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Abstract 

One of the challenging issues in robotics is to give robots the ability to navigate itself in 

unknown environment without human help. In this thesis, we explored and evaluated object 

localization method for a mobile robot using radio-frequency identification (RFID) 

technology. The workplace included objects with RFID tags, a mobile robot with dual antenna 

RFID reader and obstacles: chairs, tables and a human. Using RFID reader, we were able to 

have the mobile robot communicate with the RFID tag to navigate the tagged object.  

This research employed the following methods for navigating a mobile robot and locating 

objects. First, a mobile robot was implemented as Braitenberg vehicle. It used the received 

signal strength of the RFID tag to compute instantaneously and produce movement of the 

wheel and generate suitable motion in order to navigate the object. Second, a mobile robot 

with directional antenna that collects data about relative direction of the interested RFID tag 

in its local coordinate system and computes tag positions by taking several measurements for 

different positions of the robot.  

Our experiment results showed that proposed RFID system can locate an object and can 

track the movement of a target object in real time. To verify effectiveness of the system we 

performed several experiments in the workplace.   

Keywords: RFID, object localization, RSSI  

    

  



ii 

 

Acknowledgement 

Foremost, I would like to express my sincere gratitude to my advisors Prof. Thomas 

Hellström and PhD student Benjamin Fonooni for their patience, motivation, enthusiasm, and 

immense knowledge. Their guidance was invaluable throughout my research and writing of 

this thesis. I could not have imagined having better advisors and mentor for my master’s 

study. 

Besides my advisors I would like to thank to my parents-in-law for helping to care our baby 

twins and gave me opportunity to devote my attention to writing my thesis.  

Most special thank goes to my wife and ours lovely twins, for giving me unconditional 

support, love and strength throughout this long process. 

On a different note, many people have been a part of my graduate education and I am highly 

grateful to all of them.    

Lkhagva Chunag 

 
 
 

  



iii 

 

Table of Contents 

Abstract ................................................................................................................................. i 

Acknowledgement ................................................................................................................ ii 

1. Introduction ................................................................................................................. 5 

1.1 Problem statement ...................................................................................................... 6 

1.2 Thesis outline .............................................................................................................. 7 

2. Overview localization methods using RFID ............................................................... 8 

2.1 Positioning principles ........................................................................................... 8 

2.1.1 Inputs of RFID localization.................................................................................. 8 

2.1.2. Localization Methods ........................................................................................ 10 

2.2 RFID System ...................................................................................................... 13 

3 Theory and Background ............................................................................................ 18 

3.1 Braitenberg vehicles ................................................................................................. 18 

3.2 Angle of Arrival Localization ................................................................................... 21 

3.3 Tangent bug algorithm .............................................................................................. 23 

4. Hardware ........................................................................................................................ 26 

4.1 The mobile robot Kompai ......................................................................................... 26 

Microsoft Robotics Development Studio (MRDS) ..................................................... 27 

Professional Universal Robotics Engine (PURE) ....................................................... 27 

4.2 RFID reader .............................................................................................................. 27 

Java Library AlienRFID.jar ........................................................................................ 29 

4.3 Laser range sensor SICK S300 ................................................................................. 30 

4.4 ALR-8611-C High Performance RFID Antenna ...................................................... 30 

4.5 eP12 Omni antenna ................................................................................................... 31 

4.6 Alien RF ID tags ....................................................................................................... 31 

5. Solution .......................................................................................................................... 34 

5.1 Test program ............................................................................................................. 34 



iv 

 

5.2 Mounting RFID system on Kompai ......................................................................... 36 

5.3 Main control program of the robot ........................................................................... 37 

Reactive paradigm and behavior ................................................................................. 38 

Subsumption Architecture........................................................................................... 38 

5.3.1 Abstract behavior Follow a tag of interest ......................................................... 39 

5.3.2 Obstacle avoidance using 2D laser range sensor ............................................... 42 

5.3.3 Safety behaviors ................................................................................................. 44 

5.3.4 Locating a tag of interest .................................................................................... 45 

6. Experiments .................................................................................................................... 49 

6.1 Testing range ............................................................................................................ 50 

6.2 Testing external influence ........................................................................................ 52 

6.3 Testing follow a tag of interested ............................................................................. 54 

6.4 Testing AOA localization ......................................................................................... 55 

Approach A ................................................................................................................. 55 

Approach B ................................................................................................................. 59 

7. Conclusions and Future work ......................................................................................... 60 

References .......................................................................................................................... 62 

Appendices. ........................................................................................................................ 65 

 

 

 



5 

 

1. Introduction 

In robotics, identification and localization of task-relevant objects is an important issue. 

Therefore, researchers continuously have been developing techniques and approaches both for 

object identification and object localization to come up with improved solution for these 

problems. Object localization takes into account where object is on the map or how to get 

information about the position of the object [1]. Recently, the interest to use Radio Frequency 

IDentification (RFID) technology has been rapidly growing in the area of object localization 

and many researchers have developed techniques and algorithms. The RFID technology is a 

contactless system that uses radio-frequency electromagnetic fields to read data from a tag. 

The main purpose of RFID technology is automatic identification and tracking of a tagged 

object. Furthermore it can be used for locating and positioning an object. In addition, object 

localization based on RFID technology is possible. The combination of identification and 

localization can create new applications for the RFID technology. 

As mentioned before, RFID technology does not normally include object localization 

ability. Mathieu [4], Juniyi [5] have discussed approaches and techniques to address this 

limitation by developing an RFID–based localization framework, which tried to determine the 

positions or locations of objects precisely and fast. However, according to Juniyi [5], concrete 

implementation of these techniques for a mobile robot was a challenging task, especially 

when using passive RFID tags because communication between tag and reader was sensitive 

to environment parameters such as the tagged item material and orientation of the tag in 

space. 

In this thesis work we proposed an object localization method for a mobile robot using 

RFID technology. The workplace includes objects with RFID tags, a mobile robot with dual 

antenna RFID reader and obstacles; chairs, tables and humans. Using the RFID reader, the 

mobile robot communicated with an RFID tag to navigate to the tagged object. This research 

used the following methods for navigating the mobile robot and locating the object: First, the 

robot acts as a Braitenberg vehicle 3a, as in Braitenberg [1]. In order to perform this, the robot 

was implemented with dual omni directional antennas which are mounted on both sides of the 

robot. By using received signal strength from the RFID tag, it immediately computes and 

executes a movement of the wheels to navigate to the object. Also it was implemented with 

additional antenna which was mounted in front of the robot. This antenna used for 

http://en.wikipedia.org/wiki/Electromagnetic_field
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determining how far a RFID tag is. Second, the robot is equipped with one directional 

antenna, which was mounted in front of the robot, collects data about relative direction of the 

interested RFID tag in its local coordinate system, and computes interested tag position based 

on several measurements for different positions of the robot. 

1.1 Problem statement 

The main purpose of this project was to develop robust object localization and navigating 

methods for a mobile robot using RFID technology that relies on low computational resources 

and infrastructure. In other words, we wanted to find a both cost and time efficient algorithm 

that lets you locate an accurate indoor location of RFID tag and help to navigate the robot to 

the tag. To achieve this we have completed the following sub-tasks: 

 Initial testing and evaluation of RFID equipment. 

 Mounting hardware on a robot. 

 Evaluating the proposed localization method by using existing software. The 

following aspects were considered: Range, accuracy, sensitivity, changing 

attenuation, different types of tags, orientation of tags, sensitivity to material, and 

occlusion. 

 Constructing a software interface to software High-Level Behavior Recognition 

(HLBR). This software is written by Benjamin Fonooni who is PhD student at CS 

UmU.  

 Developing and implementing an algorithm for localization, by controlling 

attenuation, rotating, moving, etc. 

 Developing a simple database with tag numbers and object properties (including 

picture).  

 Developing a Find object application. The application graphic user interface 

should provide the following parts; (1) “visible object display”- displays current 

readings from RFID reader. (2) Object details section which shows detailed 

information of selected tag such as tag id number, description of object and image 

of object. (3) Control section provides control buttons that execute system 

functions; read tags, locate or find selected object (with RFID tag) and follow the 

selected object.  
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1.2 Thesis outline 

The thesis is structured as follows: Section 2 describes recent work in the field of a mobile 

robotics for localization of objects using RFID technology. The theoretical background can be 

found in Section 3. Properties of the evaluated sensor technologies are summarized in Section 

4. Our proposed solution for object localization is described in Section 5. Section 6 details the 

experiments done within the scope of this work. Finally, the thesis is concluded with a 

summary in Section 7. 
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2. Overview localization methods using RFID 

2.1  Positioning principles 

J. S. Choi noted in his paper [3], “The purpose of object localization is to estimate the 

absolute or relative location information of the objects of interest with given observations of 

input and spatial relation between the object and known references (or an object detector) by 

the localization system” The inputs may be any type of signal such as radio, (ultra-)sound, 

image, infrared, or vibrations. The spatial relation refers the distance, angle, and relative 

nearness between the signal sender and receiver. 

In this project we use RFID tags mounted on the object we want to locate. The location 

relative to a receiver is estimated by analyzing radio signals that the tag generates and 

transmits. Indoor usage of radio signals can be especially difficult because the signal varies 

significantly with building structure, layout of rooms, the type of construction materials etc. 

Also, objects and humans in the environment may cause diffraction and reflection, which 

cause errors in the signal analysis. To deal with those problems many techniques have been 

developed. Based on Mathieu [4] these techniques can be classified into three families of 

techniques - distance estimation, scene analysis and proximity. These classes are explained in 

subsection 2.1.2 Localization methods. 

2.1.1 Inputs of RFID localization 

In this section, we describe the different types of information that can be used in an RFID 

based localization system. 

