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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

RFID stands for radio frequency identification. With this technology, the objects 

to be identified are attached with RFID tags and a reader is used to scan all the tagged 

objects without direct contact with the objects. The main components of a typical RFID 

system are reader and tag [1]. The reader has a transmitter-receiver module and antenna. 

The tag consists of integrated circuit, memory, and antenna. The tag is attached to the 

object for identification. It can store information such as identification number and other 

details about the object. Each tag has a unique identification number. The reader and tags 

communicate through the electromagnetic waves. With RFID tags, each individual 

tagged item can be given its own identification number with many additional details 

about the object. RFID tags appear to be replacing the traditional barcode system for 

identification in various applications. The major advantages of RFID technology over 

barcodes are that the RFID-tagged objects do not require to be in line-of-sight with the 

reader for their identification and multiple objects can be read simultaneously. 

RFID technology is becoming a wide spread. It finds applications in inventory 

management, warehouse management, medical field, security, food safety and 

management, asset tracking, payment systems, tolling, manufacturing industry, etc.  For 

instance, the United States military and Wal-Mart require their items being tagged for 

identification purpose. Since RFID has many advantages and finds its applications in 
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various fields, it is necessary to explore this technology and harness its potential. Though 

RFID technology came into existence several years ago, this technology did not 

completely take over the traditional barcode system due to some issues such as operating 

cost, privacy issues, technical issues, etc. Technical issues include identifying all the 

tagged objects efficiently and reliably. Since RFID reader can scan multiple tags 

simultaneously, there is a problem of collision. So it is important to design a good anti-

collision multi-tag identification algorithm for collision avoidance and to improve the 

performance of the system. Though several anti-collision algorithms have been 

developed, the problem of collision still occurs in RFID system. On the other hand, since 

the reader has no prior knowledge about the actual number of tags to be scanned, the 

reader has to know when to stop scanning the tags. Due to the stochastic nature of the 

reading process, it is not possible to expect to identify all tags with complete certainty 

[9]. Vogt [8], [9] proposed a probabilistic stopping criterion, which can achieve a 

predetermined assurance level probabilistically. However, such a method has very high 

computational complexity and it is difficult to implement in practice. Therefore, there is a 

need to explore low-complexity alternative methods that can be easily implemented in the 

practical system. 

 

1.2 Problem Statement 

Using RFID technology, the time taken to scan multiple objects is reduced as the 

reader has the capability to read the data from multiple tags simultaneously. That is, the 

reader has to identify all the tags and receive the data from the tags. When reader sends a 
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query or triggering signal, there might be an interference caused by conflicting 

communication signals when multiple tags respond simultaneously to the query. This is 

known as collision. When there is a single tag and a single reader is communicating with 

it, there is no possibility for collision. But if there is more than one tag and single reader 

is communicating with those tags, there is a probability for collision [5]. The probability 

of collision increases if the number of tags increases in a system. Hence it is necessary to 

employ anti-collision algorithms to avoid the problem of collision. Reducing the 

collisions in the system will increase the overall efficiency of the system. There are three 

types of collisions which have possibility of occurrence in the system [6]. 

 Tag-tag collision   

In tag-tag collision, there are multiple tags and single reader. This collision occurs 

when multiple tags try to communicate simultaneously with a single reader. As 

multiple tags respond simultaneously, the reader may not identify all the tags.  

 Reader-tag collision 

This type of collision occurs when there is neighboring reader near the tag 

responding to another reader. The signal from the neighboring reader interferes 

with the signal being sent by the tag to another reader for its identification.   

 Reader-reader collision 

In reader-reader collision there are multiple readers trying to send the query for 

the tag to respond at the same time. In such a situation, the tag may not be able to 

respond to any reader.  



 

4 
 

There are many anti-collision algorithms available to reduce the collision problem 

in passive RFID system. The important factors that determine the efficiency of an anti-

collision algorithm are time and accuracy. Time refers to the minimum time within which 

the reader can identify all the tags. Accuracy refers to the correctness of identifying the 

tags with least possible chance of missing a tag. These factors have to be considered 

while designing an efficient anti-collision algorithm for RFID system. 

Recent developments in ALOHA based anti-collision algorithms is the dynamic 

frame-based anti-collision algorithms. In such algorithms, the frame size is not fixed as in 

its predecessor, i.e., the frame-based anti-collision algorithm; instead, the frame size 

changes dynamically depending on the number of tags estimated in each read cycle. This 

thesis presents a comprehensive study of different approaches of dynamic framed slotted 

ALOHA (DFSA) anti-collision multi-tag identification algorithms for the tag-tag 

collision case.  

 

1.3 Objectives of the Thesis 

The objectives of the thesis are summarized in the following: 

 Study the existing anti-collision algorithms and compare their performance 

through extensive computer simulations 

 Study the effects of major parameters of DFSA-based anti-collision multi-tag 

identification algorithms to explore ways to optimize their performance 

 Develop new methods to improve the performance of anti-collision algorithms 

and to reduce their implementation complexity 
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1.4 Contributions of the Thesis 

The following points outline the contributions of the thesis: 

 Implemented and analyzed the performance of the DFSA-based anti-collision 

multi-tag identification algorithms using the existing tag estimation techniques – 

lower bound estimation, Zhen’s estimation and Chebyshev inequality estimation 

 Studied the effect of the initial frame size selection on the performance of the 

DFSA-based anti-collision multi-tag identification algorithms 

 Improved the performance of the DFSA-based anti-collision multi-tag 

identification algorithms using Zhen’s tag estimation and Chebyshev inequality 

tag estimation techniques by using weighted sequential estimator known as 

forgetting factor for estimating the number of tags in each read cycle 

 Developed a low complexity based heuristic stopping criterion and investigated 

the concept of the read cycle assurance level through intensive simulations 

 Analyzed the computational complexity involved in the probabilistic stopping 

criterion approach 
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1.5 Outline of the Thesis 

This thesis is organized as follows. Chapter 2 presents a brief introduction of 

RFID system, including its block diagram, classification, history, and applications. 

Chapter 3 presents the basic ALOHA protocol and its successors, i.e., the DFSA-based 

anti-collision multi-tag identification algorithms and probabilistic and heuristic stopping 

criteria. Chapter 4 outlines the simulation results and performance analysis. Major 

conclusions are summarized in Chapter 5. 
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CHAPTER 2 

RADIO FREQUENCY IDENTIFICATION SYSTEM 

Radio frequency identification (RFID) technology came to existence several 

decades ago and is gradually replacing the traditional barcode system. The main 

components of typical RFID system include tags and a reader. The reader sends and 

receives the information to/from the RFID tags through radio waves. There are four 

different RFID technologies available - active, passive, semi-passive and beacon types. 

Of active and passive RFID, passive RFID technology is most commonly used compared 

to active RFID technology due to certain issues like size, cost, life span, etc.  

This chapter begins with the history of the RFID technology. The block diagram 

and classification of the RFID, and its applications are discussed in sections 2.2 and 2.3 

respectively. Section 2.4 explains the characteristics of active and passive RFID 

technologies and the reasons for choosing passive RFID over active RFID. 

 

2.1 A Brief History of RFID Technology 

RFID technology is said to have its roots directly related to World War II. During 

World War II, this technology was used by nations such as Japan, England, United States 

of America and Germany to identify whether the approaching planes belonged to their 

own military or enemies. The first passive RFID system was used by the Germans. The 

Germans found that if their planes that were returning to the base station rolled, the radio 

signal that was reflected back would change. This proved helpful to the radar crew 
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member for identifying their planes. England developed its first active identity friend or 

foe (IFF) system headed by Scottish physicist Sir Robert Alexander Watson-Watt by 

utilizing the basic concept of RFID system. In the implementation of their technique, a 

transmitter was put on each plane. When the signals were sent by the radar system on the 

ground, the planes responded by broadcasting a signal back to the radar system in order 

to be identified. In the 1950s and 1960s, researchers explored different areas of the RFID 

technology and many important papers explaining the use of RF technology for object 

identification were published. In the 1970s, the United States government utilized RFID 

technology developed by Los Alamos national laboratory (LANL) to track nuclear 

materials. They also worked on the development of toll payment systems which became 

widespread around the world for use on roads, bridges, tunnels, etc. LANL also 

developed ultra high frequency (UHF) passive RFID tags for tracking cattle, in particular 

cows. Later on, some companies developed low frequency passive RFID tags which can 

be inserted under cows’ skin. Various companies also developed commercial RFID 

systems for applications related to access control to buildings, anti-theft control, smart 

cards, etc. In 1999, Auto-ID center, a non-profitable collaboration between several 

companies and academia, established a development center to develop infrastructure for 

tracking using RFID tags carrying electronic product codes (EPC). In 2003 EPCglobal, a 

non-profitable collaboration was set up to continue its work on EPC technology [3], [4]. 

