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Abstract

Radio frequency identification (RFID) is a means of remotely identifying objects through 

radio frequency communication. An RFID system provides a means to capture 

information inexpensively and accurately. This system allows real-time accessibility and 

delivery of object information, which helps track assets and shipments globally. A 

transponder integrated circuit (IC) is used for storing and retrieving information about a 

remote object. A passive RFID tag consists of an antenna and a radio frequency 

compatible transponder IC labeled, or attached, onto products for unique identification. 

This thesis deals with passive RFID tag antenna design and analysis of the read range 

performance of the tag on objects of different dielectric materials.

Given the limits of the operating power of the transponder IC and the RFID reader 

transmitting power, the design issues are the read range of the tag, size of the tag, and 

impedance matching the tag antenna to the transponder IC. Also in this thesis a step-by- 

step process used to design a passive RFID tag is presented. Finally, the fundamental 

constraints of the design, and their associated tradeoffs, as well as measurements and 

analysis of the designed passive UHF RFID tag, are given.
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Chapter 1 Introduction

For the past fifty years, the world has seen tremendous development in the field of 

electronics and communication. The need for the exchange of information through secure 

channels has led to the development of the Internet. With existing communication 

technologies such as mobile communication, satellite communication and the Internet, we 

are able to send and receive information instantly around the globe. Seemingly there 

exists a physical network of computers, cell phones, satellites and people for exchange of 

information. Basically, information exists in virtual form (a collection of bits), and in 

some cases it characterizes physical objects [1]. The problem that arises is how to 

transform the information that characterizes physical objects and store it in virtual form 

so that this information can be accessed and shared. To capture the information that 

characterizes physical objects and transform it into virtual form we require an automated 

solution. One such solution is automatic identification systems.

1.1 Automatic identification systems

Automatic identification systems provide a means of identification and collection of data 

about objects and storage of the data into a microprocessor controlled device without the 

use of a keyboard [2], Automatic identification technology has its origins in the 

manufacturing industry [3]. The information about the physical objects is used for 

managing sales distribution, purchasing and marketing by food, pharmaceutical, 

automotive industries and others. One of the commonly used automatic identification 

technologies in the manufacturing industry today is the barcode. Using information about 

the physical objects, inventory control enables the manufacturing industry to reduce the 

cost of operation due to excess inventory and improve the overall manufacturing process 

by having inventory where it is needed.



2

There are several automatic identification technologies which include the following.

• Smart cards (Memory cards)

• Optical character recognition (OCR)

• Biometric identification

• Voice recognition

• Retinal scan

• Fingerprint reader

• Face recognition

• Radio frequency identification (RFID)

• Pattern/object recognition

These technologies are used in access control applications, but have a narrow field of 

application and limited use in the manufacturing industry. Barcodes and RFID have 

numerous applications in commercial, retail, government and medical industries. RFID is 

a type of automatic identification that has gained attention in recent years and is now 

being seen as a fundamental means of improving the automatic identification processes in 

many industries. To satisfy a broad range of applications, RFID system has a range of 

detection devices and associated infrastructure. A review of barcode technology and 

RFID technology is the focus of this chapter.

1.2 Barcode systems

Barcode systems provide a means to access product information for manufacturing 

companies, wholesale and retail stores, government and medical industries. Barcodes are 

extensively used for labeling products such as food, dairy, apparel, medical supplies, 

electronics and automobiles. Barcode systems consist of a printed barcode label, a 

reader/scanner, a barcode printer and a host/computer. Barcode systems allow generic 

object level identification of products. A conventional barcode system requires manual 

scanning of the barcode in order to transform the information about physical objects to
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virtual form. A barcode is a machine-readable representation of information that 

characterizes physical objects in a visual format on the surface of an object. The 

information in barcodes is stored in the width and spacing of printed parallel lines. 

Though barcode labels are inexpensive and easy to label any product they have limited 

information storage capacity and they cannot be reprogrammed [4], Nevertheless, 

barcodes require sophisticated optical scanners or image sensing devices to read the 

information from labels and store it in a computer. The range of communication of 

barcodes is limited due to obstruction by objects in the operating environment of the 

reading device. In addition, the speed at which the barcodes can be scanned is also 

limited because of the required manual orientation of barcodes facing the scanner. Also, 

any damaged barcode on the object cannot be scanned. There are different types of 

barcode encoding schemes that are developed for a specific application. Some of these 

schemes are standardized. The most common standards used by many industries are 

Universal Product Code (UPC) and European Article Number (EAN).

1.2.1 Universal Product Code and European Article Number

In the year 1969, Universal Product Code became the first barcode technology standard 

that was adopted in many countries. The first product that was scanned using a UPC 

barcode was in the United States, in a retail store in Troy, Ohio, on June 24, 1974 [5], 

The basic structure of UPC coding scheme has two classes: the UPC manager (domain 

manager or manufacturer ID) and object class (type of object). The standard was 

developed to conveniently label consumer products, books and baggage in airports in 

order to automate the process of checkout. European Article Number is the European 

standard of barcode technology and UPC is the American standard [6]. The Uniform 

Code Council (UCC) is the numbering organization in the USA to administer 

implementation of UPC. In 2002, UCC and EAN joined forces to provide a global 

solution for supply chain in commerce industry [7].
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Figure 1.1 depicts the UPC and EAN numeric code that are currently adopted in the 

United States and Europe. The UPC and EAN standards are designed for coding many 

commercial and industrial products. UPC code can be conveniently printed on any 

product using many different printing techniques. Since the reader is equipped with 

number of sensors, the format of the standards allows the barcode to be scanned with any 

package orientation provided the scanner can see the barcode. With a designated UPC 

manager and the object class (type of product) for a product, retail stores can and print 

and label barcode in store using hand-held devices.

EAN -в

Figure 1.1: UPC and EAN identification codes

1.3 RFID systems

RFID systems provide a means to remotely identify objects with the aid of information 

storage devices called RFID tags. The information about the object is stored or retrieved 

using an RFID reader. The tag is attached to the object for unique identification. A tag 

consists of an application specific integrated circuit (ASIC) attached to an antenna. The 

tag responds with information about the object to the RFID reader when interrogated 

using radio frequency communication. Thus with little or no human interaction, RFID 

systems provide an efficient and effective means of identification of objects. Many 

commercial products that are available in the market today are of different shapes, sizes 

and made of different materials. Because a tag is required for each product, a low cost 

RFID tag must be designed. The radio frequency (RF) power from the reader is limited 

by regulations. Therefore a robust design of the reader with high sensitivity and multiple 

tags reading capability with efficient anti-collision protocols is required. Similarly a tag 

must be designed in such a way that it communicates effectively with the reader when



5

attached to products made of different materials. One of the important factors that affect 

the performance of an RFID tag is the size of the tag antenna.

1.3.1 Classification of RFID systems

Development of RFID systems over the years led to different types of systems for 

different applications. These systems can be classified based on some specifications 

related to the performance of the tags such as operating principle, size and performance. 

A broad classification of RFID systems is as follows:

• Chipless and chip tags

• Active, passive and semi-passive tags

• Read-only and read-write tags

1.3.1.1 Chipless and chip tag

For some applications a low-cost RFID tag is needed that can store only permanent 

unique identification number about physical objects. A simple chipless tag is an optimal 

solution in such cases. RFID tags that do not contain integrated circuits are called 

chipless tags. This will certainly reduce the cost of design and eliminate the complex 

manufacturing process required for the integrated circuit. An example of a chipless tag is 

a surface acoustic wave (SAW) tag which is based on the principle of piezoelectric effect 

[4]. However, a growing number of applications and usage of RFID tags in many sectors 

of the industry lead to selection of chip tags as the best choice. In addition to storing 

unique identification number for the product chip tags provide additional functionality, 

such as storing information about temperature and pressure of the product [1]. The data 

storage space allow manufacturers to assign every manufactured item a unique 

identification code and also provide other functionalities such as handling anti-collision 

problems that can isolate a single tag from a population of tags. Passive UHF RFID tags 

currently have a storage space of 64 bits suitable for many different applications. 

Eventually tags will require more storage space to meet the growing number of
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manufactured items. A 64-bit tag may be suitable in the near-term, while 96-bit tag is 

optimal for future uses [8].

1.3.1.2 Active, passive and semi-passive tags

The most basic difference between active and passive tags is the source of power with 

which the tag operates. Active tags are battery powered tags with a built in transmitter. 

Active tags are capable of communicating with RFID readers located at distances on the 

order of hundreds of meters. Some active tags have additional functionality which 

incorporates an on-board sensor to monitor temperature, humidity and radiation to name 

a few. The additional functionalities of the tag come at a price. Semi-passive tags have an 

on-board power source. They work on the principle that the RFID reader talks first and 

the semi-passive tag then responds. An active tag establishes communication with the 

reader (broadcast the signal). For semi-passive tags the RFID reader initiates the 

communication with these tags when requested by the host. Given that these tags have an 

on-board power source, they can communicate with the RFID reader at a distance on the 

order of hundreds of meters. Passive tags are powered by incoming RF signals. Since the 

power coupled from incoming RF signals is less than that delivered by an on-board 

power source, passive tags have read ranges less than 10 meters. These are the most 

widely used tags for commercial products today because they are the least expensive tags.

1.3.1.3 Read-only and read-write tags

RFID chip tags have a built in memory module to store information about the objects. 

The memory may contain read-only memory (ROM) or a programmable memory. Any 

tag with an integrated circuit may be read-only or read-write. The memory module in the 

read-only RFID tags is implemented either as read-only-memory (ROM) or write-once- 

read-many (WORM). Read-write tags have a non-volatile programmable memory called 

electrically erasable programmable memory (EEPROM). This type of memory enables 

manufacturers to write the data many times throughout life span of a tag.
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1.3.2 RFID components and their functions

An RFID system consists of three main components: a tag, a reader, and a host. The 

reader captures the data stored in the tag and sends the data to the host (typically a 

personal computer). A network infrastructure, including a database, receives the 

information from the host, where the data is filtered and translated to a form that can be 

understood by people. Figure 1.2 below depicts a typical RFID system.

Figure 1.2: RFID system components

1.3.2.1 RFID tag

RFID tags come in a variety of different forms and are often designed for particular 

applications. RFID tags have two basic components: an integrated circuit and an antenna. 

The tag responds to a transmitted signal request by the reader for the data it carries in the 

integrated circuit. The communication link between the reader and the tag is by wireless 

means across the air interface between the two. Typically an integrated circuit consists of 

a memory module, a voltage multiplier, modulator, demodulator and a logic circuit. The 

tag antenna captures a fraction of electromagnetic energy in the air transmitted by the 

reader. The electromagnetic energy is converted into supply voltage which is fed to the 

voltage multiplier of the integrated circuit. The demodulator decodes the incoming 

request by the reader, and sends the decoded information to the logic circuit. Depending 

on the type of request from the reader, the tag replies back by modulating the reply 

signal.
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As the application of RFID technology continues to expand, many companies are seeking 

to deploy RFID technology into their businesses. The result of this widespread adoption 

of RFID is a vast increase in tag population. Therefore it is essential to design integrated 

circuits capable of storing more data (for unique identification of objects) and provide 

long range communication with readers and also handle potential collision problems 

where populations of tags try to communicate with the reader. In order to cater the future 

need to long range communication, large storage capacity and collision problems, certain 

important characteristics must be considered in designing tags. There are three important 

tag characteristics: frequency of operation, modulation scheme used for communication 

between tag and the reader and anti-collision [9].

Since the early days of development of RFID technology, the frequency of operation of 

RFID tags have progressed from low frequency (LF) tags at 125 kHz to ultra high 

frequency (UHF) tags. Though tags that are operating at low frequencies have excellent 

immunity from radio frequency interference, and low-cost manufacturing, they have 

limited range of communication and therefore have limited applications. To increase the 

range of communication of RFID tags, the focus of development of RFID shifted towards 

higher frequencies. RFID systems operating at high frequency (HF) and UHF bands 

often use frequencies that are designated as Industrial Scientific and Medical (ISM) 

bands. ISM band operation does not require a license to operate around the world, but 

also strictly limits the radiating power at these frequencies.

The second key characteristic is the modulation scheme. There are several classes of 

modulation schemes used in RFID tags. The important digital modulation schemes are 

amplitude shift keying (ASK), phase shift keying (PSK) and frequency shift keying 

(FSK). Also, various multiple access schemes such as time division multiple access 

(TDMA), frequency division multiple access (FDMA), and code division multiple access 

(CDMA), allow many tags to operate at the same time in the same frequency band [9],
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The third key tag characteristic is anti-collision. To be able to read many tags at once, 

the tag and the reader must be designed to detect the condition that more than one tag is 

active [9]. Otherwise, a population of tags in a particular region will respond to the 

incoming RF signal at the same time. Garbled information will be received by the reader 

and therefore no data will be transferred to the reader. This is referred to as a collision 

[10]. Researchers have developed a “hands-up” protocol that mitigates the collision 

problems in a population of tags [9]. A hands-up protocol involves RFID readers looking 

for tags with specific identification numbers. This requires additional functionality in the 

integrated circuit.

1.3.2.2 RFID reader

An RFID reader or interrogator is designed depending on the frequency of operation and 

the type of application in which it is used. The function of the reader is to provide the 

means of communicating with the tag and transfer data. The reader also performs 

functions such as sophisticated signal conditioning, reading and writing multiple tags in a 

particular environment and supporting different communication protocols between the 

host/tag and the reader. Typically the RFID reader consists of a signal processing unit 

and an RF transmitter and receiver unit. The overall performance of an RFID system 

depends primarily on the design of the reader. One important factor is the sensitivity of 

the reader. The sensitivity of the reader is the operating characteristic of the system that 

specifies the level of signal power that must be received from a transmitting RFID tag in 

a particular environment. Different manufacturers produce different types of readers for 

different user environments such as industrial readers and handheld readers. To be able to 

use readers from different manufacturers, a reader must be designed to handle collision 

problems and interoperability issues.
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1.4 Electronic Product Code™

The Electronic Product Code™ (EPC™) is a numbering scheme based on design of the 

Open Architecture System developed by researchers in collaboration with industry. RFID 

system architectures are open architecture systems and can be customized for individual 

applications or needs. This system features a scalable, flexible and robust architecture for 

networking of physical objects. Similar to IP address in the TCP/IP system which assigns 

a unique IP address for every computer that is connected to the computer network, 

EPC™ assigns a unique searchable identification number for each physical object. Unlike 

UPC/EAN which has limited number of partitions of data in the barcode, EPC™ has a 

64-bit/96-bit addressing scheme for unique identification of the objects. Figure 1.3 

depicts a 96-bit EPC™ with an 8-bit header and three partitions of data. The 8-bit header 

is used to indicate the format or total length and field partitions of the EPC™ [8].

XX xxxxxxx xxxxxx xxxxxxxxx
У — ' x  /  ---------------^—

Header EPC™ Manager Object Class Serial Number for Object
8-bits 28-bits 24-bits 36-bit

Figure 1.3: A 96-bit Electronic Product Code™

The 8-bit (X = 4 bits in the figure) header provides cushion to the system such that the 

EPC™ can support multiple formats and to cater to future needs of lengthy 

domain/object/serial bits. The 28-bit sequence of EPC™ manager bits (refer Figure 1.3) 

is used for assigning a unique number to manufacturers. The remaining two partitions are 

for types of objects and serial number for unique identification of objects [9]. The major 

advantage of EPC™ over UPC is that with the existing standards of EPC™ provides 

more than 268 million manufacturers using 28 bits of EPC™ manager, 16 million 

product codes assignments using 24 bits of object class and more than 68 billion unique 

identification numbers for each object or product. From Figure 1.1, it is observed that the 

UPC identification code is divided into four domains [8], The first domain has a single
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digit that indicates the numbering systems used to understand the remaining number in 

the UPC code. For example ‘0 ’ indicates regular UPC code and ‘3’ indicates a national 

drug code [8]. The second domain has five digits used for assigning numbers to 

manufacturers. The third domain is used for object or product types for each 

manufacturer. The fourth domain UPC can provide up to 100,000 identification number 

for manufacturers and 100,000 products types can be assigned for each manufacturer 

using the 10 digit UPC code [8], [11].

