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Abstract

Context. Localization and positioning services are nowadays very extended and
the growth is still continuing. Many places already provide wireless tracking sys-
tems to monitor the people or material movements, specially indoors. The new
arising ZigBee wireless technology provides an e�cient network management and a
low battery consumption, making it appropriate for location purposes in portable
devices like mobile phones.

Objectives. The aim is to locate a ZigBee device located inside a golf ball that
has been lost within an outdoors area. An Android phone connected to a ZigBee
device via USB will serve as coordinator of the localization network and by giving
on-screen instructions and guidance provided by the conceptual Decision Support
System (DSS).

Methods. The measurement used in the localization process is the Received Sig-
nal Strength (RSS). With this data, the distance between the sensors can be
estimated. However to obtain an accurate position several readings from di�er-
ent sensors might be needed. This paper tests the precision levels of the ZigBee
modules varying the number of sensors in the localization network and using the
triangulation method.

Results. The precision is the main variable measured in the results, which reaches
distance variation of less than 1 meter in cases where the triangulation approach
can be applied. For the localization process, the use of less than three sensors lead
to very poor results, obtaining a wrong localization in around 30% of the cases.
Also, movement patterns were discovered to improve the localization process. All
this data can be used as an input for the DSS for future improvements.

Conclusions. This study proves that outdoor positioning with ZigBee devices is
possible if the required level of precision is not very high. However, more studies
concerning localization with less than three sensors have to be conducted to try
to reach the goal of one-on-one localization. This study opens the door for further
investigations in this matter.

Keywords: ZigBee, Android, positioning, RSSI, triangulation.
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Chapter 1

Introduction

With the development of newer technologies, localization and positioning systems
have become very common in daily use, not only for engineering research, but
also for ordinary positioning devices such as Global Positioning System (GPS),
which is at the moment present in most of the daily use devices.

Many places are nowadays provided with tracking systems using Wi-Fi archi-
tecture, especially indoors, to monitor the actions of the people inside them or
control some devices remotely. This is because of the crescent demand of internet
installation and wireless devices compatible with this technology. But in many
cases, both in indoor and outdoor environments, Wi-Fi spots may not be available
or the installation may not be feasible and other techniques have to be applied.

Some alternatives to Wi-Fi in terms of positioning reside on other protocols
based on the IEEE 802.15 standard, such as Bluetooth1 or ZigBee. These short
range technologies focus on low data rate and low battery consumption, making
them appropriate for small portable devices such as mobile phones.

For millions of average to above average golfers there are at least ten to twenty
shots per round of golf that are left or right of target and prove di�cult to locate
whether they land in the tall grass or perhaps the brambles and woods. The
scavenger hunt that ensues, because that is just what it is when you wish to also
capitalize and �nd balls from other unfortunates, takes time and focus away from
the game.

Not �nding the lost ball leads to penalty strokes in the game and adversely
impacts that score card. Furthermore, golf is a luxury sport where it is not un-
common to purchase $4.00 golf balls or $400.00 clubs. Golfers by and large are in
favour of technology with increasing numbers making use of iPhone or Android
type phones equipped with GPS and software to track scores, locate distances to
the hole, and much more.

1More info at the Bluetooth technology website (http://www.bluetooth.com/)

1
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The proposed alternative is a complete solution whereby the average to above
average golfer can leverage technology to locate their golf balls in a more e�cient
and e�ective way and, best of all, expose the solution to a mass market using
the Android, iPhone, BlackBerry and other advanced personal devices capable of
download and operation of the proposed software solution.

The key to it all is a ZigBee enabled golf ball. The core of the solution (golf
ball) is, literally, a ZigBee radio with a >20m range, bi-directional messaging,
and other features that will allow the golfer to save time and money in locating
the golf ball, but will also allow them to �nd the balls for those in their foursome.

All golfers wish to score well and dread the walk of shame into the deep grass
or shadowy woods in search of that errant shot. Even the novice golfer will at
times grasp the competitiveness of the game and go to great lengths to �nd that
deviated ball and avoid the penalty strokes assessed for a lost shot. The proposed
solution: ZigBee Golf solution will allow the golfers to use their own mobile phone
(Android, iPhone, etc.) that is usually within reach to help with the localization
of that allusive ball.

Most golfers are aware of the general vicinity of the shot and that is where they
will activate the mobile phone software and the ZigBee radio to help themselves
on the precise location of the ball. The technology not only will facilitate a single
device and golfer to search but potentially the entire foursome. For some golfers
the �nal score may not be something to worry about, but �nishing a round with
the same ball or having lost just one or two is an achievement and ultimately a
good value if you were to add up the cost of all those regular balls that could not
otherwise be found.

The current solutions available for location and positioning inside a wireless
network are based on �xed beacons. These solutions become e�ective when using
them in indoors environments, where the distance between sensors is low enough
to reach every installed beacon. Also, an elevated amount of space is required, as
the calculations are made based on a aforementioned pre-established database,
which is not possible to use if the network is formed in a di�erent environment,
such as outdoors like in this case, where that amount of storage space is not easily
available.
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1.1 Thesis statement

The main objective of this research is providing a reliable and general solution to
a localization problem, such as locating small objects like golf balls in wide out-
doors spaces. Using a standardized communication technology without the need
of extra radiofrequency (RF) technologies not integrated in daily use devices and
without beacon installation for both the location and the information storage is
crucial for this purpose and could open a whole line of investigation on this matter.

As said, this study is intended for outdoor environments and will be developed
following a systematic method (see Section 4.2). The basic procedures that need
to be covered inside this systematic method include from network con�guration
and communication between devices to statistical analysis of the data to compare
the accuracy between di�erent methods and technologies.

The objective is to use ZigBee communication standard, which will be inte-
grated during the next years in millions of devices2 all around the world (such
as mobile phones) and two di�erent experiments for the positioning estimation.
The �rst one will estimate the module position from a static position and mea-
sure the precision. In the second one a real life situation will be tested where the
searching device will be moving around the working area. In both experiments
extra randomly located beacons will be needed to improve the accuracy.

To perform the necessary calculations for the distance estimation, an Android
application with an integrated conceptual DSS will be developed. It will start the
communication between every module in range (which were in a standby mode
waiting for incoming signals). Once it sends this �rst message, every sensor will
start communicating to update the network location information and it will sup-
port the user during the localization process.

The Android terminal (integrated with a ZigBee capable module) will be mov-
ing around the rest of the sensors in the network. Alongside with the implementa-
tion of the Android application, a ZigBee prototype will be created to communi-
cate with the Android phone and collect the necessary data from the observations.

To continue with the study a statistic analysis will be performed comparing
the results given depending on the number of sensors within the network and the
di�erent movement patterns used during the process. After that a comparison
with previous studies based on other wireless technologies like Bluetooth will be
performed. As a standardized and integrated solution, ZigBee will open a wide
range of development possibilities for future work.

2According to a study performed by ZigBee Alliance (https://www.zigbee.org/)

https://www.zigbee.org/
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Research questions

According to these objectives, some research questions are de�ned to proceed
with the study:

RQ1: How long will it take to locate all the necessary sensors inside the net-
work in a precise way?

When the application starts running, all the modules are hypothetically in
a standby mode waiting for incoming signals. Once the terminal sends the �rst
request, every module receiving it is supposed to start communicating to update
the network location information.

RQ2: How is the sensor number inside the network related to the precision
estimation?

The modules will be distributed in random positions within the search area.
Moreover, the number of sensors can change as well. Learning how this variables
a�ect the observations can greatly improve the data outputs for future work.

RQ3: What is the impact of the movement patterns of one of the ZigBee mod-
ules inside the searching area on the position estimation?

The Android terminal will be carried by the golfer who is supposed to be
moving around the rest of the sensors in the network. While moving, the location
information is constantly changing and all the modules have to be updating it in
real time.

1.2 Outline

The remainder of this paper is organized as follows: Chapter 2 describes ZigBee
technology and its speci�cation. Chapter 3 contains a review on the related work.
The required hardware and software alongside with the methodology to perform
the study will be explained in Chapter 4.

After that, the experiments that are going to be carried out are detailed in
Chapter 5. The results of the applied techniques are presented in Chapter 6
and properly analysed an compared in Chapter 7. Finally, a presentation of the
conclusions and future work can be found in Chapter 8.



Chapter 2

ZigBee technology

While Bluetooth has rapidly spread all around the world, ZigBee is an upcoming
technology which will be present in most of the devices within the next years,
specially because of its extremely low battery consumption compared to other
wireless technologies as proven in studies like [1] or [2]. Additionally, it o�ers low
cost and a standardized solution for short range wireless communication [3].

