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ABSTRACT 

ATHENA - RFID TAG METRICS 

 

Amit Jain, M.S. 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor: Daniel Engels 

In this thesis we have developed a Metric which is a numerical value representing 

the readability and performance characteristic of an RFID tagged object. The metric 

value ranges from 0 -100 and is given a unit of Athena, where a higher number specifies 

a better performing tag.  

The major parameters on which the metric value depends are frequency at which 

RFID system is working, transmitted power by the reader, and the received signal 

strength from the tag. All the parameters used for the Metric evaluation are well within 

the FCC regulations for passive UHF RFID system.  

Choosing the best performing tag for the give application is utmost important task 

to be followed before starting any RFID application. It is difficult because of the number 
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of commercially available tags today. The methodology developed to calculate the metric 

may be performed with off-the-shelf readers and tags in a basic environment. The 

resulting metrics correlate strongly to the readability of the tagged objects in practice. 

 As there are very many factors affecting the readability of the tag, ranging from 

frequency, power to the object which is to be tagged, it is very important to test the tags 

and analyze the results to gain an insight into the impact these factors on the tags 

performance. The metric is a numerical value which compares the general readability of 

the tags combining the effects of all the above mentioned parameters.  

The experiments to design the metric were carried out using two RFID reader 

systems and used many different kinds of tags and products of general use. A comparison 

of different experiments shows the readability differences not only between different 

products but also between the two different readers used. Along with the lab environment 

(close to the practical environment) the tests were also carried in anechoic chamber to 

know the ideal condition performance of RFID tags. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Identification of objects by machines enables the operation of global supply 

chains management, makes it more efficient and reduces the cost. A lot of technologies 

like bar codes, smart cards, voice recognition, biometric technologies, optical character 

recognition, radio frequency identification (RFID), and others fall under a common name 

called as Automatic Identification (Auto ID). Bar codes have been the primary means of 

identifying products since late 1960s. RFID offers many compelling advantages over bar-

codes, including non-line-of-sight operation, minimizing human interference, and faster 

identification[1]. Some of the large retailers like Wal-Mart [2][3][4] and agencies such as 

US department of Defense (DOD) [5][6] have started using RFID extensively and as a 

result they have made is mandatory to their suppliers to use RFID. Also, organizations 

such as Food and Drug Administration (FDA) are encouraging the pharmaceutical 

companies to use RFID [7][8]. This has caused RFID to become important to a large 

number of people who were unfamiliar with the technology. An estimated 14,000 

companies supplying Wal-Mart and 50,000 suppliers to US DOD have to meet 

aggressive timelines set by these mandates and recommendations. Such big industry 
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players like Wal-Mart and DOD are doing this because of the operational efficiencies that 

are achievable with the use of RFID. Due to these mandatory time deadlines for their 

suppliers, numerous misleading claims from RFID vendors have come into picture. 

Moreover this has created confusion among RFID end-users. For example, a leading 

RFID tag vendor states in one of the web pages that “Today's RFID tags have read rates 

varying from as low as 20 tags/second to over 1,000 tags/second” [9]. In real world this 

statement is false or at best misleading. Misleading claims and the lack of good, credible, 

unbiased source of information has created confusion among the RFID end-users. Hence 

there is a serious need of performance benchmarks for RFID products to give consistent 

information and to avoid this confusion [8]. Hence, there is a need for tool to evaluate the 

performance and set benchmarks of RFID products to give consistent information and to 

avoid confusion. 

As mentioned above RFID enables products to be uniquely identified without the 

need for line of sight [10]. Using RFID, computers can sense objects and collect the data 

associated with objects. RFID will enable companies to track and trace individual items 

through the supply chain if used in conjunction with the Internet and associated 

infrastructure. Which means a product can be traced from the manufacturer, through the 

distributor, to the retailer, and finally to the consumer. RFID aims to provide retailers a 

near-perfect supply chain visibility [11]. That is, companies would be able to know 

exactly where every item in their supply chain is at any moment of time. In essence, 

RFID is revolutionizing the way products and goods are tracked and traced in the supply 

chain [11][12].  
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RFID is considered as an investment, by retailers,  for the future which would be 

providing advantages like cost reduction by maintaining adequate stock levels, reducing 

the out-of-stocks, counterfeit protection, anti theft protection, and real-time tracking of 

supplies. These benefits would not only be available to the end user but would reflect 

throughout the supply chain though there is still a question on return on investment time. 

In a highly competitive business environment, RFID represents the next level of supply 

chain efficiency that many companies are striving to attain [13]. 

A very few companies, out of the bulk of suppliers affected by these mandates, 

have the necessary RF expertise to deploy the technology available in-house. The 

majority of the companies depend on outside expertise for information and help. Due to 

the fact that there are not enough third party solution providers, companies still find 

difficulty in having access to good information about the technology. As a result, the 

companies that were mandated are dependent on the RFID vendors to investigate RFID 

performance in their environment. This in turn generates an obvious risk of getting biased 

information. Although there are better third party solutions currently, still the risk of bias 

exists. Hence there is a need for unbiased, good, and reliable source of information for 

RFID products.  

