 3 we discussed some methods 
to obtain TOA estimates.

The TOA of signal si(t) = y (t, ti, {sc}i, {f }i) from satellite i at the receiver is obtained 
comparing the message transmission time to its reception time. Spreading codes are 
called ranging codes in GNSS systems. A direct consequence of the fact that its higher 
rate (as compared to the actual data rate of navigation messages) allows for a better 
estimation of the range (distance) between satellite and receiver. TOA estimates are 
a priori obtained in multiples of chip by correlating the received signal with a locally 
generated pulse or even in subchip units.6 All GNSS signals allow satellite detection 
and its correspondent TOA estimate. Part of them carry specific data (e.g., the satel-
lite time) for computing positioning fixes, and such a message is called the navigation 
message, which we call NAV in the remainder of the chapter.

7.3.1.1 NAV

Each GNSS transmits its own NAVs, which are defined in their respective signal 
in space interface control document [7–10]. However, across GNSSs, NAVs have 
some similarities. GNSS signal modulation, spreading codes length and rate, NAV 
structures, contents, and rates may be different across GNSSs and even within a 
given GNSS. Most of their specificities may be easily accommodated at the receiver 
(by simple software support). For example, the use of different spreading codes can 
be accommodated by software running on DSPs and dealing with different message 
structures and formats easily dealt by software. NAVs may impart:

Ephemeris parameters: these are needed to compute the satellite orbits, its 1. 
coordinates with respect to time with enough accuracy.
Time parameters and clock corrections: these are in some cases needed to 2. 
compute satellite clock offsets and time conversions.7 These corrections 
may be used for synchronization. For example, GPS does not consider 
the addition of leap seconds at irregular intervals to compensate for the 
slowing of Earth’s rotation in its timescale, which should be considered 
for providing UTC. For this reason, the NAV informs how to make this 
adjustment.
Service parameters with satellites state information: these are used to identify 3. 
the satellite state and by extension the data it transmits as good to be used 
or not.

6. This feature depends on the receiver hardware. Note that the pulse shape/modulation employed in the 
transmission may facilitate this task.

7. Required for computing UTC from the GNSS time reference. UTC is the primary standard by which the 
world regulates clocks and time. It is defined in ITU-R TF.460-6.
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Parameters of the ionospheric model: these are used in single frequency receivers 4. 
to mitigate ionospheric propagation influence (errors) on position estimates.
Almanac parameters: these allow to compute the position of the GNSS con-5. 
stellation coarsely, allowing the receiver to predict which satellites are visible. 
This feature speeds up detection and acquisition of signals by the receiver as 
compared to the search for each satellite in the constellation.

7.3.1.2 Signal in Space

NAVs have data rates varying from 50 to 1,000 bps. Spreading codes are used to 
increase their rate. Depending on the NAV purpose and data rate, its code rate 
varies from 1.023 to 10.23 Mcps.8 The spreading technique makes the transmit-
ted signal occupy a larger bandwidth than the NAV data rate would require, but 
allows for multiplexing signals from different satellites in the same bandwidth 
(CDMA). That is, codes are used to encode (or spread) a low-bitrate message 
data with a high-rate pseudorandom (PRN) sequence. If the sequences used by 
the satellites are different and are mutually orthogonal (or have very low cross-
correlations), then the information from each satellite is easily extracted from the 
received signal, even if signals from different satellites are superimposed at the 
receiver.

In addition, the ranging (spreading) code technique improves TOA estima-
tion (at least at chip timing) due to the resulting increase of the transmitted signal 
bandwidth. Spreading codes are used to encode NAV bits. As the chip time length 
is much smaller than the one of a bit, a correlator applied in the spreading code 
level has a better time resolution than the one obtained at the bit level. In addi-
tion, signal spreading allows signal reception at low power density, due to the 
code gain of the spreading code. Because of that, GLONASS employs DSSS on 
its signals.9

Altogether, the nth bit transmitted by the jth satellite of the constellation, bj[n], 
is transmitted during several chips, producing a sequence of chips bj[n]scj[m], where 
m indexes the chip.10 Let ps(t) be the shape of the modulated pulse (which is as-
sumed to last for a chip) transmitted then the waveform for bj[n] (assuming that it 
lasts the time interval [0,Tb]) is

 ,
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band format of the spreading code during the one bit; that is, it is defined for 
t Î [0,Tbit). For transmission, the waveforms corresponding to different bits are 

8. Mcps refers to megachips per second; a chip is the “duration” of a spreading code unit or a code bit.
9. We should not use the term CDMA here, as the spreading is not intended for multiple access but simply for 

spectrum spread and consequently ranging improvement.
10. This also accommodates GLONASS’ FDMA signals, which employs DSSS with a code that is dependent of 

j for DSSS.
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concatenated in time and the result is translated to the RF spectrum. Hence, the 
transmitted signal is

 
bit
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π
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∑  (7.2)

where Rbit is the bit rate, and the term 2 TP  accounts for the transmission power, 
note that dj(t) is repeated for each bit. For simplicity, the ratio between Rbit and 
Rchip was ignored in the above description. Some modulation schemes employed in 
GNSS use inphase and quadrature modulation. In this case two signals should be 
considered, inphase and quadrature, which modulate cosine and sine functions of 
the RF frequency, respectively. These components are added for transmission.

Table 7.1 shows the distinct frequencies employed by the different GNSS sys-
tems. The description/model above accommodates these different signals. When a 
carrier conveys no data but solely the code, it is just a pilot. A GNSS may provide 
different services, taking advantage of either different NAVs or different carriers (even 
from pilots, a way to correct ionospheric propagation impairments is to use multiple 
frequencies). In addition, most systems employ a given carrier to send more than one 
signal, superimposing the carrier inphase and quadrature components. Specific and 
judicious modulation and multiplexing schemes are required so that different signals 
can coexist in the carrier [27–29].

The modernization and new proposals of GNSS employ different modulation/
pulse shaping schemes, an aspect that must not be understated. An appropriate 
design of the transmitted pulse allows for sharing the same carrier/band among 
different signals and improving TOA estimates [27–30]. GNSSs use legacy modula-
tion schemes as simple as BPSK and QPSK. With the evolution process, a shift to 
more sophisticated modulation schemes as binary offset carrier (BOC [30, 31]) and 
alternative BOC (AltBOC)11 has occurred. BOC modulated signals are multiplexed 
using multiplexed BOC (MBOC), time multiplexed BOC (TMBOC), and composite 
BOC (CBOC). These different schemes are employed to make it possible to transmit 
different signals using the same carrier. In addition, multiplexing schemes provide 
a constant envelope signal, necessary for these satellites to transmit at high power 
while intermodulation products are minimized [27].

One highlights that the roadmap for the design and adoption of new modula-
tion schemes in the evolution/modernization and integration of GNSS also focuses 
on TOA estimates. The new modulation schemes being introduced allow a sharp 
estimate of the chip TOA at the subchip level. By designing pulses such that their 
autocorrelation functions [28, 30] are sharp, one facilitates TOA estimation.

7.3.1.3 GNSS Segments

GNSS can be divided into three segments. These are the space segment (SS), the con-
trol segment (CS), and the user segment (US). The orbiting satellites transmitting RF 
beacons and NAVs compose the SS. These are used by receivers to compute position 

11. BOC is the modulation used by Galileo, BeiDou/Compass, modernized GPS, and modernized GLONASS.
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fixes. The CS is a set of facilities that monitors and updates GNSS parameters that 
are forwarded to users in NAVs. In general, a CS encompasses a master control sta-
tion (MCS) and a host of dedicated and shared ground antennas, monitor/sensor 
stations and a communication network.

The CS is responsible for the measures taken on the ground to adjust the SS so 
that the GNSS can continuously provide its service; that is, to continuously provide 
good and accurate signals and NAVs. The role of the CS is depicted in Figure 7.3. 
The CS constantly monitors the GNSS satellites. Several dedicated monitoring sta-
tions track the satellites orbits. The master station processes the tracking informa-
tion and computes NAVs updates. Each satellite in the GNSS regularly receives 
NAV updates from ground antennas. These updates may carry data to synchronize 
the embarked atomic clocks within few nanoseconds to each other, and also to ad-
just the ephemeris of the satellite’s orbital model and those of other satellites in the 
broadcasted almanac.

GNSS receivers compose the user segment; these are discussed later. Next, we 
discuss how the receiver computes position fixes.

7.3.2 Position Fix

We assume that the received signals are digitally processed; thus, at clock n, the re-
ceiver extracts from the received version of y (t, ti, {sc}i, {f }i) the time information ti 
of signal transmission. If the receiver clock is tr [n] then an estimate of the difference 

Clock Ajust
Ephemerides
Almanac
Ionospheric
   Parameters
Healthiness

Ground
Antenna

Master
Station

Monitoring
Station

Unprocessed
Data

Navigation MessagesUpdates

Figure 7.3 Schematic representation of a GNSS control segment. The monitoring stations sense 
and track the satellites. Then the necessary adjustments on ephemerides’ data, clock drift cor-
rection, almanac, ionospheric parameters, and satellite states are updated for correctness and 
adequacy of NAVs.
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between the transmission of the signal and the reception is ˆ [ ] [ ]i r it n t n t∆ = − . This 
estimate is only reasonable if the transmitter and receiver clocks are synchronized. 
We will assume this condition for now, and later consider how to mitigate the ef-
fects of its inadequacy.

Each ˆ [ ]it n∆  represents the travel time of the signal from satellite i to the receiver. 
Assuming that the wave propagates at the speed of light c, this time interval cor-
responds to a distance

 ˆ[ ] [ ]i iR n c t n= ∆  (7.3)

The satellites and receivers are embedded in a 3D space (x, y, z). Assuming the ith 
satellite position at instant n (as previously mentioned, a digital clock is assumed) to 
be (xi[n], yi[n], zi[n]) and the receiver’s to be (xr[n], yr[n], zr[n]), we have that

 2 2 2[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ])i i r i r i rR n x n x n y n y n z n z n= − + − + −  (7.4)

Each Ri[n] defines the geometric locus of the receiver with respect to the ith satellite. In 
a 3D space, this is a shell around (xi[n], yi[n], yi[n]). Since measurements are not exactly 
instantaneous, and the signal has a finite rate, the shell has a thickness. The thickness 
depends on the clock rate, the higher it is the more thin the shell is. Consider the ideal 
case (i.e., its thickness equals zero). Two such shells in the 3D space would intercept in 
a closed path, while three would intercept only at a “point.” This point would be the 
receiver position (the limits discussed in Chapter 2 also apply here).

Assuming that the satellites positions over time are known,12 solving the set of 
nonlinear equations

 

2 2

2 2 2

2 2 2

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ])

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ])

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ])

i i r i r i r

j j r j r j r

k k r k r k r

R n x n x n y n y n z n z n

R n x n x n y n y n z n z n

R n x n x n y n y n z n z n

2= − + − + −

= − + − + −

= − + − + −

 (7.5)

one finds the receiver position (xr[n], yr[n], zr[n]) at instant t[n].
Unfortunately, in a real scenario it is very hard to accomplish precise time 

synchronization among all involved elements. Although satellites embark precise 
atomic clocks (and these are frequently monitored by the CS), it is impractical to 
do that in general receivers; the cost would be prohibitive. In addition, the design 
constraint of GNSS being unidirectional does not allow any interaction between 
receivers and satellites (just a passive reception).

Considering synchronization among satellites, the bias in any Ri[n] is the same. 
The bias derives from the difference between the receiver and the satellites times-
cales. Let dtr[n] represent the miss alignment of the receiver clock and the GNSS 
clock. The difference produces a bias on each Ri[n], and thus the distance estimate 
for the receiver to satellite i is given by

12. This could be achieved or by making each satellite embed its position in the transmitted signal. In practice, 
GNSSs achieve this by means of NAVs.
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 ˆ ˆ[ ] ( [ ] [ ]) [ ] [ ] [ ] [ ]i i r i r i rn c t n t n c t n c t n R n b nρ δ δ= ∆ + = ∆ + = +  (7.6)

where one assumes that the TOA is obtained at time index n and br[n] denotes the 
distance bias at the receiver due to the receiver clock misalignment with respect to 
the GNSS timescale. That is the reason for ri being called pseudorange. A pseudo-
range is an estimate of the path-length between transmitter and receiver. It is ap-
proximately equivalent to the satellite-receiver range. However, it is not the same 
due to the time bias (a pseudorange is the sum of the true distance Ri[n] and the 
bias term br[n] = cdtr[n]).

How does one eliminates the bias? The bias can be eliminated by assuming it as a 
fourth unknown and expand the non-linear system in (7.5) to consider four pseu-
doranges with respect to four satellites

 

2 2 2

2 2 2

2 2 2

2

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ]) [ ]

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ]) [ ]

[ ] ( [ ] [ ]) ( [ ] [ ]) ( [ ] [ ]) [ ]

[ ] ( [ ] [ ]) ( [

i i r i r i r r

j j r j r j r r

k k r k r k r r

l l r l

n x n x n y n y n z n z n c t n

n x n x n y n y n z n z n c t n

n x n x n y n y n z n z n c t n

n x n x n y n

ρ δ

ρ δ

ρ δ

ρ

= − + − + − +

= − + − + − +

= − + − + − +

= − + 2 2] [ ]) ( [ ] [ ]) [ ]r l r ry n z n z n c t nδ− + − +

 (7.7)

This system must be solved for the unknowns xr[n], yr[n], zr[n], and tr[n]. Once 
tr[n] is obtained, the receiver clock can be adjusted to reduce the misalignment with 
respect to the GNSS clock, synchronizing with GNSS timescale. This procedure can 
be constantly applied, obtaining a sequence of position estimates and sequentially 
adjusting the receiver clock. In conclusion, four satellites must be in LOS with the 
receiver. In this condition, the receiver can compute its position fix.

Some observations. In some urban areas, the use of travel time may introduce small 
errors in the position estimate. Signals may be received by reflections on buildings 
instead of in LOS conditions. It might be hard for a receiver to be in LOS with four 
or more satellites, as signals may not arrive at the receiver due to obstacles between 
satellites and receiver, denying position fixes.

Another issue regarding LOS condition is the coverage availability of the GNSS. 
The satellite orbit impacts the region it illuminates. Position fixes in a region of 
Earth are only possible if four satellites illuminate the region simultaneously. For 
example, GLONASS covers the north hemisphere with a slightly larger availabil-
ity than GPS, a requirement in the design of GLONASS satellite constellation. In 
general, all GNSS systems have coverage availability greater than 98%, considering 
good clear sky/good climate conditions.

Regarding the number of signals processed by GNSS receivers, in the past 
most considered just four satellites due to cost and complexity constraints. In gen-
eral, they selected the four satellites allowing the best position estimate, ignoring 
others. It is common to encounter receivers capable of processing signals from 12 
or more satellites simultaneously or even consider signals from different GNSS 
 constellations.
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The receiver position and the offset of the receiver clock relative to the 
GNSS timescale are computed simultaneously. GNSS in general employ an 
Earth-centered coordinate reference frame (ECEF) for computation. Usually, the 
receiver’s Earth-centered estimated position is further converted into the triplet 
latitude, longitude, and height. This is more intuitive for location on Earth. The 
height is in general further converted to a height relative to the geoid, providing 
a meaningful height (i.e., with respect to sea level). These coordinates may be 
displayed or placed on a map, recorded, or used for vehicle guidance, among 
other possibilities.

7.3.2.1 Computational Aspects

Equation (7.7) accurately represents a receiver start-up situation. In subsequent posi-
tioning fixes, besides clock synchronization adjustment, previously estimated positions 
can be used as an initial guess to solve the system of equations. That is why most receiv-
ers use a tracker. A tracker may combine sets of satellite measurements already collected. 
Successive receiver positions are usually close to each other. For this reason, after a set 
of measurements are processed, the tracker predicts the future receiver location with 
respect to the next set of measurements. That is, if ˆ[ ] ( [ ], [ ], [ ], [ ])r r r rn x n y n z n c t nδ=r   
denotes the set of estimates of position and time bias at iteration n, then at iteration 
n + 1 the coordinates estimates ˆ[ ]nr  can be used as an initial guess to solve the system 
of equations, reducing computation time. In general, trackers allow to improve re-
ceiver position and time accuracy, to reject bad measurements, and to estimate receiver 
speed and direction. However, when employing a tracker, changes in speed or direction 
are only verified with delay. An even worse situation might occur if the displacement 
 traveled between two measurements drops below or near the random error of measure-
ment, making the derived direction become inaccurate.

Position fixes in GNSS require four satellites. However, fewer may be used in 
special cases, as for a receiver having a precisely synchronized clock. If one knows 
one variable, then there are only three unknowns and the receiver can determine its 
position using only three satellites. In addition, a GNSS receiver may employ other 
clues or assumptions as the last known altitude or position, dead reckoning, and 
inertial navigation to provide a position estimate when less than four satellites are 
visible. Receivers embarked in ships or aircrafts can employ such a strategy, since, 
in general, their altitudes are known.

A set of satellite-to-receiver TOFs measurements allows to obtain the cor-
responding set of satellites distances to the receiver, the pseudoranges. This set 
is feed to a multilateration positioning algorithm. The basic computation at-
tempts to find the shortest directed line that is tangent to four oblate spherical 
(ellipsoidal) shells centered on four satellites. For fast-moving receivers, signals 
from different satellites are received at different positions. In addition, radio 
signals passing through the ionosphere have their velocity slightly reduced, and 
this phenomena varies with the receiving angle, as this changes the signal path. 
Satellite navigation receivers reduce errors by using combinations of signals 
from multiple satellites and also use techniques such as Kalman filtering [32] 
to combine the noisy, partial, and constantly changing data into a single PVT 
estimate.
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7.3.2.2 Linearization

The system of (7.7) is nonlinear. Each pseudorange is a nonlinear function

 [ ] ( [ ], [ ], [ ], [ ])j r r r rn f x n y n z n ct nρ δ=  (7.8)

We can linearize such equation using first derivatives. First, we use [ ] ( *[ ], [ ], [ ], [ ])r r r rn x n y n z n c t nδ=r , 
* ** *[ ] ( [ ], [ ], [ ], [ ])r r r rn x n y n z n c t nδ=r  to denote the real position and time bias of the receiver and 

Dr[n] = (Dxr[n], Dyr[n], Dzr[n], cDtr[n]) to denote the differences between the esti-
mated coordinates and the true position. Therefore, ˆ[ ] [ ] [ ]n n n= + ∆r r r  and (7.8) can 
be linearized by means of (we drop the index n for simplicity)
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 (7.9)

 
* * * ** *,  being ( , , , )j j j j r r r rf x y z c tρ ρ ρ ρ δ= + ∆ = . (7.10)

Therefore, the pseudorange variation is

 *
, , ,j j j x j r y j r z j r rh x h y h z c tρ ρ ρ∆ = − = ∆ + ∆ + ∆ − ∆  (7.11)

where
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Therefore, the impact of variations and errors of the pseudorange to the jth satellite 
depend on the relative positions of the receiver and the satellite. If we assume N 
satellites, then we have
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 ρ∆ = ∆H r (7.16)
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If H assumes a pseudoinverse, then Dr = H–1 Dr. This provides a relationship be-
tween the displacement in position and time Dr as a function of the offset (Dr) and 
the error-free pseudoranges as a function of the linearization point H. Using a least-
squares approach one obtains (if HT H is nonsingular) [27]

 
1( )T T ρ−∆ = ∆r H H H  (7.17)

7.3.2.3 Impact of Pseudorange Error on the Position Fix

Pseudoranges are not error-free; they have several sources of errors, which will be 
further discussed in future sections. However, we can evaluate the impact of pseu-
dorange errors using (7.17). Let *ρ ρ δρ∆ = ∆ +  where Dr* is considered to come 
from actual displacements and dr denotes the vector of pseudorange errors. Equation 
(7.17) is linear, therefore

 1( )T Tδ δρ−=r H H H  (7.18)

This provides the effect in position and time Dr as a function of the errors of the 
pseudoranges and of the linearization point H.

Assume that the measurement errors in dr are random variables. In this case, 
we may use statistical tools to evaluate its impacts (i.e., dr). For that purpose, we 
compute the covariance
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 (7.19)

  (7.20)

  (7.21)

Assuming that the errors of the pseudoranges can be modelled as independent iden-
tically distributed Gaussian random variables of zero mean and variance 2

UEREσ  
(UERE stands for user equivalent range error) we have that

 2
UERECov( ) Nrδ σ= I  (7.22)

Above, IN is an N dimensional identity matrix and sUERE is the standard deviation 
of the pseudorange error (which combines all error sources [33]). Hence,
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The diagonal elements of H give the variance of the estimated coordinates. The 
off-diagonal elements give the level of cross-correlation between the variables. The 
above variances are used to compute the so-called dilution of precision (DOP) that 
aggregates the errors of the distinct coordinates in one single value, reflecting the 
momentary GNSS constellation geometry impact on the positioning error.

7.3.2.4 Dilution of Precision

Note that H depends on the geometrical placement of the satellites and the receiver 
positions. Due to that, we should analyze the geometrical impact on the GNSS ac-
curacy by means of the geometrical dilution of precision (GDOP) [34]

 
2 2 2 2

UERE
GDOP r r r rx y z ctσ σ σ σ

σ
+ + +

=  (7.24)

Even in an idealized case that error sources do not change over time or position, the 
dilution of precision does. One notes that the entries in H depend only on the receiver 
satellite geometry. For this reason, GDOP is a function of the geometrical arrange-
ment of satellites and receiver. The larger the volume of the solid with vertices in satel-
lites involved in the position fix computation is, the smaller the dilution of precision 
is. As a result, smaller is the impact of the overall measurement error on the estimates. 
The impact of measurement errors on the receiver depends on the geometry of the dif-
ferent satellites and receiver. This arrangement varies as a function of time, depending 
on satellites orbits and receiver displacement; therefore, GDOP also varies.

Other DOPs that analyze the geometry impact on specific components of the 
position fix solution are employed. These are position dilution of precision (PDOP) 
horizontal dilution of precision (HDOP), vertical dilution of precision (VDOP), and 
time dilution of precision (TDOP), respectively
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σ
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Example 7.1

We illustrate the DOPs above with an example.13 Consider the satellite distribution 
in Figure 7.4. We consider a receiver in the origin and satellites at 20 × 103 km from 
it. Two satellites are considered to be fixed at (20 × 103, –150°, 30°) and at (20 × 103, 

13. The code for the example is at the book website as ch07ex01.m.
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–60°, 60°). These are the spherical coordinates (radial distance, azimuthal angle, po-
lar angle) of the point. This is illustrated in Figure 7.4. When the third satellite moves 
over the sphere of radius 20 × l03 Km in the first octant, what happens to the different 
geometrical DOPs? The formulas above allow to evaluate that. Never theless, keep in 
mind that they are approximations using first-order derivatives.

Figure 7.5 presents in the upper left the points visited by the third satellite. 
The upper right graph in Figure 7.5 presents the overall dilution of precision (i.e., 
the GDOP). One computes the GDOP as a function of the different positions of the 
third satellite, azimuthal and polar angles. The same occurs for the HDOP and the 
VDOP, in the lower left and lower right of Figure 7.5, respectively.

As one can readily see, as the polar angle decreases the VDOP increases, wors-
ening the precision of the positioning process. One notes that, in this case, the 
satellites are all far above the receiver (assumed to be in the origin). Therefore, all 
received signals come from directions with strong vertical components, being a bad 
configuration for vertical position estimation.

Regarding the HDOP, one sees that it increases as the azimuthal angle approaches 
either 0 or 90 degrees. For these azimuthal angle ranges, we can imagine a plane 
that is perpendicular to the xy-plane and passes through the receiver location to 
which all three satellites get very close. In such case, due to the positions of the two 
fixed satellites, the signals arriving at the origin come from horizontal directions 
that are almost all at the same side of the receiver. This does not happen for an azi-
muthal angle around 45 degrees and that is the reason for HDOP improvement for 
angles near 45 degrees. These aspects explain the shape of HDOP as a function of 
the azimuthal angle. One notes that HDOP worsens for small azimuthal angles as 
compared to large azimuthal angles. For a large azimuthal angle, the third satellite 
approaches the yz-plane, although not crossing it, and thus still provides a reason-
able geometry as compared to small azimuthal angles.

Moving Satellite

Fixed Satellite

Fixed Satellite

y
x

z

Figure 7.4 Illustration of the satellite geometry and spherical coordinates employed to evaluate dilu-
tion of positioning. Two satellites ◽ and * are considered to be fixed and × to move. The fixed satellites 
are at (20 × 103, –150°, 30°) and (20 × 103, –60°, 60°), in spherical coordinates, that is, (radial distance, 
azimuthal angle, polar angle). For a point, its radial distance is the length of the vector going from the 
origin to the point. Its azimuthal angle is the angle between the projection of this vector onto the xy-
plane and the x-axis. The polar angle is the angle between the z-axis and the same vector.
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Figure 7.5 The upper graph shows the points visited by the third satellite, azimuthal angles in the interval from 15° to 75°, and polar angles in the 
same range. The upper right graph shows the GDOP at those points. The lower left and lower right graphs show for the same range of azimuthal and 
polar angle the HDOP and VDOP, respectively.
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The combined effect of HDOP and VDOP in the overall GDOP is straightfor-
ward. One must note GDOP is always greater than HDOP and VDOP, as GDOP 
combines the inaccuracies on estimates of both the xy-plane position and the height 
(z-plane).

7.3.2.5 Satellite Placement

The above principles apply to any NSSs. An NSS encompasses a series of satellites 
for autonomous geospatial positioning purposes. Computing a position fix in an 
NSS, in general, requires four visible satellites. If, in a given region, there are less 
than four satellites in LOS with receivers then in that region the NSS is unavailable. 
As a result, satellite orbits and positions have to be planned to provide the desired 
coverage. Differences in satellite orbits and positions lead to varying number of 
satellites in LOS with receivers as a function of the receiver location on Earth’s sur-
face and also of time. For horizontal positioning fixes, HDOP improves when one 
includes satellites having low elevation angles (the complement of the polar angle). 
For GNSS positioning, in general, if satellites are distributed evenly then accuracy 
improves.

7.3.2.6 Orbits Influence on Precision

Nevertheless, the actual orbits and the distribution of the satellites in the orbits 
make the number of satellites seen from a given location to change over time. For 
this reason, the different DOP described above vary over the globe and with time 
at a fixed point on Earth’s surface. DOP is not constant with time in a given region, 
and thus the precision of the position fix at a given location also changes with 
time.

7.3.2.7 Doppler Frequency

The receiver velocity can be estimated from successive position fix differences. Al-
ternatively, if the receiver and satellite are in relative movement (what is always the 
case for MEO satellites), then the receiver can measure the Doppler shift [35] in the 
received signal to compute its velocity.

For a satellite located at a distance r from a receiver, the propagation delay is

 p
c
ρτ =  (7.29)

if the signal carrier is fRF then its wave length is lRF = c/fRF and we have that

 RF p
RF

f
ρτ =
λ

 (7.30)

For a moving satellite, as distance changes with time, the propagation delay 
also does. Therefore, we have that

 
( )

( )p
t

t
c

ρτ =  (7.31)
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Assuming that the carrier component is a sinusoidal waveform, as the satellite emit-
ting the carrier displaces, the receiver perceives a sinusoidal component of phase

 RF RF
RF

( )
( ) 2 2

t
t f t

ρφ π π= −
λ

 (7.32)

Hence, one can compute an “instantaneous frequency”

 
RF

RF RF
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= = −
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 (7.33)

The last term is a time-varying contribution to the perceived frequency known as 
the Doppler frequency

 Doppler
RF

1 ( )
( )

d t
f t

dt
ρ= −

λ
 (7.34)

Obviously, the Doppler frequency exists only if the satellite and the receiver have 
relative movement. However, it provokes an effect that should be considered by 
GNSS receivers and can also be used to estimate velocity. One notes from (7.34) 
that, as satellite and receiver go toward each other, the Doppler frequency is posi-

tive. The perceived frequency is larger than fRF, as ( )d t
dt
ρ  is negative in this case. 

On the other hand, when satellite and receiver distance widens (i.e., they are going 
apart from each other) then the Doppler frequency is negative.

Velocity estimation. Let pj(t) = (xj(t), yj(t), zj(t)) denote the jth satellite position as 
a function of time, pr(t) = (xr(t), yr(t), zr(t)) denote the same for the receiver, and 
vj(t) = (vxj(t), vy(t), vzj(t)) and vr(t) = (vxr(t), vyr(t), vzr(t)) their respective velocities, 
the derivatives of the positions. Hence, the range vector (relative position) from 

the jth satellite to the receiver is ( ) ( ) ( ) ( ) ( ) ( )
o

t
j r r j o

t
t t t d tτ τ τ= − = − +∫p p p v v p , being 

to any arbitrary instant (p(to) = pj(to) – pr(to)). If the satellite orbit is well known 

( ) ( ) ( ) ( )
o

t
j r r o

t
t t d tτ τ= − +∫p p v p . Their relative velocity is 

( )
( ) ( )j r

t
t t

dt
= −p

v v , what im-

plies that ( )
( ) ( )r j

d t
t t

dt
= − p

v v . Noting that the pseudorange p(t) is the norm of p(t), 

(i.e., if p(t) = (px(t), py(t), pz(t)) then 2 2 2( ) ( ) ( ) ( )x y zp t p t p t p t= + + ), one has a way to 
estimate receiver velocity relatively to the jth satellite [35–38].

If the trajectories of the satellites are known (these are modelled by means of 
satellites ephemerides, in general, transmitted in GNSS NAVs), then their veloci-
ties are also known. Consequently, from Doppler frequencies measurements14 the 
relative velocities of the receiver with respect to distinct satellites can be computed. 
Such a set can be used to compute the receiver velocity with respect to Earth.

14. Doppler frequencies can be measured by means of a frequency/phase-locked loop.
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7.3.3 Reference Frame

Time is the basis for pseudoranging in GNSS, and, being so, it must be precisely and 
well controlled in any GNSS. For that, a GNSS defines a precise timescale. The same 
occurs with coordinates. A GNSS requires the definition of coordinates systems for 
the transmission of ephemerides and almanac data in its NAVs and the computation 
of position fixes and time.

7.3.3.1 ECEF Cartesian Coordinates System

GNSS use ECEF Cartesian coordinates systems. An ECEF is a coordinate system 
that rotates and moves together with Earth, and its axes always point in the direc-
tion of arbitrary longitudes. The x-axis points to the Greenwich Meridian. The 
y-axis points to 90° East longitude. The z-axis is defined to be perpendicular to the 
xy-plane. Figure 7.6 illustrates an ECEF reference system. The relevance of ECEFs 
rests on the fact that for a stationary object with respect to Earth’s surface, the 
object position is always the same in an ECEF. An intuitive reference frame as com-
pared to using a coordinate system fixed in space or fixed with respect to Earth’s 
center of mass (an earth-centered inertial (ECI) coordinate system).

7.3.3.2 ECI Coordinate System

GNSS use ECI coordinate systems to determine and propagate GNSS satellite 
orbits. An ECI is inertial in the sense that satellites orbits can be described relatively 
to Earth’s center of mass. An ECI system typically employs an xy-plane coincident 

x

yp

zp
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y

a

b

a

z

North pole

Prime meridian
longitude 0˚

Equator
Latitude 0˚

a = major axis
b = minor axis
Earth’s ellisoidal model

P

x  , y  , z  p p p(              ) = ECEF position of P   

Figure 7.6 Illustration of an ECEF Cartesian coordinate system. It shows the axes x, y, and z of 
the ECEF. Earth is modeled as an ellipsoidal surface, a and b denote the length of major (equato-
rial) and minor (poles) axes of the ellipsoid. Earth is oblate (flattened at the poles). Therefore, the 
major axis (a) refers to the horizontal plane xy, while the minor axis b refers to its perpendicular 
direction (z). The coordinates of a point P on Earth’s surface are (xp, yp, zp). Trigonometry helps 
converting these into latitude and longitude and height.
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with the equatorial plane and the z-axis is perpendicular to that plane in the direc-
tion of the North Pole. The x-axis is permanently pointing to the spring equinox.15 
That is, the x-axis is permanently fixed in a direction relative to the celestial sphere. 
The y-axis is chosen accordingly to provide a right-handed coordinate system.

7.3.3.3 Geodetic Coordinates System

The latitude, longitude, and altitude triplet is in general used to return position 
fixes. For that, GNSS systems employ geodetic coordinates systems. A geodetic 
system or geodetic datum is a coordinate system and a set of reference points that 
are used to locate places on the Earth.16

7.3.3.4 Local East, North, Up Coordinate System

As can be noticed, the dilutions of precision HDOP, VDOP, and PDOP vary as 
a function of the coordinate system used. For an intuitive understanding of their 
meaning, they should be converted to the local horizon plane and the local vertical. 
That is the x, y, and z axes should be defined using for example a local East, North, 
Up (ENU) coordinates system. The local ENU coordinates are defined considering 
a plane that is tangent to Earth’s surface at the location and, hence, the term “local 
tangent” or “local geodetic” plane are employed. The East axis is labeled x; the 
North axis is labeled y; and z is used for the up direction (perpendicular to the tan-
gent plane). Conversion equations between the coordinate systems discussed thus 
far can be found in [39, 40].

7.3.4 Error Sources

We analyzed the impacts of pseudorange errors on position fixes by means of differ-
ent DOPs. Different phenomena may cause pseudorange errors. A ubiquitous error 
source is the receiver noise that is inherent to the construction of the necessary cir-
cuitry. Another is the noise added to the received signal due to several other signal 
sources. Below, other specific GNSS error sources are discussed.

7.3.4.1 Multipath Effects

Unfortunately, the signal from a satellite may arrive at a receiver by reflection or 
even in multipath. That is, the signal may not arrive in a straight line neither solely 
by one path, but instead by means of multiple routes. The multiple paths may result 
from wave reflection in different obstacles as mountains and buildings. The reflec-
tion provokes an extra delay in propagation affecting the correspondent pseudor-
ange measurement. Therefore, multipath may negatively impact GNSS positioning 
accuracy. For satellites with high elevation angles, satellites that are placed very 
close to a perpendicular line to the receiver position on Earth’s surface, multipath 

15. The direction of the intersection of the equatorial plane with the plane where Earth orbits the sun.
16. Datum refers to a smooth surface arbitrarily defined as having zero elevation, all reduced to a grid of lati-

tudes, longitudes, and elevations.
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will rarely be an issue, the reflected waves will most probably arrive at reasonably 
lower power than the direct wave does. Again, one should note that if a large num-
ber of satellites is available then high elevation angles satellites are available with 
high probability. However, using only high elevation angle satellites for positioning 
fixes impacts negatively on the HDOP.

Satellites selection. Constellation geometry, satellite orbits, and multipath effects 
may be of concern to compute position fixes. These error sources can be tackled in 
GNSS receivers by using processing algorithms that select satellites pseudoranges 
that, for example, give the lowest DOP for the position fix. A small number of 
satellites in LOS may cause errors, and a large number of satellites in LOS may 
improve the precision, mainly from a diversity gain. The satellites used computing 
the position fix can be chosen considering the relevant DOP (P, G, V, H, or T) and, 
in addition, the position fix computation can use more satellites.

7.3.4.2 Ephemerides and Clock

All GNSS send NAVs with timing and ephemerides among other data. Any cor-
ruption of that information will impact negatively on position fixes. We have 
seen that the receiver clock can be synchronized with the received signals. How-
ever, drift occurs in the synchronized clock, since the receiver clock is not as 
sophisticated as the ones used in satellites. NAVs convey ephemerides roughly at 
every 30 seconds and a priori the satellites have this data updated several times a 
day. Meanwhile, small errors may still exist. However, the effects of these error 
sources tend to be small.

7.3.4.3 Ionospheric Propagation

Traveling from the satellite to the receiver, GNSS signals may be subject to specific 
propagation impairments. The signal travels through the ionosphere and the tro-
posphere to reach the receiver. The ionosphere is a region of the upper atmosphere 
(from 100 to 1.0 × 103 km) that is charged with electricity/ions. The ionosphere 
causes signal delays in the electromagnetic wave, altering pseudoranges and thus 
producing positioning errors. The variability of the ionospheric impact is much 
larger [41, 42] than the ones provoked by the troposphere. Pseudorange errors due 
to propagation through the ionosphere vary from a few meters to many tens of me-
ters, whereas due to the troposphere they vary between 2 to 3m [42]. In addition, in 
one day, the variation of the ionospheric pseudorange error can be up to one order 
of magnitude [42]. Most of the effects of ionospheric propagation can be circum-
vented by appropriate models. Therefore, in some NAVs, GNSS satellites broadcast 
ionospheric model parameters to accommodate that; however, errors still remain.

When passing through the ionosphere, signal delay varies as a function of 
frequency; that is, the ionosphere is a dispersive medium. This comes to help. Due 
to the dispersion in the ionosphere, the delays it introduces can be estimated and 
mostly resolved by using simultaneously signals of distinct frequencies. GNSS may 
use dual frequency (or more) transmission signals to mitigate ionospheric errors. 
Ionospheric delay is a well-defined function of frequency and the total electron 
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content (TEC) along the path [43]. Measuring TOA differences between known 
signals of different frequencies allows to determine the TEC and thus to precisely 
determine the ionospheric delay at each frequency. Such a strategy is used to ac-
count for ionospheric propagation effects on GNSS TOA-based position fixes, 
using in general two frequencies. Nevertheless, dual-frequency receivers are more 
expensive than single-frequency ones. Despite that, existing GNSS are modern-
izing their signal sets to include two or more signals of different frequencies for 
civilian usage.

7.3.4.4 Tropospheric Propagation

Troposphere is the layer between Earth’s surface and an altitude around 15 km. 
Electromagnetic wave propagation through the troposphere is subject to a variable 
delay depending on pressure, temperature, and humidity of the air. For this reason, 
the net effect of the troposphere on GNSS signals is an extra delay. The signal path 
from transmitter to receiver changes with receiver and satellite locations, which 
alters the signal route length across the troposphere. This route is mainly a function 
of satellite elevation angle with regard to the receiver location.

The troposphere is a nondispersive medium with respect to electromagnetic 
waves up to 15 GHz. Tropospheric effects on wave propagation do not depend on 
the carrier frequency. Being nondispersive, tropospheric effect cannot be removed 
by combining dual or more frequency measurements (as is done for ionosphere ef-
fects). To compensate the tropospheric effect, models and/or estimates of the delay 
from observational data are employed [44–46].

7.3.4.5 UERE

UERE [6, 33, 47, 48] is an index that couples the effects of the different errors. 
Errors in position fixes may occur due to satellites orbital shifts and ephemerides 
inaccuracies, satellite and receiver clock errors, tropospheric and ionospheric prop-
agation residual errors, and multipath and measurement noise errors in the receiver. 
The UERE is a reference to GNSS performance that couples the different aspects in 
a single value. However, its actual impact on the precision of a position fix and time 
synchronization depends on the DOP.

7.3.4.6 GNSS Extensions for Countermeasures

Assisted operation mode. The GNSS receiver has to identify the visible satellites 
for providing a position fix. For detecting each satellite’s signal and decoding its 
NAV, the receiver may test different frequencies or codes (depending on the GNSS 
considered) corresponding to the different satellites of the GNSS. However, in the 
first position fix the receiver may be completely unaware of the visible satellites, 
requiring the receiver to span all possible channels (codes or frequencies) until 
at least four satellites are detected. The time to first fix (TTFF) depends on that 
search, and it may provoke a large TTFF. A-GNSS [49] aims at reducing TTFF. 
The GNSS receiver is assisted by a server that provides the necessary orbital in-
formation of satellites. This announces to the receiver which satellites to look 
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for and detect. A-GNSS may also provide in advance the GNSS timescale. These 
assists reduce TTFF; once orbits are known then pseudoranges can be computed 
directly from the received signal waveform even subject to more severe attenua-
tion than the ones in the usual LOS condition. As the target satellites are known, 
their detection is facilitated. Therefore, some GNSS receiver manufacturers ar-
gument that inside a building, where only weak signals may arrive, an A-GNSS 
receiver may allow GNSS positioning and service continuity. For A-GNSS service, 
the assisted data must be provided by a communication channel. That can be 
provided by any network or Internet-connected assist server, a common approach 
for smartphones-embedded GNSS receivers. For these receivers, a fringe benefit of 
the A-GNSS procedure is the reduction of power consumption, due to the reduc-
tion of the time necessary to receive navigational data and to calculate the current 
position. A-GNSS is a standard LCS method in cellular networks as discussed in 
Chapter 5.