1.5 RFID frequencies of operation

RFID systems operate in different license-free Industrial, Scientific and Medical bands. 

Different countries have different regulations for operation of RFID systems. The 

frequency used for the communication between reader and tag is one of the important 

factors that affect the range of communication for an RFID system. Also, the frequency 

of operation of the system impacts the amount of data transfer between reader and tag. 

The frequency of operation influences the selection of size and shape for the tags due to 

the antenna size requirements as a function of frequency. Today there are four main 

frequency ranges used for RFID applications: low frequency (LF), high frequency (HF), 

ultra high frequency (UHF) and microwave frequency.

Low frequency tags operate at 125 kHz to 134 kHz. These tags have the shortest range of 

communication with the upper limit not exceeding 50 cm. The data transfer rate at this 

frequency is very low. Therefore low frequency tags are not well suited for applications 

that require simultaneous reading of many tags in a short period of time. Low frequency 

tags are less sensitive to metals and fluids in the surrounding environment. The most 

common applications of low frequency tags are access control, livestock tracking and 

human worn applications.



12

High frequency tags operate at 13.56 MHz with typical read range of about 0.5 meter. 

These tags have significantly higher data rates when compared to low frequency tags. 

These tags are also suitable for labeling metal objects and objects containing fluids [3]. 

The most common application of high frequency tags are smart cards, baggage control at 

airports and library management. Depending on the user requirements and application, 

high frequency or low frequency tags are used.

UHF tags have the ability to be read at long distances when compared to low frequency 

and high frequency tags. The operating frequency of UHF tags is 860 MHz to 950 MHz. 

Due to the high operating frequency, the data transfer rate between reader and tag is 

higher. The main disadvantage of UHF tags is these tags are highly sensitive to proximity 

with metal objects and objects containing liquid. Microwave frequency range tags operate 

at 2.45 GHz and 5.8 GHz with a read range of up to 1 to 2 meters. The following table 

summarizes the frequencies of operation of RFID tags and the typical read range of tags.

Table 1.1: Typical read range of RFID tags

Frequency
Read range 

(in meters)

125 kHz up to 0.5 m

13.56 MHz up to 0.5 m

866 MHz up to 10 m

915 MHz up to 10 m

2.45 GHz up to 2 m

5.8 GHz up to 1 m
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1.6 RFID in the supply chain

The main application of RFID technology today is in global supply chain management. 

Supply chain management encompasses the planning and management of all activities 

involved in sourcing and procurement, conversion and all logistics management 

activities. Importantly, it also includes coordination and collaboration with channel 

partners, which can be suppliers, intermediaries, third-party service providers and 

customers [12]. Implementation of RFID systems in each stage of the supply chain and 

networking each stage for exchange of information about the trading of objects means 

increase in efficiency of product management and tremendous savings in inventory 

control. Figure 1.4 describes a typical supply chain for any industry.

Distribution

Figure 1.4: RFID in typical supply chain
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1.7 Summary

In this chapter the two most widely adopted automatic identification technologies are 

discussed: barcodes and RFID. A basic RFID system, its components, function, 

frequency of operation and classification of RFID systems are presented. The naming 

schemes used in both barcodes and RFID systems are presented. Since HF and LF RFID 

systems have low data rates and small ranges of communications, the implementation of 

these systems in supply chain management may prove to be less efficient.

1.8 Thesis motivation, objective and organization

In recent years there has been increased adoption of RFID technology for different

applications. Perhaps the most demanding application of RFID is supply chain

management where consumer goods are tagged for tracking, shipping and receiving. 

Since each product requires a tag, it requires millions of tags to track millions of 

products. This necessitates a low cost RFID tag as a solution. The trend towards tagging 

low cost consumer goods on a global scale places a heavy demand on RFID systems. 

Through research and development by industry partners, education institutions and 

government agencies, standards have been developed. In addition to standards there are 

performance related concerns such as tag cost, size and range of communication. The 

fundamental constraint on RFID systems is limited operating power. Therefore the power 

available to the tag is a limiting factor on its range. In addition to the limited available 

power to RFID tag, other factors that affect the performance of RFID tag are antenna 

design, matching the integrated circuit to the antenna and materials on which the tags are 

labeled. Different applications require different tag designs. Different consumer items 

are of different shapes and sizes; therefore we require an optimum tag design (size) that 

can be used for tagging a broad range of consumable goods including dairy, cosmetics 

and non-perishable items.
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For optimum performance of a tag labeled on a given object in a given environment, a 

suitable tag antenna must be designed with the following characteristics.

• Complex impedance match to the chip for maximum range

• Low cost and small size

• Gain and directivity

• Bandwidth of the antenna

• Robust design such that it less sensitive to surrounding objects and other tags

Tagging of objects will be difficult when the size of the tag exceeds the size of the object. 

Also, the range of communication deteriorates when the tag is labeled to metal objects 

and objects that contain liquid. Therefore we require knowledge of exact application and 

configuration in which RFID tags are used. The objective of this thesis is to analyze the

performance of UHF passive RFID tags on different materials with different material

properties. In this thesis an RFID tag model is presented that is designed using IE3D 

electromagnetic simulation software. The performance analysis includes the range of the 

tag on different materials, and matching the antenna to the integrated circuit.

In Chapter 2, the history of RFID technology, different protocols, RFID standards, and 

the current state of RFID technology are discussed. In Chapter 3, the basic principles of 

electromagnetics, which include antenna parameters, energy coupling and 

communication between RFID tag and reader, are discussed. In Chapter 4, the design 

procedure for RFID tags using IE3D electromagnetic simulation software is discussed. 

An RFID tag model is presented and simulated on different substrate materials. In 

Chapter 5, the analysis and comparison of the simulation to measured data is discussed. 

In Chapter 6, the results are summarized along with conclusions and future work.
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Chapter 2 RFID background

2.1 Introduction

In the early 1920s, the birth of radar (radio detection and ranging) was a significant 

technological achievement and was critical to the success to the Allies in World War П. 

Radar sends out radio waves for detecting and locating an object by the reflection of the 

radio waves from the object. With the publication of the paper “Communication by 

means of reflected power,” Proceedings of the IRE, PP1196-1204, October 1948, by 

Harry Stockman during World War П, RFID came into existence [13].

2.2 RFID historical perspective

During the early stages of the development of RFID, a transponder system was developed 

for the British military to install on allied aircraft. When the transponder is interrogated 

by an appropriate signal, the system responds to the signal to assist the military in 

distinguishing between an enemy’s aircraft and allied aircraft. This identification device 

called identify friend or foe (IFF) has undergone continuous development since then. 

RFID is considered to be a combination of radar and radio broadcast technology. Early 

exploration of RFID in the 1950s led to the development of the technology. Considerable 

research was done to develop IFF long range transponder systems in 1959. The 

publications of the work on RFID such as “Application of the microwave homodyne” by 

F.L.Vernon and “Radio Transmission systems with modulatable passive responder” by 

D.B.Harris gave understanding into the applications of this technology [13].

During the 1960s efforts were made to develop the theory of RFID and find its 

applications in both the military and non-military areas. During this time two companies, 

Checkpoint and Sensormatic, developed 1-bit Electronic Article Surveillance (EAS) 

technology to provide anti-theft solutions to both commercial and military areas. The 

presence and absence of a 1-bit tag could be detected in an electromagnetic field. This
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enabled the military and commercial companies to track and secure the equipment and 

perform inventory which was arguably the first widespread use of RFID [6], In the mid 

1970s research on RFID gained much attention and many academic, private and 

government institutions joined forces to expand the applications of RFID. Successful 

chapters were written in the history of applications of RFID by many scientists and 

engineers, such as “Short-range radio-telemetry for electronic identification using 

modulated backscatter” by Rober Freyman, Steve Depp and Alfred Koelle of Los Alamos 

National Laboratory, “Electronic license plate for motor vehicles” and “Electronic 

identification systems” by F.Sterzer and Richard Klensch of RCA, to name a few [1] 

[14].

In the late 1970s and early 1980s electronic identification products were available in the 

market which was made possible by some of the technology giants like RCA, Fairchild 

Semiconductor and Raytheon who were in the forefront of the research on RFID. So far 

RFID had seen many improvements since its first invention in 1948. Intended 

applications of electronic identifications systems were for vehicle tracking, factory 

automation and animal tracking. The vast majority of global industrial giants across the 

world explored the possibilities of deploying identification systems in day-to-day life. 

One such possibility was electronic toll collection for highways. Several pilot projects on 

highway toll collection systems were successful in Europe and in 1987 the world’s first 

RFID toll collection system was deployed on highways in Norway. In the United States 

the first highway electronic toll collection system was deployed in Oklahoma in 1991. 

With the deployment of such systems on highways, traffic jams on highways reduced 

significantly and more unmanned toll collection systems enabled vehicles to pass through 

tolls stations at highway speeds. Soon after successful deployment of this system, many 

states followed the practice [13].

RFID technology was adapted across the world during the years of 1990s. Both the 

United States and Europe had been exploring microwave and inductive RFID
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technologies for commercial applications such as access control, toll collection and anti

theft protection as well as industrial applications such as asset tracking, animal tracking, 

vehicle tracking, etc. Texas Instruments was the first multinational semiconductor 

company to develop and market an RFID system, named TIRIS (Texas Instruments 

Radio Frequency Identification Systems). TIRIS enabled starting vehicle engines at the 

push of a button. Soon many companies were established and followed the bandwagon to 

explore innovative applications [13].

2.3 RFID standards

RFID has gained attention in recent years for broad range of applications in day-to-day 

business operations. In particular RFID has an important application in the global 

commerce industry. The benefits of RFID in global commerce go well beyond profit 

making. RFID enables unique identification of objects and captures the information about 

the object without line-of-sight throughout the supply chain. It has many advantages over 

barcode technology. In view of this important application of RFID in world businesses, 

we require a standard that will pave the way to research many more applications of RFID. 

Global industry giants, government organizations and academic institutions joined forces 

and established a center for research and development in automatic identification 

technologies. The performance of RFID depends on air interface protocols, data 

communication standards and the power emission level of readers.

In late 1990’s the AUTO-ID center was established in partnership with industries, 

private organizations and government agencies. The goal of this center is to establish 

standards for RFID and to reduce the cost of the RFID hardware. The regulations for 

operating different types of communication devices in the frequency spectrum are set by 

each country’s respective government bodies. RFID systems operate in low frequencies, 

high frequencies and ultra high frequencies with certain bandwidth limitations. The 

frequency of operation of UHF RFID systems range from 860 MHz to 960 MHz and 

varies from region to region. The government regulatory body in United States has
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specified 915 MHz for RFID applications in UHF band and the European Union has 

specified 868 MHz. In other regions of the world, the entire UHF band has been allocated 

to military communications. This variation of UHF band allocation for RFID applications 

requires manufacturers to produce different RFID readers and tags for different regions. 

This will raise questions about global implementation of RFID systems. Therefore we 

require standards for RFID systems which will allow us to create a seamless international 

supply chain for industries.

AUTO-ID center has defined two protocols for reading UHF RFID tags. An RFID 

protocol is defined as “a set of signaling waveforms, a command set, an operating 

procedure and a back end interface where the identities of populations of tags in the field 

of reader can be determined” [15]. The objective of the tag protocol is to support 

reading of tags in a dense population environment, interoperability where RFID readers 

from different manufacturers can read the same tags, improve the system reliability and 

data security, and global acceptance of RFID tags. The two UHF tag protocols that are 

defined by AUTO-ID center are as follows:

• Class 0: that allows read-only memory

• Class 1: that allows read/write and lock memory capability

In Class 0 protocol, RFID tags are programmed at the time of manufacture that conform 

to the requirements of the protocol standard [15]. The application of Class 0 tags is 

important in supply chain management for retail checkout, supermarket shelf scanning, 

general pallet identification, tracking of goods through warehouse docking doors, and 

warehouse shelf management [16].

The AUTO-ID center has introduced a naming scheme that will identify each object in a 

supply chain called Electronic Product Code (EPC). The data stored in RFID tags are 

written using Physical Markup Language (PML). Basically data consist of a unique 

identification code that characterizes objects. In addition to host systems in RFID, a
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network infrastructure is also a component of the RFID system. The network 

infrastructure stores the data coded in PML for RFID tags in a database which is accessed 

using an Object Name Service. The Auto-ID center defined RFID tag class hierarchy

based on functionality, storage capacity and range of operation RFID tags. There are five

different classes [17].

• Class 0/Class 1: EPC™ read-only tags and read-write tags

• Class 2: EPC™ read/write tags, data security and theft detection

• Class 3: EPC™ long range battery operated tags

• Class4: Autonomous relaying tags

Table 2.1 shows EPC structure for class 1 RFID tags.

Table 2.1: EPC structure - Class 1 RFID tag [16]

EPC
Type

Header
Size

First
Bits

Domain
Manager

Object
Class

Serial
Number

Total
bits

256 bit 8
96 bit 8 00 28 24 36 96
64 bit type I* 2 01 21 17 24 64
64 bit type II* 2 10 15 13 34 64
64 bit type III* 2 11 26 13 23 64

*Type-l: Read-only

*Type-ll: Read/Write data also known as Write once read many times 

*Type -III: Read/Write capacity with battery assistance and external display

2.4 RFID frequencies of operation and regulations

Figure 2.1 shows frequencies that are standardized for operation of RFID systems in 

respective regions. In addition to standard frequencies of operation, there are regulations 

associated with operation of RFID systems in a region. Each country has a set of 

regulatory requirements that are to be followed for operating RFID systems. They include 

the carrier power of transmitters, bandwidth of operation, number of channels and electric 

and magnetic field strengths. Table 2.2 shows the Federal Communication Commission
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(FCC), European Telecommunication Standards Institute (ETSI) regulations, Australian 

Statute (AS) and Japanese regulations (JR) for operation of UHF RFID systems.

South America: 
Typically: 915 MHz

Singapore & Taiwan: 
2.45 GHz and 915 MHz

Japan: 13.56 MHz 
950 MHz, 2.45 GHz 
Power limited and 
5.8 GHz

North America: 13.56 MHz,
915 MHz, 2.45 GHz and 5.8 GHz

Europe: 13.56 MHz, 866 MHz 
2.45 GHz and 5.8 GHz

Mexico: 915 MHz

Australia: 915 MHz

Figure 2.1: RFID frequencies of operation 

Table 2.2: Bandwidth and power limits for UHF RFID systems

Country Regulation Frequency 
of Operation

Transmitter
Power

Band

USA FCC 902 - 928 MHz 4 watt EIRP
26 MHz 

(902-928 MHz)
(63 Channels - 412 kHz 

wide)

European ETSI
865.6 - 867.6 

MHz 2 watt ERP

2 MHz 
(865.6-867.6 MHz) 

(10 Channels -  200 kHz 
wide)

Australia AS 915 MHz 1 watt EIRP

8 MHz 
(918-926 MHz) 

(19 bands -  412 kHz 
wide)

Japan JR 915 MHz - -
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2.5 Summary

In this section we have seen how RFID came about. Also discussed were UHF RFID 

frequencies of operation, regulations, RFID protocols, tag classes and standards.
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Chapter 3 Theory of RFID

3.1 Introduction

In RFID systems, the communication link between a reader and a tag is through 

electromagnetic waves. This chapter explains the fundamental equations describing 

electromagnetic fields and the behavior of electromagnetic fields that are used in analysis 

of RFID tag antenna. This chapter illustrates:

• Fundamental equations of electromagnetic theory

• Energy coupling in near field and far field

• Antenna performance parameters such as gain, directivity and polarization

• Antenna impedance

• RFID tag to reader communication

3.2 Fundamental equations of electromagnetics

Consider a single accelerated electric charge radiating electric fields in the direction of 

acceleration. If the charge continuously oscillates in time and space, it will radiate an 

oscillating electric field and have an associated magnetic field [1]. Radiation is a 

disturbance created in the electric field by an accelerated electric charge which 

propagates away from the source of the disturbance. The behavior of electric and 

magnetic fields radiated by these charges is described by Maxwell’s field equations. 