The reader accounts for the majority of the cost of a RFID system at the time of 

deployment, but it is a onetime investment. Also the middleware and the information 

system do not need much investment once deployed. The main component that is 

accountable for the recurring cost in a RFID system is the transponder (tags). Though 

costing much less than the reader and cost of deployment, the tags are needed in bulk and 

together over a period of time tags cost more than the other investment. Also, if a tag is 
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not chosen correctly, depending on the requirement, it degrades the performance of the 

whole system. Being an integral part of the system the tags cost cannot be neglected. In 

today’s market, with more than 500 companies manufacturing tags it becomes very 

difficult for the end user to get the appropriate tag, which would give the best 

performance for his requirement. It is very important to have a complete understanding of 

RFID tag designs and innovations to choose and decide tags for the required application. 

A tag design includes both the antenna design and the microchip used for the tag.  This is 

because; there is no single standard for the tag performance evaluation.  

The economic adoption of RFID technology by many industries is due the high 

performance, low cost and increased storage capacity of the RFID tags [14]. There are 

several tags that are commercially available that satisfy these criteria’s but the real 

difficulty lays in choosing one of these numerous tags. Also, there is no definitive 

criterion to define the performance of a tag on a particular objet.  This thesis lays out a 

roadmap to test passive UHF RFID tags on products. Along with the metric, Athena, it 

also defines a set of test procedures provide an understanding of some of the factors that 

affect the performance of tags.  

1.2 ATHENA – The RFID Metrics 

The RFID tag metrics Athena provides a simple, clear characterization of the 

performance of the RFID tag on an object. It is a solution to the performance estimation 

problems currently being experienced with the use of RFID tags in supply chains. In 

addition to the characterization of the tag performance Athena allows reader installation 

to specify the minimum Athena metric needed to achieve the required performance at that 

location.  
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“Athena” the tag metric, is a novel performance evaluation measure and is 

developed by taking into consideration several important factors like frequency, power, 

distance and the objects attached. Due simplicity of calculation and a well defined 

criterion of measurement, this metric would prove to be to a great asset to the tag vendors 

as well as the end users. The tag vendors and manufacturers can market different tags 

with a metric value attached to each single tag based on their use with different products. 

An end user can compare different tags just by looking at the tag’s metric and select the 

best tag for its application.  

This metric is calculated using two different readers Voyantic and the Sirit RFID 

reader. The Voyantic system is basically a performance evaluation reader and is used for 

test and evaluation commercially, but it is not used as a reader in fixed location 

installations. The Sirit system on the other hand is widely used reader, used commercially 

in fixed location installation. The idea behind using two readers was to compare and 

contrast the metric value from the two systems. Essentially, this comparison can be used 

to bring out the variance between different kinds of readers.  

1.3 Thesis Overview 

Athena- The RFID Tag Metric provides a simple numerical value to compare the 

performance of different RFID tagged objects. It is a solution to the performance 

estimation problems currently being experienced with the use of RFID tags in supply 

chains. Moreover, Athena provides a performance parameter to be added to the tags 

specification to better serve the end user as well as the vendor.  
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The thesis gives a complete description on currently available performance 

evaluation aspects along with a need tag metric. The design and development of the 

metric formulae and the results on different products are shown. More specifically, 

Chapter 2 discusses basics of RFID system giving the history and classification of 

the RFID system. It also gives a detailed description of various components of RFID 

system.  

Chapter 3 deals with the physics behind the RFID system. It describes various 

electromagnetic concepts on which the information transfer of the RFID system depends. 

Along with discussing the various laws governing electromagnetic it also gives a brief 

overview on polarization and antenna concepts.  

Chapter 4 talks about related metric and factors affecting the performance 

evaluation of a RFID tag. It describes Octane, the metric for gasoline, in detail and also 

describes the importance of all the parameters affecting the performance of the tag.  

Chapter 5 discusses the development of Athena – the RFID tag metric. It 

describes various assumptions used to develop the metric and also talks about constrains 

used for the development of the metric formulae.  

Chapter 6 deals with the instruments and experimentation for the metric 

calculations. It gives a detailed software and hardware description of the instruments 

used.  

Chapter 7 analyses the data collected from different experiments and also 

compares the metric obtained on different products. 