D-GNSS. D-GNSS is an enhancement to a GNSS so that some of the above error 
sources are mitigated to provide very precise positioning services. A D-GNSS uses 
simultaneously two or more receivers at several well-known fixed survey points. 
The ground-based network of sensors has very well known receiver station posi-
tions, and thus can compute and broadcast the difference between the measured 
satellite pseudoranges and the actual pseudoranges. From the broadcasted differ-
ences, a D-GNSS capable receiver may correct its pseudoranges by simply subtract-
ing the pseudorange difference. Obviously, the correction can only be used locally. 
There are many such systems currently in operation around the world; for example, 
see [50]. As a D-GNSS may improve the position fixes accuracy, it is also known as 
a ground-based augmentation system (GBAS). We will discuss these in brief.

Integrity. Above we have mentioned GBAS. One of the objectives of ASs is to im-
prove GNSS accuracy so that they can be used in critical positioning systems, as 
in transportation applications. In such applications, small errors may provoke the 
loss of several lives. ASs also enclose the concept of integrity, mainly intended for 
aircraft navigation. Integrity is a measure of the trust of the correctness of the in-
formation supplied by a navigation system [51]. It considers the provision of timely 
warnings on the correctness of the GNSS; that is, of its use for civilian navigation. 
The distinction between accuracy and integrity rests on the percentile of the sta-
tistical distribution of errors considered. Accuracy is in general measured at the 
95% percentile while integrity requirements impose much higher percentiles than 
accuracy does. The greater the percentile is, than the smaller the probability of 
hazardous situations is, reducing risks to human lives. In addition, while accuracy 
is understood as a global system characteristic, integrity aims to be a real-time local 
criterion for deciding to use or not use the position reported by the GNSS.

There are several ways to provide integrity [51]:

Space-based augmentation systems (SBASs): Monitoring stations are dis-• 

tributed across the area of interest and send information to an MCS. The 
MCS processes the positioning inaccuracies and generates the integrity 
message. If the true positions of the monitoring stations are known, then 
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they can be compared with the computed position solutions provided by 
the GNSS signals. Doing that, the integrity and the accuracy of the signal 
can be determined and broadcasted to users. Uplink stations transmit the 
correction information and integrity level to geostationary satellites for 
retransmission to users.
Ground-based augmentation systems (GBASs): The working principle is the • 

same as the one employed by SBASs. The ground monitoring stations are 
placed very close to airports and transmit the correction information and 
integrity level directly to the aircraft via RF links.
Receiver autonomous integrity monitoring (RAIM) [52]: The receiver itself • 

does the necessary calculations. It analyzes the time fraction in which suf-
ficient satellites are visible to support multiple redundant position calcula-
tions, as, indeed, this indicates a level of integrity.

Augmentation systems. Some of the RNSSs that we have briefly reviewed are actu-
ally SBASs [49]. ASs target the improvement of positioning services, and thus allow 
their use for air traffic control, for which critical positioning capability is a require-
ment. An SBAS is a network of geostationary satellite systems that reports infor-
mation on the satellite timing accuracies, satellite orbits, integrity, and transmitted 
signal propagation delay in the atmosphere. Several ASs have been implemented all 
around the world. The U.S. WAAS covers almost all North America. The European 
GNSS Navigation Overlay System (EGNOS) provides integrity and improved accu-
racy within Europe. There are several other ASs either implemented or planned, as 
examples we cite the ones of Japan, India, and Russia. These are QZSS, GPS Aided 
Geo-Augmented Navigation (GAGAN), and System for Differential Corrections 
and Monitoring (SDCM) [53], respectively.

7.3.5 GNSS Receivers

Figure 7.7 illustrates a typical GNSS receiver [5, 28, 54, 55]. The specific receiver 
architecture employed varies according to the GNSS and the target application. A 
generic GNSS receiver encompasses:

Antennas in the L-band to capture GNSS signals, subject to noise and pos-1. 
sible interferences;
An RF front end to downconvert, filter, amplify, and digitize the signals;2. 
Signal processing routines that are used to detect, acquire, and track GNSS 3. 
signals;
Processors that use the extracted data to provide meaningful results to the 4. 
user/application.

The received signal is filtered to reduce interferences. The resulting signal is 
amplified and downconverted to baseband. The analog baseband signal is then 
converted into the digital domain, the ADC sampling rate and resolution may vary 
substantially depending on the application requirements [55], impacting the equip-
ment cost. In all-digital modern software defined GNSS receivers [5, 56] usually a 
rate four times larger than the intermediate frequency is employed [28].
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Figure 7.7 Block diagram of a typical GNSS receiver.
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The digitized signal is passed to DSPs with N parallel channels for simultane-
ous reception of N satellite signals. Each processing channel has the capability to 
compute the correspondent pseudorange using the code and/or phase of the carrier. 
Correlators are used in this channel to estimate TOA, its time resolution can be 
defined in subchip units [27, 55] allowing for a better estimate of the TOA. The 
measured TOA and the recovered NAVs are then used by the processing device or 
algorithm to compute position fixes.

7.3.5.1 Detection and Tracking

When a GNSS employs CDMA, the correlation between the received signal and 
known spreading codes is used to look for the satellites in view. The satellites in 
view can be tracked for extracting measurements, a process known as acquisition. 
Acquisition may employ 2D search (code delay and Doppler frequency) correlation 
between the received signal and locally generated spreading codes (in the receiver). 
Since the signal is originated by moving satellites, there are both Doppler frequency 
and code delay (the transmission-reception time interval/signal delay) effects in the 
received signals. These should be accounted for in the acquisition process. The ef-
fects of different code delay and Doppler frequency pairs can be used to generate 
received signal prototypes which correlation with the input signals are evaluated for 
signal detection. The peak of the 2D correlation function of code delay and Doppler 
frequency can be used for signal alignment; this allows to start tracking the signal. 
That is, once a channel is acquired, its processing branch goes into tracking mode. 
In tracking mode the estimates of the code delay and the Doppler frequency are 
continuously refined to improve the match. Dedicated channels running in parallel 
are employed. Each channel tracks one signal; that is, one satellite. The tracking 
loop provides pseudorange and phase measurements. Once a channel/satellite is 
being tracked, its NAV can be recovered.

7.3.5.2 Navigation Processor

The recovered NAVs are passed to the navigation processor. The latter interprets 
the NAVs and processes the information they transport according to the appli-
cation. The application can largely vary, going from simple data collection to be 
postprocessed, passing through computing the receiver PVT, time synchronization, 
or data embedding in complex navigation interfaces linked to different local or 
distributed databases.

7.3.5.3 Other Features

GNSS receivers may also include an input for differential corrections (D-GNSS 
operation mode) or have a communication interface to receive data from A-GNSS 
servers. In addition, in many GNSS receivers the display and control interface is 
substituted by a communication interface with other systems or devices. As for 
example within navigation systems that mix GNSS with other sensors, such as a 
compass or an inertial navigation system [5] to improve and complement the GNSS 
service.
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7.3.6 Control Segment: Some Observations

We have previously mentioned the need for the control segment in a GNSS. It is 
relevant to note that the control segment needs to verify if satellites have correct 
timing. Received signals can be used to compare the timing information that they 
convey with a precise ground-truth clock and if any correction is found to be neces-
sary it is uploaded to the spacecraft for adjustment.

The other main task of the control segment is analogous to the computation 
of position fixes by GNSS receivers: tracking satellites positions and orbits. From 
the received signals at a GNSS sensor/monitoring station, one can compute the 
sensor position and compare it to its known true position and verify the GNSS 
accuracy. Any degradation is due to the degradation of the whole GNSS system. 
Instead, the position of a satellite can be computed from its pseudoranges to three 
or more monitoring stations. The computation is very similar to the computation 
of a position fix by a GNSS receiver. However, in this case the known variables are 
the monitoring facilities positions while the unknowns are the satellite position. 
The same analogy is applicable to satellite velocity. Doppler effect techniques can 
be employed for satellite tracking as well.17

Obviously, to accomplish the above tasks, the monitoring stations must be 
equipped with high-end receivers and should also have a very precise clock aligned 
to the GNSS master clock. In addition, their locations need to be very precisely 
known. Moreover, a communication network is necessary so that the data gathered 
by these stations can be sent to a central processing station/master control center. 
There, the necessary corrections are computed so that ephemerides adjustments to 
the NAVs can be uploaded to the satellites. It is worth mentioning the International 
GNSS Real-Time Service (http://igs.org) initiative that provides more precise data 
on the satellite orbits of GPS and GLONASS so that their accuracies are leveraged. 
This is possible since precise orbital data is provided by using a large network of 
GPS and GLONASS sensors all around the globe.

7.4 GNSS Variations

A GNSS aims at global coverage. GNSS receivers use information from the GNSS 
signals, transmitted by the set of GNSS satellites, to compute PVT with good preci-
sion. For that, at least four satellites of the constellation must be in LOS with the 
receiver. PVT computation uses TOA estimates of the received signals.

The global coverage of a GNSS is possible since the satellites move around the 
globe in MEOs and therefore illuminate different regions over time. As explained 
previously, the larger the number of satellites in LOS with the receiver the better the 
position fixes (i.e., the smaller the error of the position estimate is). GNSS constella-
tions vary, but they use orbits with inclinations larger than 50° and orbital periods of 
roughly half a day. The spacecrafts are at altitudes of about 20 × 103 km so that at any 
time at least four satellites are in LOS with receivers in any region of Earth’s surface.

17. This strategy is employed in DORIS [57] (from French Détermination d’Orbite et Radiopositionnement 
Intégré par Satellite, Doppler Orbitography and Radio-Positioning Integrated by Satellite). DORIS is a 
system used for determining satellite orbits.
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The United States NAVSTAR GPS and the Russian GLONASS are in operation. 
China has already tested BeiDou (also known as Compass), which is scheduled to be 
fully globally operational by 2020. The European Union’s Galileo is also in its initial 
deployment phase and in tests, having already provided position fixes. Galileo is also 
scheduled to be fully operational around 2020. The following subsections describe 
some specificities of these four GNSS focussing mainly on their open and free services.

7.4.1 GPS

7.4.1.1 History and Administration

GPS provides positioning capabilities to military, civil, and commercial users around 
the world. It is maintained by the U.S. government and was created and realized 
by the U.S. Department of Defense. GPS was developed to overcome limitations of 
previous existing navigation systems, integrating ideas from several predecessors. 
The GPS standard service is freely accessible to anyone with a GPS receiver.

The principles used on ground-based radio-navigation systems, such as LORAN 
and the Decca Navigator (Chapter 1), were further developed in a set of U.S. mili-
tary systems, such as, for example, Transit [3]. Transit was first successfully tested 
in the 1960s and used a constellation of five satellites to provide navigational fixes 
approximately once an hour. The Timation [3] satellite deployed in 1967 proved 
the ability to place accurate clocks in space and their use for ranging measurement, 
the basic technique employed by all GNSSs. Added to these systems one finds the 
Sequential Collation of Range (SECOR) satellite [3]. Geodetic surveying by the 
U.S. army employed the SECOR. The SECOR system included three ground-based 
transmitters at known locations sending signals to the satellite transponder in orbit. 
A fourth ground-based station, at an undetermined position, could then use those 
signals to fix its location precisely.

The various limitations of the systems above demanded a navigation solution 
with greater accuracy. A superior system could be developed using the best tech-
nologies in those parallel developments. This view culminated in the DNSS, later 
named Navigation System Using Timing and Ranging (NAVSTAR). NAVSTAR-
GPS was the name used to identify the constellation of NAVSTAR satellites, rapidly 
shortened to GPS. GPS highest quality signal is restricted for military use. Another 
of its features was the Selective Availability, an intentional degradation of the sig-
nals for civilians. Due to that D-GPS services were deployed to improve civilian 
services accuracy. Simultaneously, technologies to deny GPS service to potential 
adversaries on a regional basis have been developed. As a consequence, Selective 
Availability was turned off.

Technology pushes and demands for improving the existing GPS services drove 
its evolution over time. During its existence, GPS has undergone improvements, as the 
inclusion of new signals aiming at increased accuracy and integrity for all users while 
maintaining compatibility with legacy GPS equipment. GPS modernization is cur-
rently an ongoing initiative for the inclusion of new capabilities to military, civil, and 
commercial usages. The current development phase is called GPSIII [58]; this phase 
intends to enhance signal reliability, accuracy, and integrity, and even include search 
and rescue (SAR) payload. Below we describe some of the characteristics of GPS [7].
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7.4.1.2 Services

Originally, NAVSTAR-GPS was a military project, but it is now a dual-use tech-
nology, meaning that it has both significant military and civilian applications. 
GNSS have become a widely deployed and useful tool for commerce, scientific 
uses, tracking, and surveillance. If the system were not capable of providing dif-
ferentiated specific positioning services for military applications, its use for civil-
ian applications would perhaps not even have started. The GPS provides two 
different services. These are Precise Positioning Service (PPS) and Standard Posi-
tioning Service (SPS).

All GPS satellites transmit on the L1 frequency with a coarse/acquisition (C/A) 
code ranging signal, which bears NAVs intended for civilian usage. In addition, 
the precision (P) code ranging signal (also carrying NAVs) is reserved for autho-
rized use. In the L2 frequency, the satellites transmit a second code ranging signal 
with NAVs. In general, the P-code is cryptographed, becoming the Y-code. Such a 
strategy is called anti-spoofing (A/S), and consists in P-code encryption by a secret 
W code, resulting in the Y code. This code is modulated over the two carriers L1 
and L2. One notes that the use of A/S does not prevent civil users to take benefit 
from the C/A code. The Y-code is not available to users that do not have valid 
cryptographic keys. For obtaining the maximum accuracy from GPS, authorized 
users receive the corresponding encryption keys in order to access the PPS. The 
P(Y)-code is reserved for military use and authorized civilian users. Note that the 
secrecy of the cryptographic code allows to restrict its use and even to unauthorize 
signal reception by changing the cryptographic key. In addition, in the case of war 
the L1 C/A signal can be turned off, restricting GPS support just for military (PPS) 
applications.

As noted above, the SPS broadcasts on one frequency while PPS broadcasts 
in two. The PPS provides positioning and timing services under authorized access 
to ranging signals at both the GPS L1 and L2 frequencies. So, PPS receivers can 
perform ionospheric correction, reducing radio degradation caused by Earth’s at-
mosphere. As a consequence, PPS performance is improved in comparison to SPS. 
Augmentations systems are used to enhance SPS performance, in some cases boost-
ing SPS GPS accuracy beyond that of PPS. Ongoing GPS modernization program 
is adding new civilian signals and frequencies to the GPS satellites that will enable 
ionospheric correction for all users. Eventually, the accuracy difference between 
military (PPS) and civilian (SPS) will disappear. However, new military GPS signals 
will still exist to offer enhanced security and jam resistance.

7.4.1.3 Segments

GPS SS and CS are developed, maintained, and operated by the U.S. Air Force. At 
the time of writing, it has 30 satellites in MEO, 27 currently used for signal broad-
casting and three spare.

Space segment. The satellites orbit at an altitude of approximately 20.2 × 103 km. 
GPS design originally employed 24 satellites, in three approximately circular orbits 
with eight satellites each. However, this constellation has changed to use six orbital 
planes with four satellites each. The orbital planes have approximately 55o inclination 
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(tilt with respect to Earth’s equator). The orbital period is half a sidereal day, mak-
ing satellites fly over the same region once every day. The orbits are arranged so that 
at least six satellites are always within LOS condition with almost everywhere on 
Earth’s surface. As a result, the four satellites in each orbit are not evenly spaced (90 
degrees) apart within each orbit.

GPS is now employing a constellation expansion known as the Expandable 
24 configuration [58]. Three of the 24 satellite slots from the six orbits were 
expanded, and six satellites were repositioned. In addition, three of the existing 
spare satellites became part of the constellation baseline, forming a nonuniform 
arrangement. The net result of this arrangement is that GPS operates as a 27-slot 
constellation. The new constellation improves coverage, reliability, and availabil-
ity of GPS, even under satellite fail, as compared to the capabilities of the former 
constellation. Nine satellites are visible from almost any point on the ground at 
any time, providing a large redundancy with respect to the four satellites needed 
for a position.

GPS spacecrafts are evolving. They can be grouped into generations. Each gen-
eration includes new features and design requirements. Currently, satellites from 
four different generations (GPS refers to the satellites using a block to denote sat-
ellites evolution; we keep this nomenclature to conform to GPS documentation) 
coexist in GPS SS:

Legacy satellites (GPSII)• 

Block IIA•	 : There are three currently in operation, launched between 1990–
1997 and designed to have a 7.5-year lifespan. They provide the C/A code 
on L1 frequency for civil users and the Precise P(Y) code on L1 and L2 
frequencies for military users.
Block IIR•	 : There are 12 currently in operation, launched between 1997–
2004 and designed to have a 7.5-year lifespan. Their improvement over 
the ones from Block IIA consists of the inclusion of on-board offset clock 
monitoring.

Modernized satellites (GPSII and GPSIII):• 

Block IIR-M•	 : There are seven currently in operation. They were launched 
between 2005–2009 and are designed to have a 7.5-year lifespan, they 
provide all legacy signals above and include a second civilian signal on L2 
(L2C). This second civilian GPS signal was designed to meet commercial 
needs. When combined with L1 C/A in a dual-frequency receiver, L2C 
reception enables ionospheric correction, boosting accuracy. L2C is broad-
cast with higher effective power than the legacy L1 C/A signal is, making it 
easier to listen to in more difficult situations. A new military M-code signal 
was included for enhanced jam resistance together with flexible power 
levels for military signals.
Block IIR-F•	 : There are eight currently in operation. They have been 
launched since 2010 and are designed to have a 12-year lifespan. They 
provide all signals provided by the Block IIR-M satellites and include a 
third civilian signal on L5 (1.176 GHz). The L5 signal was included to 
improve location capabilities mainly aiming at safety-of-life applications. 
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L5 is a radio band reserved exclusively for aviation safety services that 
are broadcast in GPS with higher power, greater bandwidth, and a more 
 advanced signal design than the one previous employed for civilian signals. 
The signal is referred as L5I, L5Q (for inphase and quadrature).
GPSIII•	 : They are in production and are designed for a 15-year lifespan; 
their launches are scheduled to start in 2016. They will transmit all legacy 
signals and include a fourth civilian signal (L1C) designed to enable in-
teroperability between GPS and other GNSS. The name L1C refers to the 
signal’s radio frequency (1.575 GHz or L1) and its civilian use. We note 
that there are also two military signals at L1, as well as the legacy C/A 
signal (L1 C/A)—not to be confused with L1C.

Control segment. The GPS Operation Control Segment (OCS) consists of a network 
of ground-based stations to provide the operational capability to support global 
GPS coverage and to keep GPS operational within specifications. For example, GPS 
satellite maneuvers are not precise. For this reason, to adjust a satellite orbit, 
the satellite has first to be marked as unhealthy, indicating receivers not to use the 
satellite in their calculations. The maneuver is carried out. Then, after the orbit is 
tracked to be correct from the ground, the new ephemeris is uploaded and the satel-
lite is marked as healthy again.

An important part of GPS modernization is the Next Generation GPS Operation 
Control System (OCX). The OCX needs capabilities to control and manage both GPS 
legacy satellites and GPS III satellites, together with the full set of military signals. 
OCX is necessary to enable the new modernized signals (L1C, L2C, and L5) and also 
the M-code. That is, the modernized signals such as L2C and L5 that will be broadcast 
by GPSIII satellites will not include any data messages until the OCX is fully imple-
mented and operational.

User segment. The user segment is simply composed of U.S. and allied military users 
of the GPS PPS, and an astonishing much larger quantity of civil, commercial, and 
scientific users of SPS.

7.4.1.4 Signals and Messages

GPS capability to provide position fixes is based on time. GPS satellites embark very 
stable atomic clocks, and these clocks are synchronized. In addition, drifts from a 
true time ground-truth reference clock are compensated daily, and satellite orbits 
are monitored by earth-tracking facilities and reported to the satellites by the OCS. 
These features allow GPS satellites to transmit their current time and ephemeris 
continuously. Every GPS satellite receives from ground antennas the NAVs to be 
sent to the users.

A GPS receiver listens to several satellites. A different spreading/ranging code iden-
tifies each satellite (GPS employs CDMA). The receiver compares the satellite transmis-
sion time to its own clock (in the first position fixes, this clock is not synchronized with 
GPS timescale, and is also less stable for reducing the receiver cost). Such a comparison 
between the TOA of the signal using the receiver’s clock and the time of transmission 
(TOT) of the signal (using the satellite on-board clock) provides a time difference. A 
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multilateration algorithm then uses the TOA of signals received from different satellites 
to compute the receiver position and its deviation from GPS timescale.

The signal broadcast by each GPS satellite used for providing position 
fixes depends on a PRN code (sequence of ones and zeros), which is a satellite-
specific spreading code and identifies the satellite. The time-alignment of the 
receiver-generated version and the receiver-measured version of the code pro-
vides the TOA of some point in the code sequence with respect to the receiver 
clock timescale.

The signal broadcasted by each GPS also contains the TOT with respect to GPS 
timescale. Using this time-related data (1) TOA (according to its own clock) and 
(2) TOT, the receiver computes the correspondent TOF of the signal received from 
the satellite. From that it computes the pseudorange to the satellite. In sequence, 
with pseudoranges to at least four satellites, the receiver computes its 3D position 
and clock deviation using these data.

Since all GPS satellites broadcast at the same frequencies, CDMA is used to 
distinguish the signals from each different satellites. GPS employs two distinct sets 
of CDMA codes: (1) the coarse/acquisition (C/A) and (2) the precise (P(Y)) code. 
The receiver knowledge of the PRN code of each satellite allows both to identify 
the satellite emitting the sensed signal unequivocally and to recover the C/A data. 
There are 37 of such singular codes in GPS (Gold codes), enough for the GPS design 
assumption, at most 32 satellites.18

GPS defines a reference or fundamental frequency fo. Its is generated by on-
board satellites oscillators. For an observer on Earth, it is approximately 10.23 
MHz. Note that it is related to the GPS carrier frequencies by means of L1 = 154fo 
and L2 = 120fo.19 The C/A code modulates only the L1 frequency and has a chip-
rate of 1.023 MHz with 1,023 chips. Therefore, the C/A code is repeated every one 
millisecond. It is easy to note that the rate of the C/A code is fo/10. The P code is 
cryptographed (P(Y)) and repeated every 38 weeks, being much larger than the C/A 
code. A weekly portion is assigned to each satellite, allowing the unique identifica-
tion of each satellite. The P(Y) has a chip-rate of 10.23 Mbps (10fo), leading to a 
chip-width or wavelength of 293.1m.

The L1 C/A NAV and L2 P(Y) NAV are continuously transported by the L1 and 
L2 frequencies, respectively, at a rate of 50 bps. Each NAV requires 750 seconds 
(12 and 1/2 minutes) to be completely transmitted. The complete NAV contains 
time information, satellite health condition, the ephemeris—precisely adjusted for 
the orbit of the satellite, and the almanac—coarse orbital and status information 
for the satellites of the constellation, as well as data related to error correction. The 
ephemerides are updated every 2 hours and are in general valid for 4 hours. The 
almanac is updated every 24 hours.

GPS NAVs are organized into frames and subframes. We will not discuss this 
in detail, as it is beyond the scope of this book. For our purposes, it is enough to 

18. For detecting each satellite signal and decoding its conveyed NAV, the receiver uses the distinct C/A code 
pattern corresponding to the satellite. As the P code is very long, its reception would be hard. To cope that, 
PPS authorized receptors first acquire the C/A code, and then, from time information included in the L1 
C/A NAVs they acquire the P code.

19. Actually, the satellites internal reference is 10.22999999543 MHz, since observers on Earth perceive a dif-
ferent time reference with respect to orbiting transmitters due to relative movement.
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mention that each frame is 30 seconds long and is divided into five subframes. The first 
subframe of a frame contains data on the satellite time and health while the second 
contains its ephemeris. Because of this, a receiver needs to demodulate the satellite 
data for at most 30 seconds to obtain the relevant information for the position 
fix. Note that this is only possible if almanac information is up to date, as then 
the receiver may choose the satellites to listen. On the other hand, if the almanac 
information is not up to date, then the receiver needs to search for satellites until 
locking into at least one. Once this is accomplished, the receiver can acquire the 
almanac and determine the satellites that it should listen to. That happens whenever 
the receiver is not aware of the satellites flying over it.

Time and coordinate systems. GPS defines its own system time, not locking it to 
UTC. The GPS system time employs a uniform timescale starting on January 6, 1980. 
For coordinate frame, GPS uses the WGS-84 Datum (World Geodetic System).

Modernization signals. GPS evolution is introducing three new signals for civilian 
use, and they are called L1C, L2C, L5, as observed in the different GPS satellite gen-
erations. Signal L2C employs a different frequency than L1 C/A (the legacy civilian 
signal) allowing the use of dual frequency receptors.The use of two different fre-
quencies allows to mitigate/correct the effects of ionospheric propagation. The third 
civilian signal is L5. L5 is an RF bandwidth reserved for life-critical applications 
such as air traffic, and this signal is intended for that usage. L1C was developed as 
a common civil signal for GPS and Galileo. Other satellite navigation providers are 
adopting L1C as a future standard for international interoperability. Japan’s QZSS, 
India’s IRNSS, and China’s BeiDou system all plan to broadcast L1C. L1C employs 
the MBOC modulation scheme.

Altogether, besides the legacy L1 C/A NAV, four new NAVs have been intro-
duced by the so-called GPS modernization. These are L2-CNAV, L1C (CNAV-2), 
L5-CNAV, and MNAV. The legacy message and the first three of the modernized 
GPS are civil messages while the MNAV is a military message. Modernized GPS 
NAVs transmit the same type of contents as the legacy NAV, but at a higher rate and 
with improved robustness. The messages L2-CNAV, L5-CNAV, and MNAV have a 
similar structure and a modernized data format. Furthermore, the MNAV includes 
new improvements for security and robustness of the military message.

7.4.2 GLONASS

7.4.2.1 History and Administration

Tsiklon [3] was the first satellite-based radio-navigation system developed in the 
USSR for ubiquitous global coverage. It aimed at providing ballistic missile sub-
marines with a method for accurate positioning. The Tsiklon satellites transmit-
ted VHF signals that were used by receivers to calculate their position to within 
100m by means of the Doppler effect. From 1967 to 1978, 31 Tsiklon satellites 
were launched.20 Tsiklon was accurate for stationary or slow-moving ships, but it 

20. The first spacecrafts launched were called Tsiklon, followed by Parus, and more composed during different 
periods of the Tsiklon-B system.
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required a long observation period to provide a position fix. In 1970, a navigation 
system for all USSR army forces was envisioned, and the USSR government decided 
to launch development of the Unified Space Navigation System. That resulted in the 
so-called GLONASS, an alternative to GPS with global coverage and comparable 
performance.

Starting in 1982, the USSR launched several GLONASS satellites. By the time 
of USSR disruption in 1991, it was providing limited coverage. The Russian Federa-
tion inherited the constellation, and the system was declared operational in 1993, 
although with limitations. The system counted with 24 operational satellites in 1995 
(a year later than GPS). However, in the late 1990s GLONASS coverage dropped 
enormously. GLONASS restoration was later considered a priority in 2001, and, 
by 2010, GLONASS was again capable of covering 100% of Russia’s territory. The 
full orbital constellation of 24 satellites was restored in 2011, providing full global 
coverage. GLONASS is administrated by Russia’s civilian space agency.

Similar to what happened with GPS, GLONASS satellite design evolved to in-
clude new signals. The second-generation satellite design, GLONASS-M, started 
at the end of 2003. The satellites belonging to this generation had better accuracy 
and the ability to broadcast two extra civilian signals. Russia has been actively 
promoting GLONASS for civilian use, and GLONASS receivers are now included 
in several location devices together with GPS ones. Below we describe some of the 
characteristics of GLONASS [8, 59].

7.4.2.2 Services

GLONASS is a global satellite navigation system providing real-time PVT estimates 
for military and civilian users. GLONASS provides services that are equivalent to 
those of GPS. These are Standard Precision Service (ST) and High Precision Service 
(VT). These are used in GLONASS interface control document [8], and for this 
reason we employ them from here on.

ST is an open service, free of charge for worldwide users. Originally, ST 
 employed only the L1 carrier for its NAVs. With the modernization of GLONASS 
and the launch of the second generation of satellites, GLONASS-M, a second 
civilian signal on L2 band, began transmitting. The signal on L2 allows users to 
compensate ionospheric refraction. With the start of operation of GLONASS-K 
satellites, a third civil signal is now available in the L3 band. Only military and 
authorized users have access to VT. Its NAVs are broadcasted in phase quadrature 
with the ST signal, effectively sharing the same carrier wave as the ST signal, but 
with a 10 times higher bandwidth (5.11 Mbps) than the ST signal. Its high accuracy 
signal is also called pinpoint (PP) accuracy signal, and it is modulated by a special 
code and intended for usage in the interest of the Russian Ministry of Defense.

Therefore, in order to provide positioning services GLONASS satellites trans-
mit two types of signal: open standard-precision signal L1OF/L2OF and a high-
precision restricted access signal L1SF/L2SF.21

21. The “O” placed at the signal name end indicates its open access and the “S” its secret (restricted) access, 
the “F” in the tail denotes FDMA.
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7.4.2.3 Segments

Space segment. GLONASS operates with a constellation of 24 satellites at an altitude 
of approximately 19.1 ´ 103 km in three orbital planes and eight slots (evenly spaced) 
in each orbital plane. At time of writing, there are 29 satellites in orbit: 24 are opera-
tional, two are spare ones, and three are in test/validation. The satellites are placed at 
19.1 ×103 km altitude with 64.8° inclination and a period of 11 hours and 15 minutes. 
The orbit of GLONASS satellites makes GLONASS especially suited for usage in high 
latitudes (north or south).

There were several generations of GLONASS satellites. The constellation is now 
operating solely with the second generation of GLONASS satellites (GLONASS-M) 
and two from to the third generation (specifically, GLONASS-K1 are in test). The 
satellites in use or test in GLONASS are:

GLONASS-M: These satellites were developed in 1990 and are the second • 

generation of GLONASS spacecrafts. They are expected to be launched until 
2016 and were designed for a 7-year lifespan. They transmit the L1OF, L1SF, 
L2OF, L2SF, and a new L3O (only the ones launched since 2014) signals. 
They use laser corner-cube reflectors to aid in precise orbit determination 
and geodetic research.
GLONASS-K: These satellites have a substantial improvement over ones belong-• 

ing to the previous generation. They have an operational lifetime of 10 years. 
They transmit the same navigation signals of GLONASS-M satellites. However, 
GLONASS-K satellites transmit more navigation signals to improve the system 
accuracy. These include a new CDMA signal (remember that GLONASS services 
were available by means of FDMA signals) in the L3 and L5 bands. These make 
the system similar to modernized GPS and the upcoming Galileo and BeiDou. 
The first GLONASS-K satellite was successfully launched in 2011. All the “K” 
satellites support Search & Rescue beacon reception for COSPAS-SARSAT.

Glonass-K1: They introduce the new L3OC•	 22 signal for test.
Glonass-K2: They include modernized CDMA signals in the existing L1 •	

and L2 bands, which include L1OC, L1SC, and L2SC and a new signal in 
the L3 band. They should gradually replace existing Glonass-M satellites 
from 2017 onward.

Control segment. The control segment of GLONASS is almost entirely located 
within former USSR territory. The ground control center and its timescale standard 
are located in Moscow, and the telemetry and tracking stations are spread over the 
former Soviet Union territory.

User segment. There are several GLONASS receivers in use. However, it is impor-
tant to highlight that GPS devices and phone baseband ICs for positioning from 
major vendors support GLONASS in combination with GPS.

22. The “C” placed at the signal name end indicates CDMA, while in the signals described so far have an “F” 
instead, denoting FDMA. The antepenultimate character is used as before.
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7.4.2.4 Signals and Messages

GLONASS employes FDMA, instead of CDMA, and therefore each satellite trans-
mits its NAV using its own carrier frequency. However, GLONASS included CDMA 
signals in its evolutionary path. In addition, each GLONASS satellite transmits 
NAVs on two carriers, which facilitates the correction of ionospheric delay.

GLONASS employs DSSS encoding and BPSK modulation on its FDMA signals. 
A common code is used for spreading carriers L1 and L2 when generating standard 
precision signals. Each satellite transmits on a different frequency using one from 
15 possible channels. Note that there are only 15 channels and 24 satellites. As a 
consequence, identical frequency channels are used for antipodal satellites pairs, 
satellites placed on opposite sides of Earth, since they are never both simultaneously 
visible to a user on earth. The L2 band signals use FDMA in the same way as the L1 
band does, but with different channelization.

L1OF/L2OF carry standard precision messages. These signals are the Modulo-2 
addition of three binary signals, the spreading code at the rate of 511 kbps, the 
NAV at the rate of 50 bps, and an auxiliary twist sequence at the rate of 100 Hz. All 
three are generated using the same time base. The DSSS code length is 511 chips. In 
the original GLONASS design, only an obfuscated (restricted access) high-precision 
signal was present in the L2 band, the L2SF signal. However, since the launch of 
GLONASS-M satellites, the additional open signal L2OF is broadcast with the 
same characteristics of the L1OF signal.

Authorized users have access to the more accurate high-precision message (trans-
mitted by L1SF/L2SF). GLONASS restricted-use codes are broadcast in the clear. 
Security and restricted access to these signals are only guaranteed by obscurity and 
the lack of knowledge of its specific features, although the spreading code may be 
changed. The high-precision signal is broadcast using inphase and quadrature modu-
lation together with the standard-precision signal on the same carrier wave. However, 
the high-precision signal uses a coding rate of 5.11 Mcps and thus occupies a band-
width 10-times greater than the open signal. The structure is very similar to the one of 
GPS; in GLONASS the C/A code rate is 0.511 Mcps and the P code rate is 5.11 Mcps, 
whereas in GPS they are 1.023 Mcps and 10.23 Mcps, respectively.

GLONASS NAVs are transmitted at 50 bps. The open NAV is 7,500 bits long, 
divided into five frames of 30 seconds. Each frame is 1,500 bits long, divided into 
15 strings of 100 bits; 85 bits convey data and checksum, and 15 bits are used for a 
time stamp. GLONASS NAVs include ephemeris, clock and frequency offsets, and 
satellite statuses and almanac. The ephemerides are updated every 30 minutes using 
data from the control segment; ECEF Cartesian coordinates are used for position 
and velocity and include lunisolar acceleration parameters. The almanac uses modi-
fied Keplerian parameters and is updated daily.

New NAVs will also be transmitted by the CDMA modernized signals L1OC 
and L3OC, although these are not still publicized in the GLONASS Interface Con-
trol Document.

Time and coordinate systems. GLONASS has its own system time (as GPS does). 
GLONASS system time closely follows Moscow UTC (the difference between Mos-
cow UTC and GLONASS timescale must not exceed 100 ns). For that purpose, 
GLONASS system time is permanently monitored and adjusted. That is, in contrast 
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with GPS, GLONASS introduces leap seconds. GLONASS navigational messages 
convey parameters necessary to calculate the GLONASS system timescale from 
the satellite time and UTC from GLONASS system time. GLONASS also uses a 
different coordinate system than GPS. GLONASS employs the PZ-90.11 Datum 
(Parameters of the Earth Year 1990).

The use of different time and coordinate reference frames makes the timescale, 
ephemerides, and almanac data in NAVs different between GPS and GLONASS. 
Despite that the time and reference frames of GPS and GLONASS are similar, 
a receiver-capable of sensing, receiving, and processing NAVs from both needs 
to make the appropriate conversions between the time and coordinate reference 
frames.

Modernization signals. GLONASS is including five new signals; three are open 
and two are restricted. All new signals employ CDMA. The new open L1OC 
and restricted L1SC signals (the acronym employs the same previously explained 
structure) are centered at 1.600995 GHz. The new open L2OC and restricted 
L2SC signals are centered at 1.24806 GHz. The four overlap with GLONASS 
FDMA signals. L1OC and L2OC use time-division multiplexing to transmit pilot 
and data signals, with BPSK modulation for data and BOC modulation for pilot. 
The wideband-restricted signals L1SC and L2SC use BOC modulation for both 
data and pilot and are transmitted in quadrature with the open signal carriers. 
These signals are being transmitted together with the legacy ones. The new open 
signal L3OC code transmits at 10.23 Mcps (the same as GPS), modulated onto 
the carrier frequency using QPSK with inphase data and quadrature pilot.

Existing GNSSs are in evolution/modernization process because satellites need 
to be replaced due to their limited lifespan. This allows for the inclusion of new 
signals. The new signals added in both GPS and GLONASS tend to facilitate the 
interoperation of the systems. More on that is discussed Section 7.4.4 on the Galileo 
system.

7.4.3 BeiDou/Compass

7.4.3.1 History and Administration

The BeiDou Navigation Satellite System or, simply, BeiDou, is China’s GNSS. The 
name derives from the Big Dipper constellation, known in Chinese as BeiDou—
“Northern Dipper.” This set of stars was used in navigation to locate the North 
Star Polaris, being a good metaphor. In the deployment process of BeiDou, satellites 
were named Compass, from which derives another name used for BeiDou. BeiDou/
Compass is intended to provide positioning, navigation, and timing services to users 
on a continuous worldwide basis, like GPS or GLONASS.

China started with an RNSS service, called BeiDou-1. It is evolving toward 
a global solution to compose BeiDou-2, or simply, BeiDou/Compass. In 2011, 
it was announced that BeiDou would start providing positioning navigation 
and timing services in the Asia-Pacific region. At that time, 10 satellites were 
employed: five GEO and five inclined geo synchronous orbit (IGSO). BeiDou is 
expected to provide global positioning services in 2020.
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As GPS and GLONASS are evolving they have satellites from different genera-
tions coexisting in the constellation. BeiDou is being deployed, and for this reason 
we discuss the announced deployment phases instead of the different spacecrafts. 
The development and deployment of BeiDou/Compass consider three phases:

Phase 1• : This phase started in 2003 and intended to provide experimental 
RNSS services, BeiDou-1. It provided active navigation services and con-
sisted of four satellites (three working and one spare). BeiDou-1 employed 
GEO satellites and thus it did not require a large constellation of satellites to 
provide services over China’s area.
Phase 2• : This phase was called BeiDou/Compass and consisted of the deploy-
ment in 2012 of a few satellites to provide positioning and timing capabilities 
over the Asia-Pacific area.
Phase 3• : The full operation of BeiDou is announced to be reached around 
2020. BeiDou will employ a constellation of 27 MEO satellites, besides the 
legacy satellites of the RNSS (BeiDou-1). Once this happens, BeiDou will 
provide global navigation services similar to those from GPS, GLONASS, or 
Galileo.

Below we describe some of the characteristics of BeiDou/Compass [9, 14].

7.4.3.2 Services

Similar to GPS and GLONASS, BeiDou will provide two services. The Open Service 
is similar to open services provided by GPS, GLONASS, and Galileo, a free-of-
charge and open service for users worldwide. Receivers can compute positioning 
fixes using the same principles as in the other systems. The Authorized Service aims 
at ensuring highly reliable services for authorized users. Besides these services, an 
interesting BeiDou feature has to be highlighted. Being born as an RNSS, BeiDou 
provides wide area differential services using GEO satellites and ground stations, 
being by itself a D-GNSS.

7.4.3.3 Segments

Space segment. By 2020, the space segment of BeiDou will consist of a constellation 
of 35 satellites. The constellation will encompass five GEO satellites, 27 MEO satel-
lites, and three satellites in IGSO. From the 27, 24 MEO satellites will be distributed 
in three orbital planes, and three will be spares. There are also three IGSO orbits 
with one IGSO satellite per plane. The GEO satellites are operating at an altitude 
of approximately 35.8 × 103 km. They are positioned at 58.75°E, 80°E, 110.5°E, 
140°E, and 160°E (over the Asian region). The MEO satellites are at an altitude of 
approximately 21.5 × 103 km and an inclination of 55o to the equatorial plane. The 
IGSO satellites are operating in orbit at an altitude of approximately 35.8 × 103 km 
with 55° of inclination with respect to the equatorial plane.