Maxwell collected, clarified and contributed to four fundamental equations that describe 

electromagnetic fields at every point in space and instant in time relative to the position 

and motion of charged particles. The equations are based on theoretical knowledge 

developed by Faraday, Gauss, Ampere and others [1], [13], Maxwell’s equations can be 

expressed in the differential form, as follows [18], [19]:
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(3.1)

(3.2)

(3.3)

(3.4)

where

V is the vector differential operator,

x  is the curl or rotation of a vector field,

V • is the divergence of a vector field,

E  is the electric field intensity (volt/meter),

H  is magnetic field intensity (ampere/meter),

D is the electric flux density (coulomb/meter2),

B is the magnetic flux density (weber/ meter2), 

p  is the electric charge density (coulomb/meter ) and

J  is the electric current density (ampere/meter2). 

Maxwell’s equations in integral form are as follows [18]:

(3-5)

(3.6)

(3-7)

(3.8)
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The physical significance of Maxwell’s equations in the integral form can be interpreted 

from the following statements:

• The circulation the electric field vector E  around a closed path is equal to the negative 

time derivative of the magnetic flux density through a surface bounded by that path.

• The circulation of the magnetic field vector H  force around a closed path is equal to 

the sum of conduction current and the time derivative of the electric flux density 

through surface bounded by that path.

• The total electric flux density flowing through the surface enclosing a volume is equal 

to the total charge within the volume.

• The net magnetic flux emerging through any closed surface is zero.

Beside these four equations, there are three equations concerned with the characteristics 

of the medium in which the fields are situated. The equations are as follows:

(3.9)

(3.10)

(3.11)

where Ho is the permeability of free space, equal to \ л  x 10 7 henry/meter, fj.r is the

relative permeability, s0 is the permittivity of free space equal to 8.854x10-7 farad/meter, 

sr is the relative permittivity and a is conductivity. Electromagnetic waves consist of 

electric and magnetic fields propagating perpendicular to each other. The wave 

propagates in the direction perpendicular to both the electric and magnetic fields. In the 

absence of charge and current density, the velocity of propagation of the wave in free 

space is given by c = 11-ЈЈЈ̂ е̂  (meters/second). In addition to the above quantities there

is another useful parameter, rj, known as the wave impedance or intrinsic impedance. It is 

defined as the ratio of electric and magnetic field. The value of rj in free space is equal to

B = jU0jUr H

D = e0erE

7 = <te
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377 ohms [19]. Electromagnetic waves propagate through a medium from one point to 

the other and have some power associated with the wave. The quantity used to describe 

the power radiated per unit area in is given by the Poynting vector. This quantity helps in 

defining various antenna terms like gain, directivity etc., which are discussed in the 

following sections. The Poynting vector is given by

P  = E x H ,  (3.12)

where

P  = Poynting vector, in watt/meter ,

E  = electric field intensity in volt/ meter,

H  = magnetic field intensity in ampere/ meter.

The time average Poynting vector is given as

Pav — — R e(.E X ff* ) watts/meter2, (3.13)

where Re is the real part and H* is the complex conjugate of H.

3.3 Electromagnetic fields and waves

An antenna is a device which provides a means for radiating or receiving electromagnetic 

waves. Antennas are basic components of any communication system, which enables a 

wireless link between the transmitter and receiver in free space. Basically, an antenna 

acts as a transducer that transforms a signal from a transmission line such as coaxial cable 

or waveguides into an electromagnetic wave propagating in free space. Antennas play an

important role in defining the characteristics of a communication system. In some cases

the operational characteristics of the system are designed around the directional 

properties of the antennas and in other cases antennas they are used simply to radiate 

electromagnetic energy in all directions. Irrespective of the type of application of an 

antenna, all antennas possess certain basic properties such as gain, directivity, radiation



27

pattern, polarization, efficiency, effective aperture, bandwidth and beam width. In the 

next section, the fields radiated by an electric dipole are explained.

3.3.1 Fields of electric dipole

To understand electromagnetic fields created by an antenna, let us consider a small dipole 

of elemental length much less than that of a wavelength as shown in Figure 3.1. The 

dipole is placed at the origin of the spherical coordinates. Let Iq be the current flowing 

through dipole. The length of the dipole is so short that the current is constant along the 

length. The current element L position is indicated in the Figure 3.1. This current element 

is commonly known as Hertzian dipole. An antenna system carrying current may consist 

of a large number of such current elements joined end-to-end. Hence if the 

electromagnetic fields of this building block are known then the electric and magnetic 

fields of any antenna structure having specified current distribution can be calculated. 

The expressions for the electric and magnetic fields using Maxwell’s equations for the 

above dipole are given below.

Figure 3.1: Dipole antenna
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The electric and magnetic fields at point P (r, Ө, (p) can be expressed in terms of vector 

and scalar potentials. Our interest is to find fields near the dipole and also at distance r 

from the origin, which is quite large when compared to the wavelength of the dipole. The 

electric and magnetic fields at dipole of length L can be written as [19]:

(3.14)

(3.15)

(3.16)

It is observed from the equations (3.14), (3.15) and (3.16), when distance r is very small 

with respect to radian sphere /J2n, an induction field or an energy storage field will 

dominate at points close to the dipole. This induction field is referred to as near field. 

This field is more effective in the vicinity of the any radiating element. It represents 

energy stored in the magnetic field surrounding the dipole.

When distance r is very large when compared to h/2n, the terms Hr2 and H r  in the 

equations (3.14), (3.14) and (3.16) can be neglected, since they are very small when 

compared to 1/r. Hence at distances greater than radian sphere, the field component Er is 

negligible and we have only two field components: Eg and H terms. Therefore when r is 

far greater than /J2n, the region around the antenna at a distance r is known the radiation 

region or far field which accounts for the radiation of electromagnetic waves from the 

dipole. The far field is characterized by the distribution of electromagnetic fields around 

the antenna also known as radiation pattern. The radiation component of the magnetic 

field is produced by the alternating electric field as shown in (3.1) and (3.10) and the
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electric radiation component arises from the alternating magnetic field as shown in (3.2) 

and (3.9). The flow of movement of electric charge in the conductor thus establishes the 

local induction fields, where as the radiation field exist as a consequence of the changing 

induction fields [19].

Near the dipole, the magnetic field is in phase with the current, where as the electric field 

varies in phase with the charge on either end of the dipole element. In the far field the 

magnetic and electric fields have a phase difference of 90 degrees and are at right angles 

to each other in space.

From the equation (3.15), when the distance r »  /. there will be no radial electric field 

component present in the far field. Also, the terms Hr2 and Hr3 in equation (3.15) belong 

to the induction field and become negligible. Therefore the far field components when r 

»  1 is given by

(3.17)

(3.18)

The ratio of Еө to H<P gives the intrinsic impedance of free space [19]. The region where 

the near field ends and the far field begins is defined as the radian sphere (/J2n). Another 

important region is the far field distance or Fraunhofer region of the transmitting antenna. 

It is defined as the region beyond the far field, df, which is related to the largest linear 

dimension of the transmitter antenna aperture and the wavelength [18]. In the Fraunhofer 

region, it is reasonable to approximate electromagnetic waves as uniform plane waves. In 

general, uniform planes waves with electric and magnetic fields perpendicular to each 

other and also to the direction of propagation cannot be produced by finite-sized antennas
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[18]. However, at large distances, the waves can be approximated as uniform plane 

waves.

The far field distance df is given by

2D1
df > ^ ~ ,  (3.19)

A

where D is the largest dimension of the transmitter antenna and A is wavelength of the 

transmitted wave. For antennas with dimensions much larger than that of a wavelength 

of the transmitted wave that is D »  A, the following table summarizes far field distances 

when an antenna is focused at infinity [20] .

Table 3.1: Far field distance for electrically large antennas [20]

Region Distance from Antenna (r)

Reactive near-field Oto 0.62 л1ә3Л

Radiating near-field 0.62 ylD3A to 2D2/A

Far field 2D2//, to go

3.4 Concept of impedance

The term impedance is used to describe the complex voltage (V) to current (I) ratio in AC 

circuits consisting of resistors, inductors and capacitors. The impedance concept is 

extended to transmission lines described in terms of lumped element equivalent circuits, 

series impedance and shunt admittances [18], The concept of impedance forms an 

important link between the transmission lines and circuit theory. In RFID systems the 

behavior of antennas and circuits can be analyzed using the impedance. Given any 

domain, the impedance is capable of characterizing the behavior of antennas, fields and 

waves. The term impedance is denoted by Z. The impedance of circuit is given by
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Z =  — . (3.20)
V

3.5 Antenna impedance

The input impedance of antenna is the impedance presented by antenna itself at its 

terminals. Input impedance of antenna consists of real part and imaginary components:

z ,„ = R ,„  + x MI, (3.21)

where the real component Ram is the input resistance is a combination of radiation 

resistance Rrcui and ohmic resistance Rohmic• In general, the ohmic losses in an antenna 

are much less when compared to the radiation losses. However in electrically small 

antennas (dimensions much less than wavelength) ohmic losses become significant. The 

reactive component X w  in the antenna input impedance represents energy stored in the 

field around the antenna structure. Antenna impedance is important parameter in 

calculating the amount power transfer from antenna to the load.

Antennas with an effective length less than a wavelength have low radiation resistance 

and high reactance. An electrically small dipole antenna has a capacitive reactance 

(negative reactance component) and an electrically small loop antenna has an inductive 

reactance (positive reactance component). Both cases have low radiation resistance [1].

In electrically large antennas having dimensions relative to the wavelength, the radiation 

resistance increases and the reactive component decreases. At resonance, antennas of size 

about equal to a half-wavelength, the reactive component approaches to zero while the 

resistive component reaches its maximum. This leads to maximum power transfer to the 

load and a good radiation efficiency. Antennas operating in the far field are typically 

designed at a resonant frequency for maximum radiation efficiency. If we further 

increase the size of the antenna, the reactance of the antenna approaches its maximum
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and the resistive component approaches its minimum. In RFID systems impedance 

matching between the load and antenna terminals is an important aspect in designing 

RFID tags.

3.6 Antenna performance parameters

In previous sections we have seen the concept of impedance also described how 

electrically small antennas (dimensions less than wavelength) are considered as highly 

reactive and have low radiation characteristics. Such antennas generally are applicable to 

near field operation. For far field operation, antennas of length equal to a wavelength or 

half that of a wavelength are efficient in terms of radiation characteristics. This section 

outlines the antenna parameters which are required to evaluate antenna designs.

An isotropic radiator is a fictitious radiator and is defined as “radiator which radiates 

electromagnetic waves uniformly in all directions.” An isotropic radiator is a hypothetical 

lossless radiator or antenna with which the practical antennas are compared. Thus an 

isotropic antenna is used as a reference antenna. Although sometimes a half-wave dipole 

antenna is used as reference antenna, for purpose of simplicity, an isotropic radiator is 

preferred.

3.6.1 Radiation pattern

Radiation pattern is a three dimensional graphical representation of variation in actual 

field strength of the electromagnetic field at all points which are at equal distance from 

the antenna. In practice the energy radiated from an antenna is not of the same strength in 

all directions. Instead, it is more in one direction and less or near zero in other directions. 

The energy radiated in a particular direction by an antenna is measured in terms of field 

strength at a point which is at a particular distance from the antenna. The radiation 

patterns are different for different types of antennas and are affected by the location of 

the antenna with respect to ground. An antenna radiation pattern is given in terms of the 

normalized electric field distribution over a constant distance.



33

Consider the case of a source radiating in the z-direction which has an electric field with 

only the theta component, the radiation pattern can be given as [21]

Е(Ө,ф),= Ef f f  , (3.22)
Е М ф ) ^

where Еө(Ө,ф)твх is the maximum field strength.

3.6.2 Directivity

The term directivity of an antenna is dependent entirely upon the shape of the radiation 

pattern. It is used to describe how an antenna concentrates its energy in one direction as 

compared to every other direction. It is ratio of total power radiated by the antenna to the 

average power radiated over a sphere as observed in the far field of an antenna.

The average power radiated over a sphere is

Р{Ө,ф)а
An

Therefore directivity D in a given direction is given by

(3.23.1)

D = — ■■■' Р(Ө’0)гп,, f (3.23.2)
Р(Ө,Ф)Ш

where Р(Ө,ф)тax is total power radiated and Р{Ө,ф)т is the average power over sphere.

3.6.3 Gain

Gain of an antenna is closely related to the directivity. Gain of an antenna is defined as 

the ratio of maximum radiation intensity in a given direction to the maximum radiation 

intensity from a reference antenna produced in the same direction with same input power. 

Typically, gain of an antenna is described as the gain relative to an isotropic radiator that 

radiates energy in all directions uniformly. Often gain G of an antenna is expressed in 

decibel ratio:
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Gain(dB) -  101og10 G . (3.24)

Gain with respect to isotropic antenna is necessarily a theoretical concept. Gain is to be 

calculated rather than to be measured because an isotropic antenna does not exist 

physically. Instead, a half-wave dipole antenna is used for the purpose of gain 

measurement. A half-wave dipole antenna has theoretical gain of 1.64 or 2.15 dB over an 

isotropic antenna. In antenna terminology, dB is a relative power measurement.

Another important term is effective isotropic radiated power (EIRP). Gain can be 

described relative to an isotropic antenna. Effective isotropic radiated power is defined as 

the total input power to an antenna times its gain (GiSOtropic) relative to an isotropic 

antenna.

EIRP is given by

where Pt is the total input power.

In addition to EIRP, we often come across the term effective radiated power (ERP). In 

contrast to EIRP, the effective radiated power is with reference to half-wave dipole 

antenna. ERP is defined as the total input power to an antenna times its relative gain to a 

half-wave dipole antenna. It is given by

The efficiency of an antenna is defined as the ratio of power radiated to the total input 

power supplied to the antenna and is denoted by rj. Antenna efficiency is given by

(3.25)

(3.26)

The relation between EIRP and ERP can be given as

(3.27)
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where Prad is the power radiated and Pt is total input power supplied to the antenna.

3.6.4 Polarization

Polarization of an antenna is described in terms of the electric field vector. Polarization or 

the plane of polarization of an electromagnetic wave is determined by the direction of 

electric field of the wave. An electromagnetic wave is said to be linearly polarized and 

vertically polarized, if the electric field vectors are aligned vertically in space. Similarly, 

if electric field vectors are aligned in a horizontal plane with respect to the ground the 

wave is said to be horizontally polarized. The initial polarization of electromagnetic 

waves is determined by the orientation of antenna itself in the space. Therefore, 

polarization is one of the main factors in the design of an antenna. Besides linear 

polarization, antennas may also radiate circularly or elliptically polarized waves. If two 

linearly polarized waves are simultaneously produced in the same direction from the 

same antenna, provided that the two linearly polarized waves are mutually perpendicular 

to each other with a phase difference of 90 degrees, then circularly polarized waves are 

created. Circular polarization may be right handed or left handed depending upon the 

sense of rotation, i.e. the phase difference is positive or negative. Circular polarization 

results only when the amplitudes of two linearly polarized waves are equal. If the 

amplitudes are not equal, the combination of two linearly polarized waves will produce 

an elliptically polarized wave.

3.7 Coupling in RFID systems

In this section the types of coupling used in RFID systems are discussed: near field and 

far field. An RFID system can be distinguished by its frequency of operation and the type 

of coupling used to communicate with the transponder. The frequencies of operation 

range from frequencies less than 135 kHz (LF) to 5.8 GHz in the microwave range. The
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range of communication typically varies from few millimeters to distances greater than 

15 m [4]. Table 3.2 shows the frequency ranges used for RFID systems [16].

3.7.1 Near field systems

From Table 3.2, it is observed that near field coupling systems such as inductive coupling 

systems are primarily used in Electronic Article Surveillance (EAS) systems. At higher 

frequencies, however, the RFID systems have long read range and are used in inventory 

management and toll collection systems, etc. Depending on the behavior of the 

electromagnetic fields, near field coupling is further divided into two types of coupling: 

inductive coupling and capacitive coupling.