Chapter 8 summarizes the contribution of this work and also presents direction for 

the future work.   
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CHAPTER 2 

BASICS OF RADIO FREQUENCY IDENTIFICATION SYSTEM 

2.1 Introduction  

Automatic identification, or Auto-ID for short, is the broad term given to a host of 

technologies that are used to help machines identify objects and is often coupled with 

automatic data capture. The application of Auto-ID technology provides enterprises with 

significant gains in their operational efficiencies by enabling an unprecedented real-time 

view of their assets and inventories throughout the supply chain. Although ideally suited 

for supply chain management-type applications, Auto-ID technology has applications in 

any industry that can benefit from better asset tracking, tracing, and management. Radio 

Frequency identification is one of the oldest, yet not widely used, technologies onboard 

as far as automatic data capture technologies are concerned [10].  RFID is a generic term 

that is used to describe the systems which can transmit and receive the identity of an 

object or a person wirelessly using Radio waves. There are several methods of 

identification, but the most common is to store a serial number, also known as Electronic 

Product Code, that identifies a person or object, and perhaps other information, on a 

microchip. This microchip is attached to an antenna and together the structure formed is 

call and a “RFID tag” or “Transponder”. The reader reads the content of the microchip 
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using Radio wave communication. Thus the stored number on the tag forms the basis of 

identification technology. This number is attached to the backend information system 

which does the required processing on the data attached to the identification number.  

2.1.1 History of RFID 

Though not very widely used Automatic Identification and data capture 

technology as barcodes, the roots of radio frequency identification technology can be 

traced back to World War II [15]. The Germans, Japanese, Americans and British were 

all using radars, discovered in 1935 to warn of approaching planes while they were still 

miles away. The problem was that there was no way to identify which planes belonged to 

the enemy and which were a country’s own pilots returning from a mission. This problem 

led to sometimes shooting down own planes and thus Germans discovered that if pilots 

rolled their planes as they returned to base, it would change the radio signal reflected 

back. This technique alerted the radar crew on the ground that these were German planes 

and not allied aircraft. The British at the same time developed the first active identify 

friend or foe (IFF) system [15]. They put a transmitter on each British plane. When it 

received signals from radar stations on the ground, it began broadcasting a signal back 

that identified the aircraft as friendly. RFID works on this same basic concept. A signal is 

sent to a transponder, which either reflects back a signal or broadcasts a signal. The use 

of RFID as an Auto Identification and Data Capture (AIDC) technology has 

tremendously increased since then, and nowadays RFID has numerous applications such 

as supply chain managements, credit card security, inventory management, toll 

collection, lap scoring, animal tracking and identification to name a few.  
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2.2 Taxonomy of RFID systems 

Throughout the development processes of RFID to its current form it has evolved 

through a variety of RFID systems. A classification of RFID systems would help us to 

understand an RFID system in its entirety, with the uses, drawbacks and fundamental 

principles behind each one [8][15]. The two main categories to distinguish RFID systems 

are: 

• Operating Frequency Range 

a. LF (9kHz – 135kHz) 

b. HF (13.56 MHz) 

c. UHF (860MHz- 960MHz) 

d. SAW (2.45GHz) 

• Type of communication 

a. Passive Communication 

b. Semi passive or Semi Active Communication 

c. Active Communication 

2.2.1 RFID System Based on Operating Frequency 

One of the major classification aspects is the frequency at which the RFID system 

works. The operational frequency range allocated to the RFID systems depends on the 

type of coupling used in communication - Inductive Coupling or Radiative Coupling. In 

practice, the Low Frequency System (125 kHz) and the High Frequency System 

(13.56MHz) uses inductive coupling. Such systems usually have antenna with typical 

read range from a few cm to a meter. LF RFID is widely used by the automotive industry. 

Currently all car immobilizers (key) use a LF transponder embedded into a car key with a 
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reader mounted in the ignition. Other applications are vehicle identification for highway 

and parking lot access. Some of major applications of the HF systems are contact less 

smart cards, credit cards, passports and access control systems. Nowadays HF RFID is 

widely used in security as well [16].  The other type of coupling, radiative, is used by 

UHF RFID systems. These systems have a lot many applications starting from supply 

chain management to inventory management to product tracking. It is known to offer a 

long read range of up to 10 meters. The RF Surface Acoustic Wave (SAW) systems fall 

under the category of chip-less tag system. Chip-less tags do not contain an integrated 

chip, but they encode unique patterns on the surfaces of materials. These patterns 

constitute the data that is reflected back to the readers [17]. These systems are known to 

have the highest read range with high reading speeds as well. The theoretical read range 

of such systems goes up to 100 meters.   

2.2.2 RFID System Based on Communication Type 

• Passive Tag 

• Active Tag 

• Semi-Passive Tag 

• Semi-Active Tag 

The above mentioned classification of the tags is done based on two major 

criteria, the power source used by the tags to energize their circuitry and second how tags 

reply to the request by the reader’s signal [18]. Since RFID reader interrogates the tags 

using radio frequency waves for the data stored, tags can either use the carrier wave from 

the reader or the on-chip power source (battery) to power their circuitry to modulate the 

carrier wave and to transmit the data.  
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The passive or battery-less tag are the tags that have no on tag power sources and 

this signifies that the communication takes place by the modulation of the carrier wave 

from the reader in a back scatter mode [8]. Though we avoid using batteries, which keeps 

the tags cost effective, this requires highly intelligent ASIC chip design so that we can 

power the tag effectively as well as use the powered integrated circuitry to modulate the 

carrier wave for effective transmission. Hence, these tags have range of less than few 

meters. 