Control segment. Similar to what happens in the other GNSSs, BeiDou CS consists 
of a master control station that is responsible for satellite constellation control and 
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for processing the measurements. Measurements take place at monitor stations; 
the received signals are used to compute the appropriate data. Upload stations 
transmit the orbital corrections and NAVs to BeiDou satellites. It has been reported 
that BeiDou ground segment is expanding as BeiDou evolves toward its global 
navigation capability.

User segment. As in GPS and GLONASS, the user segment is composed of BeiDou 
terminals which receive BeiDou navigation signals, determine the pseudoranges, and 
solve the navigation equations to compute position fixes. There is also an international 
cooperation in terms of compatibility and interoperability between BeiDou and other 
GNSs which will lead to terminals compatible among GNSSs [60]. BeiDou receivers are 
already available, including the integration of GPS and BeiDou signal reception—but 
are currently limited to the regional services provided by BeiDou.

7.4.3.4 Signals and Messages

BeiDou/Compass signals employ a variety of modulations (QPSK, BOC, and MBOC) 
using both inphase and quadrature components of the carriers. The spreading codes 
chip rates and NAVs bit rates and the signal bandwidths also vary. Open services 
are transmitted in B1 inphase component, B2 inphase component, and L5 signals, 
whereas the authorized service uses several other signals.

The chip rate of the B1 and B2 ranging code is 2.046 Mcps, and its length 
is 2,046 chips. Carriers are inphase and quadrature modulated. BeiDou NAVs are 
transmitted on both carriers, D1, and D2, respectively. The rate of D1 is 50 bps. The 
D1 message contains basic navigation information similar to those of the previously 
discussed systems as well as the time offsets to GPS, GLONASS, and Galileo. The 
D2 message contains both basic navigation and augmentation service information 
(BeiDou integrity, differential operation mode correction, and ionospheric grid data 
information), and its rate is 500 bps. D1 is broadcast by the MEO/IGSO satellites 
(global coverage) while D2 is broadcast by the GEO satellites (regional coverage).

Similar to GPS and GLONASS, the BeiDou NAVs are structured by means of 
superframe, frame, and subframe. The D1 superframe is 36,000 bits, lasting 12 
minutes. Every D1 superframe is composed of 24 frames, which are 1,500 bits long, 
lasting 30 seconds. A D1 frame is composed of five subframes, and the D1 subframe 
is 300 bits long and lasts 6 seconds. The D2 superframe is 180,000 bits, lasting 6 
minutes. Every D2 superframe is composed of 120 frames, which are 1,500 bits 
long, lasting 3 seconds. A D2 frame is composed of five subframes, and the D2 
subframe is 300 bits long and lasts 0.6 seconds.

There are differences between D1 and D2 structures due to their different trans-
mission rates and support scope. One notes that D2 bears more data than D1. 
As only GEO satellites broadcast D2 messages, they can be used for regional ser-
vices, but not for global positioning. However, the information conveyed by BeiDou 
NAVs are very similar to the one carried by other GNSSs. One difference lies in the 
inclusion of offset times to other systems in D1, allowing to align different clocks. 
D2 also brings the information of integrity, differential correction (D-GNSS), and 
ionospheric correction information using a grid structure. The grid of ionospheric 
correction data allows for a better and more appropriate ionospheric propagation 
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effects mitigation as a function of the location than the simple ionospheric param-
eter correction data carried by D1 messages. Similar concepts apply in other aug-
mentation systems previously briefly discussed, such as EGNOS and WAAS.

Time and coordinate systems. BeiDou has its own time reference defined by its 
control segment, BeiDou Time (BDT), which is aligned with UTC, transmitting 
leap seconds in NAVs. As coordinates reference frame, BeiDou considers the China 
Geodetic Coordinate System 2000.

7.4.4 GALILEO

7.4.4.1 History and Administration

Galileo is a GNSS under development and deployment by the European Union (EU) 
and European Space Agency (ESA). Its name origin is obvious. In 1999, Galileo 
development and civilian control were signed. Satellite positioning is being used 
increasingly for navigating. GNSS failure would jeopardize not only the efficient 
running of transportation systems but also human lives. If the signals of existing 
GNSSs (GPS and GLONASS) were switched off or degraded, then ship and aircraft 
navigation would be compromised. In addition, many networks are dependent on 
the precise time synchronization capabilities provided by GNSS. GPS and GLO-
NASS can be disabled if desired by their controllers. Therefore, an alternative was 
considered necessary by the EU. In this scenario, Galileo emerges to provide alter-
native PVT services independently of GLONASS and GPS. The first stage of the 
Galileo program was agreed on officially in 2003 by the EU and ESA.

Galileo will offer low-precision services free and open to everyone. Despite 
being under civilian control, Galileo will offer high-precision services under 
restricted/authorized access. The system is intended primarily for civilian use, unlike 
the more military-oriented systems of the United States (GPS), Russia (GLONASS), 
and China (BeiDou/Compass). Galileo will be available at its full precision to both 
civil and military users, and it was announced that only in extreme circumstances 
will it be subject to shutdown for military purposes.

Galileo satellites are intended to be in orbits with a greater inclination to the 
equatorial plane than GPS satellites. For this reason, Galileo will achieve better 
coverage at high latitudes as compared with GPS. This is relevant aspect when 
considering the operation over northern Europe, an area not well covered by GPS. 
Galileo will encompass 30 satellites and the associated ground infrastructure.

Galileo is not yet operational and did not evolve. For this reason, we consider 
its deployment phases:

In-orbit validation: This phase consisted of system qualification tests. First, • 

two experimental satellites were tested, and then two more satellites were 
also launched. These provided a reduced constellation of four operational 
satellites while the related ground infrastructure was also being mounted.

The experimental satellites’ purpose was to characterize the MEO environ-•	

ment and to test the performance of critical satellite technology (atomic 
clocks and radiation-hardened digital technology). These satellites have 
been fully operational since 2012.
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The following two Galileo satellites have been operational since 2012. •	

They are transmitting signals on the E1, E5, and E6 bands since 2012. In 
2013, the first position fix using the satellite quartet was reported.

Initial operational capability: This phase consists of the commissioning of the • 

ground and space infrastructure and the provision of the Open, Search and 
Rescue, and Public Regulated Galileo services. Its first batch of satellites (14) 
will be added to the four already deployed satellites. That will result in 18 sat-
ellites in orbit. At the time of writing, the information is that two of these 14 
satellites are in orbit, although they are not considered to be operational.
Full operational capability: The full system will consist of 30 satellites. Full • 

operational capability is announced for 2019–2020.

Below we describe some of the characteristics of Galileo [10].

7.4.4.2 Services

To define Galileo services, user needs and market analysis took place [61]. Galileo 
will provide some services autonomously while other services will result from the 
combination and integration of Galileo and other systems. In this sense Galileo is 
declared to provide:

Satellite-only services: To be provided worldwide and independently using • 

signals broadcast by Galileo satellites. There are five reference services listed 
in Galileo:

Open Service (OS): It refers to the use of Galileo open signals, free of user •	

charge, to provide PVT estimates with competitive performance to other 
GNSS systems.
Galileo Safety of Life (SoL): It improves OS by providing timely warnings •	

on the system integrity. This service aims at safety-critical applications 
such as running trains, guiding cars, navigation, and aviation.
Commercial Service (CS): It rests on two additional signals for a higher •	

data throughput rate and to enable users to improve accuracy. CS mes-
sages are encrypted.
Public Regulated Service (PRS): It aims at providing PVT estimates to users •	

that require a high continuity of service for sensitive applications. It aims 
at security and strategic infrastructure (e.g., energy and telecommunica-
tions); Two PRS navigation signals with encrypted ranging codes and data 
will be available. Access to the PRS requires authorization.
Search and Rescue Service (SAR): It aims at extending the international •	

COSPAS-SARSAT effort on humanitarian search and rescue activities. 
Galileo satellites will pick up COSPAS-SARSAT emergency beacons.

Combined services:• 

Locally assisted services: The above services can be locally enhanced using •	

different local devices.
EGNOS services: EGNOS is an augmentation to GPS services in Europe •	

and its support for Galileo augmentation is straightforward. More oppor-
tune and higher-integrity levels can be met.
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Combined services: Obviously, as we have previously mentioned, Galileo •	

signals can be combined with signals from other GNSSs at the user level 
for improving availability, accuracy, and integrity.

Table 7.2 presents some specific requirements and features of the open and the pub-
lic regulated services. Although the open service (OS) provides higher accuracy than the 
public regulated service (PRS), the latter includes integrity and continuity information.

Since the commercial service is aimed at market applications, it provides added 
value services on payment of a fee. This service adds two encrypted signals to the 
OS signals for authenticated data with a higher rate. Access is controlled at the 
receiver level using access-protection keys. Different levels of performance can be 
offered for different commercial services, tailoring service to consumer application 
demands. The extra services to be offered can be integrity data, differential correc-
tions for local areas, precise timing services, provision of ionosphere delay models, 
and so forth. Galileo commercial service signals are encrypted both at the ranging 
codes and data levels and will be transmitted on the E6 band. The Galileo Safety-of-
Life Service (SoL) is intended to improve the performance of OS by providing timely 
warnings when certain margins of accuracy (integrity) cannot be met.

7.4.4.3 Segments

Space segment. The Galileo space segment will consist of 30 in-orbit satellites (24 
in service and six spares). The satellites will be at an altitude of 23.2 × 103 km. 
They will be disposed in three orbital planes with 56° inclination with respect to 
the Equator and ascending nodes separated by 120° of longitude. The satellites will 
be spread evenly over each orbital plane and will take about 14 hours to orbit the 
Earth. Two of the 10 satellites in each plane will be spares. Galileo space segment 
incumbencies are to generate and transmit code and carrier phase signals in accor-
dance with the Galileo signal structure.

Control segment. As in other GNSSs, Galileo satellites orbits and signals accuracies 
are controlled by a network of ground stations. The control segment should monitor 
and maintain the status and configuration of the satellite constellation. It must predict 

Table 7.2 Service Performances for Galileo Open Service and Public Regulated Service

Open Service Public Regulated Service

Single Frequency Dual Frequency Dual Frequency

Coverage Global Global
Accuracy (95%) horizontal 

vertical
15m

35m

4m

8m

6.5m

12m

Availability 99.8 % 99.5 %

Timing accuracy with respect 
to UTC/TAI

N/A 30 ns 100 ns

Ionospheric correction Based on SF model Based on DF 
 measurements

Based on DF measurements

Integrity No Yes
Continuity No Yes

N/A = not available.
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ephemerides and satellite clock evolutions, keep the timescale (through atomic clocks), 
and update satellites NAVs. For these purposes, the Galileo control segment will be 
composed of two control centers on the ground, a network of telemetry, tracking, and 
control stations, a network of uplink stations, and a network of sensor stations.

User segment. As for the other GNSSs, the Galileo user segment is composed of 
Galileo receivers. Galileo receivers will most likely also be capable of receiving 
signals from other GNSSs.

7.4.4.4 Signals and Messages

Galileo signals are named according to Galileo’s carrier frequencies as in Table 7.1. 
The Galileo navigation signals are transmitted in four of these frequency bands: 
E5a, E5b, E6, and E1.

There are three NAV streams: (1) The freely accessible NAV (F/NAV) to support 
OS, (2) The integrity NAV (I/NAV) to support the SoL service, and (3) the com-
mercial NAV (C/NAV) to support the commercial service. These are summarized 
in Table 7.3. The table also displays which carrier broadcasts each message. It is 
worth noting that Galileo provides enhanced distress localization features for the 
provision of S&R service that is interoperable with the COSPAS-SARSAT system. 
Perceived S&R beacons by Galileo satellites are conveyed by I/NAVs in the E1B 
signal component.

E5a and E5b signals have their inphase and quadrature components modulated 
using AltBOC. The inphase component of E5a (E5aI) carries F/NAVs, and the one 
of E5bI carries I/NAVs. Data is transmitted in their inphase components at 50 bps 
while their quadrature components are pilots. Both components of E5a and E5b are 
spread at 10.23 Mcps. E5a and E5b signals can be processed independently by the 
user receiver since they are separate QPSK signals with carrier frequencies of 1.17645 
and 1.20714 GHz, respectively. For these signals, Galileo uses a dual ranging-code 
scheme. The ranging code is the combination of two different keys. The primary and 
secondary codes of this scheme are allocated on a per-satellite basis. This way each 
satellite has its own spreading code, which provides a CDMA mechanism.

The E6 signal carries C/NAVs. This stream has a rate of 1,000 bps, and its rang-
ing code has a rate of 5.115 Mcps. It is transmitted together with a pilot signal with 
equal power allocation among them. The pilot signal is called E6C while the data 
signal is called E6B. The E1 signal carries the I/NAV. It has a bitrate of 250 bps and 
is spread at a rate of 1.023 Mcps, also using a dual ranging-code scheme. CBOC 
modulation is employed for this carrier. It is transmitted together with a pilot signal, 
with equal power allocation among them. The pilot signal is called E1C while the 
data signal is called E1B.

Table 7.3 Galileo Messages, Supported Services and Their 
Signal Components

Message Type Services Signal Components

F/NAV OS E5aI

I/NAV OS/CS/SoL E5bI and E1B
C/NAV CS E6B
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Galileo NAVs are organized into frames, which are divided into subframes, which 
in turn are divided into pages. Without discussing their detailed structures, it is rel-
evant to note that NAVs contain parameters necessary to compute position fixes.

Time and coordinate systems. Galileo employs the Galileo Terrestrial Reference 
Frame (GTRF) for the Galileo system, which is an ECEF. The Galileo System Time 
(GST) is a continuous timescale. It is synchronized with TAI with a nominal offset 
below 50 ns.23

7.5 Search and Rescue Satellite System: COSPAS-SARSAT

The COSPAS-SARSAT system is an international satellite system for S&R, which be-
gan to operating in 1982 [62]. COSPAS-SARSAT originates from two initiatives: the 
USSR system called COSPAS and the U.S.-French-Canadian system SARSAT.24 The 
system detects and locates distress radio beacons in the frequency of 406 MHz. To 
be covered by COSPAS-SARSAT, a potential S&R requesting user must carry equip-
ment capable of emitting distress radio beacons. Such equipment is classified as:

EPIRBs: The emergency position-indicating radio beacons carried by ships;
ELTs: The emergency locator transmitters carried by aircrafts;
PLBs: The personal locator beacons carried by people.

From sensed radio beacons, the COSPAS-SARSAT system can provide an approxi-
mate location of the distress and take the necessary actions to dispatch the relevant 
team.

Satellites in both low-altitude Earth orbit (LEO) and GEO detect the distress 
radio beacons. Satellites downlinks are sensed by ground receiving stations (LUTs). 
LUTs receive and process the downlink contents to generate distress alerts. Mission 
control centers (MCCs) receive the alerts from LUTs so that the appropriate S&R 
actions can be taken.

The frequency band around 406 MHz was exclusively reserved for distress 
beacons operating with satellite systems. The system employs two different kinds 
of distress beacons. The 406-MHz beacons employed in COSPAS-SARSAT are spe-
cifically designed to improve performance25 using the LEO set of satellites, the so-
called LEOSAR. The 406-MHz beacons have specific requirements on the stability 
of the transmitted frequency. They carry a digital message, allowing unique beacon 
identification.

23. International Atomic Time, in French Temps Atomique International (TAI) is a high-precision atomic co-
ordinate time standard based on the proper time notion on Earth’s geoid.

24. COSPAS is an acronym for Cosmicheskaya Sistyema Poiska Avarinyich Sudov (space system for the search 
of vessels in distress) and SARSAT is an acronym for Search and Rescue Satellite-Aided Tracking). The 
COSPAS-SARSAT site at www.COSPAS-SARSAT.int presents statistics of its results regarding S&R opera-
tions. In addition, information on how to request and register a radio beacon is also presented there.

25. In the past, beacons in 121.5 MHz were also employed. With the 406-MHz beacon, the distress location 
can be pinpointed more accurately than with the 121.5-MHz beacon. The frequency increase allowed a 
reduction of the search area [63].
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As COSPAS-SARSAT evolved, in 1997, a second-generation beacon at 406 
MHz was introduced. The second-generation beacon supports the transmission of 
encoded position data. Accompanying GNSS devices or other navigational system 
must be included in the beacon equipment. This beacon is supported by GEO satel-
lites of COSPAS-SARSAT, the so-called GEOSAR.

The difference between LEOSAR and GEOSAR beacons is the satellites orbit 
properties. LEO satellites are moving at high speed, and the Doppler effect can be 
used to locate the radio beacon emitter. On the other hand, GEO satellites are syn-
chronous to Earth, implicating null relative movement with respect to the beacon 
emitter (as a priori it can be stationary), requiring a different approach. The alterna-
tive was to include the distress object location in the beacon message. Even though a 
larger quantity of LEO satellites is required to cover Earth’s surface than the quan-
tity required using GEO satellites, GEO satellites are not a good choice for covering 
polar regions. With the support given by distress beacons from GNSS spacecrafts, 
COSPAS-SARSAT is including MEO satellites, which will form the MEOSAR.

The 406-MHz beacons or bursts of COSPAS-SARSAT last for a half-second, 
approximately, and are bursted at approximately every 50 seconds. The clock em-
ployed for transmission is dithered so that two beacons do not have all their bursts 
coincident. Each beacon device may also either be connected with or carry a GNSS 
receiver. The GNSS receiver is used to determine the distress object’s location. The 
transmitted message carries this location. Such distress beacons can be located ei-
ther by LEOSAR or GEOSAR spacecrafts. COSPAS-SARSAT also employs two 
different types of LUTs in the COSPAS-SARSAT system: those designed to operate 
with the LEOSAR satellite constellation (LEOLUTs) and those designed to oper-
ate with the GEOSAR satellite constellation (GEOLUTs). LEOLUT and GEOLUT 
operators are expected to provide the community with reliable alert and location 
data without any restriction on use and distribution. COSPAS-SARSAT can be un-
derstood as two systems working in parallel for S&R purposes.

7.5.1 LEOSAR

LEOSAR computes the locations of distress events by means of Doppler processing 
techniques. Since the satellite instrument senses the frequency of the distress bea-
con, the perceived frequency depends on the relative velocity of the satellite with 
respect to the beacon. The larger the satellite velocity is, the stronger the Doppler 
effect is. LEO satellites operate at high speed. By monitoring the frequency of the 
sensed beacon and knowing the exact position of the satellite, the LUT can calculate 
the location of the beacon.

The Doppler effect relies on the relative velocity. Consider that one monitors 
the frequency of the received beacon. Consider the vector going from the distress 
object position to the satellite trajectory. When this vector is perpendicular to the 
satellite trajectory, the frequency shift (Doppler effect) becomes null. This provides 
an estimate of the distress object location (the object latitude) with respect to the 
satellite trajectory. In Figure 7.8 the distress object location is given by the black 
circle. However, at the opposite side of the same straight line, the white circle in 
Figure 7.8, the same effect is observed. That is, there is an ambiguity regarding the 
longitude of the distress object. To solve this ambiguity, either another pass of the 
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same satellite (due to Earth’s rotation, the satellite will pass over a different path 
with respect to the object) or the pass of another satellite can be used.

Satellite orbits must be frequently monitored so that an accurate location pro-
cessing can be achieved. Ground stations monitor the downlink carrier and com-
pute the Doppler effect, tracking satellite orbit with respect to the LUT location.

A spacecraft that is circling Earth around the poles eventually flies over the 
whole Earth. The orbital plane is fixed. Meanwhile, Earth rotates underneath. At 
most, after one half-rotation of the Earth (i.e., 12 hours), any region will be covered 
by a satellite in such an orbital plane. For two satellites spread in the orbital plane 
with the right angles, only one-quarter of a rotation is required, or 6 hours at most, 
to cover location on Earth by either satellite. The larger the number of satellites in 
orbit in different planes is, the smaller the time interval.

The high-speed polar-orbit satellites employed in the LEOSAR facilitate Dop-
pler effect observation. Because of this, beacons can be located without the aid of a 
GNSS receiver or other navigation signal. Nevertheless, the LEOSAR constellation 
has a limited view of Earth’s surface at any given time. That is, the distress signal is 
sensed with a delay, and the coverage is noncontinuous. For this reason, LEOSAR 
operates using two modes, namely local and global.

LEOSAR local mode. Once the beacon is received, the search and rescue processor 
(SARP) extracts its digital data, measures the Doppler frequency shift, and places a 
time tag in the information. The resulting data is transferred to the satellite down-
link for transmission to any LEOLUT in view. Simultaneously, the data is also 
stored in the satellite for later transmission and ground processing in the global 
coverage mode. In addition, a repeater is also used on the spacecraft to provide lo-
cal mode operation. The repeater simply reflects the distress beacon to the Earth for 
its processing on the ground.

LEOSAR global mode. It is obvious that due to the information storage in the 
satellite for posterior transmission, the SARP system provides global coverage. 

Orbit

Distress
Object

Figure 7.8 Use of the Doppler effect for distress object location in COSPAS-SARSAT LEOSAR. 
The black circle indicates the true object location. A planar configuration is employed for clarity 
without compromising the concepts.
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The storage data is continuously broadcast by the satellite in its downlink. Each 
beacon can be located by any LEOLUT tracking the satellite (even a LEOLUT that 
was not in the footprint of the satellite at the time that the beacon was detected). 
This provides global coverage of the LEOSAR, and in addition, introduces ground 
segment processing redundancy. Since the beacon message is recorded by the first 
satellite that detected the beacon, the waiting time for the SAR alarm does not 
depend on a satellite achieving simultaneous visibility to the LEOLUT and beacon. 
Consequently, the time required to produce alerts can be reduced.

Current LEOSAR setup. At the time of writing LEOSAR consists of five satellites.26 
All use repeaters and SARP, supporting both local and global modes.

LEOLUTs. A LEOLUT is mostly dependent on the LEOSAR satellite channels 
it is able to process. There are two channels: SARP e SARR (search and rescue 
repeater).

The SARP satellite channel transmits received beacon data after its partial • 

processing by the satellite. This processing extracts the identification, trans-
mission time, and the received frequency of each distress beacon transmission 
burst. Due to its storage and forward capability, this channel provides global, 
but not continuous coverage for distress beacons;
The SARR satellite channel simply retransmits distress beacons on the sat-• 

ellite downlink. Since there are no storage and forward capabilities in the 
repeater channel, it supports only local mode coverage.

The SARP channel has a 2,400-bps data rate and the Doppler frequency is 
already time-tagged in the message. On the other hand, when receiving the SARR 
channel, the LUT needs to process the data to obtain the relevant information: the 
beacon position and the identification information associated with the beacon.

We have so far discussed how low-altitude spacecrafts in near-polar orbits are 
used to detect and locate 406-MHz distress beacons. This LEOSAR provides global 
monitoring, but not a continuous coverage of Earth. Coverage is not continuous 
because polar-orbiting satellites view only a region of Earth’s surface at any given 
time. Consequently, LEOSAR can only produce distress alerts when at least one 
satellite has flown over the distress beacon.

7.5.2 GEOSAR

GEOSAR consists of 406-MHz beacon repeaters that are used in geostationary 
satellites and the associated ground facilities called GEOLUTs, which process the 
downlink signal. Since GEOSAR satellites are stationary with respect to Earth, 
no Doppler effect is observable. As a consequence, the radio location positioning 
technique based on the Doppler effect cannot be used to locate distress beacons. 
For this reason, to provide SAR teams with relevant position information, in the 
GEOSAR the distress object uses any GNSS to find its position and encodes this in 
the distress beacon it emits.

26. https://www.COSPAS-SARSAT.int/en/current-space-segment-status-and-sar-payloads.
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One geostationary satellite provides coverage of about one-third of the globe, 
except for polar regions. As a result, three geostationary satellites equally spaced in 
longitude (in the equatorial plane) can provide continuous coverage of the globe in 
latitudes between 70 degrees North and 70 degrees South. GEOSAR satellites relay 
the 406-MHz distress beacon emitted by distress objects.

Current GEOSAR setup. At the time of writing GEOSAR consists of eight satellites 
(one is a spare).27 All use 406-MHz repeaters.

GEOLUTs. A GEOLUT is a ground receiving station that receives and processes 
distress beacons. Because the footprint of each GEOSAR satellite is enormous, their 
use makes it possible to produce quasi-instantaneous alerting over extremely large 
areas.

7.5.3 MEOSAR

COSPAS-SARSAT employs GEOSAR and LEOSAR complementarily. GEOSAR 
can provide almost immediate alerts in the footprint of the GEOSAR satellites, 
the entire Earth except the high-latitude (e.g., polar) regions. However, it cannot 
provide the location of the distress beacon without the help of GNSSs, whereas the 
LEOSAR provides coverage of the polar regions (which are beyond the coverage of 
geostationary satellites) and calculates the location of distress events using Doppler 
effect processing techniques.

COSPAS-SARSAT is upgrading its satellite system. SAR receivers (i.e., repeat-
ers or transponders) are being used on new GPS, GLONASS, and Galileo satel-
lites. Those satellites are MEO, and for this reason they are said to compose the 
medium-altitude earth orbit search and rescue system (MEOSAR). Once ready, it 
will complement the existing LEOSAR and GEOSAR.

The announced COSPAS-SARSAT MEOSAR will offer advantages of both 
LEOSAR and GEOSAR without their current limitations. It will provide transmis-
sion of the distress message and as well as the independent location of the distress 
beacon, with a near real-time worldwide coverage. The large quantity of MEOSAR 
satellites, once the MEOSAR is fully operational, will allow multiple satellite relay-
ing of distress messages to several ground stations. The MEOSAR augmentation 
will then improve detection speed and location accuracy of distress beacons.

7.6 Summary

This chapter presented a brief perspective on GNSSs. GNSSs are an astonishing 
example of how far human invention can go. GNSSs allow to compute position, 
time, and velocity of an object almost everywhere and at any time on Earth’s 
surface.

The principles of operation and service maintenance of GNSS were discussed 
using a general framework. The ability of GNSS to provide references for estimating 

27. https://www.COSPAS-SARSAT.int/en/current-space-segment-status-and-sar-payloads.
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good pseudoranges (their position and time) is the basis for the success and effec-
tiveness of those systems. We also reviewed the measurement of pseudoranges and 
their conversion into position fixes. The impacts of satellite-receiver geometry along 
with other error sources on the positioning were also discussed. Some strategies 
and countermeasures that allow to speed up the computing of the position fix and 
improve the accuracy in the forms of A-GNSS, and D-GNSS were also summarily 
described. The latter is being used in several augmentation systems to improve ac-
curacy and provide integrity information for critical life applications.

Despite GPS and GLONASS, the two oldest GNSS, were developed targeting 
military applications by the USA and the USSR, respectively, they have spread per-
manently into civilian life. As a consequence of this, today GNSSs are an important 
asset in the world that have great economical impact. This has allowed other GNSSs 
to emerge, such as BeiDou from China and Galileo from the EU. We briefly presented 
these GNSSs.

There are agreements for future interoperability and compatibility among the 
existing GNSSs and the ones being deployed [60]. However, the success of these 
agreements does not restrict users to benefit from the deluge of available GNSS 
signals to obtain more accurate and precise positioning services.

Finally, we briefly discussed the international collaborative Search & Rescue 
system known as COSPAS-SARSAT. This system aims at providing distress alerts 
with information on the distress object zone. COSPAS-SARSAT employs different 
strategies such as the Doppler effect and GNSS-based location for indicating this 
zone, and also different satellite orbits to cover Earth’s surface. The support of 
COSPAS-SARSAT distress beacons by GNSS MEO satellites is increasing, provid-
ing an integration of different systems for helping anyone, anywhere, at any time.

References

[1] W. H. Guier and G. C. Weiffenbach, “Genesis of satellite navigation,” Johns Hopkins APL 
Technical Digest, vol. 18, no. 2, p. 179, 1997.

[2] Russian Federal Space Agency, Information-Analytical Center, 2015.
[3] Encyclopedia Astronautica, “http://www.astronautix.com/,” 2015.
[4] B. Hofmann-Wellenhof, H. Lichtenegger, and E. Wasle, GNSS - Global Navigation Satellite 

Systems: GPS, GLONASS, Galileo, and more. Springer Science & Business Media, 2007.
[5] S. Gleason and D. Gebre-Egziabher, GNSS applications and methods. Artech House, 2009.
[6] P. Misra and P. Enge, Global Positioning System: Signals, Measurements and Performance 

Second Edition. Lincoln, MA: Ganga-Jamuna Press, 2006.
[7] Global Positioning System, “Interface Specification IS-GPS-200, revision H,” 2013.
[8] Global Navigation Satellite System, “GLONASS Interface Control Document, Naviga-

tional radiosignal in bands L1, L2 (edition 5.1),” 2008.
[9] China Satellite Navigation Office, “BeiDou Navigation Satellite System Signal In Space 

Interface Control Document Open Service Signal (version 2.0),” 2013.
[10] European Union, “European GNSS (Galileo) Open Service: Signal in Space Interface Con-

trol Document,” 2010.
[11] C. C. Chen, “Attenuation of electromagnetic radiation by haze, fog, clouds, and rain,” 

DTIC Document, Tech. Rep., 1975.
[12] Quasi-Zenith Satellite System (QZSS) Service, “http://www.qzs.jp/,” 2015.



ART_Campos_Ch.07.indd                232                                        Manila Typesetting Company                                                                         05/15/2015

7.6 Summary 233

ART_Campos_Ch.07.indd                233                                        Manila Typesetting Company                                                                         05/15/2015

[13] Indian Regional Navigation Satellite System (IRNSS), “http://irnss.isro.gov.in/,” 2015.
[14] O. Montenbruck and P. Steigenberger, “The BeiDou navigation message,” J Glob Position 

Syst, vol. 12, no. 1, pp. 1–12, 2013.
[15] US Federal Aviation Administration and Departament of Transportation, “Global Position-

ing System Wide Area Augmentation System (WAAS) Performance Standard,” 2008.
[16] US Federal Aviation Administration, “https://www.faa.gov/about/officejorg/headquarters 

.offices/ato/service_units/techops/navservices/gnss/waas/,” 2015.
[17] T. Hai Ta, D. Minh Truong, T. Thanh Thi Nguyen, H. Trung Tran, T. Dinh Nguyen, and 

G. Belforte, “Multi-gnss positioning campaign in south-east asia,” COORDINATES, 
vol. 9, no. 11, pp. 11–20, 2013.

[18] ITU-R, M Series Mobile, radiodetermination, amateur and related satellite services, 
“Recommendation ITU-R M.1787-2: Description of systems and networks in the radio-
navigation-satellite service (space-to-Earth and space-to-space) and technical character-
istics of transmitting space stations operating in the bands 1164–1215 MHz, 1215–1300 
MHz and 1559–1610 MHz,” 2014.

[19] ——, “Recommendation ITU-R M.1901-1: Guidance on ITU-R Recommendations related 
to systems and networks in the radionavigation-satellite service operating in the frequency 
bands 1164–1215 MHz, 1215–1300 MHz, 1559–1610 MHz, 5000–5010 MHz and 5010–
5030 MHz,” 2013.

[20] ——, “Recommendation ITU-R M.1902: Characteristics and protection criteria for receiv-
ing earth stations in the radionavigation-satellite service (space-to-Earth) operating in the 
band 1215–1300 MHz,” 2012.

[21] ——, “Recommendation ITU-R M.1903: Characteristics and protection criteria for re-
ceiving earth stations in the radionavigation-satellite service (space-to-Earth) and receiv-
ers in the aeronautical radionavigation service operating in the band 1559–1610 MHz,” 
2012.

[22] ——, “Recommendation ITU-R M.1905: Characteristics and protection criteria for receiv-
ing earth stations in the radionavigation-satellite service (space-to-Earth) operating in the 
band 1164–1215 MHz,” 2012.

[23] International Civil Aviation Organization, “Global Navigation Satellite System (GNSS) 
Manual, Doc 9849 AN/457,” 2005.

[24] International Maritime Organization, “Revised Maritime Policy and Requirements for a 
Future Global Navigation Satellite System (GNSS), Resolution A.915(22),” 2002.

[25] G. L. Sütber, Principles of mobile communication. Springer Science & Business Media, 
2011.

[26] T. S. Rappaport, Wireless communications: Principles and practice. Prentice Hall PTR New 
Jersey, 1996.

[27] F. Dovis, P. Mulassano, and F. Dominici, “Overview of global navigation satellite systems,” 
Handbook of Position Location: Theory, Practice, and Advances, pp. 923–974, 2011.

[28] M. Fantino, L. L. Presti, and M. Pini, “Digital signal processing in GNSS receivers,” Hand-
book of Position Location: Theory, Practice, and Advances, pp. 975–1022, 2011.

[29] J. Á. Á. Rodríguez, On generalized signal waveforms for satellite navigation. Univ. d. 
Bundeswehr München, 2008.

[30] E. S. Lohan, A. Lakhzouri, and M. Renfors, “Binary-offset-carrier modulation techniques 
with applications in satellite navigation systems,” Wireless Communications and Mobile 
Computing, vol. 7, no. 6, pp. 767–779, 2007.

[31] J. W. Betz, “Binary offset carrier modulations for radionavigation,” Navigation, vol. 48, 
no. 4, pp. 227–246, 2001.

[32] E. Falletti, M. Rao, and S. Savasta, “The kalman filter and its applications in GNSS and 
INS,” Handbook of Position Location: Theory, Practice, and Advances, pp. 709–751, 
2011.



234 GNSSs

ART_Campos_Ch.07.indd                234                                        Manila Typesetting Company                                                                         05/15/2015 ART_Campos_Ch.07.indd                235                                        Manila Typesetting Company                                                                         05/15/2015

[33] H. Sairo, D. Akopian, and J. Takala, “Weighted dilution of precision as quality measure 
in satellite positioning,” IEE Proceedings-Radar, Sonar and Navigation, vol. 150, no. 6, 
pp. 430–436, 2003.

[34] R. B. Langley, “Dilution of precision,” GPS world, vol. 10, no. 5, pp. 52–59, 1999.
[35] J. Zhang, K. Zhang, R. Grenfell, and R. Deakin, “Short note: On the relativistic doppler 

effect for precise velocity determination using GPS,” Journal of Geodesy, vol. 80, no. 2, 
pp. 104–110, 2006.

[36] L. Serrano, D. Kim, R. B. Langley, K. Itani, and M. Ueno, “A GPS velocity sensor: How 
accurate can it be?–a first look,” in ION NTM, 2004, pp. 875–885.

[37] D. Borio, N. Sokolova, and G. Lachapelle, “Doppler measurements and velocity estima-
tion: A theoretical framework with software receiver implementation,” in Proc., ION/
GNSS, vol. 9, 2009, pp. 304–316.

[38] W. Ding and J. Wang, “Precise velocity estimation with a stand-alone GPS receiver,” Jour-
nal of Navigation, vol. 64, no. 02, pp. 311–325, 2011.

[39] T. Fukushima, “Fast transform from geocentric to geodetic coordinates,” Journal of  Geodesy, 
vol. 73, no. 11, pp. 603–610, 1999.

[40] H. Vermeille, “Direct transformation from geocentric coordinates to geodetic coordinates,” 
Journal of Geodesy, vol. 76, no. 8, pp. 451–454, 2002.

[41] M. M. Hoque and N. Jakowski, Ionospheric propagation effects on GNSS signals and new 
correction approaches. INTECH Open Access Publisher, 2012.

[42] J. Klobuchar, “Ionospheric effects on GPS,” Global Positioning System: Theory and ap-
plications, vol. 1, pp. 485–515, 1996.

[43] M. M. Alizadeh, D. D. Wijaya, T. Hobiger, R. Weber, and H. Schuh, “Ionospheric effects on 
microwave signals,” in Atmospheric Effects in Space Geodesy. Springer, 2013, pp. 35–71.

[44] H. Janes, R. Langley, and S. Newby, “Analysis of tropospheric delay prediction models: 
Comparisons with ray-tracing and implications for gps relative positioning,” Bulletin géo-
désique, vol. 65, no. 3, pp. 151–161, 1991.

[45] V. Mendes and R. Langley, “A comprehensive analysis of mapping functions used in 
modeling tropo-spheric propagation delay in space geodetic data,” in Proc International 
Symposium on Kinematic Systems in Geodesy, Geomatics and Navigation, Banff, 1994, 
pp. 87–98.

[46] P. Collins, R. Langley, and J. LaMance, “Limiting factors in tropospheric propagation delay 
error modelling for gps airborne navigation,” in 52nd US Institute of Navigation Annual 
Meeting, 1996, pp. 519–528.

[47] Y. C. Lee and K. L. Van Dyke, “Analysis performed in support of the ad-hoc working group 
of rtcasc-159 on raim/fde issues,” in Proceedings of the 2002 National Technical Meeting 
of The Institute of Navigation, 2001, pp. 639–654.

[48] M. Shaw, K. Sandhoo, and D. Turner, “Modernization of the global positioning system,” 
DTIC Document, Tech. Rep., 2000.

[49] F. S. T. Van Diggelen, A-GPS: Assisted GPS, GNSS, and SBAS. Artech House, 2009.
[50] A. Gale, “World DGPS database for dxers (sorted by frequency order), version 10.3,” 

2015.
[51] J. C. Juang, “On GPS positioning and integrity monitoring,” Aerospace and Electronic 

Systems, IEEE Transactions on, vol. 36, no. 1, pp. 327–336, 2000.
[52] W. Ochieng, K. Sheridan, K. Sauer, X. Han, P. Cross, S. Lannelongue, N. Ammour, and K. 

Petit, “An assessment of the raim performance of a combined Galileo/GPS navigation sys-
tem using the marginally detectable errors (mde) algorithm,” GPS Solutions, vol. 5, no. 3, 
pp. 42–51, 2002.

[53] S. O. D. CORRECTION and MONITORING, “Radiosignals and digital data structure 
of GLONASS Wide Area Augmentation System, System of Differential Correction and 
Monitoring (Edition 1),” 2012.



ART_Campos_Ch.07.indd                234                                        Manila Typesetting Company                                                                         05/15/2015

7.6 Summary 235

ART_Campos_Ch.07.indd                235                                        Manila Typesetting Company                                                                         05/15/2015

[54] D. M. Akos and J. B. Tsui, “Design and implementation of a direct digitization GPS re-
ceiver front end,” Microwave Theory and Techniques, IEEE Transactions on, vol. 44, 
no. 12, pp. 2334–2339, 1996.

[55] M. S. Braasch and A. Van Dierendonck, “GPS receiver architectures and measurements,” 
Proceedings of the IEEE, vol. 87, no. 1, pp. 48–64, 1999.

[56] K. Borre, D. M. Akos, N. Bertelsen, P. Rinder, and S. H. Jensen, A software-defined GPS 
and Galileo receiver: A single-frequency approach. Springer Science & Business Media, 
2007.

[57] G. Tavernier, H. Fagard, M. Feissel-Vernier, F. Lemoine, C. Noll, J. Ries, L. Soudarin, and 
P. Willis, “The international doris service,” Advances in Space Research, vol. 36, no. 3, 
pp. 333–341, 2005.

[58] Official U.S. Government information about the Global Positioning System (GPS) and re-
lated topics, 2015.

[59] U. Rossbach, Positioning and navigation using the Russian satellite system GLONASS. 
Univ. d. Bundeswehr München, 2001.

[60] M. Lilje, “The ninth meeting of the international committee on global navigation satellite 
systems (ICG-9). FIG50, reserapport, gävle,” 2014.

[61] European Comission & European Space Agency, “Galileo Mission High Level Definition,” 
2002.

[62] J. King, “Overview of the cospas-sarsat satellite system for search and rescue,” Online 
Journal of Space Communication, vol. 4, 2003.

[63] D. W. Affens, R. Dreibelbis, J. E. Mentall, and G. Theodorakos, “The Distress Alerting 
Satellite System,” GPS World, 2011.





237

ART_Campos_Ch.08.indd                237                                        Manila Typesetting Company                                                                         05/15/2015ART_Campos_Ch.08.indd                237                                        Manila Typesetting Company                                                                         05/15/2015

C h a p t e r  8

Positioning in Bluetooth and UWB 
Networks

8.1 Introduction

This chapter is devoted to studying RF positioning in Bluetooth and ultrawideband 
(UWB) wireless personal area networks (WPANs). Bluetooth has been around for 
more than 20 years now [1]. Initially devised to replace the serial cables connect-
ing peripherals to computers or mobile phones with wireless links, Bluetooth has 
evolved to support low-power, short-range communications between a variety of 
mobile devices, from laptops and smartphones to earphones and body sensors. 
Its latest version (Bluetooth 4.0), with a focus on very low power consumption 
(thereby greatly improving battery lifetime) and reduced connection delay, makes 
Bluetooth technology particularly well suited for positioning in WPANs.