Depending on the type of antenna, the electric fields are decoupled from the magnetic 

fields and vice versa. To understand the above statement more clearly let us consider a 

dipole and a small loop antenna. The electric fields in a dipole antenna dominate the 

magnetic fields. The impedance of a dipole has a large negative reactance, thus the 

electric fields dominate. Systems in which the coupling of energy is through electric 

fields are said to be capacitive coupling systems. In the case of a small loop, the magnetic 

field dominates due to a large positive reactance. Systems in which coupling of energy is 

through magnetic field are said to be inductive coupling systems.
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Table 3.2: RFID Frequencies [16]

Frequency Range Description
Maximum allowed field

Strength/transmitted
power

< 135 kHz Low frequency (LF) - inductive coupling 72 dB pA/m

6.675 -6.795 MHz Medium frequency (MF) ISM band - 

inductive coupling

42 dB jiA/m

7.4 - 8.8 MHz Medium frequency (MF) - used for 

Electronic Article Surveillance (EAS)

9 dB juA/m

13.553-13.567 MHz Medium frequency (MF) - inductive 

coupling, widespread use for contactless 

smartcards (ISO- 4443,MIFARE,LEGIC) 

and item management (ISO - 18000-3)

42 dB pA/m

26.957 - 27.283 MHz Medium frequency (MF) ISM band - 

inductive coupling, special applications 

only

42 dB (iA/m

433 MHz Ultra high frequency (UHF), backscatter 

coupling, rarely used for RFID

10 mW ERP

868-870 MHz Ultra high frequency (UHF) ISM band, 

backscatter coupling, new frequency, 

RFID systems - European band

500 mW, Europe only

902 - 928 MHz Ultra high frequency (UHF), backscatter 

coupling, RFID systems - USA

4 W EIRP - spread 

spectrum, USA and 

Canada only

2.4 - 2.483 GHz Super high frequency (SHF), ISM band, 

backscatter coupling, vehicle 

identification systems: 2.446-2.4454 GHz

4 W EIRP- spread 

spectrum, USA and 

Canada only , 500 mW in 

Europe

5.725 - 5.875 GHz Super high frequency (SHF), rarely used 

for RFID

4 W EIRP, USA and 

Canada, 500 mW Europe
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3.7.1.1 Inductive coupling

RFID systems employing inductive coupling rely on interaction with magnetic fields in 

and around the antenna. Such systems act as transformers where current through a 

primary coil induces a magnetic field which in turn induces voltage and current in a 

secondary coil. The primary coil is connected to the reader and secondary coil is 

connected to tag. As discussed in a previous section, small loop antennas have a large 

positive reactance, therefore these antennas are preferred over dipole antennas since the 

magnetic fields dominate in the region [1], Inductively coupled tags are also known as 

passive tags.

Equivalent circuit of Equivalent circuit tag
reader antenna antenna

Figure 3.2: Inductive coupling between reader and tag [1]

Figure 3.2 shows the equivalent circuit of a reader and a tag. Consider a reader antenna 

with coils large enough to generate an electromagnetic field which penetrates the cross- 

section of the coil at the tag. When the tag is positioned very close to the reader, a voltage 

is generated across the antenna terminals. This voltage is rectified at the input and serves 

as a power supply to the tag. There are two important factors that attribute to the 

efficiency power transfer between the reader and the tag: resonance and quality factor.



39

3.7.1.1.1 Resonance and quality factor

For a maximum power transfer between the reader and the tag, it is necessary to have 

resonant circuit. The series capacitor in the reader antenna should be tuned to the 

frequency of operation to deliver maximum power from the reader circuitry to the 

antenna coils. Similarly, the parallel capacitor in the equivalent circuit of the tag antenna 

should be tuned to resonance. The resonant frequency of a LC circuit is given by

where L is the inductance and C is the capacitance.

Another important parameter of a resonant circuit is quality factor or Q factor. It is 

defined as ratio of average energy stored to the energy dissipated. Quality factor of a 

series resonant circuit is given by

where L is the inductance, R is the resistance and co is the angular frequency = 2nf. To 

maximize the quality factor, we can either reduce the resistance or increase the reactive 

component.

3.7.1.1.2 Tag to reader communication

In previous sections we have seen how the reader and tag communicate in an inductively 

coupled system. Tag to reader communication is achieved by varying the tag impedance. 

The change in impedance causes a change in the current through the tag antenna which 

alters the magnetic field. These periodic fluctuations are detected at the reader coils [1]. 

The tag changes its impedance by either changing the resistance or changing the 

capacitance. Switching the load resistance between on and off states at the antenna coils 

in time synchronization with data changes the impedance of the antenna. Similarly, 

changing the capacitance between on and off states changes the impedance. The process 

of changing the resistance or capacitance with time is controlled by the data in the IC.

(3.29)

(3.30)
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The data is transferred in representing the on and off states. This process of data transfer 

to the reader is called load modulation [4],

3.7.1.2 Capacitive coupling

In RFID systems, the coupling can be via the magnetic field or the electric field. In 

capacivitively coupled systems, antennas create and interact with electric fields. The 

energy transfer is provided by the electric flux terminating on the antenna surface and 

inducing a charge on the antenna [19]. The induced charge will oscillate as the field 

around oscillates, producing a current. Typically a wire or a dipole antenna is suitable for 

such type of coupling.

3.7.2 Far field coupling

In RFID systems, it is important to consider whether the coupling of energy from the 

reader to the tag is in the near field or far field. In this section the power coupled in the 

far field to the tag is discussed. Consider a receiving antenna as shown in the figure 

below which is used to derive the expression for received power.

Incident
electromagnetic waves

Figure 3.3: Equivalent circuit for receiving antenna [21]
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Referring to Figure 3.3; the open circuit voltage across the terminals of the antenna is 

given by [21]

V , = E ‘ h*,  (3.31)ant

where Е' is the incident wave electric field in volts/meter and h* is complex conjugate of 

the vector effective length of antenna h in meters. If the transmit and the receiving 

antenna have identical polarization then maximum output voltage can be seen at the 

terminals of the load. The total power received by an antenna depends on orientation of 

the receiving antenna towards the transmitter. The total power received by an antenna is 

found by integrating the incident power density over the entire area of the antenna called 

the aperture.

Let Pt be the power supplied to the transmitting antenna with a gain G,. The power flow 

per unit area (S) on a receiving antenna is given by

S = —l—j  watts/m2. (3.32)
\n r-

The received signal power by an antenna is proportional to its gain in the direction of the

signal. Gain can be expressed in terms of effective aperture. Effective aperture is an

important parameter of an antenna. It is a measure of the ability of an antenna to collect 

transmitter power in free space and deliver it to the load. Effective aperture Aejf in a given 

direction is given by [21]

A2 Аелө,ф) =— аө,ф), (3.33)
л 4/г

where X is the wavelength, and С(Ө,ф) is gain of the antenna in a given direction.
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For a receiving antenna, the received power from an incident electromagnetic wave is 

given by power flow per unit area times the effective aperture of the receiving antenna.

P,=SA,r = ^ A , r , (3.34)
А7ГГ

where Aer is the effective aperture of the receiving antenna.

Although the received power can be computed from the above equation, there may be 

mismatch due to polarization of the receiving antenna and transmitting antenna where a 

fraction of received power may be lost. The polarization of an antenna is an important 

parameter which determines the maximum power received at the antenna terminals. If the 

transmitting and receiving antennas are aligned with respect to their polarization in free 

space, then the mismatch loss due to polarization is zero. Therefore it is necessary to 

include a polarization mismatch factor p  in computing the received power. The 

polarization efficiency or polarization mismatch factor range is 0 to 1. Therefore, the 

received power in terms of transmitter power and polarization mismatch factor is given 

by [21], [22]

Pr = pSAer. (3.35)

Substituting the equations (3.28) and (3.30) into (3.31), the received power is given by

P r = p P , T p y -  ( 3 - 3 6 )(4лгј

Another important factor that affects the received power is impedance matching between 

the source and the load. For maximum power transfer from the receiving antenna to the 

load, the impedance of the antenna must be the complex conjugate of the load impedance. 

When impedance matching is achieved, maximum power will be delivered to the load. 

When there is a mismatch, we incorporate an impedance mismatch factor in the
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calculation of received power. An expression for impedance mismatch factor p is given 

below. From Figure 3.3 the power delivered to the load resistor RL is given by

= — | / r! |2 ft, = —  J ' l - p ----------- j - .  (3.37)
2' ' 2 (R m l+ RLf  + ( Xm + X Lf

Maximum power is delivered to the load when the impedance of the antenna, Zant, is

equal to the complex conjugate of the load impedance ZL. Therefore,

i |v f
= ( 3 -3 8 )

8  K c n ,

If the load is not matched to the antenna then the impedance mismatch factor is given by 

the ratio

p  = - ^ -  = ---------------------- 77 • (3.39)
рш„ - + ( x . „ + x Lf

When a conjugate match is achieved between the load and the antenna impedance Zl, p is 

equal to unity. The power delivered with a mismatch can be calculated from the 

expression given by

(3.40)

3.8 Backscatter modulation

In near field systems, the communication between tag and reader is achieved by varying 

the load impedance of the tag which causes periodic disturbances in the field created by 

the reader. The reader detects the change in carrier signal thereby establishing a 

communication link with the tag. In far field systems, such as passive UHF RFID 

systems, the mismatch between the integrated circuit and tag antenna due to variation of 

tag load impedance causes a fraction of received power to be reflected back by the tag
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antenna and scattered in the region around the tag, thus modulating the incoming RF 

carrier signal. This type of modulation is known as backscatter modulation. The 

backscattered signal contains the data that are stored in the tag. Typically the amplitude 

of the backscattered signal is 50 dB below the actual transmitter power.

In RFID systems, the data transfer between the tag and reader is through modulation of 

the carrier wave. The modulation of the bit stream ( l ’s and 0’s) in the integrated circuit, 

which modulates the carrier wave and is detected in the reader, is accomplished with 

three different modulation methods: direct modulation (or amplitude shift keying, ASK), 

frequency shift keying (FSK) and phase shift keying (PSK).

In direct modulation, the approach used in backscatter modulation to respond to the 

reader is the only modulation used. In FSK modulation, two different frequencies are 

used for data transfer. In PSK modulation only one frequency is used and the data are 

modulated by shifting the phase of the carrier frequency between 0 and 180 degrees to 

represent the bit stream.

3.9 Summary

In this chapter, basic concepts of coupling in RFID systems and the concept of antenna 

impedance, which is an important parameter in designing an RFID tag antenna, are 

presented. Also, the antenna parameters that are used in analyzing the performance of an 

RFID tag are discussed. In the next chapter we will see the procedure for the design of an 

RFID tag using IE3D electromagnetic simulation software and the requirements for tag 

design.
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Chapter 4 Design of passive UHF RFID tags

4.1 Introduction

This chapter describes the procedure for designing RFID tags using high frequency 

electromagnetic (EM) simulation and optimization software. The software solves the 

current distribution for 3-dimensional multilayer structures. An RFID tag is a multi

layered structure. The tag antenna design involves simulating a planar structure (antenna) 

on a dielectric (substrate) at a desired frequency. The impedance of the structure is used 

to match the complex impedance of the transponder integrated circuit (IC).

The IC parameters such as threshold power and complex impedance values are given to 

the antenna designer. In RFID tag design, the IC is considered as a load to the antenna. 

The antenna is designed such that the impedance of the tag is the complex conjugate of 

the impedance of the IC. Proper impedance matching of the antenna with the IC 

impedance results in maximum read range of the RFID tag. Given the threshold power 

and complex impedance of the IC and depending on application, RFID tags can be 

designed with efficient radiation characteristics. Also, tags can be designed such that they 

are less sensitive to different dielectric materials and nearby tags, based on application 

and design requirements. The RFID tag design process requires knowledge of the 

immediate environment in which the tag is used. The process involved in the design of 

passive UHF RFID tags in free space and on common products (made of corrugated 

cardboard, prescription pill bottles and vials) is described in this chapter. Figure 4.1 

summarizes the stages involved in manufacturing an RFID tag.
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Stage 1 StaSe 2

Figure 4.1: RFID tag manufacturing process

The design of an RFID tag (either passive or active) changes with its application. 

Although a single tag design (generally a passive tag) is desired in applications such as 

item level tagging (ILT), there are several limitations associated with such tag design. 

Some of the limitations are operating environment of the tag and the tagged object. Large 

size tags may not be suitable for tagging small items, which may result in poor 

performance of the tag due to bending. Small size tags (size less than a wavelength) may 

not be suitable for objects that contain metal and liquid. Because small size tags are easily 

detuned by these boundary conditions. To incorporate the design requirements of wide 

and varied applications and also broad characteristics of tags with respect to operation in 

a region, it is essential to design an RFID tag with the best possible performance 

characteristics.

From Figure 4.1, it is observed that the first stage in manufacturing an RFID tag is the IC 

design. The challenges involved in this stage are designing the IC with low power 

consumption, efficient modulation and demodulation schemes with higher data rates, 

sufficient data storage and processing capability and electrostatic discharge (ESD) 

protection. Since a maximum of one watt of effective power is allowed for transmission
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of RF signals in a region, the tag must be designed to capture maximum RF power in a 

complex environment. The captured power may be of the order of microwatts. Therefore, 

it is necessary to design a low power IC that can operate with a minimum power available 

in the region.

4.2 RFID integrated circuit components

Typical transponder architecture is shown in Figure 4.2. The components of the IC 

include a voltage multiplier for dc power supply generation, a modulator (modulator 

design depends on type of backscatter modulation used - PSK, ASK and FSK), a 

demodulator, control logic used for handling wireless protocols and EEPROM to store 

and retrieve data from the IC. The chip is attached to the antenna terminals using various 

attachment processes.

Antenna

Figure 4.2: Schematic of typical RFID IC [23]

The dc power supplied to the IC is generated from the incoming RF signal at the antenna 

terminals by the voltage multiplier. The voltage multiplier feeds power to all the active 

circuit components in the IC. The demodulator converts the modulated input signal from 

the transmitter and generates a synchronous clock. The modulated data from the 

transmitter (reader) consist of commands such as read, write or anti-collision commands 

[23], The command signals from the reader are fed to the control logic circuit and the tag 

responds to the reader appropriately based on these command signals. The control logic 

has the ability to handle protocols, enabling or disabling features such as power on,
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power off, sleep modes for the IC, cyclic redundancy checks (CRC) and anti-collision 

protocols. The modulation of the signal at the tag is achieved using the backscatter 

approach. When the reverse link (tag to reader communication) is active, the reader 

transmits a carrier wave with small notches for the data transfer [23]. The 

electromagnetic wave scattered by the tag is modulated by a change in impedance of the 

IC. The modulated backscattered signal is used for communication from tag to reader 

[23].

4.3 Design requirements

The design requirements for the RFID tag depend on the application of the tag. These 

design requirements determine the criteria for selecting an RFID tag antenna.

4.3.1 Range, size, frequency of operation and cost

RFID systems operating in the UHF band have a longer read range than those operating 

at lower frequencies. For applications that require a long read range, UHF frequency of 

operation is a natural choice. Regardless of the package configuration of the objects, the 

tag size and form must be such that the objects can be easily labeled. The cost of the tag 

imposes a limit on both antenna size and on the choice of materials that are used in 

construction of the antenna. Also, selection of materials (substrate material and conductor 

thickness) for construction of the tag is very important. The read range of a tag is 

affected by several factors such as orientation of the tag with respect to the reader 

antenna, metallic objects in proximity of the tag, near field interaction with other resonant 

tags, changes in object properties, etc. Therefore, the tag should be designed to perform 

in different environments with a maximum read range on specific objects (plastic, 

cardboard and fiberglass) and specific application. The angle at which the tag is presented 

to the reader antenna is referred to as tag orientation. Some applications require a tag to 

have a specific directional pattern. RFID tag performance may be reduced significantly if 

it is presented vertically to a horizontally linearly polarized reader antenna for example. 

Therefore, proper orientation of the tag to the reader antenna should be determined for
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best performance in an environment. Many tag designs are based on a dipole structure. 

The performance of these tags may be reduced due to bending that occurs when labeled 

to specific objects [24], Therefore it is essential that the tag should be designed such that 

it can be labeled on objects with optimal bending and performance degradation.