Even though its data rate is lower than in Bluetooth (250kbps compared to
3000kbps [3]), this fact makes it more appropriate for environments where the
amount of information sent is not elevated, particularly in home automation
where it is a very extended solution. However, recent studies have proven that
this kind of technologies can be also used for close range tracking and positioning
(see Chapter 3) with acceptable accuracy results.

Furthermore, the power draw in Bluetooth capable devices is greater and not
as optimized of a technology as the Zigbee. For the purposes of this document,
one can consider the ZigBee technology as a major advancement in the Bluetooth.

Although many devices are nowadays not capable of providing ZigBee com-
munication, some solutions for communicating Bluetooth and ZigBee have been
proposed [4], [5]. These papers suggest the use of a gateway to allow both stan-
dards to communicate and could be used as a solution for cases where the ZigBee
technology is not available in the mobile terminal.

2.1 The IEEE 802.15.4 Standard

The IEEE 802.15 Standard was created by the Institute of Electrical and Elec-
tronic Engineers (IEEE), which main objective is to set standards so that tech-
nological developments can count with a common platform of rules to be set
over. This standard is focused on Wireless Personal Area Networks (WPAN),
specially de�ning rules for Personal Area Networks (PAN) and Home Area Net-
works (HAN) which are designed to work in short distance communication.

5
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The standard is divided in di�erent task groups, each of them focuses on di�er-
ent speci�cations. For example, the task group one (denoted as IEEE 802.15.1)
is based on Bluetooth technology and de�nes the �rst two levels of the Open
System Interconnection (OSI) stack: the Physical Layer (PHY) and the Media
Access Control (MAC) layer (see Figure 1).

Figure 1: OSI Model stack

The standard IEEE 802.15.4 also de�nes a communication layer at level 2 in
the OSI model. Its main purpose is to let the communication between two de-
vices with low data rate and long battery life (such as ZigBee based ones) within
Low-Rate Wireless Personal Area Networks (LR-WPAN). It was �rst approved
in 2003 and counts with di�erent versions (from 802.15.4a to 802.15.4f) adding
di�erent enhancements to the de�nition of the standard. It is basically designed
to reduce costs due to a very low battery consumption of the devices.

The speci�cation of this task group four serves as base for the ZigBee protocol,
de�ning the �rst two levels of the OSI model: PHY and MAC layers.

Physical Layer

This layer of the OSI model de�nes the service for data transmission. In the case
of IEEE 802.15.4, it controls the RF transceiver. It is designed to work in three
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di�erent frequency bands:

� 868.0 � 868.6 MHz: Used in Europe, allows only one channel.

� 902 � 928 MHz: Used North America, up to thirty channels.

� 2400 � 2483.5 MHz: worldwide use, up to sixteen channels.

Since 2006, the di�erent enhanced revisions of the standard (IEEE 802.15.4x)
support a data rate of up to 250 kbit/s, which makes it adequate for environments
where the amount of transmitted data is not elevated, such as home automation,
indoors data monitoring or short range tracking.

Media Access Control Layer

The MAC layer of the IEEE 802.15.4 standard allows the transmission of data
frames through the physical channel, handles the assignation of time slots and
controls the association between nodes. It also creates an interface for managing
the access to the channel and the frame validation.

It is important to clarify that in this standard the communication with higher
layers of the OSI model are not speci�ed, therefore the de�ned frame format is
di�erent from the standard Ethernet frame. Its de�nition is adapted to the fact
that the IEEE 802.15.4 standards only support up to 127 bytes per frame.

2.2 ZigBee Speci�cation

ZigBee technology1 is based on the connection of a wide range and number of
devices at the same time so they can form a network which allow them to work
together by communicating between each other. In comparison with Bluetooth,
which allows up to 8 devices inside each Piconet subnetwork, ZigBee allows 255
nodes per subnetwork, up to a maximum of 65.535 sensors per network. With
this behavior, the formed mesh acts in a similar way as an interconnected Internet
network does.

Every ZigBee device has its own roll inside the net:

� ZigBee Coordinator (ZC). It controls the whole network and the paths
for the information �ow between devices. It must exist in every subnetwork
and has the highest processing power within the network.

� ZigBee Router (ZR). Interconnects devices inside the network, form-
ing paths that allow communication between two separated devices. Its
contains an application level which allows code execution if needed.

1ZigBee Alliance (https://www.zigbee.org/)

https://www.zigbee.org/
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� ZigBee End Device (ZED). Designed to be sleeping most of the time to
save battery, it only can send information to its parent device (which can
be a ZC or a ZR).

To communicate from point A (source address) to point B (destination ad-
dress) the information is sent through the network following di�erent paths, trav-
elling across di�erent nodes acting in a similar way as the Internet.

In terms of positioning, this fact can be used to know where every sensor is
located within the network range. Information is continuously �owing all across
the sensors, eventually reaching the ZC of the network. This device is (unlike the
others) capable of processing information of the whole network, giving the chance
to extract data from the received packets and use it for managing purposes or to
perform the calculations it has been programmed for.

The ZigBee speci�cation is established based on the IEEE 802.15.4 Standard,
keeping the PHY and MAC as previously speci�ed and de�ning the Network
Layer (NWK) and the Application Layer (APL) of the OSI model, forming the
stack shown in Figure 2.

Figure 2: ZigBee stack

ZigBee modules can use up to 26 channels separated in two di�erent frequency
bands from the PHY layer. The 915 MHz band is divided into the initial ten chan-
nels of the ZigBee standard, named channels 1 to 10 with a separation of 2 MHz
starting from 906 MHz. The remaining channels (from 11 to 26) use the 2.4 GHz
band, starting from 2405 MHz with a bandwidth of 5 MHz each.

For network and packet monitoring, each ZigBee packet is encapsulated with
a set of bytes added at the beginning of each message. These bytes form the
ZigBee header and it is 30 bytes long. It contains important data that is used
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to check the status and inform the rest of the elements from the network about
the events happening inside it such as transmission errors, the number and type
of messages sent, etc. It also contains information about the connection quality
which can be retrieved from the Link Quality Indicator (LQI) �eld or the signal
intensity which can be obtained in the Received Signal Strength Indicator (RSSI)
�eld. The structure of a ZigBee packet header is as shown in Table 8 from the
Appendix A.1.



Chapter 3

Related Work

In the last decade, a lot of research can be found related to positioning and locat-
ing using wireless technologies. Some previous works in this area show that using
technologies such as Bluetooth or ZigBee provide a lower cost solution compared
to Wi-Fi or GPS con�gurations ([6], [7]), as well as less power consumption when
using portable devices with smaller batteries.

Most of the researches on this topic have focused on using �xed beacons in
an area (both in outdoor and indoor environments) to try to locate some partic-
ular device inside it. For example, [2] uses ZigBee to create a centralized wireless
positioning system by using reference �xed nodes in an indoors environment. An-
other study with the same line of investigation is also conducted in [8], where the
installation of �xed nodes inside a hospital helps monitoring the position of the
patients in real time.

The idea discussed in [9] is also a similar approach but dividing the working
area into di�erent zones and detecting the signal intensity to determine the loca-
tion area. In this study they also consider outdoors environments using the Circle
Intersection Algorithm (CIA) and Line Intersection Algorithm (LIA) algorithms.
Another good example of outdoors positioning can be found in [10], where they
use Bluetooth technology for tracking of children with Android terminals. All the
discussed solutions until now require of additional hardware installation to work
though, which implies higher costs and more maintenance measures.

Apart from the devices themselves and the proper communication between
them, position estimation is impossible if a localization method is carefully se-
lected. The Friis radio propagation model was originally proposed by Herald
Trap Friis [11] and was intended for outdoor environments where the line of sight
between two communication antennas is clear, having no obstacles between them.
Even though some studies such as [12] have proposed corrections for this methods
for indoor environments, the accuracy of these solutions becomes elevated for a
close range localization (≈ 3 to 20m), making it appropriate for zone based lo-
calization [9] instead.

10



Chapter 3. Related Work 11

A very common technique used for positioning and location purposes is the
triangulation method [13]. With this method, every sensor within the range of
three di�erent information sources (antennas, satellites, beacons, etc.) can be lo-
cated with the data provided by those sources, such as signal intensity. Although
positioning accuracy may vary depending on many factors such as weather con-
ditions or obstacles, this solution provides reliable results. An issue in this case
would be the need of at least four modules working at the same time to make the
positioning possible: the lost module plus three more sensors to help triangulat-
ing the position, but gaining accuracy in exchange.