UWB is an emerging technology that offers unique advantages such as a large 
bandwidth and a very high time-domain resolution. The latter feature allows the 
application of parameters such as CIR to MS localization, which is capable of, at 
least theoretically, turning multipath propagation and NLOS conditions—which are 
serious impairments to RF positioning in other networks—into an additional infor-
mation for accurate RF localization. UWB transmissions have a limited range due to 
strict power limits [2], but are an option for high-accuracy WPAN positioning [3].

This chapter follows a structure very similar to that of Chapter 6. First, the basics 
of Bluetooth technology are presented in Section 8.2. Following, Section 8.3 pro-
vides a literature review of positioning solutions proposed for Bluetooth networks. 
Next, Section 8.4 introduces the fundamentals of UWB technology. Finally, Section 
8.5 presents a literature review of localization techniques in UWB networks.

8.2 Bluetooth Networks

Bluetooth began as a low-power, short-range wireless technology to replace cables 
between desktop computers and its peripherals, such as keyboards and mouses. 
Specifically, at its original conception in 1994,1 it was designed to replace serial 
RS-232 cables. Since then, it has greatly evolved, and has been incorporated into a 

1. The original Bluetooth specification was designed by Jaap Haartsen, an Ericsson engineer, in cooperation 
with Sven Mattison. This wireless technology was named after the tenth-century King Harold Blatand (i.e., 
Harald Blue Tooth), who ruled over Denmark and Norway after uniting the Scandinavian tribes into a 
single kingdom, the same way Bluetooth unites several protocols and devices into a WPAN [1].
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vast number of devices, such as laptops, smartphones, and watches, among others. 
The Bluetooth specifications are written and maintained by the Bluetooth Special 
Interest Group (SIG) [4], and include radios, protocols, and profiles.2 Bluetooth is 
an open and royalty-free standard, which is one of the reasons why it is the de facto 
standard for communication in WPANs.

A Bluetooth WPAN is called a piconet, and comprises a master device and up to 
seven active slave devices. A piconet is an ad hoc network with a star logical topol-
ogy, so all transmission must be relayed by the master—slave devices cannot com-
municate directly.3 Bluetooth transmissions use the 2.402–2.480-GHz band, which 
is within the ISM 2.4-GHz unlicensed band. To reduce cochannel interference and 
interference from external sources (such as Wi-Fi, which also uses the 2.4-GHz ISM 
band), Bluetooth uses FHSS with 79 1-MHz channels and TDM with 625 µsec time 
slots. The master defines the piconet synchronization clock (using its own internal 
clock) and the frequency hopping sequence (FHS) that is going to be used by all 
devices in the piconet, as well as the channel allocation for the slave devices. Trans-
missions hop from one frequency to another every time slot. Frames might span 
up to five time slots. The Bluetooth core version 1.0 uses Gaussian Frequency-Shift 
Keying Modulation (GFSK), with data rates of up to 721 kbps.

8.2.1 Bluetooth Power Classes

Bluetooth devices can be classified into three power classes, as listed in Table 8.1. 
The power levels are specified at the antenna connector of the Bluetooth device. If 
the device does not have a connector, a reference antenna with 0-dBi gain is assumed. 
Class 1 devices will implement power control, with step sizes ranging from 2 to 
8 dB, and are able to control their output power from 100 down to 2.5 mW4 [5].

8.2.2 Bluetooth Protocol Architecture

The Bluetooth architecture has three key elements: the profiles, the host, and the 
controller. The profiles provide guidelines on how the application definitions should 
use the Bluetooth protocol stack. Some examples of Bluetooth profiles are the cord-
less telephone profile (which enables cellular phones to communicate with com-
puters, acting as cordless phones), headset, dial-up networking profile (emulates 
a modem over a cellular phone), and file transfer profile (with the same functions 
of the file transfer protocol over Internet protocol) [6]. The host is the hardware/ 
software that supports those profiles and that interfaces with the controller. The con-
troller implements the Link Manager Protocol (LMP) and comprises the Bluetooth 
baseband processor (which provides services such as error correcting, hop sequence 
selection, and security) and radio (which carries out modulation, demodulation, 
and power control, among other functions). The host-controller interface (HCI) is 
the command interface to the Bluetooth controller—also referred to as Bluetooth 
module—and allows access to hardware status and control registers.

2. A profile is a set of protocols components required for the correct setup of communicating applications.
3. Except during the discover phase, when a Bluetooth device sends inquiries to find nearby Bluetooth devices.
4. Between 2.5 m and 1 mW (see Table 8.1), output power control is not used.



ART_Campos_Ch.08.indd                238                                        Manila Typesetting Company                                                                         05/15/2015

8.2 Bluetooth Networks 239

ART_Campos_Ch.08.indd                239                                        Manila Typesetting Company                                                                         05/15/2015ART_Campos_Ch.08.indd                238                                        Manila Typesetting Company                                                                         05/15/2015

Figure 8.1 shows the Bluetooth protocol stack. Telephone Control Protocol Speci-
fication (TCS) provides telephony services. Service Discovery Protocol (SDP) allows 
Bluetooth devices to find out the services supported by other Bluetooth devices. Object 
Exchange (OBEX) is a data communication protocol. RFCOMM emulates an RS-232 
serial interface. Logical Link Control and Adaptation Protocol (L2CAP) multiplexes 
data received from upper layers and converts packet sizes. The HCI allows exchanges 
between the host and the Bluetooth module. The LMP controls and configures links 
to other devices. The baseband controls the physical link over the Bluetooth radio.

8.2.3 Bluetooth Evolutionary Path

Since 1999, when version 1.0 was issued, Bluetooth SIG has adopted several en-
hancements to the core specification (which serves as a uniform structure for de-
vices interoperability), as listed in Table 8.2.

Core version 1.2 introduced adaptive frequency hopping (AFH), which aims 
at reducing interference in Bluetooth transmissions due to the shared use of the 
unlicensed 2.4-GHz ISM band with other technologies such as Wi-Fi. The key idea 
is to identify “bad” channels and remove then from the hopping list. The channel 
assessment (i.e., the process of identifying the channels with high levels of interfer-
ence (the “bad” channels)) is not defined in the SIG specification, so it is up to the 
Bluetooth device manufactures to select which parameter(s) to use in the assess-
ment. The most commons are RSS and Packet Error Rate (PER): channels with high 
RSS levels and/or high PER are removed from the hopping list. However, according 
the SIG specification, the FHS must have at least 20 channels [7].

Table 8.1 Bluetooth Power Classes

Power Class Max. Output Power Minimum Output Power

1 100 mW 1 mW
2 2.5 mW 0.25 mW

3 1 mW n/a

Figure 8.1 Bluetooth protocol stack.
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Prior to version 1.2, obtaining RSS in Bluetooth had two relevant limitations [8]:

To obtain the RSS indicator (RSSI) of an anchor device, the target device had 1. 
to connect to it (connection-based RSSI). This introduced a delay that could 
render triangulation-based or fingerprinting location methods unusable, par-
ticularly for moving targets. In [9], the delay to get the RSS of a single node 
was 10.5 seconds—5.3 seconds for the device discovery plus 5.2 seconds to 
connect to the device. The total delay exceeded 15.4 seconds with only two 
nodes. The longest delay to obtain a position fix reached 31.3 seconds using 
five anchor nodes. After this interval, a person carrying a target Bluetooth 
device and walking at a regular speed of 1.2 m/second would be 38m away 
from the location where the position request was initiated;
The connection-based RSSI was defined as follows: if the received power was 2. 
within the golden receive power range (GRPR)—a 20-dB wide interval that 
is assumed to be the ideal received power range—the RSSI value was set to 
0 dB [10]. Within this interval, the RSSI was constant, therefore no relation-
ship could be established between received power and distance for ranging 
and localization purposes. Out of the GRPR interval, the RSSI was reported 
in decibels above (positive values) the GRPR upper limit or below (negative 
values) the GRPR lower limit. Another problem was that the GRPR lower 
limit was defined as a function of the receiver sensitivity,5 so this parameter 
was device-specific [11].

Core version 1.2 addressed the two aforementioned limitations by introducing a 
new HCI command called INQUIRY_WITH_RSSI, which allowed including the 
RSSI in inquiry responses during the discovery phase [5]. Inquiry-based RSSI made 
it possible to obtain the RSSI without the need to connect to another device, which 
reduced delay and overhead. Besides that, inquiry-based RSSI, unlike connection-
based RSSI, was not defined in relation to the GRPR lower and upper limits, so the 
RSS could be reported in dBm, allowing the use of this parameter for ranging and 
triangulation-based positioning.

Core version 2.0 came along with enhanced data rates (EDR), which achieved 
peak data rates of 2.1 Mbps using DQPSK modulation. This rate is almost three 
times higher than the previous version maximum throughput of 721 kbps using 
GFSK [12]. Core version 2.1 achieved up to 3 Mbps using 8-DPSK [6]. Bluetooth 

5. In the Bluetooth core specification, the receiver sensitivity is defined as the received power level for which 
the BER is equal to 10–3.

Table 8.2 Milestones in the Bluetooth Evolutionary Path

Core Version Issue Year Major Improvements

1.0 1999 –
1.2 2003 Adaptive frequency hopping, inquiry-based RSSI

2.0+EDR 2004 2.1-Mbps peak data rates

2.1+EDR 2007 3.0-Mbps peak data rates

3.0+HS 2009 24-Mbps peak data rates

4.0 2010 Lower energy consumption, broadcasting, lower 
connection latency
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controllers compliant with core version 3.0+HS (high speed) incorporate a Wi-Fi 
device, reaching up to 24 Mbps over Wi-Fi links [13].

Core version 4.0, also referred to as Bluetooth Low Energy (BLE), brings impor-
tant improvements to classical Bluetooth (the previous versions), mostly in energy 
consumption optimization and faster connections. BLE implements features such as 
smart host control and adjustable message length to reduce average, peak, and idle 
mode power consumption down to 20 times in relation to classical Bluetooth, allow-
ing BLE devices with small batteries to operate for a year or more [14]. The smart 
host control places much more intelligence on the Bluetooth controller, enabling 
the host to sleep longer periods, woken up by the controller only when some ac-
tion needs to be performed.6 Adjustable message length feature also saves energy by 
encapsulating messages into longer packets—fewer packets equals less overhead, re-
ducing power consumption by the Bluetooth radio. BLE achieves faster connections 
by using advertising mode, when the Bluetooth device sends broadcast messages that 
speed up nearby devices discovery, pairing, and connection [15]. BLE, unlike previ-
ous versions, is not backward-compatible. For this reason, single-mode devices that 
support only BLE cannot communicate with classical Bluetooth devices. Dual mode 
devices support both technologies, at the cost of lower battery lifetime.

8.3 Positioning in Bluetooth Networks

The ubiquity of Bluetooth devices—laptops and smartphones, among others— 
coupled with the low cost and long battery lifetime of Bluetooth modules (particu-
larly with the advent of BLE), makes Bluetooth networks a promising alternative 
for RF positioning, especially in indoor environments. As when studying localiza-
tion in Wi-Fi networks, the main focus in Bluetooth positioning is placed on the 
evaluation of solutions that rely only on the pre-existing network infrastructure 
(i.e., that do not require any additional hardware to operate). This enables a rapid 
and cheap deployment of the location system, increasing its acceptability.7

Initially, the Bluetooth signal parameters available for localization purposes are 
the link quality indicator (LQI),8 the transmitted power level (TPL),9 the connection-
based RSSI, and the inquiry-based RSSI. However, the best option, presenting a more 
predictable relationship with TX-RX distance, is the inquiry-based RSSI (available 
from core version 1.2 onward), which is expressed in absolute values (dBm instead 
of dB) and is not subject to variations due to power control (as the connection-based 
RSSI and TPL). LQI is related to the BER, but the conversion from BER to LQI is 
device/manufacturer-specific. The LQI is also subject to variations due to channel 

6. This saves energy in comparison to classical Bluetooth, where the host usually consumes more power than 
the controller.

7. The acceptability can be defined as the location system’s ability to be smoothly integrated with preexisting 
network infrastructure [16].

8. The LQI is a 8-bit unsigned integer—defined as a function of the BER—that expresses the perceived link 
quality at the receiver. The conversion from BER to LQI is device-specific.

9. Power control might be used in Bluetooth connected state to reduce interference with other Bluetooth 
modules and to improve battery lifetime. Because it is used only in connected state, inquiry-based RSSI is 
not affected by it.
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conditions, such as interference, and as a result is not a viable alternative for rang-
ing and positioning [17]. Connection-based RSSI is constant (0 dB), and thereby 
independent of the TX-RX distance [9], when the received power lies within the 
GRPR, which effectively also excludes it as a feasible choice for ranging and local-
ization. For example, assuming a path-loss slope n = 3 (a typical value for 2.4-GHz 
RF propagation in indoor environments), a Bluetooth device would report the same 
connection-based RSSI at 1 and 5m from the Bluetooth beacon. However, in [16], 
the authors developed a positioning system in Bluetooth 1.1 using connection-based 
RSSI and installing variable attenuators at the Bluetooth beacons. The additional 
loss introduced by the attenuators would then shift the received power to a level be-
low the GRPR, where the RSSI would be linearly related to the received power (and 
for that reason could be used as a distance estimator for multilateration). A single 
beacon with variable attenuators and four antennas, placed at the corners of a 4.5 × 
5.5 m2 room, was deployed, and 92% of the test samples achieved location errors of 
2m or less. Nevertheless, the proposed system requires the installation of additional 
hardware, which is costly and time-consuming in a large-scale location system (e.g., 
in a whole building) reducing the system’s acceptability.10

Most of the observations made in Chapter 6 regarding MS position location in 
Wi-Fi networks are also applicable to Bluetooth positioning: it is more relevant in 
indoor environments11; RTT estimates are not available (which excludes TOA-based 
multilateration as a possible location technique); the Bluetooth beacon antennas are 
omnidirectional, ruling out AOA-based triangulation, unless additional hardware is 
deployed (i.e., directional antennas). The proposed solutions for Bluetooth localiza-
tion rely mostly on RSS-based multilateration [8, 9, 15, 18, 19], fingerprinting [16, 
20, 21], or on a combination of both [22, 23].12 In Bluetooth positioning, unlike 
in Wi-Fi networks, there are many multilateration-based location solutions. This 
happens because, due to the shorter range of Bluetooth beacons, this technique is 
being used mostly to locate devices within each room. In that case, with the absence 
of obstacles such as walls along the propagation path, it is easier to model the path-
loss using empirical models, allowing the use of RSS-based multilateration with 
good results. Proximity (i.e., returning as the MS position estimate the  coordinates 
of the nearest Bluetooth beacon) and centroid methods are also used [8].

8.3.1 RSS-Based Multilateration Solutions

There is a vast amount of published papers on Bluetooth positioning using RSS-
based multilateration, such as [8, 9, 15, 18, 19]. In all of them, the following requi-
sites are fulfilled: (1) the target MS is within range of at least three reference nodes, 
(2) there is a mathematical model describing path-loss as a function of distance, and 
(3) there is an algorithm to solve the resulting overdetermined nonlinear equation 
system. All those requirements for RSS-based multilateration have already been 

10. Nevertheless, prior to core version 1.2, it would probably be the best option for Bluetooth positioning.
11. In fact, it seems to be exclusively used for indoor localization, which is quite reasonable, if one considers the very lim-

ited range of Bluetooth devices (with the exception of Class I devices), compared to the range of Wi-Fi access points.
12. A brief Bluetooth positioning taxonomy that includes some other less commonly used techniques, such as Fuzzy 

Logic, is available in [24].
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thoroughly analyzed through simulations and MATLAB examples in Chapter 2. 
As a result, this section is devoted to studying in detail two implementations with 
special features, not previously discussed in this book: real-time calibration [18] 
and ranging with a two-slope model [19].

8.3.1.1 Real-Time Calibration

In [18] the authors proposed a system using real-time calibration of the path-loss 
to distance mapping. This scheme is able to perceive the effect of environmental 
changes that affect RF propagation (such as humidity, temperature, presence of 
people, change of furniture location, and closing and opening of doors, among oth-
ers), therefore improving localization accuracy. Besides using the RSS between the 
target and the reference nodes (Bluetooth beacons placed at known coordinates) 
to achieve a positioning fix—as in any other multilateration system—the solution 
proposed in [18] also employs the RSS between the anchor nodes to obtain calibra-
tion factors, which are called translation (from path-loss to distance) factors. These 
factors are then applied to the path-loss between the target and anchor nodes to 
yield distance estimates that will be used in the multilateration position fix. Con-
sider a set of N Bluetooth beacons placed at known locations. This yields a pairwise 
distances matrix D = [di,j]N×N, where di,j is the Euclidean distance between anchor 
nodes i and j. Assuming that all beacons have a known constant output power 
Pt,13 the path-loss between the anchor nodes can be calculated, subtracting (in the 
logarithmic scale) the RSS values from Pt. Then, a path-loss matrix S = [si,j]N×N is 
obtained, where si,j is the path-loss between nodes i and j.14 A matrix of translation 
factors Φ = [fi,j] (also referred to as dynamic mapping matrix) is given by

 Φ = DS–1 (8.1)

where fi,j is the factor that translates the path-loss si,j between nodes i and j into their 
pairwise distance di,j. As Φ is expressed as a function of the path-loss, it reflects the 
variations in the propagation conditions, acting as a set of calibration factors in the 
multilateration process. With calibration, the estimated distances between the target 
node and the N Bluetooth beacons at any given moment are provided by vector

 ˆ = Φd s (8.2)

where s is a N-element vector containing the RSS values from the N anchor nodes 
measured at the target device location. As already seen in Chapter 2, the following 
nonlinear system is obtained:
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− + − =
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(8.3)

13. This is a reasonable assumption, as the proposed system uses inquire-based RSSI values and replies to inquiries 
during the discovery phase are not subject to power control.

14. Note that both matrices D and S are symmetric and that the elements of their main diagonals are zero.
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where (xi,yi) are the coordinates of the ith beacon and îd  is the estimated distance 
between the target node and the ith beacon.15 Due to NLOS conditions and/or inher-
ent limitations in the RSS measurement and reporting, this quadratic equation system 
has no closed-form solution. In [18], the authors used a gradient descent method [25] 
to iteratively find the position estimate ( ˆ ˆ,x y) that minimizes the following sum:

 

2
2 2

( , ) 1

ˆ(ˆ ˆ) , argmin ( ) ( )
N

i i i
x y i

x y x x y y d
=

  = − + − −    
∑  (8.4)

To evaluate the location system, the authors deployed a testbed in a 5 × 10m2 room 
with four Bluetooth 2.0 beacons. Two test positions were selected: the first was at the 
room center, and the second close to one of the beacons. Table 8.3 summarizes results 
at the two test locations, with and without calibration for two window lengths.16 
When no calibration was used, the target node estimated location was given by a 
weighted centroid method.17 At the first test location, the use of calibration increased 
accuracy by 40% for the smaller window length. At the second test location, it 
achieved an accuracy improvement higher than 50% for both window lengths.

8.3.1.2 Ranging with a Two-Slope Model

Empirical propagation models can be used to express the received power as a func-
tion of TX-RX distance, as the one defined by

 0 10
0

( ) ( ) 10 log
d

P d P d n
d
 = −  
 

 (8.5)

where P(d) is the RSS (in dBm) at d meters from the transmitter, d0 is a reference dis-
tance (in meters), n is the path loss exponent or slope. Assuming d0 = 1m, one has

 10( ) log ( )P d dβ γ= +  (8.6)

where b—also referred to as the offset—is the RSS at the reference distance and g = 
–10n is the path-loss slope in dB/decade. Calibration campaigns are required to fine-
tune such models before they can be applied to a specific environment. During these 
campaigns, at each selected measurement point, the distance d and the average RSS 

15. Please note that 
T

1
ˆ ˆ ˆd d dN

 =  … .

16. The window length or integration interval is the time along which RSS samples are collected and  averaged.
17. For detailed information on centroid methods, please refer to Chapter 1.

Table 8.3 Positioning Errors in Centimeters Achieved in [18], with and without 
Dynamic Calibration

Test Location Window Length (sec) Without Calibration With Calibration

1 30 115.4 69.7
1 60 100.9 73.2
2 30 110.4 49.7
2 60 108.5 51.0
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value are registered. Then, linear regression can be used to estimate parameters b 
and g. However, propagation characteristics might differ in regions close to and far 
from the transmitter. In such cases, the use of a single offset-slope pair will result in 
path-loss prediction errors that will escalate with distance. This will ultimately result 
in larger ranging errors and consequently in lower positioning accuracy for MSs in 
the far region. To minimize that, a breaking point might be identified, separating 
the near and far regions, and linear regression might be applied to each region to 
estimate different model parameters. The two-slope model is then given by

 

1 1 10 break

2 2 10 break break

log ( ),  if 
( )

log ( / ),  if 

d d d
P d

d d d d

β γ

β γ

+ <  =  
+ ≥   

(8.7)

where (b1, g1) and (b2, g2) are the offset-slope pairs in the near and far regions, respec-
tively, and dbreak is the break point distance (in meters) in relation to the transmitter. 
Multislope linear regression was originally used for path-loss predictions in urban 
microcells [26], but its use can be extended to indoor environments. It is applied 
in [19], after the collected RSS values (during the calibration or training phase) at 
each point are Gaussian-filtered and then averaged. The break-point—also referred 
to as critical point—is empirically defined (see Example 8.1). Offset-slope pairs are 
obtained for each Bluetooth beacon in the testbed. In the test phase, the authors in 
[19] use a moving average filter18 to smooth abrupt variations in received RSS, be-
fore ranging. The ranges obtained using the aforementioned two-slope model result 
in a nonlinear equation system (given by (8.3)). Taylor series first-order expansion 
is used to linearize the system. In an experiment with four Bluetooth beacons, 80% 
of the test samples achieved a position error lower than 1.5m.

Example 8.1

Given a set of RSS measurements taken at locations uniformly spaced along the 
same radial (line passing through the transmitter location), define an optimal two-
slope model to represent received power as a function of distance.

Solution:
The file RSS.mat contains the RSS samples (in dBm). There are N = 5 samples for 
each of the M = 100 measurement points, equally spaced of 50 cm along a radial 
spanning from d = 1m to d = 50m. The optimal two-slope model will be the one that 
minimizes the norm of the residuals, which is given by

 

2

1

M

res i
i

norm δ
=

= ∑
 

(8.8)

where di is the difference between the average RSS value (calculated using all the 
samples)19 at the ith point20 and the RSS value provided by the linear model at that 

18. Moving average filters were studied in Chapter 2.
19. Some sort of filtering, such as Gaussian filtering [19], might be used prior to calculating the average RSS.
20. As the RSS values are provided in the logarithmic scale, they must be returned to the linear scale, averaged, 

and then converted back to dBm.
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same location.21 The optimum two-slope model obtained using the MATLAB script 
file ch08ex01.m22 is given by

 

10

10

43.9872 24.492log ( ),  if 14
( )

71.1093 43.1763log ( /14),  if 14

d d
P d

d d

− − <  =  
− − ≥   

(8.9)

By comparing Figure 8.2(c) and (d), it is possible to confirm that the use of the 
optimum two-slope model illustrated in Figure 8.2(b) results in a significant reduction 
of the ranging error (diminishing its average by more than 60%), which has a direct 
impact on multilateration positioning accuracy. Although such improvement might 
not be attainable in all scenarios, it proves that a two-slope model can provide a 
better RSS to distance mapping in some environments.

8.3.2 Fingerprinting-Based Solutions

RF fingerprinting has been extensively studied in Chapter 4, and several imple-
mentations of such techniques in Wi-Fi and WSNs, both for indoor and outdoor 

21. There other alternatives to evaluate how well a model fits the data. The norm of the residuals, provided by 
(8.8), is used by the MATLAB function polyfit, which was applied to solve this example.

22. Both RSS.mat and ch08ex01.m files are available at the book website.
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Figure 8.2 (a) Linear regression without a break-point, (b) two-slope linear regression with a break-
point at 14-meters from the transmitter, (c) ranging errors when using single-slope regression, and 
(d) ranging errors when using two-slope regression.
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 environments, have been presented in Chapter 6. Unlike in cellular (as we have seen 
in Chapter 4) and UWB networks (as we will see in Section 8.5), RF fingerprinting 
in Bluetooth (as in Wi-Fi) is restricted to using only RSS values. The RF fingerprint-
ing techniques for Wi-Fi and WSN indoor localization presented in Chapter 6 can 
be extended to Bluetooth networks.23 Also, as previously mentioned in this chapter, 
most papers on Bluetooth positioning use RSS based multilateration, since, due to 
the limited range of Bluetooth beacons and devices, multilateration is being used 
mostly to locate devices within each room. For this reason, there are fewer papers 
on Bluetooth fingerprinting, with no significant new features. As a result, to prevent 
being redundant (which would be very tedious for the reader!), this section will 
cover in detail two special features applied to RF fingerprinting that were not previ-
ously discussed in this book: pattern matching using signal strength difference [27] 
and search space reduction using K-means clustering.

8.3.2.1 Pattern Matching Using Signal Strength Difference

Manufacturing variations among Bluetooth devices might affect the way they 
measure RSS values. As a result, at a given location and time, different devices 
might measure distinct RSS values for the same Bluetooth beacon. For this rea-
son, if the radio map24 is built from field measurements using a certain Bluetooth 
device, and another Bluetooth device is to be localized, then the fingerprinting 
location accuracy using this radio map may deteriorate. This is called the cross-
device effect [28]. To mitigate it, instead of employing absolute RSS values in the 
correlation function, one might use relative RSS values (i.e., their ranking or their 
signal strength differences (SSDs)).

While absolute RSS values of a set of Bluetooth beacons might be quite differ-
ent when measured by distinct Bluetooth devices, their ranking or their SSDs are 
more likely to remain the same. The greater stability of those two techniques across 
devices derives from the assumption that the relationship between the input signal 
strength at the receiving antenna and the RSS reported by the Bluetooth device is 
a monotonically increasing function [29]. For better understanding, consider two 
Bluetooth devices, MS1 and MS2, both placed at the same location, and two Blu-
etooth beacons, A and B. The signals from these beacons reach both MS devices 
with strengths sA and sB, respectively. The RSS values informed by MS1 are RSS1A 
and RSS1B. The RSS values informed by MS2 are RSS2A and RSS2B. If the relation-
ship between the input signal strength and the RSS is a monotonically increasing 
function, then, if sA > sB, RSS1A > RSS1B and RSS2A > RSS2B. While the reported 
values (RSS1A,RSS1B) might be different from (RSS2A,RSS2B), the ranking of A and 
B RSS values is the same on both MSs. One can also assume that the SSD of the sig-
nals from beacons A and B will be the same on both devices [27] (i.e., that (RSS1A – 
RSS1B) = (RSS2A – RSS2B)).

23. In fact, with BLE and its emphasis on low energy consumption and enhanced battery lifetime, Bluetooth 
positioning might be treated in a very similar way as in ZigBee WSNs.

24. The radio map, also referred to as the correlation database (CDB), is the set of georeferenced RF finger-
prints collected (or generated via propagation simulations) during the off-line training phase of the finger-
printing algorithm.
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Ranking correlation has been studied in Chapter 4, where the Spearman rank cor-
relation coefficient [30] was used to minimize the cross-device effect when comparing 
the Tfing with the Rfings. When using SSD for that same purpose, the Tfing becomes
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RSS RSS

k

k

N k

T

− 
 =  
 − 

��
�

 

(8.10)

where i ¹ k (i ∊ {1,...,N}),25 N is the number of Bluetooth beacons, and RSSi is the 
received signal strength from the ith beacon. The Rfings are also built using (8.10). 
As Example 8.2 shows, even though there are !

( 2)!2!
N

N −
 possible pairs in a set of 

N beacons, there are only (N – 1) independent SSD values. That is why the finger-
print dimension when using SSD is (N – 1), if there are N beacons. The effect of 
this slightly smaller RF fingerprint dimension, in comparison to when absolute RSS 
values are used, becomes negligible for N > 5 [31].

Example 8.2

Given vector [ 40 55 80 45]TS = − − − −
�

 containing the absolute RSS values (in dBm) 
of four Bluetooth beacons measured by a Bluetooth mobile device at a single location 
show that the resulting SSD RF fingerprints have only three independent SSD values.

Solution:
Table 8.4 shows vector S

�
 and the resulting SSD RF fingerprints. Note that iT

��
, i ∈ 

{1,..., 4} is obtained subtracting the ith beacon RSS value from the RSS values of 
the remaining beacons. All fingerprints have only three nonnull elements. It is also 
possible to observe that
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(8.11)

where S(k) is the kth element of S
�
. This means that all other fingerprints can be 

obtained as a linear combination of the first one. Therefore, there are only three 
independent SSD values. Generalizing, if there are N beacons, then only N – 1 in-
dependent SSD values can be obtained.

In [27], the authors deployed a Bluetooth testbed in a laboratory spanning 
an area of 214 m2, with four fixed Bluetooth beacons and 337 training locations. 
There, they reported a 3.4m average location error when using KNN with absolute 
RSS values. The average error dropped to 2.6m when KNN was used with SSD (a 
23.5% reduction).

25. Parameter k identifies the beacon that is fixed and whose RSS is subtracted from the RSS of the remaining 
beacons.
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8.3.2.2 Search Space Reduction Using K-Means Clustering

Search space reduction aims at reducing the time to produce a position fix in RF 
fingerprinting by limiting the reference fingerprints (Rfings) stored in the radio map 
(or CDB) that will be compared with the target fingerprint (Tfing). It is crucial when 
the radio map is too large, which is the case for location systems in metropolitan 
areas [32] or even in large multifloor buildings [33]. In MS-based Bluetooth indoor 
fingerprinting, search space reduction might also help reduce energy consumption–
both of the MSs and, most important, of the fixed beacons––which is in keeping 
with one of the key features of BLE (i.e., enhancing battery lifetime). Besides CDB 
filtering (studied in Chapter 4), another alternative for search space reduction is 
K-means [34], which is an unsupervised clustering technique.26 With clustering, 
the positioning fix is carried out in two phases: (1) the TFing is presented to the 
trained classifier, which identifies the cluster that the Tfing belongs to, and (2) the 
TFing is compared only to the Rfings belonging to the selected cluster. The selected 
cluster (i.e., the reduced search space) is the one whose center is the closest (in the 
n-dimensional RSS space)27 to the TFing. During the off-line training phase, first the 
number of clusters Nc must be defined and initial values must be assigned to the Nc 
clusters centers.28 Then, the following steps are taken:

The distances between each Rfing and each cluster center are calculated;1. 
Each Rfing is associated with the cluster whose center is the closest one;2. 
At the end of each epoch the clusters centers are recalculated using the arith-3. 
metic mean of the Rfings of each cluster29;
The distances between each Rfing and the new clusters centers are calcu-4. 
lated. If any Rfing switches clusters, then steps 1 to 3 are repeated; otherwise, 
the process ends, yielding the cluster center vectors.

See Example 8.3 for a MATLAB implementation of K-means clustering applied 
to search space reduction in RF fingerprinting.

26. In [21], the authors reported a median positioning error below 2m in a Bluetooth indoor testbed using RF fin-
gerprinting with K-means. In Chapter 9, another unsupervised clustering technique––the Kohonen layer [35]––is 
used for search space reduction in Wi-Fi localization in a 13-floor building.

27. Proximity in the n-dimensional RSS space is evaluated using the Euclidean distance.
28. There are several alternatives for initializing the clusters centers, as will be seen in Chapter 9. See Example 8.3 for 

one such alternative.
29. At this point, another unsupervised clustering method called K-medians, instead of the arithmetic mean, uses the 

median. The advantage of using the median is that it is a more robust estimator, less susceptible to outliers (i.e., 
input vectors with much noise) [34]. All other steps are equal for both K-medians and K-means.

Table 8.4 Vector of Absolute RSS Values (in dBm) and 
the Resulting RF Fingerprints Using SSD (in dB)

S T1 T2 T3 T4

–40 0 15 40 5
–55 –15 0 25 –10
–80 –40 –25 0 –35

–45 –5 10 35 0
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Example 8.3

Given a set of RF fingerprints, use K-means to group them into different clusters.

Solution:
The file RadioMap.mat contains the RF fingerprints. Each one contains RSS values 
from three different Bluetooth beacons. Figure 8.3(a) depicts those Rfings in the 
3D RSS space. The first step is to define the number of clusters Nc.30 A parameter 
that can be used to evaluate if the selected Nc is adequate is the intracluster average 
dispersion, which is given by
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where Sint,i is the intracluster average dispersion of the ith cluster, mi is the vector 
representing the ith cluster center in the RSS space, vj is the vector representing the 
jth element of the ith cluster in the RSS space, and Ni is the number of elements of 
the ith cluster (i = 1,...,Nc). Using MATLAB script file ch08ex02.m31 lets us initially 
assume three classes and set Nc = 3. This results in intracluster average dispersions 
equal to Sint,1 = 162.48, Sint,2 = 66.72, and Sint,3 = 103.1. Clearly, Sint,1 is much 
larger than the others, which suggests that the first class could probably be split into 
two separated clusters. So, we set Nc = 4, which yields Sint,1 = 68.37, Sint,2 = 66.72, 
Sint,3 = 73.24, and Sint,4 = 67.84. The difference between the highest and lowest in-
tracluster average dispersions is now much smaller, which suggests that Nc = 4 is a 
better choice. Figure 8.3(b) shows the four clusters in the 3D RSS space.

30. Nc Rfings are randomly selected to be the initial cluster centers. The more spaced those Rfings are in the 
RSS space, the better.

31. Both RadioMap.mat and ch08ex02.m files are available at the book website.

Figure 8.3 (a) Rfings in the 3D RSS space and (b) clusters obtained with Nc = 4.
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8.4 UWB Networks

UWB transmissions occupy large bandwidths and have very strict output power 
limits. As a result, they are best suited to high-speed short-range communications. 
These features, coupled with their very high time-domain resolution, makes UWB 
a promising alternative for high-accuracy indoor WPAN positioning. UWB signals 
might be generated using very short time-domain pulses (from 10 to 1,000 ps), that 
occupy large bandwidths (from hundreds MHz to several GHz) in the frequency 
domain. This is called single-band UWB, also referred to as impulse radio UWB 
(IR-UWB). Another alternative to generate UWB signals is to divide the available 
UWB band into a number of nonoverlapping channels.32 Transmissions are made 
simultaneously over multiple carriers into those nonoverlapping channels. This is 
called multi-band UWB, also referred to as multi-band orthogonal frequency divi-
sion multiplexing (MB-OFDM) UWB [3]. Each symbol is transmitted over several 
pulses (in IR-UWB)33 or over several non-overlapping channels (in MB-OFDM 
UWB). UWB transmissions have a low power spectral density and are spread over 
wide bandwidths, and do overlap with frequency bands occupied by other services. 
This latter characteristic raised the concerns from several segments of the telecom-
munications industry, who where afraid that the cumulative effect of UWB signals 
(aggregated power) could cause harmful interference to preexisting systems by rais-
ing the background noise.34 As a result, regulatory bodies, such as the FCC issued 
specifications for UWB systems operation.

8.4.1 Definition of UWB Technology

The classification of a communications system into narrowband, wideband, or 
UWB, shown in Table 8.5 [3], is based on the fractional bandwidth (Bf), which is 
given by
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H L
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where fH and fL are the upper and lower 10-dB points, respectively (i.e., those are 
the frequencies at which the output power is 10% of the maximum output power, 
which occurs at frequency fM, where fL < fM < fH). Any system with Bf ≥ 20% or 
that occupies a bandwidth larger than 500 MHz (the bandwidth is given by (fH – 
fL)) is classified as a UWB system [37].

32. MB-OFDM splits the UWB spectrum into 528-MHz wide bands. Each 528-MHz band comprises 128 car-
riers modulated using (QPSK) on (OFDM) tones [36].

33. This results in a processing gain similar to the one observed in spread spectrum systems.
34. UWB signals are noiselike, due to their very large bandwidth and their very low power spectral density. For 

that reason, depending on the attitude of regulatory bodies, license-free operation of UWB systems could 
be allowed [37].
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8.4.2 Overview of FCC UWB Regulations

The FCC issued the UWB First Report and Order in February 2002 [2]. It authorized 
three classes of UWB systems: (1) imaging systems (such as through the wall imaging, 
ground penetrating radar, and medical imaging systems), (2) vehicular radar systems, 
and (3) communication and measurement systems (among which RF positioning is 
included). These regulations define, among other parameters, the frequency bands 
and the emission limits for UWB systems. Initially, the band allocated for UWB is 
7.5-GHz wide and between 3.1–10.6 GHz [37]. At that band, the maximum output 
power for indoor applications is 0.5 mW, which corresponds to a power spectral 
density of approximately –41.3 mW/MHz. For outdoor applications in that band, 
such as vehicular radar, the maximum power spectral density is 10 dB lower. Table 
8.6 summarizes the emission limits (expressed as power spectral densities in dBm/
MHz) for the authorized UWB systems in different frequency bands [38].

8.4.3 IEEE Task and Study Groups Related to UWB

The Institute of Electrical and Electronics Engineers (IEEE) created in May 1999 
the IEEE 802.15 WPAN Working Group, which aims to provide standards for low-
complexity and low-power consumption wireless connectivity. Within this work 
group, the following currently active (as of January 2015) task and study groups 
are related to UWB:

IEEE 802.15 TG3d (Task Group 3d 100 Gbit/s Wireless): its objective is to • 

increase the data transfer speeds of 802.15.3 standard for imaging and mul-
timedia applications, reaching data rates of up to 100 Gbps;
IEEE 802.15 TG4r (Task Group 4r Distance Measurement Techniques): its • 

objective is to provide communications and high precision ranging/location 
capability;
IEEE 802.15 SG3c (Study Group 3c Close Proximity High-Data Rate sys-• 

tems): its objective is to explore the use of the 60 GHz band for WPANs.

Table 8.5 System Type Classification as a 
Function of Bf

System Type Fractional Bandwidth

Narrowband Bf < 1%
Wideband 1% ≤ Bf < 20%
Ultrawideband Bf ≥ 20%

Table 8.6 FCC UWB Emission Limits (dBm/MHz)

Frequency Band (MHz)

Application 960–1,610 1,610–1,990 1,990–3,100 3,100–10,600 Above 10,600

Ground penetrating radar –65.3 –53.3 –51.3 –41.3 –51.3
Surveillance systems –53.3 –51.3 –41.3 –41.3 –51.3
Medical imaging systems –65.3 –53.3 –51.3 –41.3 –51.3
Indoor communication systems –75.3 –53.3 –51.3 –41.3 –51.3
Vehicular radar systems –75.3 –61.3 –41.3 –51.3 –61.3
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Besides IEEE 802.15, another working group of interest to UWB is IEEE 802.19 
Wireless Coexistence Working Group, which develops and maintains policies ad-
dressing issues of coexistence with current standards and/or standards under de-
velopment. Due to the very large bandwidth of UWB, and as UWB systems use 
frequency bands overlapping with other systems, several coexistence scenarios for 
UWB devices have been submitted to IEEE 802.19 [39].35

8.4.4 UWB versus Bluetooth

UWB and Bluetooth can be seen as competing technologies for WPANs: both aim 
at low power consumption, enhanced battery lifetime, and data communications 
over short distances. Bluetooth is already a well-established technology with a well-
defined protocol stack. UWB, on the other hand, is still an evolving technology, and 
its regulation is still not completely agreed upon. Besides that, several MAC proto-
cols have been proposed for UWB,36 and there is still ongoing research on this topic. 
In fact, there are many open issues in UWB MAC, especially in four areas: overhead 
reduction, multiple access, resource allocation, and QoS provisioning [40]. However, 
in the long run, UWB is most likely to overcome Bluetooth for short-range commu-
nication applications due to the much higher data rates it can achieve. For example, 
in UWB WPANs, data rates of up to 480 Mbps will allow high-speed data transfer of 
multi media content, an application not supported by BLE [36].

