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ABSTRACT 

 

 
Radio Frequency Identification (RFID) is a wireless technology that has replaced 

barcodes. This technology is used in today’s world to track assets and people. An RFID system 

consists of three components: the tag, the reader, and the middleware. The RFID tag stores data, 

the reader is used to identify the data stored in the tag or write data to the tag, and the RFID 

middleware is the application that connects the data that the reader obtains from the tag with the 

company inventory or database.   

Unlike barcode readers, an RFID reader is capable of reading multiple tags located in its 

range. When this occurs, the probability of tag collision at the reader’s end is high. To avoid tag 

collision, anti-collision protocols are used. Slotted Aloha is one of the main anti-collision 

protocols used with RFID.  

This thesis proposed a mathematical model and a simulator to analyze the performance of 

the Slotted Aloha protocol without interference. Tag detection is directly related to tag signal 

strength detected by the reader. Radio Frequency signals behave differently when different 

objects are present in the environment. For example water absorbs radio signals. When water is 

present in the environment, tag detection will not be successful, since radio signals will be 

absorbed by the water. Therefore, water is considered an interference factor in tag detection. This 

thesis also proposed a mathematical model and a simulator to analyze the performance of the 

Slotted Aloha protocol with interference. A comparison of both sets of results shows that the 

proposed mathematical model and the simulator are accurate. Results of the analysis show that 

the time required to identify tags with interference is longer than the time required to identify 

tags without interference. 
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CHAPTER 1 

 

1 INTRODUCTIONxxxx 
 

 

1.1 Overview of RFID 

 Radio Frequency Identification (RFID) is a wireless technology used to uniquely identify 

tagged objects or people. During World War II, RFID technology was used to identify friendly 

planes and ships. Today, it is primarily used for asset tracking, animal tracking, and human 

tracking. The United States Department of Defense, airports, and retail stores like Wal-Mart use 

RFID tags for tracking items.  

 An RFID system consists of three components: the tag, the reader, and the middleware. 

Tags can have different sizes, shapes, and capabilities, but there are mainly two types:  active 

and passive. An active tag contains a battery, the energy of which operates the tag. A passive tag 

does not have a battery and operates from the radio frequency signal that comes from the RFID 

reader.  Compared to a passive tag, an active tag is larger in size since it comes with a battery. In 

today’s market, passive tags are inexpensive compared to active tags, and they last longer. Data 

contained in the tag is used to identify an object. This data can be simply an identification 

number or it can be information about the object.   

 RFID readers also come in different shapes and sizes. Depending on the reader’s purpose, 

it can be installed in many locations. For example, a reader can be installed in a particular 

entrance of a hospital to identify people entering, or a reader can be installed on a forklift that is 

used to move goods. The main purpose of the reader is to communicate with the tags in its range 

and pass the tag data to a host computer. The data stored in an application can be a warehouse 

inventory system, database, etc., and the stored data can be used to study a system, evaluate 

inventory, identify hidden discrepancies, etc. 
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 RFID middleware is used to pass the data stored in tags to the organization’s database. 

Primarily, middleware acts as the buffer between the data collected by the reader and the 

organization’s database. The responsibilities of middleware are to extract, combine, and filter 

data from multiple readers and route data to the appropriate enterprise system. 

1.2 Anti-Collision with RFID 

 Anti-collision occurs when multiple RFID tags respond to a query that the RFID reader 

sends to identify tags in its range. Anti-collision protocols are used to avoid tag collision. There 

are basically two types of anti-collision protocols: probabilistic and deterministic. Protocols of a 

probabilistic nature do not guarantee the time required to read all tags. The Aloha protocol is 

probabilistic in nature, and the Binary Tree protocol is deterministic in nature. Binary Tree 

protocols are capable of identifying tags by querying different levels of the tree based on the tag 

prefix distributed on the tree [1].      

1.3 Problem Description 

In this thesis, a mathematical model and a simulator were developed to analyze the 

performance of the Slotted Aloha protocol. Also, a mathematical model and a simulator were 

developed to analyze the performance of the Slotted Aloha protocol under interfering 

environments.  

1.4 Organization of Thesis 

 This thesis is organized as follows: Chapter 1 provides an overview of RFID technology 

and its components, a brief description about anti-collision protocols that are used with RFID 

technology, and a description of the problem. Chapter 2 provides details of RFID frequency 

regulations, components of an RFID system, comparison of RFID versus barcodes, applications 

that have used RFID technology, and details of RFID anti-collision protocols (Pure Aloha, 
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Slotted Aloha, Binary Tree, and Query Tree). Chapter 3 introduces a mathematical model and a 

simulator that can be used to analyze the performance of the Slotted Aloha anti-collision 

protocol. Chapter 4 introduces a mathematical model and a simulator to analyze performance of 

the Slotted Aloha protocol under interfering environments. Further more Chapter 4 analyzes 

results of the proposed mathematical model and the simulator under interfering environments. 

Chapter 5 concludes the thesis and discusses possible future work.  
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CHAPTER 2 

 

2 LITERATURE SURVEY 
 

 

2.1 Frequency Regulations 

 Frequency is defined as the rate at which a wave oscillates. The distance between two 

successive peaks is defined as wavelength [2].  When frequency increases, wavelength 

decreases. Table 2.1 illustrates wavelengths linked with RFID frequencies. 

TABLE 2.1 

 

WAVELENGTHS FOR SELECTED FREQUENCIES [2] 
 

Frequency Range Wavelength 

Low frequency (9-135 KHz) 

 

High frequency (13.553-15.567 MHz) 

 

Amateur radio band (430-440 MHz) 

 

Ultra-high frequency (860-930 MHz) 

 

Microwave frequency (2.4-2-4835 and 5.8 

GHz) 

2300 m 

 

22 m 

 

69 cm 

 

33 cm 

 

12 cm 

 

 As can be seen in Table 2.1, when frequency increases, wavelength decreases. Low 

frequency has the largest wavelength, and high frequency has the smallest wavelength (for 

example, microwave frequency). Compared to shorter waves, longer waves are capable of going 

around obstacles, Shorter waves are blocked by opaque materials. But if shorter waves are not 

blocked, they are capable of traveling a long distance with less energy compared to longer 

waves. The length of the antenna limits the frequency range. Antenna size is proportional to 

wavelength, resulting in different frequencies associated with antennas of varying lengths [2]. 

The antenna is tuned to a frequency in its range, which prevents other frequencies in the same 

area from interfering with the frequency under which the antenna is operating. Tag frequencies 
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are also associated with distance restrictions. Anti-collision protocols used in an RFID system 

will help to stop interference that occurs among tags that are working on the same frequency in 

the reader’s range. If more than one device is working on the same frequency or a nearby 

frequency, the chance of interference is high. The EPCglobal company has introduced standards 

for ultra-high-frequency (UHF) RFID systems [2]. For example, this company has allocated 

different UHF frequencies for North America, Europe, and the Far East. Far East countries like 

Singapore and Korea use different frequencies with RFID systems. When selecting an RFID 

system, it is very important to consider beforehand whether the frequency under which the 

system will be operating is permitted in that country.  

 A low-frequency (LF) range is allocated at 9-135 kHz and has long waves compared to 

other frequency ranges. The U.S. Marines and other military services primarily use the low-

frequency range. RFID systems in the low-frequency range typically operate at 125-134 kHz. 

ISO specifications 18000-2 control low-frequency communications. Low-frequency RFID 

systems are the oldest and are used for animal tagging, access control, and vehicle immobilizers. 

Low-frequency does not work well with opaque materials. Low-frequency RFID systems are 

slow at reading tags. Therefore, low-frequency RFID systems are not suitable for installation in a 

supply chain. Low-frequency tags can be read up to a maximum distance of 20 inches, and they 

are capable of storing up to 60 characters [2].   