Some papers have studied how to estimate the coordinates of all the sensors
inside a Wireless Sensor Network (WSN) while moving in real time using the
triangulation method. An example of this case can be found in [14], where they
use the Dynamic Reference Localization (DRL) technique based on the Monte
Carlo Localization (MCL) method [15] to reduce information �ooding and allow
free sensor mobility. However, this technique also requires of previously known
coordinates of some of the beacons to perform the calculations.

The data needed for a correct location is obtained in di�erent ways. A reliable
method to analyse the received signals in short distances is by using the RSSI
method. In this technique, the sensors measure the signal intensity coming from
the element to be located and according to that value the distance between them
can be estimated. This method is one of the most used in this area, as it is simple
and e�ective. Moreover, some newer techniques such as Time of Arrival (TOA) in
which the amount of time that the signal takes to return is measured, Angle of Ar-
rival (AOA) where the angle of the signal is the important information extracted
[16] or taking the R-Factor in consideration [17] are starting to be used alongside
RSSI to improve the localization results. However, these solutions usually re-
quire of additional and expensive measurement hardware. In case of ZigBee, the
LQI can be also used to help with the localization process, such as studied in [18].

Another way to calculate the distance between sensors can be using the hop-
distance information as proposed in [14] for example. Again, this solution requires
of previously known coordinates to perform the calculations and cannot be a suit-
able solution for the studied case, where the sensors are distributed in a random
way.

Some of the already mentioned references such as [8] or [9] also use this RSSI
information to estimate the distances. Another example of investigation with
ZigBee using this data can be found in [19], where the Friis free space propaga-
tion model is also used and introduces the idea of using the trilateration method.
Many of the positioning techniques of the present time (such as GPS) use this
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technique for positioning purposes. The research carried out in [13] for example
uses this triangulation method with Bluetooth technology for indoors positioning.

The ideal solution would only require two modules to work: the lost module
and a moving sensor trying to locate the other one. This idea has been imple-
mented in some previous works such as in [20], where they use the Transmission
Error Approximation (TEA) technique based on the Packet Error Rate (PER).
According to the study from that paper, this method becomes useful in long range
communications (more than 60feet ≈ 18, 3metres) to estimate the distance be-
tween the two sensors.
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3.1 Gap identi�cation

The problem with ZigBee technology comes with long distance outdoor commu-
nications. As it is designed for low distance transmission, it has limitations in
range. Some solutions are focused on solving this long distance issues such as in
[20]. The problem with this solution is that they do not give an explanation for
when the distance becomes shorter and the PER is very low as proposed in this
paper.

Some other solutions for the localization problem have been designed using
mesh networks, like in [10] or [21] where they make several devices communi-
cate altogether to send information about the rest of the sensors inside the net.
The issue with this kind of solutions is that the installation of �xed sensors with
known coordinates is needed to make them work properly, which in some cases
may not be possible to do, for instance if the surface is moving (e.g. a vehicle), if
the installation is not possible in that particular spot (e.g. middle of a golf course
or in a wet surface) or simply if the beacons' localization is not previously known
by the searching device.

Furthermore, usually the construction of a �ngerprinted database is required
for that purpose, as the information extracted from the signals is then compared
with that previously created database based on the �xed coordinates of the bea-
cons forming the network. In many occasions, like in the study performed in [10],
this �ngerprints are stored in a remote server (which requires permanent internet
connection), in an external storage device or in a computer acting as a central
station, needing these devices to have access to that information.

From previous studies, there have been gaps in which there are technologies
using Radio Frequency Identi�cation (RFID), which has over 160+ standards and
many of the programs available are proprietary and not able to integrate with
other tools. For instance, the study performed in [22] shows an outdoor localiza-
tion solution using RSSI and Mantis RFID tags, which are not standardized for
integration in mobile terminals. More than 100 patents can be found related to
localization in golf courses but only a very low percentage of them are based on
standardized technologies like ZigBee or Bluetooth. Finding an open alternative
to these solutions may open a wide range of possibilities in this area.

A golf ball locating system and methods that enable golfers to �nd lost golf
balls is proposed. The solution includes providing a ZigBee enabled golf ball. Zig-
Bee is a very robust, open standard for exchanging data over short distances with
the ability to recognize and connect to as well as exchange signi�cant amounts
of data with multiple wireless devices simultaneously, creating in essence a mesh
network of ZigBee enabled devices inclusive of the golf ball(s).
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The active exchange of data between the paired devices and will leverage the
`master-slave' relationship standard with the technology as well as other ZigBee
technology enabling methods to calculate the distance and position of the ball,
reporting that information to a single or multiple mobile phones. Downloadable
software enables the ZigBee Ball to execute a solutions proprietary software rou-
tines for e�cient pairing, allows for multiple devices to be added to the pairing,
and switches the ball from sleep to wake mode in much the same way as if you
were to power a Bluetooth enabled headset. The ZigBee Ball will possess a pur-
pose built, multi-layer core surrounding the solutions ZigBee device to further
protect the electronics within.

To date, most of the applications or studies on real time outdoors positioning
with short range wireless technologies are based on sensors located in �xed spots,
but only a few consider random distribution of non-�xed sensors (such as golf
balls) without the need of reference �xed beacons. The idea is to use ZigBee and
an Android phone and evaluate this last example via a case study.



Chapter 4

Method and implementation

In this section, a systematic method will be described showing the di�erent tools
and steps needed to ful�l the requirements established by the aforementioned ob-
jectives and aims.

This paper describes a case study where a golf ball has been lost around an
speci�c area within a golf course. The idea is to equip each ball with a ZigBee
transceiver, allowing the network coordinator to receive information from it and
therefore locate it in an easy way. The goal will be to �nd the lost sensor (ZED)
using a mobile phone which will act as a ZC. In case that more accuracy is
needed to locate it, more sensors have to be introduced inside the network so
a complementary study will be performed by spreading around some additional
balls (sensors that will act as ZRs) and comparing the results in terms of accuracy.

In any case, the Android phone will include a conceptual DSS that will receive
all the information from the sensors and will display a real time map with the
estimated location of each of them.

4.1 Required tools

This section will describe the di�erent devices and programs needed for the im-
plementation of the ZigBee network and the Android phone application.

4.1.1 Hardware

The experiments and test described in this paper will be performed using exter-
nal hardware with ZigBee capabilities. These required pieces of hardware were
provided by Texas Instruments1 as a Development Kit (DK) and contains the
necessary devices to form a ZigBee network which will be used for localization
purposes.

1Texas Instruments website (https://http://www.ti.com/)
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Additionally, a mobile phone is required to perform the calculations and act
as a DSS for this study. The phone will be directly attached to the module acting
as ZC via its micro USB port. The used mobile phone for this study will be a
Galaxy SIII (model GTi9300) from the Samsung company.

The aforementioned Development Kit is called CC2530DK and contains the
following pieces of equipment:

SmartRF05EB

This Evaluation Board (EB) contains di�erent interfaces to communicate with
both the PC via USB or the rest of the modules included in the kit. It also
includes an LCD screen to show information about the running program as well
as LED lights that show the current status of the connected modules and the
board itself.

Figure 3: SmartRF05 Evaluation Board

This board is the platform to connect the Evaluation Module (EM) and to
�ash the program into both the EM and the USB Dongle via the USB interface.

CC2530EM

These elements of hardware are the main RF communication devices. By con-
necting the included 2.4 GHz antenna Titanis from Antenova, it acts as a ZigBee
transceiver, communicating with the rest of the elements of the network according
to the �ashed software. In order to be fully functional they have to be connected
to the SmartRF05EB in the appropriate slot, from where they can be repro-
grammed by connecting them to a PC via USB.
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Figure 4: CC2530 Evaluation Module and RF antenna

Depending on its con�guration, they will be acting as a ZigBee End Device
(ZED) or a ZigBee Router (ZR) and they will be programmed to forward the
information to the ZigBee Coordinator (ZC) which will analyse all the received
data.

CC2531 USB Dongle

It is an device that can be plugged into any USB compatible external hardware.
It has LEDs to indicate its status and it also acts as a RF transceiver. To �ash
it, the SmartRF05EB is also needed with help of an additional cable included in
the kit (see Figure 7).

Figure 5: CC2531 USB Dongle

This device will always act as a ZC and will be directly connected to the
Android device via an USB On The Go (OTG) cable. The phone will retrieve
the data from the Dongle and use it to calculate the estimated position of the
rest of the devices.

4.1.2 Software

Another objective of the project will be to create an Android application that
communicates with the CC2531 Dongle via the USB interface (using JAVA pro-
gramming language [23]) and modify the default installed software inside the



Chapter 4. Method and implementation 18

communicating ZigBee devices from the DK (in C programming language [24])
to act as suggested in this paper.