8.5 Positioning in UWB Networks

As in the narrowband and wideband systems previously described, localization 
in UWB networks can use geometric (i.e., triangulation techniques—circular and 
hyperbolic multilateration; multiangulation) and RF fingerprinting. However, not 
all those methods can take full advantage of the UWB signal’s very high time-
domain resolution.

8.5.1 Geometric-Positioning

8.5.1.1 Multiangulation

The fundamentals of AOA localization, also referred to as DOA, were extensively 
studied in Chapter 2. AOA positioning requires the deployment of antenna ar-
rays at the reference nodes, which increases the localization system infrastructure 
cost. Besides that—and maybe more importantly—AOA positioning accuracy is 
severely affected by multipath and NLOS propagation conditions. As a result, 
AOA is not a viable alternative for practical deployments of UWB indoor localiza-
tion systems [41].

35. It is also worth mentioning that IEEE issued a specification, IEEE 802.15.4a, which expands the original 
IEEE 802.15.4(WPANs) to encompass UWB technologies as well. However, it has not been ratified yet.

36. A summary of proposed UWB MAC protocols can be found in [40].
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8.5.1.2 TOA-Based Multilateration

TOA-based multilateration, as in narrowband and wideband systems, is negatively 
affected by multipath and NLOS conditions. However, high time-domain resolu-
tion of UWB signals enable an accurate TOA estimation.37 Aside from detecting the 
TOA as exactly as possible, it is also important to identify the channel conditions 
to improve circular multilateration accuracy. Three basic channel conditions have 
been categorized [42]: (1) dominant direct path (DDP), when the LOS component 
(the first received multipath component) is the strongest, (2) non-dominant direct 
path (NDDP), when there is a LOS component but its is not the strongest, and 
(3) undetected direct path (UDP), when there is no LOS component (i.e., the direct 
path between the transmitter and the receiver is obstructed). First, the channel con-
dition must be identified, primarily to find out if there is a direct path (LOS). This 
first step is called NLOS detection. Second, if NLOS conditions have been verified 
in the first step, NLOS mitigation techniques should be applied. In [43], the authors 
present several methods for NLOS detection. In [44], some alternatives for NLOS 
mitigation are analyzed. All these measures help improving the ranging (obtained 
from the TOA measurements), and, as a result, the positioning accuracy as well. 
The high time-domain resolution of UWB signals enhances the NLOS detection and 
mitigation capabilities of those algorithms.

8.5.1.3 RSS-Based Multilateration

RSS-based multilateration, even though a viable alternative for UWB localization, 
does not benefit from the UWB high time-domain resolution, resulting in position-
ing accuracies similar to those achieved by narrowband or wideband systems. For 
example, in [45], the authors deployed four UWB receivers at fixed locations in a 
350 m2 floor in an office building. A transmitter was moved along 302 positions 
selected within that floor, generating IR-UWB signals in the 3- to 7-GHz band, with 
an output power of 26 dBm. The RSS at each receiver, for each transmitting posi-
tion, was registered together with the TX-RX distance. Those values were used to 
calculate lognormal shadowing path-loss models for each receiver location, employ-
ing linear regression (see Section 8.3.1). The final position estimate was obtained in 
a two-step process: first, the room where the MS was located was identified using 
RSS-based fingerprinting; second, the MS location within the selected room was 
estimated using RSS-based multilateration. In the first step, a 98.7% room identi-
fication accuracy was reported. In the second step, a median positioning error of 
approximately 3m was achieved. This accuracy is comparable to the ones yielded 
by some of the Wi-Fi indoor localization systems using RSS-based multilateration 
that were detailed in Chapter 6.

8.5.2 RF Fingerprinting

CIR fingerprinting takes full advantage of the huge UWB bandwidth and yields high 
position accuracy. This method takes factors that impair positioning accuracy in  

37. Several algorithms for TOA estimation in UWB networks are analyzed in [41].
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narrowband and wideband systems––multipath propagation and NLOS conditions— 
and turns them into an advantage to RF localization.38

The CIR to the impulse transmitted by the ith anchor node and measured at 
the jth measurement point (i.e., at the jth reference point of the radio map), is given 
by
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where ai,j,k, qi,j,k and ti,j,k are the amplitude, phase, and delay of the kth re-
ceived multipath component from the ith anchor node transmission measured 
at the jth reference point39; M is the maximum number of resolved multipath 
components,40 and d (t) denotes the impulse function. Equation (8.14) shows 
that in multipath propagation conditions, the receiver detects multiple delayed 
and attenuated copies of the transmitted impulse. By taking the CIR with re-
spect to different anchor nodes at the same position j, it is possible to build an 
RF fingerprint given by

 1, ,[ ( ) ( )]j j N jt t=R h h…  (8.15)

where N is the number of anchor nodes. Note that each element of the fingerprint 
is an M-element vector, so the CIR-based fingerprint is a M ´ N matrix. The CIR is 
expected to carry the multipath information that is unique to each location.

Assume that the target device measures the CIR to the N anchor nodes, yielding 
the target RF fingerprint given by

 1[ ( ) ( )]jt t=T h h…  (8.16)

where hi is the CIR with respect to the ith anchor node. The target node position 
estimate is provided by the coordinates of reference point j, whose CIRs (stored in 
the reference fingerprint Rj) maximize the sum of the CIR cross-correlation coef-
ficients; that is
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38. Results in [46] show that CIR fingerprinting location accuracy is higher in NLOS than in LOS  conditions.
39. Each reference point, stored in the radio map or CDB, is georeferenced: there is a pair of coordinates (for 

planar positioning) associated with it.
40. If at reference point j, less than M multipath components are detected from the impulse transmitted by 

anchor node i, then zero-padding is used to complete vector hi,j, which will have M elements, for any i = 
1,...,N and j = 1,…,NR, where N is the number of anchor nodes and NR is the number of entries in the 
radio map.
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where  = {1,...,NR}41, NR is the number of georeferenced points in the radio map 
and Ci,j is the CIR cross-correlation coefficient between the target (T(i) = hi) and 
reference CIR (Rj(i) = hi,j) with respect to the ith anchor node, given by

 { } { }
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where m = hi,j and n = hi, n denotes the conjugate complex of n, and E{×} denotes 
the expectation operator. To improve positioning accuracy, a form of KNN is used: 
instead of returning only the coordinates of the reference point identified by index ĵ, 
which maximizes (8.17), all reference points where the sum of the CIR cross- 
correlation coefficients is greater than a threshold Cth are selected.42 The target node 
position estimate is then given by the arithmetic mean of the coordinates of the selected 
reference points, or the position fix might return a ambiguity region (or confidence 
region; see Chapter 2), formed by the coordinates of the selected reference points.

In [46], the authors carried out indoor measurements in the FCC-allocated 
UWB band (3.1–10.6 GHz). Some locations have been selected for the UWB impulse 
radio. Then, a set of measurement points was identified in the indoor testbed. For 
each transmitter location, at each measurement position, 1,601 discrete frequency 
samples were taken over the 7.5-GHz wide band, and the channel transfer function 
(CTF) was calculated (as in [47]). The CIR was obtained calculating the inverse 
discrete Fourier transform (IDFT) of the CTF. On average, the ambiguity regions re-
turned by the position fixes had radiuses of approximately 2 cm. Never theless, such 
a high accuracy—unparalleled by any of the positioning systems previously studied 
in this whole book—does not come without a price, as the training phase of CIR 
fingerprinting is time-consuming, complex (as it requires specific equipment, such 
as vector network analyzers43), and the resulting radio map might be very large. 
For these reasons, which are of paramount importance, if one considers a practical 
implementation of such a positioning system, this method is more suited only to 
small-size indoor environments.

8.6 Summary

This chapter presented the fundamentals of Bluetooth and UWB positioning. A brief 
review of the Bluetooth core versions, along its evolutionary path, was provided, 
highlighting the improvements in the Bluetooth specification that were relevant to 
RF positioning, such as inquiry-based RSSI. Two techniques to enhance RSS-based 
multilateration in Bluetooth networks were studied: real-time calibration and ranging 

41. Note that  is simply the set of reference point indexes in the radio map.
42. As |Ci,j| £ 1, for any i = 1,…,N and j = 1,…,NR, with N anchor nodes, we would have 0 ≤ Ci,j < N. A typical 

condition would be Cth = 0.9N. However, the value of Cth must be carefully chosen according to the specific 
propagation conditions at the place where the positioning system is to be deployed. Its value could then be 
determined using the fingerprints collected during the training phase. 

43. A tutorial on vector network analyzers can be found at [48].
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with two-slope models. Next, the basics of the UWB technology were introduced: 
the types of UWB signals (IR-UWB and MB-OFDM UWB), the allocated frequency 
bands, and the output power limitations, among other relevant information. Fi-
nally, the applicability in UWB networks of geometric and scene analysis local-
ization techniques was analyzed, and CIR fingerprinting, which achieves average 
location errors around 1–2 centimeters, was presented.
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C h a p t e r  9

AI Systems for RF Positioning

9.1 Introduction

AI is the denomination adopted for a wide range of problem-solving techniques 
that are based in nature. The main advantage of trying to copy certain natural 
features is that, needless to say, nature is a successful designer. AI techniques 
comprise the so-called specialist systems, fuzzy systems, ANNs, genetic algorithms 
(GAs), and evolutionary computation, among others. Specialist systems are inspired 
by and try to mimic the inference ability shown by us, humans. Fuzzy systems 
try to emulate the high-level features of the linguistic processing used by humans 
when communicating. ANNs are inspired by the biological neurons of the human 
brain. GAs are based on the biological evolution and natural selection of the 
species.1

In this chapter, three machine-learning techniques (evolutionary learning 
with GAs, supervised learning with backpropagation ANNs, and unsupervised 
learning with Kohonen layers) and fuzzy logic are applied to the MS positioning 
problem. These techniques are used here to reduce the localization computa-
tional complexity and to improve location accuracy. Another feature that should 
be useful for the MS positioning problem, particularly for ANNs, is their ability 
to approximate nonlinear functions. The RF environment is highly nonlinear 
and nondeterministic, so ANNs can help map RF features into MS position 
estimates.

However, this chapter by no means intends to be a reference guide on fuzzy 
logic and machine-learning techniques. To cover these subjects would require sev-
eral volumes. Besides, there is a wide and very high-quality bibliography covering 
the aforementioned topics. Only the basic concepts of each AI technique used in 
this chapter are introduced so that the reader can follow the MATLAB exam-
ples. However, a deeper understanding of those techniques is desirable if the user 
plans to fit the MATLAB codes provided for this chapter (available at the book 
website) into his/her own applications. If that is the case, the interested reader is 
recommended to consult the following references: supervised learning and back-
propagation ANNs: [1–6]; unsupervised learning and Kohonen layers [1, 5, 7]; 
evolutionary learning and genetic algorithms: [8, 9]; fuzzy logic and fuzzy inference 
systems: [6, 10, 11].

1. We would like to thank Prof. José Franco Machado do Amaral, whose lecture notes for the “Computational Intel-
ligence” course at UERJ provided the analogies presented in this paragraph.
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This chapter is application-oriented, bringing five examples of AI techniques 
applied to the MS positioning problem, all tested in real networks:

Section 9.5: search space reduction in outdoor DCM positioning in a cellular • 

network in a dense urban area using GA [12, 13];
Section 9.6: outdoor positioning in a GSM network in a dense urban area • 

using backpropagation ANNs;
Section 9.7: accuracy prediction of MS position estimates in GSM networks • 

in dense urban and suburban areas using backpropagation ANNs;
Section 9.8: search space reduction in indoor multifloor MS positioning in • 

Wi-Fi networks [14];
Section 9.9: vehicular positioning in a GSM network in a suburban area us-• 

ing a fuzzy inference system.

The datasets used in the experiments (Section 9.4), as well as the MATLAB codes 
used in the tests, are available at the book website. However, before proceeding to 
the examples, let us briefly take a look at machine-learning and fuzzy logic basics.

9.2 Machine Learning

What does the expression “to learn something” means? What is learning? It is 
such a ubiquitous concept in nature (for not only can we humans learn, but many 
other animal species as well) that, surprisingly, one rarely attempts to define it. 
Learning, in simple terms, can be defined as the process of getting acquainted with 
a certain situation and being able to react properly to that in order to achieve a 
desired result. In nature, “being able to react properly” to a certain situation most 
of the time means the difference between life and death. By “situation” one means 
events, conditions, or information (data, or, in machine-learning terminology, input 
patterns). There are three core features that form the basis of the learning pro-
cess, either for us humans or for other animal species: experience, memory, and 
generalization. Animals (us included) acquire new skills (i.e., they “learn” them) 
through experience: they are repeatedly exposed to a certain situation until they 
are able to react properly when confronted with that situation again. Of course, 
experience would be useless if it could not be stored in memory. Experience must 
be accumulated, gathered, and without memory it would be utterly lost. However, 
there is a pitfall to experience. The same situation rarely occurs exactly the same 
way twice. So experience, without the ability to generalize, would simply be, to 
paraphrase an anonymous saying, “what causes a person to make new mistakes 
instead of old ones.” By generalization one means the ability of being able to ex-
trapolate the gathered experience and apply it to a previously unseen situation. In 
other words, it is the ability to see similarities between an unknown situation and 
previously encountered ones. For clarification, let us consider this simple example: 
a math student solves hundreds of algebra exercises in class (a very applied student 
indeed!), gathering experience in his or her memory to prepare for the upcoming 
exams. During the exam, the student will be faced with previously unseen algebra 
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problems (the teacher probably won’t repeat any of the problems solved during the 
classes in the exam). The student must then be able to generalize his or her acquired 
experience in order to be able to solve the questions.

Machine learning, then, is the learning process applied to computers, more 
specifically, computer software. All the core concepts of learning from experience, 
memory, and generalization are borrowed from nature. However, in machine learning, 
it all comes down to numbers. The main types of machine learning are2 supervised, 
unsupervised, and evolutionary learning.
Supervised learning. In this type of learning, the machine is presented a series of 
input patterns for which the desired output (also referred to as the target) is known 
beforehand. The machine then adjusts its internal parameters in order to achieve 
the desired result. A cost function (that must be minimized) is used for this adjust-
ment; for instance, the mean-squared difference between the produced and target 
outputs. This process of adjusting the internal parameters of the machine is called 
training. The training is usually time-consuming and requires many examples (input 
patterns) with the respective targets (desired outputs). Typically, each input pattern 
is presented to the machine more than once. The trained machine is expected to 
produce the expected outputs when presented with patterns that it has previously 
seen during training and to generalize the output for patterns it has never encoun-
tered before. Examples of machines that use supervised learning are the backpropa-
gation ANNs.
Unsupervised learning. In some situations, there are no known targets to be used 
during training. In that case, supervised training is obviously not an option. In un-
supervised training, the machine, rather than produce a desired output (there are 
no targets available), must identify similarities between the input patterns, group-
ing them into clusters. Examples of machines that use unsupervised learning are 
Kohonen layers and self-organizing maps (SOMs) [1].
Evolutionary learning. The evolution of a species can be seen as a form of collec-
tive learning, coded and stored into the DNA of each individual of that species. 
Better-equipped individuals—for example, faster tigers, stronger bulls, lizards with 
better mimetic capabilities—have a greater chance of survival and of reproducing, 
passing their genes onto the next generation. Variability into the DNA is introduced 
by sexual reproduction and by mutation. Mutations are random errors in the DNA 
that most of the time result in nonviable individuals, but sometimes can represent 
an adaptive advantage. In evolutionary machine learning, these concepts are usu-
ally applied into optimization problems. Each candidate solution is represented by 
a numerical sequence called a gene. A fitness function specific to the optimization 
problem is used to select the best candidate solutions (better-equipped individuals) 
that will interact and yield new candidate solutions. The best example of evolu-
tionary learning are the so-called GAs [8]. Using concepts of biological evolution 
to help locate MSs through GAs might look quite unrealistic and puzzling at first 
glance. Section 9.5 will help clarify that.

2. There is also another type, called reinforced learning, that is not covered in this chapter. For information about 
reinforced learning, please refer to [1].
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9.2.1 Supervised Learning: Backpropagation ANNs

ANNs are distributed parallel systems composed by interconnected processing units 
called neurons, which perform mathematical functions (also referred to as activa-
tion or transfer functions). Each neuron has a bias, which is a numeric value added 
to the output of its transfer function. The connections between the neurons are 
called synapses, each one having a numeric weight. Figure 9.1 depicts a mathemati-
cal model for the neuron [1]. The neuron has n inputs (coming through the synapses 
connecting this neuron to other neurons), these inputs are aggregated (linearly 
summed) and passed onto a transfer function f, to which a bias b is added. The 
neurons output is then given by o = f(h) + b, where 

1
( )

n
i ii

h w x
=

= ⋅∑ ; wi and xi are 
the weight and the input value of the ith synaptic connection, respectively.

A multilayer backpropagation ANN has one input layer, one or more hidden 
layers, and an output layer, as shown in Figure 9.2. The neurons in the input layer 
do not perform any functions. The neurons in the hidden and output layers follow 
the model described in Figure 9.1.

The ANN training consists of two parts: the feedforwarding of the inputs from 
the input to the output layer (obtaining a output) and the backpropagation of the 
error (e.g., the mean-squared value of the difference between the achieved and tar-
get outputs) from the output to the input layers [1]. The weights and biases are 

Figure 9.1 McCulloch and Pitt’s neuron model.

Figure 9.2. Representation of the topology of a multilayer backpropagation ANN with one hidden 
layer, N inputs, three outputs, and M neurons in the hidden layer. The connections between the 
neurons represent the synapses.
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adjusted during the training phase. The initial weights and biases are usually ran-
domly selected within predetermined boundaries. The training of an ANN tries to 
emulate3 the learning process and memory storage in the human brain: the con-
nections (synapses) that are more frequently activated have their weights increased 
(stronger connections between the neurons), while the connections rarely used have 
their weights decreased (eventually falling into oblivion, and the information asso-
ciated with that connection is “forgotten”).4 This feedforwarding/backpropagation 
cycle continues until a stop criterion has been met—typically a maximum number 
of cycles or a target MSE value. At each cycle—also referred to as an epoch—all in-
put patterns (belonging to the training set) are presented to the ANN input at least 
once. There are different learning algorithms that can be used in the ANN training, 
such as the Gauss-Newton and Levenberg-Marquardt [15]. Both are LS minimiza-
tion algorithms. The latter is used in Sections 9.6.2, 9.7.2, and 9.8.4, mostly due to 
the fact that it is usually the fastest method for training backpropagation ANNs of 
up to several hundred weights [16].

9.2.2 Unsupervised Learning: Kohonen Layers

A Kohonen layer comprises an input layer and a single competitive layer, as shown 
in Figure 9.3. The neurons in the competitive layer are interconnected (to its neigh-
bors), unlike a multilayer backpropagation ANN, where neurons in one layer are 
connected to neurons in the previous and on the following layers, but not to neu-
rons within the same layer.

The neurons in a Kohonen layer do not have activation functions. Instead, they 
have synaptic weights, which are N-dimensional vectors.5 Kohonen layers are typi-
cally used to cluster patterns within a dataset. As each input pattern is presented 
to the Kohonen layer, the distance between this pattern and each neuron’s synaptic 
weight is calculated. The neuron whose synaptic weight is closer to that input pat-
tern is the so-called winner neuron. The winner neuron’s synaptic weight is then 
updated according to ( ), 1 , ,i t i t k i tW W X Wα+ = + −

� � � �
 where kX

�
 is the kth N dimensional 

input pattern, ,i tW
�

 is the current weight of the ith neuron (the winner neuron), 
, 1i tW +

�
 is the updated winner neuron synaptic weight, and α is the learning step. It is 

expected then that the vectors representing the neuron’s synaptic weights will drift 
to the clusters centers, as shown in Figure 9.4(a).

Some techniques are used to improve the Kohonen layer unsupervised training, 
such as the use of conscience and decreasing learning steps per neuron. Conscience 
prevents that only a few neurons always win, allowing the activation of more neu-
rons in the competitive layer. Decreasing learning steps per neuron reduce conver-
gence time. Those topics are addressed in more detail in Section 9.8.

3. In an extremely simplistic way, as the learning process and memory storage in the brain are highly complex and 
so far very little understood.

4. This is equivalent to Hebb’s rule, which states that “the changes in the strength of synaptic connections are pro-
portional to the correlation in the firing of the two neurons” [1].

5. There are several strategies for the initialization of the synaptic weights of neurons in a Kohonen layer [1]. One 
such technique is described in Section 9.8.4.
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9.2.3 Evolutionary Learning: GA

GA is an adaptive search technique based on the principle of natural selection and 
genetic reproduction [17]. Each candidate solution is an individual represented by 
a numeric sequence called a chromosome. When using binary representation, each 
bit in a chromosome is referred to as a gene. The set of individuals at each cycle or 
generation is called population. The individuals of a population are modified and 
combined by means of genetic operators (crossover and mutation) producing a new 
population for the following generation [8].

Crossover mixes segments of chromosomes of two individuals (parents), pro-
ducing two new individuals (crossover children) for the next generation. The per-
centage of individuals in any given generation that are selected for reproduction is 

Figure 9.4 (a) From their initial values (indicated by *) the neurons weights drift toward each cluster 
center. (b) Decreasing values of α per neuron as the input patterns are presented to the network.

Figure 9.3 This Kohonen layer (input layer + competitive layer) receives N-dimensional vectors as 
inputs (vector 

�
X) and has M neurons in the competitive layer (each represented by a synaptic weight �

iW , which is also a N-dimensional vector). Note the interconnections between adjacent neurons in 
the competitive layer.
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the crossover ratio. Better-equipped individuals have a higher probability of being 
selected for crossover. The aptitude or fitness of an individual is assessed by means 
of an evaluation function, which is specific to each given problem.6 A typical se-
lection implementation is the fitness proportionate selection, also referred to as 
roulette selection [9]. Let fi be the fitness of the ith individual in the population. In 
roulette selection, the probability of the ith individual being selected to reproduce is 
given by 

1

N
i i ii

p f f
=

= ∑ , where N is the number of individuals in the population.
Mutation is a random modification of one or more genes of a chromosome. 

The percentage of individuals at any given generation that suffers mutation is the 
mutation ratio. In binary representation, mutation is implemented by flipping bits 
in the chromosomes. For real-valued representations, other mutation alternatives 
can be found in [9].

Crossover and mutation produce new individuals, creating a new generation. 
However, there is no guarantee that these individuals will be better-equipped than 
their predecessors. To ensure that the best individual (i.e., the one who achieves 
the highest value at the evaluation function) remains in the next generation, two 
alternatives exist: elitism and tournament selection. Elitism is simply the technique 
of cloning the best individual of a generation into the next cycle. By cloning one 
means copying its genetic representation (i.e., its chromosomes). In tournament se-
lection, the two parents and the two crossover children compete, and only the two 
best out of the four survive (i.e., are put into the next generation) [1]. Both tourna-
ment selection and elitism guarantee that the best solutions are not lost along the 
evolutionary process.

The GA evolutionary cycle can be summarized in the following steps: first, an 
initial population is randomly generated within predetermined boundaries; second, 
the aptitude of each individual is evaluated through a fitness function; third, genetic 
operators are applied (crossover and mutation) to create a new generation; fourth, 
if the stop criterion has been met, stop, otherwise, return to the second step. The 
stop criterion can be a maximum number of generations, minimum fitness of the 
best individual, and maximum processing time, among others. The best individual 
of the final generation gives the problem a suboptimal solution [17].

9.3 Fuzzy Logic

In a broad sense, fuzzy logic and its underlying fuzzy set theory are types of infor-
mation modeling that reduce complexity and improve the handling of uncertainties 
and probability [11]. Fuzzy logic tries to represent the ambiguity that is intrinsic to 
the human language and reasoning. Here only some key concepts of fuzzy logic that 
are required to understand the example at Section 9.9 are explained. For a complete 
reference guide on fuzzy logic, please refer to [11].
Fuzzy set, pertinence function, pertinence level, fuzzy set support, numeric universe 
of discourse. The first key concept is that of a fuzzy set. A value x can simultaneously 
belong to a fuzzy set A and its complement A, with different pertinence levels. The 
pertinence level for a given input variable X with a value x is given by the fuzzy set 

6. An example of an evaluation function is given in Section 9.5.2 by (9.1).
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pertinence function fA(x), which is a continuous function ranging from 0 to 1. For 
clarification, consider two sets: A (young people) and B (old people). In Boolean logic, 
each one of these sets is a complement of the other (i.e., A B= ) since, in Boolean logic, 
one person with a certain age x is either old or young. In fuzzy logic, a person with 
age x years can simultaneously belong to both sets. Consider the pertinence functions 
of fuzzy sets A and B, depicted in Figure 9.5. A person with x = 40 years belongs to 
set A with pertinence level fA(40) = 0.28 and to set B with pertinence level fB(40) = 
0.23. The range of the input variable X values for which the pertinence level is not 
zero is the support of the fuzzy set. The range of values that the input variable X can 
assume7 is the numeric universe of discourse of that variable.
Linguistic variables, linguistic terms, linguistic universe of discourse. A linguistic 
variable is a variable that can be described in linguistic terms. In the example de-
picted in Figure 9.5, X (the age of a person) is a linguistic variable, which can be 
described as old or young. Note that the linguistic terms are the names of the fuzzy 
sets. The set of all linguistic terms describing the numeric universe of discourse of a 
variable is called the linguistic universe of discourse of that variable.
Fuzzy inference systems, fuzzification, defuzzification. A fuzzy inference system 
(FIS) is a tool for practical implementations of fuzzy logic. An FIS receives numeri-
cal inputs, which are mapped into pertinence levels to different fuzzy sets. This map-
ping is called fuzzification. An FIS has a set of rules, with precedent and subsequent 
conditions (like IF....THEN....). Logical operations defined by this rules must be 
performed on the precedents. The output is mapped into fuzzy sets at the FIS out-
put. The outputs must be mapped back to numerical values. This reverse mapping 
is called defuzzification. MATLAB Fuzzy Logic Toolbox allows the easy creation 

7. In this case, the range of possible ages a person can have, which so far would reasonably be something in the 
interval [0; 100].

Figure 9.5 Graphical representation of the pertinence functions of two fuzzy sets. Note that for 
any age within the universe of discourse, a person would belong to both sets (old and young) 
simultaneously—which would be a violation of Boolean logic, which states that an element cannot 
belong to a set and to the complement of that set. In fuzzy logic, therefore, the following statement 
is possible: x Î A and ∈x A.
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and manipulation of FIS [10]. An example of an FIS, applied to the MS localization 
problem, is presented in Section 9.9 Another example is available at [18].

9.4 Datasets Used in the Experimental Evaluations

This chapter examples use three datasets, two of them composed of RF measure-
ments collected at outdoor GSM networks, and one composed of RF measurements 
collected at Wi-Fi networks in an indoor multifloor environment. All datasets used 
in this chapter are available at the book website.

9.4.1 Outdoor Tests in GSM Cellular Networks

Sections 9.5.2, 9.6.2, 9.7.2, and 9.9.2 use data from measurement campaigns car-
ried out in GSM 850-MHz cellular networks in two regions of Rio de Janeiro city: 
downtown (region I)8 and Santa Cruz (region II). Region I is a dense urban area 
with high cell density and prevalence of NLOS propagation. Region II is a suburban 
area, with low cell density and prevalence of LOS propagation. The measurement set 
comprised an SAGEM OT298 GSM mobile station and a Garmin GPS receiver, both 
connected to a laptop placed inside a moving vehicle. The GPS receiver antenna was 
placed atop the vehicle. In both areas, the MS was kept in active mode throughout 
the measurement campaign. For each network measurement report (NMR)9 trans-
mitted by the MS, the corresponding round-trip delay (RTD) value— calculated by 
the serving cell—and the GPS reference coordinates were stored.  Table 9.1 summa-
rizes the two measurement campaigns characteristics. The measurement routes in 
Regions I and II are shown in Figure 9.6(a) and (b), respectively.

9.4.2 Indoor Test in Wi-Fi Networks

The Wi-Fi RSS measurement campaign was carried out in the 13 floors of Reitor 
João Lyra Filho Pavilion at the Rio de Janeiro State University (UERJ).10 The soft-
ware used to collect the Wi-Fi scans was NetStumbler version 0.4, which was run 
in a Toshiba A75-S211 laptop with Atheros AR5005GS built-in 802.11b/g adapter. 
NetStumbler forces the Wi-Fi adapter to carry out a passive scan of 802.11 networks, 
i.e., without sending probe requests. During the passive scan, the Wi-Fi adapter re-
mains for a certain period on each channel, waiting to receive a beacon. The beacon, 
which is sent by every Wi-Fi access point (AP), contains the network identifier (SSID) 
and the AP MAC address. For each detected AP, NetStumbler stores the MAC, SSID, 
carrier number, noise level, and signal-to-noise ratio. The laptop was placed over a 
wheeled table, and at each of the 924 measurement points the Wi-Fi adapter col-
lected between 180 and 240 Wi-Fi scans at a rate of one per second. Each Wi-Fi scan 
contains data from several APs. Figure 9.7 shows a perspective spatial view of the 
measurement points positions in the UERJ main  building.

8. The data collected at region I was used in Chapter 4.
9. In cellular communication systems, the MS periodically measures the control channel RSS of cells to allow for cell 

selection and handover. They are reported to the core network through special messages called network measure-
ment reports.

10. The data collected at the 4th floor was used in Chapter 4.
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Each measurement point is identified by a unique RFing containing the mean 
RSS values (captured in the logarithmic scale, ranging from –120 to –30 dBm) of 
each Wi-Fi network detected at that particular point. If a Wi-Fi network is detected 
in less than 10% of the Wi-Fi scans at a given point, its mean RSS value is not in-
cluded in that point’s RFing. A total of N = 136 Wi-Fi networks were detected at 
Np = 924 different positions.

Table 9.1 Measurement Campaigns Details

Region Downtown (I) Santa Cruz (II)

Number of NMRs 12,920 7,864
Area (km2) 4.84 100
Number of detected cells 114 23
Average cell density (cells/km2) 24 0.23

Figure 9.6 Drive test routes in (a) Region I and (b) Region II.

Figure 9.7 Measurement points at the UERJ building.
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9.5 Optimized Search with GA

9.5.1 Overview

GA might be used to reduce the correlation space of a DCM algorithm, optimizing 
the search for the MS position. As already seen in Chapter 4, the correlation space 
is the set of pixels11 whose associated RF fingerprints are compared to the RF fin-
gerprint measured by the MS. Each pixel within the correlation space is a candidate 
solution for the MS location problem. The set of candidate solutions in a DCM 
algorithm12 without applying GA is the original correlation space. The set of candi-
date solutions, after running the GA simulation, is the optimized correlation space, 
which is a subset of the original correlation space. A GA correlation space reduction 
factor γ  can be defined as the ratio between the number of elements in the optimized 
correlation space and the number of elements in the original correlation space.

There are several papers (such as [19–21]) where GA is used to place BSs, 
not to locate MSs. The use of GA to reduce the search space in MS DCM po-
sitioning has been originally proposed in [12]. There, the original correlation 
space is the full service area, which is represented here by T. In the first genera-
tion of the genetic algorithm, pa individuals (i.e., pixels or candidate solutions) 
are randomly selected throughout T. If there are g generations, the optimized 
correlation space is a set with pa × g elements, so γa = (pa × g)/#T, where #T is 
the cardinality of T.

An improvement to the original formulation has been proposed in [13]. This 
improvement is based on the fact that the probability of an MS being located within 
the predicted best server area of its serving sector is higher than in any other pixels 
in the service area (the predicted best server areas of several cells, calculated using 
empirical propagation models, is shown in Figure 9.8). Therefore, the original cor-
relation space is restricted to the predicted best server area of the serving sector, 
defined by the set of pixels X = {i Î T | IDP,i,1 = IDM,1}, where IDP,i,1 is the predicted 
best server cell ID at the ith pixel and IDM,1 is the measured best server ID, reported 
by the target MS. So, when initializing the first generation population, instead of 
randomly selecting individuals throughout the whole service area, the individuals 
are randomly selected among the pixels within χ. In such conditions, if the popula-
tion size is pb individuals and there are g generations, then the correlation space 
reduction factor is γb = (pb × g)/#X. Two assumptions can be made regarding the in-
novation proposed in [13] for the initialization of the first generation population:

 1. X Ì T, so #X £ #T. In practice, #X << #T, because the whole service area is 
much wider than a single sector best server area. As a result, for γa = γb, pb < 
pa, which means that in comparison to [12], less individuals will be required 
per generation to find the suboptimal solution.

11. If the service area is represented as a plane with evenly spaced elements, then those elements might be referred to 
as pixels. So, within the service area, each pixel is a square, whose size defines the CDB planar resolution, and is 
identified by a unique set of geographic coordinates.

12. Many DCM-related concepts, such as reference and target RF fingerprints, correlation database, search space, 
and predicted best server area, among others, were introduced in Chapter 4. Therefore, if necessary, the reader is 
recommended to refer to that chapter for clarification.
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 As the probability of an MS being located within the pixels2.  in X is higher than 
in any other subset of T, the average fitness of the first generation population 
will be higher (i.e., on average, the first generation individuals will be closer 
to the real MS location), which means that in comparison to [12], less genera-
tions will be required to converge to the suboptimal solution.

The innovation proposed in [13] for the initialization of the first generation population 
results in higher positioning accuracy and less time to produce a position fix, as the 
results presented in Section 9.5.2 show. The algorithm steps can be summarized as

Initialize first-generation population, randomly selecting individuals (i.e., 1. 
pixels or candidate locations) within the original correlation space, which 
can be the full service area, represented by the set T, or the predicted best 
server area of the serving sector, represented by the set X;
Evaluate the fitness of each individual in the current population using an 2. 
evaluation function that is specific to the problem;
Create chromosomes,3. 13 converting the individuals coordinates to binary 
 format;

13. In this application of GA, the chromosomes carry the binary code of each individual (i.e., candidate position) 
coordinates.

Figure 9.8 Best server map showing the predicted best server areas of several cells. This map 
was generated using empirical propagation models (for further details please refer to Chapter 2). 
The centroids of each best server area are indicated (dots), as well as the antennas locations and 
azimuths.
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Apply genetic operators—crossover, mutation, and elitism—to create a new 4. 
generation;
Convert chromosomes to integer format;5. 
If the stop criterion has been met, provide MS location given by the coordi-6. 
nates of the fittest individual; otherwise, return to step 2.

If the service area is a rectangle with L × W m2, then T  is a matrix with L W
r r

   ×      
 

elements, where r is the planar resolution of the CDB’s uniform grid. If the service area 
is geographically represented by means of a rectangular projection, like UTM [22], 
and the UTM coordinates of one pixel are known, then it is possible to obtain the 
UTM (x, y) coordinates of any other element in T. The length of each chromosome 

will be the number of bits required to identify the position of a pixel (i.e., its line 

and column in T  ) and is given by 2 2log log
L W
r r

     +          
.

9.5.2 Experimental Evaluation in a Cellular Network

9.5.2.1 Drive Test Scenario

The drive test configuration is described in Section 9.4.1. Out of the 12,920 NMRs 
collected at region I (see Table 9.1), a subset of 4500 NMRs (the ones listing the 
highest numbers of neighbor cells) have been selected to test the GA.

9.5.2.2 Predicted Best Server Map

The best server areas of each cell and the CDB used were built using propagation 
modeling. The Okumura-Hata propagation model [23] was applied on a DEM of 
the test region terrain14 using the RF parameters of the RAN (antennas coordinates 
and azimuths, antennas radiation patterns, output power, transmission frequency, 
etc.). The planar resolution of the DEM representing the terrain in region I was r = 
10m.

9.5.2.3 GA Parameters

The parameters used in the genetic algorithm are summarized in Table 9.2. Param-
eters gmax, e and f define the stop criterion. The GA stops when one of two condi-
tions occurs: (1) the maximum number of generations gmax is reached or, (2) the 
fitness of the best individual during f consecutive generations does not improve by 
a value higher than e. The second condition is an improvement to the stop crite-
rion based only on the maximum number of generations: if the aptitude of the best 
individual reaches a steady state, it might mean that the algorithm has reached a 
local maximum and consequently there is no use in creating new generations [9]. 
Parameter γ is the correlation space reduction factor.

14. DEMs are matrices where each element contains the terrain height averaged over an r × r m2 area. Parameter r is 
the DEM planar resolution. For more information, please refer to Chapter 4.
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As already seen in Chapter 4, to estimate the MS location it is necessary to 
compare the measured RF fingerprint with the predicted RF fingerprints in the 
correlation space. The higher the similarity between a measured RF fingerprint 
and a predicted RF fingerprint, the higher the probability that the MS is located 
at coordinates associated with that predicted RF fingerprint. In GA terms, the 
higher the similarity or correlation, the higher the fitness of the individual (i.e., 
of the candidate solution). The higher the aptitude or fitness of an individual, the 
higher the chances of it reproducing and passing on its characteristics to the next 
generation.

Let IP,i be the set of IDs listed in ith reference RF fingerprint and IM the set of 
IDs listed in the target RF fingerprint. The set Ci contains the IDs listed in both RF 
fingerprints (i.e., Ci = IP,i Ç IM). Let SP,i and SM be the sets containing the predicted 
and measured RSS values, respectively, of the sectors listed in Ci. The value of the 
correla tion between the measured and predicted RF fingerprints at the ith pixel is 
defined as
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where d represents the MS inherent RSS measurement inaccuracy in dB units [24], 
nmax is the maximum number of sectors which can be listed in the NMR, #Ci is the 
cardinality of Ci, α is the dynamic range of RSS, sM,j and sP,i,j are the jth elements of 
SM and SP,i, respectively. In GSM networks, nmax = 7, α = 63 dB and d = 6 dB [25].

9.5.2.4 Experimental Results

Figure 9.9 shows the cumulative distribution function (CDF) of the MS location 
error15 achieved by the DCM using the original (Method I) [12] and improved 
(Method II) [13] initialization methods for the first generation population. Both 
have used the parameters described in Table 9.2. Method I has achieved location 
errors of 197 and 426m for the 50th and 90th percentiles. Method II has achieved 

15. The GPS location was assumed to be the reference position, so, for each NMR and each location method, the 
localization error is the Euclidean distance between the GPS position and the location provided by the respective 
method.

Table 9.2 Summary of GA Parameters

Parameter Value

Crossover ratio 60%
Selection type Roulette
Mutation ratio 1%
Elitism Yes
Chromosome length 16 genes (bits)
gmax 50 generations
e 0.00001
f 5 generations

g 3%
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location errors of 156 and 362m for the same percentiles, which represents an error 
reduction of 20% and 15%, respectively.

Figure 9.10 shows the average fitness of the first population for each positioning 
fix (i.e., per collected NMR). As expected, Method II achieved a higher average fit-
ness in the first generation population, which results in less generations to reach the 
suboptimal solution: Method I requires on average nine generations, while Method 
II requires only seven generations—a 23% reduction.

Figure 9.9 CDF of MS location error in meters.

Figure 9.10 Average fitness of first generation per NMR.
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The reduction in the average number of generations, coupled with the fact that 
the population size in Method II is much smaller than in Method I, results in a sig-
nificant reduction in the time required to produce a position fix, as shown in Figure 
9.11. To allow for a fair comparison, both methods were tested using the same 
hardware and software. The average time required to produce a position fix using 
Method II was 91% lower than in Method I. This makes Method II a more suitable 
option for real-time MS location applications such as MS tracking.

In MS tracking applications, a moving average filter16 might be helpful in re-
ducing the location error, by filtering out abrupt variations in location estimations 
between adjacent position fixes along a route [26]. Applying a moving average filter 
with length L = 20 (i.e., the current MS location estimate is given by the arithmetic 
mean of the previous 20 estimated positions) to the results obtained by Method II, 
the 50th and 98th location error percentiles become 119 and 342m. This precision 
is slightly better than the one achieved in the third route in [27]—125 and 349m for 
the same percentiles—where a GA has been used for MS tracking. However, in [27] 
the test has been carried out in a 1,800-MHz GSM network with 41 cells/km2. This 
cell density is considerably higher than in region I. Therefore, it is expected that 
the DCM algorithm, using GA with the first generation population initialization 
proposed in [13], would achieve an even higher precision if applied to the same 
environment described in [27].