The world’s largest RFID retailers include Target, Walmart, Metro and the United 

States Department of Defense. RFID technology is gradually replacing the existing 
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barcode system for identification purposes in numerous applications. There are many 

ways in which RFID system is better than barcode system as discussed in [2]: 

 Life span 

RFID tags have a greater shelf life than barcodes as tags can be placed in a safe 

place within the object whereas barcodes may get damaged while handling. 

 Data storage  

RFID tags can store a large amount of data about the tagged object such as the 

object’s manufacturing date, time, contents, location, history of the object, etc. 

Also, the tags can be read-write enabled which helps in any dynamic update of the 

information related to the object. The size of the barcode label on the other hand 

is limited, hence it cannot store large amount of data like RFID tag. Moreover, 

once the barcode label is printed changes cannot be made to it.  

 Scanning 

The operation range of RFID tags varies from few inches to several meters. RFID 

technology does not require line-of-sight while scanning the tagged objects. In 

fact, the tagged objects can be placed in a carton and packed in a box and it is not 

necessary to open each box to scan the objects. RFID technology supports reading 

multiple tags simultaneously. On the contrary, barcodes require to be in line-of-

sight for perfect scanning which limits the operation range of barcodes. Barcode 

system cannot scan multiple objects simultaneously. 
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 Automated data entry 

RFID technology enables automated data entry without human intervention. The 

reader collects the data from the tags and sends it to the central database where it 

is updated whereas the barcode system requires human intervention in reading a 

barcode and updating the database. 

With their advantages, RFID system is being used in various applications and 

replacing the traditional barcode system gradually. 

 

2.2 Classification of RFID System 

A typical RFID system consists of tags and readers. The block diagram of such 

system is shown in Figure 2.1. RFID reader consists of a transmitter-receiver module, a 

control unit and an antenna. A tag is made up of a micro chip with an antenna. The reader 

sends electromagnetic signals and the tag receives these signals through antenna. The 

micro chip modulates the signals and sends it back to the reader. This information 

received from the tags is then processed by sending it to the host computer. 

 

 

 

 

 

Figure 2.1: Block diagram of RFID system. 
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Computer 
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In general, there are four types of RFID tags: active, passive, semi-passive, and 

beacon types [14]. 

 Active RFID tags 

Active RFID tags are equipped with internal power source such as battery to 

power up the integrated circuit and to send the signal to the reader. The operating 

range of active RFID tags is several hundred meters. They even have the 

capability to store any additional information received from the reader. 

 Passive RFID tags 

Passive RFID tags are not equipped with any power source. The radio frequency 

signal from the reader is needed to power them and to communicate with the 

reader. As the tags have to receive the radio-frequency signal from the reader, 

there is a constraint on the operation range of passive RFID tags. 

 Semi-passive RFID tags 

Semi-passive RFID tags have internal power source similar to active RFID tags. 

But this power source is used to power up the integrated circuit/micro chip only. 

The tags use the radio frequency energy from the reader for broadcasting the 

signal. 

 Beacon RFID tags 

Beacon RFID tags send regular patterned radio signals with some limited 

information. 
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2.3 Applications of RFID Technology 

RFID technology has numerous applications in our daily life. A few of those 

applications are briefly reviewed in this section [14], [20]. 

Asset management and tracking has always been a major problem in industry. 

Previously, assets were painted with the asset numbers and these were verified physically 

by auditors. There is a possibility that the assets count did not match with the actual 

figure due to various reasons such as miscount, asset number vanishing, etc. With the 

advent of barcode system, companies started using barcodes to track their assets. 

However, the use of this system has some problems like the losing labels, damage of 

labels, etc. The best solution to these problems is to replace them with RFID tags. RFID 

tags can be placed safely inside the asset in a place which is visible to the reader. 

Multiple assets can be tracked simultaneously as RFID tags do not require line-of-sight 

scanning with the reader. Also, tags can be used to store many additional details other 

than the identification number such as quantity, manufacturing date, expiry date, 

properties, etc. 

Car manufacturing industry faces a high level of complexity in assembling the 

components together rather than manufacturing the components. At present, majority of 

the car manufacturing units are using barcode system to scan the components which are 

to be fitted to a particular car frame at each work station.  This method is time consuming 

and is subjected to problem like damage of barcode label or incorrect reading, etc. In this 

kind of situation, RFID technology has proven to be the solution. The car frame can have 

a RFID tag fixed to it and there would be a fixed RFID reader at each workstation. With 
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the help of handheld readers, the workers can then easily locate all the correct 

components at a time necessary to build a particular car frame. 

Nowadays, doctors require various medical equipments while performing 

surgeries which can be re-used, disposed or implanted into the patient’s body. These parts 

are stored in the storage room of the hospital either in big cartons or shelves. The data 

entry is done manually. Whenever a particular medical part is requested, the hospital 

authorities issue that part to the doctor requested and manually update the record. This is 

done several times a day. Moreover, another major concern is that every medical part has 

shelf life i.e., expiry date. In the absence of automated system which keeps track of these 

medical parts and gives warning when they reached their expiry date, medical 

equipments may get wasted and may not be correctly updated in the database. To solve 

this problem, RFID technology can be used. The medical equipment can be tagged with 

its information and every shelf has a RFID reader which keeps track of the tagged parts in 

a particular shelf. Whenever a medical part is removed, the RFID reader identifies the tag 

number of the part and sends the information to the central database where it is updated. 

Since the tag has all the information about the part, the medical part with the lowest shelf 

life can be selected first. 

RFID technology also finds its application as an end-user product in museums. 

All the artifacts in the museum can be tagged and the visitor can be given a hand held 

reader and head phones. Whenever the visitor is in front of certain artifact, the handheld 

reader can detect the artifact and send the related information to the visitor through the 

headphones. It would also be useful for the organizer to gather information about the 



 

14 
 

route the visitor has taken and the artifact that is of more interest to the majority of the 

visitors.  

RFID technology is now used in credit card industry in the development of 

contactless cards for payment purposes. These contactless cards are linked with the debit 

card or credit card accounts. In the conventional method, the user has to swipe his card 

through the magnetic stripe reader or hand it over to the vendor to make a payment. It is 

likely that the user can forget his card when he gives it to the vendor to make a payment 

or the system may require some additional information to be given by the user. On the 

other hand, with contactless card, the user can position the card near the RFID reader 

without providing any additional information. For instance, American Express introduced 

a new service Express Pay on their blue credit card using RFID technology [13]. 

During a stay at a hotel or resort, several things such as room key, breakfast 

coupons, meal coupons, tokens, gym pass, casino pass, etc are given. These items are to 

be kept carefully and use whenever needed. There are however few problems with this 

system. When the guest carries the stuff with him/her, there is a chance for misplacement. 

He/she needs to sign every time these coupons are used. The staff has to manually enter 

the details of redeemed coupons into the database. To avoid all these problems, RFID 

system can be used. A RFID tag wrist band can be given to each guest having 

information about the guest such as name, room number, date/time-in, date/time-out and 

other details about availing different facilities, etc. There can be readers attached to the 

hotel room door, coffee shop entrance, gym entrance, casino, etc. So whenever the guest 

passes by, the reader can access the information about the guest and depending on his/her 
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preferences, allows access to a location. This saves a lot of time for the hotel staff as they 

will not have to enter the details manually into the database. 

In retail industry, in particularly a designer store, the items are placed on shelves 

and there is a barcode tag hanging out, sometimes with no price on it. It is not always 

possible for the staff to scan the barcode of the item to get the price for the customer and 

also it is not possible to monitor the number of customers interested in a particular item. 

To solve this problem, the items can be tagged with RFID tags and there would be some 

fixed RFID readers in the store and hand-held RFID readers with the staff. When a 

customer is interested in one particular item, the nearest fixed RFID reader would sense 

that and sends the information to the central database. If the customer requests some 

information, the tagged item can be scanned with the help of hand-held RFID reader and 

the information can be displayed on a larger screen. And the information about the items 

similar to the requested items can also be displayed. This would be helpful to the 

customers in making their selection better. 

