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Abstract ---This paper proposes a robust and precise 
localization system for mobile robots with the aid of Radio 
Frequency Identification (RFID) technology and the 
Markov Chain Monte Carlo (MCMC) optimization 
algorithm. By integrating the RFID module, RFID tags, a 
mobile robot and an off-board computer together, the 
localization system uses MCMC to analyze RFID signal 
information and get optimized mobile robot’s location 
information. This paper focuses on explaining the 
development of RFID sensor model and the processes of 
building the MCMC algorithm. For sensor model 
development, the effects of orientation between the RFID 
reader and RFID tag and the velocity of the mobile robot 
are investigated. For the MCMC method, a sequential 
Monte Carlo method is adopted to optimize the result. 
Finally, the initial experiment results indicate that the 
proposed localization system has low error and could be 
used to effectively locate mobile robots. 
 
Index Terms---localization, Markov Chain Monte Carlo, 
mobile robot, RFID 
 

I. INTRODUCTION 
Reducing human efforts and avoiding placing humans in risky 
situations are always priorities in many different sectors like 
industries, defense, etc. This has increased the demand of 
research on localizing mobile robots not only in industries and 
defense but also at home, in service sectors, in hospitals, and 
other areas. However, research on reliable and efficient 
localization is still a major issue. 

Mobile robots were located with the help of Dead-reckoning 
by measuring the displacement with respect to the initial 
coordinates and initial orientation [1]. This method is limited, 
as errors would accumulate as the moving distance increases. 
Also, mobile robots were equipped with vision to locate 
themselves by comparing the obtained image with reference 
images [2]. This method has a constraint of low accuracy. 
Global Positioning System (GPS), a prevalent tool of 
localization, was chosen to locate mobile robots [3]. But it is 
difficult to use this technology in indoor environment. 
Eventually, there is necessity to find new methods or 
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technologies for localizing mobile robots in indoor 
environments.  

For localization, Ultra-wideband (UWB) and ultrasonic 
sensors have been extensively used, but they have limitations 
too. UWB method increases the cost of localization systems 
since the UWB transmitter and the energy detection receivers 
that must be implemented [4]. In the calculation of UWB 
method, if Time of Arrival (TOA) or Time Difference of 
Arrival (TDOA) is used, the synchronization of transmitters 
and receivers has to be considered for TOA, and moreover, 
precise time reference is also required for TDOA [5]. For the 
ultrasonic method, environment temperature, and humidity 
have influence on the speed of sound [6].  

In recent years, magnetic landmarks have been used for 
localization [7]. These landmarks have 6 patterns, and each 
pattern consists of 4 magnetic landmarks. On the bottom of the 
mobile robot, four hall sensors were installed, which pass on 
the sensor information. The mobile robot’s position and 
orientation were corrected based on that information. This 
localization method has good accuracy, but it is hard to use 
this method in complex environments, as the number of 
patterns is limited and landmarks must be very accurately 
placed.  

Recently, the popularity of Radio Frequency Identification 
(RFID) for localization is being recognized globally, and 
concurrently, RFID tags are being utilized to locate the mobile 
robot [8]. The mobile robot was equipped with an RFID reader 
and vision system. RFID tags’ positions and codes were 
known. When the reader detected the RFID tag, the robot’s 
location on the pre-stored map would be recognized by the 
navigation planning module, and the next step’s direction 
would be decided. However, there was no accurate 
localization, as the RFID tags could be detected at a distance 
of even 1m from the reader. The difference of RFID signal 
phase was proposed for localization, but this method was only 
validated by simulation [9]. Moreover, the impact of variety of 
velocity of mobile robots was not provided by any of the 
previous systems.    