16. For clarification about moving average filters, please refer to Chapter 2.

Figure 9.11 Time in seconds to produce a position fix per NMR.
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9.6 Direct MS Positioning Using Backpropagation ANNs

9.6.1 Overview

A backpropagation ANN can be used to approximate a function that represents 
the mapping between an RF fingerprint and a position (x,y) with the least squared 
error. In that case, the ANN receives a series of RF-related inputs and outputs the 
estimated MS location. Several papers use that approach, such as [28–31]. In [29], 
the ANN topology has 2N inputs (where N is the number of cells in the test area), 
M neurons in the hidden layer and three neurons in the output layer, as shown in 
Figure 9.12. In the input layer, there are two inputs per cell in the service area: the 
first is a Boolean variable indicating whether the cell is present in the RF fingerprint; 
the second is the normalized RSS value of that cell. The RSS values are normalized 
within a range that depends on the transfer function of the neurons in the hidden 
layer. Only one hidden layer is used with M neurons. This is in keeping with the 
universal approximation theorem, which states that a single hidden layer, if cor-
rectly dimensioned, is enough to approximate most nonlinear functions [2]. There 
are three neurons at the output layer, as 3D positioning is being considered. The 
MS estimated coordinates (and height) at the ANN output are normalized within a 
range that depends on the transfer function of the neurons in the output layer.

In [29], the author has carried out two drive tests to collect RF fingerprints from 
Wi-Fi 2.4-GHz networks: one for training/validation and another for testing the 
ANN. In the practical application presented here, an ANN has been trained using 
reference RF fingerprints stored in two different CDBs. In the first CDB (CDB-I), 
the reference fingerprints have been generated using propagation modeling, as de-
scribed in Section 9.5.2. In the second CDB (CDB-II), the reference fingerprints 
have been collected from a GSM 850-MHz network.

During the supervised learning phase [3], all reference RF fingerprints stored 
in the CDB are presented as inputs to the ANN. For each input (which is an RF 
fingerprint), the ANN yields an output ( ˆ ˆ,x y), which is then compared to the target 
output (x,y), which is the MS ground-truth position. The weights and biases of the 
network are iteratively adjusted to minimize the MSE between the network outputs 

Figure 9.12 Schematic representation of backpropagation ANN topology used in [29].
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and the target outputs (i.e., between the estimated and real MS locations). The 
training ends when a target MSE has been reached or after a maximum number of 
epochs.17 After being successfully trained, the ANN is ready to receive target RF 
fingerprints as inputs, yielding as outputs the MS location estimates.

9.6.2 Experimental Evaluation in a Cellular Network

9.6.2.1 Drive Test Scenario

The drive test in region I (see Table 9.1) was used in this analysis. The same subset 
with 4,500 NMRs used in Section 9.4.1 is applied here to compose the test set. The 
remainder was stored in CDB-II.

9.6.2.2 ANN Training and Topology

The backpropagation ANN topology used in this experiment is slightly different 
from the one shown in Figure 9.12. The inputs are the same, plus one single ad-
ditional parameter that indicates the RTD value for the best server. There is just 
one such parameter, because in GSM networks (where this implementation has 
been tested) only the best server RTD is available. Therefore, each input pattern 
presented to the ANN has 2N + 1 values. Another difference is that here the ANN 
has only two outputs—the normalized UTM coordinates of the MS estimated 
location—as only 2D positioning is being considered. The number of neurons in 
the hidden layer has been empirically set to M = 15. The neurons in the hidden and 
output layers have hyperbolic tangent sigmoid transfer functions [4].

The input patterns (i.e., the reference fingerprints stored in the CDB) are ran-
domly divided into two groups: 95% are selected for the training set and 5% are 
selected for the validation set. In CDB-II, this means that out of 8,420 reference RF 
fingerprints,18 8,000 are used for training and 420 for validation. CDB-I is obtained 
from propagation modeling and is internally structured as a uniform grid with pla-
nar resolution r = 25m.19 As shown in Table 9.1, the test area has 4.84 km2, so with 
r = 25m, CDB-I has 87 × 87 elements.

The validation set is used to monitor the ANN learning and prevent overtrain-
ing.20 To do so, the biases of the neurons activation functions and the synaptic weights 
that minimize the MSE of the validation set are preserved at the end of the training 
session. The learning algorithm is the Levenberg-Marquardt backpropagation [15].

17. At each epoch, all patterns in the training set are presented to the ANN. To improve learning, each input pattern 
might be presented to the ANN more than once at each epoch.

18. Of the initial 12,920 collected samples, 4,500 are reserved for the test set, leaving 8,420 for the training set.
19. The best available planar resolution for the region I DEM is r = 5m, which has been used to generate the propaga-

tion predictions and the CDB used by the DCM positioning method described in Section 9.7.2. In Section 9.5.2, 
a DEM with r = 10m is used, so that the number of individuals per generation can be further diminished (accel-
erating convergence). Besides that, it has been empirically verified that the use of a DEM with r = 10m introduces 
negligible accuracy degradation in the position fixes, with respect to r = 5m. In the current section, however, 
some accuracy degradation has been admitted, as a DEM with r = 25m has been used to build CDB-I. This has 
been done to reduce the size of the training set (from 220 × 220 to 87 × 87 patterns) and therefore speed up the 
backpropagation ANNs training.

20. In overtraining, the ANN becomes very well adjusted to the training patterns, but is unable to make generaliza-
tions, an ability that it must have in order to yield good results for patterns it has not previously seen.
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9.6.2.3 Experimental Results

Figures 9.13 and 9.14 show the GPS reference positions of the locations were 
NMRs (from which the RF fingerprints were obtained) were collected during the 
drive test, as well as the estimated locations provided by the previously trained ANN. 
It can be seen that the ANN trained with CDB-II (i.e., using reference fingerprints 
obtained directly from MS measurements) has a much better performance than 

Figure 9.13 Drive test route and estimated locations using a backpropagation ANN trained with 
CDB-I.

Figure 9.14 Drive test route and estimated locations using a backpropagation ANN trained with 
CDB-II.
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the ANN trained with CDB-I (i.e., using reference fingerprints obtained from 
propagation modeling). In both cases, a moving average filter of length L = 10 
was used.21

When the ANN is trained using CDB-I, the average positioning error is 267m 
and 67% of the position estimates have a location error below 320m. When the 
ANN is trained using CDB-II, the average localization error drops to 23m and 67% 
of the position estimates have a location error below 26m. This result was expected: 
since the fingerprints in CDB-II are much more similar to those in the test set—as 
all of them have been collected in the same area and using the same receiver—the 
backpropagation ANN can learn better and properly map each fingerprint into 
geographic coordinates. The fingerprints in CDB-I differ much more from the test 
set samples due to inherent inaccuracies in the propagation models and in the topo-
graphical representation of the test area. In that scenario, even with its generaliza-
tion capability, the ANN cannot achieve a good performance, and the positioning 
error is very high.

9.7 Predicting Location Accuracy with Backpropagation ANNs

9.7.1 Overview

In Section 9.6, a backpropagation ANN has been used to map input RF parameters 
into geographic coordinates. Now, the same type of ANN is going to be used to 
predict the accuracy of position estimates produced by a network-based RF fin-
gerprinting method, predicted radio-frequency fingerprint with round trip delay 
(RF-FING+RTD-PRED), originally proposed in [32]. A priori identification and 
selection of high-accuracy position estimates is particularly relevant for critical  
location-based applications such as vehicle tracking and emergency call positioning. 
The ANN classifier employs the same RF parameters used by the aforementioned 
method plus some additional network data.

Emergency call locating in cellular networks is a critical nonprofitable security 
application that requires network-based methods able to locate any MS, not only 
those with specific support to LBS, like smartphones with built-in GPS receivers. 
For such a critical LBS application, high-accuracy position estimates are required. 
The FCC has defined precision requirements for emergency call location, with errors 
of up to 100m for 67% of the calls, in the case of network-based solutions [33]. 
However, as the MS position estimate error is not known beforehand, it would be 
desirable to have a procedure that could, given an input vector of RF parameters 
measured by the MS or its anchor cells, classify the position estimate accuracy. With 
such a procedure, it would be possible to identify and select only the high-accuracy 
position estimates, resulting in higher confidence for emergency call location and 
other critical LBS applications.

The application described in this section aims at those two main requirements: 
the ability to locate legacy MSs (i.e., those without any specific LBS support), and 
a priori selection of high-accuracy position estimates. Figure 9.15 shows the main 

21. For more clarification about moving filters, please refer to Chapter 2.
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elements of the proposed solution, and Algorithm 9.1 describes the procedure car-
ried out at the serving mobile location center (SMLC).22

First, the SMLC receives MS position requests. Those requests contain RF 
parameters measured by the MS to be localized and/or by its anchor cells. The 
SMLC then consults the base station almanac (BSA), which is a database contain-
ing several BS parameters (coordinates, antenna height, antenna model, output 
power, frequency, etc.). Using the information received from the RAN and que-
ried at the BSA, the SMLC mounts both the RF fingerprint (Fj), with the param-
eters listed in the NMRs sent by the target MS, plus the RTD measured by the 
serving cell, and the classifier input vector (Vj). The RF fingerprint Fj is used by 
RF-FING+RTD-PRED [32]. After carrying out a principal components analysis 
(PCA) to reduce the input vector Vj dimension, it is presented to the backpropa-
gation ANN, which works in parallel with the positioning method, as shown in 
Figure 9.15.

With such implementation, the answer to an MS position request is composed 
by the 3-tuple ( ˆ ˆ ˆ, ,x y e), where ( ˆ ˆ,x y) are the MS estimated coordinates – given by RF-
FING+RTD-PRED—and ê is the position estimate accuracy class (high, medium, or 
low accuracy)—given by the ANN classifier. The aim is to select high-accuracy MS 
position estimates, which will be forwarded to critical LBS applications. Therefore, 
as described in Algorithm 9.1, there is a loop that is repeated until a position esti-
mated classified as being of high accuracy is obtained, or until a maximum number 
of repetitions (Nmax) is reached. In this example, the high-accuracy class is identified 
by the column vector [1 1]T.

22. For more information about SLMC, please refer to Chapter 5.

Figure 9.15 Diagram of the proposed solution, with the DCM method and the classifier working 
in parallel.
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Algorithm 9.1 A priori classification of MS position estimate accuracy

j ¬ 0

f ¬ 1
while f = 1 do

SMLC receives NMRj and RTD values
SMLC queries BSA
SMLC yields Fj and Vj
RF-FING+RTD-PRED returns ( ˆ ˆ,x y)
Classifier outputs ê
if Tˆ [1 1]e =  or j = Nmax then

SMLC returns ( ˆ ˆ ˆ, ,x y e)

f ¬ 0
else

j ¬ j + 1
end if

end while

The proposed classification procedure can be divided into three steps: (1) build-
ing the classifier input vector using NMR and BSA data, (2) input vector dimension 
reduction using PCA, and (3) MS position estimate accuracy classification using an 
ANN classifier.

As mentioned in Section 9.6, ANNs have been widely used in cellular networks 
to approximate the function that maps an RF fingerprint into a geographic location. 
In [34], an ANN is used to classify the test environment morphology as urban, sub-
urban, or rural, so that proper propagation model coefficients can be used, thereby 
enhancing MS positioning accuracy based on circular multilateration. However, 
the ANN use presented in this work as a priori classifier of MS position estimates 
accuracy has not been found in the researched literature.

9.7.1.1 Classifier Input Vector

The classifier input vector is defined by the column vector 1, ,13[ ]i iv ==V … , where 
v1 is the serving cell RTD, v2 is the serving cell RSS, v3 to v8 are the RSS values 
of the six neighbor cells with the highest RSS, listed in descending order, v9 to 
v11 are the distances (km) between the serving cell and the three neighbor cells 
with the highest RSS, v12 is the number of neighbor BSs and v13 is the number 
of neighbor cells. Figure 9.16 illustrates some of the input vector parameters: 

9 10 11 12, , , 3v AM v BM v CM v
→

= = = =
→ →

 (BSs A, B, and C) and v13 = 6 (cells α1, 
α2, β2, β3, g1 and g2). The neighbor cells are the anchor cells (i.e., the cells listed 
in the NMR), excluding the serving cell. The BS that contains the serving cell is 
the serving BS. All BSs containing at least one neighbor cell are called neighbor 
BSs.

Parameter v1 is calculated by the serving BS for each MS in active mode. 
Parameters v2 to v8 are listed in the NMR. Parameters v9 to v13 are calculated cross-
referencing the information listed in the NMR with information stored in the BSA 
(BS antennas coordinates and cell identities).
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9.7.1.2 Input Vector Dimension Reduction

PCA can be applied to a set of observations of different variables, generating a new 
set of mutually orthogonal variables called principal components (PCs). Each PC is 
a linear combination of the original variables. Usually, just a few PCs concentrate 
most of the information contained in the original set. As a result, some PCs can be 
discarded, reducing the vectors dimension.

The data collected during the measurement campaigns was split into three sub-
sets: training, validation, and test. Initially, the training set, containing n input vec-
tors, is translated through the extraction of the sample average in each dimension, 
obtaining matrix

 , 1, ,13; 1, ,i j i i j n
v V

= =
 = − B

… …
 (9.2)

where vi,j is the value of the ith variable in the jth input vector, and iV  is the sample 
mean of the ith variable. Let Ui be the ith eigenvector of the covariance matrix of 
BT. Note that if i < j, then li > lj, where li is the eigenvalue23 associated with Ui. 
The PC matrix of the training set is given by

 [ ]( )TT
13 1, ,13n i i× =

= ⋅P B U
…

 (9.3)

The lines in P are classified in descending order of variance, and each line of P cor-
responds to a PC. To reduce the dimension of the input vectors presented to the ANN 
classifier, only the first p PCs are kept. In this work, p was selected so that at least 99% 
of the original variance of the training set was preserved. By using lower dimension 
training patterns, it is possible to simplify the ANN topology, which also helps pre-
venting overtraining, to accelerate training and increase classification accuracy [35].

The sample means 1, ,13[ ]i iV = … , and matrix 1, ,13[ ]i i=U … , obtained during the ap-
plication of PCA to the training set, are used to project each vector in the validation 
and test sets into the subspace of PCs. As with the training set, only the first p PCs 
are kept.

23. Let A be a linear transformation represented by a matrix A. If there is a vector X ∈ R such that X ¹ 0 and AX = 
lX for some scalar l, then l is called the eigenvalue of A with corresponding eigenvector X.

Figure 9.16 The MS (M) and three neighbor BSs (A, B and C).
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9.7.1.3 ANN Accuracy Classification

The input vectors, after PCA transformation and subsequent dimension reduction 
are linearly normalized to the interval [–1, +1] before being presented to the ANN 
classifier. Let (Vj, Fj, xj, yj) be a 4-tuple, where Vj is the jth input vector, Fj is the jth 
target RF fingerprint, and xj and yj are the MS GPS reference coordinates. As shown 
in Figure 9.15, each Fj and Vj are obtained from the same set of RF parameters, 
either measured by the MS and/or by its anchor cells. Therefore, each input vector 
Vj is associated with an RF fingerprint Fj.

Three accuracy classes were defined: high accuracy (error below 100m), medium 
accuracy (error between 300 and 800m) and low accuracy (error above 1,000m). 
The accuracy classes were defined in such a way that the error ranges were not ad-
jacent. The definition was done that way because the boundaries between adjacent 
accuracy classes are fuzzy (i.e., a position estimate whose accuracy lies near the 
border of two adjacent classes belongs, with different pertinence levels, to both ac-
curacy classes simultaneously). Those pertinence levels, however, can be quite simi-
lar, making it very difficult to unambiguously classify the input vector. Moreover, 
the classification error of a position estimate, when nonadjacent accuracy classes 
are used, is more relevant for critical LBS applications that require high-accuracy 
MS position estimates. For instance, it is less serious to incorrectly classify a posi-
tion estimate with a 150m error as a high-accuracy estimate than it is to commit the 
same mistake with a position estimate with a 300m error.

The target for the jth input vector during the supervised training of the ANN 
classifier is the accuracy class (high, medium, low) of the MS position estimate 
given by RF-FING+RTD-PRED, when it receives Fj as input. The accuracy class 
is obtained after discretization of the positioning error, which is the 2D Euclidean 
distance between coordinates ( ˆ ˆ,j jx y ), calculated by RF-FING+RTD-PRED and ref-
erence coordinates (xj,yj).

9.7.2 Experimental Evaluation in a Cellular Network

9.7.2.1 Drive Test Scenario

The drive tests in regions I and II (see Table 9.1) were used in this analysis. Of the 
12,920 NMRs collected at region I, the same subset with 4,500 used in Sections 9.5.2 
and 9.6.2 has been used in this analysis. In region II, 7,864 NMRs have been collected, 
totalizing 12,364 NMRs. Of those, 2,200 were randomly selected per accuracy class 
(i.e., the RF fingerprints associated with those input vectors, when submitted to the 
method RF-FING+TA-PRED, resulted in high ( ˆ 100e ≤ m), medium ( ˆ300 800e≤ ≤ m), 
or low ( ˆ 1,000e ≥ m) accuracy MS position estimates totalizing 6,600 input patterns).

9.7.2.2 RF-FING+RTD-PRED Configuration

The best server areas of each cell—which are used in the first filtering step to re-
duce the correlation space [32]—and the CDBs used by RF-FING+TA-PRED were 
built using propagation modeling. To do so, the Okumura-Hata propagation model 
[23] was applied on DEMs of the test regions terrain, using the RF parameters of 
the RAN (antennas coordinates and azimuths, antennas radiation patterns, output 
power, transmission frequency, etc.). The planar resolution of the DEMs representing 
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the terrain, in regions I and II were r = 5 and r = 25m, respectively. The Okumura-
Hata coefficient values used in the propagation predictions in regions I (dense urban) 
and II (suburban) were adjusted using calibration routes, as specified in [36].

9.7.2.3 ANN Training and Topology

Of the 6,600 input patterns selected from the drive test, 73% were used for the su-
pervised training of the ANN classifier, 4% for validation, and 23% for testing. After 
applying PCA to the training set, it was observed that the first 10 PCs comprised 
99.77% of the total variance. The remainder PCs were discarded, so each input pat-
tern in the training, validation, and test sets is a column vector with 10 elements.24

The ANN classifier has p = 10 inputs, q neurons in the hidden layer, and two neu-
rons in the output layer. The activation function of the hidden layer neurons is the hy-
perbolic tangent. The activation function of the output layer neurons is the log-sigmoid, 
defined by f (u) = 1/(1 + e–u). The ANN training method is Levenberg-Marquardt [15]. 
The ANN performance function is the MSE. The ANN classifier outputs the predicted 
accuracy class using a binary code: [1 1]T (high accuracy), [1 0]T (medium accuracy), and 
[0 0]T (low accuracy). In the final ANN topology, the hidden layer has q = 8 neurons. 
The optimum size of the hidden layer was empirically identified by increasing the value 
of q during training, until no further relevant reduction in the MSE was observed.

9.7.2.4 Experimental Results

Confusion matrices are typically used to evaluate the performance of supervised 
classifiers [37]. The proposed ANN classifier confusion matrix is presented in Table 
9.3, where each column represents the instances of the predicted class (ANN classi-
fier output) and each line represents the instances of the real class (the target).

Let the square matrix M = [ml,c]l,c=1,...,Nc be the confusion matrix of the ANN 
classifier, where Nc is the number of classes. Using this matrix, the following coun-
ters can be defined: (1) true positives (TP), which is the number of input vectors 
belonging to a certain class and that were correctly identified as such—for the kth 
class, one has TPk = mk,k, k = 1,...,Nc; (2) true negatives (TN), which is the number 
of input vectors that do not belong to a certain class and that were correctly identi-
fied as such—for the kth class, one has ,TNk l cm= ∑ , for l, c = 1,...,Nc and l, c ¹ k; 
(3) false positives (FP), which is the number of input vectors that do not belong to 
a certain class and that were incorrectly identified as belonging to that class—for 
the kth class, one has = =∑ …,FP , 1, ,k l k cm l N  and l ¹ k; and (4) false negatives 
(FN), which is the number of input vectors belonging to a certain class and that 
were incorrectly identified as not belonging to that class—for the kth class, one has 

,FN , 1, , ,k k c cm c N c k= = ≠∑ … .
Three metrics, defined using those counters, where selected to evaluate the 

ANN classifier performance: accuracy, which express the percentage of correct 
classifications  for a given class; precision, which express the percentage of correct 
positive classifications for a given class; and specificity, which express the percentage 

24. This is a 23% reduction in the size of the original input vector. PCA is also used in Section 9.8.4 for dimensional-
ity reduction, and there a 42% reduction was achieved (from 136 to 78 dimensions), also preserving at least 99% 
of the original set variance.
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of correct negative classifications for a given class. Accuracy, precision, and specific-
ity of the kth class are given by (9.4), (9.5), and (9.6), respectively. Table 9.4 shows 
the values of TP, TN, FP, FN, accuracy, precision, and specificity for the proposed 
ANN classifier.

 
TP TN

Accuracy
TP TN FP FN

k k
k

k k k k

+=
+ + +

 (9.4)
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Precision
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k
k

k k
=

+
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TN FN

k
k

k k
=

+
 (9.6)

Table 9.4 shows that the proposed ANN classifier achieves high accuracy, preci-
sion, and specificity for the three classes. However, the most relevant metric is the 
precision of the high-accuracy class. This metric indicates that 89% of the MS posi-
tion estimates classified as having high accuracy, were indeed high-accuracy ones. 
Moreover, the first column on the confusion matrix in Table 9.3 indicates that no 
low-accuracy position estimate was incorrectly classified as a high accuracy one. 
Such classification error, if occurred, would be the most serious, if critical LBS 
applications— such as vehicle tracking and emergency call locating—are considered.

9.8  Multifloor Indoor Positioning with Kohonen Layer and 
Committees of ANNs

9.8.1 Overview

Multifloor indoor positioning is usually approached considering that RF finger-
prints collected at the same floor are similar and will group together when some 
sort of clustering is used. In such a case, supervised training would be the obvious 

Table 9.3 Classifier Confusion Matrix

Predicted Class

Real Class High Medium Low

High 376 11 0
Medium 48 343 124
Low 0 80 518

Table 9.4 Classifier Performance

Predicted Class

High Medium Low

TP 376 343 518
FP 48 91 124
FN 11 172 80
TN 1065 894 778
Accuracy 96% 82% 86%
Precision 89% 79% 81%
Specificity 99% 84% 91%
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choice, as the targets (i.e., the floors) are known a priori. However, due to the inher-
ent complexity of radio-wave propagation in indoor environments, such assump-
tion is generally false.

In [14], a natural approach is explored for the multifloor indoor positioning 
problem. By natural approach one means that the data is considered without the 
imposition of any a priori restriction. In this sense, the RF fingerprints are grouped 
based on their similarity in their natural space (the RSS space) and not on the floor 
where they were collected. For that purpose, an unsupervised learning technique 
must be used, as no a priori assumptions are made about the clusters. Since the 
clusters of collected RSS levels scans obtained through the use of unsupervised tech-
niques depend on the intrinsic similarities in data space and not on the output or 
response aimed for the data, one can then, in each cluster, design more specialized 
classifiers for reporting the desired output (i.e., the floor where the MS is located). 
That is, for good understanding and coherence of reported locations one must, at 
some point of the localization process, accommodate architectonic aspects. That 
requires supervised learning.

Thus, to enhance accuracy in floor identification, in [14] a technique that com-
bines both approaches is proposed: natural, where data points are grouped directly 
without considering building architectural data, and architectonic, where data 
points are grouped considering building architectural data. For the natural or RF 
approach, a single Kohonen layer with conscience is used. This attempts to accom-
modate the similarities among data collected in the signal/natural (RSS) space using 
an unsupervised clustering technique. Following a supervised classifier is employed 
for floor classification. In this context a majority voting committee of backpropa-
gation ANNs is used in each cluster to identify the floor where the MS is located. 

Figure 9.17 Diagram of the proposed solution.
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Figure 9.17 shows a diagram of the proposed solution, in the posttraining phase or 
online phase.

Initially, the target fingerprint25 (TFing) is transported to the principal compo-
nents subspace through PCA (step 1). Just as in Section 9.7.2, this step is carried 
out to reduce the dimensionality of the input vectors that will be presented to the 
classifiers. Then, the input vector is presented to an unsupervised classifier (Ko-
honen layer with conscience) and the committees of backpropagation ANNs (step 
2). The unsupervised classifier identifies the cluster to which the TFing belongs. 
The committees of backpropagation ANNs identify the floor where the TFing was 
collected. The reduced search space will be given by the RFings that belong both to 
the current floor and to the current cluster (step 3). Then, in the N-dimensional RSS 
space, the TFing is compared to all the RFings within the reduced search space (step 
4). Finally, the process returns the coordinates (x, y, z) of the measurement point 
containing the RFing with the highest similarity with the TFing (step 5). These 
coordinates are the estimated MS position.

9.8.2 Unsupervised Clustering Using Kohonen Layer with Conscience

As each RFing is georeferenced (i.e., each one is associated with a measurement 
point with known (x, y, z) coordinates), by grouping RFings in the N-dimensional 
RSS space, one is indirectly grouping the measurement points in the Euclidean 3D 
space. Unsupervised clustering is employed in [14] to allow collected RFings to 
group freely in the RSS or natural space, without precluding—through the imposi-
tion of architectural constraints—any natural arrangement of the collected finger-
prints.

9.8.2.1 Defining the Number of Clusters

The system proposed in [14] and depicted in Figure 9.17 intends to restrict the 
search space in DCM positioning, reducing the computational complexity of each 
position fix. Without clustering, each TFing would be compared to Np RFings, 
where Np is the number of RF fingerprints stored in the CDB. With clustering, each 
TFing is compared, in the first phase, to Nc fingerprints, corresponding to the cen-
ters of each cluster. In the second phase, the TFing is compared to the Nk RFings 
belonging to the kth cluster (k = 1,...,Nc) selected in the first phase.

In the system depicted in Figure 9.17, PCA is employed as a compression tech-
nique so that one can process vectors of smaller dimensions. The PCs are computed 
considering all RFings and its decomposition is applied the same way for any TFing 
presented to the localization engine. Therefore, the PCs do not change with Nc, be-
ing a characteristic of the building and of the APs localization within the building. 
Therefore, the complexity of the search would be given by

 
+ >= 

=

PCA RSS

RSS PCA

RSS

, 1
( , , , , )

, 1

c k c

c k p

p c

C N C N N
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 (9.7)

25. The target fingerprint is the RF fingerprint collected and sent by the MS that is to be localized. For further details, 
please refer to Chapter 4.
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Cpca accounts for the complexity of comparing RF fingerprints in the PCA space, 
while Crss accounts for the complexity of the comparison in the RSS space. The 
optimum number of clusters would be the value of Nc that would minimize func-
tion f given by (9.7). Unfortunately, there is no analytical solution for this mini-
mization problem and the values of Nk, k = 1,...,Nc, would have to be explicitly 
 considered.

When using a Kohonen layer with conscience, one may assume that the result-
ing clusters have similar number of elements [7]. With that assumption and consid-

ering a database with Np entries, each cluster would be composed by 
p

c

N
N

 elements, 

and in this case the computational complexity of the positioning method can be 
expressed as a function of the number of clusters Nc as
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The theoretical optimal value of Nc is the one minimizing the function f. By 
solving ∂f /∂Nc, one obtains

 = RSS

PCA
c p

C
N N

C
 (9.9)

which depends on the dimensions of the PCA and RSS spaces employed.

9.8.2.2 Kohonen Layer with Conscience

The Kohonen layer used in [14] is one-dimensional with a neighbor radius equal to 
zero, which means that only the winner neuron is activated. This classifier has an 
input layer and a competitive layer, as shown in Figure 9.3. The number of neurons 
in the Kohonen layer is equal to the optimum number of clusters, given by (9.9).

For each input vector 1 2[ ]NX X X X=
�

… , the winner neuron at the competitive 
layer is that whose synapse iW

�
 is the most similar to the input vector X

�
. The output 

of the winner neuron is activated (yi = 1), while the outputs of all other neurons re-
main equal to zero (yj = 0, ∀j ¹ i) [3]. The similarity measure used in the neurons is

 ( )( ),0 , [1,2, , ]
T

i i i i cu w X W X W i N = − + − − ∀ ∈  

� � � �
…  (9.10)

where wi,0 is the ith neuron conscience bias, which is defined by (9.17), and Nc is 
the number of neurons in the Kohonen layer.

In order to distribute the training approximately evenly among all neurons in 
the competitive layer, conscience is used [7]. With conscience, neurons which are 
constantly winning receive a progressively decreasing negative bias. This allows less 
trained neurons to become more similar to the input vectors. With the conscience 
mechanism, neurons in the Kohonen layer naturally represent approximately equal 
amount of information [38].
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9.8.3 Floor Classification Using Committees of Backpropagation ANNs

The Kohonen layer clusters the target RF fingerprints in an unsupervised manner. 
After training, each neuron in the Kohonen layer maps one cluster within the CDB. 
Examples of clusters in the RSS space are shown in Figure 9.18. It is important to 
note that clusters in the RSS space might span several floors. However, in multifloor 
indoor localization, it is very important to correctly identify the floor where the MS 
is located before estimating the MS 2D position within that floor. It is particularly 
relevant for certain types of positioning applications, such as emergency call loca-
tion [39, 40] and applications designed to help blind people locate the floor they are 
on [41]. Unlike clustering in the natural or RSS space, the grouping of the TFings 
into different floors can be done in a supervised way, as the targets (i.e., the floor 
at which each TFing was collected) is known beforehand. A common practical 
strategy to design classifiers aiming at known a priori defined outputs is the use 
of supervised classifiers systems, such as backpropagation ANNs. Therefore, after 
selecting the cluster using the Kohonen layer, a supervised classifier is employed to 
identify the floor within the cluster.

In [14], the authors proposed the use of committees of backpropagation ANNs 
to identify the floor where the MS might be located within the selected cluster (given 
by the unsupervised classifier). The output of the joint classifier—the committee—is 
expected to be more accurate and show a smaller variance than any of its individual 
binary classifiers [42, 43]. There are several strategies to combine the output of 
the individual ANNs composing a committee [44], such as the simple and efficient 
majority voting.

Each one of the Nl floors has a committee with Na backpropagation ANNs. 
Each ANN is trained as a binary classifier, identifying if a given RF fingerprint be-
longs to the current floor (output 1) or not (output 0). At the lth floor, the outputs 
gj,l of the single classifiers, where j Î [1,...,Na] and l Î [1,...,Nl] are combined into a 

Figure 9.18 Three clusters defined by the Kohonen layer. The points belonging to the first, second, 
and third clusters are identified by black circles, white circles, and crosses, respectively. Note that all 
three clusters span three or more floors.
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unique majority voting classifier whose output gv
l
 is the class which the majority of 

the single classifiers voted for; that is
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In some spurious and rare cases, it may happen that two or more committees 
vote 1 (a TFing cannot belong to more than one floor), or all committees vote 0 (a 
TFing must belong to a floor). In these cases the committee with the highest joint 
output (i.e., having the highest number of ANN voting 1) wins. In that case, the 
joint output of the lth committee is given by

 ,
1
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v

j ll
j

g g
=

= ∑  (9.12)

9.8.4 Experimental Evaluation in Wi-Fi Networks

9.8.4.1 Indoor Measurement Campaign

The indoor data collection campaign is described in Section 9.4.2. Data were col-
lected at 924 different points from 136 APs. At each point up to 240 Wi-Fi scans 
were collected. From these the first 50 scans are used as input vectors of the posi-
tioning system (i.e., they compose the test set). The rest are used to build the CDB 
entries—the RFings—and train the system. The CDB entries are composed of aver-
ages of RSS values from each AP. In this sense, each CDB entry is given by

 ( , , , )k k k kF x y z=RFing
�

 (9.13)

where

  1, ,RSS , ,RSSk N kF  =  
�

…  (9.14)
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N is the number of different Wi-Fi networks detected in the data collection and Hi,k 
denotes the number of occurrences of network i at point k.

9.8.4.2 Training the Kohonen Layer with Conscience

The Kohonen layer synaptic weights are defined in the PCs subspace. Therefore, 
there is a Nc × p matrix of clusters central patterns, where Nc is the number of clus-
ters and p is the number of PCs that are kept (p = 78).26 The theoretical optimum 
value of Nc is given by (9.9). For Np = 924, and assuming CRSS = N = 136 and 
CPCA = p = 78, one has Nc = 40.

26. With p = 78 PCs, 99% of the training set total variance was preserved.
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For the initialization of the clusters central patterns (or the synaptic weights) in 
the PCs subspace, the maximum variance dimension (the first PC) has been divided 
into Nc equal length sections. In each section, an input vector (from the training 
set) whose first PC value is equal to (or closest to) the section median is selected. The 
selected input vectors are the initial values for the Nc clusters central patterns [45].

During the Kohonen layer training, individual decreasing learning steps per 
synapse were used, as defined by

 ( )0 0( ) expi n n Nα α= −  (9.16)

where αi(n) is the ith synapse learning step at iteration n, α0 = 0.45 e N0 = 120 (used 
only as a scaling factor). The values of α0 and N0 were empirically set, so that the 
neurons’ individual learning steps did not decrease too fast (leading to a premature 
convergence to a bad solution) or too slowly (in which case the synapses vectors 
would be bouncing around the optimal solution, without converging to it).

Conscience was used in the training phase. Conscience is implemented by add-
ing a negative bias to the neuron similarity function, which was defined by (9.10). 
The negative bias is given by

 2
,0 {0.5[1 tanh( ( *))] 1}i iw k p pφ= − − −  (9.17)

where f is equal to the diameter of the single class (i.e., assuming that all vectors belong 
to only one class and finding the highest distance between any pair of input vectors) 
in the PCs subspace, pi is the percentage of times the ith neuron is trained (number 
of times the neuron won over the number of input vectors presented to the classifier), 
p* = 1/Nc and k = 4.5 (the value of k was empirically set).

At each training epoch, all 924 training patterns are presented to the Kohonen 
layer. Training continues until a maximum number of epochs has been reached 
(20 epochs) or the maximum variation of the synaptic weights between two con-
secutive epochs is below a certain threshold (0.0001).

9.8.4.3 Training the Committees of Backpropagation ANNs

For each of the 13 floors there is a joint majority voting classifier composed by a 
committee of Na = 7 ANNs. Therefore, there are 91 single binary classifiers, evenly 
divided into Nl = 13 committees. The optimum size of classifiers per committee 
(Na = 7) was determined by increasing the number of classifiers during the training 
phase until no further relevant improvement in floor identification accuracy was 
detected, as shown in Figure 9.19.

All ANNs have the same topology, with p = 78 inputs, q = 10 neurons in the 
hidden layer, and 1 neuron in the output layer. The activation function of all neu-
rons is the hyperbolic tangent. The training method is Levenberg-Marquardt [15], 
with MSE as the performance function. The optimum size of the hidden layer was 
determined by increasing the number of neurons during the training phase until no 
further relevant reduction in the MSE was detected. Training continues until one 
of the following conditions is met: (1) a maximum number of epochs is reached 
(50 epochs), (2) a goal is met for the MSE (equal to or below 0.01), or (3) a maxi-
mum of number consecutive validation fails occur (six fails).
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Of the total Np = 924 RFings in the CDB, Nj belong to the jth floor and (Np – Nj) 
belong to other floors. As there are 13 floors, Nj < (Np – Nj). Therefore, to prevent 
biasing the training of the classifiers in the jth floor voting committee, the RFings 
belonging to the jth floor are repeated [log2 [(Np – Nj)/Nj]] times. The training sets 
for each v

jg  are such that the number of RFings that belong to the jth floor will be 
approximately the same of the remainder RFings in the CDB. As a result, each com-
mittee has a different training set.

Validation vectors are used to prevent overtraining [3]. They stop training early if 
the network performance on the validation vectors fails to improve or remains the same 
for a maximum number of consecutive epochs. Within the training set of each ANN, 
10% of the RFings are randomly selected for the validation set. Therefore, not only each 
committee has a different training set, but also each ANN within each  committee.

The output of each ANN is a hyperbolic tangent function, which is continuous 
within the range [–1, +1]. It is assumed that a classifier has voted 1 (TFing belongs 
to the current floor) if its output is positive, and 0 if otherwise. The joint output of 
a committee is defined by (9.11).

9.8.4.4 Experimental Results

Figure 9.20 compares the experimental positioning error27 CDF of the solution 
proposed in [14] with other implementations:

I. Pure DCM: direct comparison in the RSS space of the TFing with the RFings 
composing the CDB;

II. DCM with ANN committees: clustering of the CDB based solely on the 
ANN majority voting committees (i.e., the system depicted in Figure 9.17, 
but without the unsupervised clustering);

27. The GPS location was assumed to be the reference position, so, for each NMR and each location method, the 
localization error is the Euclidean distance between the GPS position and the location provided by the respective 
method.

Figure 9.19 Overall floor ID accuracy vs. committee size.
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III. DCM with Kohonen layer (with conscience): clustering of the CDB based 
solely on the Kohonen layer (with conscience) (i.e., the system depicted in 
Figure 9.17, but without the backpropagation ANN committees);

IV. DCM with Kohonen layer (with conscience) and ANN committees (i.e., the 
proposed approach, as depicted in Figure 9.17).

The graphs in Figure 9.20 show that methods (I) and (II) have approximately 
the same positioning error distribution, as well as methods (III) and (IV). Table 
9.5 is an attempt to synthesize the results of the methods. It shows that while 
the use of ANN committees (method II) has increased the floor identification 
accuracy from 78% to 91% in relation to pure DCM (method I), it has not sig-
nificantly improved the localization accuracy. However, the use of Kohonen layer 
with conscience (method III) has reduced the average error by almost 40% in 
relation to pure DCM (method I). By combining the two techniques (method IV), 
both benefits are present: increased floor identification accuracy (up 13% in rela-
tion to pure DCM) and higher positioning accuracy (average error down 40% 
in relation to pure DCM). The floor estimated by the proposed method (method 
IV) is within one floor (one floor above or one floor below) of the correct floor in 
97% of the cases.

Figure 9.20 Positioning error CDF.

Table 9.5 DCM Positioning Error in Meters and Floor Identification Accuracy

Method
Average 
Error

75th 
Percentile

90th 
Percentile

Floor ID 
Accuracy

Floor Accuracy 
within ±1

Pure DCM (I) 7.9 9.0 28.0 78% 92%
DCM + ANN committees (II) 7.1 7.2 26.0 91% 96%
DCM + Kohonen (III) 5.0 6.0 16.0 85% 95%
DCM + Kohonen + 4.5 5.3 15.0 91% 97%
ANN committees (IV)
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9.9 Direct MS Positioning Using an FIS

9.9.1 Overview

In this section an FIS is used to locate MSs placed inside moving vehicles. The 
FIS receives as inputs the RTD of the best serving cell (as only the RTD of the 
best server is available in GSM networks) and the RSS values of four reference 
cells. Those cells act as radio beacons for the position fix. A field test is conducted 
along a road in Region II.28 This 14-km road is divided into six sections, and the 
FIS output informs the section where the MS is located. The final MS position 
estimate is obtained after interpolating the coordinates of the sections centers 
using the FIS output as the parameter for the interpolation, as defined by (9.18) 
and (9.19).