 

2.4 Characteristics of Active and Passive RFID Tags 

Among all the RFID technologies available, active and passive RFID 

technologies are more widely used in practical applications. Table 2.1 lists the technical 

and functional specifications of active and passive RFID tags [14]: 
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2.4.1 Technical Specifications 

TABLE 2.1 

Technical Characteristics of Active and Passive RFID 

 Active RFID Passive RFID 

Source of power Battery Energy transfer from the 

reader 

Accessibility of power Continuous Only within the range of 

the reader 

Signal Strength 

requirement from the 

reader 

Low High in order to 

trigger/power up the tag 

Signal Strength from the 

tag 

High Low as it has to broadcast 

signal to the reader only 

after the reader has 

powered it. 

 

2.4.2 Functional Specifications [14] 

 Operating range 

There are two factors that are to be considered to determine the operating 

range of a RFID system: (1) the strength of the signal from the reader, and (2) 

the signal strength of the tag response to the reader. These two factors limit 
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the operating range of passive RFID but do not affect active RFID. The 

operating range of passive RFID tags is limited to 3 meters whereas the 

operating range of active RFID is more than 100 meters. 

 Multiple tag identification 

Passive RFIDs can be used for identifying multiple tags simultaneously within 

a limited range. Active RFIDs can be used for identifying multiple tags over a 

large operating range as they do not have any constraint on the power of the 

reader and tags. 

 Sensor characteristics 

In supply chain management, RFID tags with built-in sensor capabilities can 

be used to monitor the environmental parameters such as temperature, 

pressure, humidity, etc. Passive RFID tags cannot monitor the status of the 

sensor data continuously since they can only operate within the range of the 

reader. Active RFID tags can monitor the sensor status and record the data 

continuously since they have their power source of their own and are 

constantly powered. 

 Storage of data 

Both the technologies can be used to store data dynamically. But due to 

restrictions on the power, passive RFIDs are used to store only limited amount 

of data whereas active RFIDs can store a lot more data. 

Active RFID tags are necessary where there is requirement for continuous system 

monitoring even in transit. Passive RFID tags are used where there is no requirement for 
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continuous monitoring. A better solution for optimal system is to use a combination of 

both active and passive RFID technologies. The choice of active RFID tags or passive 

RFID tags depends on the application and the operating cost. Although, active RFID tags 

are more efficient than passive RFID tags, majority of the industrial applications such as 

supply chain management, electronic payment systems use passive RFID technology 

because of the following reasons: 

 Passive RFID tags are cheaper than active RFID tags 

 Active RFID tags are bigger in size 

 Active RFID tags have a shorter life span compared to the passive RFID tags 

because they are powered by a battery  
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CHAPTER 3 

DYNAMIC FRAMED SLOTTED ALOHA 

Most of the anti-collision algorithms in radio frequency identification (RFID) 

system are based on the concept of ALOHA protocol. Recent years have seen a lot of 

development in the ALOHA protocol from pure ALOHA to the dynamic framed slotted 

ALOHA (DFSA). The two factors that are to be considered while designing an anti-

collision algorithm are (1) the time taken to identify all the tags and (2) the accuracy with 

which the tags can be identified in a given time. These factors in turn depend on the tag 

estimation and frame estimation techniques which determine the performance of the anti-

collision algorithms. Also, it is important to determine when to stop identifying the tags 

when the reader does not have any prior knowledge about the actual number of tags 

present in the system. This chapter explains the developments made in the ALOHA 

protocol from pure ALOHA to DFSA, different tag estimation and frame estimation 

techniques in DFSA-based anti-collision multi-tag identification algorithm and the 

stopping criteria  

 

3.1 Evolution of ALOHA 

ALOHA protocol is used in the second layer of the open system interconnection 

reference model, i.e., data link layer for local area networks with broadcasting topology. 

The ALOHA network was developed in the early 1970s by Norm Abramson at the 

University of Hawaii to create a wireless communication network to link up the different 
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campuses in Hawaii together. The main purpose of this system was to transmit wireless 

packets over a switched network using a shared medium [15], [16]. Figure 3.1 explains 

the pure ALOHA system in which there are four stations trying to send their data over the 

channel. Each station is allowed to access the channel whenever it has to send the data 

and the station can determine if its data is transmitted successfully or not by comparing 

the received data with the sent data. In case of collision, the data is sent again after a 

random period of time. It can be seen that stations 1, 2, and 4 can successfully transmit 

their data to the end receiver after certain duration of time. 

 

Figure 3.1: Pure ALOHA system. 

To calculate the throughput of the pure ALOHA system, it is assumed that there is 

a packet for transmission at time 𝑡 and each packet is of length 𝑇. Hence any transmission 

between 𝑡 − 𝑇 and 𝑡 + 𝑇 will lead to collision. The packet is said to be transmitted 

indicates collisions

Station 1

Station 2

Station 3

Station 4

Time
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successfully if there is no other packet scheduled for transmission during the interval 

length of 2𝑇. Assuming that the scheduling is Poisson distribution, the probability of 

successful transmission of packet is  

𝑃𝑠𝑢𝑐𝑐 = 𝑒−2𝐺 ,                                                            (3.1) 

where 𝐺 is the rate at which transmission occurs. 

The throughput of the system is 

𝑇 = 𝐺𝑒−2𝐺 .                                                               (3.2) 

The system attains maximum throughput when the value of 𝐺 is 
1

2
. At 𝐺 =

1

2
, the 

throughput is 0.184 or 18.4% [18]. 

To design anti-collision algorithms for RFID system using pure ALOHA 

protocol, the tags transmit their data at regular intervals of time with random sleep or 

delay times. Based on the throughput of the pure ALOHA system, it can be concluded 

that anti-collision algorithms would be reasonable if the number of tags in the system is 

low, otherwise there would be an increase in the collisions in the system which reduces 

the overall throughput of the system. 

 

3.2 Slotted ALOHA 

Slotted ALOHA protocol is an improvement over the pure ALOHA protocol. In 

this protocol, the time is divided into equal size intervals known as slots and the 

transmission time of the data is equal to the slot size. Each station can transmit its data at 

the beginning of the next available time slot. In case of collision, the collided data 

overlap completely and the stations involved in the collision retransmit the data in other 
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available time slots after some random time intervals to reduce the possibility of re-

collision.  

 

Figure 3.2: Slotted ALOHA system. 

Figure 3.2 explains an example of a simple slotted ALOHA system in which 

stations 1 and 3 transmit their data simultaneously in slot 1 which leads to collision. 

Station 1 retransmits its data successfully in slot 5 and stations 2 and 4 transmit their data 

successfully in slots 3 and 4 respectively. 

To calculate the throughput of slotted ALOHA system, it is assumed that there is 

a packet for transmission and the length of the packet is 𝑇 which is equal to the slot size. 

A slot is said to be successful if only one packet is transmitted during that interval. If the 

transmission scheduling is assumed to be Poisson distribution, then the probability of 

successful transmission of the packet is 

𝑃𝑠𝑢𝑐𝑐 = 𝑒−𝐺 ,                                                                      (3.3) 

indicates collisions
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Station 3

Station 4

Slot 1 Slot 2 Slot 3 Slot 4 Slot 5
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where 𝐺 is the rate at which transmission occurs. 

The throughput of the system is 

𝑇 = 𝐺𝑒−𝐺 .                                                                      (3.4) 

The system achieves maximum throughput when 𝐺 attains the value of 1. At 

𝐺 = 1, the throughput of the system is 0.36 or 36% which is twice that of  pure ALOHA 

system [18]. 

 

Figure 3.3: Slotted ALOHA in RFID system. 

When slotted ALOHA protocol is used in RFID system as shown in Figure 3.3, 

each tag can transmit its data only at the beginning of a time slot and the reader controls 

the number of time slots. Tags 1, 2 and 3 transmit their data simultaneously in slot 1 

leading to a collision .Tag 3 resends its data in slot 2 successfully. Tag 1 and 4 collide as 

they transmit their data simultaneously. This process will continue till all the tags 

successfully transmit their data. 
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3.3 Framed Slotted ALOHA 

Though the throughput of slotted ALOHA system is twice the throughput of pure 

ALOHA system, its performance degrades when the number of tags in the system is 

large. Hence the concept of framed slotted ALOHA (FSA) is introduced. FSA system 

consists of frames and read cycles in addition to the slots. A frame is a group of time slots 

and a read cycle is the process of identifying tags which involves a frame. The major 

difference between slotted ALOHA and FSA is that each tag can access only one time 

slot in one frame i.e., each tag can transmit its data at most once in a frame [17]. 

 

Figure 3.4: FSA in RFID system. 