Based on the above information, a RFID-based localization 
system is suggested in this proposal. The proposed method 
utilizes the RFID technology to help locate the mobile robot. 
The received signal strength (RSSI) is taken to estimate the 
possible distance between mobile robot and target objects. A 
Markov chain Monte Carlo algorithm is used to obtain 
optimized location of the mobile robot. This proposed system 
is aimed to solve the problems mentioned above, such as high 
cost equipment and big error. 
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The rest of this paper is organized as follows. Section 2 

introduces some related works. Section 3 gives an overview of 
the proposed localization system. Section 4 presents the 
development of sensor model or the first phase- distance 
estimation. Section 5 explains the algorithm of the proposed 
system. Section 6 discusses the initial experiments, result, and 
problems, and section 7 finalizes the conclusion. 

 

II. RELATED WORKS 
During last few years, RFID and other wireless sensors for 
localization of mobile robots have drawn many researchers’ 
attention. 
One of the earliest and classic RFID localization systems was 
built in [10]. In this project, researchers first built a 
probabilistic sensor model by detecting frequencies of RFID 
tags in different locations that with respect to RFID tag. Then, 
based on this sensor model, the geometrical structure of the 
environment, and the path of the robot, the mobile robot could 
locate the RFID tags in the environment. Finally, a Monte 
Carlo algorithm was used to estimate the mobile robot’s 
potential positions and get optimized result. Kodaka et al. 
proposed to deploy a lattice of RFID tags to estimate the 
mobile robot’s pose [11]. All RFID tags were placed on the 
floor at an interval of 30 cm. In this case, even in a small 
room, many RFID tags were needed and it was necessary that 
they be placed with high accuracy. [12] studied to use the 
phase difference of passive a RFID signal to locate the mobile 
robot, but sophisticated software and heavy-duty hardware led 
to a high cost necessary to process and analyze the signal. 
Also, some researchers explored the possibility of using 
Received Signal Strength Indication (RSSI) in the mobile 
robot’s localization system. [13] studied the relationship 
between RSSI and the distance between sensor nodes. The 
paper indicates the RSSI could be used for indoor localization, 
the reliability of which was evaluated by [14]. [15] analyzed 
the log-normal relationship between RSSI and distance with 
dynamic variance, which was part of an attempt to obtain a 
more accurate result.  
 In [16], a database of signal strength and location information 
was built by measuring the signal strength of all RFID tags in 
each position. The mobile robot could locate itself by 
matching the current signal strength information with the 
information in the database. [17] proposed using active RFID 
tags to identify an object’s location. In this project, the 
coordinates of the object, which has a RFID tag, could be 
estimated by comparing the RSSI with the reference RFID 
tags. The locations of the reference RFID tags were known.  
 

 Fig. 1 Structure of the proposed localization system 

Based on the RSSI of the target RFID tag and reference RFID 
tags, each reference would be assigned a weight, and the target 
RFID tag’s coordinate would be calculated by summing the 
product of references’ coordinates and weights. Also, [18] 
used RSSI measurements and a back-propagation artificial 
neural network to locate mobile robot itself. 

 

III. OVERVIEW OF THE PROPOSED SYSTEM 

A. General structure of the system 
In this paper, a RFID based localization system using Markov 
Chain Monte Carlo (MCMC) method is proposed. In the 
system, MCMC is a stochastic optimization method, which 
uses Monte Carlo method to get all potential locations of the 
mobile robot and utilizes an RFID sensor model for 
correction. A kinematic model is used to move particles. The 
controller of the localization system consists of three parts. 
One part is used to control the movement of the mobile robot. 
One part is used to control the RFID reader to capture the 
signal and analyze its strength. The last component is the 
Markov Chain Monte Carlo algorithm, which can optimize the 
estimated position of the mobile robot. The structure of the 
proposed localization system is shown in Fig. 1. Multi-threads 
will be employed in the C++ control program. One thread is to 
control the RFID reader so that the multi-tasks can be 
performed concurrently. For example, the program is able to 
control RFID and get completed RFID data when it controls 
the mobile robot‘s movement. Fig. 2 indicates the data 
transmission in the system. 