TOA 

Some object localization systems measure the time it takes for a signal to travel between 

source and receiver. This type of measurement is called Time of Arrival (TOA) or sometimes 

called Time of Flight (TOF), and the system has prior knowledge about the velocity of the 

signal on the channel. If the system consists of multiple receivers, devoted to measure the 

same signal, at different places, the localization system can use a variation of TOA, TDOA, 

which stands for Time Difference of Arrival. TDOA system considers different signal travel 

time from the single source to several receivers at different locations. J. S. Choi [3] noted that 

TOA and TDOA measurement based localization systems give more robust result against 

influence of environmental factors. For example, between two RF devices, the measured time 
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of arrival denotes the time of first signal detection, and the signal might travel on the direct or 

the shortest path. Thus, TOA has less impact from the multi-path environment. 

However, TOA has several disadvantages. First, accurate time synchronization between 

the source and receiver is needed for accurate time measurement and precise localization. 

Second, the cost of TOA measurement is high according to the device must have high cost 

timing circuits. Satellite system as Global Positioning System (GPS) [6] is the most well-

known localization technology which uses this kind of measurement. GPS can estimate GPS 

receiver’s location using computation of the TOA of signals from 24 satellites. GPS is not 

suitable in an indoor situation, and typical localization error is 3-4 meter, it requires to being 

under line of sight from satellites in the outdoor situation. 

There are many examples of TOA based localization systems. For example, there are 

Active BAT [7] and Cricket [8] location systems. In these systems, ultrasound signal is used 

as measurement object and ultrasound signal emitted from an object, and the localization 

system can estimate the source location based on calculations of time of signal flight to 

multiple receivers. 

AOA 

Angle of Arrival (AOA) measurement determines the angle between the transmitter-

receiver line and the reference direction as shown in Figure 2.1. 

θ 

Transmitter

Reciever

 

Figure 2.1 Illustration of AOA measurement 

Its accuracy depends on number of receivers in a receiver array or on a rotating device. If 

the signal is reflected by surrounding, AOA measurement shows less accuracy. Thus, AOA 

based methods are more suitable outdoors than indoors. Z. Zang in his paper [9] proposed a 

localization system which uses AOA based measurements. They emulate directional antenna 

by rotating wireless receiver (smart phone) around signal blocking obstacle (human body) and 

using special application determines AOA. 
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M. Kim et al. [16] proposed a dual directional RFID system that estimates AOA of signals 

from active RFID tag. The AOA is estimated by calculating the ratio between Received 

Signal Strength Indicator (RSSI) from two adjacent antennas. A mobile robot continuously 

monitors the changes of AOA and navigates itself based on AOA data. 

Signal strength 

Other localization techniques use signal strength of the radio signal (RF). The signal 

strength and distance between the sender and receiver is highly correlated. According to 

Rappaport [10]: 

Received Signal Strength  
 

  
 

where d is the distance between sender and receiver, and n is the path loss exponent. Signal 

strength measurement based localization systems have two main advantages; cost efficiency 

and simple implementation.  In practice this kind of measurements are easily influenced by 

external factors such as environmental factors, channel condition and interferences. 

A drawback of signal strength based localization is that it requires heavy computations 

and prior knowledge about environment and predefined infrastructure for training system. 

Choi [3] mentioned that the performance of such a localization system is highly dependent on 

a prepared signal strength map that describing the influence of the environment at different 

places. Also, if the environment significant changes, the system has to reconstruct the map for 

further accurate location sensing.  

2.1.2. Localization Methods 

Range based approach 

This method estimates the location of signal source by using the signal measurements 

such as TOA, AOA, or Signal Strength. 

Trilateration 

Trilateration is the process of distance based lateration to find a point from the 

premeasured distances. Trilateration applies the distance information between signal receiver 

and source. When the localization system knows at least a set of three distances from different 
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receiver, the system can draw three circles, and the radius of a circle is the measured distance, 

and the center is the known signal receiver’s position. The intersection of three circles will be 

the expected signal source’s location. However, there is one restrictive condition such as the 

three of signal receivers cannot place in a single straight line for calculation of trilateration. 

TOA, TDOA, and signal strength measurements are more suitable for trilateration localization 

algorithms. 

 

Figure 2.1. Illustration of A) Trilateration, B) Triangulation 

Triangulation 

In Figure 2.1 B represented triangulation method. This method requires AOA at point R1 

and point R2 and distance between them. We can estimate distance to source S by using 

simple trigonometry formula. 

Scene Analysis 

Scene analysis technique estimates the location of signal source based on prior data set 

about the environment or scene. The system compares recent received sensor signal and 

priory observed measurements from known locations. Then the system estimate the source 

location with most closed fingerprints using statistical and probabilistic methods. Another 

approach of scene analysis employs a matching process between current signal measurement 

from the source and measurements from deployed reference devices, predefined 

infrastructure, and then the most similar signal measurement sent references’ location 

information are used to estimate source location. K-Nearest Neighbor [13] algorithm is well 

known online signal measurement based scene analysis technique. Scene analysis techniques 

use the signal strength for measurement. 

R2

R3

R1

S

d3

d
1

d3

S

R1 R2

α β 

d

A.Trilitaration B. Triangulation
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Proximity 

In proximity technique, using receiver with very well defined sensing field and provides 

object location by using signal detected receiver’s location information. Its accuracy mainly 

depends on size of receiver’s viewing field. The proximity technique offers the most simple 

and easy implementation for object localization. RFID, pressure sensor, or Infra-Red based 

localization systems commonly used proximity approach. However, depending on the signal 

propagation range, the accuracy of proximity approaches is varied. L. Chen [14] proposed an 

object locating method based on RFID technology to identify the location of target object in 

indoor environment. This method uses one moveable reader and estimates target object 

location by using proximity technique. Figure2.2 explains how this method works. 

 

Figure 2.2 In case reader detecting tag. L.C. Chen, Object finding system based on RFID, 2005. 

 

It supposed the reader emits read signal at some constant rate, for example 1 read per 

second, and reading range is r. System record its position and moving forward. System also 

recorded tag’s first detecting position and last detecting position. Based on these first and last 

detected positions and reading range r system estimated unknown tag’s position.   

M. Kim et al. [15] considered RFID based mobile robot localization system which used 

RFID tags in distributed in 2D space (floor).  It is easy to understand how it used RFID in this 

system from figure 2.3. Tags were allocated every 0.1m on the floor like square pattern and 

RFID reader mounted on the bottom of robot. Reader can read tags inside gray area as shown 
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in figure 2.3. The system pre-stored tag ID code and its coordinate in the database.  Its 

position average error was less than 3cm, orientation average error was 7.04
0
.   

 

Figure 2.3. RFID system based on tag floor for the mobile robot localization which adopts RFID tags distributed 

in a space. B. Choi et al., Hierachical algorithm for indoor mobile robot localization, 2011. 

 

2.2  RFID System 

Radio Frequency Identification (RFID) is a technology that uses electromagnetic or 

electrostatic coupling in the radio frequency portion of the electromagnetic spectrum is used 

to transmit signals. RFID system is similar to bar code identification system, however one big 

difference between them.  

An RFID system consists of an antenna and a reader, which read radio frequency from tag 

and transfer the information to a processing device, and tag, which is an integrated circuit 

containing the RF circuitry and information to be transmitted and responds to the reader. The 

system can be fixed or stationary and mobile which depends on use.    

RFID systems can use a variety of frequencies to communicate, but because radio waves 

work and act differently at different frequencies, a frequency for a specific RFID system is 

often dependant on its application.  

RFID systems can be used anywhere, that a unique identification system is needed. The 

tag can carry information as simple as a pet owners name and address or the cleaning 

instruction on a sweater to as complex as instructions on how to assemble a car. In robotics it 

used as artificial landmark, object identification and so on. In this work we considered uses of 

RFID in locating object. 



14 

 

 

Figure 1. RFID system components, Alien Technology, RFID Primer, 2004 

Footprint, polarization and read range 

Antennas defined by its patterns or “footprints” that illustrate the area in which their 

energy is how propagating. Although the word footprint implies a two-dimensional area, the 

pattern actually exists in 3D and is similar to a large, irregularly shaped balloon. The antenna 

pattern illustrates many useful things to designer including, how your system can use that 

energy depends on a great many factors including antenna characteristics, tag and reader 

characteristics, the nature of the items tagged, and the changing nature of the reading 

environment. 

Polarization of an antenna always related to a preferred orientation of the tag to the reader 

antenna’s energy field, which may optimize the system’s ability to read tags, particularly 

under less than ideal conditions. Generally, in most normal conditions, and within the read 

range for the system, all functioning tags should be readable. However, it may be possible to 

read tags well beyond the specified read range if they are oriented in the antenna’s preferred 

direction. 

Antenna footprint or pattern’s form and size, the range at which a given tag may be read 

are affected, in various degrees, by such factors as the output power of the transmitter, the 

receiver sensitivity, the type of tag (and its own internal antenna) and the tag’s position 

relative to the reader antenna. Also the reading environment plays an important part in 

determining how far out and where, in relation to the antenna, tags can and cannot be read. 
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That means external environment can influence antenna’s pattern like a deforming air 

balloon. Antenna pattern’s irregular shape and external environment makes unpredictable its 

characteristics.    

Tags 

Tags are divided into two classes; passive and active. Passive tags use the radio frequency 

from the reader to transmit their signal. Passive tags will generally have their data 

permanently burned into the tag when it is made, although some can be rewritten. Active 

tags are much more sophisticated and have on-board battery for power to transmit their data 

signal over a greater distance and power random access memory (RAM). 

However, RF tags can contain much more information than a barcode, can be read at 

greater distances and under more challenging conditions, and in some cases can accept new 

data in the field.  

Tag to reader communication 

As stated above tags are often classified as either passive or active to describe how they 

communicate with the reader. Passive means, simply, that the tag uses a modified form of the 

reader’s own signal to send back its data. Active means the tag contains its own transmitter. 