Figure 3.4 shows an example of FSA algorithm in RFID system. Frame 𝑖 

indicates one of the frames involved in the process of the FSA algorithm. The tags 

transmit their data at most once in the given Frame  𝑖. Tags 1 and 2 transmit their data 

simultaneously due to which collision occurs. Tag 3 and 4 transmit their data successfully 

Frame i

Tag No. Slot 1 Slot 2 Slot 3

Tag 1 11001111

Tag 2 11000111

Tag 3 10001111

Tag 4 11111000

Collision Success Success
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in slots 2 and 3 respectively. This process continues until all the tags transmit their data 

successfully. 

 

3.4 Dynamic Framed Slotted ALOHA 

In FSA, the frame size is fixed and cannot be changed until the process of 

identifying all the tags in the system is completed. In recent years, dynamic framed 

slotted ALOHA (DFSA) has been developed which proved to be more efficient than the 

FSA [7]. In DFSA, the frame size changes dynamically after each read cycle which is 

dependent on the number of tags estimated in each read cycle. 

It is very important to choose an appropriate initial frame size for designing 

DFSA-based anti-collision multi-tag identification algorithms in RFID system. If the 

initial frame size is small and the number of tags is large, then the performance of the 

system degrades. If the initial frame size is large and the number of tags to be identified is 

small, better performance cannot be achieved as there would be time slots that are not 

used at all for identifying the tags [15]. 

 

3.4.1 Procedure for the Design of the DFSA-based Anti-Collision Multi-tag Identification 

Algorithm 

The basic outline of the DFSA based anti-collision multi-tag identification 

algorithm is given in Figure 3.5. 
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Figure 3.5: Basic outline of DFSA algorithm. 

Initially, the reader has no prior knowledge about the number of tags present in 

the system. After the initial frame size is set, the reader sends a triggering signal to all the 

tags to broadcast their information. In each read cycle, the tags randomly choose their 

slots to send their information. As the tags randomly choose their slots for transmission, 

there is a probability of collision. After one read cycle, the reader has knowledge about 

the number of empty time slots (𝐶0), number of successful time slots (𝐶1) and number of 

collision time slots (𝐶𝑘). 𝐶0 refers to the number of time slots that are not used by the tags 

to transmit their data. 𝐶1 refers to the number of time slots in which the tags successfully 

transmitted their data to the reader and hence the number of successful tags identified in a 

read cycle is equal to the number of successful time slots. Finally, 𝐶𝑘  refers to the number 

1. The reader sends a triggering command to all the tags to

respond.

2. In each read cycle, calculate the values of C0, C1 and Ck.

3. Estimate the number of tags from the values of C0, C1 and

Ck using tag estimation technique.

4. Estimate the frame size based on the number of tags

estimated in each read cycle.

5. Repeat the above four steps until all the tags are

identified or till the required assurance level is reached.
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of time slots in which collisions occurred. Collision can be between two tags or more 

than two tags. The data transmitted by the tags in these time slots is not identified by the 

reader as their information is lost due to collisions. Therefore from the information 

provided by the values of 𝐶0, 𝐶1, and 𝐶𝑘  the reader estimates the number of tags present 

in the system by using different estimation techniques which are discussed in later section 

of this chapter. The frame size is set for the next read cycle based on the number of tags 

estimated in the current read cycle. This process continues till all the tags in the system 

are identified or till the given assurance level is reached. Since the reader does not have 

prior knowledge about the actual number of tags present in the system, the stopping 

criteria i.e., when to stop reading/identifying the tags in the system is important [8] and, 

[9]. The probabilistic approach for stopping criterion is discussed by Vogt in [8] and [9]. 

A simple low complexity stopping criterion based on heuristic approach is proposed in 

this thesis. The different stopping criteria are discussed in detail in later sections. 

 

3.4.2 Tag Estimation Techniques 

The number of tags estimated in each read cycle is based on the outcomes 𝐶0, 𝐶1, 

and 𝐶𝑘 .The different tag estimation techniques are explained below. 

3.4.2.1 Lower Bound Estimation Technique 

The lower bound estimation technique is based on the simple assumption that at 

least two tags are involved in a collision [8] and [9]. Hence the lower bound for estimated 

number of tags in the system is 
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𝑁𝑒𝑠𝑡  𝑙𝑜𝑤𝑒𝑟  𝑏𝑜𝑢𝑛𝑑  = 𝐶1 +  2 × 𝐶𝑘 ,                                       (3.5) 

where   𝑁𝑒𝑠𝑡  𝑙𝑜𝑤𝑒𝑟  𝑏𝑜𝑢𝑛𝑑   is the estimated number of tags in each read cycle, 𝐶1 is the 

successful number of time slots and 𝐶𝑘  is the collision number of time slots. 

The error associated with this estimation function increases with the increase in 

the number of tags in the system because the collisions may occur by more than two tags. 

 

3.4.2.2 Zhen’s Tag Estimation Technique 

This tag estimation function is proposed by the author Zhen in [10] which is based 

on the posteriori probability of 𝑚 tags choosing a given time slot  𝑖 at any time is given 

by  

𝑝𝑚
0  𝑖 =  

0                                               𝑖𝑓 𝑚 = 0,1,

𝑝𝑚 (𝑖)/(1 − 𝑝0 𝑖 − 𝑝1(𝑖)    𝑖𝑓 𝑚 ≥ 2.
                        (3.6) 

A posteriori expected value of a collided time slot is given by 𝑚 = 2.39. This 

indicates that when a collision occurs, on an average 2.39 tags respond in each collision 

time slot. Hence the estimated number of tags in the system is  

𝑁𝑒𝑠𝑡  𝑍ℎ𝑒𝑛  = 𝐶1 +  2.39 × 𝐶𝑘 ,                                            (3.7) 

where 𝑁𝑒𝑠𝑡  𝑍ℎ𝑒𝑛   is the estimated number of tags in each read cycle using Zhen’s method, 

𝐶1 is the successful number of time slots and 𝐶𝑘  is the collision number of time slots.  

3.4.2.3 Chebyshev Inequality Tag Estimation Technique 

This method is proposed by the author in [8] and [9] which is based on 

Chebyshev inequality principle. According to Chebyshev inequality, if there is any 
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random variable  𝑋, then the outcome of the random experiment which involves 𝑋 is 

most likely to be near its expected value. In this tag estimation method, the distance 

between the actual read result (𝐶0, 𝐶1, 𝐶𝑘) and the expected theoretical result (𝐸0
𝑁,𝑛

,  𝐸1
𝑁,𝑛

, 

𝐸𝑘
𝑁,𝑛

) is determined in each read cycle. The value of number of tags is determined based 

on the distance for which it is minimal. 

𝑁𝑒𝑠𝑡  𝐶ℎ𝑒𝑏𝑦𝑠 ℎ𝑒𝑣 = min𝑟   

𝐸0
𝑁,𝑛

𝐸1
𝑁,𝑛

𝐸𝑘
𝑁,𝑛

 −  
𝐶0

𝐶1

𝐶𝑘

                                       (3.8) 

In (3.8), 𝐸0
𝑁,𝑛

 corresponds to the expected number of empty time slots, 𝐸1
𝑁,𝑛

 

corresponds to the expected number of successful time slots (the time slots filled with 

only one tag), 𝐸𝑘
𝑁,𝑛

 corresponds to the expected number of collision time slots. 

The expected number of time slots filled with 𝑟 tags from 𝑛 tags with a frame size 

𝑁 is given by  

𝐸 𝑟 =
𝑛 !

 𝑛−𝑟 !𝑟 !
 