Android Operating System (OS) was born in 2008 and its growth has been
exponential during the last years. To date and according to a study carried on
by IDC2 on May 28th 2014, more than 80% of the smartphones market share be-
longs to Android OS (see Figure 6). This fact makes this platform appropriate to
develop the prototype application, as there will be more supporting community
and more future testers to obtain feedback for improvements.

Figure 6: Worldwide Smartphone Forecast by Region, Shipments, Market Share and
5-Year CAGR (units in millions) - May 28th 2014, IDC

The phone application will be created using the Eclipse Luna workbench and
working with Android 3.0 (API level 11) as the minimum compatible version. The
compiler uses JAVA 1.7, requiring compiling with an API level of 20 (Android
4.4 KitKat).

The other half of the software project will be focused on developing software to
make the ZigBee modules communicate properly between each other. To change
the default �ashed software inside the devices from the Texas Instruments DK
speci�c tools provided from the company are needed.

To edit and create the necessary �les used to reprogram the devices' �ash
we need to use a particular programming environment. This program, provided
by the IAR Systems company, is called IAR Embedded Workbench for 8051 and
contains the necessary tools to modify the code �les in C language and compile
them to create a compatible output �le to install in the hardware with the actual
�ashing tool.

2IDC Worldwide Mobile Phone Tracker (http://www.idc.com/)

http://www.idc.com/
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After obtaining the necessary and speci�c output �le for each device, another
program is used to �ash them into the hardware. The tool is provided by Texas
Instruments and is called SmartRF�Studio. Inside the program, a Flash Pro-
grammer tool can be found where the �les can be �ashed into each device.

Figure 7: Setup for CC2531 �ashing

To perform the �ashing operation the SmartRF05EB is always needed as the
process has to be made over an EB. If the �ashing target is the CC2530EM,
it has to be connected in the appropriate slot from the EB and connect it via
USB to the PC. On the other hand if the target is the CC2531, an additional
10-pin cable called CC Debugger (included in the DK) is required, connecting the
devices as shown in Figure 7.

Before turning on the EB to start the �ashing process, the USB Dongle has to
be powered. That is why the CC2531 also has to be connected to an USB cable
into a power source (such as other USB port from the same PC or the Android
phone via an OTG cable).

4.2 Systematic method

In this project, the work will be separated in two di�erent �elds. One of them
will be focused on designing and analysing a localization technique, which allows
estimating the position of any ZigBee device in range by transmitting and reading
the signal intensity (RSS) of each sensor within the working zone.
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On the other �eld, an Android application will be developed. This application
will allow the mobile sensor (which will be referred as ZigBee Coordinator (ZC)
from now on) to start the communication process of the sensor network and per-
mit monitoring all the exchanged information, including a real time simulation of
the location of each sensor in the area. Then, �eld trials with the ZigBee network
prototype will be performed in order to collect the necessary data for this study.

Figure 8: Picture of the working ZigBee prototype for the �eld trials

To start with the work �rst the appropriate localization technique has to be
selected. As a part of a case study, a lost golf ball with a ZigBee module (called
ZigBee End Device (ZED) hereafter) has to be located using two di�erent exper-
iments to estimate the accuracy of the system. One of them will be focused in
estimating the ZED position using one or two additional ZRs and obtaining the
positioning precision. This will serve as input for the second experiment, that
will be testing the distance estimation accuracy by testing di�erent movement
patterns and random sensor distributions.

After obtaining the corresponding results from both methods, an statistical
analysis will be performed to compare both results between each other and with
previous studies based on similar techniques using di�erent wireless technologies
such as Bluetooth or Wi-Fi.

4.2.1 Localization technique

If a golf ball is lost inside the golf course, the golfer is usually not able to esti-
mate an area close enough to the lost ball for the ZC to receive the information
correctly (or to even receive it). The practical solution proposed in this paper
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requires using additional sensors (golf balls) spread around the search area, either
spread by the golfer himself or using other balls from the golf course as auxiliary
beacons acting like ZRs.

For this purpose, each sensor has to communicate with the other ones in range
and exchange the RSS information received from the rest of the beacons. All the
information collected from the di�erent sensors within the network is then re-
ceived in the ZC module, which will extract the data and estimate the distance
between sensors to form an overview of their distribution inside the network.

Figure 9: Triangulation technique

In Figure 9 we can see an schematic explaining how the triangulation tech-
nique works. The green triangle is the mobile sensor (ZC), the red square is
the lost sensor (ZED) and the blue squares are the rest of the auxiliary beacons
spread inside the network (ZRs). The discontinuous circumferences represent the
estimated distance from each sensor.

The distance estimation will be performed using the information extracted
from the RSSI, which can be retrieved from the header (see Table 8 in section
2.2) in case of ZigBee.

With the RSS value, the distance will be estimated using the Friis propagation
model (as also proposed in other studies such as [19]), which has been proven suit-
able for outdoor environments where the line of sight between antennas is mostly
clear, such as in this case study. Previous studies have shown that this model
on its own is not a good option for indoor environments [1] as the number of
obstacles is elevated. Some corrections to these localization solution have been
made [12] but the results are still not precise enough for closed rooms.

This model states that the distance to the transmitting sensor decreases pro-
portionally to 1/r2 [11], being r the radius coordinate in a circle with its center
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located in the receiving sensor (ZC). It estimates the received power by an an-
tenna PRx from another transmitter antenna located a certain distance away r
from it according to the following equation:

PRx(r) = RSS ≈ PTxGTxGRxλ
2

(4π)2 r2L
(1)

Being GRx and GTx the antenna gain of both receiver and transmitter devices
respectively, PTx the transmitted signal power, L ≥ 1 the system loss factor and
λ the wavelength of the signal. Consequently, the distance to the ZED will be
then estimated as follows:

r ≈ λ

4π

√
PTxGTxGRx

RSS · L
(2)

Given the speci�cations of the ZigBee modules, the loss factor can be approx-
imated to L ≈ 20dB. The chosen working frequency is the lowest possible for
the available antennas, which corresponds to channel 11 as this will give us the
longest transmission range with a �xed PTx as λ varies inversely proportional to
frequency. With this condition we have a frequency of f = 2405 MHz so, being c
the speed of light, we have

λ =
c

f
≈ 3 · 108(m/s)

2405 · 106(Hz)
= 124, 74mm (3)

The CC2530EM modules emit signals with a power of 0dBm, which corre-
sponds to the ampli�ed transmitted power (PTx ·GTx = 1mW). In addition, the
CC2531 module will be considered to have a global reception gain of GRx = 1 as
the measurements from the RSSI �eld are retrieved from the packet header and
therefore before the ampli�cation process.

When two sensors are receiving a signal from the same module, it is possible
to estimate the position of the transmitting sensor as the intersection of both
circumferences, obtaining up to two possible position estimations for the ZED
(see Figure 10). In the same way, when three or more sensors are detecting that
transmitter a triangulation technique, such as proposed in [13] for Bluetooth, can
be used to estimate a single and more accurate location.
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Figure 10: Graphic view of the position estimation

Again, the red square represents the ZED to locate, the blue squares are the
auxiliary ZRs and the green triangle is the graphical representation of the ZC.
With this triangulation method, the estimated position for each transmitting sen-
sor is calculated as the centroid of the polygon forming the intersection of the
estimated circumferences as follows:

Ck =

(∑N
i=0 xi
N

,

∑N
i=0 yi
N

)
(4)

where (xi, yi) are the coordinates of each intersection point and N the number
of vertexes of the polygon. These intersection coordinates can be calculated by
using the circumference equation:

(x− aj)2 + (y − bj)2 = r2 (5)

being (aj, bj) the center of the circumference and r its radius. The intersection
between two circumferences is calculated by isolating x and y and and equalling
both equations, obtaining yi and xi respectively.

As soon as every reachable sensor's coordinates have been calculated, they
will be shown in a real time map in the Android device (see section 4.2.2).
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4.2.2 Android application

The Android application is the basis of the Decision Support System (DSS). It
will guide the user during the localization process by analysing the signals re-
ceived from each ZigBee module within the network and giving instructions to
the user based on the information extracted from the data packets sent by each
sensor.

To correctly show the location of the sensors on the screen the use of the
accelerometer is required as not only the signal intensity from the sensors but
also the rotation movements have to be detected in order to update the on-screen
information. Based on the RSSI �eld from each received packet, the estimated
location of each sensor is shown in a schematic representation inside the "Map"
section with ovals representing each of the modules (see Figure 11).