Backscatter Tags. A “passive” tag uses a method called “modulated backscatter” to transmit 

its data to the reader. 

Essentially, the tag reflects (or backscatters) the RF signal transmitted by the reader and 

put its unique ID and data in that reflected signal. 

Modulated backscatter is similar to sending messages between distant mountaintops by 

bouncing sunlight off mirrors using Morse code patterns of on and off. In this scheme, 

communication is only possible when the light source is present. 

The reader’s antenna radiates a continuous-wave RF signal into its reading field. If there is 

a passive tag in the field, it replies. The passive tag is powered by reader’s transmitting signal 

and transmits its own data to reader. Other words, passive tag is unable communicate to the 

reader it is outside the reader’s view field. In contrary, active tags has its own power source, 

battery. Active tags may be considered to be either transmitters or transponders, though, to be 

http://www.webopedia.com/TERM/P/passive_tag.html
http://www.webopedia.com/TERM/A/active_tag.html
http://www.webopedia.com/TERM/A/active_tag.html


16 

 

precise, a transponder is always a transmitter tag, but not all transmitter tags are transponders, 

as you will see below. 

A transmitter tag can broadcast a message into the environment even if there is no reader 

active nearby to “hear” it. This tag is like a telephone can ring even when no one is home to 

answer it. Another type of tag is the transponder. To conserve power, or to minimize RF noise 

pollution, some active/transmitter tags may be configured to “go to sleep” or enter a quiescent 

or lower-power state when not being interrogated. When a reader enters the area, it then 

transmits a signal to “wake up” all the tags in that area. Each tag thus only transmits in 

response to the reader’s command. This type of active tag is called a “transmitter/responder” 

or “transponder.” TAG POWER Tags can be powered either by the RF signal from a reader 

(the RF “beam”) or by direct sources of energy such as batteries or wired power connections. 

A battery generally gives a tag more range and can allow it to perform independent functions 

outside the reach of a reader’s RF signal. Although beam power is used more often for 

backscatter tags, certain transmitter tags are capable of storing energy from a reader’s signal, 

then using that stored energy to actively transmit data. 

Tags (whether backscatter or transmitter) that perform functions in addition to providing 

their IDs (such as recording temperature or meter usage for later transmission to a reader) 

normally require some kind of augmenting power source.  

Tag range 

Tag is small radio signal source and it has own integrated antenna. That antenna defines 

its radio characteristic. Reader power and sensitivity, antenna range and polarization, and the 

reading environment can affect the range at which a given tag may be successfully read. 

The followings are determines a tags reading range: 

 Tag power source (battery-powered tags typically have greater range than those 

powered exclusively by the RF beam). 

 Type of materials between and around the tag and the reader. 

 Tag position relative to the antenna’s preferred orientation. 

 Relative tag speed (amount of time the tag is within read range, if either the tag or the 

reader is moving relative to the other). 
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 Amount and rate of data to be exchanged between tag and reader and the overhead 

involved in error correction and other quality processes. 

 The tag antenna design. Tags, like every other element in an overall system design, 

affect system performance and should be configured to optimize the specific 

applications they are to be used for. 
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3 Theory and Background 

3.1 Braitenberg vehicles  

According to Murphy [1], mobile robot navigation was defined as the combination of path 

planning, self-localization and map making or map interpretation. The robot navigation is 

divided into two classes; global navigation and local navigation. Objective of global 

navigation is to find an optimal path; also it usually requires heavy computation, more 

resources and more information about the environment, while local navigation only relies on 

recent sensor data about the environment. In this case navigation might be incomplete; 

therefore optimality criteria cannot be defined. Its main drawback is that it tends to fail in 

deadlock. However, its low computational and representational cost and the high flexibility 

make local navigation a very powerful tool for mobile robots. The purpose of this thesis was 

to address basic local navigation by using reactive techniques. 

Italian cyberneticist Valentino Braitenberg described in his book “Vehicles: Experiments 

in Synthetic Psychology”, how simple control mechanisms can generate complex behaviors, 

might call as aggression, love and explorer.  

 

Figure 3.1. Vehicle 3a, b with inhibitory influence of the sensors and motors. Valentino Braitenberg, Vehicles: 

Experiments in Synthetic Psychology, 1984 
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The system consists of a signal source, which is continuously radiates some signal (for 

example; light), and Braitenberg vehicle, able to sense this signal and can move. The vehicle 

consists of two major parts; sensor and wheels. Each of wheels has own motor and which 

connected to sensors separately. So that, a sensed signal immediately produces a movement of 

the wheel. It is behavior depends on the connection of sensor and wheel. 

Generally navigation algorithms perform the following two subtasks; move towards goal 

and avoid the obstacle. We can relate Braitenberg vehicle to former task if we consider 

destination point as a signal source which robot tries to reach. By observing Braitenberg 

vehicles we can easily identify that vehicle 3a is suitable for seeking or moving to goal. 

Figure 3.1 shows Braitenberg vehicle 3a and 3b, where the minus sign introduces 

suppression to the connection between the sensor and the wheel. This means that motor will 

slow down much as corresponding sensor stimulation level. While it approaches the source, it 

will try to orient toward a signal source, and slow down motor speeds. Because, if its heading 

oblique then nearer sensor will slow down the connected motor as a result it turn toward a 

signal source. As it approaches to the source, it will slow down motors and if it gets close 

enough then it might stop in front of the source. 

As explained above, this behavior was called permanent love by Braitenberg [2]. 

Modeling Braitenberg vehicle 3a 

The sensor readings S(x) can be modeled as a smooth scalar function of the position  

x=(x , y) of the vehicle’s workspace. 

                                                                                

We can set origin of Cartesian coordinate system such that 

                                                                                       

The relation between sensor readings and wheel velocities are directing (vehicle only 

moves forward) and decreasing (as it approaches to the source, it will slow down). We can 

model it as smooth decreasing function: 

                       , the stimuli are positive. 
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        , vehicle does not move backward. 

       , only at the source maximum which means it stops there. 

        , connection is decreasing. 

General motion equation for Braitenberg vehicle 3a in Cartesian coordinate system is 

                                                                                                         

                                                                                                         

   
 

 
                                                                                                   

where   is the distance between sensors,   is distance between wheels,     

              is an unit vector orthogonal to robot heading direction pointing to its left. 

 

 

Figure 3.2. Differential drive vehicle 

For differential drive vehicle we can write following 
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Where    is right side speed,    is left side speed,   is linear speed,   is angular speed. In 

here, we assumed both, the stimulus S(x) and the function F(s), take non-negative values, 

there are no negative stimuli and the robot will not move backwards. If function F(s) actually 

vanishes for some stimulus value the dynamical system describing the behavior of the vehicle 

has stability some point. This behavior is well suited since we want the robot to stop moving 

near the signal source. 

3.2 Angle of Arrival Localization 

Determining angle of arrival 

We will have an ordered sequence of received signal strength (RSS) after full rotation was 

done by mobile robot with directional antenna. We can represent this data as: 

                           

where N is the number of measurement points,         is RSS readings at i-th point,    

measurement point orientation.  

This 1D signal smoothened after applying simple (unweighted) mean filter 

     
 

 
            

where W is a sliding window centered at i-th element, n is size of the sliding window.  

After smoothing signal we chose the strongest RSS’s orientation as AOA of signal: 

  
              

where   
  orientation corresponds to the strongest RSS. 

Estimating position of signal source 

Let’s assume that the mobile robot repeated AOA determination m times in m different 

positions. Then we can define the following equation: 

                  
   

where i indicates measurements position index,          is measurement position,    
  is 

orientation at the position, [X, Y] is signal source position. 
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Figure 3.5. Determining AOA. 

 

We can write this equation in matrix form as: 

 

       
       

  
       

  
 
 
   

          
          

 
          

   

or in more compact form 

    

       
       

  
       

     
 
 
     

          
          

 
          

  

then 

     

 

We can solve this over determined system of equation by using a standard least square 

method, which is described in Gilbert Strang’s textbook [17], so: 

                          

Its accuracy not only depends on accuracy of AOA, but also depends on precision of the 

robots relative pose.  Here, we have to note that standard least square method is biased if 

AOA is close to 90
0
 and 270

0
.  

(X, Y)

(x1, y1, θ1)

(x2, y2, θ2)

(xn-1, yn-1, θn-1)

(xn, yn, θn)
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3.3 Tangent bug algorithm 

 
Tangent bug algorithm (TBA) is a motion planning algorithm that tries to determine 

shortest path to the goal and serves as an improvement to other bug algorithms.  It assumes 

robot as a point in 2D planar space and obstacles are stationer in this space. The system 

provided range sensor data and its updated position in each time step. TBA requires a goal 

point. Range data is consisted of the directed distance values of the rays emanating from the 

robot’s current position and being scattered in a radial fashion as it is shown in Figure 3.6. 

 

Figure 3.6 Thin lines are values of the raw distance function, and thick lines 

indicate discontinues. H. Choset, Principles of robot motion, 2005 

 

This range sensor is modeled with the raw distance function           where ρ(x, θ) 

is the distance to the closes to obstacle along the ray from x at an angle θ. More formally: 

          
       

                                                    

In real case, sensors have limited range and it becomes ρ(x, θ) < R for point in the range, and 

R for all the points that are out of the sensor. 

Tangent bug performs two main actions; move to goal and follow obstacle by taking into 

consideration some heuristics. 
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 The robot initially starts the move to goal action. First it moves in straight line to the goal 

until it senses obstacle between it and the goal. This means line segment connecting robot to 

the goal intersects with obstacle between them as shown figure. When the robot initially 

senses an obstacle, the circle of radius R becomes tangent to the obstacle, see Figure 3.7. 