1

𝑁
 
𝑟

 1 −
1

𝑁
 
𝑛−𝑟

.                                           (3.9) 

The expected number of empty time slots is given by  

𝐸0
𝑁,𝑛 = 𝑁𝐸 0 = 𝑁  1 −

1

𝑁
 
𝑛

.                                            (3.10) 

The expected number of successful time slots is given by  

𝐸1
𝑁,𝑛 = 𝑁𝐸 1 = 𝑛  1 −

1

𝑁
 
𝑛−1

.                                           (3.11) 

The expected number of collision time slots is given by  

𝐸𝑘
𝑁,𝑛 = 𝑁𝐸 𝑘 = 𝑁 − 𝐸0

𝑁,𝑛 − 𝐸1
𝑁,𝑛

.                                       (3.12) 
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3.4.2.4 Sequential Weighted Tag Estimation Techniques 

Since the above discussed three tag estimation functions are based on random 

distribution of tags in the time slots, there is a possibility for a lot of variation in the 

number of tags estimated in each read cycle. To reduce the variation and to have a 

consistency in the number of tags estimated in each read cycle, the concept of forgetting 

factor (𝜆) is introduced. As commonly used in the sequential weighted least square 

algorithms, here we introduce forgetting factor to enable sequential weighted estimation 

of tag numbers, which gives more weight to the current read cycle data and less weight to 

the previous data. In this way, the variation in the value of the number of tags estimated 

in each read cycle reduces. The selection of accurate value of forgetting factor plays a 

vital role in the tag estimation function. The value of the forgetting factor 𝜆 lies between 

0 and 1. A very low value of  𝜆 gives more weight to the current read cycle data and the 

contribution from the previous read cycle data is neglected making the estimation 

function more sensitive to the present read cycle data. Larger value of 𝜆 neglects the 

contribution of the present read cycle data and the estimation function becomes more 

sensitive to the previous read cycle data. The improved Zhen’s and Chebyshev inequality 

tag estimation techniques using forgetting factor are discussed below: 

 Weighted Zhen’s tag estimation technique 

Zhen’s tag estimation function in any read cycle  𝑖 without the concept of 

forgetting factor is given by (3.7). With the concept of forgetting factor, the number of 

tags estimated in the previous read cycle is considered to calculate the estimated number 

of tags in the present read cycle. The estimated number of tags in  𝑖 + 1 read cycle by 
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considering the number of tags estimated in previous read cycle  𝑖 using forgetting factor 

is given by  

𝑁𝑖+1 = [ 1 − 𝜆 ×  𝐶1 + 2.39𝐶𝑘 ] + 𝜆 × 𝑁𝑖 ,                     (3.13) 

where 𝜆 represents forgetting factor, 𝑁𝑖+1 is the estimated number of tags in the present 

read cycle and 𝑁𝑖  is the estimated number of tags in the previous read cycle. 

 Weighted Chebyshev inequality tag estimation technique 

The number of tags estimated using Chebyshev inequality in any read cycle 𝑖  

without the concept of forgetting factor is given by (3.8). With forgetting factor the 

number of tags estimated in  𝑖 + 1 read cycle is given by  

𝑁𝑖+1 = [ 1 − 𝜆 ×  min𝑟   

𝐸0
𝑁,𝑛

𝐸1
𝑁,𝑛

𝐸𝑘
𝑁,𝑛

 −  
𝐶0

𝐶1

𝐶𝑘

   ] + 𝜆 × 𝑁𝑖 ,               (3.14) 

where 𝜆 is forgetting factor, 𝑁𝑖+1 is the estimated number of tags in the present read cycle 

and 𝑁𝑖  is the estimated number of tags in previous read cycle. 

 

3.4.3 Frame Size Estimation Techniques 

Choosing an optimal frame size for broadcasting the data plays a major role in 

determining the performance of the system. The frame size chosen should neither be too 

small or too large. If the frame size chosen is small and the number of tags is large, the 

reader takes more time to identify all the tags present in the system. If the frame size 

chosen is large and the number of tags is small, the system performance still degrades due 
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to waste of time slots. Below mentioned are two frame estimation techniques that are 

most commonly used. 

 

3.4.3.1 Maximum Frame Size Condition 

This frame estimation technique is based on the maximum frame size condition in 

which the frame size for the next read cycle is adapted to the same as the number of tags 

estimated in the present read cycle. Assume that there is a system with a reader,  𝑛 tags 

and  𝑁 slots. Then the binomial distribution of  𝑟 tags occupying one time slot is given by  

𝑃 𝑋 = 𝑟 = 𝐶𝑟
𝑛  

1

𝑁
 
𝑟

 1 −
1

𝑁
 
𝑛−𝑟

,                                      (3.15) 

where 𝐶𝑟
𝑛  is the binomial coefficient given by 

𝑛 !

 𝑛−𝑟 !𝑟!
.                                                                      (3.16)                                                                                                                                    

The expected number of time slots with  𝑟 tags is given by 

𝑁𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 = 𝑁𝐶𝑟
𝑛  

1

𝑁
 
𝑟

 1 −
1

𝑁
 
𝑛−𝑟

.                                 (3.17) 

Using (3.16), the expected number of successful time slots is calculated by setting 𝑟 to 1 

given by  

𝑁𝑠𝑢𝑐𝑐𝑒𝑠𝑠 = 𝑛  1 −
1

𝑁
 
𝑛−1

.                                             (3.18) 

The throughput of the system is given by  

𝑇𝑠𝑦𝑠 =
𝑁𝑠𝑢𝑐𝑐𝑒𝑠𝑠

𝑁
.                                                      (3.19) 

To get maximum throughput, differentiating (3.19) with respect to 𝑁 we get the condition 

for maximum efficiency which is 𝑁 = 𝑛. This states that the system efficiency is 
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maximum when the frame size or number of slots is equal to the number of tags present 

in the system. 

 

3.4.3.2 Table Lookup Frame Size Estimation 

In this frame estimation technique, the frame size is adapted in each read cycle 

from the pre-defined frame size estimation table. This method is proposed by Vogt in [8] 

and [9]. In this method, the frame size can only be in the powers of 2.  

TABLE 3.1 

Optimal Frame Size Table [8]  

Slot Size (𝑁) 1 4 8 16 32 64 128 256 

𝐿(𝑁) - - - 1 10 17 51 112 

𝐻(𝑁) - - - 9 27 56 129 ∞ 

 

The table for estimating the optimal frame size is given in the Table 3.1. 𝐿(𝑁) and 

𝐻(𝑁) indicate the boundaries for the range of tags for a given slot size. The optimal 

frame size is adapted from the table lookup based on which interval [𝐿(𝑁), 𝐻(𝑁)] the 

number of estimated tags falls into. 

The frame size adaptation is summarized in Figure 3.6. Suppose the tag reading 

starts with an initial frame size 𝑁. If the estimated number of tags (𝑒𝑠𝑡_𝑛) in a read cycle 

is lower than the lower boundary (𝐿(𝑁)) for the given slot size 𝑁, then the frame size for 

the next read cycle would be 𝑁/2. Whereas, if the estimated number of tags (𝑒𝑠𝑡_𝑛) is 
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greater than the higher boundary (𝐻(𝑁)) for the given slot size 𝑁, then the frame size for 

the next read cycle would be set to 2 × 𝑁. This is how the frame size is adapted. 

 

Figure 3.6: Adapting to a new frame size [8]. 

 

3.4.4 Stopping Criteria Techniques 

Since the reader does not have prior knowledge about the actual number of tags 

present in the system, it is important to determine when to stop reading the tags. Below is 

a detailed explanation about the techniques used for stopping the reading process. 

 

3.4.4.1 Probabilistic Stopping Criterion 

This approach suggested by the author Vogt in [8] and [9] is dependent on the 

probability or assurance level. The assurance level is the probability of identifying the 

tags in the system. This approach considers tag reading as a Markov process {𝑋𝑟𝑐 } where 

𝑋𝑟𝑐  indicates the number of tags identified after 𝑟𝑐 number of read cycles. The number of 

tags in the state 𝑋𝑟𝑐+1depends on the number of tags known in the state  𝑋𝑟𝑐 . 

int adapt_framesize (N, est_n)

{

if (est_n < L(N))

N= N/2;

end

if (est_n > H(N))

N=N*2;

end

}
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The expected number of time slots with 𝑟 tags in a system with 𝑁 slots and 𝑛 tags 

is given by (3.16). If the random variable 𝜇𝑟  is equal to the number of slots occupied 

with 𝑟 tags, then the probability distribution of 𝜇𝑟  is given by  

𝑃 𝜇𝑟 = 𝑏𝑟 =
𝐶𝑟

𝑛  𝐶𝑟
𝑛−𝑘𝑟 𝐺(𝑁−𝑏𝑟  ,𝑛−𝑟𝑏𝑟)

𝑏𝑟−1
𝑘=0

𝑁𝑛 ,                               (3.20) 

where 𝐺 𝐵, 𝑏  is 

𝐺 𝐵, 𝑏 = 𝐵𝑏 +  { −1 𝑘  {𝑘−1
𝑗 =0

 
𝑏

𝑟
 

𝑘=1 𝐶𝑟
𝑏−𝑗𝑟  𝐵 − 𝑗 }(𝐵 − 𝑗)𝑏−𝑘𝑟 1

𝑘!
}.   (3.21) 

The Markov process discrete finite space is given by{0,1, … , 𝑛}. The transition matrix 𝑇 

gives the transition probabilities denoted by  

𝑡𝑖𝑗 =

 
 
 

 
 

0                                                                      𝑖𝑓 𝑗 < 𝑖,

 𝑃 𝜇1 = 𝑟 𝑖
𝑟=0

𝐶𝑟
𝑖

𝐶𝑟
𝑛                                    𝑖𝑓 𝑗 = 𝑖,

 𝑃 𝜇1 = 𝑟 𝑛
𝑟=𝑗−𝑖

𝐶𝑗−𝑖
𝑛−𝑖𝐶𝑟−𝑗+𝑖

𝑖

𝐶𝑟
𝑛                     𝑖𝑓 𝑗 > 𝑖.