4.4 Tag design procedure using IE3D

To design a tag several choices are made. The design process requires information 

regarding the application of the tag, its shape, size and cost. If one of these elements is 

overlooked, the design may result in unnecessary cost and therefore the tag may have to 

be redesigned. The tag design process is shown in Figure 4.3 [25].
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4.4.1 Select application and define requirements for the tag

From Figure 4.3 it is observed that the first step in the tag design is choosing the 

application of the tag. Based on the application of the tag along with a set of design 

requirements, the type of the antenna is selected. Typically, antennas such as folded 

dipole antenna, slot antenna, planar wire-type inverted F-antenna [26], meander line 

antenna [27], etc., are considered. Passive UHF RFID tags available in the market are 

designed for item level tagging and have read ranges of typically five meters or more. A 

sizeable number of commercial products including pharmaceutical products are enclosed 

in cases made of corrugated cardboard, prescription drug bottle material, high- 

density/low-density plastic bottles, etc. All commercial and pharmaceutical products are 

made in different shapes and different sizes. The antenna designer should consider a tag 

size such that it can fit on most of the products. Sometimes the enclosure for products is 

made of metal such as aluminum or iron. A conductive surface near the tag has 

advantages and disadvantages. When tagged, any conductive material in the product may 

detune the antenna and may affect the read range of the tag. In some cases, a metal plate 

near the tag can act as a reflector causing the directivity of the tag antenna to increase. 

Therefore, a tunable antenna is preferred to provide tolerance for fabrication variations 

and for optimizing antenna performance on different materials in different frequency 

bands.

Once the application of the tag is selected and requirements for the tag are defined, the 

substrate on which the antenna is fabricated is selected. The most common substrate 

material used in fabrication of tag antennas, is polyethylene terephthalate (PET) film with 

a thickness of two mils (0.0508 mm) [28], [29],

4.4.2 Determine chip impedance

The RFID chip parameters such as threshold voltage and impedance of the chip are 

provided to the antenna designer. These parameters are used in analyzing the
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performance parameters of the tag such as read range, impedance matching and the effect 

of different materials on the tag read range.

4.4.3 Antenna layout using IE3D

In this section, the design and simulation of an RFID tag antenna using IE3D software is 

discussed. IE3D, from Zeland Corporation, is a full wave method of moment (MoM) 

based electromagnetic simulator solving the current distribution on 3-dimensional and 

multilayered structures of general shape [25], First, launch the Zeland program manager 

(ZPM or zeland.exe) in Windows operating system.

Figure 4.4: Zeland program manager [25]
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The Zeland program manager consists of all the applications required for creating 

antenna geometry and simulation. The IE3D package consists of the six major application 

programs (Refer Figure 4.4).

• MGRID

• IE3DDOS

• IE3D

• MODUA

• PATTERNVIEW

• ADIX

We start from MGRID. The MGRID layout editor is used for construction of the antenna 

geometry. It also serves as the post processor for current display, pattern calculation, 

near-field calculation and visualization. The IE3D DOS (disk operating system) is a 

command line application where the IE3D dialog window (also known as simulation 

engine) performs numerical analysis for electromagnetic simulation in the background. 

IE3D displays the progress of simulation or the optimization process. MODUA is a 

schematic editor for s-parameter display and nodal circuit simulation. The pattern view is 

a post processor for display of 2D and 3D radiation patterns. ADIX is an optional 

application for ACIS/DXF/GDSII/GERBER format conversion for import into IE3D.

There are many ways to create a structure in IE3D. Generally structures are created by a 

group of polygons in MGRID. Otherwise we can import a structure through other 

standard formats such as GDSII, DXF, ACIS and GERBER or draw the structure in 

MGRID. Drawing mode is the default mode on MGRID. We can draw a structure with 

the advanced geometry modeling commands available in the MGRID, where we can 

design very complicated circuits.

The general procedure for simulation is indicated in Figure 4.5. There are several ways to 

create a structure and simulate it. In IE3D, we can define optimization variables on



53

MGRID and perform a full-wave electromagnetic simulation. There are different 

combinations for creating a structure in IE3D; however, some procedures are beyond the 

scope of this thesis.

Figure 4.5: Flow chart of basic IE3D simulation [25]

In this chapter, the design of a UHF passive tag model that is suitable for pharmaceutical 

products (operating frequency range 902-928 MHz) is presented. For item level tagging, 

the size of the tag is one of the important factors. The antenna geometry is a folded
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meander line structure. The size of the antenna is one square inch. Tags o f such small size 

are suitable for tagging pill bottles and medical goods in the pharmaceutical industry. For 

item level tagging of pharmaceutical products such as pill bottles, tags of a small form 

factor are suitable.

Refer to Figure 4.4 for the Zeland program manager and select IE3D from the menu bar. 

The MGRID window is launched. In the menu bar of MGRID window, select File -> 

New command to start a new project. The MGRID will prompt for the basic parameters 

(refer to Figure 4.6). Before creating polygons for a structure, the user must enter the 

basic parameters.

Figure 4.6: Basic parameter window
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Figure 4.6 shows the basic parameter window. It includes eight groups of parameters for 

the structure.

• Comment

• Length unit

• Layout and grids

• Meshing parameters

• Enclosure

• Substrate layers

• Metallic strip types

• Dielectric types

The user is prompted for the values of the group parameters. The comment box is 

provided for notes on geometry. In the length unit group, we can have either the English 

or SI unit system. The minimum length for the structure is set to a default value equal to 

1 x 101;>mm. In the layout and grid group, we need to enter a grid size that best fits the 

structure uniformly in the MGRID. The grid size is set to a default value of 0.025 mm. 

The meshing parameter controls the meshing of the geometry. The higher the meshing 

frequency and number of cells, the finer the structure is discretized for more accurate 

results. The substrate thickness, permittivity, permeability, and loss tangent parameters 

can be edited in to group parameters of the substrate layer. By default, MGRID creates 

two layers in the substrate parameter group. The number zero layer is a conductor with 

conductivity equal to 4.9 x 107 S/m. The number one layer is air and its top surface z- 

coordinate (Ztop is thickness) is 1.0e+15 mm. It means the entire upper space is assumed 

as air. The parameters for different types of metallic strips (conductor) used in the 

structure can be changed in the metallic strip type group. The parameters for enclosure 

used in the structure can be entered in this group. The buttons in the basic parameter 

dialog are to insert and delete a new substrate layer or grid size values, enclosure 

dimensions, or edit the group parameter values for metallic type, etc. The description of 

buttons is shown in Figure 4.7.
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Figure 4.7: Basic parameter dialog buttons

In RFID tag design, we have no enclosure except that it has two dielectric substrates on 

top and bottom of the antenna structure. The grid size is set to 0.1 mm for the antenna 

geometry in the MGRID.

IE3D employs method of moment (MoM) formulation for calculation of the current 

distribution along the structure. A “moment” is numerically the size of the current times 

vector describing the segment. For any structure, the conductors are broken into several 

segments and the currents on the segments that contribute to the far field are calculated. 

The segmentation is achieved by meshing and cells. In the meshing parameters, the user 

can set the meshing frequency and the number of cells per wavelength. Meshing the 

structure at higher frequencies and increasing the number of cells per wavelength 

increases the simulation time for the structure. In addition, the simulation time depends 

on the size and complexity of the structure. For electrically small structures (antenna 

dimensions less than wavelength) a relatively finer meshing is required. IE3D 

automatically assigns either rectangular or triangular cells along the structure of the 

antenna using mesh parameters. Rectangular cells are used in the regular region of the 

structure and the triangular cells are used in the irregular region of the structure.
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Another parameter that is observed in Figure 4.6 is automatic edge cells (AEC). AEC 

creates multiple small cells along the edges of structure for greater accuracy of simulation 

results. Generally, for complex 3D structures, enabling AEC yields greater accuracy. For 

this antenna structure AEC is set to a default value, i.e., AEC is disabled. The meshing 

alignment is another important feature in IE3D for tightly coupled polygons and finite 

substrates with polygons on them. For structures with finite dielectric substrates such as 

the RFID tag, we use the default settings provided for meshing parameters.

Referring to Figure 4.6, the substrate parameters can be defined for a multilayered 

structure either by selecting “insert a new layer on existing layer” or by “adding a new 

layer by thickness on top surface” of the structure. The user can select one of these 

provided on the right side in the basic parameter window. Each layer that is inserted or 

added is identified by a color code displayed in the substrate parameter group. We need 

to define the parameters for substrate layers including the number of dielectric substrate 

layers, the z-coordinate of the top surface of each substrate layer (substrate stack up), the 

substrate permittivity, permeability and conductivity (refer to Figure 4.8). The minimum 

number of dielectric substrates is one and the maximum number depends on the type of 

structure.

Figure 4.8: Substrate parameter dialog
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Referring to Figure 4.8, it is observed that the user can import and export the substrate 

parameters and also add and delete frequency parameters of a particular substrate. For 

frequency dependent substrates we select the “add frequency” button provided in the 

add/insert substrate layer window (refer to Figure 4.8). The number 0 substrate in the 

substrate parameter group is assumed ground plane by default. The letter G (refer to 

Figure 4.6) is an infinite ground plane with very high conductivity. The letter D denotes 

the dielectric material where the parameters of the substrate can be modified. The z- 

coordinate of ground plane is always equal to zero. The substrate and conductor are 

stacked upon one another. Figure 4.9 depicts the substrate stack up for an RFID tag.

Figure 4.9: The substrate stack up for the RFID tag

A parameter called conductor assumption limit (CAL) is observed in Figure 4.8. In IE3D, 

the CAL is used to determine whether a substrate is highly conductive or a lossy 

substrate. The default value of CAL is le + 006. Each substrate will be displayed with a 

CAL factor. If the factor exceeds the default CAL value, then the substrate is treated as a 

highly conductive material. The substrate display margin and the default transparency in 

the substrate group are used to control the display of the structure in the 3D view 

window. Changing the values of the display margin and the default transparency will not 

affect the meshing and simulation results.
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Table 4.1 shows typical substrate parameters for an RFID tag [28]. The substrate material 

is made of polyethylene terephthalate (PET). Most of the RFID tags available today in 

the industry are manufactured with these specifications. Figure 4.10 shows the substrate 

layers with the defined parameter values. In addition to these layers, there is a protective 

layer with an adhesive (often called face stock) on top of the metallic layer. In the 

simulation this layer is assumed to be free space.

Table 4.1: Substrate parameters for the tag

Substrate No. Thickness, Tk
Dielectric 

Constant ( s r )

Permeability

( M r )

Loss

Tangent

No. 0 - Ground 0 1 1 -

No. 1 - Substrate
0.0508 mm 

( 2 mils)
3 1 -

No. 2 - Substrate 

(Air)
1 x 1015mm 1 1 -

Figure 4.10: Substrate layer with parameters defined

From Figure 4.10, it is observed that the thickness of the top surface (No. 2 layer) is 1 x 

1015 mm, which is very large when compared to No. 1 layer thickness; also, the thickness 

of the No. 0 layer is 0 mm. It means that the structure created with these basic 

parameters in MGRID is simulated in free space.
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The next parameter defined here is the metallic strip types. We need to define at least one 

metallic strip parameter and we assign it to each polygon created in the MGRID layout 

editor. Select No. 1 metallic strip type in the basic parameter window. It prompts the user 

to define the parameters for the conductor (Figure 4.11). The parameters include 

conductivity, permittivity and permeability. In addition to these parameters, we can 

define the type of material for metallic strip types. The materials include high 

temperature superconductor and thin film resistor. To select the type of material, click on 

the drop-down list provided in the metallic strip type window. For the tag described here, 

we select the default material type “N orm ar\ Typical values of conductor parameters for 

the tag are shown in Table 4.2.

Table 4.2: Metallic strip type parameter

Metallic 

strip type

Thickness

(Tk)

Dielectric 

constant ( s r )

Permeability

(Mr)

Conductivity

Polygon 1 

(copper)
0.018 mm 1 1 5.813 x 107 S/m

Figure 4.11: The edit metallic type window with parameters
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The final parameter is the dielectric group. This parameter is used for modeling of finite 

dielectric structures like a metallic patch on a finite ground and finite substrate. In RFID 

tag design, this parameter is not required. Figure 4.12 shows the basic parameters with all 

the required parameters for design of an RFID tag. Select OK to close the basic parameter 

window. The MGRID editor is now ready to create the polygons for the tag structure.

Figure 4.12: The basic parameter window defined for RFID tag

4.4.3.1 Creating and editing structure

For design of an RFID tag, we create a structure as a set o f polygons and connect them. 

The polygons are drawn on some layers. When all the vertices of a polygon are on the 

same layer then the structure is a 2D polygon; otherwise it is a 3D polygon. The basic 

parameter for any structure has two layer systems: (1) substrate layers and (2) metallic 

layers. The substrate layers specify the dielectric configuration for the structure, and are
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displayed in the basic parameters. The metallic layers are displayed at the lower right 

comer of the MGRID editor.

The RFID tag antenna designed here is a meander line folded dipole antenna. Meander 

line antennas appear as promising small antennas in many applications where the size of 

the antenna is a limitation. Through earlier study [27], [30], it is seen that meander line 

antennas have shown high efficiency with a small size. In addition, folded meander line 

structures have shown better antenna efficiencies and electrical characteristics at a size 

less than 0ЛЛ [27]. The folded ends of the meander line are kept open to adjust the 

impedance of the antenna by changing the distance between the open ends. Because of 

the size and tuning requirements in RFID applications, a folded configuration is chosen. 

The meandering allows the antenna to be compact in a folded configuration. To obtain a 

better match between the chip capacitive impedance, the meander section is designed 

such that it will provide additional inductance. To have control over tuning of the 

antenna, the size of the slot at the feed point of antenna structure is varied. By varying 

the size of the slot, the antenna can be easily tuned to resonance. The width of the slot 

and the meander line trace is varied to obtain optimum reactance and resistance values 

that match with the chip resistance and reactance. The RFID tag design presented here is 

tuned at a higher frequency (greater than 928 MHz) such that when the tag is placed on 

the object we obtain an optimum matching of antenna and chip at the resonant frequency 

(the tag is tuned to resonance). The object acts as a substrate material that provides 

additional reactance to the tag antenna for a better impedance match between the chip and 

antenna. The folded meander line antenna configuration has several key parameters: the 

spacing distance between the meander lines, the trace width of the meander line, the 

substrate material properties and the slot size. These parameters influence antenna gain 

and impedance, which determine tag resonance, tag range and bandwidth. The maximum 

allowable antenna size is one square inch (application requirement). In this thesis, the 

size of the tag is set to one square inch such that it can be attached to small 

pharmaceutical products.
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The RFID IC is simulated as a voltage source in IE3D for the antenna geometry. The size

The optimal realizable combinations of tag antenna parameters such as width of trace and 

the number of turns in the meander line were identified by plotting and examining the 

results from simulation in IE3D. The procedure for tag design is presented here. Figure 

4.13 shows the folded meander line configuration.

The first step is to create polygons and merge them to form the antenna as shown in 

Figure 4.13. There are several ways to create vertices of a polygon in the MGRID editor. 

The user can either input the vertices using a keyboard to key in the absolute location of 

the vertices of a polygon in MGRID or use the mouse to select a point on the MGRID 

using the items in the menu bar. A systematic procedure to draw polygons in MGRID and 

merge them to complete the antenna structure is described below. Figure 4.14 shows the 

tag design that will be drawn here is divided into four polygons.

of the die (RFID IC) is 0.8 mm2 and it is usually placed at the terminals of the antenna.

Figure 4.13: Folded meander line antenna

Connection Connection

Tuning slot

Figure 4.14: The four polygons of the tag
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Step 1: From the list layer window (refer to Figure 4.15) at the bottom right comer in 

MGRID, select the layer on which the polygon is drawn.

Figure 4.15: The layer window in the MGRID editor

Step 2: The MGRID editor is divided into four quadrants (rectangular coordinate system). 

The polygons can be drawn in any one of four quadrants. For simplicity, the polygons 

will be drawn in the first quadrant (we will have positive values of the x and y 

coordinate). Move the mouse over the grid in the first quadrant on grid point x = 10 mm 

and y = 10 mm. This point is vertex 1. Vertex 1 coordinates are seen on the right side in 

the MGRID window (refer to Figure 4.16). Vertex 1 is set to be the reference point for 

the polygon that is drawn.