After that, tangent point splits into two point O1 and O2. The robot should move to point Oi 

that maximally decreases a heuristic distance to goal. The heuristic distance function is  

d(x, Oi)+ d(Oi, qgoal) 

Set of points {Oi} is continuously updated as the robot moves particular Oi. The robot 

moves to goal until it can no longer decrease the heuristic distance to the goal. At this point, 

heuristic begins to increase, robot switches to boundary following action. Boundary following 

algorithm moves the robot in the same direction as the most recent motion step. Boundary 

following motion ends and start move to goal if the following relationship fulfills:  

dreach < dfollowed 

In the above equation dreach is the shortest distance between the goal and the blocking 

obstacle (or the distance between the robot and the goal if there are no blocking obstacles) and 

dfollowed is the shortest distance between the boundary which had been sensed and the goal. 

 

Figure 3.7 The robot senses obstacles. H. Choset, Principles of robot motion, 2005 
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Table 3.1 

Tangent bug algorithm 

1: repeat 

2:     Compute continuous range segments in view 

3:     Move toward n {T, O_i} that min h(x, n) =d(x, n)+d(n, q_goal) 
4: until  

5:     Goal is encountered 

6:     The value of h(x, n)begins to increase 

7: repeat 

8:     follow boundary continuing in same direction as before       

repeating 

9:     update {O_i}, d_reach and d_followed 

10:until 

11:    goal is reached 

12:    a complete cycle is performed (goal is unreachable) 

13:    d_reach < d_followed 
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4. Hardware 

4.1 The mobile robot Kompai 

Robosoft is one of the leading designers and manufacturers of the service robots which are 

used in transportation, security, cleanliness and healthcare. Kompai is the latest generation of 

Robosoft products with state-of-the art developments. It is an indoor mobile platform with 

differential drive wheels used as a generic platform and designed for developers who want to 

implement their ownscenarios. It is equipped with an embedded controller running Windows 

CE, and with a tablet-PC running Windows Vista or 7 for high level applications.  

Kompai is implemented with following sensors: 

 2D laser sensor SICK S300 

 Axis IP camera M1011 

 USB camera Logitech webcam 

 9 Ultrasonic sensors Lextronic MSU08 

 16 IR sensors  SHARP GP2Y0A 

 

  

  

 

 

 

 

Figure 4.1. Kompai robot and its hardware architecture. Robosoft, Kompai poster, 2010. 

robuBOX-Kompai is an add-on to the robuBOX Software Development Kit (SDK) 

developed by ROBOSOFT. Its primary function is to provide support for developers to work 

with Microsoft Robotics Development Studio (MRDS) and the Kompai robot. It adds 

http://www.doc-center.robosoft.com/Robubox_home_page/User_Manual
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Mapper, a Localizer and Planner functionalities for Kompai robots. It also contains a 

complete application of interaction with robot including GUI and voice interaction. 

Microsoft Robotics Development Studio (MRDS) 

MRDS is Microsoft’s Software Development Kit (SDK) that uses C# to build software for 

robots. MRDS includes a sophisticated 3D simulation environment for virtual robots. This 

free SDK includes a virtual environment, and it allows user to drive a robot just minutes after 

installation. The best feature of MRDS is that it’s free for personal, academic, and 

development use, and its sophisticated run-time environment makes it easy to write powerful 

asynchronous and distributed applications. 

Professional Universal Robotics Engine (PURE) 

PURE is low level interface and it supports the common tasks for all Robosoft robotics 

platforms such as; Sensor acquisition, Actuator control, Feedback control loops and Robot 

supervision. Kompai as shown in the figure 4.1 is a collection of various devices. PURE 

provides servicess that required on high level applications and it presents the functionalities of 

the platform. It was written in C++, which is high-level yet real-time capable language.  

 

Figure 4.2. PURE services. 

4.2 RFID reader 

We have used ALN-9900 RFID reader for our research. It included a rich set of software 

APIs in various programming languages such as Java, .NET and Visual Basic. Below are the 

most important features of ALN-9900 RFID reader that ideally fitted for our study: 

 Provides the Received Signal Strength Indication (RSSI). This ability was the 

main and essential feature of the reader since in our experiments we have mainly 

used it for evaluation and computation.   

PURE CoreServer

PURELaserClient

PUREDifferentialDriveClient

PURELocalizationClient

PURE … Client

.

.

.
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 Advanced features like speed, position and direction tracking. The reader has the 

ability to calculate the speed in which the tags were moving and the relative 

position of the moving tags from the reader. However, we are not interested much 

in these features. 

 Ethernet interface. It allows us to control the reader remote. This feature helped us 

to easily integrate it to our system. 

 The reader has 4 antenna ports. At the beginning stage of our research we have not 

clearly defined our system design, how many antennas needed for our system? 

This feature was really cost effective option as the readers could have multiple 

antennas and it was ideally suited to our study in case if we were going to use 

more than one. The reader takes care of avoiding interference and schedules read 

between antennas in a round robin mechanism. 

  

The reader has a customized version of the Linux operating system. We can configure and 

communicate with ALR-9900 either Ethernet interface or serial interface. The reader has a 

web-interface which can be used to configure the reader’s various parameters. The web-

interface can be accessed by simply typing the IP to which the reader is connected to, in the 

browser. After logging in using a username/password, the web interface presents a simple 

page which gives the details about the reader’s software and hardware versions. The page has 

options to run a simple applet which will scan and report tags, edit the parameters of the 

reader or issue text based commands to perform various operations which can be found in the 

SDK. 

 

Figure 4.3. System architecture for the ALR9900 reader. Alien Technology, Guide: Hardware 

Setup, 2010. 
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Java Library AlienRFID.jar 

We programmed the reader using its Java library. The library takes the form of a single 

JAR file “AlienRFID.jar”. The library consists of five groups for controlling various aspects 

of the reader: 

 reader. Classes for communicating to the reader. 

 tags. Classes dealing with tag and EPC data. 

 discovery. Classes for discovering the locations of readers connected by RS232 and 

Ethernet. 

 notify. classes for listening to "push" notifications and streamed data from readers 

over the LAN 

 util. classes for performing bit operations, converting between hex/ASCII/binary 

strings, XML parsers, serial port management, and for determining the API version 

 

The reader classes are the primary classes for communicating with a reader either over the 

network or a serial port. However, if the location (either serial port or network address) of the 

reader is known, a reader object can be instantiated directly without the need of any discovery 

classes. By using reader object we can perform the command set which is described in the 

Reader Interface Guide. 

The tag class is devoted to store and manipulate tag data. Also it has offer numbers of 

methods which manipulates tag data. The tag class fields: 

 Tag ID – a string representing the tag's EPC code 

 Discover Time – the time the tag was first seen by the reader 

 Last Seen Time – the time the tag was last seen by the reader 

 Count – the number of times the reader has read the tag since it was first seen 

 Antenna – the (transmit) antenna number where the tag was last seen 

 Transmit Antenna & Receive Antenna – Multi-static antenna systems, such as the 

ALR-9800 can indicate which antenna was transmitting, and which antenna was 

receiving when the tag was acquired. 

 RSSI – The reader can optionally report the tag's Return Signal Strength Indication. 

 Speed & Smooth Speed – The reader can optionally measure the tag's speed. 

Repeated measurements can generate a smoothed speed value. 

 Smooth Position – Repeated speed measurements integrated over time gives you a 

measurement of the tag's position. 

Tag reading modes. ALR9900 reader provides two modes for reading tag; interactive 

mode and autonomous mode. In former mode the controlling application issues commands the 
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reader to read tag and reader immediately returns tags in its reading view field. Later - the 

reader constantly reads tags, and may initiate a conversation with a network listener when 

certain events arise. 

Software controlled output power. The reader offered software controlled digital 

attenuation for its RF output. This method only reduces the emitted signal, but not return 

signal. The RF attenuation range is between 0dBm to 15dBm and step is 0.1dBm. Also we 

can set actual output power of the reader instead of setting attenuation.  

RF level and RF attenuation are always related by the formula: 

                                   

4.3 Laser range sensor SICK S300 

Kompai robot equipped with laser range sensor SICK S300. We used it for detecting 

obstacle. The S300 is extremely compact sized safety laser scanner. Its scanning angle is 270
0
 

and response time is 80ms. Maximum range is 30 meters. The advantage of the laser sensor is 

that it offers higher resolution data than infrared and ultrasonic sensors. The drawback of the 

laser sensor is that it works only with vertically continuous obstacles, such as wall and 

column, since it scans only through plan.  

 
 

Figure 4.5 . Laser Scanner S300. SICK, Laser Scanner S300 datasheet 

4.4 ALR-8611-C High Performance RFID Antenna 

The Alien Technology® ALR-8611-C is a high-performance, circularly polarized patch 

antenna for demanding RFID applications. 3dB Beam-width or angle of view is 70 degrees. 

Operating frequency is 865-869Mhz. Figure 4.5 shows its radiation pattern. 
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Figure 4.6. Radiation pattern of ALR-8611C antenna. Alien Technology Product datasheet. 

4.5 eP12 Omni antenna 

Produced by ePix Ltd of England. 

Features: 

Compact size for small enclosures 

7 meters range 

BNC or Reverse TNC options 

Low cost especially in volume 

Omni directional operation 

Vertical polarized 

Complete with 4 meters of flexible cable. 

Frequency range 850MHz to 950 MHz 

Typically 7 meters range at 2W ERP 

Almost theoretical maximum gain. 

Impedance approximately 50R 

All components ROHS compliant 

Height=120mm, width=18mm, depth=3mm, (Not including optional plastic housing!) 

4 meters of Cable. Flexible RJ 58... LMR Cable 

4.6 Alien RF ID tags 

Model and description Image 

ALN-9629 “Square” Inlay 

Powered by Alien®’s break-through HiggsTM3 UHF 

RFID IC and innovative antenna design, the ALN-9629 

delivers industry leading EPC Gen 2 performance and 

reliability in a compact form factor. 