                       (3.22) 

It is clear from (3.22) that the transition to a state where the number of known tags is less 

than that in the previous state is not possible. As a result, the transition probability is 

zero. In the second case, the tags that are identified in a state are drawn from the set of 

tags that have already been identified in the previous states. In the third case, exactly 

𝑗 − 𝑖 tags are identified from the unknown 𝑛 − 𝑖 tags. The matrix 𝑇 = 𝑡𝑖𝑗  is used to 

compute the number of read cycles necessary to identify the tags in the system with a 

given probability. The initial distribution 𝑡(0) is as follows, 

𝑡 0 = {1,0,0,0, … }                                                 (3.23) 



 

36 
 

The Markov process calculates the probabilities of identifying the tags in the 

system after certain number of read cycles. The minimum number of read cycles 𝑟𝑐 

required to identify all the tags in the system with the given assurance level 𝛼 is given by  

𝑇𝑟𝑐 𝑡 0 [𝑛] ≥ 𝛼.                                                   (3.24) 

The main advantage of this approach is that the number of tags missing in the 

system would be minimal. However, the performance of the system with respect to the 

number of time slots and the number of read cycles required to identify the tags in the 

system degrades with increase in the number of tags as it is computationally intensive. 

The implementation of the probabilistic stopping criterion is discussed in Chapter 4. 

 

3.4.4.2 Heuristic Stopping Criterion 

Though probabilistic approach is efficient in terms of identifying all the tags in 

the system, it is computationally complex. To reduce this computational overhead, the 

stopping criterion based on heuristic approach is proposed in this thesis. The heuristic 

stopping criterion depends on the read cycle assurance level. Since the reader does not 

have an initial knowledge about the actual number of tags present in the system, this 

approach can be used to determine when to stop reading/identifying the tags. This method 

is based on the read cycle assurance level which could be one read cycle (1RC), two read 

cycle (2RC), three read cycle (3RC), five read cycle (5RC) and so on. The choice of the 

read cycle assurance level depends on the number of tags present in the system. This can 

be seen clearly in Chapter 4 in the results section. 
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In 1RC approach, the process of identifying the tags is stopped if the unique tags 

identified in the present cycle are already identified in the previous read cycles. This 

method proves to be efficient if the number of tags in the system is few i.e., around 10. 

However, if the number of tags in the system increases, the efficiency of the system 

degrades. Hence there is a need for higher assurance level. In 2RC approach, the process 

of scanning the tags is stopped if the uniquely identified tags in the present and one 

previous read cycle are already identified in the previous read cycles. The probability of 

missing the tags in the system using this approach is less compared to 1RC approach. 

This method is efficient if there are around 20 tags in the system. For a number of tags 

greater than 20, the 3RC approach can be used. In this approach, the process of scanning 

the tags in the system is stopped if the uniquely identified tags in the present read cycle 

and the previous two read cycles are already identified in the previous scans. For tags 

range between 30 and 50, 5RC can be used. Hence the choice of the read cycle assurance 

level depends on the number of tags present in the system. Since the actual number of 

tags present in the system is unknown a priori, the estimated number of tags is used in the 

algorithm. It is not necessary to use a higher read cycle assurance level stopping criterion 

if the number of tags in the system are a few as it degrades the performance of the 

system. Similarly, if the number of tags in the system is large and the read cycle 

assurance level chosen is a smaller one, then also the performance of the system degrades 

as there is a chance of missing many tags. 

When this approach is compared to the probabilistic approach, the computational 

overhead is very low. In fact, the probabilistic approach can be replaced by the heuristic 
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approach if the number of tags in the system is up to a level of 150 and the performance 

of the heuristic approach is better than the probabilistic approach. Experiments have been 

conducted and the simulation results are discussed in Chapter 4. 
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CHAPTER 4 

SIMULATION RESULTS AND ANALYSIS 

Different tag number estimation and frame size adaptation techniques used in the 

dynamic framed slotted ALOHA (DFSA)-based anti-collision multi-tag identification 

algorithms are discussed in Chapter 3. The probabilistic stopping criterion and heuristic 

stopping criterion based on read cycle assurance levels are also discussed in Chapter 3. 

Choosing an optimal initial frame size also plays a vital role in designing anti-collision 

algorithms. Hence, it is necessary to perform extensive simulation and analysis to 

evaluate the performance of these techniques. In this study, the simulations are run in 

MATLAB and the DFSA-based anti-collision multi-tag identification algorithms are 

analyzed in terms of the tag number estimation techniques, frame size estimation 

techniques, and stopping criteria. 

 

4.1 Performance Evaluation of Different Anti-Collision Algorithms with Priori 

Knowledge of Number of Tags 

In this section, the performances of various DFSA-based anti-collision multi-tag 

identification algorithms using different tag number estimation techniques are compared, 

all with the maximum frame size estimation technique. It is assumed that the actual 

number of tags is known a priori in order to derive a realistic baseline performance 

comparison. Figure 4.1 outlines the steps involved in implementing the DFSA-based anti-

collision multi-tag identification algorithms in MATLAB. As seen from the flowchart, 
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the simulation consists of five steps. In the first step, read cycle begins with an initial 

frame size. The second step calculates the parameters 𝐶0, 𝐶1 and 𝐶𝑘  from the random 

distribution of the tags. In the third step, the estimate for the number of tags is calculated 

using the tag number estimation technique. This is followed by estimating the frame size 

for the next read cycle using the frame size estimation technique. It is then checked if all 

of the tags are identified after each read cycle and this process repeats till all the tags are 

identified in the system. 
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Figure 4.1: Flowchart of the DFSA-based anti-collision multi-tag identification 

algorithms using different tag number estimation techniques. 
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The performance of various DFSA-based anti-collision multi-tag identification 

algorithms is studied in terms of the total number of time slots and total number of read 

cycles required to identify all of the tags in the system. For a given slot size, the total 

number of slots represents the total amount of time taken by the system to identify the 

tags. In each read cycle, there is some amount of overhead time that the reader needs to 

spend to broadcast a probe message containing commands, time synchronization 

information, etc. Hence in reality, the total number of time slots does not accurately 

represent the total amount of time that the system spends to identify the tags. Therefore, it 

is useful in practice to further compare the performance in terms of the number of read 

cycles. For each analysis, performance statistics are determined from 6000 simulations. 

In all simulations, the number of tags is varied up to 70 in steps of 5 and the initial frame 

size is set to 16. A forgetting factor of 0.85 is employed if not otherwise stated. 

Maximum frame size estimation technique is used for adapting the frame size for next 

read cycle. Figure 4.2 shows the result for average used time slots. As seen from the 

result, it is obvious that the performance of Zhen’s tag estimation technique is better than 

the lower bound tag estimation technique because of the factor 2.39𝐶𝑘  instead of 2𝐶𝑘 . It 

can be seen that the performance of weighted Zhen’s tag estimation technique and 

weighted Chebyshev inequality tag estimation technique is slightly better than non-

weighted tag estimation techniques.  
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Figure 4.2: Performance comparison of various tag number estimation techniques in 

terms of the number of time slots required to identify all tags. The results are averaged 

over 6000 simulations. 

Figure 4.3 shows the average number of read cycles required to identify all of the 

tags in the system. Among the tag number estimation techniques, the lower bound 

estimation technique requires more number of read cycles to identify all the tags in the 

system. Performances of the Zhen’s and weighted Zhen’s estimation techniques are better 

when the number of tags in the system is low (around 40 tags) while the performances of 

the Chebyshev inequality and the weighted Chebyshev inequality techniques improve as 

the number of tags increases in the system. 
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Figure 4.3: Performance comparison of various tag number estimation techniques in 

terms of the number of read cycles required to identify all tags. The results are averaged 

over 6000 simulations. 
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Figure 4.4: Performance comparison of various tag number estimation techniques in 

terms of the number of slots with reference to the performance of the weighted 

Chebyshev inequality tag estimation technique. 