 High-frequency (HF) RFID systems operate at a 13.553-15.567 MHz frequency range. 

ISO/IEC specification 18000-3, ISO/IEC specification 15693, and parts A and B of ISO/IEC 

specification 14443 control high-frequency communication. Magnetic coupling is used for high-

frequency RFID communication, instead of radio-wave exchange. RFID high-frequency systems 

are used with smart cards, access control, luggage control, biometric identification, libraries, etc.   
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The United States has allowed high-frequency systems to broadcast up to 30 microvolts effective 

radiated power measured at 30 meters [2]. 

 Amateur radio band uses a frequency range of 430-440 MHz. A frequency range of 

433.05-434.790 MHz is assigned for ISM and is located in the middle of the amateur radio band. 

The ISM band is used for baby intercoms, wireless thermometers, cordless telephones, walkie-

talkies, etc. For more than ten years, the U.S. Department of Defense has used amateur radio 

band for equipment tagging. RFID systems use amateur bands with applications, and the 

frequency range is called “optimal frequency for global use of active RFID.” Amateur radio band 

has a wavelength of about one meter and can transmit around large obstacles like vehicles, 

containers, etc. Compared to an ultra-high-frequency system, the amateur radio band system 

requires less power. For example, an amateur radio band system will use one milliwatt for a 100-

meter communication, and an ultra-high-frequency (UHF) system will require more than 100 

milliwatts [2] for the same.  

 A frequency range of 860-930 MHz is allocated for RFID ultra-high-frequency systems. 

ISO/IEC specification 18000-6 and EPCglobal new Gen-2 govern the ultra-high-frequency 

systems. Ultra-high-frequency tags, the least expensive tags to date, are primarily used in supply 

chains for box tagging, toll collections, asset management, etc. Both passive and active RFID 

tags operate with ultra-high-frequency, and they are capable of storing about 8,000 characters. 

The read range of ultra-high-frequency tags is about four to five meters [2]. Table 2.2 displays 

the ultra-high-frequency allocation for various countries. 
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TABLE 2.2 

 

ULTRA-HIGH-FREQUENCY ALLOCATION FOR SELECTED COUNTRIES [3] 
 

Country 
Frequency Allocation 

(MHz) 
Power 

Argentina 902-928 4W eirp 

Australia 920-926 4W eirp 

Brazil 902-907.5 4W eirp 

China 840.5-844.5 

 

920.5-924.5 

2W erp 

 

2W erp 

Germany 865.6-867.6 2W erp 

Hong Kong 865-868 

 

920-925 

2W erp 

 

4W eirp 

India 865-867 4W eirp 

Japan 952-954 

 

952-955 

4W eirp 

 

20mW eirp 

Korea 917-920.8 4W eirp 

New Zealand 864-868 4W eirp 

United Kingdom 865.6-867.6 2W erp 

United States 902-928 4W eirp 

 

 According to EPCglobal Gen-2 standards, readers are capable of reading tags in the entire 

ultra-high-frequency range and can be used in any country that uses ultra-high-frequency 

transmission. The tag reading rate depends on the interaction between bandwidth and the method 

used to communicate between tags and the reader. Wider bandwidth has a high tag reading rate. 

In the United States, the ultra-high-frequency tag reading rate is 600 tags per second. The old 

Class 0 and Class 1 tag reading rate in the United States is 60 tags per second. Regulations 

allocate 200 KHz bandwidth for each ultra-high-frequency channel.       
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 The RFID microwave system uses 2.45 GHz frequency, and ISO/IEC specification 

18000-4 governs it. Microwave RFID systems use the same frequency in most cordless phones 

and in some medical equipment. Most of the time, microwave frequency is used with active tags, 

and they are capable of holding up to 16,000 characters. Passive tags that use microwave 

frequency have a read range of ten meters, and active tags have a read range of 100 meters. 

Microwave tags are primarily used with electronic toll collection applications and to track the 

real-time location of assets [2].   

 Table 2.3 displays characteristics of low-frequency, high-frequency, amateur band, ultra-

high-frequency, and microwave frequency. 

TABLE 2.3 

 

SUMMARY OF FREQUENCY CHARACTERISTICS [2] 
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2.2 Tag Types 

 The RFID tag has three basic components: antenna, integrated circuit (IC), and printed 

circuit board (PCP)/substrate. The purpose of the antenna, or coupling mechanism, is to transmit 

and receive radio waves for communication with a reader. Some antennas are capable of 

collecting energy from radio waves to power up those tags that do not have a battery. The main 

purpose of the IC is to transmit the tag  identification (ID). In addition, the IC is responsible for 

implementing an algorithm to avoid collision. This algorithm ensures that one tag will transmit 

on one slot. The purpose of the PCP is to hold the tag together [4]. Tags types are active, passive, 

semi-active, and semi-passive. 

An active tag contains a battery, to power it up, and a transmitter. The battery provides a 

larger reading range. The majority of active tags indicate when the battery needs to be replaced. 

Unlike passive tags, active tags are larger in size and expensive. Usually, an active tag sends a 

signal out at a beacon rate. A tag’s beacon interval can be changed, and the majority of active 

tags have a beacon rate of between 1 and 15 seconds [4]. Active tags can be operational up to ten 

years, depending on the how often the tags are scanned and operated [5]. The battery life of the 

tag depends on the beacon rate, strength at which the tag transmits, and the maximum life of the 

battery [4]. Unlike the antenna installed on the passive tag, the active tag antenna is responsible 

for transmitting and receiving radio waves. When active tags are used, the antenna installed on 

the RFID reader allows the user to set the coverage area. The antenna should be designed to drop 

the signal strength linearly, not randomly or exponentially, when the distance between the tag 

and the reader increases [4]. Figure 2.1 shows an RFID active tag.   
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Figure 2.1: RFID Active Tag [6] 
 

Passive tags do not contain a battery and operate from the radio frequency signal that 

comes from the reader. The amount of energy that the passive tags can absorb from the antenna 

is directly proportional to the length of the antenna [4]. Passive tags have a limited range in 

which they can be powered up and read. Passive tags use a technique called backscatter to 

transmit information [4]. A passive tag antenna is designed for backscatter and to collect energy 

from the reader. Passive tags last longer than active tags and likely do not have an expiration 

date. Also, compared to active tags, passive tags are less expensive and smaller in size. Figure 

2.2 shows an RFID passive tag.     

 

Figure 2.2: Passive Tag [7] 
 

A semi-active tag has a battery, which is only used when queried by the reader. 

Compared to active tags, semi-active tags have a short query range. When the battery is 

activated, the semi-active tag will act as an active tag and transmit at the same power level as an 

active tag. Compared to active tags, semi-active tags have a long life since they do not transmit 
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at a beacon rate on a regular interval [4]. A semi-passive (semi-active) tag has a battery to power 

up its internal circuit but uses the reflected radio frequency to communicate.   

2.3 RFID Reader  

 The purpose of the RFID reader is to communicate with tags that are in it is range and to 

pass the tags’ data to applications that can make use of it.  The RFID reader is also known as an 

interrogator, since the reader queries tags when they are in the reader range. A power source is 

installed on the reader. A passive tag uses radio waves that the reader sends to power it up. The 

reader should be capable of identifying the changes occurring in the electromagnetic field 

generated by the reader since this is the method by which the tag communicates with the reader. 

RFID readers come in different shapes and sizes. Readers are built to use the same standards and 

protocols that tags use. RFID readers are designed to be placed at doorways, forklifts, and 

conveyer belts, etc. Figure 2.3 shows the components of an RFID reader.  