Typical applications for the “Square” include, but are 
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not limited to apparel hang tags, pharmaceuticals, or 

other items where label real estate is at a premium. 

 

ALN-9654 “G” Inlay 

Powered by Alien®’s break-through HiggsTM3 

UHF RFID IC and innovative antenna design, the ALN-

9654 delivers industry leading EPC Gen 2 performance 

and reliability 

Typical applications for the “G” include, but are 

not limited to windshield glass, reusable plastic pallets, 

totes and containers as well as asset management and 

high speed motocross or triathlon tagging. 

 

 

ALN-9662 “Short” Inlay  

Powered by Alien®’s break-through HiggsTM3 

UHF RFID IC and innovative Squiggle antenna design, 

the ALN- 9662 delivers industry leading EPC Gen 2 

performance and reliability in a narrower width than 

it’s bigger brother, the Squiggle®. 

Typical applications for the Short include, but are 

not limited to, corrugate cases, pallet placard labels, 

apparel hang tags, shipping labels, asset management, 

file folder labels, and application on plastics. 

 

 

ALN-9634 “2×2” Inlay  

Powered by Alien®’s break-through HiggsTM3 

UHF RFID IC and innovative antenna design, the ALN-

9634 delivers industry leading EPC Gen 2 performance 

and reliability in a 2” x 2” form factor.  
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Typical applications for the “2×2” include, but are 

not limited to insertion within apparel for anti-

counterfeit applications, within larger apparel hang 

tags, on larger pharmaceuticals, and within airline 

baggage tags. 

ALN-9640 “Squiggle®” Inlay  

Powered by Alien®’s break-through HiggsTM3 

UHF RFID IC and innovative Squiggle antenna design, 

the ALN- 9640 delivers industry leading EPC Gen 2 

performance and reliability at competitive prices. 

Typical applications for the Squiggle include, but are 

not limited to, corrugate cases, pallet placards, apparel 

hang tags, baggage tags, shipping labels, asset 

management, and file folder labels 
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5. Solution 

This section presents our proposed solutions of this project. Our main goal was to write a 

program that controls Kompai robot, which was equipped with ALR-9900 RFID reader and 

antennas. The test program is written in Java, a multi-platform, object oriented programming 

language. Our first method was to implement Kompai as Braitenberg vehicle 3a, which is 

explained in section 3. Kompai was implemented as shown in figure 5.4 and figure 5.5. Left 

and right side antennas used as sensors of the vehicle 3a. Second and third methods were to 

estimate localization of object and navigate Kompai to the localized object based on AOA 

measurements. The test program has functions, which performs these methods and 

implemented with simple database which contains following information; tag id, description 

of tagged object and image of object, and management functions for database such as add, 

edit and delete. Subsection 5.1 described test program which is used in this project. 

Subsection 5.2 presents how RFID system was mounted on Kompai. Subsection 5.3 and 5.4 

present details of proposed methods.     

5.1 Test program 

A test program was written in Java. The main purpose of the test program is to properly 

interface with RFID reader and control a mobile robot. In order to make easier control, 

Graphic user interface (GUI) was built with needed settings and controls. The GUI consists of 

three main parts. 

Navigator 

In the left hand side it shows current reading of laser in 2D graph, robot pose(x, y, theta) 

and robot speeds (angular, linear). In the right hand side, Control pane – buttons to control 

connection to RFID reader, radio buttons – to control operating mode. 

Operating modes: 

 Inactive – reads tags in its view field 

 Locate – locating tagged object using algorithm  AOA locating 

 Follow – follow a tagged object using algorithm follow a tag of interest. 

 



35 

 

 

Figure 5.1. GUI: Navigator 

Recent tags are shown in current readings pane. Selected tag details pane shows selected 

tag details in fields Tag ID, Name, Description and image. 

Database 

This was intended to control database. Connect DB button to connect database. Update 

DB button to update database.  

 

Figure 5.2. GUI: Database control. 
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Table controller shows tags in the database with fields; Tag ID, Name, Description and 

image path. Details pane shows selected tag details and it provides buttons; New, Edit, Save, 

Delete buttons which are devoted for basic functions to control database.  

RFID reader control 

This devoted to control RFID reader. It provides sliders to control attenuation level and 

output power level of the reader and. It also provides text box and send button for sending 

commands to the reader. The reader replied responses recorded in the below text area. 

Horizontal progress bar with a label RSS presents received signal strength indicator of 

selected tag at selected antenna.   

 

Figure 5.3. GUI: RFID reader control. 

5.2 Mounting RFID system on Kompai 

In order to accomplish our goal, Robosoft Kompai robot was implemented with RFID 

system which consists of following parts: RFID reader ALN9900, ALR-8611-C directional 

antenna, dual eP12 omni antennas and additional power supply for RFID reader. System 

connection diagram is shown in the figure 5.4. The dual antenna was mounted on both sides 

of Kompai and directional antenna was mounted in front of Kompai as shown figure 5.5. This 

dual directional antenna provides capability that Kompai acts as Braitenberg vehicle 3a, 

which described in section 3. By rotating Kompai with directional antenna, it can find angle 

of arrival or direction to RFID tag. In order to make that during rotation it reads tag and 

record RSSI with its orientation. After complete one rotation it can estimate orientation with 



37 

 

strongest RSSI by using appropriate algorithm. This orientation with strongest RSSI is angle 

of arrival of RFID tag. 

 

Figure 5.4. System connection diagram 

 

Figure 5.5. Kompai with RFID system 

 5.3 Main control program of the robot 

This section described details of our proposed methods and will cover the different 

software functions of the test program. The following two subsections explain terms such as 
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reactive paradigm, behavior and subsumption architecture. These terms are used in 

throughout this section and following sections. 

Reactive paradigm and behavior. In robotics low level interactions with the environment 

is often implemented with reactive paradigm inspired by Rodney Brooks’ work [31], [32] and 

[33]. Reactive paradigm or reactive control is based on a direct connection or mapping 

between the robot’s sensor and effectors. This direct connection or mapping consists of 

collection of rules that couples particular situations (sensed information) to particular actions 

(actuator commands) for some purposes. This goal oriented connection between sensors and 

effecter is called behavior in robotics, as described by Murphy [1]. Based on M. Mataric [34], 

we can think that reactive rules are similar to animal reflexes, which innate responses that 

don’t involve any are thinking. Also it is called as stimulus response where it jerks upward, 

when knee is tapped with reflex hammer. As we studied in biology class at high school 

reflexes are controlled by the neural fibers in the spinal cord, not by the brain. This is why 

they are so fast. Reactive systems are based on exactly same principles as animal reflexes; 

heavy computations and representation of the environment are removed to support fast acting. 

So, according to the reactive paradigm, construction of robotic system is referred to 

programming the behaviors therefore behavior is fundamental component of any reactive 

system 

  Subsumption Architecture. Murphy [1] noted that Rodney Brooks’ subsumption 

architecture is the most influential in the purely reactive systems. According to Murphy [1], 

this architecture considers behavior as a network of sensing and acting modules which 

accomplishes task. The modules are augmented finite state machines (AFSM) or finite state 

machines which have registers, timers, and other enhancements to permit them to be 

interfaced with other modules. Behaviors are released in a stimulus-response way. There are 

four main aspects of subsumption in terms of controlling and coordinating the modules: 

 Layers of competence. Modules are grouped into layers of competence. Lower 

layers encapsulate basic survival functions such as avoiding collisions, while 

higher levels create more goal directed actions such as mapping. Each of the 

layers can be viewed as an abstract behavior for particular task. 

 Layers can subsume lower layers. Modules in higher layer can override, subsume, 

the output of behaviors in the next lower layers. The behavioral layers operate 

concurrently and independently. Thus, there needs to be a mechanism to handle 
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theirs confliction. The solution in subsumption is type of winner-take-all, where 

the winner is always the higher level. 

 No internal state. The use of internal state is avoided. Internal state is any type of 

local, persistent representation of the world.    

  Taskable. A task is accomplished by activating the appropriate layer, which then 

activates the lower layers below it, and so on.  

A Finite State Automata (FSA) is used for represent what the robot should do at any given 

instance. The FSA can be written as a table or drawn as a state diagram, which gives visual 

representation of system. The FSA consists of following parts:  

 States. It has finite number of discrete states that the robot should be in. Designer 

should indicate Start state, the robot would start always start there. By convention, 

set of states represented by K and states by q. 

 Inputs stimulus, which are behavioral releasers. Stimulus represented by arrows. 

 Transition function, which specifies what state the robot is in after it encounters an 

input stimulus. 

 Final state. This state indicates when the robot has completed task. Sometimes 

final state can be unclear or no final state, in this case robot can run until it is 

turned off or runs out of power.  

5.3.1 Abstract behavior Follow a tag of interest 

According to our goal, a mobile robot with dual antenna RFID system should locate an 

RFID tagged object and navigate itself toward this object. If the object moves, the robot 

should follow it. The Follow a tag of interest function is a combination of move to goal and 

obstacle avoidance behavior earlier described in chapter 3. There is a slight complication 

when combining move to goal and obstacle avoidance. It can be easily understood from 

Figure 5.6 how the system works. The robot starts from state Move2goal. In this state the 

robot always moves to goal or tag. If stimulus obstacle and RSSI<Threshold are inactive then 

it will stay in state Move2goal. If stimuli obstacle is active then it changes state to Obstacle 

avoidance. In this state the robot tries to avoid from obstacle until obstacle disappears or 

RSSI<Threshold gets active. If obstacle disappears then state changes to Move2goal. If 

RSSI<Threshold gets active then the system state changes to state Waiting and stays there 

until RSSI<Threshold becomes inactive.  
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STARTSTART

Move2goal

Obstacle
Avoidance

Obstacle

No obstacle

WaitingWaiting

RSSI > Threshold

RSSI < Threshold

RSSI > Threshold

 

Figure 5.6 State diagram of abstract behavior follow a tag of interest. 