Active tags use on board power supply for powering the logic as well as to 

communicate with the reader. These tags have the best performance and provide a read 

range up to kilometers. But this comes with a higher cost.  

The sub category of the active communication is semi-active, which uses active 

communication but it communicates only when required or asked for. 

Finally, semi-passive tag, which communicates passively but it has an on tag 

power supply. These types of tags can therefore contain some kind of sensors on the chip 

to provide higher functionality to the tag. This power supply on the tag also runs the logic 

on the chip. These tags have better range than passive tags, but the read range do not go 

up to kilometers. 

 

2.3 RFID System Components  

RFID system consists of three basic components: transponders, readers, 

information (computer) system / middleware as shown in fig. Transponder is attached to 

the item to be identified or tracked, reader is used to identify the items, and the 

information system which can also contain middleware, processes the data to make it 
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useful. Middleware is basically a bridge between readers or a reader and the information 

system to facilitate proper communication [18].  

 

Figure 2.1 The RFID System [19] 

 

2.3.1 RFID Reader 

Reader is a transceiver which sends the RF signal to activate and establish 

communication with the tag and also receives the data from the tag to be sent to the 

information systems. An RFID reader typically contains a module (transmitter and 

receiver), a control unit, and a coupling element (antenna)[18][20]. 

The goal as a transmitter is to send a query command to activate the passive tags 

and to establish communication with other tags. The control unit in the reader modulates 

the RF signal’s frequency or phase and sends out the modulated data to query the tag. 

When the reader acts as a transmitter, it needs to take care of the amount of power it 

transmits. The amount of power delivered by the reader is governed by regulatory boards 

like Federal Communications Commission (FCC), European Telecommunication 

Standards Institute (ETSI) and International Telecommunication Union (ITU) that 
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governs security issues, standards and specifications for spectrum allocation. FCC is the 

concerned authority in the United States and ETSI is in Europe [21]. As a receiver reader 

receives the modulated data from the tag and sends it to the information system via 

middleware for processing. There are various restrictions, like a radio device that 

operates in the ISM band (902 - 928 MHz UHF RFID band in the United States) is 

required to frequency hop every 0.4 sec, which restrict the RFID reader performance and 

limits its maximum operating range, back scatter power and strength[22][23]. 

RFID reader uses antennas to communicate with the RFID chip. The antenna 

plays the vital role of transmission and reception of the electromagnetic waves [24]. High 

gain and directivity are the desired characteristics of a Reader antenna. The ratio of the 

radiation intensity in a given direction from the antenna to the radiation intensity in all 

the direction is called directivity [18]. Antenna should have high directivity both for 

reception as well as transmission. The other important parameter is gain which measures 

the efficiency of the antenna as well as its directional capabilities. 

Reader requirements vary depending on the type of task and application. Various 

types of reader systems are: 

1. Handheld readers that act like a handheld bar code scanner. 

2. Readers embedded into mobile data collection devices. 

3. Fixed readers, which are mounted to read tags automatically as items pass 

by or near them. 

Other important factors that affect the reader performance are polarization of the 

antenna, radiation efficiency and impedance matching. The reader that we are using in 

our experiment is SIRIT reader. 
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Figure 2.2 Sirit Reader [25] 

 

2.3.2 Middleware & Information System  

Information system and middle ware form a very important part of RFID system. 

Without the information system the data collected by the reader is redundant. The role of 

the information system is to process the tag data collected by the reader and put it in 

usable form [18]. 

Middleware is a sub system that supports in data collection and reduces the data 

redundancy in the information system. Data management is a very critical requirement, 

and if not done efficiently, it will increase the data traffic. The main role of the middle 

ware is filtering out all unwanted data or ghost reads, data mining and sorting data. Apart 

from managing data, it helps us route data to proper reader when we have multiple 

readers in the network. Thus, deployment of the RFID reader becomes much easy by the 

use of middleware. 
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Middleware also helps us enhance the functionality of the reader by integrating 

sensors or some other data acquisition source. Various implementations of RFID 

middleware are: Application Level Events (ALE) by EPCglobal which provide specific 

standard interface to obtain filtered EPC data from RFID readers and other data sources. 

Also, the ALE specification provides exile mechanisms to alter and group raw RFID 

data. This altering and grouping capability provides a means to isolate and focus specific 

and desired applications. 

 

2.3.3 Tags 

Transponders are the heart of an RFID system as they store the information that 

describes the object being tracked. RFID transponders consist of a microchip (the tag IC) 

and a coupling element (the tag antenna) [18][26]. The tag IC controls the functionality 

and also has memory to store tag ID as well as to store the data sent by the reader. Tag 

antenna acts as a coupling element and picks up these electromagnetic radiations from the 

reader to power up the tag (passive) and sends back the tag identification number by 

modulating the received RF signal from the reader. The power transferred from the reader 

to the antenna and from antenna to the tag depends on the coupling efficiency of the 

antenna. The coupling efficiency relates to impedance matching and so the tag IC and the 

antenna should be properly matched.  