 

 

Figure 2.3: RFID Reader Components [8] 
 

Three physical components are installed on a reader: antenna subsystem, controller, and 

network interface [8]. For the reader to communicate using a radio frequency, one or more 

antennas should be installed on the reader. The number of antennas is limited, depending on the 

signal loss on the cable connecting the transmitter and the reader receiver to antennas [8]. Some 
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readers use the same antenna to transmit and receive. If the transmit antenna is placed ahead of 

the receive antenna, then the receive antenna will take more time to receive signals from tags. 

The purpose of the controller is to control the reader side of the tag protocol and manage the data 

that should be sent to the RFID middleware. The purpose of the network interface is to allow the 

reader to communicate with the network and the devices.  

 The four logical subsystems defined on a reader are reader application programming 

interface (API), communications, event management, and antenna subsystem, in addition to the 

physical components discussed previously. The purpose of the reader API is to pass data to the 

RFID middleware and to pass messages from the middleware to the reader. The reader API 

allows applications to request information about tag inventories, inquire about the health of the 

reader, and set the current and power levels under which the reader operates. The purpose of the 

communication subsystem is to handle the transport protocol that is used by the reader to 

communicate with the middleware. The incident when the reader sees the tag is called an 

observation. An observation that varies from the previous observation is called an event [8]. The 

purpose of the event management subsystem is to decide which observations to consider as 

events and which events to send on the network toward the external application. The purpose of 

the antenna subsystem is to interrogate the RFID tags and control the physical antennas. Figures 

2.4 and 2.5 display different shapes and sizes of RFID readers. 

 

Figure 2.4: Intermec IP30 RFID Handheld Reader [9] 
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Figure 2.5: Forklift with RFID Reader [10][11] 

2.4 RFID System  

An RFID system consists of a transponder and a reader. The transponder is located on the 

object that needs to be identified (e.g., RFID tag). The transponder consists of a coupling 

element (coil, microwave antenna) and an electronic microchip [12].   The reader consists of a 

transmitter, receiver, control unit, coupling element to the transponder, and interface that is 

capable of sending the received data to a personal computer. Figure 2.6 shows an RFID system. 

 

 

Figure 2.6: RFID System [12] 
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2.5 RFID Middleware 

 RFID  middleware is the software used to merge the RFID system with the information 

technology (IT) systems. Figure 2.7 shows how the RFID middleware combines an RFID system 

with the Enterprise IT network.  

 

Figure 2.7: Middleware as Part of RFID System and Enterprise IT Network [13] 
 

RFID middleware is used to move data from one point to another. For example, in a tag 

reading process, the responsibility of the middleware is to send the data on the tag to the RFID 

reader and then to the organization’s IT system. In a tag writing process, the responsibility of the 

middleware is to send data from the organization’s IT system to the appropriate reader and to the 

appropriate tag. RFID middle ware has four major functions: data collection, data routing, 

process management, and device management [13]. 

 In data collection, RFID middleware is responsible for extracting, combining, and 

filtering data from multiple RFID readers. The middleware serves as a buffer between the data 

collected by the reader and the data required by the organization’s IT system.   
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 In data routing, the middleware is responsible for directing data to the organization’s 

appropriate enterprise system. This means that the middleware determines which data goes 

where. For example, the middleware will forward some data to a warehouse to keep track of 

inventory and the rest of the data to another application to order more stock [13].  

 In process management, the middleware is responsible for triggering events based on 

defined business rules. For example, the middleware is responsible for providing notification of 

an unauthorized shipment, low stock, out-of-stock products, etc.  

 In device management, the middleware is responsible for monitoring and coordinating 

readers. A large organization might have thousands of different types of RFID readers installed 

in its network. The middleware is responsible for keeping track of all of these readers, 

monitoring the health check, etc. Also, the middleware helps to manage an RFID network 

remotely. 

2.6 RFID Tags versus Barcodes 

A barcode is a binary code that cooperates with a field of bars and gaps arranged in a 

predetermined pattern and read using optimal scanners. Barcodes are cheaper than RFID tags, 

but they cannot be reprogrammed, and they have low storage capacity compared to RFID tags. 

Compared to RFID tags, barcodes can hold only a small amount of data. If necessary, RFID tags 

can be built with a smaller memory size. A barcode is capable of having a memory of up to 100 

bytes, and an RFID tag can have a memory of up to 128 Kbytes [13]. RFID tags can have 

read/write memory, which means that tags can be changed thousands of times, but once a 

barcode is printed, changes cannot be made.  

Line of sight for communication is not necessary with RFID tags. Data stored on RFID 

tag can be read through a human body, nonmetallic materials, etc. [4], which is one of the main 
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advantages of RFID tags compared to barcodes. Compared to barcodes, RFID tags are capable of 

identifying a specific object with a unique identification number. For example, from a barcode, 

the object can be identified as simply a book or a magazine, but with an RFID tag, the object can 

be identified more specifically and with more details [15]. 

A barcode scanner can operate in a fairly long read range, and direct line of sight between 

the barcode and the scanner is necessary. The range of an RFID reader depends on the frequency 

of operation, size of antenna, and tag type (active or passive) [13], but in general, an RFID reader 

is capable of having a couple of yards of read range, and direct line of sight with the tag is not 

necessary.  

Unlike barcodes, multiple RFID tags can be read simultaneously. Compared to barcodes 

RFID tags have more durability. If a barcode is covered with dirt or grease, it cannot be read. 

Broken barcodes must be read more than once using a scanner or must be read manually. Anti-

collision protocols and the read/write feature eliminate the possibility of a miss-scanned tag that 

is read multiple times. 

Data on a barcode are not very secure. They can be easily revealed using a scanner since 

the barcode is placed outside the object in order to have a direct line of sight with the scanner. 

However, the RFID tag need not be placed outside the object since it does not require direct line 

of sight with the reader, and also, the tag data can be encrypted, which makes it difficult to 

replicate RFID data. Table 2.4 summarizes the differences between a barcode and an RFID tag. 
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TABLE 2.4 

 

COMPARISON OF BARCODE VS RFID TAG [13] 
 

 

2.7 Advantages of RFID 

 RFID technology has matured over 30 years, and this technology is an improvement over 

barcode technology [4]. In today’s industrial world, RFID tags have replaced barcodes in many 

ways. 

 There are many advantages of RFID tags over barcodes. Line-of-sight communication is 

not compulsory between the tag and the reader. The RFID tag can be placed inside an object and 

can be read without taking it out. Another advantage of the RFID tag is that it can be used to 

identify a specific object. The tag ID will not be repeated. RFID tags can be read placing them a 

long distance from the reader, depending on the reader’s frequency range and the antenna size. 

Unlike barcodes, RFID tags can be read simultaneously since they support anti-collision 

protocols. For example, some RFID readers are capable of reading 60 different RFID tags 

simultaneously [4]. RFID tags are more durable (they are capable of withstanding dirt, grease, 

etc.), can be reused due to the read/write feature, and can have a storage capacity of up to 128 

Kbytes [4]. Data on the RFID tag is secure since data can be encrypted. 
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2.8 Applications of RFID 

 An important characteristic of RFID technology is that it can identify, locate, track and 

monitor people and objects without a clear line of sight between the RFID reader and the tag 

[13]. These functionalities have led to the installation of RFID technology in industries where 

data needs to be collected, such as the automotive industry, cattle ranching, health care system, 

businesses that require payment transactions, transportation, and warehousing and distribution 

systems.  

2.8.1 Automotive Industry 

 RFID technology plays a major role in the automotive industry. An anti-theft vehicle 

immobilizer is the protective device implemented using RFID technology. Installing such an 

immobilizer prevents unauthorized use of the vehicle by flashing the headlights and sounding the 

horn if there is an attempt to open the doors or hood without a key. This prevents anyone from 

starting or driving the vehicle without permission. With new immobilizers, an RFID reader can 

be installed to check door locks and the car ignition to ensure that the right key is used to start 

the vehicle. A mismatched RFID-based key prevents the vehicle from moving, and the owner of 

the vehicle can be notified when anyone else has tampered with the vehicle [4].  