From the figure 5.6 we can easily understand how the system works, but it cannot show 

the system in details. Constructing control program requires more detailed information and 

above diagram abstracts the system at the higher level, where each diagram state represents 

complex abstract behavior which is decomposable into primitive behaviors. A subsumption 

architecture is a suitable approach for decomposing of complicated behavior into simple 

behavior modules. As a result these behavior modules are more convenient to translate into 

programming language. Figure 5.7 shows subsumption architecture of abstract behavior 

follow a tag of interested.  

Laser Collide
Obstacle 
detection

Runaway

Turn

Forward
Move2Goal
(Braitenberg)

Left and Right
Antenna

Freeze
(RSS > Threshold)

Avoid

Mid antenna

angular
linear

S S

halt

halt

angular

Layer 0: Move2goal

Layer 1: Waiting

Layer 2: Avoid obstacle

I

 

Figure 5.7 Follow a tag of interested abstract behavior using subsumption 

 

We assume that our mobile robot has two actuator functions, one for driving forward, 

another for turning.  
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Level 0: Move to goal 

As described in previous Section 3, “move to goal” acts as a Braitenberg vehicle. The 

RFID system provides recent received signal strength indicators (RSSI) from both left and 

right antennas. According to equation (1) in Section 3: 

            

Those raw sensor readings smoothened by using linear regression. After that, it normalized to 

the range of [0, 1] as: 

             

    

       
                  

                                    

  

  We have chosen linear transfer function that translates sensor readings to wheel speed 

(for both left and right wheels): 

                   

 where    is constant,             was used in our experiment. Further left and right 

wheels’ speeds translated to linear and angular speeds as: 

  
      

 
 

  
      

 
 

The layer 0 is subsumed by layer 1 and layer 2. 

Layer 1: Waiting 

Layer 1 consists of FREEZE module which activated by central antenna readings if 

       
                                      
                                                             

  

 and it subsumes Layer 0 if it is active. 

Layer 2: Avoid obstacle 
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Layer 2 consists of the four modules OBSTACLE DETECTION, RUNAWAY, 

COLLIDE and AVOID. We have described these modules in Section 3, except for AVOID. 

The AVOID module gives opportunity to create more sophisticated response to obstacles. 

AVOID listens both RUNAWAY and MOVE2GOAL and combines their output in order to 

generate a safe direction.   

5.3.2 Obstacle avoidance using 2D laser range sensor 

Obstacle avoidance is one of key issue in robotic navigation. A most common approach is 

the wall-following approach which is used in the bug algorithm. The bug algorithm is well 

described in H. Choset et al. book “Principles of Robot Motion: Theory, Algorithms, and 

Implementations” [30]. It is based on to follow the wall on its left or right and maintains 

constant distance with the wall. In this subsection we will introduce behavior based obstacle 

detection and avoiding algorithm similar to wall-following approach for mobile robot 

Kompai. The avoidance system consists of following modules; 2D laser range sensor, 

obstacle detection and safety behaviors (run-away, collision) for obstacle avoidance. 

Obstacle detection  

With the aid of 2D laser range sensor, the robot can detect an obstacle within its reading 

range. Figure 5.8 shows description of the laser sensor readings. The obstacle detection is 

performed by finding special points in sensor distance data by comparing the indexed distance 

values ri in scanner coordinates with the threshold value Rthres. Consider full scan of 270
0
 is as 

an ordered sequence of N measurement points (P), where each scanned point can be defined 

in polar coordinates (r, a), in Cartesian that is 

                                                                          

Following the representation shown figure and according (1) a sector can be expressed as  

                                                                   

where j is segment enumeration with values j = {1, 2, 3} and S1 is front sector, S2 is left 

sector, S3 is right sector.  

The front of the robot is our interested area since it moves just forward as described in 

previous subsection. The interested area is shown in the figure 3.3 with gray color. 
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The following function performs obstacle detection and gives true if the indexed distance 

values ri in specified sector Sj coordinates is less than the threshold value Rthres, otherwise 

false.   

αstart

A
Width

R

Front sector

00

-1350
1350

αend

270th angle 0th angle

135th angle

αrightαleft

Right sectorLeft sector

-900900 αβ

 

Figure 5.8. Description of laser sensor reading. The robot, gray colored, heading is directed to angle 0
0
. Dark 

gray colored is interested area. 

 The interested area consists of three segments left, front and right and each segment has 

its own Rthres. In other words, the outer border of the gray area defines value of the threshold 

Rthres as: 

       

 
 
 

 
                                                
     

    
                                        

     

    
                                        

   (3) 

where width is the robot width. Based on sensor data, the obstacle detection unit supplies data 

which tells the given segment is free or occupied by obstacle.  

                         
                                   
                                          

                                  

 
where     segment which defined in equation (3) and    is indexed distance value of the laser 

scanner reading. 
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5.3.3 Safety behaviors 

There are two reactive behaviors are used in obstacle avoidance. Each behavior receives 

information about obstacle from obstacle detection unit. First one automatically stops or 

slowdowns the robot if it detects an obstacle within a certain range as in the equations (3) and 

(4). Therefore, this stopping or slow downing behavior allows motion only in obstacle free 

direction.  

                                                       

Another behavior is run away behavior which is designed to turn a robot into more safe 

direction. Here the reaction range is important since we need enough space for maneuvering 

the robot. The run-away behavior calculates a weighted difference between sectors on the left 

and on the right sides to get best direction.    

 

Figure 5.9. An illustration of run-away behavior. Black colored arrow presents the heading direction, red arrow 

shows turning direction. 

The following formula used for weighting  

       

 

 
   

  

      
              

                                    

 
       

The rule for selecting turning direction is  

              Turn to right. 

              Turn to left. 

RightLeft
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5.3.4 Locating a tag of interest 

Approach A.  

As mentioned in chapter 3 about AOA localization, we have to do measurement in several 

positions. We assumed that robot is situated in fenced environment which means that robot 

acts in a closed room, doors are closed. In order to place robot in different positions for taking 

AOA measurement the robot was implemented as shown in figure 5.10. The initial state is 

move straight. The robot stays in the state move straight until it detects wall. After detecting 

wall it switches to follow wall behavior and memorizes first obstacle detected position. The 

robot stops at predetermined time period and takes AOA measurement while it is in Follow 

wall state. It continues Follow wall state until it reaches the first obstacle detected position. 

After contouring the room it estimates position of all read tags based on methods which 

described in section 3.   

 

Figure 5.10. Locating a tag of interest. 

Table 5.1 represents locating a tag of interest algorithm. Determining AOA was as 

described in chapter 3.  

 
Table 5.2 

Locating a tag of interest algorithm 

1: repeat 

2:      Move straight 

3: until hit wall 

4: save hit point 

5: run followWall(), run Timer(): Timer for measurent 

6: repeat 

7:     if Timer.isOver() then run rotateRobot(360 degrees) 

8:     end if 
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9:     while (rotateRobot.isNotFinished()) 

10:           perform measurement for AOA 

11:    end while 

12: until hit point is reached 

 

Following wall or obstacle boundary 

This behavior was decomposed into three modules move straight, avoid from wall and 

attract to wall. The algorithm that coordinates these basic behaviors is shown in table 5.2. The 

main principle of following wall is that it tries to maintain constant distance with contouring 

obstacle by following wall either by left or by right side. For example; in figure 5.11 the robot 

which follows wall by right side should have an obstacle in normal zone. If obstacle is in 

collision zone then it activates avoid from wall and if obstacle is in the far zone it should turn 

on attract obstacle. Otherwise it moves straight.   

 

Figure 5.11. Virtual bumper for right wall following 

 

The figure 5.11 represents virtual bumper used for wall following. We have chosen a = 

40cm, b = 70cm, c is greater than b.  

 
Table 5.2 

Follow wall algorithm, Input: follow side (right or left) 

1: while true do 

2:     repeat 

3:         move straight 

4:     until obstacle in collision zone or 

5:         obstacle in far zone or 

6:     if obstacle in collision zone then  

7:         run avoid wall  

Collision zone

Normal zone

Far zone

a

b
c
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8:     end if 

9:     if obstacle in far zone then  

10:        run attract wall  

11:    end if 

12: end while 

 

Approach B. Modified tangent bug for locating RFID tagged Object.  

In this subsection we describe our proposed modified tangent bug algorithm (MTBA) for 

locating RFID tagged object. TBA is described in section 3. Original TBA requires data such 

as; updated position of the robot, updated discontinuity points on obstacle and goal point as 

described in section three. In our case, an interested RFID tag position is the goal point for 

TBA. However, we cannot define exact goal point, but instead of that we can provide 

direction to the goal point or the tag position. By rotating Kompai with directional antenna, 

the direction of angle of arrival of the signal can be determined from history of orientation 

and RSSI.  Consequently, we can define ray or half line which directs to goal point and its 

initial point will be current measurement position of the Kompai. In this case we assume that 

the goal point exists somewhere on this half line. Also we found that RFID tag’s readable 

range is about 5m at maximum. Based on this information we defined virtual goal point on the 

half line which is far than maximum readable range. Our modified TBA uses this virtual goal 

point as the goal point and tries to reach this point. It performs two actions; move to goal and 

follow boundary. 

Modified TBA (MTBA) Algorithm  

1. The robot perform move to goal until one of the following three conditions fulfilled. 

Condition 1: if obstacle detected then it switches to follow boundary behavior and 

selects which side to follow according to original TBA heuristic. Condition 2: RSSI is 

greater than predetermined threshold value. It means that the robot is very close to the 

RFID tag and the robot adjusts its heading to RFID tag, terminates algorithm. 