Figure 11: Landscape screenshot of the map from the Android application

To perform the mentioned estimations the methods described in section 4.2.1
have to be programmed and executed for that aim. Each received packet in the
CC2531 (acting as ZC) is written on the Universal Asynchronous Receiver/Trans-
mitter (UART) bu�er to be read from the micro USB port of the mobile phone.
This way if more than one packet arrive before the data is read from the mobile
side, these bytes will be read all at once the next time a read event occurs.

The calculations for the di�erent sensors will be separated based on their dif-
ferent MAC address extracted from the Short Address �eld of the packet (see
Table 8 for more information about the ZigBee header). In the case of the trian-
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gulation technique if a ZR device receives information from the ZED, the retrieved
RSS and source address will be forwarded to the ZC inside the data �eld of the
packet. Once received in the phone, the signal strength information of every
device in the route to the ZC will be stored in this �eld and the information
regarding the last hop from a ZR to the ZC can be retrieved from the header of
the last packet.

With the data extracted from the message, the calculations are made as sug-
gested in the previous section. Using equation 1 an approximated distance to
the Android phone is calculated. In case of the triangulation technique, the in-
formation contained in the Data �eld allows the application to estimate not only
the distance between the phone itself (ZC) and every sensor in range, but the
distance between the additional beacons (ZRs) and the lost ball (ZED) as well.
This distance will be then used as radius for the imaginary circumferences around
every module, permitting the calculation of the intersections between them and
therefore estimating their localization as shown in Figure 10.

The case of the One-On-One communication technique is more complex as
additional information from the rest of the sensors is not obtained. During the
�rst packet interchanges the distance is compared with the previous ones check-
ing the movement performed by the ZC. If the distance is shorter it will mean
that the movement has been made correctly, narrowing the possible directions to
move to. After several samples, and with the help of the map, a direction can
be estimated and the distance calculations will start giving more accurate results.

The application also contains a "Detailed Info" section that lets the user
check the packets and their content in real time to check how the devices is
communicating in case of error or strange network behaviour.
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Research methodology

The performed research methodology is conducted in this research using both
Qualitative and Quantitative methods. A literature review was performed and a
survey of the US Patent O�ce1 of all technologies patented in relation to "loca-
tion" and "ZigBee" with golf.

The Qualitative methods, such as case study provides a general knowledge
and understanding on the subject from which to test or experiment solutions in
environments that are close to reality. The Quantitative Method performed was
developing and experimenting with a ZigBee prototype in the "�eld" resulting in
empirical data. The data was analysed and the results provided insight to the
use of ZigBee as a location device in such applications as locating a golf ball.

5.1 Experiment design

A detailed explanation of the experiments carried out during this study will be
discussed in this chapter. The work will be divided in two main experiments that
will result in outcomes that will be used to analyse the e�ciency of each method
and will serve as input to improve the conceptual Decision Support System (DSS)
from the Android application.

In these experiments, the working area was limited by the radio range of
the antennas. According to the speci�cations of the CC2530DK, in an open
air outdoor environment with clear line of sight the Packet Error Rate (PER)
starts to become greater than 1% at a distance of 400 metres between anten-
nas. Nevertheless, as the experiment was conducted when moving and using the
CC2531 as receiver (which antenna's size is much smaller than the ones used by
the CC2530EMs), the maximum reliable distance was reduced to approximately
50 metres between antennas.

1United States Patent and Trademark O�ce (http://www.uspto.gov/)
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The di�erent variables for these experiments are: position estimation, distance
to ZED, network distribution and ZC movements.

5.1.1 First experiment: precision estimation

As an initial estimation approach, �rst an experiment where the ZC is not moving
will be conducted. The outcomes obtained from this study will serve as input for
the second experiment.

The experiments carried out for this section consist of several readings from
di�erent random sensor distributions around an area. The messages are con�g-
ured to be sent every 200ms from each sensor. The working area for these tests
is a square of approximately 100m2 in the open air with the fewer number of
possible obstacles to improve the antenna readings.

The dependent variable in these tests is the position estimation. Using this
information a schematic view of the sensor network can be formed. The distance
between antennas will be calculated using equation 2 from the Friis propagation
model which needs the received RSS value from the sensors as an input. Having
the hypothesis that no other variables a�ect the RSS as the experiment is carried
out in an open air wide area, it can be assumed that the ZC position and the net-
work distribution are the only independent variables needed for this experiment.

Apart from the ZED, one or two additional sensors acting as ZRs will be used
for this tests. These extra modules will be distributed forming di�erent random
patterns. With this, a data collection with this distribution information and the
ZC position will be created to use as input for the DSS. Each pattern is tested
10 times, obtaining their corresponding outputs that will be compared with the
expected outcomes to analyse the e�ciency of each one.

It is important to mention that the cases with one extra beacon only will surely
lead to big estimation errors as the triangulation method cannot be applied (three
readings from the ZC minimum are needed) so sometimes the coordinates guessed
by the algorithm may be wrong as we have two possible solutions (see Figure 10).

5.1.2 Second experiment: direction estimation

While performing the �rst experiment, the information obtained from each pat-
tern is used as a basis for this second experiment, where the new random network
distributions will be used but a movement will now be performed to test the ef-
�ciency of the system in real time.
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Assuming the same hypothesis as in the previous case, the independent vari-
ables a�ecting the RSS are now the movement patterns of the ZC within the area
and the network distribution. The second variable is modelled in the same way
as in the �rst experiment by varying the number of sensors and their positions
inside the area.

A test trying di�erent movement patterns varying speed and direction of trans-
lation will be then performed. The direction of the movement will be changed
according to the position estimation calculated with aid of the DSS. The di�erent
patterns are tested 5 times for each of the 10 network distributions.

In this case, as the real time update of the position estimation needs to be
accurate, every tested network will contain two ZRs as possible location errors
due to the fact that the triangulation technique cannot be applied.

The output of this experiment will contain information from the combination
of the di�erent independent variables. The outputs obtained from this data col-
lection will be analysed to obtain the maximum amount of information on how
to improve the DSS behaviour.

5.2 Validity threats

Some of the threats to have in mind while carrying out this study will be discussed
in this section. As part of a case study, this paper gives a solution for a particular
case and variations in results can be found when applying the techniques in dif-
ferent situations and environments. As this study is intended for a generic case
where no �ngerprinted database is pre-established, some of the results might be
not as accurate as it could be in a more studied scenario with �xed coordinates
beacons.

It is important then to analyse the di�erent validity threats that may a�ect
the results of the study and try to avoid them as much as possible. Following
the criteria from studies like [25], these are the main threats found during the
research process.

Construct Validity

The presence of obstacles blocking the line of sight between sensors is an impor-
tant variable to consider. The Friis model is intended for free space propagation,
that is, an ideal scenario where there are no obstacles between antennas. In out-
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door environments such as in this case study, the model is adequate but it might
not be a good solution for narrow areas such as rooms or uneven surfaces.

In case of golf courses, where most of the space is in free air rough terrain
can also be found where the line of sight can be obstructed or the signals can be
re�ected with objects such as trees. To avoid this problem, the testing area for
the prototype was chosen in a wide open area, with the less possible number of
obstacles near it.

Even though the experiments were performed in a wide open air area, some
interferences may cause the results to vary. For example, some telecommunication
technologies such as Bluetooth, GPS or mobile phones use the S band of the
microwave frequency spectrum (from 2 to 4GHz). This signals coexist with the
one created inside the ZigBee network, causing uncontrolled variations specially
on the signal strength.

Internal Validity

Some of the internal threats found that can a�ect the validity of the data were re-
lated to the movement patterns and the network distribution themselves. First,
concerning the movement of the ZC inside the network we are aware that the
results may vary depending on the user carrying the mobile device. Each user
may be moving at a di�erent speed and with di�erent patterns. In this study the
movements were always performed in the direction estimated by the prototype
and they were performed at a low speed to let the system update the position
information in real time. Changing this movement criteria may lead to elevated
deviation and therefore wrong direction estimation.

Second threat, the network distribution. The area considered for the tests was
a wide open area where the number of sensors and their distribution was varied.
To avoid the use of �xed beacons (which is one of the objectives in this paper), the
real position of any of the sensors was never used for any of the position estimation
but only for analysis purposes. Also, the fact that the network distribution was
chosen in a random way for every experiment increases the validity of the data
as we are considering a general case.

External Validity

In terms of external validity threats, the environmental factors can also a�ect the
results of the experiments. As in this case we are focused on locating golf balls
in outdoors environments, the experiments were performed in a clear or cloudy
weather, but never in other climatic situations like rain, snow, thunderstorm, etc.
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as these are not the normal conditions for this situation. Therefore, if the exper-
iments are to be performed in some of these conditions, the results may not be
as precise as factors like humidity may a�ect the outcomes.