It can be concluded that weighted Chebyshev inequality tag estimation technique 

can be used in DFSA-based anti-collision multi-tag identification algorithms to identify 

all of the tags in the system. To better observe the differences in the performance results 

in Fig. 4.2, we plotted the differences between the results of the weighted Chebyshev 

inequality technique and those of other techniques in Fig. 4.4. It can be clearly seen that 

the weighted Zhen’s estimation technique is the second best technique among the 

alternatives. 
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4.2 Selection of the Initial Frame Size 

In the simulations analyzed in Section 4.1, the initial frame size has been set to a 

fixed value of 16. However, the performance of tag identification algorithms is affected 

by the value of the initial frame size. Thus, in this section, the performance of different 

tag estimation techniques is further analyzed with different initial frame sizes, including 

8, 16 and 32. Performance statistics are determined from 6000 simulations while the 

number of tags is varied up to 70 in steps of 5 and the frame size is adapted using the 

maximum frame size technique. Figures 4.5(a), 4.5(b) and 4.5(c) represent the simulation 

results for various tag estimation techniques with an initial frame size of 8. Figures 

4.6(a), 4.6(b) and 4.6(c) show the simulation results for various tag estimation techniques 

with an initial frame size of 32. When the initial frame size is 8, it can be seen from 

Figure 4.5(a) that there is very slight marginal difference in terms of the number of time 

slots between the weighted and non-weighted estimation techniques. If the initial frame 

size is set to 32, it is clear from Figure 4.6(a) that the performance of weighted Zhen’s 

estimation and weighted Chebyshev inequality estimation techniques in terms of the 

number of time slots required is almost the same. Furthermore, by comparing these 

simulation results with the simulation results obtained by using an initial frame size of 

16, it can be concluded that the performance of various tag estimation techniques is better 

with the initial frame size 16. 
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Figure 4.5(a): Performance comparison of various tag number estimation techniques in 

terms of the number of time slots required to identify all tags with a fixed initial frame 

size of 8. 
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Figure 4.5(b): Performance comparison of various tag number estimation techniques in 

terms of the number of read cycles required to identify all tags with a fixed initial frame 

size of 8. 
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Figure 4.5(c): Performance comparison of various tag number estimation techniques in 

terms of the number of slots with reference to the weighted Chebyshev inequality tag 

number estimation technique with a fixed initial frame size of 8. 
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Figure 4.6(a): Performance comparison of various tag number estimation techniques in 

terms of the number of time slots required to identify all tags with a fixed initial frame 

size of 32. 
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Figure 4.6(b): Performance comparison of various tag number estimation techniques in 

terms of the number of read cycles required to identify all tags with a fixed initial frame 

size of 32. 
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Figure 4.6(c): Performance comparison of various tag number estimation techniques in 

terms of the number of slots with reference to the weighted Chebyshev inequality tag 

estimation technique with a fixed initial frame size of 32. 

 

4.3 Selection of the Forgetting Factor 

In the simulations analyzed in Section 4.1, the value of the forgetting factor (𝜆) is fixed to 

a value of 0.85. The choice of the accurate forgetting factor plays a vital role in the 

performance evaluation of the weighted tag number estimation techniques and its value 

lies between 0 and 1. Forgetting factor having a value zero indicates that the tag 

estimation technique is affected by the current read cycle data only whereas the tag 

estimation technique is affected only by the previous read cycle data if the value of the 
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forgetting factor is zero. The choice of 𝜆 is determined from the total number of time 

slots required to identify all the tags in the system for different values of 𝜆 . Performance 

statistics are determined from 6000 simulations while the value of 𝜆 is varied from 0 to 1 

in steps of 0.05 with the fixed initial frame size 16 and given number of tags. Figure 4.7 

represents the average number of time slots required for each given set of number of tags 

10, 20, 30, 40, 50, 60 and 70. From the analysis, it can be concluded that the system 

requires less number of time slots to identify all the tags in the system if the value of 𝜆 is 

around 0.85. Hence the value of 𝜆 is chosen as 0.85 while analyzing the performance of 

weighted tag number estimation techniques. 
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Figure 4.7: Performance analysis of forgetting factor in terms of the number of read 

cycles required to identify all tags. The results are averaged over 6000 simulations. 

 

4.4 Performance Evaluation of DFSA-based Anti-Collision Multi-tag Identification 

Algorithms with Stopping Criterion 

In the simulations analyzed in Section 4.1, it is assumed that the reader has prior 

knowledge about the number of tags present in the system and thus the reader knows 

exactly when to stop scanning, i.e., after all of the tags have been identified. However, in 

reality, the reader does not have any prior knowledge about the actual number of tags 

present in the system. Thus, the reader does not know when to stop the process of 
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identifying the tags. Consequently, a stopping criterion is required to determine when to 

stop the reading process. In this section, we analyze the performance of the DFSA-based 

anti-collision multi-tag identification algorithms using the heuristic stopping criterion 

presented in Section 3.4. The probabilistic approach is compared to the heuristic 

approach by implementing the DFSA based anti-collision multi-tag identification 

algorithm using Chebyshev inequality tag estimation technique and the table-lookup 

frame size estimation technique. It can be clearly seen from the simulation results that the 

overhead while implementing the heuristic stopping criterion is extremely low when 

compared to the probabilistic stopping criterion. 

 

4.4.1 Performance of the Heuristic Stopping Criterion 

Heuristic stopping criterion is implemented using three assurance levels: one read 

cycle (1RC) assurance level, two read cycle (2RC) assurance level and three read cycle 

(3RC) assurance level. The frame size is estimated using the maximum frame size 

condition technique. It is obvious that the number of time slots required and the number 

of read cycles required increase as the read cycle assurance level increases but the 

probability of the number of tags missing in the system reduces. The performances of 

various tag estimation techniques using heuristic stopping criterion are analyzed in this 

section. 

The DFSA-based anti-collision multi-tag identification algorithm with lower 

bound tag estimation technique given by (3.5) is implemented using the heuristic 

stopping criterion with 1RC, 2RC and 3RC assurance levels. Performance statistics are 
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obtained from 6000 simulations. In all of the simulations, the number of tags is varied 

from 10 to 70 in steps of 5. Figure 4.8 represents the average percentage of missing tags 

in the system by using lower bound tag estimation technique. It can be clearly seen that 

the percentage of tags missing in the system decreases as the assurance level increases. 

 

Figure 4.8: Performance comparison of heuristic stopping criterion using 1RC, 2RC and 

3RC assurance levels in terms of the percentage of missing tags in the system by using 

lower bound tag estimation technique. 

The DFSA-based anti-collision multi-tag identification algorithm using Zhen’s 

estimation technique and weighted Zhen’s estimation technique with heuristic stopping 

criterion approach is implemented in MATLAB. Performance statistics are obtained from 



57 
 

6000 simulations while the number of tags is varied from 10 to 70 in steps of 5. Figures 

4.9 and 4.10 represent the performance analysis of the Zhen’s tag estimation technique 

and the weighted Zhen’s tag estimation technique, respectively, in terms of the average 

percentage of missing tags in the system.  

 

Figure 4.9: Performance comparison of heuristic stopping criterion using 1RC, 2RC and 

3RC assurance levels in terms of the percentage of missing tags in the system by using 

the Zhen’s tag estimation technique. 
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Figure 4.10: Performance comparison of heuristic stopping criterion using 1RC, 2RC 

and 3RC assurance levels in terms of the percentage of missing tags in the system by 

using the weighted Zhen’s tag estimation technique. 

The DFSA-based anti-collision multi-tag identification algorithm is implemented 

using the Chebyshev inequality tag estimation technique and the weighted Chebyshev 

inequality tag estimation technique. Performance statistics are obtained from 6000 

simulations. In each simulation, the number of tags is varied from 10 to 70 in steps of 5. 

Figures 4.11 and 4.12 represent the performance curves of the Chebyshev inequality tag 

estimation and the weighted Chebyshev inequality tag estimation techniques by using 

heuristic stopping criterion, respectively. 
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Figure 4.11: Performance comparison of heuristic stopping criterion using 1RC, 2RC and 

3RC assurance levels in terms of the percentage of missing tags in the system by using 

the Chebyshev inequality tag estimation technique. 
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Figure 4.12: Performance comparison of heuristic stopping criterion using 1RC, 2RC and 

3RC assurance levels in terms of the percentage of missing tags in the system by using 

the weighted Chebyshev inequality estimation technique. 