The automobile assembly and manufacturing processes use RFID technology for 

production planning and inventory management. This type of technology helps to track 

resources, such as machinery, labor, raw materials, semi-finished parts, etc. It also helps to 

gather real-time location information. Automating the entire assembly process results in a 

significant reduction in cost and offers automobile users more efficient replacement part ordering 

and automated maintenance reminders [4].  
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2.8.2 Cattle Ranching 

 RFID technology is used in the cattle ranching industry to collect information regarding 

meat products, product tracking, and tracing. Today, an RFID tag is placed on the animal’s ear, 

and information about the animal’s breed, birth date, vaccination records, etc. are stored in it. 

Information stored in such tags is accessed using a RFID reader and transferred to a laptop or a 

PC using a wireless connection. This technology makes the life of the rancher easier by not 

having to record this information manually [4].  

2.8.3 Health Care 

 Technology is playing a very important role in improving the health care system. RFID 

technology is used in health care to identify patients, objects, etc. An RFID-based system now 

issues a smart card embedded with an RFID chip to all patients, visitors, and staff. RFID readers 

installed in locations where these people move around are used to track their location and store 

that information in a database. By referring to this database, hospital staff will be able to identify 

each person’s location. An RFID tag embedded in a bracelet is now issued for every patient that 

comes for treatment. This bracelet contains information about the patient—name, birth date, 

gender, medical record number—and links that information to the hospital network that contains 

the patient’s laboratory records, medication, and billing information. The major advantage of 

RFID bracelets is to prevent misidentifying patients and to access patient’s records in a timely 

manner [4].  

 Another use of RFID technology in health care involves the implantation of a small RFID 

chip, which has a unique verification number, in a patient’s arm. Hospitals have special readers 

to access information from these chips, and patients who have an implanted chip can control who 
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has access to that information for security and privacy reasons. Since encrypted data can be 

stored in RFID tags, hospitals can ensure patients’ privacy [4]. 

 RFID technology is also used in health care to provide resource management, such as 

being able to check on and update resources like operating theater materials, blood products, 

utilization of machines, and so on [4]. 

2.8.4 Payment Transactions 

 Smart cards are built with an embedded RFID and can be used for payment transactions. 

Today, smart cards are used as a substitute for actual cash. Contactless smart cards can even be 

read using readers without being taken out of a wallet. Using RFID technology in a smart card 

supports having more than one payment application on the same card. These contactless smart 

cards provide convenience and efficiency for both consumers and merchants by increasing the 

speed of payment transactions. This technology is primarily used in transportation applications to 

pay transportation fees, for example, with SmarTrip for the Metro System in Washington, D.C., 

and with the Chicago Card for Chicago’s CTA [4]. 

2.8.5 Transportation 

 RFID technology is used in several ways in the transportation industry, such as for 

electronic toll collection, automatic vehicle identification, electronic vehicle registration, car 

parking and access control, etc.   

 RFID technology is used for electronic toll collection, which essentially automates the 

manual toll collection process. The main advantages of using RFID for toll collection are that 

drivers do not have to stop their vehicles and pay cash at the tollgates, traffic is reduced at the 

tollgates, the cost for toll operators is reduced, and the chances of theft are reduced since cash is 

not handled by toll operators. Here, an active RFID tag is installed on the windshield of the 
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vehicle, and the reader is installed at the center of the tollgate lane pointing downwards. When a 

vehicle equipped with an active RFID tag pass through the tollgate, it quickly communicates 

with the installed reader. At that time, if the tag is a valid RFID tag, the identification number 

and information will be read, and payment will be deducted from a predetermined source. The 

back-end system is responsible for deducting the toll payment. The reader range is set to a 

shorter value to prevent interference with readers installed on adjacent lanes, and the reader is 

activated only for a few milliseconds since its job is to read the tag only when the vehicle passes 

the tollgate [4]. 

RFID technology is used also in vehicle identification to identify vehicles automatically. 

Some countries have considered installing an RFID tag on license plates for automatic 

identification, which would enable the vehicle to be identified electronically and allow automatic 

access to buildings and car parks. License plates, which are used to trace stolen vehicles, can be 

easily forged; however, an RFID system installed somewhere on the vehicle besides the license 

plate could be used to trace it inexpensively. A system where the tag is matched to the vehicle 

serial number before the vehicle starts would prevent the car from being stolen in the case of 

removal or tampering with the tag [4]. 

Annual vehicle registration is required in many countries so that the government or the 

state can inspect the vehicle to see whether it meets regulations. Using manual labor for 

inspections is costly and ineffective. Using RFID technology in vehicle inspection and electronic 

registration would decrease the cost and increase the effectiveness of both processes [4]. 

 RFID technology is also used to collect parking fees, which typically involves rolling 

down a vehicle window to pay cash, swiping a credit card, or punching a key pad when entering 

or leaving a car park. RFID technology facilitates the work of car park operators by collecting 
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parking fees automatically and screening the vehicle’s exit time electronically. Also, this 

technology can be used to identify the vehicle and track the vehicle for secure access control [4].        

2.8.6 Warehousing and Distribution Systems 

 The objectives of an efficient warehouse are to minimize the cost of moving goods within 

the warehouse by reducing labor and effectively using space and equipment; to track items in the 

warehouse accurately; and to respond to customer requests and queries in a timely manner. In 

warehouses today, RFID technology is used to maximize objectives by automating manual 

processes. As a result, the labor costs are minimized, human error eliminated, data accuracy 

improved, handling process speeded up, processing time reduced, and overall throughput and 

inventory planning improved. 

2.9 Anti-Collision Protocols 

 If two or more tags are being replied at the same time, then a tag collision will occur. 

Anti-collision protocols are used to prevent such a situation. Pure Aloha, Slotted Aloha, Binary 

Tree, and Query Tree are four anti-collision protocols that are used to avoid RFID tag collision. 

Pure Aloha and Slotted Aloha protocols have a probabilistic nature, and Binary Tree and Query 

Tree protocols have a deterministic nature [1]. Unlike Tree based protocols, Aloha based 

protocols do not guarantee the time required to identify all tags in their range. 

2.9.1 Pure Aloha  

 The history of Aloha began more than three decades ago. Aloha was founded by Norman 

Abramson and his colleagues at the University of Hawaii to solve channel-allocation issues 

during the 1970s. In Pure Aloha, users transmit data whenever data is to be sent, without 

checking to determine whether the channel is free or not. The sender discovers whether the frame 

sent is destroyed by listening to the channel. With Pure Aloha, listening to the channel is not 
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possible while transmitting; therefore, acknowledgments are needed. If the frame is destroyed, 

then the sender waits a random amount of time and resends the frame to avoid collision. 

Collision occurs when two frames try to use the same channel at the same time. Here, collided 

frames are destroyed and must be retransmitted after a random amount of time. Collision can 

occur when the first bit of the new frame overlaps with the last bit of an almost-finished 

transmitting frame. When this happens, both frames are destroyed and must be retransmitted 

[14].  

 The throughput of Pure Aloha is given by S = Ge
-2G

, where S indicates the throughput, 

and G indicates the offered traffic load. Maximum throughput is equal to 1/(2e), where G = 0.5 

[14]. Figure 2.8 displays the throughput vs offered traffic for Pure Aloha and Slotted Aloha 

protocols. 

 

Figure 2.8: Throughput vs. Offered Traffic for Aloha System [14]. 
 