The most widely used tag is Alien squiggle tag. It has a plastic substrate used to 

hold the tag IC and the antenna. The tag IC has a memory which stores the data that 

uniquely identifies the tag. Data from the tag is in the form of 96 bits known as EPC 
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number, which is programmed into the tag while it was being manufactured. The 

minimum threshold power required to the read the EPC data is approximately -10 dBm.  

 

Figure 2.3 Squiggle Tag by Alien[27] 

 

Depending upon the chip design the tag is a read-only or a read-write tag. The tag 

IC receives power from the tag antenna in the form of an alternating current at the reader 

frequency. This current must be down-converted and rectified by circuitry tuned to a 

specific frequency. The efficiency of the power circuitry of the tag IC is dependent on the 

matching of the individual components of the tag IC.  
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CHAPTER 3 

PHYSICS OF RFID 

Communication is basically the transfer of information - that is, to send 

information from one location and to receive it at another. In the RF world, this is 

accomplished by the transfer of energy (which contains the information coded in it) 

through RF waves. And the communication techniques used by RFID readers are 

coupling and backscattering. 

This chapter provides a basic understanding of the physical Electromagnetic (EM) 

principles behind the propagation of waves in far-field and near-field RFID systems and 

the characteristics that affect system performance during the journey of an RF wave. 

3.1 Introduction 

All RFID systems are comprised of a reader and tags, communicating over an air 

interface at a particular frequency. The use of radio frequencies for communication with 

tags allows RFID tag readers to read passive RFID tags at small to medium distances and 

active RFID tags at small to large distances even when the electronic tags are located in a 

hostile environment and are obscured from view. Therefore it is important to understand 

the concept behind the basic reader tag communication for the smooth working of an 

RFID system. Radio waves, microwaves, infrared radiation, visible light, UV radiation, 
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X-Rays and gamma rays operating at different frequencies together form an 

electromagnetic spectrum. Physical principles behind the propagation of EM waves are 

explained below. 

3.2 Maxwell’s Equations and Electromagnetic Fundamentals 

The electromagnetic field is the physical field produced by electrically charged 

objects. And to understand the fundamental workings of an RFID system it is important 

to study electromagnetic radiation laws in detail [28]. Electromagnetic radiation (EMR) 

consists of electric and magnetic field components which oscillate in phase perpendicular 

to each other and perpendicular to the direction of energy propagation [29][30]. Fig. 3.1 

shows the basic electromagnetic wave with varying electric and magnetic fields. 

 

Figure 3.1 Electromagnetic Wave 

 

3.2.1 Electric Field 

Electric field is produced by stationary charges accelerating in some direction and 

is analogous to gravitational field. Our knowledge about gravity and how masses respond 
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to gravitational forces can help us understand how electric charges respond to electric 

forces [29][28]. The Electric field a distance r away from a point charge Q is given as: 

 � � ��
��   (3.1) 

Electric field from a positive charge points away from the charge whereas the 

electric field from a negative charge points toward the charge. It is defined as the vector 

force exerted on the unit charge. The unit of Electric field is Newton per coulomb (N/C) 

[30].  

If the electric field at a particular point is known, the force a charge q experiences 

when it is placed at that point is given by: 

 F = q E  (3.2) 

A stationary charged particle in an electric field experiences a force proportional 

to its charge. Electric field is dependent on the amount of flux or flux density and the 

permittivity of the material (�� and is given as: 

 � � �	  (3.3) 

Permittivity (�) is expressed with respect to permittivity in free space (�
) and 

relative permittivity (��� or the dielectric constant of the material. 

 � � �
��  (3.4) 

Also the energy stored by an electric field is given by  

 � � �
 ��  (3.5) 
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3.2.2 Magnetic Field 

An electric field is produced when the charge is stationary with respect to an 

observer measuring the properties of the charge, whereas a magnetic field (as well as an 

electric field) is produced when the charge moves (creating an electric current) with 

respect to this observer [29]. Magnetic field can be expressed as magnetic field strength 

(B) with units as (A/m) and magnetic flux density (H) with units as (Wb/m2). 

 

 

Figure 3.1 Magnetic Field Lines [31] 

 

Magnetic Field strength and magnetic flux density are related by the following 

equation. 

 � � ��  (3.6) 
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Where � is permeability which is measured in Henries per meter. It can also be 

expressed in terms of relative permeability (��) and permeability of free space (�
) as 

given in the following equation 

 � � �
�� (3.7) 

where  �
 �4π x 10-7 H/m. 

Ampere’s circuit law relates the magnetic field around a closed loop to the 

electric current passing through the loop. Maxwell derived this relation again electro 

dynamically and it is now one of the Maxwell equations [32]. 