Figures 4.13, 4.14 and 4.15 indicate the total number of time slots required by 

various tag estimation techniques using 1RC, 2RC and 3RC heuristic approaches 

respectively. Performance statistics are obtained from 6000 simulations while the number 

of tags is varied from 10 to 70 in steps of 5. It can be seen from Figures 4.10 and 4.12 

that there is no difference in the percentage of missing tags in the system by using the 

weighted Zhen’s tag estimation technique and the weighted Chebyshev inequality tag 

estimation technique with heuristic stopping criterion. But, the weighted Chebyshev 

inequality tag estimation technique requires less number of time slots in comparison to 
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the weighted Zhen’s tag estimation technique. Also from Figures 4.13, 4.14 and 4.15, it 

can be inferred that the number of time slots required by lower bound tag estimation 

technique falls below the Zhen’s tag estimation technique. But, the percentage of tags 

missing by using lower bound estimation technique is higher which can be seen from 

Figures 4.8 and 4.9. 

 

Figure 4.13: Performance comparison of various tag number estimation techniques in 

terms of the number of slots required by using heuristic stopping criterion with the 1RC 

assurance level. 
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Figure 4.14: Performance comparison of various tag number estimation techniques in 

terms of the number of slots required by using heuristic stopping criterion with the 2RC 

assurance level. 
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Figure 4.15: Performance comparison of various tag number estimation techniques in 

terms of the number of slots required by using heuristic stopping criterion with the 3RC 

assurance level. 

 

4.4.2 Performance Evaluation of Probabilistic and Heuristic Stopping Criteria 

4.4.2.1 Probabilistic Stopping Criterion 

DFSA-based anti-collision multi-tag identification algorithm using probabilistic 

stopping criterion with assurance level of 0.99 is implemented in [8] and [9]. The 

Chebyshev inequality tag estimation technique is used to estimate the number of tags in 

each read cycle and the frame size is adapted using the table-lookup technique. Figure 

4.16 outlines the pseudo code for its implementation. The simulation starts with an initial 
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frame size of 16 and with the estimated number of tags set to zero. The variable min_RC 

holds the number of read cycles required to perform with the frame size N. The function 

perform_readcycle calculates the parameters 𝐶0, 𝐶1 and 𝐶𝑘  and the function 

estimate_tags uses the Chebyshev inequality estimation technique to estimate the 

number of tags in each read cycle and adapts the new frame size for the next read cycle. 

The counter Num_readcycles is set to zero whenever a new frame size is adapted. The 

new frame size is adapted only when it exceeds the old one. The program is terminated 

when the counter Num_readcycles reaches its maximum value. 

 

Figure 4.16: Pseudo code for implementing probabilistic stopping criterion [8]. 

 

 

 

N = 16; est_n = 0; Num_readcycles = 0; a = 0.99;

min_RC = min_read_cycles_tablelookup (N, n, a);

while (Num_readcycles < min_RC)

{

Num_readcycles = Num_readcycles+1;

C = perform_readcycle (N, n);

T = estimate_tags (N, C);

if (T > est_n) {

est_n = T;

N_adapt = adapt_Framesize (N, est_n)

if (N_adapt > N) {

Num_readcycles = 0;

N = N_adapt;

min_RC = min_read_cycles_tablelookup (N, n, a);

}

}

}
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4.4.2.2 Heuristic Stopping Criterion 

To compare the performance of probabilistic stopping criterion with heuristic 

stopping criterion, the Chebyshev inequality tag estimation method is also implemented 

using the heuristic stopping criterion approach. Figure 4.17 outlines the pseudo code for 

implementing Chebyshev inequality tag estimation technique using heuristic stopping 

criterion. The program starts with an initial frame size of 16 and an initial estimation for 

the number of tags of zero. The parameters 𝐶0, 𝐶1 and 𝐶𝑘  are calculated by the function 

perform_readcycle. The tags in each read cycle are estimated using Chebyshev 

inequality tag estimation method. The new frame size is estimated using the table lookup 

approach. The tags that are uniquely identified up to the present read cycle are moved to 

vector_unique. In case of using the 1RC approach, the program is terminated if the 

vector_unique is same in the present and the previous read cycles. While using 2RC 

approach, the program is terminated if the vector _unique in the present read cycle is 

same as in the previous two read cycles. The same procedure is followed for 3RC and 

5RC approaches. 
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Figure 4.17: Pseudo code for heuristic approach. 

Performance statistics are obtained from 6000 simulations. In each simulation, the 

number of tags is varied from 5 to 100 in steps of 5 with an initial frame size of 16. 

Figures 4.18, 4.19 and 4.20 represent the performance comparison of heuristic and 

probabilistic stopping criteria in terms of average number of time slots, average number 

of read cycles and percentage of missing tags, respectively. 

N = 16; est_n = 0;

C_heuristic = perform_readcycle (N, n);

T_heuristic = estimate_tags (N, C);

if (T_heuristic > est_n) {

est_n = T_heuristic;

N_adapt = adapt_Framesize (N, est_n)

}

vector_unique (i, : ) == unique_tags_upto_presentread (a, : );

switch (Read_Cycle)

case 1:

if ( vector_unique (i, : ) == vector_unique (i-1, : ) ) {

break;

else

continue; }

case 2:

if ( vector_unique (i, : ) == vector_unique (i-1, : ) == vector_unique (i-2, : ) ) {

break;

else

continue; }

Repeat this for 3RC and 5RC and calculate the average percentage of missing tags for

each approach



67 
 

 

Figure 4.18: Performance comparison of heuristic stopping criterion and probabilistic 

stopping criterion in terms of the number of slots. 
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Figure 4.19: Performance comparison of heuristic stopping criterion and probabilistic 

stopping criterion in terms of the number of read cycles. 
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Figure 4.20: Performance comparison of heuristic stopping criterion and probabilistic 

stopping criterion in terms of the percentage of missing tags. 

It can be inferred from the above simulation results that though the probabilistic 

stopping criterion approach requires more number of time slots (Figure 4.18) and more 

number of read cycles (Figure 4.19) when compared to heuristic stopping criterion 

approach with 5RC assurance, there are no tags missing in the system (Figure 4.20). By 

using probabilistic stopping criterion approach, it is possible to identify all the tags in the 

system, but it is computationally very intensive compared to heuristic approach. If the 

heuristic stopping criterion approach from Figure 4.20 is analyzed carefully, it can be 

summarized that based on the number of tags present in the system, the appropriate read 

cycle assurance level can be used accordingly as shown in Figure 4.21. The actual 
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number of tags is not known a priori. Thus, the estimated number of tags needs to be used 

to determine the required assurance level. 

 

Figure 4.21: Analysis of heuristic stopping criterion based on the number of tags in the 

system. 

 

 

n = number of tags

By heuristic approach to minimize the 

percentage of missing tags or to identify all the 

tags in the system,

1RC if n ≤ 10

2RC if 10 ≤ n ≤ 20

3RC if 20 ≤n ≤ 30

5RC if 30 ≤ n ≤ 50 and so on
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CHAPTER 5 

CONCLUSIONS 

A comprehensive study of multi-tag identification techniques for passive RFID 

systems is presented in this thesis. The performance of various tag number estimation 

techniques and frame size estimation techniques is studied in Chapter 4. The following 

conclusions can be drawn from the analysis: 

1. It is clear from the analysis that the tag number estimation techniques and frame 

size estimation techniques play a vital role in determining the performance of 

Dynamic Framed Slotted ALOHA (DFSA)-based anti-collision multi-tag 

identification algorithms  

2. The selection of the initial frame size affects the performance of the DFSA-based 

anti-collision multi-tag identification algorithms. We can observe from the 

simulation results that the performance is better if the initial frame size is 16 

3. From the analysis of the existing tag estimation techniques - lower bound 

technique, Zhen’s technique and Chebyshev inequality technique, the 

performance of Chebyshev inequality tag number estimation technique is better 

than the other two techniques in terms of the number of time slots required to 

identify all tags in the system 
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4. The performance of the Chebyshev inequality technique and Zhen’s techniques 

can be further improved by implementing sequential weighted estimator with a 

forgetting factor 

5. The selection of forgetting factor determines the performance of the tag number 

estimation technique. From the simulation results, the value of forgetting factor is 

chosen as 0.85 which is determined from extensive simulation-based studies 

6. In reality, the reader does not have prior knowledge about the number of tags 

present in the system. Hence, stopping criterion is important to determine when to 

stop the reading process. A low-complexity heuristic stopping criterion is 

developed in this research 

7. It can be concluded that the heuristic stopping criterion is computationally much 

less intensive than the probabilistic stopping criterion 

8. The heuristic stopping criterion can be employed with an appropriate assurance 

level to provide sufficient tag identification accuracy as required by a specific 

application. The required assurance level for a given application can be 

determined from simulations as shown in this study 
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