A. Hardware setup of the system 
As shown in Figure 3, the hardware consists of four parts: the 
Mobile Robot, the RFID module, RFID tags, and a control 
laptop. 
One set of Amigobot Robots with the size of 33 cm (length) 
28 cm (width) and 13 cm (height), is used in this project. The 
maximum translate speed is 1000 mm/second and the 
maximum rotational speed is 100 degrees/second. The 
Amigobot Robot has 8 sonar sensors total and one auxiliary 
serial port. The auxiliary serial port can provide 5 DC and 12 
DC power to additional devices. 
A TR-50 RFID module (RFID reader) is installed on the 
mobile robot. The RFID reader is powered by the auxiliary 
serial port on the Amigobot Robot via two Dupont Lines and 
has a reading range of 1.5 meters with the supplied low-gain 
antenna. Because of the short reading range, the RFID reader 
is sensitive to RFID signal strength. This equipment’s 
frequency band is between 860 MHz to 960 MHz and the baud 
rate of the reader is 115200 bps.  Besides, ALN-9662 RFID 
tags, which are with a global operation between 860 - 

 
Fig.2. Structure of data transmission in the system 

move 
particles 

RFID sensor model 

Kinematic model 

 
Markov Chain   
Monte Carlo  

RFID 
Signal 

velocity, 
time 

d 
location

RFID      
Reader 

Mobile    
Robot 

Ethernet 
Serial 
Bridge 

Laptop RS232 

WIFI 
RS232 



 
 

960MHz and have an antenna with dimensions of 70 mm × 17 
mm, are employed. These RFID tags can be used in many 
hash environments. Each RFID tag has a unique code, which 
can be modified by programming. On the bottom of the 
mobile robot, there is an Ethernet Serial Bridge-WiBox2100E, 
which converts an RS-232 serial connection to a TCP/IP 
connection available through an 802.11 (WIFI) wireless 
network. Both the RFID module and the mobile robot are 
connected to the WiBox2100E via customized RS-232 cables. 
Thus, the laptop-Aspire 5532 can control the Mobile Robot 
and RFID module via wireless. 

IV. RFID SENSOR MODEL 
In the experiment, the sensor model is using the RSSI to 
estimate the distance between the RFID tag and the mobile 
robot. According to our last project [19], when the height of 
the RFID tags changes within a small range, it will not 
significantly affect the accuracy of the result. As a further 
step, the RFID tag’s orientation effect will be investigated in 
this paper, too. There are several steps that must be done in 
order to perform this task. 

A. Calculate RSSI 
Firstly, in order to estimate the distance between the RFID 
reader and the RFID tag, RSSI should be calculated. 
According to the Thinkify RFID reader manual, RSSI can be 
calculated using the follow formula: 

   (1) 
Where high_rssi is the higher value of the two channel 
magnitudes and delta_rssi is the absolute difference 
between the two channel magnitudes.  

B. Analyze the effect of RFID tag orientation 
In order to analyze the effect of RFID tag orientation, different 
orientations were studied. In the real scenario, the orientation 
of the RFID tag, which is relative to the RFID reader, is varied 
between 0 degrees and 90 degrees (Fig. 4: α). So, this project 
studies the orientations within 0 to 90 degrees. 
Three kinds of experiments are designed to collect data for 
analysis. The first kind of experiment collects RFID data when 
the tag orientation is 90 degrees. The RFID tag is placed on 
the front of the mobile robot and the height of RFID tag is 
equal with the antenna of the RFID reader. The RFID reader 
collects data every 5 cm and 100 sets of data per time. Since 
the reading range of RFID reader is about 150 cm-200 cm, 
experiments are designed within (0 cm, 200 cm). Fig. 5 is the 
result of the relationship when the RFID tag orientation is 90 
degrees. Similar experiments are conducted when the tag 
orientation is 60 degrees and 30 degrees; Fig. 6 and Fig. 7 
show the results of experiments when the orientation is 60 
degrees and 30 degrees. 
In Fig. 8, the blue points indicate the experiments’ results for 
90 degree tag orientation, the red points represent the 
experiments’ results for 60 degree tag orientation, and the 
light green points are the results of the 30 degree orientation 
experiments. Each point is the mean of 100 sets of data. From 
Fig. 8, significant influence of the orientation on the results  
 