Figure 4.16: Vertex 1 at grid point (10, 10) with location and layer window
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Step 3: Move the mouse to the right of vertex 1 to grid location x = 35.4 mm and y = 10 

mm to enter second vertex. An edge is created between vertex 1 and vertex 2.

Step 4: Move the mouse up to the grid to location x = 35.4 mm and y = 16.475 mm from 

vertex 1 to enter the third vertex. Another edge is created between vertices 2 and 3.

Step 5: Move the mouse left on the grid to point x = 23.8 mm and 16.475 mm from 

vertex 2 to enter vertex 4. Since the size of the RFID IC is 0.8 mm2, we need to create a 

trace that is equal to the width of the RFID IC. To draw a tapered end to match the width 

of the IC to the edge, a polygon of 0.8 mm2 size is created as a source port for the antenna 

in MGRID.

Step 6: Move the mouse down to grid location x = 23.2 mm and y = 15.05 mm to enter 

vertex 5. An edge is created between vertices 4 and 5.

Step 7: Move the mouse down to grid location x = 23.2 mm and y = 14.25 mm to enter 

vertex 6.

Step 8: Move the mouse down to the grid location x = 23.8 mm and y = 12.5 mm from

vertex 6 to enter vertex 7. A tapered end is created with vertices 4, 5, 6 and 7.

Step 9: Move the mouse right to the grid location x = 30.325 mm and 12.5 mm from 

vertex 7 to enter vertex 8. Move the mouse down from vertex 8 to grid location x =

30.325 mm and y = 10.7 mm to enter vertex 9.

SteplO: Move the mouse left to grid location x = 14.875 mm and y = 10.7 mm from 

vertex 9 to enter vertex 10. Move the mouse up to grid location x = 14.875 mm and y =

12.7 mm from vertex 10 to enter vertex 11.
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Stepl 1: Move the mouse right to create a tapered end with vertices 12, 13, 14 and 15 with 

corresponding (x, y) locations at (21.8, 12.5) mm, (22.4, 14.25) mm, (22.4), (15.05) mm 

and (21.8, 16.475) mm respectively (refer to Figure 4.15).

Stepl2: Move the mouse left to the grid location (10, 16.475) mm to enter the vertex 16. 

Now vertex 1 to vertex 16 are sequentially connected to each other. To form a polygon, 

select the last vertex at the same grid location as vertex 1. A polygon is created in 

MGRID with 16 vertices. The color of the polygon is same as the color coded layer in the 

layer list window.

Figure 4.17: Polygon with vertices in MGRID

In addition to polygon with 16 vertices, a polygon with four vertices is created using the 

same approach described above. The polygon with four vertices is 0.8 mm2 in size is 

shown in Figure 4.17. This polygon is used as the source port to emulate the IC for the 

antenna. The IE3D simulation engine will not run without defining ports for the 

structure. Defining ports for the structure is discussed in the later in the section.
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From the menu in MGRID window, select file->save as command, to save the polygon to 

filename polygon 1.geo in a desired folder location. MGRID will save the polygon with 

“.geo” extension. The “.geo” extension is recognized as a geometry file in IE3D. In 

addition, MGRID automatically creates an output folder for this geometry to store files 

created after simulation of this structure. The output folder contains radiation pattern 

files, current distribution files and s-parameter data of the structure.

The next step is to create the meander line structure in the MGRID. The procedure 

described above is used to construct the meander line polygon and merge with the slot 

configuration shown in Figure 4.17. With meander line configuration, the size of the 

antenna can be kept small and within the application requirements. The meander line 

trace is desired to be as large as possible to obtain better radiation parameters such as 

directivity and efficiency through a large radiating aperture. The steps involved for 

creating meander line structure shown in Figure 4.18.

Step 1: Select file->new command from the menu in MGRID. A new MGRID file is 

opened. MGRID will prompt for the basic parameters. Enter the basic parameters that are 

used for the polygon drawn earlier in the section.

Step 2: Move the mouse to the grid location x = 15 mm and y = 4 mm to enter vertex 1. 

Vertex 1 set as reference point for the structure. Figure 4.18 shows the meander line 

polygon with vertices and corresponding grid locations.

Step 3: Move the mouse right to the grid location x = 17 mm and y = 4 mm to enter 

vertex 2. An edge is created between vertex 1 and 2.

Step 4: Move the mouse up to the grid location x = 17 mm and y = 6.225 mm to enter 

vertex 3 to form an edge between vertex 2 and vertex 3.
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V1 (15.000 ,4 .000)

v2 (17 .000 ,4 .000)

v3 (17 .000 ,6 .225)

v4 (7 .650 ,6 .225)

v5 (7 .650 ,7 .925)

v6 (17 .000 ,7 .925)

v7 (17 .000 ,11.575)

v8 (7 .650 ,11 .575)

v9 (7 .650 ,12 .875)

v10 (17.000 ,12.875)

v11 (17 .000 ,22 .825)

v12 (5 .500 ,22 .825)

v13 (5 .500 ,21 .325)

v14 (15.000 ,21 .325)

v15 (15.000 ,14.075)

V16 (5 .500 ,14 .075)

v17 (5 .500 ,10 .275)

v18 (15 .000 ,10.275)

v19 (15.000 ,9 .025)

v20 (5 .500 ,9 .025)

v21 (5 .500 ,5 .325)

v22 (15.000 ,5 .325)

Figure 4.18: Meander line structure with vertices location in MGRID

Step 5: Move the mouse left to the grid location x = 7.65 mm and y = 6.225 mm to enter 

vertex 4.

Step 6: Move the mouse right to grid location x = 7.65 mm and y = 7.925 mm to enter 

vertex 5. A horizontal edge is formed between vertex 4 and vertex 5.

Step 7: Move the mouse up to the grid location at (17, 7.925) mm. Select the grid location 

to enter vertex 6. Move the mouse to grid location (17, 11.575) mm. Select the location to 

enter vertex 7.
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Step 8: Move the mouse left to the grid location at (7.65, 11.575) mm to select vertex 8. 

Now, move the mouse up to the grid location at (7.65, 12.875) mm to select vertex 9.

Step 9: Move the mouse right to the grid location at (17, 12.875) mm to select vertex 10. 

A horizontal edge is created between vertices 9 and 10, see Figure 4.16.

Step 10: Move the mouse up to the grid location (17, 22.825) mm to select vertex 11. 

Move mouse left to grid location (5.5, 22.825) to select vertex 12. A horizontal edge is 

created between vertices 11 and 12.

Step 11: Move the mouse down to grid location (5.5, 21.325) mm to select vertex 13. 

Move the mouse right to the grid location (15, 21.325) mm to select vertex 14. A 

horizontal edge is created between vertices 13 and 14.

Step 12: Move the mouse down to grid location (15, 14.075) mm to select vertex 15. 

Move the mouse left to the grid location (5.5, 14.075) mm to select vertex 16.

Step 13: Move the mouse down to the grid location (5.5, 10.275) mm to select vertex 17. 

Move the mouse right to the grid location (15, 10.275) mm to select vertex 18.

Step 14: Move the mouse down to the grid location (15, 9.025) mm to select vertex 19. 

Move the move right to the grid location (5.5, 9.025) mm to select vertex 20.

Step 15: Move the mouse to the grid location (5.5, 5.325) mm to select vertex 21. Move 

the mouse to grid location (15, 5.325) mm to select vertex 22. Connect vertex 22 and 

vertex 1 to form a meander line polygon. From the menu in MGRID window, select file- 

>save as command, to save polygon to filename polygon2.geo (shown in Figure 4.19).



Figure 4.19: Polygon 2 created in MGRID

The next step is to connect polygon 1 with polygon 2. It is very critical to determine 

whether two polygons are connected together when building a structure with many 

polygons. In IE3D, connection between two polygons is possible only when they have a 

common edge with corresponding matching vertices. When two polygons are connected, 

a common edge between them is denoted by a red dot at the center of the common edge. 

It implies that there is no visible gap between the two polygons.

Step 1: Run MGRID. Select file->open command. Select file polygon2.geo.

Step 2: Select edit->select polygon command from the menu. Move the mouse over the 

polygon 2 to select polygon 2 that changes to black color. We need to copy polygon 2 to 

the polygon 1. geo file to complete the connection.
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Step 3: Select file->open command and select polygon 1.geo. Polygonl.geo file is opened. 

Go to edit->paste command file to paste polygon 2 in polygonl.geo file at grid location 

(40, 10) mm.

Step 4: Now we need to move the polygon 2 from grid location (40, 10) mm to connect 

vertex 2 of polygon to vertex 3 of polygon 1 at grid location (35.3, 16.475) mm. Select 

polygon 2.

Step 5: Select edit->move objects command in polygonl.geo. Move polygon 2 to grid 

location (35.2, 16.475) mm. The vertex 2 of polygon 2 automatically snaps to vertex 3 of 

polygon 1 (see Figure 4.20). The next step is to create a mirror image of polygon 2 to 

create polygon 3.
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Figure 4.20: Polygon connection
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Step 6: Select edit->copy and reflect command and select polygon 2. MGRID prompts 

the user to enter the object reflect angle (see Figure 4.21). Enter 180 in the box provided.

Figure 4.21: Copy and reflect command window

Step 7: Move the mouse to vertex 16 grid location (10, 16.475) mm to place the new 

polygon (refer to Figure 4.22). The new polygon automatically snaps to vertex 16 of 

polygon 1. Now the tag structure is complete with the meander lines. Then next step is to 

define a port for excitation of tag structure.

Figure 4.22: Tag structure with polygon 1, polygon 2, polygon 3 and polygon 4
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4.4.3.2 Ports and excitation

To simulate a structure we require a port (source excitation) on the structure. A port is 

defined by its polygon edges. The polygon for the port is the size of 0.8 mm2 to emulate 

the RFID IC. There are several ways to define a port. The following procedure describes 

a general procedure to define a port using a group of edges.

Step 1: Select edit->select polygon command from the menu and select polygon 4 

(port).

Step 2: We need to connect polygon 4 at the tapered end of the tag structure to create a 

port. Select edit->move Objects command. Move polygon 4 to connect to tag vertices 

13, 14, 4 and 5. MGRID automatically snaps polygon 4 to vertices 4, 5, 13 and 14 as 

shown in Figure 4.23.

Figure 4.23: Tag structure with port emulator
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Step 3: Select port->define port command. Various schemes for defining a port are shown 

in a window (refer to Figure 4.24). Select horizontal localized scheme. This means that 

we are applying voltage at the tapered end using polygon 4.

Figure 4.24: Various schemes for defining ports in IE3D

Step 4: Move the mouse over the upper left comer of polygon 4. Select the vertices of 

polygon 4. IE3D prompts the user to select the phase of edges of polygon 4 that will be 

connected to the tapered end of the structure (refer to Figure 4.25). Select an edge to enter 

the port. Port 1 is formed on polygon 4. A small rectangle with the number “ 1” is 

displayed on polygon 4. It is observed that red and blue color lines are formed along the 

vertical edges of polygon 4 indicating positive and negative terminals of the source, 

shown in Figure 4.26.

*1
Selected Rectangles: 1 “  |

1stPhi= 0(deg)
Cancel

C  2nd Phi= 180 (deg)

Figure 4.25: Selection of phase for edges of polygon 4 connected to structure
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IE3D employs various types of port definitions for different kinds of structures. From 

Figure 4.24 we can see that there are seven schemes for defining a port. The extension 

schemes such as advanced extension, extension for MMIC (microwave monolithic 

integrated circuit), and extension for waves and 50 ohms for waves are used for structures 

with infinite ground planes (defined as high conductivity layers on the substrates). The 

vertical localized and horizontal localized schemes are extremely useful for highly 

packed structures and probe fed structures. Figure 4.26 shows the complete RFID tag.

Figure 4.26: RFID tag structure with port (marked 1 at the terminal point)

4.5 Simulation of RFID tag

In the previous section, we have seen how to create polygons representing the tag 

structure and define the port for the structure in MGRID. The next step in the RFID tag 

design process is simulation. In the MGRID window open the simulation setup window 

(refer to Figure 4.27). The setup window consists of frequency parameters, meshing 

parameters, optimization definition, matrix-solver, adaptive-intelli fit (AIF) and output 

files (includes radiation pattern files and current distribution files). For simulation of any 

structure, a set of frequency points is required. The user can either enter the frequency 

points manually or capture them from previously simulated results that are saved in the 

output folder of the structure.
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Figure 4.27: Simulation setup window

The automatic edge cells and the meshing parameters are defined earlier in section 4.4.3. 

By default, AIF is enabled in the simulation setup window. AIF reduces the simulation 

time by adaptively selecting some of the simulation frequency points, simulating them 

and extrapolating other frequency points from them. For simulating specific frequency 

points, the user should check frequency points in the check box provided in the frequency 

parameter section. To view the current distribution and radiation pattern of the structure, 

check the box provided in the radiation pattern and current distribution parameter section. 

The output parameter automatically saves the radiation pattern and current distribution 

files in the output folder of the structure.
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Step 1: Select the “enter” button in the frequency parameter section to enter the frequency 

points. MGRID prompts the user for the frequency range. We need to simulate the 

structure at a UHF frequency range where the performance of the tag will be analyzed. 

The tag structure is simulated in the frequency range of 0.85 GHz to 1 GHz. To have a 

good resolution of simulation result, the structure is simulated at a 1 MHz step frequency. 

The total number of frequency points will be 151. Refer to Figure 4.28 for the frequency 

range window.

Figure 4.28: The frequency range window

Step 2: We are interested in obtaining the current distribution and radiation pattern of the 

tag structure to analyze the tag performance. Select the radiation parameter check box in 

the output parameters to view the current distribution and radiation parameter of the 

structure at different frequencies. By selecting the output parameters the IE3D simulation 

engine invokes the pattern view and current distribution simulators after the simulation is 

completed.

Step 3: From the simulation setup window (refer to Figure 4.29) select the invoke in- 

process IE3D in the matrix solver section from the list provided to enable the user to view 

MGRID after simulation.
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Step 4: Select Invoke MODUA in the post-processing section to view the frequency 

response of the s-parameters of the structure. The IE3D simulation engine invokes 

MODUA to view the s-parameter data after the simulation is completed.

Figure 4.29: Simulation setup window with frequency parameters defined

Step 5: The IE3D simulation and optimization engine performs the simulation of the 

structure. The simulation engine displays the progress of simulation at selected frequency 

points checked in the frequency parameter. Figure 4.30 shows the IE3D simulation and 

optimization engine.
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Figure 4.30: IE3D simulation and optimization engine

After the simulation is complete, the IE3D simulation engine saves the s-parameters, 

radiation pattern and current distribution data into the output folder of the structure. The 

current distribution data is saved with “.cur” extension, the radiation pattern file is saved 

with “.pat” extension and the s-parameters of the structure are saved with “.sp” extension. 

IE3D will invoke the MODUA simulator display of the s-parameters of the structure. In 

addition to s-parameters, the user can select to view either Y or Z parameters. These 

parameters can be displayed in cartesian graphs, data lists or Smith chart in MODUA. 

Our interest is to obtain the impedance data at the simulated frequency points from 

MODUA and use the data for complex impedance matching with the chip. The 

impedance parameter data is saved into a text file. The data is then exported into an Excel 

spreadsheet for further analysis. The analysis o f this data is discussed in Chapter 5. 

Figure 4.31 shows the return loss of the antenna simulated on different materials.
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Frequency (MHz)

Figure 4.31: Simulated return loss (SI 1) of antenna on different materials 

4.5.1 Current distribution and radiation pattern

After simulation of the structure is complete, an instance of MGRID will be invoked to 

display the meshed structure, simulated current distribution (average and real time) and 

radiation pattern of the structure. Figure 4.32 shows the meshed structure and current 

distribution window.
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Figure 4.32: Meshed structure view

To view the current distribution of the structure, select process->display current 

distribution in the MGRID structure view, shown in the figure above. A current 

distribution display parameter window prompts the user to select the frequency at which 

the current distribution should be simulated and the type of current distribution, such as 

scalar or vector current distribution. The current distribution display parameter window is 

shown in Figure 4.33.
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Figure 4.33: Current distribution display parameter window 

In IE3D, there are six ways to visualize a current distribution. The user can choose using 

the drop down box provided in the display window. Table 4.3 shows the types of 

distribution and their display features. For explanation purposes, the average current 

distribution type is discussed here.