3.3 Maxwell’s Equations 

We know that when a single charge emitting static electric field lines is 

accelerated in some direction, an electric field is radiated. If that charge is continuously 

oscillated it will radiate a continuously oscillating electric field. A time and space varying 

electric field has an associated magnetic field. The Maxwell’s equations are the set of 

four fundamental equations governing electromagnetism (i.e. the behavior of these 

electric and magnetic fields) at every point in space and instant in time relative to the 

position and motion of charged particles[30][29]. 

 � � � � ��
��            (3.8) 

 � � � � � � ��
��            (3.9)  

 �. 	 � �               (3.10) 

 �. � � 0  (3.11) 

where, 
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E = electric field (V/m) 

H = magnetic field strength (A/m) 

B = magnetic flux density (Wb/m2) 

D = electric displacement(C/m2) 

J = electric current density (A/m2)  

Equation (3.8) is faradays law, equation (3.8) is Amperes Law, equation (3.10) is 

Gauss’s Law for electric field, and equation (3.11) is Gauss’s Law for magnetic field. 

Time varying electric field produces a magnetic field and a time varying magnetic 

field produces an electric field. Electric field, magnetic field and the direction of 

propagation are mutually orthogonal [29]. And the fundamental relationship that governs 

the propagation of electromagnetic waves is given by the wave equation. 

 
����
��� � �� ����

���  (3.12� 

Along with Maxwell’s equations some other parameters that helps understanding 

the propagation of the electromagnetic wave in the medium which are free-space wave 

number is given by  

 $
 � %&�
�
 � '
( � )

* � +   (3.13) 

And free space impedance is given by 

 ,
 � -µ/
0/  (3.14) 

3.4 Polarization 

Consider a plain wave with infinitely long and wide wavefronts. For such plain 

waves, Maxwell’s equations, specifically Gauss’s laws states that electric and magnetic 
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field should be perpendicular to each other and also to the direction of propagation of 

wave. When considering polarization, electric field vector is taken into consideration 

whereas magnetic field is ignored as it is perpendicular to the electric field and 

proportional to it. Thus the orientation of electric field vector of an electromagnetic wave 

defines its polarity and characterizes the electromagnetic wave [33]. Longitudinal waves 

like sound waves do not exhibit polarization. Polarization is generally elliptical in nature. 

And two types of elliptical polarization are linear and circular polarization. The linearly 

polarized wave has the angle between Ex and Ey either 0o or 180o. Whereas the circular 

polarized wave is either right handed or left handed. 

3.4.1 Adjustable Reading Distances and Directions 

In passive UHF RFID systems, the reading distance and direction are specified by 

the antenna. Linear polarized antennas reach the longest distances but can send and 

receive signals only when the tag is directed vertically. Whereas circular polarized 

antennas can receive signals in every tag position, vertical and horizontal but with a 

compromise on the reading range. Thus the antenna polarization needed depends on the 

application. 

 

Figure 3.2 Linear and Circular Polarization 
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3.5 Laws Governing Electromagnetics 

To gain better knowledge about the physics behind RFID systems, it is important 

to understand the basic laws governing electromagnetic. Coulomb’s Law, Faraday’s Law, 

Gauss’s Law and Ampere’s Law will be discussed in the following section. 

3.5.1 Coulomb’s Law 

The magnitude of the electrostatic force between two point electric charges is 

directly proportional to the product of the magnitudes of each of the charges and 

inversely proportional to the square of the total distance between the two charges [32] 

[30]. 

 1 � �
2)0/

343�
��      (3.15) 

where, 

F         = electrostatic force 

q1, q2 = point charges 

 r         = distance between the point charges 

 �
       = permittivity of the free space  

3.5.2 Faraday’s Law 

The basic law of electromagnetism which is involved in the working of 

transformers, inductors and many other forms of electrical generators is the Faraday’s 

Law of induction. Faraday’s Law states that the induced electromotive force or EMF in 

any closed circuit is directly proportional to the time rate of change of the magnetic flux 

through the circuit [30].The differential form of Faraday’s law is given as 

 � � 56 789
7�   (3.16) 
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Where  

E=electromotive force 

N=number of turns in the wire 

8�= magnetic flux 

The direction of the electromotive force is given by Lenz’s law, which states that 

an induced current is always in such a direction so as to oppose the motion or charge 

causing it. 

3.5.3 Ampere’s Law 

Ampere’s circuit law gives the relation of integrated magnetic field around a 

closed loop to the electric current passing through the loop. The law can be written in 

integral or differential form. The circulation of the magnetic field vector H around a 

closed contour is equal to the sum of the conduction current and the displacement current 

passing through a surface bounded by that contour, with again the right hand rule relating 

the senses of the contour and the surface. 