2.9.2 Slotted Aloha 

 The Slotted Aloha protocol was implemented to improve the efficiency of the Pure Aloha 

protocol. Unlike Pure Aloha, Slotted Aloha cannot transmit when data is ready. Data can be 

transmitted only at synchronized time intervals referred to as slots. With Slotted Aloha, packets 
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are transmitted at the beginning of a slot. Because of this, packets will have either a complete 

collision or no collision at all; partial collision is eliminated. Slotted Aloha protocol doubles the 

channel utilization (maximum throughput) compared to Pure Aloha [4]. 

 Figure 2.9 shows the differences between the Pure Aloha and Slotted Aloha protocols. 

 

Figure 2.9: Pure Aloha and Slotted Aloha [4]. 
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Figure 2.9 shows that with Pure Aloha, either partial collision or complete collision can happen, 

and with Slotted Aloha only complete collision occurs. 

2.9.3 Binary Tree Protocol 

 The Binary Tree protocol is one of the tree-based protocols, which have a deterministic 

nature and guarantee the time required to identify all tags in the reader’s range [1]. In the Binary 

Tree scheme, the reader will send a query to identify the tags. Using the reader’s query, the 

Binary Tree protocol splits the tag ID into bits until all tags are identified. The reader will 

provide notification of the outcome after a query is sent. The outcome can be collision, 

identification, or no answer [1]. Those results are based on the tags that modify their behavior for 

future queries until all tags are identified.  

2.9.4 Query Tree Protocol 

 The Query Tree protocol also has a deterministic nature like the Binary Tree protocol. 

The Query Tree protocol is a memory-less anti-collision protocol since it requires memory only 

to save the tag ID [1]. To identify tags, the Query Tree protocol sends a query with a tag prefix. 

A tag that has the same prefix as the query will send the remaining bits of its ID. If more than 

one tag responds to the prefix query, then a collision occurs at the reader’s end. Then the reader 

will send another query prefix by extending the previous sent query by adding a zero or one bit. 

This will continue until only one tag will respond to that prefix query, which indicates that the 

tag is successfully identified.  A query that matches with the identified tag ID will not be sent 

again since there are no more tags with the same prefix.   
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CHAPTER 3 

 

3 MATHEMATICAL MODEL FOR SLOTTED ALOHA PROTOCOL WITH RFID 
 

 

3.1 Slotted Aloha Protocol with RFID 

Tags can transmit data at any time with the Pure Aloha protocol. But with the Slotted 

Aloha Protocol, tags are not permitted to transmit data at any time. With the Slotted Aloha 

protocol, tags should be transmitted at the beginning of the slot, otherwise there is a high 

probability that the tags will collide.  

 Each tag that needs to be read should have a unique identification number. The RFID 

reader in the wait mode will send a REQUEST command, and the tags in the reader range will 

recognize the REQUEST command and respond to the reader by randomly selecting a slot in 

order to send the tag identification number to the reader. Collision occurs when more than one 

tag responds to the same slot. Collided tags need to be read again. If none of the tags responds to 

the REQUEST command, then the REQUEST command will be repeated at cyclical intervals. If 

the reader identifies the tag identification number without errors (collisions), then that detected 

tag can be selected using the SELECT command to perform the read/write operation without 

colliding with other tags. Using the READ_DATA command, the selected tag will send stored 

data to the reader [12].  

 Throughput of the Slotted Aloha protocol is increased by having the tags begin 

transmitting data at predefined synchronous time slots. The collision interval of the Slotted 

Aloha protocol is half that of the Pure Aloha protocol [12].  

 Throughput of the Slotted Aloha protocol is defined as [12] 

S = G . e
(-G)

 

where S is throughput, and G is the offered load. 
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 Figure 3.1 indicates how the throughput of the Slotted Aloha protocol changes when the 

offered load G changes. 

 

Figure 3.1: Throughput vs. Offered Load [12] 
 

From Figure 3.1, it can be seen that maximum throughput of the Slotted Aloha protocol occurs 

when the offered load G is equal to 1. When G =1, then S = e
-1

 = 1/e.  

3.2 Mathematical Model for Slotted Aloha Protocol without Interference 

This section of the thesis analyzes the time required (number of time slots) to identify 

RFID tags available in the reader range. The analysis was done based on the Slotted Aloha 

protocol. Maximum throughput of the Slotted Aloha is equal to 1/e when the number of tags 

responding is equal to the size of the frame (numbers of slots of the frame). As a result, 1-1/e is 

the fraction of tags remaining as unidentified [15].  

 Let β be the total number of tags that need to be identified, and let ri be the total number 

of rounds that it takes to identify all the tags. 
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For round r1,  

 

 1                                          Unidentified = 1(1-1/e) = 1-1/e 

 

 

 

          Identified = 1/e 

 

 

For round r2, 

 

 

    (1-1/e)                                         Unidentified = (1-1/e) (1-1/e) = (1-1/e)
2
 

 

 

 

           Identified = (1-1/e).(1/e) 

 

 

For round r3, 

 

 

   (1-1/e)
2
                                         Unidentified = (1-1/e)

2
 (1-1/e) = (1-1/e)

3
 

 

 

 

             Identified = (1-1/e)
2
.(1/e) 

 

 

 ………………………………………… 

………………………………………… 

………………………………………… 

 

For round ri-1, 

 

 

(1-1/e)
ri-2

                                           Unidentified = (1-1/e)
ri-2

 (1-1/e) = (1-1/e)
ri-1

 

 

 

 

            Identified = (1-1/e)
ri-2

.(1/e) 
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For round ri, 

 

 

 (1-1/e)
ri-1

                                           Unidentified = (1-1/e)
ri-1

 (1-1/e) = (1-1/e)
ri
 

 

 

 

             Identified = (1-1/e)
ri-1

.(1/e) 

 

 From these diagrams, it is obvious that in each round, a fraction of 1/e tags will be 

identified. There are β.(1-1/e)
ri
 tags left to be identified from the initial total β tags. Take λ as the 

target fraction of tags to be identified. Therefore, β. (1- λ) tags need to be identified. 

�1 � 1 �⁄ ���	 
 �1 � ��	 

ri 
 log���� �⁄ ��1 �λ� 

                                                 ri 
 ������λ� 
������� �⁄ �                                                                 (3.1) 

Equation (3.1) proves that the total number of rounds (ri) needs to identify all tags with 

the Slotted Aloha protocol as independent of the number of tags to identify. Therefore,  

ri = R, �i, where R is a constant 

The number of time slots needed to read all of the β tags is the sum of unidentified tags 

(or frame slots) per round (1 time slot = 1 unit) or 

��	� 
  � 	�1 � 1 �⁄ ��
��

���
 

��	� 
 	 ��1 � 1 e⁄  
�

���
�� 

The sum of the geometric series is  

��	� 
 	 �1 � �1 � 1 ��� �!⁄
1 � �1 � 1 ��⁄  

��	� 
 	. ��1 � �1 � 1 �⁄ �� �! 
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(1-1/e) ≈ 0.63212. Therefore, (1-1/e)
R+1

 is negligible, since the power of a decimal number is 

very small.  

            ��	� 
 	. ��1� 

��	� # 	. � 

Therefore, to identify (read) β number of tags with the Frame Slotted Aloha protocol, a reader 

requires a total number of ℮. β time slots. 

                                                                  ��	� 
 �. 	                                (3.2) 

3.3 Mathematical Model and Simulator for Slotted Aloha Protocol without Interference 

 This section provides an overview of the simulator that was created using Matlab. The 

simulator is capable of calculating the time required to identify RFID tags based on the Frame 

Slotted Aloha protocol. 