 
Fig. 3: Hardware setup Fig. 4: Investigated Orientation 
 

 
Fig. 5 Distance RSSI relationship (90 degrees) 

 

 
Fig. 6 Distance RSSI relation (60 degrees) 

 

 
Fig. 7 Distance RSSI relationship (30 degree) 

Mobile robot 

α 
RFID tag 



 
 

 
Fig. 8: Analysis result of different orientations’ effect 
could not be determined. So, in this project, the influence of 
the RFID tag’s orientation will not be considered. All the 
experiments are conducted when the mobile robot is in a static 
state.  

C. RFID sensor model based on the dynamic state of the 
mobile robot 
According to [19], the dynamic state of the mobile robot is a 
significant factor in estimating the distance between the RFID 
tag and the mobile robot. In this project, a fixed velocity of the 
mobile robot is analyzed because the velocity of the mobile 
robot will not significantly vary when the mobile robot is 
moving at a low speed. Also, because the encoder localization 
method of the mobile robot has high accuracy within a short 
moving distance, the encoder method is used to collect 
distance data then utilized to build the RFID sensor model.  
In order to build the sensor model, 50 experiments are 
conducted. In each experiment, the mobile robot approaches 
the target object, which has a RFID tag. The RFID reader 
performs two readings per centimeter. The results indicate that 
the RFID reader could always read the RFID tag within 130 
cm at the velocity of 100 mm per second, and the RFID reader 
may fail to read RFID tag when the distance is between 130 
cm and 200 cm. Based on these results, the relationship below 
was found (Fig. 9), and equation (4) is the regression model of 
the relationship between distance and RSSI. 
 

 
Fig. 9 Distance RSSI relationship for dynamic state (100 
mm/second) 
 
 

 
                                                   (2) 

Where d is the distance between the mobile robot and the 
RFID tag, and RSSI is the received RFID signal strength. 
Considering the noise factor, equation (2) evolves into 
equation (3): 
 

                                         (3) 
 
In equation (3),  is the noise signal, which follows a random 
Gaussian distribution with the mean of zero and standard 
deviation of σ. Thus, the sensor model is obtained as below: 
 

                                                                  (4) 
 
Based on this sensor model-equation (4), when a RSSI is 
measured, a related d can be estimated. 

V. METHODOLOGY 
This paper presents an effective stochastic method in Markov 
chain Monte Carlo (MCMC) which has been successfully 
applied to task allocation for multi-robot systems [20] [21] or 
build localization systems for mobile robots. The methodology 
can be described as the following steps: 
 
Step 1: Initial particles 
As the first step of the algorithm, a set particle of the mobile 
robot’s state should be initialized according to the real 
application. N particles are selected 
( ).  is the potential state of the 
mobile robot and includes the x, y coordinates-  and the 
weight   indicates the importance weight of coordinates 

 at time t and they sum up to one. For the potential 
state particle, n is the number n particles and t is the time. If 
the start point of a mobile robot is known, initial particles 
should be centered on the start point and particle weight is 
following Gaussian distribution; and if the start point is 
unknown, initial particles are uniformly distributed in all 
possible area and the particle weight follows uniform 
distribution. Generally speaking, the larger the N value is, the 
better the result is. However, large N numbers will add 
computer computation burden. Therefore, N should be chosen 
with the consideration of the accuracy requirement.  
 