 � � � � �
� � �
 �
   ��
��   (3.17) 

Where J includes magnetization current density as well as conduction and 

polarization current densities 

3.5.4 Gauss’s Law- Electric Flux and Magnetic Flux 

Gauss’s Law which is also known as Gauss’s flux theorem relates the distribution 

of electric charge to the resulting electric field. The law states that the electric flux 

through any closed surface is proportional to the enclosed electric charge. The differential 
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form of Gauss’s law forms the basis of Maxwell’s equations. The total electric flux 

(defined in terms of D vector) is given by a surface integral over S 

 8 � : �. ;<=   (3.18) 

Where  

E   = electric field 

dA = vector representing an infinitesimal element of area 

The total magnetic flux (defined in terms of the B vector) emerging from any 

closed surface is zero. 

3.6 Antenna 

An antenna is a transition device or a transducer, between a guided wave and a 

free-space wave or vice versa [33][32]. Thus an antenna is a device which interfaces a 

circuit and space. This definition arises from the fact that an antenna can be used to 

transmit as well as receive electromagnetic energy. A two wire transmission line is shown 

in Figure 3.3 connected to a radio frequency generator. The transmission line is opened 

out gradually and as the separation approaches the order of a wavelength or more, the 

wave tends to be radiated so that the opened out line acts like an antenna. 

 

Figure 3.3 Simple Antenna from Waveguide [30] 
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The antenna is characterized by quantities like impedance, radiation resistance, 

and radiation pattern. In RFID systems reader antenna must be highly sensitive and very 

directional whereas tag antenna must be wide-band in order to universal[34][35][36][37]. 

Few of antenna types are listed below 

1. Aperture Antennas 

2. Microstrip Antennas 

3. Reflector Antennas 

4. Fractal Antennas 

5. Array Antenna 

 

3.7 Summary 

In this chapter, a review of the fundamentals of electromagnetic theory was 

provided. It is necessary to dig into the principles of electromagnetic to understand the 

physics behind the RFID systems. The physics behind the every part of an RFID system 

was studied in detail, which will provide a better understanding of the working of system.  
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CHAPTER 4 

RELATED METRICS AND FACTORS AFFECTING PERFORMANCE 

4.1 Introduction 

This chapter deals with the related Metrics and factors affecting the performance 

of a RFID system. There are number of people who have worked on performance 

evaluation work the RFID industry. Majority of performance evaluation work done, used 

a single parameter and discussed its affect on the readability of the system [38][39]. Also 

there are numerous different Metrics which define the performance of different things in 

one or the other way. The chapter talks about such related metrics and also some of the 

work done in RFID field.   

4.2 Related Metrics 

Metric in general is the measurement of a particular characteristic of a system’s 

performance or efficiency. It is a way to classify the systems efficiency so as to make it 

simpler for the end user to understand and use. Also it gives a good way of comparing 

multiple systems based on a number of parameters together. There are few metrics such 

as the Octane rating for gasoline, the carat for gold and diamonds, which are discussed 

further. These served as the basic idea to build on and create a metric for RFID system. 
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The octane rating is a measure of the resistance of gasoline to detonation in 

internal combustion engines using ignition by spark. The octane rating of gasoline gives 

us an idea about the maximum compression of a fuel before it spontaneously ignites. The 

higher the octane rating, the slower the fuel burns [40]. It is also a way to compare the 

performance of an engine [41].  High-performance engines typically have higher 

compression ratios which require a higher octane (slow burning) fuel to allow the piston 

power stroke to complete before the fuel is completely burned. If the fuel burns faster 

than the downward movement of the piston allows, then the pre-detonating fuel results in 

a loud "knocking" sound and vibration. Knocking is also developed in the engine if the 

gas ignites by compression rather than because of the spark from the spark plug. 

Knocking can damage an engine, so it is highly undesirable. Lower-octane gas (as 87-

octane gasoline) can handle the least amount of compression before igniting [40].  

So it is basically the compression ratio of the engine that determines the octane 

rating of the gas to be used. A "high-performance engine" has a higher compression ratio 

and requires higher-octane fuel. The advantage of a high compression ratio is that it gives 

the engine a higher horsepower rating for the given engine weight, which makes the 

engine "high performance." The disadvantage is that the gasoline for the engine costs 

more.  

 Octane value is calculated in terms of two parameters - Isooctane and n-Heptane. 

The octane number of gasoline is a measure of its resistance to knock. Isooctane is given 

an octane value of 100 and n-Heptane is given octane value of 0. So, the gasoline with an 

octane value of ‘X’ can be interpreted as one having same anti-knocking property as a 

gasoline with X % of Isooctane and (100 – X) % of n- Heptane. Also the speed at which 
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the engine is running has an impact on the Octane rating. Often the Octane rating is 

calculated as the average of two values. One value is the research octane number (RON), 

which is determined with a test engine running at a low speed of 600 rpm. The other 

value is the motor octane number (MON), which is determined with a test engine running 

at a higher speed of 900 rpm [42]. Thus the Octane rating is given by the formula  

 Octane Number = (RON+MON)/2  (4.1) 

It is not always that a higher Octane gasoline will outperform a regular Octane 

gasoline in preventing the of engine deposits or in cleaning the engine. It is always 

advisable to use the lowest octane gasoline at which the car engine may run without 

knocking.  