 The simulator was created to allow the user to enter the number of tags that need to be 

read. Tags pick a slot randomly and respond to the reader’s request. More than one tag 

responding using the same slot results in a collision at the RFID reader end. Collided tags need to 

be read again until the total number of tags is identified.  

Figure 3.2 shows a flow chart of the simulator. Figure 3.3 displays the Matlab command 

window output to calculate the time for ten RFID tags. 

 The simulation used a total of 51 scenarios. For each scenario, the total number of tags 

was 0, 10, 20, 30, 40, 50,…, 480, 490, and 500. The number of trials was 1,000. The slot time 

equaled one unit (mile second) of time.  
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Figure 3.2: Flow Chart of Simulator 
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Figure 3.3: Matlab Command Window to Calculate Time to Read Ten RFID Tags 
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 Table 3.1 displays the average time taken to read the total number of tags when the total 

number of tags changes. 

TABLE 3.1 

 

NUMBER OF TAGS VS TIME 
 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 24.1680 

20 50.3770 

30 77.0660 

40 104.2280 

50 131.3450 

60 157.8510 

70 184.6270 

80 213.2930 

90 239.9400 

100 267.7760 

 

The plot in Figure 3.4, obtained from the created simulator, shows the time needed to read a total 

number of 500 tags without interference. 

 

Figure 3.4: Time to read RFID Tags using Frame Slotted Aloha Protocol without Interference 
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 From the values in Table 3.1, the slope of the graph shown in Figure 3.4 was calculated 

as follows:  

$%&'� 
 �()� *& +�,- 100 *,/0 � �()� *& +�,- 10 *,/0
100 � 10  

$%&'� 
  267.7760 �  24.1680 
90  

$%&'� 
 2.70675 

$%&'� 
 2.71 

Using the slope value, the Figure 3.4 equation can be written as 

              8 
 2.71 x          (3.3) 

Since the numerical value of e is equal to 2.71828, equation (3.3) can be rewritten as 

              8 # �:                                                                  (3.4) 

According to the plot in Figure 3.4, x is the total number of RFID tags, and y is the total time 

(slots) taken to read the tags. Therefore, 

: 
 	 

8 
 ��	� 

Now, equation (3.4) can be rewritten as 

              ��	� # �	                                                           (3.5) 

It can be seen that equation (3.5), derived using the simulator results, equals equation (3.2) 

derived using the mathematical model. 



 

 35  

 

CHAPTER 4 

 

4 ANALYSIS AND EVALUATION OF SLOTTED ALOHA PROTOCOL WITH 

INTERFERENCE 
 

 

 The RFID tag is a small chip attached to a microprocessor; therefore, that tag is capable 

of communicating with a RFID reader by wireless communication. For a tag detection to occur, 

communication between the tag and the reader should be successful. Tag detection is directly 

correlated to the tag signal strength detected by the reader. Wireless communication between the 

tag and the reader depends on factors such as reader type, tag position, direction of the tag, 

material of the object to which the tag is attached, angle of the antenna, and speed of the object. 

Water is capable of absorbing radio frequency [16]. When another radio frequency is interfering 

with the frequency by which the tag and the reader are communicating, the reader is not able to 

identify the tag successfully.  For the reasons mentioned above, it is obvious that the object to 

which the tag is attached, or objects or materials present in the environment, can cause a 

performance change of the tag and the reader’s communication. The proposed mathematical 

model and the simulator were created to check the time that the reader takes when the 

interference and the number of tags changes for the Slotted Aloha protocol. 

4.1 Proposed Mathematical Model for Slotted Aloha Protocol with Interference 

This section analyzes the time required (number of time slots) to read the RFID tags 

available in the RFID reader range when interference is presence.  

 Definition: 

; 
 <+&=,=(%(*8 &> (?*�+>�+�?@� 

In other words, Q is defined as the unidentified tag probability due to interference. Therefore, 

identified tag probability is equal to (1-Q). 
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 A tag cannot be read under interference. In each round, a fraction of the identified tags is  

(1-Q)/e. The fraction of tags remaining as unidentified is equal to [1-(1-Q)/e]. 

 Let β be the total number of tags that need to be identified, and let  ri be let the total 

number of rounds it takes to identify all tags. 

For round r1, 

 

 

  1                                               Unidentified = 1[1-(1-Q)/e)] = 1-(1-Q)/e 

 

 

 

           Identified = (1-Q)/e 

 

 

For round r2, 

 

 

   [1- (1-Q)/e]                                       Unidentified = [1-(1-Q)/e][1- (1-Q)/e] = [1-(1-Q)/e]
2
 

 

 

 

                Identified = [1- (1-Q)/e].[(1-Q)/e] 

 

For round r3, 

 

 

[1-(1-Q)/e]
2
                                         Unidentified = [1-(1-Q)/e]

2
 [1-(1-Q)/e] = [1-(1-Q)/e]

3
 

 

 

 

            Identified = [1-(1-Q)/e]
2
 .[(1-Q)/e] 

 ………………………………………… 

………………………………………… 

 

For round ri-1, 

 

[1-(1-Q)/e]
ri-2

                                        Unidentified = [1-(1-Q)/e]
ri-2

 [1-(1-Q)/e] = [1-(1-Q)/e]
ri-1

 

 

 

 

                   Identified = [1-(1-Q)/e]
ri-2

 .[(1-Q)/e] 
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For round ri, 

 

 

[1-(1-Q)/e]
ri-1

                                   Unidentified = [1-(1-Q)/e]
ri-1

 [1-(1-Q)/e] = [1-(1-Q)/e]
ri
 

 

 

 

            Identified = [1-(1-Q)/e]
ri-1

 .[(1-Q)/e] 

 

It can be seen that in each round, a fraction of (1-Q)/e tags will be identified. We have β.[1-(1-

Q)/e]
ri
 tags left to be identified from the initial total β tags. Let λ be the target fraction of tags to 

be identified. Therefore, β. (1- λ) tags must be identified. 

A1 � �1 � ;� �⁄ B��	 
 �1 � ��	 

ri 
 logA�����C� DB⁄ �1 � �� 

                                                 ri 
 ������E� 
���A�����C� DB⁄                                                           (4.1) 

Equation (4.1) proves that the total number of rounds (ri) needed to identify all tags with the 

Slotted Aloha protocol is independent of the number of tags to identify. Therefore,  

ri = R, �i, where R is a constant 

The number of time slots needed to read all of the β tags is the sum of unidentified tags 

(or frame slots) per round (1 time slot = 1 unit) or 

��	� 
  � 	�1 � �1 � ;� �⁄ !�
��

���
 

��	� 
 	 ��1 � �1 � Q� e⁄  
�

���
!�  

The sum of the geometric series is 

��	� 
 	 1 � �1 � �1 � ;� �!� �⁄
1 � �1 � �1 � ;� ��⁄ !  

��	� 
 	. �
�1 � ;� A1 � �1 � �1 � ;� �⁄ !� �B 
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Value of Q will be always between 0 and 1 since Q is a probability. Therefore, (1-Q)/e 

will be a decimal value always. Also, [1-(1-Q)/e]
R+1

 will be a decimal value. As a result of that 

we can consider the value of [1-(1-Q)/e]
R+1

 is negligible since the power of a decimal value is 

very small. 

��	� 
 	. �
�1 � ;� �1! 

��	� # 	. �
1 � ; 

Therefore, to read β number of RFID tags with the Frame Slotted Aloha protocol with 

interference, a reader needs (℮.β)/(1-Q) time slots. 