Alternatively, the proposed FIS could be also used as a search space reduction 
technique for DCM positioning: the FIS selects a section of the road where the MS 
probably is positioned, then a DCM technique can be used to locate the MS within 
that section. However, this approach is not explored here. An example of another 
use of fuzzy logic for MS positioning can be found in [18]. There, the authors imple-
mented an FIS whose input variables are the RSS of the pilot channel of three cells 
in a cellular network using CDMA in the RAN. A mathematical model is applied to 
convert those RSS values into distances. These distances, obtained after defuzzifica-
tion of the FIS output, correspond to the radiuses of circles centered at each cell. 
With three radiuses, three circular LOPs are obtained. The MS position estimate 
can be given by the circular LOPs intersection.29

9.9.2 Experimental Evaluation in Cellular Networks

9.9.2.1 FIS Input Variables

The FIS has five input linguistic variables obtained from the fuzzification of the RSS 
levels of four reference cells (input variables 1 to 4) and the best server RTD value 
(input variable 5). Consider the ith input variable, ui, where i Î{1,2,3,4,5}. The 
universe of discourse of ui is expressed by the set Ui = {0,1,2,...,63}.30 The sets of lin-
guistic terms that describes the universe of discourse of the input variables are Ti = 
{VS, S, M, L, VL} for i = 1,2,3,4 and T5 = {S, M, L, VL}.31 The pertinence functions 
of the fuzzy sets representing the universe of discourse of the input variables are 
depicted in Figure 9.21 (input variables 1 to 4) and Figure 9.22 (input variable 5). 
All pertinence functions were empirically defined.32

28. Please refer to Section 9.4.1.
29. For more details about circular multilateration using RSS, please refer to Chapter 2.
30. In GSM networks, the RSS levels are quantized into 64 1-dB levels, from 0 dB (–110 dBm or below) to 63 dB 

(–48 dBm or above). The RTD values also range from 0 to 63 [25].
31. VS = very small; S = small; M = medium; L = large; VL = very large.
32. To a certain extent, this limits the number of reference stations that can be used in the position fix. The use of 

neurofuzzy systems, with the automatic definition of the pertinence functions of the fuzzy sets and automatic 
generation of rules, can help increase the number of reference stations (radio beacons) and therefore improve the 
positioning accuracy of the FIS.
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9.9.2.2 FIS Output Variable

The FIS has only one linguistic variable v at its output, which is the road section 
where the MS is estimated to be located. The universe of discourse of v is the set V = 
{u ∈ ℜ+ |u ∈ [1,6]}. The set of linguistic terms that describes V is T = {S1, S2, S3, S4, 
S5, S6}. Each term describes a road section. The pertinence functions of the fuzzy 
sets representing the universe of discourse of v are shown in Figure 9.23.

Figure 9.21 Pertinence functions for input variables 1 to 4 (i.e., the RSS levels of the four reference 
cells).

Figure 9.22 Pertinence functions for input variable 5 (i.e., the RTD value of the best server).

Figure 9.23 Pertinence functions for the FIS output variable.
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9.9.2.3 FIS Set of Rules

The FIS set of rules was empirically defined based on the observed values for the 
four reference cells RSS and the best server RTD. It comprises 10 rules, as follows:

If (1. u1 is S) and (u2 is L) and (u4 is VS) and (u5 is M) then (v is S3).
If (2. u1 is VS) and (u2 is VL) and (u5 is S) then (v is S4).
If (3. u1 is L) and (u2 is VS) and (u5 is S) then (v is S1).
If (4. u1 is VL) and (u2 is VS) and (u5 is S) then (v is S1).
If (5. u1 is L) and (u2 is S) and (u5 is M) then (v is S2).
If (6. u1 is L) and (u2 is M) and (u5 is M) then (v is S2).
If (7. u2 is S) and (u4 is S) and (u5 is M) then (v is S5).
If (8. u2 is S) and (u4 is M) and (u5 is M) then (v is S6).
If (9. u1 is VS) and (u2 is VS) and (u4 is L) and (u5 is S) then (v is S6).
If (10. u3 is M) and (u5 is S) then (v is S6).

9.9.2.4 FIS MS Position Estimation

The FIS outputs, after defuzzification, a real number v between 1 and 6. The MS 
estimated coordinates are obtained interpolating the coordinates of adjacent road 
sections centers, as defined by

 ( ) ( ) ( ){ } ( )1x X v X v X v v v= + + − ⋅ −                (9.18)

 ( ) ( ) ( ){ } ( )1y Y v Y v Y v v v= + + − ⋅ −                (9.19)

where X (k) and Y (k) are the center points of the kth section of the road, with k = 
1,...,6.

9.9.2.5 Experimental Results

The test has been conducted along a 14-km road in region II. A total of 527 samples 
has been collected along this road. This subset was selected from the full dataset 
obtained at region II, so the test conditions are the same described in Section 9.4.1. 
Figure 9.24 shows the location of the collected samples, as well as the coordinates 
and azimuth of the four reference cells.

Figure 9.25 shows the positioning error CDF obtained by three different loca-
tion techniques along the test route in region II: CID, centroid, and the FIS. The 
CID method returns the coordinates of the best server cell as the MS estimated 
location. The centroid method returns the average of the coordinates of the best 
server and neighbor cells as the MS position estimate. Both the CID and centroid 
techniques have been presented in Chapter 1. They are included here to serve as a 
basis for comparison for the FIS performance. The FIS has achieved a much better 
localization accuracy than the other two methods, with an average error 45% lower 
than CID, and 58% lower than the centroid method. However, the absolute FIS 
positioning error is still quite high, which suggest that the FIS would be better used 
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Figure 9.24 Locations of the collected NMRs (crosses) and of the reference cells (squares). The 
figure also shows the street grid in region II, as well as the azimuth of the antennas of the four refer-
ence cells.

Figure 9.25 Positioning error CDF of (CID), centroid, and the FIS for the 527 samples collected at 
the test route in region II.
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together with a DCM technique acting as a search space reduction tool rather than 
a direct estimator of the MS location.

9.10 Summary

This chapter has described some examples of applications of AI techniques—mostly 
machine learning—to the MS positioning problem. A brief introduction to ma-
chine learning and fuzzy logic was presented in the Introduction, followed by five 
examples, all validated in field experiments in cellular and Wi-Fi networks. The AI 
techniques were applied to reduce the search space in DCM positioning (Sections 
9.5 and 9.8), to directly estimate the MS position (Sections 9.6 and 9.9) and to try 
to predict the accuracy of position estimates (Section 9.7). The chapter is accompa-
nied by the MATLAB codes used in the presented experiments, as well as the data-
sets collected in cellular (in a dense urban area and in a suburban area) and Wi-Fi 
networks (in a multifloor building), all available at the book website. However, as 
stated in the Introduction, to better suit those codes to individual specific needs, it 
is recommended that the reader acquire further knowledge about the AI techniques 
that he or she is planning to use (if still not familiar with them). For that purpose, 
the Introduction provides suggestions of several references for further reading.
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C h a p t e r  1 0

Developing RF Positioning Applications 
for Mobile Devices

10.1 Introduction

LBSs in cellular networks have grown considerably in the last few years, becoming 
the mainstay of RF positioning applications, with several billion dollars of annual 
revenues. As already seen in Chapter 1, this can be attributed mainly to the:

Worldwide rapid growth of mobile cell phone users in the last 10 years;• 

Popularization of smartphones with positioning capabilities;• 

Increasing number of smartphones with built-in Wi-Fi adapters;• 

Regulatory issues (emergency call locating);• 

The wide range of positioning applications available in cellular networks include:

Emergency call location;• 

Location-based billing [1];• 

Workforce and fleet management [2];• 

People tracking [3];• 

Route guidance [4];• 

Location-based marketing (also known as mobile yellow pages) [5];• 

Geofencing;• 

Location-based social networks (also known as geosocial networks• 1), such as 
Tinder (also classified as a social-meeting application) and the extinct Google 
Latitude.

As RF positioning applications for mobile devices (mostly smartphones) have 
been gaining a greater portion of the LBS market, it is useful to know how to de-
velop such applications. This is what this chapter is devoted to: introducing devel-
opment tools for the creation of applications for mobile devices. We have selected 
two environments, both for Android app development: Massachusetts Institute of 
Technology (MIT) App Inventor 2 and Eclipse+Android System Development Kit 
(SDK). The former makes app development accessible to anyone with very basic 
notions of computer programming, while the latter requires a good knowledge 
of Java programming language. The Android operating system has been selected 
because it is the most popular for smartphones and the one growing at the fastest 

1. These apps might raise some controversy, mainly due to privacy issues. Location-related privacy in geo-
social networks is discussed in [6].
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pace. Data from 2014 third quarter indicate that smartphones running Android 
comprised 84.4% of all shipments (globally), while iOs (the Apple operating sys-
tem) reached only 11.7% [7]. This chapter also presents three sample localization 
apps: one created using MIT App Inventor (Geofencing 1.0) and two developed 
using Eclipse+Android SDK (WiFiTrain and WiFiLoc). The first one relies on GPS 
while the two others aim at Wi-Fi positioning using RF fingerprinting.

One last note before proceeding: it goes without saying that Android app devel-
opment is a topic too extensive to be covered in a single chapter. Thereby, this chapter 
does not pretend to exhaust the subject, nor replace more comprehensive app devel-
opment textbooks. It is designed as a quick reference guide—particularly for MIT 
App Inventor 2—that should allow the reader to start running and manipulating RF 
positioning apps for Android devices right away. This will be accomplished with the 
help of the sample localization app Geofencing 1.0. After studying this example, the 
reader is expected to be able to familiarize himself or herself with the MIT App Inven-
tor 2 environment, being able to—if interested in doing so—proceed to further studies 
more smoothly with the help of more advanced texts, such as some of the references 
provided at the end of the chapter. The section covering Eclipse+Android SDK is 
provided to users with a solid knowledge of Java programming, and concentrates on 
classes of the Android API that support the manipulation of the smartphone built-in 
Wi-Fi adapter, since the two sample apps (WiFiTrain and WiFiLoc) developed in that 
environment use Wi-Fi signals to obtain a position fix.2

10.2 Developing Apps for Android Devices with MIT App Inventor 2

MIT App Inventor 2 is a tool for developing Android apps. It is cloud-based—
meaning that the work is done in the web browser. MIT App Inventor 2 shields 
the developer from the complexities of object-oriented programming by provid-
ing graphical functional blocks that fit in with each other like pieces in a puzzle. 
Those blocks allow the definition of object properties and implement event han-
dlers.3 However, it is desirable that the developer is at least familiar with some basic 
structured programming concepts, such as variables (local and global), decision 
constructs (if-then, if-then-else) and loops (do-while, for, while). To use MIT App 
Inventor 2, the developer will need an Internet connection, a web browser, and a 
Google account. First, the user should log on into his or her Google account, and 
then access http://ai2.appinventor.mit.edu/. After that, the user is taken to the Proj-
ects Window and can start creating his or her Android apps.

This section describes the functions provided by each of the three windows of 
the MIT App Inventor 2 development environment (projects window, designer win-
dow, and blocks window). It also explains the creation of a positioning app created 

2. In fact, Geofencing 1.0 is a full positioning app (although it requires some enhancements to be completely 
operational), as it provides the location information and uses it for a specific purpose. WiFiTrain and 
 WiFiLoc just provide the position estimates that should be forwarded to other apps that could make use of 
them.

3. An event is an action that can happen to or be performed by an object. For example, a command button 
might be clicked, or double-clicked. Those are two possible events related to a command button. An event 
handler is the procedure—the set of instructions—executed when a particular event happens.
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by the authors using MIT App Inventor 2, Geofencing 1.0, which is available at the 
book website. However, it does not exhaust the subject, and the interested reader is 
recommended to consult [8, 9] for further information and more sample apps.4

10.2.1 Projects Window

The Projects Window lists the user’s projects and allows to create or delete proj-
ects (buttons Start New Project and Delete Project in the main window, as show 
in Figure 10.1), and to import or export projects. The projects are imported and 
exported in source code form (*.aia files). To do that, select the Projects menu and 
choose the proper option in the drop-down list, as Figure 10.1 illustrates.

10.2.2 Designer Window

As Figure 10.2 shows, the Designer Window is divided into four sections: Palette, 
Viewer, Components, and Properties.

10.2.2.1 Palette Section

In the Palette, there are nine subsections containing components that can be dragged 
into the Viewer. These nine subsections (or drawers) are: (1) User Interface, (2) Lay-
out, (3) Media, (4) Drawing and Animation, (5) Sensors, (6) Social, (7) Storage, 
(8) Connectivity, and (9) LEGO MINDSTORMS. The components of drawers 3, 4, 
8, and 9 are not employed in the sample app Geofencing 1.0, therefore they are not 
listed here. For a full list of components, please refer to [10].

User Interface. This drawer presents visual components employed to create the 
app user interface (UI).

Button• : a command button;
CheckBox• : a standard checkbox;
DatePicker• : a button that, when clicked, pops up a dialog box to allow the 
user to select a date;

4. The reader can download PDF versions of the chapters of [9] from http://www.appinventor.org/book2. 
The authors made it available online, but, in case he or she appreciates the material, the reader is kindly 
invited to purchase the book to support the authors and appinventor.org.

Figure 10.1 MIT App Inventor 2: Projects Window.
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Image• : allows the user to insert an image on the app screen;
Label• : a text label;
ListPicker• : a button that, when clicked, displays a list of values for the user 
to select;
ListView• : displays a list of values on the app screen, among which the user 
can select a value;
Notifier• : a nonvisible component that displays warning messages as a response 
to events;
PasswordTextBox• : a textbox for password typing that does not display the 
characters typed by the user;
Slider• : a progress bar, whose status can be used to alter properties of other 
components;
Spinner• : a combo box (i.e., a combination of a list and a textbox); the value 
select in the drop-down list is inserted in the textbox;
TextBox• : a box for text insertion;
TimePicker• : a button that, when clicked, pops up a dialog box to allow the 
user to select the time;
WebViewer• : a component for viewing web pages;

Layout. This drawer brings formatting elements used to organize the disposition of 
visible components on the app screen.

HorizontalArrangement• : allows placing visible components side by side on 
the app screen;
VerticalArrangement• : allows placing visible components one below the other;
TableArrangement• : allows placing visible components in a table; the user 
can specify the number of rows and columns of a TableArrangement in the 
Properties Section of the Designer Window;

Figure 10.2 MIT App Inventor 2: Designer Window.
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Sensors. This drawer contains nonvisible components that provide high-level inter-
faces to some sensors typically available in smartphones.

AccelerometerSensor• : this component can detect shaking and measure accel-
eration in three dimensions (x, y, and z);
BarcodeScanner• : this component can read a bar code (using the smartphone 
camera);
Clock• : provides access to the device internal clock, allowing time span calcu-
lations and firing a timer at regularly set intervals;
LocationSensor• : provides location information (latitude, longitude and altitude) 
and geocoding (conversion from latitude/longitude to an address, and vice versa); 
this components requires that the GPS sensor of the device is activated;
NearField• : provides support to Near Field Communication;
OrientationSensor• : allows measuring the device physical orientation in three 
dimensions (roll, pitch, and azimuth); to measure the azimuth (angle between 
the top of the device and Earth’s magnetic North) the device must have an 
internal compass5;

Social. The components of this drawer provide functions to support communica-
tion through email, short message service (SMS), phone calls, and Twitter.

ContactPicker• : a button that, when clicked, displays a list of contacts to 
choose;
EmailPicker• : this component is a kind of textbox with access to the email ad-
dresses of the user contacts, and with auto-complete function (i.e., as the user 
types the contact name or email address, this component shows a drop-down 
list of possible matches to complete the entry);
PhoneCall• : a nonvisible component that makes a phone call to a specified 
number;
PhoneNumberPicker• : a button that, when clicked, displays a list of contacts 
phone numbers to choose;
Sharing• : a nonvisible component that allows sharing files between apps in-
stalled on the same device;
Texting• : a nonvisible component that allows receiving and sending short text 
messages to specified cell phone numbers;
Twitter• : a nonvisible component that allows communication with Twitter;

Storage. This drawer contains nonvisible components that allow storing and retrieving 
data for an Android app, either locally (at the device) or remotely (via a web service).

File• : reads from or writes to files on the device;
FusionTablesControl• : communicates with Google Fusion Tables6;
TinyDB• : provides a local data storage for an app;
TinyWebDB• : provides an interface with a web service to save or retrieve 
information;

5. Orientation and accelerometer sensors have been used to improve indoor positioning and tracking in some 
proposed localization systems, such as [11, 12].

6. Fusion Tables is an experimental data visualization web application to gather, visualize, and share data tables.
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Connectivity. Nonvisible components to provide connectivity (Bluetooth connec-
tions and web pages access) to the app.

Media: components to manipulate several types of media (record and play sounds 
and videos, speech recognition, and text translation between different languages);

Drawing and Animation: components to insert animations and drawing capabilities 
in the app;

LEGO MINDSTORMS: the components in this drawer provide high-level inter-
faces for several sensors (light, sound, touch, color, and ultrasonic) of LEGO 
MINDSTORMS NXT robots.7

10.2.2.2 Viewer Section

Viewer Section enables the developer to design the app’s screens. It shows the dispo-
sition of the visible components on the current screen and also informs the nonvis-
ible elements (below the screen) that have been added, as Figure 10.2 illustrates.

10.2.2.3 Components Section

Components Section lists all components (visible and nonvisible) that have been 
dragged from the Palette drawers to the Viewer Section. By clicking on a compo-
nent, it is possible to access and edit its properties.

10.2.2.4 Properties Section

Properties Section displays the properties of the currently selected component. Each 
component has its specific properties, so it is not possible to list them all here. 
However, we are going to see in detail some of the properties of the components 
employed in the sample app Geofencing 1.0.

10.2.3 Blocks Window

Designer Window allows the user to create the framework of the app, selecting which 
components to include and defining how the visible components will be displayed on 
the device screen. The Blocks Window, on the other hand, is where the user imple-
ments the app’s functions, mostly through the definition of event handlers (i.e., of 
procedures that will be executed when certain events happen to each component). 
For example, when a user clicks on a command button called btnOk, a event han-
dler called btnOk.click() is triggered. The developer then must add to this event 
handler the instructions that are to be executed as a response to that event. The in-
structions are inserted as functional blocks that fit into each other, just like pieces of a 
puzzle. Designer Window has two sections: Blocks and Viewer. The functional blocks 
are selected in the Blocks Section and dragged into the Viewer Section.

7. A series of robots launched by LEGO that are used for didactic purposes in the following areas: control 
and automation, robotic, physics, and math.
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10.2.3.1 Blocks Section

Blocks Section lists all available functional blocks. A functional block might be either 
built-in or component-specific. The built-in blocks are grouped into eight drawers:

 1. Control: provides blocks to control program flow, such as decision con-
structs (if-then, if-then-else) and loops (for, while, do-while);
 2. Logic: provides blocks to implement logic expressions (such as AND, OR, 
NOT logic operators);
 3. Math: provides blocks to implement mathematical expressions;
 4. Text: provides blocks for text manipulation (concatenation, conversion to 
uppercase or lowercase, counting the number of characters, among others);
 5. Lists: provides blocks to manipulate array lists (inserting and removing items 
from the list, query the list, create an empty list, among others);
 6. Color: provides blocks with the standard colors, and allows the user to cre-
ate personalized colors;
 7. Variables: provides blocks for variables declaration and initialization (both 
local and global variables), and to assign (and retrieve) values to a variable;
 8. Procedures: provides blocks for procedures creation (with or without a 
return value).

Component-specific functional blocks represent the properties, methods, and events 
associated with a component. For example, BackgroundColor and FontSize 
are two properties of a textbox; GotFocus and LostFocus are two events associ-
ated with a textbox; GetTags() is a method of a TinyDB component. To find out 
the full list of properties, methods, and events associated with a component, just 
click on it on the component list, displayed below the built-in functional blocks 
drawers, as shown in Figure 10.3. We will see several functional blocks when study-
ing the sample app Geofencing 1.0.

Figure 10.3 MIT App Inventor 2 Blocks Window, showing some of the event handlers and proper-
ties of a command button. Note that the component Button1 has been selected in the Blocks Section 
(on the left).
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10.2.3.2 Viewer Section

The functional blocks are dragged from the Blocks Section into the Viewer Sec-
tion, where they fit into each other, as puzzle pieces, composing the event handlers. 
Blocks are also used to declare variables.

10.2.4 Testing an App Using MIT App Inventor 2 Companion

There are two ways to test an app being developed in MIT App Inventor 2: using 
an Android Emulator or the MIT App Inventor 2 Companion.

Android Emulator. To test an app using an Android Emulator, it is necessary to 
download and install the aiStarter program, available at http://appinventor.mit.edu 
/explore/ai2/setup-emulator. Even though this option might be very slow, depending 
on your hardware configuration (processor speed and available volatile memory), it 
is still the best choice for developers who do not have an Android device. This option 
is available from the Blocks Window—click on Connect—and then select Emulator.

App Inventor Companion. This is by far the best alternative, allowing the de-
veloper to test the app directly on the target Android device. To do that, both the 
computer from where the user is accessing MIT App Inventor and the target An-
droid device might connected to the same WLAN, and the user must download and 
install the MIT App Inventor 2 Companion software in the Android device.8 Then, 
from the Blocks Window, the user must select Connect and AI Companion. A QR 
code and a password are generated. One of those codes is to be provided to the MIT 
App Inventor 2 Companion software running on the target device. After that, the 
app is loaded in the device where it can be tested. Any changes to the app design or 
functional blocks will be reflected in the Android device (i.e., MIT App Inventor 2 
Companion software syncs the Android device with the MIT App Inventor cloud).

10.2.5 Sample App: Geofencing 1.0

This app objective is to setup a virtual fence for a GPS-equipped target smart-
phone (from now on referred to as the target), sending notifications through SMS 
to a selected cell phone (from now on referred to as the recipient) when the target 
crosses the boundary (i.e., the virtual fence) of a predefined home zone (i.e., the area 
delimited by the virtual fence). The notification messages should contain the latest 
geographic coordinates and address of the target, as well its distance from the 
home zone center coordinates. As the target keeps moving, new messages are sent to 
recipient (a minimum distance is defined to trigger new messages). Before this app is 
fully operational, the following improvements should be made: the app should run 
in the background at the target smartphone; the app should be reloaded whenever 
the target smartphone is turned on; and the app should be password-protected. 
However, in its present version, Geofencing 1.0 suits its role as a didactic tool.9 The 
following actions should be performed by the app:

8. This software is available at Google Play Store.
9. Before proceeding, import the app source code into your MIT App Inventor 2 environment, selecting 

Projects and Import project(*.aia) from my computer at the Projects window.
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Define the home zone central coordinates (• homeLat and homeLong);
Define the home zone radius (• homeRadius);
Define the recipient number (• phoneNum);
Define the minimum displacement distance for sending new messages • 

 (minDist);
Store • homeLat, homeLong, homeRadius, phoneNum, and minDist in a 
local database;
Turn on the virtual fence;• 

Calculate the target current location (• currLat and currLong);
Calculate the Euclidean distance • d between the target and the home zone 
central coordinates;
If • d>homeRadius then send a text message to the recipient;

Global variables are declared for some of the aforementioned parameters, as Figure 
10.4 shows. The other parameters are directly retrieved from the local database and 
assigned to the textboxes values (and from there, stored back into the local database).

10.2.6 Geofencing 1.0 Components

The components used in the app—shown in Figure 10.2 at the Viewer Section—are10:

Command button • btnDefHomeLoc: when clicked, fires the btnDefHomeLoc. 
Click() event handler;
Textbox • txtHomeRadius: shows the home zone radius in meters;
Textbox • txtPhone: shows the recipient number (which is retrieved from the 
phoneNum field at the local database);
Textbox • txtMinDist: shows the minimum update distance11 in meters 
(which is retrieved from the minDist field at the local database);
Command button • btnHomeParams: when clicked, fires the btnHomeParams.
Click() event handler;
Checkbox • chkActivate: when clicked, fires the chkActivate.Changed() 
event handler;
Label • lblHZCoordValue: displays the home zone central coordinates;
Label • lblCurrCoordValue: displays the latest available coordinates of the 
target phone;

10. Labels conveying only descriptive text and the layout components have been left out of the list.
11. The minimum distance the target must traverse—after it left the home zone—before another alert message 

is sent to the recipient.

Figure 10.4 Geofencing 1.0: Global Variables Initialization.
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Label • lblCurrDistValue: displays the latest available distance between 
the target and the home zone central coordinates;
LocationSensor1• : nonvisible component that provides a high-level inter-
face to the Android device built-in GPS receiver; it provides position estimates 
(in latitude and longitude) and geocoding (conversion between coordinates 
and addresses, and vice-versa);
TinyDB1• : local database; a nonvisible component that stores the home zone 
data (home zone central coordinates and radius), the recipient cell phone 
number and the minimum update distance;
Notifier1• : nonvisible component that displays an alert message after the 
central coordinates of the home zone are successfully acquired; the alert mes-
sage contains the home zone central coordinates, the location service provider 
(GPS), the accuracy of the position estimate, and the address (if available);
Texting1• : nonvisible component that sends the alert messages to the 
 recipient;

10.2.7 Geofencing 1.0 Event Handlers

The blocks that compose the following event handlers are too large to be reproduced 
here. Instead, we are going to describe them using a simple pseudolanguage (pseudo-
code). The reader is recommended to access MIT App Inventor 2, open Geofencing 
1.0 project, and access the Blocks Window, to follow those  descriptions.

Screen1.Initialize()

This event handler is triggered when the app is launched; using the method  GetValue(), 
the coordinates of the home zone center are retrieved from the local database and as-
signed to the global variables homeLat and homeLong. The same method is used 
to retrieve the minimum update distance (field phoneNum in the local database), the 
home zone radius (field homeRadius in the local database), and the recipient cell-
phone number (field phoneNum in the local database). Those values are assigned to the 
txtMinDist, txtHomeRadius, and txtPhone textboxes, respectively.

homeLat = TinyDB1.GetValue(″homeLat″);
homeLong = TinyDB1.GetValue(ʺhomeLong″);
txtMinDist.Text = TinyDB1.GetValue(″minDist″);
txtPhone.Text = TinyDB1.GetValue(″phoneNum″);
txtHomeRadius.Text = TinyDB1.GetValue(″homeRadius″);

If the database is not empty (the very first time the user runs the app, the local 
database will be empty and the GetValue() method returns an empty string) 
a numeric value is retrieved from the homeLat field. In that case, homeLat and 
homeLong values are converted to strings and concatenated using function join(). 
The resulting string is assigned to label lblHZCoordValue, which shows the 
coordinates of the home zone center.

if is_a_number(homeLat)
then lblHZCoordValue.Text = join(homeLat,″;″,homeLong);
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Accordingly, if the database is not empty, txtMinDist.Text holds a numeric 
value (retrieved from the minDist field in the local database) that is assigned to prop-
erty DistanceInterval of the Location Sensor. This parameter defines the mini-
mum distance between successive position estimates to trigger the Location Sensor. 
Change() event.

if is_a_number(txtMinDist.Text)
then LocationSensor1.DistanceInterval = txtMinDist.Text;

btnDefHomeLoc.Click()

This event handler is triggered when the btnDefHomeLoc command button is 
clicked. It assigns the current latitude and longitude (provided by the Location 
Sensor) to global variables homeLat and homeLong, respectively. If the position 
fix was successful (i.e., if signals from enough GPS satellites were received), then 
homeLat and homeLong will be both different from zero.12 In that case, the cur-
rent coordinates are stored in the local database (as the coordinates of the home 
zone center), using method StoreValue(). Two parameters must be defined 
when using StoreValue(): the local database field where the value is going to be 
stored, and the value to be saved. After that, the Notifier method ShowAlert() 
is invoked to display a message containing the location service provider (GPS), 
the positioning accuracy in meters and the home zone center coordinates.13 Then, 
the contents of labels, lblCurrDistValue and lblCurrCoordValue are reset 
(empty string) and label lblHZCoordValue displays the newly acquired home 
zone center coordinates.

homeLat = LocationSensor1.Latitude;
homeLong = LocationSensor1.Longitude;
if (homeLat != 0) and (homeLong != 0) then
TinyDB1.StoreValue(″homeLat″,homeLat);
TinyDB1.StoreValue(″homeLong″,homeLong);
Notifier.ShowAlert(MESSAGE);
lblHZCoordValue.Text = join(homeLat,″;″,homeLong);
lblCurrDistValue.Text = ″″;
lblCurrCoordValue.Text = ″″;

end-if;

btnHomeParams.Click()

This event handler is triggered when the btnHomeParams command button is clicked, 
and it stores the values of the Text property of txtMinDist, txtHomeRadius, 
and txtPhone on the local database, using method StoreValue().

TinyDB1.StoreValue(″homeRadius″,txtHomeRadius.Text);
TinyDB1.StoreValue(″phoneNum″,txtPhone.Text);
TinyDB1.StoreValue(″minDist″,txtMinDist.Text);

12. In the pseudocode, the symbol != is equivalent to “different from.”
13. The complete message is not shown in the pseudocode, where it is represented by the string MESSAGE.
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chkActivate.Changed()

This event handler is triggered when the chkActivate status changes (i.e., when 
the user clicks on it), assigning the current status to the global variable flag, that 
will control access to the Location Sensor (see the LocationChanged() event 
handler). Note that the Checked property of the checkbox is either TRUE (the 
checkbox is checked) or FALSE (the checkbox is unchecked).

flag = chkActivate.Checked;

LocationSensor1.LocationChanged()

This event handler is triggered whenever there is a change in the target location 
greater than minDist. In that case, if the flag variable is set to TRUE, the distance 
d between the current location and the home zone center is calculated and the con-
tents of labels lblCurrCoordValue and lblCurrDistValue are updated. If d 
is larger than homeRadius (i.e., if the target has left the home zone) an alert mes-
sage is composed14 using the Message property of the Texting component and 
sent to the recipient cell phone using the SendMessage() method. Figure 10.5 
shows part of the LocationChanged() block.

if (flag==TRUE) then
currLat = LocationSensorl.Latitude;
currLong = LocationSensorl.Longitude;
dx = 111120 x (currLat - homeLat);
dy = 111120 x (currLong - homeLong);
d = sqrt(dxˆ2+dyˆ2);
lblCurrCoordValue.Text = join(currLat,″′;″′,currLong);
lblCurrDistValue = d;
if (d > TinyDBl.GetValue(″homeRadius″)) then

Textingl.Message(ALERT_MESSAGE);
Textingl.PhoneNumber=TinyDBl.GetValue(″phoneNum″);
Textingl.SendMessage();

end-if;
end-if;

One final note about the distance calculation. The Location Sensor provides the 
coordinates in decimal degrees of latitude and longitude. Assuming that the Earth 
circumference at the Equator is 40,000 km, one degree corresponds to approxi-
mately 111.12 km, or 111,120m. This value multiplies the latitude and longitude 
differences to obtain distances dx and dy, respectively. Then, Pythagoras theorem is 
applied, yielding 2 2d dx dy= + , which is the estimated Euclidean distance between 
the current location and the home zone center. This calculation is an approxima-
tion, which first assumes that the Earth is a sphere (which is not true), and then 
applies a theorem from plane geometry to a spheroid. However, for distances under 
tens of kilometers, the error is negligible.15

14. The complete message is not shown in the pseudocode, where it is represented by the string ALERT_ 
MESSAGE.

15. The conclusion that the error is not relevant depends on the type of positioning application.
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10.3 Going a Little Deeper with Android SDK

MIT App Inventor allows anyone with a basic knowledge of programming logic to 
build an Android app. However, it has its limitations, and if the developer has very 
specific requirements and a solid basis on computer programming—especially on Java 
programming language—it might be a better idea to use the Android SDK with an Inte-
grated Development Environment (IDE) of choice, such as Eclipse or the new Android 
Studio. For those users, this section brings a step-by-step tutorial on how to setup the 
development environment—from the installation of the Android SDK to the configura-
tion of Android Virtual Devices (AVDs) for software testing—and how to create and 
run an Android app using the Eclipse IDE. It ends by introducing two RF fingerprinting 
positioning applications for Wi-Fi networks—WiFiTrain and WiFiLoc, both available 
at the book website—developed by the authors using Android SDK with Eclipse.

10.3.1 Android SDK Packages

An Android SDK installation is composed of the following packages:

SDK Tools: a set of tools for debugging and testing an Android app;• 

SDK Platform-Tools: platform-dependent tools;• 

Documentation: a copy of the latest Android platform documentation;• 

SDK Platform: there is one such package for each Android platform version • 

supported by the installation (additional platforms might be downloaded 
after the original installation using Android SDK manager);
System images: the Android emulator requires a system image to operate, and • 

each Android platform version supports one or more different system images;

The Android SDK installation is minimum and the platform tools that are installed 
support the latest Android platform version. As a result, there are many packages 

Figure 10.5 Geofencing 1.0, part of the event handler for the LocationChanged event of the  Location 
Sensor component.
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that must be downloaded afterward, which can be done in the Android SDK man-
ager, where the user selects additional packages to download and/or update.

10.3.2 Supported Operating Systems

Android SDK is supported by the following operating systems:

Windows XP (32-bit), Vista (32 or 64-bit), Windows 7 (32 or 64-bit);• 

Mac OS X 10.5.8 or later;• 

Linux Ubuntu (version 8.04 or later; GNU C library required).• 

10.3.3 Eclipse IDE

Eclipse is a multilanguage IDE composed by a basic workspace and an extensible 
plug-in system that allows the user to personalize the development environment. 
The following requirements must be met when using Eclipse IDE for Android apps 
development:

Eclipse 3.6.2 (Helios) or later• 16;
Eclipse Java Development Tools (JDT) plug-in (available in most Eclipse • 

packages);
Java Development Kit (JDK) 6.0 or later• 17;
Android Development Tools (ADT).• 

10.3.4 ADT Plug-In for Eclipse

ADT plug-in extends Eclipse functions to enable, within the Eclipse IDE, the:

Creation of Android projects;• 

Creation of the UI of Android apps;• 

Debugging of Java code for Android apps;• 

Generating•  and exporting Android Application Package (APK) files for 

 Android apps distribution.18

10.3.5 ADT Bundle

The ADT Bundle19 contains the basic tools for Android apps development, all packed 
into one file:

Eclipse IDE with ADT plug-in;• 

Android SDK: platform tools, the latest Android platform, the latest system • 

image for Android emulation;

16. The latest Eclipse IDE package can be downloaded from eclipse.org/downloads.
17. The latest JDK package can be downloaded from www.oracle.com/technetwork/java/javase/downloads.
18. APK is the file format used for the distribution and installation of Android apps.
19. With the advent of Android Studio IDE, ADT Bundle is no longer available at the MIT App Inventor site, 

but the package can still be obtained from a number of sites, such as downloads.puresoftware.org/files 
/android/adt-bundle/.



ART_Campos_Ch.10.indd                316                                        Manila Typesetting Company                                                                         05/15/2015

10.3 Going a Little Deeper with Android SDK 317

ART_Campos_Ch.10.indd                317                                        Manila Typesetting Company                                                                         05/15/2015

Android SDK Manager: after the installation, the Android SDK is used to • 

download and install/update additional packages;
AVD Device Manager.• 

10.3.6 Setting Up Virtual Devices with the AVD Manager

There are two ways to test an Android app created with Eclipse. The first is to 
generate the APK file, transfer it to an Android device (typically via a Bluetooth or 
USB connection), and install and run it. The second alternative is to create a virtual 
device, which is an emulator of real Android devices. This is a useful tool, because 
it allows testing the application in a variety of emulated devices, which might help 
prevent compatibility and/or design problems (for example, the size of visual ob-
jects on the app screen might not be adequate for the device screen dimensions or 
supported resolutions).

After the download and installation of the ADT Bundle, virtual devices can 
be created within the AVD Manager. The AVD Manager might be started within 
Eclipse, selecting Window in the main menu, and then selecting Android Virtual 
Device Manager in the drop-down list. The AVD Manager window has two panes: 
Android Virtual Devices and Device Definitions. Selecting the latter pane, a list of 
known device definitions is shown, as in Figure 10.6.

The user can select one of these preset definitions, or create a new one (by press-
ing the New Device command button). Then, a new AVD might be created based on 
the selected device definition. After a device definition is selected, the user presses the 
Create AVD button and the Create New Android Device window is opened. There, 
the user might select the AVD name, the target Android platform version, virtual de-
vice memory settings, among other options. After the AVD is created, it is listed in the 
AVD Manager Android Virtual Devices pane, as shown in Figure 10.7.

Figure 10.6 AVD Manager: Device Definitions.
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10.3.7 Fast Virtual Mode with Intel Hardware Accelerated Executive Manager

Intel Hardware Accelerated Execution Manager (HAXM) speeds up testing and 
debugging of Android applications by accelerating the Android emulator. The pre-
requisites for using Intel HAXM are:

Android SDK must be installed;• 

The computer must have an Intel processor;• 

Intel Virtualization Technology must be enabled: before installing the Intel • 

HAXM, enter the computer basic input/output system (BIOS) by pressing the 
DEL key during start-up, and verify if the Intel Virtualization Technology is 
enabled;
Intel x86 Atom System Image must be installed: this can be verified inside the • 

Android SDK Manager by expanding the proper Android platform version 
folder, as in Figure 10.8.

Figure 10.7 AVD Manager: Android Virtual Devices.

Figure 10.8 Verifying if the Intel x86 Atom System Image is installed.
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After checking if all aforementioned prerequisites are met, it is time to install 
Intel HAXM. To do that, open Android SDK Manager, select the Extras folder and 
then check Intel Accelerated Execution Manager (HAXM). After the completion of 
the download, open a command prompt and execute the following instruction20: 
<sdf>/extras/intel/Hardware_Accelerated_Execution_Manager/
IntelHAXM.exe.

During the installation, the user is requested to inform the maximum amount 
of random access memory (RAM) that will be reserved to Intel HAXM when it is 
running. The default value is 2 GB. After completing the Intel HAXM installation, 
type the following instruction on a command prompt to check if the virtualization 
driver is running correctly: sc query intelhaxm.

If the virtualization driver is up and running, come back to Eclipse IDE and 
open the AVD Manager. Create a new Android device, and select Intel Atom (x86) 
in the CPU/ABI combo box. Also check the Use Host GPU option, as shown in 
Figure 10.9. Then, start the Android emulator with the newly created AVD, and 
verify that it is running in fast virtual mode, as shown in Figure 10.10. During 

20. The instructions in this section apply only for Windows operating systems.

Figure 10.9 Creating an Intel HAXM compatible virtual device in the AVD Manager.
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tests carried out on a computer with an Intel i5 processor with 6-GB RAM and 
running Windows 7, a 75% reduction was observed (from 2 minutes and 48 
seconds to just 43 seconds) in the time to load an AVD, when using fast virtual 
mode. During an app development, the programmer usually compiles the code 
several times and check if everything is running smoothly using the AVD. As a 
result, the achieved reduction in the time to load an AVD also diminishes the time 
to test the app.

10.3.8 Creating an Android Application Project in Eclipse

An Android project contains all the source code used to create an application. 
To create a new Android Project, in the Eclipse IDE main menu, select File, then 
select New in the drop-down list, and finally select Android Application Proj-
ect. The New Android Application window opens, and there the user can define 
the app name, the target Android platform version, and the minimum platform 
version (the lowest supported version down to which backward compatibility 
is ensured), as shown in Figure 10.11(a). Following, the user defines if a custom 
launcher icon and an activity are to be created, as shown in Figure 10.11(b). 
An activity is an application component that provides a screen with which the 
users can interact in order to perform some action. An Android app might have 
several activities, one of which is called the main activity.

After these steps have been followed, the new Android project will be shown in 
the Eclipse IDE main window, as in Figure 10.12. Note the Graphical Layout pane, 
where visual components—such as command buttons, check and textboxes, labels, 
among others available in the Palette—can be inserted in the current activity. Also 
note the directory structure of the Android project, show on the left of Figure 10.12 
(under the Package Explore section).

10.3.9 Creating a Run Configuration in Eclipse

Prior to running the newly created Android app project, it is necessary to create 
an execution configuration that comprises which activity to launch when the app 

Figure 10.10 Checking that the AVD is running is fast virtual mode.
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Figure 10.11 Creating a new Android App Project in Eclipse.

Figure 10.12 Android App Project Graphical Layout.
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runs, and which AVD to use when testing the app. To create a new configuration, 
select Run in the Eclipse IDE main menu, then Run Configuration in the drop-
down list. The Run Configurations window appears. On its left, the user must 
select Android Application and then specify the name for the new run configura-
tion. At the Android pane, the user must define the Launch Action (i.e., what to 
automatically do when the app runs (launch a specific activity or do nothing)), 
as shown in Figure 10.13. Then, at the Target pane, depicted in Figure 10.14, 
the user selects which AVD to use when running the app. The user might also 
chose to be prompted to select the target AVD every time an app is going to be 
executed.

Figure 10.13 Run Configuration: Defining the Launch Action.