Table 4.3: Current distribution types and its display features [26]

Distribution type Display feature

Average current distribution Shows the average intensity at each location

Vector current distribution Shows the direction and intensity at specific location and 

time as vectors on arrows

Average and vector current 

distribution

Shows the average intensity as color on polygons and 

direction of current density at a specific time with vectors 

on arrows

Scalar current distribution 

animation

Shows the current density at different locations at different 

time

Vector current distribution 

animation

Shows the direction and intensity at different locations at 

different time

Scalar and vector current 

distribution animation

Shows the direction and intensity at different locations at 

different time
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Select average current distribution at No. 3 Frequency (915 MHz). It displays the average 

intensity at each location on the structure. MGRID will display the average current 

distribution. Figure 4.34 shows the average current distribution of the structure. The 

color legend shown in the display window denotes the magnitude of the current 

distribution in "dB”. The red zone indicates high intensity while the blue zone indicates 

low intensity.

Figure 4.34: 3D view of average current distribution of the structure

There are additional display control parameters for the above 3D display of the current 

distribution. The parameters can be accessed from the view menu in the display window. 

The parameters include: change background color, zoom-in and zoom-out, view axes and 

set graph parameters. The user can change these parameters depending on individual 

requirements.
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MGRID invokes IE3D to perform a pattern calculation. Figure 4.35 shows the 

pattemview window. Pattemview is opened with a calculated pattern file in the list, for 

2D and 3D visualization and comparison of radiation patterns. It is observed that the 

radiation pattern for polygon 1 is available for 2D and 3D visualization. The user can add 

more patterns to the current pattern for comparison purposes. To add a new pattern file, 

select edit->add pattern. Pattemview prompts the user for the pattern file with a ".pat” 

extension. Select OK to continue; thus a second pattern file is added for 2D and 3D 

visualization and comparison.

Ы I ±i

Ready \ Nliv

Figure 4.35: Pattemview for 2D and 3D visualization of radiation pattern

For 2D visualization, select display->2D pattern from the menu. The user can choose 

either a cartesian plot or a polar plot to view a 2D pattern. Other options for the 2D 

pattern display include different scaling schemes such as gain, directivity, and conjugate 

match gain from the list, and direction of display (azimuth or elevation). Figure 4.36 

shows a 2D pattern display window.
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Figure 4.36: 2D pattern display setting for polygon 1

For the tag simulated here, select scale style->directivity at 915 MHz. Select e-total in the 

2D display at phi = 0 and phi = 90 at 915 MHz. Select plot style->polar plot. The 2D 

polar plot is displayed (see Figure 4.37). The simulation results are discussed in detail in 

Chapter 5. For 3D visualization, select display->3D pattern. The 3D pattern display 

window is opened. It should be noted that the radiation pattern is a function of 

frequency. The frequency selected here is in the 915 MHz frequency band. Refer to 

Figure 4.38 for 3D pattern selection. The user can select either mapped 3D or true 3D 

pattern styles. A mapped 3D pattern is the pattern with the theta angle mapped to the 

radius of a cylindrical coordinate system. The radius in the cylindrical coordinate system 

represents value of theta angle. The true 3D pattern is a pattern in actual 3D space. The 

size of the pattern from the origin represents how strong the field is a specific angle. 

Also, the user can choose the display quantity as total e-field, theta-field and phi-field, 

from the polarization list shown in the window. Figure 4.39 shows the mapped 3D pattern 

of polygon 1.
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Figure 4.37: Elevation pattern of the tag

Figure 4.38: 3D pattern display setting for the tag
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Figure 4.39: The 3D radiation pattern showing the directivity

In addition to 2D and 3D visualization of antenna parameters, we can plot the frequency 

response of antenna parameters such as gain, directivity, radiation efficiency and antenna 

efficiency. To display the frequency response of the above parameters select display-> 

gain vs. frequency, ->efficiency vs. frequency or ->directivity vs. frequency response. 

The frequency response parameters of the tag are discussed in Chapter 5.

The design and simulation of an RFID tag in free space with a set of defined parameters 

is discussed here. The procedure described above can be used to design other RFID tags 

for different applications. The procedure can be used to simulate RFID tags on different 

materials such as corrugated cardboard, pill bottles and vials. The performance of the 

RFID tag on these materials is analyzed and results are discussed in Chapter 5. While in 

this chapter some of the frequently used commands to design a structure have been



discussed, there are still other commands that can also be used for designing similar or 

more complicated structures to achieve the desired results. The software employed here is 

available for evaluation purposes and can be obtained from the software manufacturer

[26].

4.6 Summary

In this chapter, we have seen the design and simulation procedure for RFID tags using 

IE3D electromagnetic simulation software. We have seen a brief description of the RFID 

tag manufacturing process. In Chapter 5 the performance analysis of an RFID tag on 

different materials, read range of tag on different materials and complex impedance 

matching are discussed.
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Chapter 5 Measurements and analysis of passive UHF RFID tags

5.1 Introduction

The matching of the tag antenna impedance with the chip and tag performance in free 

space, corrugated cardboard, high density/low-density polyethylene (HDPE/LDPE- 

commonly used for manufacturing pill bottles), polytetrafluoroethylene (used for 

manufacturing vials) are presented in this chapter. Also, read ranges of the tag on the 

above materials are measured using an RFID reader and the experimental setup. In 

addition, the orientation sensitivity of tags with respect to reader antenna is measured on 

materials and the effect on the performance of RFID tag due to metal objects and liquids 

is presented.

5.2 Complex impedance matching

Passive RFID tags are powered by incident radio frequency signal from the reader 

antenna. When the tag is in the range of the reader antenna (forward link), a voltage is 

developed at the antenna terminals. This voltage is fed to the RFID chip which initiates 

the demodulation process and responds to the reader (return link). To achieve high 

performance with regards to the read and write distance of a tag, the impedance of the 

antenna should be a complex conjugate of the chip impedance. The complex impedance 

of the antenna Zant is a function of frequency and has a real part Ra„, and an imaginary 

part Xam. Both are a function of frequency. Similarly, the real part of chip impedance is 

Rl and the imaginary part XL. Equation 5.1 shows the expression for complex impedance 

matching of chip and the antenna,

Z « r= % ;

where Zanl = Ran, + jX am and ZL =RL-  j X L.

(5.1)
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Figure 5.1 shows the antenna with a strap attached to the antenna terminals. Figures 5.2 

and 5.3 show the simulated antenna impedance as a function of frequency on different 

materials. The impedance of the antenna becomes very small when the size is less than a 

wavelength. Also, the antenna impedance varies considerably due to the dielectric 

substrate of the antenna. By design, the antenna is optimized at a higher frequency such 

that when placed on the pill bottle or vial, the center frequency shifts to lower frequencies 

(-915 MHz) due to dielectric loading of the material. Because of manufacturing 

tolerances, packaging, and chip impedance variations due to environmental effects, it is 

common to have a broad matching of the antenna to the chip. The chip impedance value 

is 13.5 - Ј182.2 Ohms.

Figure 5.1: RFID tag
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Frequency (MHz)

Figure 5.2: Simulated antenna resistance on different materials

Frequency (MHz)

Figure 5.3: Simulated antenna reactance on different materials
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The complex impedances of the tag at desired frequencies on different materials are 

shown in Table 5.1. From the table it is observed that antenna resistance is doubled at 

915 MHz from free space to pill bottle due to dielectric loading of the material and the 

reactance is significantly increased to match to the chip reactance. Also, the resistance of 

the antenna at center frequency is relatively low in all cases as summarized in Table 5.1. 

This is attributed to the size of the antenna. Since the size of the antenna is dictated by the 

application requirement, it is a trade-off for the read range of the antenna which decreases 

due to the low resistance of the antenna.

Table 5.1: Antenna impedance in the frequency band of interest

902 MHz 915 MHz 928 MHz

Free space 1.19+jl43.2Q 1.3+Ј148П 1.42+j 153.1 Q

Cardboard 1.22+j 144.4 Q 1.33+j 149.3 Q 1.46+j 154.5 Д

Vial

(Polytetrafluoroethylene)
2.21+j 168.1 П 2.56+j 176.7 Q 3+j 186.6 Q

Pill bottle 

(HDPE/LDPE)
2.48+j 174.8 Q 2.9+j 184.6 Q 3.45+Ј195.9 Q

From Table 5.1 it is observed that the impedance of the antenna in free space at 915 MHz 

has low resistance and reactance. This indicates that the antenna is non-optimized (not 

complex conjugate of the chip) at this frequency. Therefore power delivered to the load 

decreases (refer to Equation 5.2) and the operating range (read range) decreases 

significantly in free space. Similarly, the impedance of the tag on cardboard is non

optimized at the desired frequency. Consequently the read range of the tag on the 

cardboard is decreased.
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The reactance of the antenna when placed on a vial is increased due to dielectric loading 

of the material. It indicates that reactance of the antenna is a conjugate of the chip 

reactance at resonance (-922 MHz) which is within the band of interest. A typical RFID 

system is shown in Figure 5.4.

Antenna

When the antenna is matched, maximum power is delivered to the chip. In the case of 

mismatch, the power delivered to the chip is given by equation 5.2. In equation 5.2, p is 

the impedance mismatch factor,

P = —  = 7---------- ^ --------- *r- (5-2)
P l M ox (R a n t +  & L  У  +  a n t +  ^ L ?

The impedance mismatch factor is calculated over a frequency band of interest. In 

Chapter 4, it is seen that the tag is simulated in free space. To understand the effects on 

common objects such as pill bottle, vials and corrugated cardboard, the performance of 

the antenna is simulated on different materials. The thickness of the materials is 1.2 mm. 

The properties of the materials are summarized below in Tables 5.2, 5.3 and 5.4.
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Table 5.2: Substrate (HDPE/LDPE-pill bottles) parameters for the antenna

Substrate No. Thickness (T)
Dielectric 

Constant ( s r )
Permeability

( / O
Loss Tangent

No. 0 - Ground 0 1 1 -
No. 1 - Substrate 1.2 mm 2.26 1 0.00031

No. 1 - Substrate 0.0508 mm 
(2 mils) 3 1 _

No. 2 - Substrate 
(Air) 1 x 1015mm 1 1 -

Table 5.3: Substrate (cardboard) parameters for polygon 1

Substrate No. Thickness (T)
Dielectric 

Constant ( s r )
Permeability

(/*,)
Loss Tangent

No. 0 - Ground 0 1 1 -
No. 1 - Substrate 1.2 mm 1.08 1 -

No. 1 - Substrate 0.0508 mm 
(2 mils) 3 1 -

No. 2 - Substrate 
(Air)

1 x 10I5mm 1 1
-

Table 5.4: Substrate (PTFE-vials) parameters for polygon 1

Substrate No. Thickness (T)
Dielectric 

Constant ( s r )
Permeability

( H r )

Loss Tangent

No. 0 - Ground 0 1 1 -
No. 1 - Substrate 1.2 mm 2.08 1 0.0004

No. 1 - Substrate 0.0508 mm 
(2 mils) 3 1

“

No. 2 - Substrate 
(Air)

1 x 1015mm 1 1 "

The parameters shown in Table 5.2, 5.3 and 5.4 are entered in the substrate layer group of 

the basic parameter window (refer to Figure 4.14). Figure 5.5 shows the RFID tag 

(polygon 1) on a substrate.
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1.2 mm
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Substrate Materials:
Cardboard,
HDPE/LDPE and 
vial

Figure 5.5: RFID tag on a substrate

The impedance mismatch factor is calculated over the desired frequency range on 

different materials using equation 5.2. Table 5.5 summarizes the impedance mismatch 

factor of the antenna and chip in dB. From Table 5.5 it is observed that the antenna in 

free space and on cardboard has a significantly large mismatch factor compared to the 

antenna on a pill bottle and a vial. Clearly, the mismatch of tag and chip in free space and 

on cardboard are approximately equal. The mismatch factor of the antenna and chip on 

cardboard and free space is attributed to the low impedance values of the antenna. Also, 

at center frequency the mismatch factor difference between free space and the pill bottle 

is 10.57 dB. This is due to loading of the antenna by the dielectric material which is 

desirable when placed on the pill bottle. Typically, a mismatch factor of greater than 6 dB 

results in a decrease in read range of the tag to half the distance [31]. The read range of 

the tag on different materials is discussed in the following section.

Table 5.5: Mismatch factor of antenna and chip as a function of frequency

902 MHz 915 MHz 928 MHz

Free space -14.32 dB -12.98 dB -11.45 dB

Cardboard -13.96 dB -12.58 dB -10.99 dB

Vial -5.69 dB -3.14 dB -2.53 dB

Pill bottle -3.61 dB -2.41 dB -4.07 dB
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One of the important performance characteristics of an RFID tag is the read range. Read 

range of the tag can be defined as the maximum distance at which the RFID reader can 

detect the backscattered signal from the tag. By proper impedance matching of the tag 

antenna with the chip and depending on the design requirements such as the size of the 

tag and the application of the tag, the desired read range can be achieved. Commercially 

available UHF RFID tags today have a read range up to 20 feet (~6m), depending on the 

type of application used and the operating environment. In this section the read range of a 

tag on different materials is presented. Both the simulated and measured read ranges of 

the tag are compared. To measure the performance of a tag on products, a test setup is 

constructed using a RFID reader, host computer and antennas. Theoretical read range of 

an RFID tag can be calculated using the modified Friis free space equation (refer to 

equation 5.3)

5.3 Read range

where,

Rtag -  read range of the tag,

X -  wavelength,

p -  impedance mismatch factor,

Pt -  transmitter power,

Pth -threshold power (power at which the chip is turned on),

Gt -  gain of the reader transmit antenna and 

Gr -  gain of the tag antenna.

Table 5.6 summarizes the RFID reader power, tag turn on threshold power, gain of 

transmit antenna and the gain of receive antenna values for calculating the read range of 

the tag.

(5.3)
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Table 5.6: Values of parameters in Friis free space equation

Description Value

Transmit power Pt 1 watt

Threshold power Pti, 800 pW

Gain of transmit antenna Gt 4 (6 dBi linear)

Gain of tag antenna Gr
1.62 dBi (free space, cardboard) 

1.63 dBi (vial, pill bottle)

The theoretical read range of the RFID tag on different materials is plotted as a function 

of frequency as shown in Figure 5.6. From the figure it is observed that the read range of 

a tag in free space and on cardboard is significantly reduced in the frequency band of 

interest due to mismatch. The read range of the tag is improved on materials due to 

dielectric loading. It indicates that the threshold power required to turn on the tag and 

respond to the RFID reader is very low, typically on the order of 800 pW (-1 dBm) or 

less. The spread of read range over the frequency band is significantly large on materials 

to accommodate any shift in resonant frequency due to detuning caused by nearby tags or 

metals, thus providing maximum read range over the frequency band. Also, it presents 

insight into the performance of the tag on different materials along with the bandwidth. 

As a result, the antenna design can be modified to achieve the desired performance of the 

tag. Table 5.7 summarizes the read range of a tag in the frequency band of interest.
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Frequency (MHz)

Figure 5.6: Theoretical read range of RFID tag

Table 5.7 Theoretical read range (in meters) of tag on different materials

902 MHz 915 MHz 928 MHz

Free space 0.43 0.49 0.58

Cardboard 0.47 0.55 0.65

Vial 1.17 1.54 1.63

Pill bottle 1.49 1.68 1.37

Figure 5.7 illustrates the test setup to measure the read range of a tag on pill bottle. The 

default test parameters for read range measurements describe the conditions under which 

the test is conducted. These parameters include operating environment, distance between 

the RFID reader transmit and receive antennas, type of antennas and peripherals of the 

RFID reader. In this test setup it is assumed that the operating environment has minimal
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effect to influence the read range measurements. Also, the cable loss is compensated by 

the application. The test is conducted in a hallway free from metal objects. Both transmit 

and receive antennas are elevated to 1 meter above the ground to eliminate the effects of 

multipath of the transmitted signal. Also, the separation distance between the transmit 

and receive antennas is 50 cm. The reader used in this test setup is an ALR-9780 

manufactured by Alien Technology and the antennas are linearly polarized with gain of 6

The tag range measurement is taken with the tag placed on different materials. The 

application program provided by the RFID reader manufacturer is used to monitor the 

communication between the tag and the reader through a host computer which is 

connected to the reader. To control the conditions of measurements, the tag is placed at a 

fixed distance from the reader antenna at 40 cm. Also, it is ensured that the tag is placed 

in the far field of the reader antenna. At this distance, the communication between the tag 

and the reader is monitored to ensure that the tag has a 100% read rate.

dBi.