                                                                         ��	� 
 D
��C 	                                                          (4.2) 

4.2 Proposed Simulator for Slotted Aloha Protocol with Interference 
 

 This section of the thesis provides an overview of the simulator created using Matlab to 

calculate the time required to identify RFID tags with the Frame Slotted Aloha protocol when 

interference is present. The simulator allows the user to enter the number of tags (	� that need to 

be read and the probability of interference (Q). Tags will pick a slot randomly and respond to the 

reader’s query. More than one tag responding using the same slot will result in a collision at the 

RFID reader end. Collided tags need to be read again until the total number of tags is identified. 

Each uncollided tag interference is compared with the user-entered probability of interference, 

and the tags are taken as successfully read if the uncollided tag interference is greater than the 

user-entered probability of interference. If not, those uncollided tags need to be read again. The 

simulator is run until the total number of RFID tags is identified. 

Figure 4.1 displays the flow chart of the proposed simulator. 
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Figure 4.1: Flow Chart of Proposed Simulator for Interference 
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Figure 4.2 displays a Matlab command window output to calculate the time for ten RFID 

tags when interference is presence.  

 

 
 

Figure 4.2: Matlab Command Window to Calculate Time to Read Ten RFID Tags 

with Interference 
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A total of 51 scenarios were used in the simulation. For each scenario, the total number of 

tags used was 0, 10, 20, 30, 40, 50,…, 480, 490, and 500. The number of trials was 1,000. The 

slot time equaled one unit (mile second) of time. 

Table 4.1 displays the average time taken to read the tags when the total number of tags 

changed due to interference. 

TABLE 4.1 

 

NUMBER OF TAGS VS TIME WITH INTERFERENCE 
 

Probability of Interference 

(Q) 

Total Number 

of Tags (	) 
Average Time (ms) 

0.4 0 0 

0.4 10 39.9070 

0.4 20 83.9690 

0.4 30 127.8730 

0.4 40 171.3790 

0.4 50 217.5060 

0.4 60 263.5580 

0.4 70 308.2130 

0.4 80 352.8410 

0.4 90 397.4090 

0.4 100 443.9380 

 

The plot in Figure 4.3 was obtained from the simulation that was created for interference. It 

shows the time needed to read a total of 500 tags with interference. 
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Figure 4.3: Time to read RFID Tags using Frame Slotted Aloha Protocol with Interference 
 

 From the values obtained from Table 4.1, the slope of the graph in Figure 4.3  can be 

calculated as  

$%&'� 
 �()� *& +�,- 100 *,/0 � �()� *& +�,- 10 *,/0
100 � 10  

$%&'� 
  443.9380 �  39.9070 
90  

$%&'� 
 4.48923 
 4.5 

$%&'� 
 4.5 

 Using the slope value, the Figure 4.3 equation can be written as 

              8 
 4.5 x          (4.3) 
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Since the numerical value of e is equal to 2.71828, (e.β)/(1-Q) can be calculated as 

�
1 � ; 
 2.71828

1 � 0.4  

                                         = 4.53 

�
1 � ; # 4.5 

Equation (4.3) can be rewritten as 

     8 
 D
��C :                                             (4.4) 

 According to the plot in Figure 4.3, x is the total number of RFID tags, and y is the total 

time (slots) taken to read the tags with interference. Therefore, 

: 
 β 

8 
 ��	� 

 Now, equation (4.4) can be rewritten as  

     ��	� 
 D
��C 	                                                                (4.5) 

 It can be seen that equation (4.5), derived using the simulator results, is equal to equation 

(4.3), derived using the mathematical model. 

 

4.3 Results Analysis of Proposed Mathematical Model and Simulator with Interference 

In following two subsections results that are derived from the proposed mathematical 

model and the simulator will be analyzed. 

 

4.3.1 Results Analysis of Proposed Mathematical Model with Interference 

Using equation (4.2), the time needed when the number of tags varies with constant 

interference is calculated as 
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��	� 
 �. 	
1 � ; 

; 
 <+&=,=(%(*8 &> (?*�+>�+�?@� 

� 
 2.71828 

 The plots in Figure 4.4 were drawn from values obtained from equation (4.2). The plots 

were drawn for Q (probability of interference) values 0, 0.05, 0.1, 0.25, and 0.5, with respect to 

the number of total tag (β) changes. Calculations used to draw Figure 5.1 can be found in 

Appendix A.  According to the plot in Figure 4.4, it is obvious that the time required to read tags 

increases when Q (probability of interference) increases. 

 

Figure 4.4: Time to Read RFID Tags with Proposed Mathematical Model 

4.3.2 Results Analysis of Simulator with Interference 

 The plots in Figure 4.5, from the values obtained from the proposed simulator, were 

drawn for Q (probability of interference) values 0, 0.05, 0.1, 0.25, and 0.5, with respect to the 

number of total tag (β) changes. The calculations used to draw Figure 4.5 can be found in 
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Appendix A. According to the plots in Figure 4.4, the time required to read tags increases when 

Q (probability of interference) increases. 

 

Figure 4.5: Time to Read RFID Tags with Simulator 
 

Both Figures 4.4 and 4.5 show that when Q (probability of interference) increases, the 

time required to read all the tags (β) increases. Also, it can be seen that both Figures 4.4 and 4.5 

look similar, which proves that the proposed mathematical model is accurate with the simulator. 

Here, the total time required to read all the tags is in addition to the time wasted because of tag 

collision and interference. 
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CHAPTER 5 

 

5 CONCLUSION AND FUTURE WORK 
 

 

5.1 Conclusion 

 This thesis proposed a mathematical model and a simulator that can be used to analyze 

the performance of the Slotted Aloha protocol when the interference for tag detection is not 

present. Furthermore, it proposed a mathematical model and a simulator that can be used to 

analyze the performance of the Slotted Aloha protocol when there is an interference for tag 

detection.  Both mathematical models and the simulator are capable of calculating the time 

required to identify tags. 

5.2 Future Work 

 In this thesis, it was assumed that there was a constant value for interference throughout 

the tag identification process. In the future, a model could be created to analyze the performance 

of the Slotted Aloha protocol when interference changes dynamically during the tag 

identification process. 
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7.1 APPENDIX A 
 

 

Figures 5.1 and 5.2 were drawn using values in Tables A.1 to A.10. The values in Table 

A.1 were obtained using equation (4.2) when Q = 0 and the number of tags changes from 0, 10, 

20,….,90, 100.  

 

TABLE A.1 

 

NUMBER OF TAGS VS TIME WHEN Q = 0 USING PROPOSED 

MATHEMATICAL MODEL 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 27.1828 

20 54.3656 

30 81.5484 

40 108.7312 

50 135.914 

60 163.0968 

70 190.2796 

80 217.4624 

90 244.6452 

100 271.828 
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APPENDIX A (continued) 
 

The values in Table A.2 were obtained using equation (4.2) when Q = 0.05 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

TABLE A.2 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.05 USING PROPOSED 

MATHEMATICAL MODEL 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 28.61347 

20 57.22694 

30 85.84042 

40 114.45389 

50 143.06736 

60 171.68084 

70 200.29431 

80 228.90778 

90 257.52126 

100 286.13473 
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APPENDIX A (continued) 

 

 
 The values in Table A.3 were obtained using equation (4.2) when Q = 0.1 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

TABLE A.3 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.1 USING PROPOSED 

MATHEMATICAL MODEL 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 30.20311 

20 60.40622 

30 90.60933 

40 120.81244 

50 151.01555 

60 181.21866 

70 211.42177 

80 241.62488 

90 271.828 

100 302.03111 
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APPENDIX A (continued) 
 

 

The values in Table A.4 were obtained using equation (4.2) when Q = 0.25 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

TABLE A.4 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.25 USING PROPOSED 

MATHEMATICAL MODEL 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 36.24373 

20 72.48746 

30 108.7312 

40 144.97493 

50 181.21866 

60 217.4624 

70 253.70613 

80 289.94986 

90 326.1936 

100 362.43733 
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APPENDIX A (continued) 
 

The values in Table A.5 were obtained using equation (4.2) when Q = 0.5 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

TABLE A.5 

 

NUMBER OF TAGS VS TIME WHEN Q= 0.5 USING PROPOSED 

MATHEMATICAL MODEL 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 54.3656 

20 108.7312 

30 163.0968 

40 217.4624 

50 271.828 

60 326.1936 

70 380.5592 

80 434.9248 

90 489.2904 

100 543.656 
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APPENDIX A (continued) 
 

 The values in Table A.6 were obtained using the simulator when Q = 0 and the number 

of tags changes from 0, 10, 20,….,90, 100.  