Figure 10.14 Run Configuration: Defining the Target AVD.
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10.3.10 Sample Localization Apps: WiFiTrain and WiFiLoc

WiFiTrain and WiFiLoc were developed and used by the authors to test RF fin-
gerprinting in indoor Wi-Fi networks. WiFiTrain is applied in the off-line training 
phase—it collects Wi-Fi scans, builds reference RF fingerprints, and stores them in 
a radio map for further use. WiFiLoc is employed in the online test phase. It collects 
Wi-Fi scans, builds a target fingerprint (Tfing), and compares it with the reference 
fingerprints (Rfings) stored in the radio map created by WiFiTrain. In their current 
version, those apps are suitable to be used only in the testbed. Additional features 
are required so that they can be applied in a real indoor positioning system. Some 
of those necessary upgrades would be:

Store the radio map in a location server. In the current version, the radio map • 

is maintained locally in the device used during the training phase; with this 
new feature, several mobile devices could be used in parallel to build and 
update the radio map (crowdsourcing) [13].
Report the target device position to the location server. If such a positioning • 

system would be used for assets tracking, this new feature would be manda-
tory; regarding tracking people, privacy issues would be raised. At any rate, 
the user should have the option to enable or disable this function.
Build a friendly UI. • WiFiTrain and WiFiLoc UIs are very simple, as those 
apps are used only by the location system designers and are employed solely 
to build and test the radio map. In the actual positioning system, a friendly UI 
should be offered, prompting the users to toggle on/off certain features (such 
as the one which allows their location to be reported back to the location 
server) and select services (for example, notifications about nearby stores, if 
the location system is being used in a shopping mall, or about nearby book-
shops, cafes, and labs, if the location system is being offered on a university 
campus).

In the following sections, which are aimed at readers already familiar with 
Java programming language, we will take a look at some of the key parts of the 
WiFiTrain an WiFiLoc source codes. As there is no room to go over all of it, we will 
focus on the instructions concerning the manipulation of the Android device Wi-Fi 
adapter to collect WiFi scans and assemble the RF fingerprints. Users that are new 
to Android applications development and would like to know more about this vast 
subject are recommended to consult [14–17].

10.3.10.1 WiFiTrain: Training WiFi Fingerprinting Localization

WiFiScanner1Activity is the main activity of WiFiTrain. It is launched when the app 
is loaded. First, the user is prompted to inform:

How many Wi-Fi scans are to be performed: the Wi-Fi scans are added to a • 

list, and are used to compose an Rfing of the current location;
An identifier for the current location, which is simply a string that allows • 

identification of the current symbolic location (i.e., it identifies the current 
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position within a building). For example: “Room 1 – First Floor”, or “Entrance 
Hall – East Section” would be valid symbolic location identifiers. This string 
is stored in the radio map as the symbolic location associated with the Rfing 
calculated at the current position.

The app then starts to collect Wi-Fi scans with a 100-ms interval between suc-
cessive attempts to collect samples. To do so, the Android Application Program-
ming Interface (API) public class WiFiManager must be imported,21 which is done 
by the following code: import android.net.wifi.WifiManager.

WiFiManager class provides functions for managing all aspects of Wi-Fi con-
nectivity. It yields information about available APs, allows establishing (or tearing 
down) a Wi-Fi connection, as well as performing Wi-Fi scans. It also permits the 
app to check the status of the Android device’s Wi-Fi adapter and turn it on or off. 
An instance (i.e., an object of that class) of the WiFiManager class is created by 
the following instruction: WifiManager wifiMngr.

Before starting scanning, the app must verify if the device Wi-Fi adapter is turned 
on. If it is not, the app must active it. This is done by the following code lines:

wifiMngr =  (WifiManager) getSystemService(Context.WIFI_ 
SERVICE);

if  (wifiMngr.isWifiEnabled()==false){wifiMngr.setWifiEnabled 
(true);}

After the number of scans to be performed and the symbolic location iden-
tifier are informed by the user, and the WiFiManager object ensures that the 
device Wi-Fi adapter is turned on, it is time to start scanning. This is done in 
a loop until the desired number of scans is reached. A vector of scan results is 
created—as a list of ScanResult objects22—to store the Wi-Fi scan results re-
turned by method getScanResults(). Note that only the SSID,23 BSSID,24 
and the RSS are stored in the lstScan array list, together with the current scan 
number (total).

wifiMngr.startScan();
List<ScanResult> results = wifiMngr.getScanResults();
for (ScanResult result : results) {
lstScan.add(new WiFiScan(result.SSID, result.BSSID,  result. 
level,total));}

The scan results are added to the list by creating a new instance of the WiFiScan 
class, whose parameters will receive the results of the scan. The WiFiScan class is 
defined by the following code:

public class WiFiScan {
public String SSID;
public String BSSID;

21. A full description of Android API classes can be found at developer.android.com/reference/packages.html.
22. ScanResult is an Android API public class that allows obtaining information about a detected AP.
23. The SSID is a string of characters defined by the network administrator. It can be seen as the network name.
24. The BSSID is the AP MAC address. Unlike the SSID, the BSSID is unique.
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public int RSSI;
public int scanNbr;

public WiFiScan(String s, String b, int r, int n){
SSID = s;
BSSID = b;
RSSI = r;
scanNbr = n; }}

The following code is inserted in a loop. While the required number of scans is 
not reached (total ≤ intScans, where total is the current scan number and 
intScan is the desired number of scans), more scans are performed and added to 
the lstScan array list, as already explained. When the desired number of scans 
is obtained, lstScan is passed on to the buildWiFiFinger() method of the 
WiFiScanner class. The WiFiScanner class processes the collected samples—
RSS values conversion between linear and logarithmic scales, calculating RSS aver-
age and median values, discarding invalid samples, selecting more representative 
APs, among other functions—and builds the Rfing. Method saveWiFiFinger() 
of the WiFiScanner class saves the newly assembled RF fingerprint in the radio 
map. While the Wi-Fi scans are being collected, a progress bar on the screen dis-
plays the current status.

if (total<=intScans)
{ progDialog.setProgress(total);}
else
{ WiFiScanner.saveWiFiFinger(lstScan,WiFiScanner. 
buildWiFiFinger (lstScan, intScans),
intScans, intDelay, strInfo,
Environment.getExternalStorageDirectory().getAbsolute-
Path()+ (/download/”);
dismissDialog(0);
finish();};

The RF fingerprint structure is defined by the WiFiFinger class. As the follow-
ing code shows, for each detected (and selected) AP it contains the network SSID, 
the AP BSSID, the minimum, median, and maximum RSS levels of that AP, as well 
as the RSS level standard deviation, calculated from all the Wi-Fi scans where that 
AP was detected. The last parameter (perc) indicates the percentage of valid scans 
calculated over all collected scans where that AP was detected. If an AP has a perc 
value below a certain threshold, it is not even included in the RF fingerprint. For 
selected APs (i.e., with perc above that minimum value) the higher the perc, the 
more representative that AP is at that particular location. As a result, perc can be 
included as a weight in the function that will compare the Tfing (collected during 
the on-line phase) with the Rfings stored in the radio map.

public class WiFiFinger{

public String SSID, BSSID;
public int median, max, min, stdDev; // in dB
public double perc;



326 Developing RF Positioning Applications for Mobile Devices

ART_Campos_Ch.10.indd                326                                        Manila Typesetting Company                                                                         05/15/2015 ART_Campos_Ch.10.indd                327                                        Manila Typesetting Company                                                                         05/15/2015

public WiFiFinger(String ssid, String bssid, int min, 
int median,
int max, int stdDev, double perc){

SSID = ssid;
BSSID = bssid;
this.min = min;
this.median = median;
this.max = max;
this.stdDev = stdDev;
this.perc = perc; }}

10.3.10.2 WiFiLoc: WiFi Fingerprinting Localization

WiFiLocActivity is the main activity of WiFiLoc. As soon as the app is launched, 
it verifies if the Wi-Fi adapter of the Android device is on and starts collecting 
Wi-Fi samples. The results are stored in an array list, just as in WiFiTrain app. 
After the required number of scans has been performed, a Tfing is assembled using 
the  buildWiFiFinger() method of the WiFiScanner class. Then, the radio 
map is loaded using the loadCDB() method of that same class. From within the 
 loadCDB(), the compareRfFinger() method is called, to compare the newly 
created Tfing with the Rfings stored in the radio map. It returns the identification 
of the best match and displays it to the user. The compareRfFinger() method 
source code is extensive, therefore it cannot be reproduced here. However, many 
comments have been added there to help the interested reader delve through it. The 
Java source code for all classes listed in Table 10.1 is available at subdirectory 
src/br/com/wifiscanner1  under the WiFiTrain directory or the WiFiLoc directory 
(for WiFiLocActivity source code).

10.3.10.3 Testing WiFiTrain and WiFiLoc Using an AVD

Running those apps in an Android emulator will result in a run-time error when 
the startScan() method is invoked. Therefore, before testing them in an AVD, 

Table 10.1 User-Defined Classes for WiFiTrain and WiFiLoc Apps

Class Method App Description

WiFiScanner1Activity – WiFiTrain Main activity
WiFiLocActivity – WiFiLoc Main activity
WiFiScan – both Defines Wi-Fi scan structure (fields)
WiFiFinger – both Defines RF fingerprint structure 

(fields)
WiFiScanner buildWiFiFinger both Builds the fingerprint using the scan 

results
WiFiScanner saveWiFiFinger WiFiTrain Save Rfings to the radio map
WiFiScanner loadCDB WiFiLoc Loads radio map
WiFiScanner compareRfFinger WiFiLoc Compares the Tfing with the Rfings 

and returns the estimated symbolic 
location
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make sure that the EMULATOR flag is set to TRUE. In that case, fictional networks 
with random RSS values are added to the scan array list that later is passed on to 
the buildWiFiFinger() method of the WiFiScanner class. The EMULATOR 
flag is declared in the main activities of WiFiLoc and WiFiTrain.

10.4 Summary

This chapter has presented two development environments for the creation of An-
droid apps: MIT App Inventor 2 and Eclipse with Android SDK. The screens, com-
ponents, and functional blocks of MIT App Inventor have been studied, as well as 
how to import and export projects in source code form (*.aia files) and how to test 
an app using MIT App Inventor 2 Companion. The installation of the Eclipse IDE 
and Android SDK has been detailed, step-by-step, as well as the postinstallation 
tasks, such as the download of additional packages using the Android SDK Man-
ager and the configuration of Android emulators using the AVD Manager. Three 
positioning apps for Android have been provided and analyzed, one created in MIT 
App Inventor 2 (Geofencing 1.0) and two developed using Eclipse with Android 
SDK (WiFiTrain and WiFiLoc). Geofencing 1.0 has been studied in detail, and some 
parts of the Java source code of WiFiTrain and WiFiLoc (the sections more relevant 
to the localization process) have been analyzed. All three sample localization apps 
are available at the book website.
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List of Acronyms

1×EVDO 1× Evolution Data Optimized
1×RTT 1× Radio Transmission Technology
2D Two-dimensional
2G Second Generation
3D Three-dimensional
3G Third Generation
3GPP Third Generation Partnership Program
4G Fourth Generation
A/D Analog to Digital
A/S Anti-Spoofing
ACK Acknowledgement
ADT Android Development Tools
AFH Adaptive Frequency Hopping
AGC Automatic Gain Control
A-GNSS Assisted GNSS
AGPS Assisted GPS
AI Artificial Intelligence
AltBOC Alternative BOC
AMC Adaptive Modulation and Coding
ANN Artificial Neural Network
AOA Angle-of-Arrival
AP Access Point
API Application Programming Interface
APK Android Application Package
APS Application Support Sublayer
ARIB Association of Radio Industries and Businesses
AS Augmentation System
ATIS Alliance for Telecommunications Industry Solutions
AVD Android Virtual Device
BGM Bayesian Graphic Model
BLE Bluetooth Low Energy
BOC Binary Offset Carrier
BPSK Binary PSK
BS Base Station
BSC Base Station Controller
BSS Base Station Subsystem (cellular networks)

or Base Service Set (WiFi networks)
BSSID BSS Identifier
BTS Base Station Transceiver
C/A Coarse Acquisition
CAP Contention Access Period 329
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CBC Cell Broadcast Center
CBOC Composite BOC
CCK Complementary Code Keying
CDMA Code Division Multiple Access
CFP Contention Free Period
CID Cell Identity
CIPCH Common Pilot Channel
CIR Channel Impulse Response
CM Connectivity Metric
COO Cell of Origin
COSPAS Cosmicheskaya Sistyema Poiska Avarinyich Sudov (in Russian)
CRLB Cramér-Rao Lower Bound
CS Circuit-Switched
CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
CSMA/CD Carrier Sense Multiple Access with Collision Detection
CTF Channel Transfer Function
CTS Clear to Send
CVIS Cooperative Vehicle-Infrastructure Systems
DBPSK Differential BPSK
DCM Database Correlation Method
DDP Dominant Direct Path
DEM Digital Elevation Model
DFT Discrete Fourier Transform
D-GNSS Differential GNSS
DGPS Differential GPS
DME Distance Measuring Equipment
DOA Direction-of-Arrival
DOP Dilution of Precision
DORIS Détermination d’Orbite et Radiopositionnement Intégré par
  Satellite (in French)
DPSK Differential PSK
DQPSK Differential QPSK
DSP Digital Signal Processor
DSSS Direct Sequence Spread Spectrum
E911 Enhanced 911
ECEF Earth Centered Earth Fixed
ECI Earth Centered Inertial
EDGE Enhanced Data Rates for GSM Evolution
EDR Enhanced Data Rate
EGNOS European GNSS Navigation Overlay System
EIRP Effective Isotropic Radiated Power
eLORAN Enhanced Loran
ELT Emergency Locator Transmitters
eNB Evolved Node B
ENU East, North, Up
EOTD Enhanced OTD
EPC Evolved Packet Core
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EPIRB Emergency Position Indicating Radio Beacon
ESA European Space Agency
ESInet Emergency Services IP Network
ESPRIT EStimation of Parameters via Rotational Invariance Techniques
ESS Extended Service Set
ETSI European Telecommunications Standard Institute
FCC Federal Communications Commission
FCF Frequency Coherence Function
FDD Frequency Division Duplexing
FDMA Frequency Division Multiple Access
FEC Forward Error Correction
FFD Full Function Device
FHS Frequency Hopping Sequence
FHSS Frequency Hopping Spread Spectrum
GA Genetic Algorithm
GAGAN GPS Aided Geo Augmented Navigation
GBAS Ground-Based Augmentation System
GDOP Geometric Dilution of Precision
GEO Geostationary Earth Orbit
  or Geosynchronous Equatorial Orbit
GEOSAR GEO Search and Rescue system
GERAN GSM/GPRS/EDGE Radio Access Network
GFSK Gaussian Frequency-Shift Keying
GLONASS Globalnaya Navigatsionnaya Sputnikovaya (in Russian)
GMLC Gateway Mobile Location Center
GMSK Gaussian Minimum-Shift Keying
GNSS Global Navigation Satellite System
GPRS General Packet Radio Service
GPS Global Positioning System
GRPR Golden Receive Power Range
GSA European Global Navigation Satellite Systems Agency
GSM Global System for Mobile Communications
GTD Geometric Time Difference
HAR Hacking at Random
HAXM Hardware Accelerated Execution Manager
HCI Host-Controller Interface
HDoP Horizontal DoP
HF High Frequency
HR-DSSS High Rate DSSS
HS High Speed
HSDPA High-Speed Downlink Packet Access
HSUPA High-Speed Uplink Packet Access
IAP Intersection of Access Points
IBSS Independent Basic Service Set
IDE Integrated Development Environment
IDFT Inverse DFT
IEEE Institute of Electrical and Electronics Engineers
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IFS Inter-frame Space
IGSO Inclined Geo-Synchronous Orbit
IP Internet Protocol
IRNSS Indian Regional Navigational Satellite System
IR-UWB Impulse Radio UWB
ISM Industrial, Scientific and Medical
ITRI Industrial Technology Research Institute
ITU International Telecommunication Union
JDK Java Development Kit
JDT Java Development Tools
KNN K Nearest Neighbors
L2CAP Logical Link Control and Adaptation Protocol
LAN Local Area Network
LBS Location-Based Services
LCS Location Services
LEO Low-Earth Orbit
LEOSAR LEO Search and Rescue system
LF Low Frequency
LLOP Linear LOP
LLS Linear Least Squares
LMP Link Manager Protocol
LMU Location Management Unit
LOCA Location on the Conic Axes
LOP Line-of-Position
LORAN Long Range Navigation
LOS Line-of-Sight
LoST Location-to-Service Translation Protocol
LPP LTE Positioning Protocol
LPPa LPP Annex
LQI Link Quality Indicator
LR Location Request
LS Least Squares
LTE Long-Term Evolution
LUT Local User Terminal
MAC Medium Access Control
MAN Metropolitan Area Networks
MBOC Multiplexed BOC
MB-OFDM Multi-band OFDM
MCS Master Control Station
MDS Multi-Dimensional Scaling
MEO Medium-Earth Orbit
MEOSAR MEO Search and Rescue system
MF Medium Frequency
MIMO Multiple-input Multiple-output
MIT Massachusetts Institute of Technology
MLE Maximum Likelihood Estimation
MS Mobile Station
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MSC Mobile Switching Center
MSE Mean Squared Error
MT-LR Mobile Terminated LR
MTSAT Multi-Functional Transport Satellite
MUSIC MUltiple SIgnal Classification
NAVSAT Navy Navigation Satellite System
NAVSTAR Navigation System Using Timing and Ranging
NDDP Non-dominant Direct Path
NG911 Next Generation 911
NI-LR Network Initiated LR
NLOS Non LOS
NMR Network Measurement Report
NNSS Nearest Neighbor in the Signal Space
NSS Navigation Satellite System
OBEX Object Exchange
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal FDMA
OQPSK Offset QPSK
OS Open Service
OSI Open Systems Interconnection
OTD Observed Time Difference
OTDOA Observed TDOA
OTDOA-IPDL OTDOA with Idle Period in the Downlink
OTDOA-PE OTDOA with Positioning Elements
P2P Peer-to-peer
PC Principal Component
PCA Principal Component Analysis
PDoP Position DoP
PE Positioning Element
PLB Personal Locator Beacons
PLL Phase-Locked Loop
PLMN Public Land Mobile Network
PN Pseudo-Noise
POMA Positioning and Mapping
PPS Precise Positioning Service
PRN Pseudo-Random
PRS Public Regulated Service
PS Packet-Switched
PSAP Public Safety Answering Point
PSK Phase-Shift Keying
PVT Position, Velocity and Time
QAM Quadrature Amplitude Modulation
QoS Quality of Service
QPSK Quadrature PSK
QZO Quasi-Zenith Orbit
QZSS Quasi-Zenith Satellite System
RAIM Receiver Autonomous Integrity Monitoring
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RAM Random Access Memory
RAN Radio Access Network
RDF Radio Direction Finding
RF Radio-Frequency
RFD Reduced Function Device
Rfing Reference Fingerprint
RMS Root Mean Square
RNSS Regional Navigation Satellite Systems
RRC Radio Resource Control
RRLP Radio Resource LCS Protocol
RSS Received Signal Strength
RTD Real-Time Difference
RTS Request to Send
RTT Round-Trip Time
RWGH Residual Weighting
S&R Search and Rescue
SAE System Architecture Evolution
SARP Search and Rescue Processor
SARR Search and Rescue Repeater
SARSAT Search And Rescue Satellite-Aided Tracking
SBAS Satellite-Based Augmentation System or Space-Based
  Augmentation System
SDCM System for Differential Corrections and Monitoring
SDK System Development Kit
SDP Service Discovery Protocol
SECOR Sequential Collation of Range
SET SUPL Enabled Terminal
SIG Special Interest Group
SIM Subscriber Identification Module
SLP SUPL Location Platform
SMLC Serving Mobile Location Center
SMS Short Message Service
SNR Signal-to-Noise Ratio
SoL Safety-of-Life
SOM Self-Organizing Map
SPS Standard Positioning Service
SS Space Segment
SSD Signal Strength Difference
SSID Service Set Identifier
SUPL Secure User Plane
SVM Support Vector Machine
TA Timing Advance
TAI Temps Atomique International (in French)
TCS Telephone Control Protocol Specification
TDM Time Division Multiplexing
TDMA Time Division Multiple Access
TDOA Time Difference of Arrival
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TDOP Time Dilution of Precision
TEC Total Electron Content
Tfing Target Fingerprint
TMBOC Time Multiplexed BOC
TOA Time of Arrival
TOF Time of Flight
TOT Time of Transmission
TPL Transmitted Power Level
TR Technical Report
TS Technical Specification
TTA Telecommunications Technology Association
TTC Telecommunication Technology Committee
TTFF Time-to-first-fix
UAP Union of Access Points
UDP Undetected Direct Path
UE User Equipment
UERE User Equivalent Range Error
UHF Ultra High Frequency
UI User Interface
ULA Uniform Linear Array
UMTS Universal Mobile Telecommunications System
US User Segment
UTC Coordinate Universal Time
UTDOA Uplink TDOA
UTM Universal Transverse Mercator
UWB Ultra-Wideband
VDoP Vertical DoP
VHF Very High Frequency
VoIP Voice-Over-IP
VOR VHF Omnidirectional Ranging
WAAS Wide Area Augmentation System
WAF Wall Attenuation Factor
WARN Wide Area Reference Network
WCDMA Wideband CDMA
WEP Wireline Equivalent Privacy
WGS World Geodetic System
WiFi Wireless Fidelity
w-KNN Weighted KNN
WLAN Wireless LAN
WPA WiFi Protected Access
WPAN Wireless Personal Area Network
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1xEVDO, 116
1xRTT, 115
2D positioning

ANN-based pattern matching, 160–61
with circular multilateration, 162–63
context-aware radio maps, 157–58
on-demand radio maps, 158–60
with fingerprinting + RSS-based  

multilateration, 161–62
nearest neighbor in signal space (NNSS), 

155–56
with RF fingerprinting, 154–61

2G, 113–15
2.5-D positioning (multifloor), 163–65
2.5G, 115
3G, 115
3GPP, 117–18
3.5G, 116

A

Access points (APs), 105, 143, 157
intersection of (IAP), 158–59
union of (UAP), 158, 159

Accuracy
AOA positioning, 52
defined, 5
precision versus, 6

Adaptive frequency hopping (AFH), 239
ADT Bundle, 316–17
ADT plug-in for Eclipse, 316
A-GNSS, 205–6, 209
Aircraft in distress, locating, 24
AI systems, 261–99

backpropagation ANNs, 277–86
datasets in experimental evaluations, 

269–70
direct MS positioning (ANNs), 277–80

direct MS positioning (FIS), 295–99
fuzzy logic, 267–69
introduction to, 261–62
location accuracy prediction, 280–86
machine learning, 262–67
multifloor indoor positioning, 286–94
optimized search with GA, 271–76
summary, 299

Alliance for Telecommunications Industry 
Solutions (ATIS), 117

Almanac-based DGPS (DGPS-A), 134
Alternative BOC (AltBOC), 190
Anchor station. See Reference station
Android SDK

ADT Bundle, 316–17
ADT plug-in for Eclipse, 316
application creation, 320
AVD Manager, 317–18
Eclipse IDE, 316
Hardware Accelerated Execution  

Manager (HAXM), 318–20
packages, 315
Run Configuration creation, 320–22
sample localization apps, 323–27
supported operating systems, 316
See also App development

Android Virtual Devices (AVDs), 315
Angle of arrival (AOA)

defined, 51
measurements, 51
multiple, 68
See also AOA positioning

Angular ring section, 20, 21
ANN-based pattern matching, 160–61
AOA/DOA estimation

basic principles, 66–68
basic solutions, 68

Index
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CRLB on, 72–73
multiple AOA, 68
narrow-band arrays, 68
overview, 66
problem illustration, 66
uniform linear array (ULA), 69–70

AOA positioning
accuracy, 52
in cellular networks, 131
defined, 51
illustrated, 51
in NLOS propagation environment, 52

App development
with Android SDK, 315–17
introduction to, 303–4
with MIT App Inventor 2, 304–15
summary, 327

Artificial neural networks (ANNs), 90, 
152–53

backpropagation, 277–86, 290–91
classifier, 280
committees of, 286–94
multilayer backpropagation, 265
training, 264–65

Assisted GPS (AGPS), 153, 154
Assisted operation mode, 205–6
Association of Radio Industries and  

Businesses (ARIB), 117
Atheros adapter, 106, 107
Augmentation systems, 207
Automatic gain control (AGC), 64–65
AVD Manager, 317–18

B

Backpropagation ANNs
committees of, 290–91
direct MS positioning with, 277–80
use of, 277

BeiDou/Compass
BeiDou-1, 185
BeiDou-2, 185
CDMA, 187
control segment, 221–22
defined, 220
development and deployment, 221
history and administration, 220–21

NAVs, 222–23
services, 221
signals and messages, 222–23
space segment, 221
time and coordinate systems, 223
user segment, 222
See also Global Navigation Satellite 

Systems (GNSS)
Binary offset carrier (BOC), 190
Blocks Window, MIT App Inventor 2

Blocks section, 309
defined, 308
illustrated, 309
Viewer section, 310

Bluetooth Low Energy (BLE), 241
Bluetooth networks

adaptive frequency hopping (AFH), 239
evolutionary path, 239–41
fingerprinting-based solutions, 246–50
introduction to, 237
overview, 237–38
pattern matching, 247–49
piconets, 238
positioning in, 241–50
power classes, 238
protocol architecture, 238–39
protocol stack, 239
ranging with two-slope model, 244–46
real-time calibration, 243–44
RSS-based multilateral solutions, 242–46
search space reduction, 249–50
summary, 256–57
UWB networks versus, 253

C

CDB filtering
example illustration, 98
examples, 99–102
first step, 98
overview, 97–98
second step, 98–99
third step, 99

Cell identity (CID), 16
Cellular network positioning, 113–34

GSM/GPRS/EDGE LCS architecture, 
120–29
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intrinsic capabilities, 119–20
introduction to, 113
LTE LCS architecture, 134–38
summary, 138
UMTS LCS architecture, 129–34

Cellular networks
1xEVDO, 116
1xRTT, 115
2G, 113–15
2.5G, 115
3G, 115
3GPP, 117–18
3.5G, 116
4G, 116
CDMA, 114, 115
EDGE, 115
GPRS, 115
GSM, 113–15
HSDPA, 116
LTE, 116
LTE-Advanced, 116
technology review, 113–18
UMTS, 115

Centroids
centroid of angular ring section, 20, 122
centroid of predicted best server area, 

20–21
defined, 19
methods, 19–21
simple centroid, 19
types of, 19–22
weighted centroid, 19–20

Channel transfer function (CTF), 256
China Communications Standards  

Association (CCSA), 117
CID-based positioning, 129–30
Circuit-switched (CS) data, 113
Circular multilateration

circular LOPs, 31–32
defined, 17
illustrated, 18
LOPs in, 33
NLOS parameters, 36–37
position fixes with, 32
with RSS measurements, 40–43
with RTS/CTS distance estimator, 162–63

with time-of-arrival measurements, 32–39
See also Multilateration

Code division multiple access (CDMA)
defined, 58, 115
evolutionary path, 114
use of, 187

Code division multiplexing (CDM), 82
Collaborative services, 185–86
Committees of ANNs

floor classification with, 290–91
training, 292–93

Complementary Code Keying (CCK), 145
Composite BOC (CBOC), 190
Connectivity-based localization, 174–75
Context-aware radio maps, 157–58
Control segment, 190, 209

BeiDou/Compass, 221–22
GALILEO, 225–26
GLONASS, 218
GPS, 214

Cooperative Vehicle-Infrastructure Systems 
(CVIS) project, 151

Correlation database (CDB)
building, 150
defined, 79–80, 83
from field measurements, 84–85
indexed list, 83
mixing predicted and measured values, 

87–88
overview, 83
from propagation modeling, 85–87
structure, 83–84
summary, 108–9
tuning, 88–89
uniform grid, 84
See also RF fingerprints

Correlation space, 271
COSPAS-SARSAT, 185, 227–31

defined, 227
equipment, 227
GEOSAR, 230–31
LEOSAR, 228–30
MEOSAR, 231
overview, 227–28

Cramer-Rao lower bound (CRLB)
defined, 55
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on distance estimates by means of AOA, 
74–75

on distance estimates by means of RSS, 
72–73

on distance estimates by means of TOA, 
70–72

Cross-device effect, 94
CSMA with collision detection 

(CSMA/CD), 146, 147–48
Cumulative distribution function (CDF), 6, 

106–8, 274–75

D

Database correlation method (DCM), 16, 
27, 142

Designer Window, MIT App Inventor 2
Components section, 308
illustrated, 306
Palette section, 305–8
Properties section, 308
Viewer section, 308

Deterministic propagation models, 85
D-GNSS, 206, 209
DGPS-A, 134
DGPS-E, 134
Differential binary phase-shift keying  

(DBPSK), 144
Differential quadrature phase-shift keying 

(DQPSK), 144
Dilution of (DOP)

geometrical (GDOP), 197–200
horizontal (HDOP), 197–200
orbit influence on, 200
position (PDOP), 197
time (TDOP), 197
vertical (VDOP), 197–200
See also Position fix

Direct MS positioning (ANNs), 277–80
ANN training and topology, 278
with backpropagation ANNs, 277–80
experimental evaluation, 278
experimental results, 279–80
supervised learning phase, 277–78

Direct MS positioning (FIS), 295–99
experimental evaluation, 295–99
experimental results, 297–99
FIS input variables, 295–96

FIS MS position estimation, 297
FIS output variable, 296
FIS set of rules, 297
overview, 295

Direct sequence spread spectrum (DSSS)
CCK with, 145
defined, 58
ISM band, 144
procedure example, 59–60
TOA estimation with, 57–60

Discrete Fourier transform (DFT), 70
Dispersion measures, 6
Distance in RSS space

metrics, 90–92
overview, 90
penalty term inclusion, 93
penalty term with SAD, 93
quantized RSS levels, 92–93
weights based on RSS levels, 93–94
weights based on RSS ordering, 94

Distance measuring equipment (DME), 15
Distance metrics, 90–92
Dominant direct path (DDP), 253
Doppler frequency, 200–201

E

E112 service, 25
E911 service, 24–25
Early-gate gate synchronizer, 63
ECEF Cartesian coordinates system, 202
ECI coordinate system, 202–3
Eclipse IDE

Android project creation, 320
defined, 316
Run Configuration creation, 320–22

Effective isotropic radiated power (EIRP), 
42

Emergency call location, 2
Empirical propagation models, 85
Enhanced cell identity (ECID), 122
Enhanced Data Rates for GSM Evolution 

(EDGE), 115
Enhanced Loran (eLoran), 16
Enhanced observed time difference 

(EOTD), 122–24, 132
Ephemerides and clock, 204
Ephemeris-based DGPS (DGPS-E), 134
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Equisignal zones, 11
Error sources, 203–7

ephemerides and clock, 204
GNSS extensions for countermeasures, 

205–7
ionospheric propagation, 204–5
multipath effects, 203–4
overview, 203
tropospheric propagation, 205
UERE, 205
See also Global Navigation Satellite 

Systems (GNSS)
Estimation

AOA, 66–70
basic principles, 55
limits on, 70–75
RSS, 63–65
summary, 75
TDOA, 63
TOA, 55–63

Estimation of parameters via rotational 
invariance techniques (ESPRIT), 68

Euclidean distances, 90–92
European GNSS Navigation Overlay System 

(EGNOS), 207
European Telecommunications Standard 

Institute (ETSI), 117
Evolutionary learning, 263, 266–67
Experimental evaluations, 103–8

direct MS positioning (ANNs), 278
direct MS positioning (FIS), 295–99
indoor test in Wi-Fi networks, 105–8
location accuracy prediction, 284–86
multifloor indoor positioning, 291–94
optimized search with GA, 273–76
outdoor test in GSM network, 104–5
overview, 103–4

Extended service set, 144

F

Filtering, CDB, 97–102
Fingerprinting. See RF fingerprints
Fingerprinting + RSS-based multilateration, 

161–62
Fingerprinting-based solutions, 149–53
4G, 116
Frequency division duplexing (FDD), 36

Frequency division multiple access 
(FDMA), 113, 187

Frequency hopping spread spectrum 
(FHSS), 144

Full function device (FFD), 167
Fuzzy inference system (FIS)

defined, 268–69
direct MS positioning with, 295–99
input variables, 295–96
MS position estimation, 297
output variable, 296
set of rules, 297

Fuzzy logic, 267
Fuzzy sets, 267–68

G

GALILEO
CDMA, 187
control segment, 225–26
deployment phases, 223–24
history and administration, 223–24
NAVs, 226–27
services, 224–25
signals and messages, 226–27
space segment, 225
time and coordinate systems, 227
user segment, 226
See also Global Navigation Satellite 

Systems (GNSS)
Galileo System Time (GST), 227
Galileo Terrestrial Reference Frame 

(GTRF), 227
Gateway mobile location center (GMLC), 120
Gaussian minimum-shift keying (GMSK), 115
Gee-H, 13–14
Gee system, 11–12
General Packet Radio Service (GPRS), 115
Genetic algorithms (GAs), 97

in correlation space reduction, 271
defined, 261
evolutionary learning, 263
optimized search with, 271–76

Geodetic coordinates system, 203
Geofencing, 3
Geofencing 1.0

components, 311–12
event handlers, 312–15
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global variable initiation, 311
overview, 310–11
See also MIT App Inventor 2

Geometrical dilution of precision (GDOP), 
197–200

Geometric time difference (GTD), 123
GEOSAR, 228, 230–31
Global Navigation Satellite Systems 

(GNSS), 15, 179–232
basics, 186–210
contemporaneous and future, 182–84
control segment (CS), 190, 209
COSPAS-SARSAT, 227–31
error sources, 203–7
general model, 186–91
introduction to, 179–80
MEO satellites, 184
multiple access techniques, 187
NAVs, 188–89, 190, 209
NSSs, 179–86
position fix, 191–201
reference frame, 202–3
satellites, 180
segments, 190–91
signal in space, 189–90
space segment (SS), 190
summary, 231–32
See also GNSS receivers; GNSS variations

Global Space Agency (GSA), 182
Global System for Mobile Communication 

(GSM), 56
defined, 115
evolutionary path, 114
resolution hierarchy, 119

GLONASS, 182, 183
control segment, 218
FDMA, 187
history and administration, 216–17
modernization signals, 220
NAVs, 219
receivers, 217
satellite constellation design, 193, 217
services, 217
signals and messages, 219–20
space segment, 218
time and coordinate systems, 219–20
user segment, 218

See also Global Navigation Satellite 
Systems (GNSS)

GNSS-based positioning, 125–26, 131
GNSS extensions for countermeasures

assisted operation mode, 205–6
augmentation systems, 207
D-GNSS, 206
integrity, 206–7

GNSS receivers
block diagram, 208
components, 207
detection and tracking, 209
features, 209
navigation processor, 209
signal filtering, 207
See also Global Navigation Satellite 

Systems (GNSS)
GNSS variations, 210–27

GLONASS, 216–20
GPS, 211–16
overview, 210–11

GPS
CDMA, 187
control segment, 214
history and administration, 211
modernization signals, 216
NAVs, 215–16
services, 212
signals and messages, 214–16
space segment, 212–14
time and coordinate systems, 216
user segment, 214
See also Global Navigation Satellite 

Systems (GNSS)
GPS Aided Geo-Augmented Navigation 

(GAGAN), 207
Ground-based augmentation systems 

(GBASs), 206, 207
GSM cellular network, outdoor test, 104–5
GSM/GPRS/EDGE LCS architecture, 120–29

EOTD positioning, 122–24
GMLC, 120, 122
GNSS-based positioning, 125–26
LMUs, 120, 121–22
network elements, 120–22
radio resource LCS protocol (RRLP), 

127–29
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SMLC, 120, 121
standard LCS methods, 122–26
TA positioning, 122
UTDOA positioning, 124–25
See also Cellular network positioning

H

Hamming distance, 95
Hardware Accelerated Execution Manager 

(HAXM), 318–20
Hidden terminal problem, 147
High-speed downlink packet access  

(HSDPA), 116
Horizontal dilution of precision (HDOP), 

197–200
Hyperbolic multilateration, 43–51

defined, 17
illustrated, 18, 44
line-of-position (LOP), 43, 44
navigation systems, 46
time difference of arrival (TDOA), 43–46

I

IEEE 802.11 networks
architecture, 143–44
defined, 142
link layer, 145–48
physical layer, 144–45
standards physical layer characteristics, 143

Independent basic service set (IBSS), 144
Indexed list, CDB, 83
Indian Regional Navigational Satellite 

System (IRNSS), 184–85
Indoor test, Wi-Fi networks, 269–70

access points, 105
environment, 107
location error CDF, 106, 108
overview, 105–6

Industrial, scientific, and medical (ISM) 
band, 142

Integrity, 206–7
Interframe space (IFS), 147
International Telecommunications Union 

(ITU), 186
Intersection of access points (IAP), 158–59
Inverse discrete Fourier transform (IDFT), 256
Ionospheric propagation, 204–5

IS-95, 113
IS-95B, 115

K

Kalman filtering, 194
K-means clustering, 249–50
K nearest neighbors (KNNs), 90, 103, 150
Kohonen layers

with conscience, 289, 291–92
illustrated, 266
unsupervised learning, 263

L

LEOLUTs, 230
LEOSAR

current setup, 230
defined, 228
GEOSAR beacons versus, 228
global mode, 229–30
LEOLUTs, 230
local mode, 229
overview, 228–29
search and rescue processor (SARP), 

229, 230
use of Doppler effect, 229
See also COSPAS-SARSAT

Linearization
position fix, 195–96
with secant lines, 34, 35, 36

Linear least squares (LLS)
circular multilateration, 32, 36
hyperbolic multilateration, 47–50
with Taylor series linearization, 47–50

Line-of-position (LOP)
in circular multilateration, 31–32, 33
defined, 5
hyperbolic multilateration, 43, 44

Link layer, IEEE 802.11 networks, 145–48
Local East, North, Up coordinates system, 203
Location, 4
Location accuracy prediction

ANN accuracy classification, 284
ANN training and topology, 285
with backpropagation ANNs, 280–86
classifier input vector, 282
drive test scenario, 284
experimental evaluation, 284–86
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experimental results, 285–86
input vector dimension reduction, 283
MS position accuracy, 282
overview, 280–84
RF+FING+RTD-PRED configuration, 

284–85
solution diagram, 281

Location areas (LAs), 119
Location-based billing, 2
Location-based marketing, 3
Location-based social networks, 3
Location estimates averages, 102–3
Location management units (LMUs), 120, 

121–22, 125
Location server, 80
Location-to-Service Translation (LoST) 

protocol, 25
Long-Term Evolution. See LTE
Loran-A, 14
Loran-C, 15
Loran chains, 15
Loran triplet, 15, 43
LTE, 116
LTE-Advanced, 116
LTE LCS architecture

LPP, 135–38
network elements, 134–35
supported positioning methods, 135

LTE Positioning Protocol (LPP), 135–38

M

Machine learning
defined, 262–63
evolutionary learning, 263, 266–67
supervised learning, 263, 264–65
unsupervised learning, 263, 265–66
See also AI systems

Matched filters
RSS estimation with, 65
in signal corruption detection, 61
timing recovery and, 60–62
TOA estimation with, 60–63

Maximum likelihood estimation cooperative 
positioning, 169–71

MEOSAR, 231
Metropolitan area networks (MANs), 84

MIT App Inventor 2
Blocks Window, 308–10
defined, 304
Designer Window, 305–8
developing Android apps with, 304–15
Projects Window, 305
sample app, 310–15
testing apps with, 310
See also App development

MIT App Inventor 2 Companion, 310
Mobile switching centers (MSCs), 119
Modernization signals

GLONASS, 220
GPS, 216

Moving average filter, 103, 104
MS-based methods, 23
Multiangulation, 18–19, 51–52

illustrated, 19
UWB networks, 253

Multi-band orthogonal frequency division 
multiplexing (MB-OFDM), 251

Multidimensional scaling (MDS), 171
Multifloor indoor positioning

committees of ANNs, 290–91
experimental evaluation, 291–94
experimental results, 293–94
floor classification, 290–91
indoor measurement campaign, 291
with Kohonen layer with conscience, 289
number of clusters, 288–89
overview, 286–88
solution diagram, 287
training, 291–93
unsupervised clustering, 288–89

Multifloor positioning, 163–65
Multilateration, 17–18, 31–51

Bluetooth networks, 242–46
circular, 17, 18, 31–43
hyperbolic, 17, 18, 43–51
UWB networks, 254

Multipath effects, 203–4
Multiple AOA, 68
Multiple-input-multiple-output (MIMO), 

145
Multiple signal classification (MUSIC), 68
Multiplexed BOC (MBOC), 190
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