Another issue to have in mind is concerning the needed precision for future
implementations of the prototype. If the needed movement speed is too high (like
in vehicles for example) or the distances that need to be covered are longer than
the transmission range, the system can perform uncontrolled oscillations leading
to bad results. In this case the observations were performed in an area within the
antenna range and the movement speed was limited by the walking speed. To
assure the validity of the retrieved data more experiments having these factors
into account should be performed.

Statistical Conclusion Validity

The calculations made by the mobile phone are precise enough to be represented
in a schematic view without any problem as there are no limitations in memory.
However, the phone screen is limited by its resolution. That means that the num-
ber of pixels to represent the results are �nite and therefore the �nal results may
not correspond to the real values due to rounding to integer values. However,
data can be saved before the approximations are made in order to obtain more
precise results.

Another fact that a�ects to the validity is the used method for the distance
estimation. The Friis formula [11] is a estimation used for free space propagation
of signals between antennas. The use of this method for the distance estimation
is adequate in a case where there is no obstacles and the conditions are ideal.
As this study is carried on in an outdoor environment and the obstacles cannot
be found inside the working area, this method is considered suitable for these
tests. Nevertheless, if the experiment is repeated in environments where objects
are blocking (or de�ecting) the signals from the antennas, the results may not be
valid or accurate enough using this technique.
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Results

This chapter will summarize the di�erent results obtained from the main local-
ization technique (see section 4.2.1) used in this case study. It will be explaining
the results in the same way that the experiments were carried out: the static
experiment in the �rst place and the moving method afterwards. It also contains
a brief discussion on the di�erent behaviours obtained when applying the calcu-
lation methods in the application.

6.1 Precision estimation

The input data set for this experiment contains the di�erent network distribu-
tions used for the calculations. From that information, the following positioning
estimation results are obtained.

All the samples obtained from this experiment are based on a �at outdoors
surface of approximately 100m2 (10 by 10 metres) and taking the origin of coor-
dinates in one of the vertexes of the formed square.

6.1.1 One additional sensor

First, �ve di�erent network distributions with only one ZR were tested. Us-
ing equation 4 after reading the RSS data from the sensors and performing the
adequate calculation for the radius estimation following the Friis model, the coor-
dinates from the ZC can be calculated and represented in the selected coordinate
system.

As we can see in Figure 12 (representing the data from Table 1), the static
methods gives accurate results in terms of coordinates estimation in some cases.
However, some other cases present high precision errors (sometimes reaching dis-
tances greater than 1m) for being a close range experiment.
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It is important to mention that in this case some of the estimations may be
wrong as we have two intersection points for possible coordinates estimation as
graphically explained in Figure 10. That factor results as wrong predicted points
near the second intersection of both circumferences.

As the objective of this study is to locate the lost ball, to try to give the
most precise results the tests from this experiment that gave a wrong position
of ZR were discarded. This way, the estimated distance to the ZED was always
calculated assuming the auxiliary beacon was correctly detected.

ZC ZR ZED
ZED Error (m)

Real position 1,00 5,00 7,00 6,00 5,00 3,00

Estimation 1 6,44 6,36 4,01 3,01 0,99
Estimation 2 6,36 5,09 5,34 3,34 0,48
Estimation 3 6,39 5,91 4,10 6,68 3,79
Estimation 4 6,15 5,58 5,47 2,64 0,59
Estimation 5 6,58 6,01 4,24 2,93 0,76
Estimation 6 7,24 5,91 5,09 3,17 0,19
Estimation 7 7,06 5,50 6,13 3,12 1,14
Estimation 8 6,96 5,83 4,36 7,36 4,41
Estimation 9 6,65 5,82 3,87 8,37 5,49
Estimation 10 6,48 5,20 4,72 2,90 0,30

Table 1: Calculated coordinates (in metres) for the static method with one ZR

Figure 12: Estimated positions for the static method with one ZR
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All the estimations shown in this table have been calculated as an average
after a few seconds of data reading. The same procedure has been made for the
rest of the four con�gurations using one ZR. In this particular sample from the
experiment, we can see three false positives out of ten samples, giving an error
rate of 30%, which is very high for positioning purposes. A further analysis of
the precision estimation will be presented in Section 7.1.

To answer the �rst research question from Section 1.1, during the di�erent
observations the positioning data was retrieved alongside with timestamps to
test the behaviour of the di�erent network con�gurations. With this information,
a estimation of the required time to obtain good readings can be calculated. After
the �ve obtained samples we observed that the average required time to obtain
stable positioning results was 4,9 seconds. For this calculation, the readings
were considered stable once the variation between 5 samples was less than 1m.

6.1.2 Two additional sensors

After the previous experiment with one extra beacon, the �ve next network dis-
tributions were created using an additional ZigBee sensor acting as ZR, having
two sensing positions this time. This test will complete the aim of ten di�erent
tested networks for this experiment. Table 2 shows the estimated coordinates for
each of the elements from one of the random network con�gurations. Figure 13
shows a graphic representation of the estimated coordinates from this table.

ZC ZR1 ZR2 ZED
Error (m)

Real position 3,00 2,00 2,00 8,00 7,00 5,00 6,00 7,00

Estimation 1 1,59 6,97 7,02 5,08 6,00 7,43 0,43
Estimation 2 2,15 7,84 6,49 4,99 5,90 7,43 0,44
Estimation 3 2,04 7,18 7,66 5,13 6,00 7,18 0,18
Estimation 4 1,85 7,75 6,43 4,97 6,05 6,85 0,16
Estimation 5 2,08 6,75 7,59 5,43 5,62 6,66 0,51
Estimation 6 2,11 7,55 7,32 4,37 6,17 7,10 0,20
Estimation 7 1,97 7,67 7,60 4,77 5,80 6,82 0,27
Estimation 8 1,93 7,44 6,42 4,98 5,95 7,08 0,09
Estimation 9 1,94 6,43 7,21 4,79 6,12 7,06 0,14
Estimation 10 1,77 7,49 7,30 4,70 5,89 7,11 0,15

Table 2: Calculated coordinates (in metres) for the static experiment with two ZRs

From this representation we can assure that in most of the cases, the accuracy
is much better than in the previous sub-experiment. With an additional sensor,
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Figure 13: Estimated positions for the static method with two ZRs

the position estimation gives errors of around 50cm in the worst cases (consid-
ering that the network has had enough time to stabilize the calculations) which
di�er greatly from the results obtained with one sensor less.

It is important to clarify that the improved accuracy results from this method
are only visible in the ZED but the improvement is not obvious for the auxiliary
beacons. The reason is that the algorithm has been con�gured to triangulate the
position of the ZED more often than the other sensors as it is the main objective
to reach. The longer the algorithm is working, though, the better the results are
as the estimations are based on means as explained in section 4.2.1.

In this case, the estimated time to correctly locate the sensors within the
network is 3,2 seconds in average. As we can see, the time is lower that in
the previous case with two sensors as the readings are more stable due to the
messages retrieved from the extra sensor. Again, like in the previous case, the
readings were considered stable when 5 consecutive samples di�ered less than 1m
between each other.

A further analysis of the distance estimation will be presented in Section 7.2.
Nevertheless, we can conclude that the results are precise enough for the purpose
this paper has been written for: the lost ball in both cases has been located
and enclosed within a short range area. However, the next experiment has to
be studied in order to perform the localization process in a not ideal situation.
A real test where the golfer has to be moving carrying the ZC with him will be
performed and analysed.
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6.2 Direction estimation

The data collection used for this experiment contains di�erent movement patterns
that were tested. This includes speed and direction variation, giving the distance
and precision estimation as an output.

The distance estimation is in fact the main variable a�ecting this experiment.
The direction of the movements will be established by the position estimation
calculated using the distance between sensors as an input, which depends on the
received RSS from the ZED in a direct way. This section shows that the RSS
values vary di�erently depending on the performed movements.

The results also show that the movements a�ect the accuracy greatly, giving
unexpected oscillations while performing the movements. The experiments were
conducted moving in the direction were the map from the android application
showed the estimated position of the ZED.

Figure 14: Possible movement areas to start the search (Table 12)

All of the samples from the di�erent observations were taken starting the
movement in the direction of the �rst predicted position of the ZED. After ob-
serving and comparing them, clearly di�erentiated patterns of movements were
found depending on how the search was started. The process will always be ini-
tiated by moving in one of the three possible areas of actuation named parallel,
perpendicular and oblique for the sake of easier comprehension (see Figure 14).