Step 2: Prediction phase 
When mobile robot moves, new samples  will be generated 
after each command- In this project, each particle is 
randomly sampled from the old samples  by a motion 
model [22]: 
                                               (5)                                              (6)                                                        (7)                                     (8) 
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                                                      (11) 
 

 is the position of mobile robot’s old state and 
 is the old orientation.  is the new position of 

mobile robot and  is the updated orientation. - is 
the control command, which consists of translational velocity-

 and rotational velocity- . - are the added motion 
noise. is the probability of particle  at time . 

is the probability of particle  drawn from time 
to time . 

 
Step 3: Sensor reading updates 
In this step, sensor reading is incorporated to update the 
weight of particles. For each particle: 
 

                                             (12) 
 

                                        (13) 
 

 is the distance, which is estimated by the RFID sensor 
model.  is the distance between particle  and the related 
RFID tag. is the updated probability. 
 

                                         (14) 
Where  is the coordinates of the number j RFID tag. 
 
Step 4: Normalize the particles’ weight 
 
By normalizing the updated particle probabilities, the 
importance weight can be sum up to one. 
 

                                                                      (15) 

Where  is the weight of particle  at time . 
 
Step 5: Resampling 
One problem is that sample population will be depleted as the 
iteration goes on. Some particles, which have low weights, 
will be eliminated. In order to maintain enough particles, 
resampling is a necessary action. Usually, a threshold-a 
percentage of the number of particles is set to monitor the 
performance of the sample. If the effective sample size (ESS), 
is lower than the threshold, the resample action will be 
conducted. There several resample methods, such as 
multinomial, residual, stratified, systematic, and so on [23].  
 
Step 6: Iterating 
Repeat step 2, 3, 4, 5 until the required iterations are finished. 
 
Step 7: Output the final results 
Followed by step 7, output can be calculated by equation (16) 
and equation (17): 

                                                                        (16) 

                  

(17) 
Finally, the optimized location of the mobile robot is 
determined to be - . 

VI. EXPERIMENTS AND TESTING 
As shown in Fig. 10, the testing experiment was set up in the 
fourth floor hallway of the Industrial and Manufacturing 
Engineering Department building at Bradley University. All 
RFID tags were placed on the wall, and locations of all tags 
were known. In the sensor model development section, the 
RFID tag was attached on a carton. Since different materials 
have different abilities to absorb ratio waves, in order to 
simulate the same environment with the sensor model section, 
the same material with the carton was put between RFID tags 
and the wall. Also, some tapes were placed on the ground and 
coordinates were marked on the tape as references to help 
measure the mobile robot’s real location. All experiments 
were conducted under low noise environment. 
 

 
Fig. 10: Testing Environment 

 

 
Fig. 11: Position tracking test result of MCMC localization 
system 
 
Initial data and results are shown in Fig. 11. In the 
experiments, the start point of mobile robot was known. 
MCMC localization system was used to track the position of 
the mobile robot. The results indicate average error is less than 
6 cm. Compared with classic RFID localization system [24], 
which had average error of 25.19 cm, our localization is more 



 
 

accurate. Thus, the proposed localization system still works 
well. 

VII. CONCLUSION AND FUTURE RESEARCH  
 

This paper proposed a localization system for a mobile robot 
with the aid of RFID technology and an optimized algorithm 
of MCMC. A sensor model was built based on RFID 
technology by using RSSI to estimate the distance between 
RFID tags and the mobile robot. The effect of different 
orientations between the RFID reader and the RFID tag on 
RSSI was analyzed, and the result shows that orientation does 
not have a significant effect in this project.  Since the velocity 
of the mobile robot would affect the RSSI, the sensor model is 
built under a reasonable speed. Also, the MCMC algorithm 
was proposed to optimize the localization result. Testing 
results indicate the proposed system is a feasible method to 
locate mobile robots with low average error. Future research 
will focus on global localization and investigating the effect of 
particle number in different environment. 
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