Condition 3: If RSSI is dropped, which means that the robot moves in wrong 

direction, then the robot stops and tries to determine new direction and new virtual 

goal point. The robot always records RSSI readings and monitors its dropping. 

2. The robot performs follow boundary behavior until its heading directed to virtual goal 

point. When it directs to virtual goal point it stops and determines new direction and 

new goal point then activates move to goal behavior. 
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OBSTACLE

VG0

VG2

VG3

VG4 TAG

P0

P1

P2

P3

P4

Initial position: After AOA measurement it obtains 
direction (P0,VG0) and virtual goal point VG0

Starts ”move to goal” to VG0

tangentBug acitivates ”boundary following”

ends ”boundary following”. 
Determines AOA and obtains new VG2.

Starts ”move to goal” to VG2 

If RSSI dropped then robot immedeately 
stops and determines AOA. 
Starts ”move to goal” to VG3

If (RSSI > Threshold) then stops. Determine 
new AOA. 
Adjust heading towards AOA and stay there.

Virtual goal point

RFID tag

 

Figure 5.12. Modified TBA. VGs are virtual goal points. The half line directions always have some error.  
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6. Experiments 

In this section we explain experiments we have performed. Based on our proposed 

methods in previous chapters we have done several experiments with mobile robot Kompai 

and RFID system. The experiments were broken down into three parts: initial testing and 

evaluation of RFID equipment, testing move to goal function and AOA localization function. 

The experiments were conducted in room MA206 of the MIT building at Umea University.   

The room MA206 was chosen as it was the final demonstration area for this RFID project, 

and that room was similar to a regular office room. The room was also large enough and 

prepared as shown in the figure 6.1. Some interfering objects like chairs and tables were 

moved aside for the tests. This test bed provides a good area for the testing as results obtained 

for this “office-like” room are applicable to the type of environment that the system will be 

deployed. As mentioned earlier Kompai senses obstacles by its laser scanner according to our 

application software, so it cannot sense vertically discontinuous obstacles. Hence, we built 

artificial walls using tables as shown in the figure 5.1. The room floor was marked by grids of 

50 cm by 50 cm blocks for measurements to determine a tag and robot position. The total 

marked area was 380 cm by 280 cm. 

 

Figure 6.1 Kompai in the room MA206 
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One laptop with wireless Ethernet card was used for running our controller software. 

Wireless LAN was setup between the laptop and a mobile robot with RFID system as shown 

in the figure 5.1. This wireless communication provides free movement through the room to a 

mobile robot. The system worked well during test process. 

6.1 Testing range 

The purpose of this test was to find maximum reading range of tag. This maximum 

distance helps when trying to figure out how to mount antenna on Kompai and how to plan 

robot movements in room.  

 

 

Figure 6.2. Fluctuation of RSSI from single tag with different distances, without external influence such us 

human, metal object, movement. 

 

In this experiment we used ALR8611-C antenna and various types of tags which are in 

table 6.1. Figure 6.2 shows the fluctuation of RSSI signal from a single tag with respect to 

distance. The displayed values are obtained by averaging 10 consecutive RSSI readings from 

the reader. The sampling rate was 100 - 300 msecs.  It is easy to see from figure 6.3 which 

shows comparison of raw data and smoothened data. Fluctuations in raw data are too big and 

it is unsuitable for RFID tracking. So we need to process raw data for further use. 
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In order to reduce the effect of signal fluctuation, we needed some method for smoothing 

this fluctuation. We tried two methods. The first one was averaging the N most recent results 

and finding the mean, another was linear regression. The number N was chosen between 3 and 

5, since a mobile robot always in move so N can’t be large. These methods allowed more 

stable signal strength values. 

 

Figure 6.3. Fluctuation in RSSI and its smoothened data, when tag is stationary at a particular position.  

 
 

 

Figure 6.4. RSSI vs. distance in different orientation of tag 

Figure 6.4 shows result of RSSI measurements of tags which located in different 

orientation. The curves in the figure 6.4 almost overlapped and it indicates tags radiation 

pattern looks like fairly omnidirectional which means it radiates equally in each horizontal 

direction.   
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Figure 6.5. RSSI vs. distance in various type of tag 

The test results in Figure 6.5 show how different tags have different RSSI vs Distance 

relationship. Thus, if tag model is unknown then we should use some broad acceptable 

method to handle them. In other words if we calibrate the system for a certain type of RFID 

tag then it would not work differently with the other types of tags.    

Maximum readable ranges of tags at the highest and the lowest power output of ALN9900 

reader are presented in Table 6.1. The tags ALN-9634, ALN-9662 and ALN-9640 show 

almost same results, only tag ALN-9629’s readable range was very short.  

 Table 6.1Tag visible ranges at lowest and highest transmission power. 

Tag model ALN-9634 ALN-9662 ALN-9640 ALN-9629 

Lowest power (power level = 157, attenuation = 150) 

Antenna     

ALR-8611-C <180cm <180cm <180cm <50cm 

eP12 omni <150cm <150cm <150cm <20cm 

Highest power (power level = 307, attenuation = 0) 

ALR-8611-C <5m-6m <5m-6m <5m-6m <200cm 

eP12 omni <4m-6m <4m-6m <4m-6m <100cm 

6.2 Testing external influence 

External objects such as human and metal objectives can significantly influence indoor RF 

propagation. In this experiment we tried to study how to influence external objects; metal 

objects; metal object and human, in tag and reader communication. Here we used one ALR-
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8611-C antenna and six ALN-9634 tags. Tags are placed along main bearing axis of the 

antenna and spaced 50 cm between tags. First we performed measurement without external 

objects. After that we added external objects at particular positions between tags and the 

reader and repeated measurement. 

Results are obtained by averaging 10 consequences RSSI readings. Human and metal 

obstacles are placed along the main bearing axis. The human obstacle was one human with 

laptop and the metal obstacle was a metal tripod stand. 

Figure 6.7 shows results without obstacles or influence of metal obstacles in different 

positions.  Figure 6.8 represents comparison without obstacle influence of human obstacle in 

different positions.  

Test result shows that both human and metal objects are significantly influence RSSI 

readings if they are close to tag. The power of influence has relation distance between them.  

 

Figure 6.7. Interference from metal object, object in different positions. 

 

Figure 6.8. Interference from metal object, object in different positions 

 

0 

2000 

4000 

6000 

8000 

10000 

12000 

50 100 150 200 250 300 

R
S

S
I 

no obstacle 

obstacle at 175 

obstacle at 300 

obstacle at 0 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

0 100 200 300 400 

R
S

S
I 

Distance [cm] 

no obstacle 

obstacle at 0cm 

obstacle at 125cm 

obstacle at 175cm 

obstacle at 225cm 

obstacle at 325cm 



54 

 

6.3 Testing follow a tag of interested 

In this test we tested the test program function follow a tag of interested which described 

in section 5. In order to perform this test, Kompai was implemented as in section 5 and the 

test room was configured as described earlier in this section; 50cm x 50cm grids and build 

artificial wall using tables. We studied follow a tag of interested function in two cases; with 

single stationary RFID tag which placed at center of the test room and with moving RFID tag 

which moves through the test room. In first case, we placed static RFID tag at center of the 

test room and Kompai was placed in random initial position. Kompai was controlled by 

algorithm follow a tag interested which described in section 5.  

We observed oscillatory behavior when Kompai was approaching to the tag as in Figure 

6.9(a), the tag position is represented by small circle. This oscillation behavior’s frequency 

was increased as Kompai approaches stimulus maximum threshold. In other words, when the 

robot reaches the tag its linear speed becomes zero while angular speed changes its direction 

and that angular speed’s changing direction causes this oscillation. In order to stop this 

oscillation we configured freeze module of follow a tag interested abstract behavior, if center 

antenna readings is higher than some threshold value it stops movement. . Sometimes Kompai 

missed the tag as in figure 6.9(b). Reason of these symptoms can be asymmetric sensors, non 

isotropic radiation pattern of signal source and receiver and surroundings effect. In practice, 

we can’t avoid and eliminate these factors. For this test, the position of robot was estimated 

by odometry and recorded and plotted in figure 6.9. 

In this test we concluded that if initial position is close to tag, approximately less than 2 

meters, it successfully hits (locates) the tag.    

 

Figure 6.9Test result of function follow a tag of interested: a. Oscillatory behavior, b. missed tag, c. hit tag 

without oscillatory. Grid size is 50x50[cm], tag is represented by small circle at the center. “x” is robot position. 

 

a b
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In a second test with moving RFID tag, we tested safety behaviors such as runaway, avoid 

obstacle. Results were fairly good; Kompai easily passes door openings and avoids any 

vertical continuous obstacles. After detecting an obstacle in its path, the Kompai tries to 

change its path to reach free space, in order to avoid the obstacle, and repeats it until it 

reaches tag.  

6.4 Testing AOA localization 

Approach A 

In this test we tested AOA localization approach A. in section 5. In order to perform this 

test Kompai was implemented RFIS system with single directional antenna which was 

mounted in front of the Kompai and test room was configured as described earlier; the room 

floor marked with 50 cm by 50 cm grids and build artificial wall using tables. Tags were 

attached to print paper boxes that were placed at known positions as in figure 6.10.  

The Kompai was controlled by locating tag of interest algorithm which is described in 

table 5.2 of section 5.  According to this algorithm Kompai should contour the test room using 

wall following (which is also described in section 5) and perform AOA measurement at some 

position during wall following. When the Robot detects obstacle it commit this position in the 

memory as first hit position and the robot continues follow wall until it reach first  hit 

position. 

There was one big problem with this test, that the Kompai odometer was unreliable. 