Tables 10, 11 and 12 from the Appendix A.3 show some readings from three
of the samples carried out during this experiment. The �rst table corresponds to
readings taken when the movement was started in a oblique direction. The sec-
ond one was started inside the parallel area. The third one, in the perpendicular
zone.
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To see the data in a more graphic way, a representation of these tables has
been made and can be seen in Figures 15, 16 and 17. The represented samples
had been chosen starting from a similar distance (≈ 9 meters) for better compar-
ison illustration.

From these �gures, the movement pattern can be discussed. From the os-
cillations produced by the di�erent curves some important information can be
extracted. Whenever the graph shows a deviation from the straight line joining
the initial point with the point where the distance is close to zero a change in
either the speed or the direction of the movement has been made. The reason for
that movement change is, in most of the cases, because a new position of the ZED
has been predicted. This new data forces the user to stop and change direction
to continue with the search process.

Figure 15: Distance to ZED during time for an oblique movement start (Table 10)

From this information and after analysing the di�erent samples, some pat-
terns can be found. Observing the Firgure 15 for instance a strong oscillation of
both the real and the estimated distance can be seen. This rapid variation is due
to positioning problems caused by a movement di�cult to predict by the posi-
tioning algorithm (such as making a move that result in the no variation of the
real distance), causing wrong distance prediction and therefore wrong direction
indication. This fact a�ects the user orientation until the system gets enough
readings to stabilize the direction.

From the second graphic (Figure 16) a parallel movement can be identi�ed
from the fact that the real distance curve has very low deviation from the afore-
mentioned straight line joining the start and end points. This usually indicates
that the initial movement has been done in the right direction.
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Figure 16: Distance to ZED during time for a parallel movement start (Table 11)

Figure 17: Distance to ZED during time for a perpendicular movement start (Table 12)

From Figure 17, the parallel movement pattern can be identi�ed as it implies
getting further from the ZED during the �rst moments of the search process. The
network will have to recalculate estimated position and the right direction will be
now followed by the user. All of this obtained from the Zigbee prototype forms an
output data collection that can be used to provide the most accurate information
for future DSS improvements, for example in one which a golfer can be able to
locate a golf ball and improve his/her game1.

Apart from the movement pattern recognition, from Table 11 we can see that
the best distance estimation results are obtained when the search starts from a
parallel movement. As expected, the worst case scenario is when the �rst move-
ment has been obliquely, as the �rst steps of the direction estimation will require

1GoforGOLF website (http://www.goforgolf.com)

http://www.goforgolf.com
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more time until the �nal direction is correctly calculated and the oscillation in the
accuracy becomes greater. When moving in a perpendicular way, the results may
vary depending on the reaction speed of the system, but usually the precision is
better than in the oblique case.

6.3 Discussion

As excessive accuracy is not needed in the case being studied in this paper the
results show a suitable solution for the golf ball localization problem. However,
to prove that this is a good solution for a general purpose, more studies should
be conducted with di�erent circumstances and variables.

The interesting thing about the obtained results is that in a high percentage of
the cases the aim of the project is ful�lled. However, there is still a wide range of
possibilities that can make improvements in this area. Some further investigation
could focus on improving the research methodology or varying the localization
techniques to improve the accuracy of the results.

To summarize the results part, a comparison of the outcomes with other stud-
ies based on outdoor environments will be performed. The results obtained in
this paper show an average of around 50cm deviation from the real sensor
position when performing the calculations in a static position and using the cen-
troid (equation 4) triangulation method as shown in detail in section 7.1.

The study performed in [1] shows two di�erent situations for a ZigBee WSN
in an outdoor environment: one with �xed reference sensors and a second one
without them. The testing site from this study is a 25x62m area, giving error
results between 0,36m and 11,71m depending on the distance between neigh-
bour nodes: the longer the distance, the higher the error. The distances are also
calculated using the Friis formula [11] and having into account the re�ection of
the signals on the ground (Lloyd's e�ect) and the antenna radiation pattern.

As in this mentioned second case the working area is bigger than the testing
scenario from this study, the deviation errors are also proportionally higher. Nev-
ertheless, comparing the results with the ones from method studied in this paper
(the case with two additional sensors in a static situation studied in Sections 6.1.2
and 7.1.2) we can see that our method performs better in terms of accuracy and
precision as we are focusing on correctly estimating the position of only one of
the sensors: the lost sensor (ZED).
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In comparison with other technologies like Wi-Fi or Bluetooth, most of the
studies are based on indoor environments, so no studies performed outdoors were
found where the positioning outcomes were based on non-�xed sensors to com-
pare with. Some studies like [10] suggest outdoor localization with Bluetooth,
but o�ers no results. Nevertheless, a comparison with Bluetooth technology can
be performed in terms of the used technique. The study performed in [13] uses
the same principle as in the method used in this paper, calculating the centroid
of the polygon formed by the intersections obtained from the triangulation tech-
nique but using the Bluetooth technology instead and in a indoors environment.

From the data in that study we can obtain the distance error information
detailed in Table 9 from Appendix A.2. Analysing those results we can observe
the following outputs compared to the obtained from this study:

ZigBee Bluetooth

Mean µ 29,17 35,41

Deviation σ2 9,97 7,27

Table 3: Mean and variance comparison between Bluetooth and ZigBee

To even the comparison between both studies, the data according to ZigBee
is extracted from Section 6.1.2, having in mind that the triangulation is always
possible as two ZRs are being used. It is also important to mention that the
Bluetooth study from [13] uses four sensing beacons instead of the three used in
this study (two ZRs and the ZC).

As we can see, Zigbee technology performs better in terms of distance estima-
tion with the same technique, obtaining an average distance to the real position
of 29,17cm, giving as a result a 21,39% more of distance accuracy.

On the other hand, Bluetooth seems to be performing better in precision es-
timation, as the deviation from the centroid gives a 37,14% more of accuracy in
this aspect. We have to have in mind though that the validity of this result is
not a hundred percent reliable, as in the Bluetooth study, an extra sensor is used
compared to the ZigBee study.

As a conclusion, as the main objective is to give an estimated orientation to
get closer to the small object we are trying to locate we can consider the ZigBee
solution proposed in this paper a suitable option for positioning estimation, as
the errors are acceptable for being in an outside environment.



Chapter 7

Analysis

This chapter will focus on the statistical analysis based on the results obtained
in Chapter 6. To check and validate the results obtained from the di�erent tech-
niques, the data will be analyse in terms of precision and distance accuracy.

Some of the important variables that will be used to calculate and analyse the
results are the mean (equation 6a), the variance (equation 6b) and the absolute
deviation (equation 6c). These variables are typically used for precision and ac-
curacy estimation. The formulas to calculate them are as follows:

µ =
1

N

N∑
i=1

xi (6a)

σ2 =
1

N

N∑
i=1

(xi − µ)2 (6b)

D =
1

N

N∑
i=1

|xi − µ| (6c)

being xi the individual measured samples from the analysed experiment and
N the number of samples taken for the calculation.
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7.1 Precision estimation

7.1.1 One additional sensor

First, the situation with only two sensing beacons (a ZR and the ZC) will be
discussed. In this case we have two di�erent precision areas, so the mean (µ) and
variance (σ2) of each one is treated as separated normal distributions, being the
total distribution the sum of both escalated by a factor depending on the samples
taken in that region.

The results for the particular network distribution presented in section 6.1.1
are shown in Table 4 in the row named Sample 1.

True positive False positive

Quantity µ (m) σ2 (m) Quantity µ (m) σ2 (m)

Sample 1 7 0,6360 0,1216 3 4,5609 0,7396

Sample 2 6 0,4830 0,2886 4 5,0097 0,2584

Sample 3 7 0,7202 0,1877 3 10,9907 0,0142

Sample 4 8 0,4769 0,1604 2 4,1059 0,4967

Sample 5 6 0,3717 0,0236 4 10,9778 0,5017

Average 6,8 0,5376 0,1564 3,2 7,1290 0,4021

Table 4: Means and variances for the static experiment with one ZR

From this table we can see that the precision error distribution has a high
deviation, specially due to the false positive while detecting the ZED. The mean
for this example though is relatively low if only the true positive samples are
considered, giving an average precision error of around 54cm.

However, this value is not representative of the total precision, as the error
rate is very high due to the elevated percentage of false positives, reaching a total
of 32% in average in this case. Having this result into account and the fact that
the precision error of the false positives is around 7,1m in average, the �nal pre-
cision average results in 2,6468 metres, which is very elevated when considered
for localization purposes.