Figure 5.7: Test setup to measure read range on pill bottle

RASMUSON LIBRARY
UNIVERSITY OF AIAs K S ^ A N K S



100

The RF power from the reader is attenuated at each measurement frequency using the 

application to simulate a change in read range. As the attenuation is increased at each 

frequency setting, the read rate is improved until at certain attenuation value where the 

tag is unreadable. The peak attenuation is noted at each frequency point at which the tag 

has maximum read rate. Figure 5.8 shows the measured and theoretical read range of tag 

as a function of frequency. From the figure it is observed that the measured and 

theoretical curves for the tag range are in reasonably close agreement. A similar test setup 

is used to measure the read range of the tag on vial shown in Figure 5.9. The measured 

read range values are plotted as a function of frequency as shown in Figure 5.10. The 

measured and theoretical read ranges are in reasonably close agreement. The measured 

read range follows a close trend with theoretical values. The variations in the measured 

and theoretical read ranges could be accounted for by the strap bonding to the antenna 

structure that adds parasitic capacitance resulting in a change of capacitance of the chip.

Frequency (MHz)

Figure 5.8: Measured and theoretical read range of tag on pill bottle
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Figure 5.9: Test setup to measure read range on vial

Frequency (M Hz)

Figure 5.10: Measured and theoretical read range of tag on vial



102

A similar setup is used for measurement of read range of the tag in free space and on 

cardboard. The tag is placed at a distance close to the reader antenna where it is detected. 

At zero attenuation (maximum reader power) the distance at which tag is read is 

measured at frequency of interest. Table 5.8 summarizes the measured and theoretical 

read ranges of tag in free space and on cardboard.

Table 5.8: Measured and theoretical read range of tag in free space and on cardboard

Free space Cardboard

Theoretical Measured Theoretical Measured

902 MHz 0.4 0.25 0.48 0.3

915 MHz 0.5 0.36 0.55 0.43

928 MHz 0.59 0.46 0.65 0.6

5.4 Tag orientation sensitivity

One of the important design parameters of the RFID tag is orientation sensitivity. The 

radiation pattern of an antenna is a graphical representation of radiation intensity around 

the antenna structure. The angles at which the RFID tag is presented to the reader antenna 

have an effect on the read range of the tag. In this section the orientation sensitivity of 

the tag when presented to a reader antenna is discussed.

Figure 5.11 illustrates a test setup to determine the orientation sensitivity of the tag. The 

tag is placed on a cardboard box with a thickness of 1.2 mm. The location of the tag is 

aligned to the RFID reader transmit antenna at a fixed distance of 40 cm. Also, the 

transmit and receive antennas are separated by fixed distance of 50 cm. A host computer 

is connected to the RFID reader to monitor the presence of the tag using a software 

program provided by the reader manufacturer. The reader transmit and receive antennas 

are linearly polarized with a gain of 6 dBi and the maximum transmitted power from the 

reader is 1 watt. The tag is rotated along the E-plane in front of the reader at a fixed
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angle with a step size of 15 degrees. The aim of the test is to measure the attenuation at 

which the tag is not readable, at each angle of presentation to the reader antenna.

Figure 5.11: Experimental setup for testing tag orientation sensitivity

All measurements are taken at 915 MHz. The transmit power from the reader is 

attenuated until the tag is not readable. The angle of presentation and attenuation at which 

tag is not readable is measured. This procedure is repeated for all the angles along the E- 

plane. The radiation pattern of the tag on pill bottle and on vial along the E-plane is 

shown in Figure 5.12. Note that the concentric circles represent the attenuation in dB 

along each angle of presentation of tag to the reader antenna. It is desired to have an 

optimal tag design that can be read at all angles of orientation with respect to reader. But 

application specific tags can only be read in particular orientation with respect to a reader 

in a complex environment. The radiation pattern provides insight into how the position 

(orientation) of the tag on the pill bottle strongly determines the read range performance 

of the tag. From Figure 5.12, it is observed that the tag performs better on the pill bottle 

and vial due to dielectric loading of the material. The higher the attenuation values in 

Figure 5.12, the longer the read range of the tag. Also, when the tag is presented at right 

angles to the reader antenna, the tag is unreadable due to very low antenna gain at that 

angle. The read range of the tag is best when tag is presented along the axis of pointing of 

the reader antenna (aligned at 0 degrees).
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Figure 5.12: The measured E-plane antenna pattern at 915 MHz

Also, the improvement in performance due to placement of the tag on product confirms 

that the tag is tuned better on products and has a better impedance matching. It should be 

noted that there is approximately a 5 dB improvement in read range of the tag on pill 

bottle over vial. Thus, the tag on vial has less read range distance in the frequency band 

of interest when compared to tag on product when tags are aligned along E-plane of 

reader antenna. In the H-plane the tag on vial and on pill bottle has approximately 

circular patterns. It indicates that when the tag is aligned along the H-plane of the reader 

antenna, the performance of the tag is about the same across all angles of presentation. 

Figure 5.13 illustrates the performance of the tag in the H-plane of the reader antenna. 

The response of the tag on pill bottle when aligned to the H-plane of the reader antenna is 

significantly improved with an average attenuation of 5 dB compared to vial. This 

increase is attributed to an increase in the field power coupled into the antenna due to 

impedance matching. Again these results confirm that the read range is significantly 

improved when the tag is placed on pill bottle.
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Figure 5.13: The measured H-plane antenna pattern at 915 MHz

From Figure 5.14 it is seen that maximum directivity of the tag antenna is along the z- 

direction when tag is placed optimally for a linearly polarized reader antenna. It should 

be noted that the radiation pattern is independent of the matching of the antenna and chip 

impedances. The figure shows the directivity of the antenna on pill bottle at 915 MHz.
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Figure 5.14: 3D radiation pattern of tag antenna 

5.5 Performance of tag on metal and liquid

Commercially available RFID tags are usually attached to objects made of plastic and 

cardboard. Some applications require tags to be read on objects that are in close 

proximity to a container filled with liquid and conductive surfaces (for example, tagged 

objects are often placed on conveyor belts made of metal or near metal enclosures in a 

warehouse). In such cases, the metals and liquid filled containers have strong effects on 

the performance of the UHF tag antenna. In some cases, tags may be unreadable at 

normal distances. Nearly all RFID tag antennas are resonant at a particular frequency 

band. Conductive surfaces in proximity to antennas can alter their resonant frequency by 

detuning the antenna to a lower frequency thus reducing the power transfer efficiency 

between the tag antenna and chip. In addition, metal objects strongly effect the 

performance of the tag by lowering its radiation efficiency. RFID tags that operate at low 

frequencies such as 125 kHz and 13.56 MHz are typically used for tagging metal objects 

and liquids because the coupling of energy is inductive and have a read range of less than 

one meter. At UHF frequencies, the effects of metal and liquid have constructive and
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destructive effects on the performance of the antenna depending on the proximity of the 

metal/liquid to the object. In this section, results of using a test procedure to measure the 

performance of a tag near a metal object and a liquid filled container are presented.

Figure 5.15 shows the test setup to analyze the performance of the tag near a metal 

object. Initially, the tag attached to the pill bottle and is placed in front of metal plate of 

10 mm thickness. The length of the metal plate is 25 cm and the breadth is 8 cm. Both the 

tag and metal plate are aligned to a linearly polarized reader transmit antenna. Both 

transmit and receive antennas are connected to the RFID reader through cables. A host 

computer is connected to the reader to monitor the communication between the tag and 

reader using a software program provided by the RFID reader manufacturer.

The gain of the transmit and receive antennas is 6 dBi. The maximum output power from 

the RFID reader is 1 watt. The distance between the reader antenna and tag is 40 cm and 

the distance between transmit and receive antennas is 50 cm. The amount of power that is 

transmitted to the reader antenna is varied using a built in attenuator in the software 

program. At each separation distance between the tag and the metal plate, the attenuation 

level (transmit power from the RFID reader) at which the tag becomes unreadable is 

measured. Figure 5.16 shows the attenuation of the tag in front of a metal plate with 

respect to separation distance at the frequency band of interest.
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Figure 5.15: Tag placed in front of metal plate

The transmit power is attenuated and the value is measured at three different frequencies 

at each separation distance with increments of 20 mm. The tag is unreadable within 20 

cm of separation from metal plate at all the frequencies. This is due to the metallic plate 

near the tag, where there is a 180 degree phase shift of the reflected electromagnetic wave 

that cancels the incoming wave, thereby reducing the radiation efficiency. From Figure 

5.16 it is observed that the tag responds to the reader at 1 dB of attenuation at distance of 

20 mm from metal plate. The tag performs better at lower frequencies in the band than at 

higher frequencies at 20 mm separation. At 915 MHz and 928 MHz, the tag responds to 

the reader at 2 dB attenuation of transmit power. When the distance between the tag and 

metal is increased, the response of the tag is improved. However, the tag read range is 

largest at lower frequency when compared to the read range at center frequency and 

higher frequency.
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Figure 5.16: Sensitivity of the tag placed in front of metal plate

A similar test setup is used to test performance of the tag placed in front of a liquid filled 

container. Figure 5.17 shows the performance of the tag placed in proximity to water. 

From the figure it is observed that the tag performs better at 902 MHz. At the center 

frequency and 928 MHz, the performance of the tag is reduced. The tag read range is 

affected at high frequency due to the proximity o f the liquid. As the separation distance 

increases between the tag and the container, the better the read range performance of the 

tag at all frequencies. By analyzing the sensitivity of the tag to the liquids, antenna design 

can be modified to achieve optimal read range performance across the frequency band of 

interest. It should be noted that there may be other factors that influence the read range of 

the tag in real world situations along with the effects of the above materials.
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Figure 5.17: Sensitivity o f tag placed in front of liquid filled container

From the above frequency dependent analyses of tag performance near metal objects and 

liquids, the antenna design can be modified to achieve optimal performance of the tag for 

specific materials. Also, the above observations can be useful for RFID reader design, 

where the sensitivity of the reader can be improved to detect tags which have limitations 

to perform in a complex environment.

5.6 Summ ary

In this chapter we have seen the important performance specifications of RFID that 

include complex impedance matching of the tag, read range, orientation sensitivity and 

sensitivity to metals objects and liquids with respect to frequency. The dependence of 

these performance specifications provide an insight into the antenna design issues that 

can be mitigated.
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Chapter 6 Conclusions and Future work

6.1 Conclusions

For the past fifty years there has been tremendous development in RFID technology, 

beginning with military applications during World War II to identify friend/foe aircraft to 

remote identification of consumer goods in the supply chain. In addition, coupled with 

the developments in RFID technology, there has been remarkable advancement in 

miniaturization of integrated circuits that permitted realizing applications of RFID 

technologies ranging from tracking livestock to remote identification of consumable 

goods at low cost. To track numerous goods in a supply chain using RFID technology, a 

low cost tag design is desired. Although a single RFID tag design is desirable for tracking 

objects, several applications require the tags to have long read ranges and less 

susceptibility to the external environment. Thus, application specific tag designs are a 

necessity. One of the most critical elements of any RFID system is the antenna. The 

antenna is the primary means of communication to track objects in RFID systems through 

which transfer of energy from the RFID reader to the RFID tag and vice versa is possible.

In this thesis, a novel tag antenna design for application in the pharmaceutical industry is 

presented. Given the design requirements of the tag such as size, read range and cost, the 

performance of the tag is analyzed in free space and on different products. The size of the 

tag is one of the fundamental constraints for application in the pharmaceutical supply 

chain. Also, long RFID tags (length greater than width) that are commercially available 

for item-level tagging may have performance degradation due to bending for use in the 

pharmaceutical industry. Therefore, the tag size selected here is 1 inch by 1 inch. In this 

section, conclusions from the analysis of RFID on different materials are summarized.

• Impedance matching: The tag design is optimized to achieve desired matching 

between the tag antenna and the RFID chip when mounted on a pill bottle. The tag 

antenna is designed to resonate at higher frequency such that when placed on products the 

resonant frequency is shifted to the frequency band of interest. It is observed that the shift
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in resonant frequency is due to the dielectric material (pill bottle). In addition, small size 

tags are highly sensitive to dielectric materials. Because of manufacturing tolerances, 

variations in the impedance of the chip and due to the proximity of other tags and 

materials, the resonant frequency of the tag may shift to lower frequency or higher 

frequency. Therefore it is desirable to have a broad impedance match.

• Read range: The impedance matching directly influences the read range of the tag. 

Since the tag antenna has a higher resonant frequency, the impedance mismatch is high in 

free space. The incoming electromagnetic energy received by tag antenna is only partially 

delivered to the load (RFID chip). Therefore, the read range of the tag is small. In 

addition, the tag is backscatter limited in free space and on cardboard (the tag does not 

have sufficient power to respond to be detected by the RFID reader). The measured read 

range performance of the tag on cardboard and in free space are similar. The measured 

read range of the tag on pill bottle is in close agreement with the theoretical value in the 

desired frequency band. It is observed that the read range depends on the material on 

which the tag is placed.

• Orientation sensitivity: Read range performance of the tag also depends on the 

orientation of the tag when placed on an object. The antenna pattern determines the 

orientation of the tag at which it has maximum read range when aligned to the reader 

antenna. In areas of physical implementations of the tag, the alignment with respect to a 

linearly polarized antenna is critical to get maximum read range. When the tag is aligned 

at 90 degrees to a linearly polarized reader antenna it performs poorly because the tag 

antenna gain is near zero at that antenna pointing. The tag presented in this thesis is 

sensitive to orientation when placed at right angles to a linearly polarized antenna. In real 

world situations, the two reader antennas are placed at right angles so that orientation 

sensitive tags can be read by placing a reader antenna to align along right angles to the 

transmit antenna.
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• Performance near metal and liquid: The type of material that the tagged object is in 

proximity to in this case is very critical. In this case a conductive material close to the tag 

severely degraded the read range performance. As the gap between the conductive 

material and the tagged object increases, improvement in read range performance is seen. 

The tag performs better at lower frequency in the band of interest compared to that of 

higher frequency. Liquids also impact incoming RF signals when tagged objects are in 

close proximity. Also, the tag performs better at lower frequency compared to higher 

frequency. Furthermore as the gap between the liquid and the tagged object increases the 

performance of the tag is improved.

The overall performance of the tag designed in this thesis was suitable for application in 

the pharmaceutical industry and the design goals were achieved. It is observed that 

meander line antennas provide greater flexibility in achieving desired antenna impedance. 

Also, meandering allows the antenna to be a small size for application specific tag 

designs.

6.2 Future work

With an increase in the understanding of applications of RFID in an industrial 

environment and identifying areas where the tag performance is subjected to test, we can 

design a tag that has performance characteristics to accommodate the complex 

environment. The substrate material for the tag presented here is one of the common 

materials that are used to manufacture pill bottles. Other materials that are in use today 

may have different material properties that can cause variation in performance of the tag. 

It is desirable to explore the performance of the tag on other materials. Also, it is 

observed that the performance of the tag is frequency dependent. Analyzing the 

frequency dependent parameters of small size tags would enable future tag designs to 

have better performance over a variety of materials.
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To eliminate the variations in impedance matching, read range and other performance 

characteristics caused by the strap bonding to the antenna terminals (that increases 

parasitic capacitance), the pad on which the strap is bonded should be designed broader 

so that it can accommodate strap bonding variations during the manufacturing process. 

Using the design procedure discussed in this thesis, novel antenna structures should be 

investigated for specific applications.
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