 

 
TABLE A.6 

 

NUMBER OF TAGS VS TIME WHEN Q = 0 USING SIMULATOR 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 24.3800 

20 50.2520 

30 77.3730 

40 103.9870 

50 131.5640 

60 158.3820 

70 185.3590 

80 212.4220 

90 240.3010 

100 265.1130 
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APPENDIX A (continued) 
 

The values in Table A.7 were obtained using the simulator when Q = 0.05 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

 

TABLE A.7 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.05 USING SIMULATOR 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 25.3490 

20 53.6730 

30 80.9030 

40 109.1780 

50 137.6760 

60 165.9810 

70 195.1890 

80 223.0250 

90 250.5910 

100 279.4410 
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APPENDIX A (continued) 
 

The values in Table A.8 were obtained using the simulator when Q = 0.1 and the number 

of tags changes from 0, 10, 20,….,90, 100.  

 

TABLE A.8 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.1 USING SIMULATOR 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 26.6390 

20 56.1990 

30 86.0020 

40 115.5640 

50 144.8400 

60 176.2750 

70 203.9600 

80 235.8660 

90 265.2410 

100 296.5770 
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APPENDIX A (continued) 

 

 
The values in Table A.9 were obtained using the simulator when Q = 0.25 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

 

TABLE A.9 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.25 USING SIMULATOR 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 31.5800 

20 66.8450 

30 103.1130 

40 137.1350 

50 174.3920 

60 209.3360 

70 245.4330 

80 281.7030 

90 319.2270 

100 352.9880 
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APPENDIX A (continued) 
 

The values in Table A.10 were obtained using the simulator when Q = 0.5 and the 

number of tags changes from 0, 10, 20,….,90, 100.  

 

 

TABLE A.10 

 

NUMBER OF TAGS VS TIME WHEN Q = 0.5 USING SIMULATOR 

 

Total Number of Tags (β) Average Time (ms) 

0 0 

10 47.7990 

20 99.2070 

30 152.0760 

40 205.0220 

50 262.4930 

60 311.6010 

70 368.8200 

80 423.4470 

90 476.4360 

100 528.7730 
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7.2 APPENDIX B 
 

 

SOURCE CODE 

 

% Clear command window 

clc 

  

% Clear variables and functions from memory 

clear all 

  

% Input the probability of interference 

prob_int = input('Enter the Probability of Interference (.x): '); 

  

% Input total number of tags to be read 

total_number_of_tags = input('Enter the Total Number of Tags: '); 

display(' ') 

  

% Declaring an array to hold the value of total tag number for each scenario (10, 20, 30, .... ,  

% 490, 500) 

total_tag = []; 

  

% Declaring an array to hold the total average times for each scenario 

total_average_time = []; 

  

% The simulation is run for 51 scenarios with total number of tags 0, 10, 20, 30, 40, 50, 60, 70, 

% 80, 90, 100, ..., 480, 490, and 500 

for scenario = 10:10:total_number_of_tags 

  

    % Array to hold the total tags for each scenario 

    total_tag = [total_tag scenario]; 

     

    % Array to hold the total time of each trial 

    time_for_all_trials = []; 

  

    % Each slot is equal to 1 unit (second) of time 

    slot_time = 1; 

  

    % No of trials for each scenario 

    number_of_trials = 1; 

  

    % Simulation is run for "number_of_trials" trials 

    for trial = 1:number_of_trials 

  

        % Initial total time to read all RFID tags is 0 

        Time = 0; 
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APPENDIX B (continued) 
 

        % Assigning the initial total number of tags before any collisions 

        number_of_tags = scenario; 

         

        % The loop is run until all the tags are read 

        while number_of_tags ~= 0 

             

            % Randomly assigning slots for each RFID tag 

            slot_number = ceil(number_of_tags*rand(1,number_of_tags)); 

            display(['Slot Number:  ', num2str(slot_number)])  

             

            % Initially 0 collosions 

            collosions = 0; 

  

            % For all tags 

            for i = 1:number_of_tags 

                 

                % Initially flag is set to 0 (unset) 

                flag = 0; 

                 

                for j = 1:number_of_tags 

                     

                    % To compare each tag slot number with other tag slot             

                    % numbers 

                    k = i+j; 

                     

                    if k <= number_of_tags 

                         

                    % If there is a collision and the collision was not already considered (slot number is    

                    % not 0) 

                     if slot_number(i) == slot_number(k) & slot_number(i) > 0 

                             

                            % flag is set (not equal to 0) 

                            flag = flag + 1; 

                             

                            % Adding 1 to existing collisions 

                            collosions = collosions + 1; 

  

                            % Making the collision already considered by making the slot number equal to   

                            % 0 (zero) 

                            slot_number(k) = 0; 

                        end 

                    end 

                end 
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APPENDIX B (continued) 

 

                % If the flag is set (not equal to 0), then there is a collision 

                if flag ~= 0 

                     

                    % Adding another 1 (the base tag that used to compare) to existing collisions 

                    collosions = collosions + 1; 

                end 

                 

                % Tag is read (no collision) 

                slot_number(i) = 0; 

            end 

             

            display(['Number of collisions:  ', num2str(collosions)]) 

             

             

            % Calculating the time 

            Time = Time + slot_time*number_of_tags; 

             

            % Number of Non Collided tags  

            NonColl = number_of_tags - collosions; 

            display(['Number of Non-collided Tags:  ', num2str(NonColl)]) 

             

            % Generate a uniform random number to each uncollided tag 

            Prob_NonInt = rand(1,NonColl); 

             

            % Generate flag for each tag 

            Flag_NonInt = []; 

             

            count = 0; 

             

            % Check for the interference.  

            for number_of_uncollided_tags = 1:NonColl 

                if Prob_NonInt(number_of_uncollided_tags) >= prob_int 

                    Flag_NonInt =[Flag_NonInt 0]; 

                    count = count + 1; 

                else 

                    Flag_NonInt =[Flag_NonInt 1]; 

                end 

            end 

            Inter_tags = sum(Flag_NonInt); 

             

            % Reading the collided tags again 
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APPENDIX B (continued) 

 

            number_of_tags = collosions+Inter_tags; 

 

 

display(['Number of Tags Read Successfully with Interference:  ', num2str(count)])             

display(' ') 

  

        end 

  

        % Array to hold the total time of each trial 

        time_for_all_trials = [time_for_all_trials Time]; 

    end 

  

    % Calculating the average time 

    average_time = mean(time_for_all_trials); 

     

    % Array to hold the total average times for each scenario 

    total_average_time = [total_average_time average_time];     

     

end 

  

display (' ') 

display(['Total Time to Read all the Tags:  ', num2str(total_average_time)]) 

  

  

 

% Plotting the graph 

plot(total_tag,total_average_time,'m*-') 

  

% Curving the graph 

%P = polyfit(total_tag,total_average_time,1) 

  

% Labeling the plot 

xlabel('Number of Tags') 

ylabel('Total Time (1 Time Slot = 1 mili second)') 

title('Time to Read RFID Tags Using Frame Slotted Aloha Protocol') 