Moreover, as explained in Section 6.1.1 the obtained data for this experiment
was measured stating that the ZR's position was correctly estimated as hypothe-
sis. In cases where this beacon is not correctly detected (which happened around
the 30% of the times) the ZED is very improbable to be correctly detected.
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7.1.2 Two additional sensors

As it has been already proven, precision is heavily a�ected by the number of
sensing beacons obtaining information from the lost sensor. In this section the
number of modules obtaining information increases to three (two ZRs plus the
ZC), giving a much more accurate estimation as the triangulation algorithm is
now applicable.

After �ve samples of this sub-experiment the mean and variance data of the
precision results are calculated and showed in Table 5. The calculations corre-
sponding to the previously exposed data are shown in the row named Sample 1.

Mean µ (m) Variance σ2 (m)

Sample 1 0,2564 0,0220

Sample 2 0,3266 0,0423

Sample 3 0,3433 0,0938

Sample 4 0,2881 0,0253

Sample 5 0,2441 0,0267

Average 0,2917 0,0420

Table 5: Means and variances for the static experiment with two ZR

From this table a clear improvement compared to the previous experimenta-
tion method is observed. This time, the average estimated distance to the ZED
is below 30cm. This gives an improvement of From the variance it can be seen
that the precision is also much higher than in the previous case. These facts are
due to the second sensing node which permits the algorithm from the conceptual
DSS calculate the circumference intersections much more precisely.

Without false positive With false positive

One ZR
Mean 0,5376 2,6468

Variance 0,1564 0,2350

Two ZRs
Mean 0,2917

Variance 0,0420

Improvement
Mean 84,30% 807,39%

Variance 272,41% 459,62%

Table 6: Improvement in mean and variance when incrementing in one ZR
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Furthermore, a comparison between the use of one or two ZRs has been per-
formed in Table 6. According to the results obtained in this table, a clear im-
provement can be observed when introducing the secons sensing node inside the
network, reaching a re�nement in terms of accuracy of 84,3% in the worst of the
cases. The improvement in variance also a�ects in how far the samples are dis-
tributed from the mean point, so an improvement in this aspect is also important
for precision estimation, reaching the cypher of 272,41% of improvement.

The results obtained for the case where the false positive is taken into account
however present a low validity, as the mean estimations where made from di�er-
ent observations where the second intersection points of the circles (the position
where the ZED was wrongly predicted to be, a false positive) where at di�erent
distances depending on the circumferences' radius, varying from 2 to up to 11m
error distances from the real position of the ZED.

7.2 Direction estimation

The precision variable in this case can be modelled by the absolute deviation
calculated in Tables 10, 11 and 12 for the three analysed samples from section
6.2 using Equation 6c. This variable gives an estimation of the data variation
around the mean of the estimated distances. Calculating the absolute deviations
obtained for the ten di�erent observations we obtain Table 7.

Movement Abs. deviation D

Observation 1 Oblique 0,9180

Observation 2 Parallel 0,5742

Observation 3 Oblique 0,7463

Observation 4 Oblique 0,8464

Observation 5 Perpendicular 0,6110

Observation 6 Parallel 0,5619

Observation 7 Perpendicular 0,6244

Observation 8 Oblique 0,8976

Observation 9 Oblique 0,9286

Observation 10 Perpendicular 0,5954

Average 0,7304

Table 7: Absolute deviation from the di�erent movement observations
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We can observe that the average for the oblique movements is the worst case,
reaching a value of 83,48cm. The best case comes with the parallel movement,
obtaining 57,15cm, not far from the 59,58cm obtained with the perpendicular
movement.

With this information, the average distance deviation from the ZED during
the movements is 73cm. This fact, compared to the 30cm obtained in the static
case gives us a deterioration of 145,26% in the precision. This is in fact the
logical expected outcome as the position estimation is now very correlated with
the movements.



Chapter 8

Conclusions and Future Work

This paper has proven that localization in outdoors environments using ZigBee
capable devices is possible if we can a�ord to renounce precision in order to ob-
tain direction orientation. The future aims that this work might lead to is �nding
a localization technique which only needs two devices: the lost sensor and the
mobile phone itself.

Positioning, localization, tracking and tracing are a very extended practice in
the IT world. On he other hand, investigations regarding these terms are always
relying on reading from previously established sources of information, depending
on the utilisation of these additional hardware to obtain reliable readings. This
paper proves that, even if it is not in a very precise manner, localization is pos-
sible without those dependencies.

This study provides a benchmark for future work that can open a new way
of investigation focused on one-on-one communication, allowing each end of a
established link to locate each other without any other needs. As part of the
experimenting process some test have been made regarding this solution but the
results were often vague or inconclusive. Some other studies have been already
made in the matter, such as in [20], proving that this is an open path for future
investigations. By only sending a broadcast signal, every device in range could
know where the message came from with high accuracy. This line of investigation
can lead to utilisation of these methods for other purposes, for example trivial
things like locate your keys or your wallet or for major things like facilitate the
work of search parties trying to �nd lost mountaineer.

The main problem to be found when trying to continue with this line of
investigation may rely on the localization technique itself. Using these methods
without multiple sensing sources (either they are distributed in a random or a
controlled way) will only lead to poorly accurate results.
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Appendix A

Extra information

A.1 ZigBee speci�cation

This table contains the schematic view of a general ZigBee header:

Field Sub�eld Type Bytes

Header info
Event uint8 1

Status uint8 1

Group ID uint16 2

Cluster ID uint16 2

Source Address

Short Address uint16 2

External Address byte 1

Address Mode byte 1

Endpoint Address uint8 1

PAN ID uint16 2

MAC Destination Address uint16 2

MAC Endpoint uint8 1

Broadcast uint8 1

LQI uint8 1

Correlation uint8 1

RSSI int8 1

Security Use uint8 1

Timestamp uint32 4

Network Sequence Number uint8 1

Command

Sequence Number uint8 1

Data Length uint16 2

Pointer to Data uint8 1

Table 8: ZigBee header structure
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A.2 Precision estimation

This table shows the distance error obtained from the graphics included in the
study performed in [13]. In this study, Bluetooth technology is used for position-
ing purposes and three di�erent techniques are compared. The data from Table 9
show the precision estimation obtained from the centroid positioning technique.

Real position (cm) Estimated position (cm)
Distance Error (cm)

X coord Y coord X coord Y coord

600 700 560 660 56,57
250 600 230 580 28,28
150 300 130 270 36,06
300 300 270 290 31,62
100 240 80 220 28,28
450 200 440 170 31,62

Table 9: Outputs from the centroid positioning method in study [13] (2013)

This data is used in section 6.3 for comparison with the same technique studied
in this paper using ZigBee standard instead of Bluetooth.

A.3 Direction estimation

These tables correspond to the data obtained for the plots from Figures 15, 16
and 17 respectively.

Time (%)
Distance to ZED (m)

Distance error (m)
Real Estimated

0 9,12 8,50 -0,62
10 7,44 9,66 2,22
20 7,62 8,59 0,97
30 5,88 7,81 1,93
40 5,77 5,94 0,17
50 5,22 5,25 0,03
60 3,68 4,50 0,82
70 3,05 3,41 0,36
80 1,94 1,19 -0,75
90 0,95 0,80 -0,15
100 0,12 0,19 0,07

Abs. Deviation D 0,7463

Mean µ 0,4603

Variance σ2 0,9090

Table 10: Sample results for an oblique movement start
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Time (%)
Distance to ZED (m)

Distance error (m)
Real Estimated

0 8,90 8,27 -0,63
10 8,02 7,80 -0,22
20 7,15 6,81 -0,34
30 7,01 8,51 1,50
40 5,61 6,78 1,17
50 5,01 5,89 0,88
60 3,47 3,55 0,08
70 2,79 2,75 -0,03
80 1,84 1,12 -0,72
90 0,82 0,49 -0,33
100 0,15 0,24 0,08

Abs. Deviation D 0,5742

Mean µ 0,1302

Variance σ2 0,5419

Table 11: Sample results for an parallel movement start

Time (%)
Distance to the ZED (m)

Distance Error (m)
Real Estimated

0 9,00 7,58 -1,42
10 9,07 6,75 -2,32
20 8,09 7,22 -0,87
30 6,21 6,30 0,09
40 5,67 4,95 -0,72
50 5,06 5,21 0,15
60 3,36 2,63 -0,72
70 2,63 2,12 -0,51
80 1,86 1,51 -0,35
90 0,85 1,32 0,47
100 0,14 0,23 0,09

Abs. Deviation D 0,5954

Mean µ -0,5558

Variance σ2 0,6439

Table 12: Sample results for an perpendicular movement start
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