Kompai was unable to stop at first hit position and continued wall following or stopped too 

far away (bigger than 1m) due to its odometry accuracy. Kompai odometery was only reliable 

over short distances, and accumulated error over time while it was wandering, especially 

when it performs turning movement that significantly affects its accuracy. In our tests, the 

Kompai makes about <10 degrees error while it performs every whole turn, this error was less 

than 10 degrees. Its odometry orientation value counter always precedes the real value. For 

example, if we give command turn 360 degrees then it turns about 350 degrees. As described 

earlier, the perimeter of our test bed is 2x380+2x240 = 1280cm or about 12 meters. While 

following wall, it should make AOA measurements at least every 3 meters, so robot need to 

turn 4 times also it need to turn about 90 degrees at four corners.  
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Figure 6.10. Test room, light grays are robot positions for making AOA measurements, dark points are tag 

positions. Grid size is 50cm x 50cm. 

Therefore it should perform 5 turn for every test and orientation error accumulates about 

50 degrees. Because of this reason, Kompai could not find first hit point. So we changed our 

moving strategy as it rotates to left every even measurement and rotates to right direction 

since we assumed combination of these opposite motions will eliminate this orientation error. 

Even if it reduced error, there still were significant errors. At the end, we decided to manually 

place Kompai at known points, coordinates and orientations are known. Test results are in the 

Table 6.1 and Table 6.2.  

Table 6.2 

 Measurement positions 

X 0 -150 100 -150 0 150 -150 0 100 

Y 0 0 0 -100 -100 -100 100 100 50 

Tag ID Measured Angle of Arrivials 

3379 3,43
0 

9,90
0
 10,75

0
 -2,71

0
 -6,47

0
 44,32

0
 -23,90

0
 -15,51

0
 -28,03

0
 

3CA9 -86,45
0
 -28,23

0
 -144,0

0
 -18,33

0
 -88,10

0
 -174,12

0
 -56,26

0
 -86,74

0
 -107,44

0
 

44D0 126,68
0
 63,49

0
 132,82

0
 79,13

0
 94,47

0
 138,12

0
 30,22

0
 135,07

0
 -156,0

0
 

3CA8 74,87
0
 44,49

0
 120,16

0
 19,60

0
 90,15

0
 108,82

0
 16,40

0
 90,81

0
 95,69

0
 

 Absolut errors [in degrees] 

3379 3,44 9,90 10,75 17,03 27,48 0,67 9,91 15,52 10,03 

3CA9 3,55 16,76 21,04 0,07 1,89 13,13 2,73 36,25 8,56 

44D0 3,68 0,24 10,18 0,54 13,23 3,13 14,78 7,92 3,10 

3CA8 15,13 0,50 3,84 39,40 0,15 11,17 2,00 32,19 39,31 

(0, 0)(-150, 0) (100, 0)

X

Y

(-150, -100)

(0, 100)

(0, -100) (150, -100)

(100, 50)

(-150, 100)

3379

3CA9

44D0 3CA8
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Table 6.1 shows measurement positions, measured direction of AOA and the direction’s 

absolute errors. It can be seen that absolute errors are with most values in the intervals [0, 25]. 

Thus we can conclude that direction of AOA can be determined with errors 25 degrees. Table 

6.2 shows estimated position of tags and their displacement. The maximum displacement was 

less than 1m. 

Table 6.3. Estimated tag positions and displacement 

Tag Original X Original Y Estimated X  Estimated Y Distance 

3CA9 0cm -150cm 4,6cm -122,5cm 27,8cm 

3379 250cm 0cm 201,2cm -23,5cm 54,1cm 

3CA8 0cm 150cm -0,8cm 246,4cm 96,4cm 

44D0 -100cm 150cm -34,4cm 180,3cm 72,2cm 

 

Accuracy of AOA estimation 

As we mentioned in section 2, AOA measurement’s accuracy or error depends on rotating 

and moving device accuracy, also its surroundings. If there are objects which reflect RF 

waves then it significantly affects to RSSI readings. One well known remedy for this problem 

is to reduce transmitting power. This method helps to eliminate unwanted reflected waves 

since low energy RF waves vanish more easily than high energy waves. Figures 6.11 and 6.12 

illustrate how the transmitting power level affects RSSI readings of passive RFID tags. It is 

easy to see that relationship of orientation and RSSI creates a curve which is similar to a bell 

shape; one bell shape corresponds to one tag’s RSSI. In case of high power of transmission 

we got curves in Figure 6.11. The bell shapes in the figure 6.11 are wide and irregular; some 

of them have more humps. In case of low power transmission the curves, which are in the 

figure 6.12, becomes more expected bell shaped than previous and disappeared some irregular 

humps. As said above, as we expected it reduces unwanted signals. We observed that 

although it was reduced output power it still received almost same strength signal as high 

output power. We assume that it is result of interference of multi-path propagation of single 

source. Also it can be tag to tag interference since they are sharing single channel for 

communicating with the RFID reader.         

In conclusion, after reducing output power we get more precise readings of RSSI. 
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Figure 6.11. RSSI vs Orientation, PowerLevel =280 and Attenuation =0, 

    

 

Figure 6.12. RSSI vs Orientation, PowerLevel =200 and Attenuation = 100, 
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Approach B. MTBA 

This subsection describes how we tested Approach B which was explained in section 5. 

Kompai was implemented as described in previous subsection Approach A. Test was placed 

in corridor C, plan 2 of MIT building.  

The Kompai was controlled by modified tangent bug algorithm (MTBA) which was 

explained in section 5. The tag, the robot Kompai and the obstacle was placed as shown in 

figure 6.13. The obstacle was placed to block direct path between the tag and the Kompai. 

The experiment result is shown in figure 6.13. The black rectangle denotes the tag position 

and circle with arrow represents the robot, the arrow indicates it’s heading direction. Green 

mark are positions for determining direction for AOA, blue mark is the position where the 

robot switches move to goal behavior to boundary following behavior. MTBA controlled 

Kompai as we expected and it successfully found the tag.  
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Figure 6.13 Experimental result of MTBA 
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7. Conclusions and Future work 

We have shown that mobile robots implemented with Braitenberg vehicle 3a and obstacle 

avoidance can be used for locating and navigating a mobile robot by using RFID technology. 

L. Chen [14] proposed a mobile robot with RFID system that tried to scan all monitoring area 

while our proposed method directly moves to interested object if RFID tagged object is in its 

reading range. Also we found out that localization system which is based on stand-alone 

RFID technology is vulnerable with many uncertain factors. Results of range and external 

influence tests have shown that tag’s readable range had a limit; also, it was difficult to assign 

an exact value to this limit since antenna radiation patterns are significantly defined by its 

surrounding. Different tags have shown different behaviors so it might be tear down pre-

calibrated system if they have not considered this issue. 

From our research we conclude that AOA locating method works well, however it was 

sensitive to its surrounding since RSSI readings easily affected by the environmental 

configuration such as wall material and so on. Also this method requires accurate position 

information of current measurement as its accuracy highly depends on how accurately we 

define position and orientation of mobile robot. The AOA test results show that even with 

inaccurate AOA measurements and a small number of measurement points, the proposed 

approach exhibits practically good accuracy and precision for the position estimation. Our 

results were comparable with M. Philipose work [19]. He presents a probabilistic 

measurement model for RFID readers that allow accurate localization of RFID tags in the 

environment. 

The main advantage of our proposed system was that it didn’t require pre-calibration, 

except output power calibration. Also it proposed simple robust method for navigating a 

mobile robot using RFID technology with computational efficiency and modular.   

Based on our findings, we can conclude that an intelligent mobile robot equipped with the 

RFID system, is able to perform real-time obstacle detection, avoidance and localization of 

goal (tagged object) in a real indoor environment. Also this work provides proper interface 

codes, which are written in Java, for further use in Kompai robot and ALR-9900 RFID reader. 

Two research directions arise for future research consideration. First direction is to 

develop existing algorithms or improve an existing hardware by implementing the followings: 
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- To test and implement a narrow beam-width antenna, which could increase the 

accuracy of estimation of AOA. Current system uses big beam-width antenna, 

which is approximately 70
0
 degrees in horizontal. 

- To improve the existing algorithm of the Approach A (see section 5.3.4) by 

means of the weighting coefficient. This coefficient could be defined for each 

measurement positions in the approach A, because the importance of 

measurement position should be proportional to the strength of received signal at 

that position. It is obvious that large strength of received signal results a high 

probability of a correct AOA detection. 

- Research needed to improve an algorithm to find out a direction to goal point for 

MTBA. Current MTBA performs one full rotation at each measurement to find a 

direction to the goal point. This method leads to waste of time. 

- Also, research needed to improve an algorithm to find out a direction to goal 

point for MTBA. Current MTBA performs one full rotation at each measurement 

to find a direction to the goal point. This method leads to waste of time. 

 Second research direction is to implement new methods and algorithms for locating object 

rather than improving the existing methods. This direction includes followings:  

- In this thesis, we used general RF model which does not consider some 

particularities of RFID propagation. Therefore, future localization method 

should take into account the appropriateness of RF model. 

- Developing new sensor model for RFID system.  
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Appendices. 

Parameter Specification 

Model number ALR-8611C 

Frequency 865-869Mhz 

Gain 5dBiL with integrated cable 

VSWR (max) 1.5 

Axial ratio  2.0 (1.5dB typ) 

3dB beamwidth – azimuth 

(max) 

70 degrees 

Polarization  Circular 

Weight  800 grams 

Impedance 50Ohm 

Connector and cable Reverse polarity TNC/6m LMR195 cable 

Mounting Four ¼ -20threaded studs 

Grounding DC grounded 

Environmental -25C to 70C operating temp. IP54 dust and moisture, UV 

safe 

Emissions regulations  ETSI EN 302-208, EN 300-200, EN301-489 

 