4.3 Work on Tag Performance Evaluation 

Previously a good deal of work has been done on the performance related issues 

of RFID tags [8]. Researchers have tried to define the performance of a tag taking into 

account different tag parameters individually. Some of these parameters are listed below: 

1. Minimum Power required at a set distance for a particular frequency. 

2. Frequency read variability. 

3. Orientation sensitivity. 

4. Tag read distance. 

5. Effect of metal and water on tags. 

Until now no metric has been developed which takes into account the combined 

effects of more than one performance parameter. As a result there was difficulty in 

selecting a tag when one had to choose between many parameters. Therefore, this thesis 
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is aimed at developing a metric value for a tag that could define its performance taking 

into consideration multiple parameters. 

4.4 General Parameters Effecting Metric Value 

A tag is valuable to the RFID system as long as it is able to deliver the 

identification code to the reader effectively. Tag performance hinges on a handful of key 

parameters. There is by no means a single parameter that defines the tags metric value 

[8][43][44]. We must consider multiple parameters to evaluate the tag’s Metric value. 

The primary parameters and factors that dictate the performance are listed below: 

• Power 

o Power applied by the Reader. 

o Backscatter power by the tag. 

• Frequency of operation of Reader. 

• Product on which tag is attached. 

• Tag read distance. 

• Orientation of Tagged objects. 

• Interference by other RF Sources. 

A brief description of the above mentioned parameters is stated below: 

4.4.1 Power 

To provide power to a Passive UHF tag, it has to be placed within the vicinity of 

the reader. The reader generates a powerful electromagnetic wave. When this 

electromagnetic field, which varies in time, hits the tag’s antenna, it causes an electrical 

current to flow through in the antenna, generating a standing wave which is rectified and 

amplified to be used to charge the tag's internal power storage [10]. This power storage 
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provides the direct current and voltage required to drive the tag’s internal circuitry. Once 

the tag is powered up, it modulates and backscatters the reader’s signal. The received 

power is dependent on many factors such as the tag’s antenna gain, transmitted power by 

the reader, distance between the reader and the tag, environment etc. The readability of 

the tag depends on the received power at the tag’s antenna and the tag’s efficiency to 

harvest that power which ultimately effects read rate. 

4.4.2 Frequency 

Frequency plays an important role in the design of a RFID system. It can affect 

aspects of the system such as operating range and line of sight requirements. RFID 

systems are classified by their frequency ranges. Low- frequency (30 KHz to 500 KHz) 

systems have short reading ranges. They are commonly used in security access, asset 

tracking, and animal identification applications. High-frequency (13.56 MHz) systems, 

offering longer read ranges (greater than 90 feet) and high reading speed, are used for 

applications such as railroad, car tracking and automated toll collection. However, the 

better performance of high-frequency RFID systems incurs higher system costs. UHF 

RFID bands vary in different countries and include frequencies between 860 MHz and 

960 MHz (EPC global standard). In USA 902-928 MHz UHF backscatter coupling with 

4 W Equivalent Isotropically Radiated Power (EIRP) spread spectrum is used [45]. 

4.4.3 Product on Which Tags are Attached 

The products on which a tag is attached effects the performance of the tag to a 

great extent. The major factors are type of product, material, shape and size. Some 

products like water and some other liquids are RF absorbents and adversely affect the 

performance of a tag [46]. Products like metal are reflective and so have a major effect on 
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the RF waves falling on the surface. Also the object size and shape affect the readability 

of the tag [47].  

4.4.4 Tag Read Distance 

This parameter takes into account the maximum distance from the reader at which 

the tag is readable. If the distance varies, i.e., if increased or decreased, the reader may 

not be able to read the tag at certain points and thus readability becomes zero, thereby 

preventing detection. Thus the tag distance from the reader plays a significant role in 

determining the performance [48].  

4.4.5 Orientation Sensitivity 

Orientation of a tag can be considered in two different ways. One is the physical 

orientation, that refers to the angle which the tag makes with the reader and the other is 

the polarization orientation which depends on the polarization of tag’s and the reader’s 

antenna. Here we take into consideration a linearly polarized antenna, so that the 

polarization orientation effects can be minimized and hence can be neglected. In an ideal 

case the tag and the reader lie in one plane that is the angle between the tag and the reader 

is zero so that the tag response would be maximized [49]. But in a real world scenario the 

tagged object may be placed at random angle with the reader’s antenna while being read, 

and therefore the readability of tag is affected significantly which would in turn affect the 

metric’s value. 

4.4.6 Interference by Other RF Sources 

In a typical RFID operation, tags are subjected to a number of RF interfering 

signals from electrical equipment such as cell phones, mobile radios, fluorescent lights 
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etc, in addition to the desired reader’s signal. All the above mentioned sources interfere in 

the communication between the reader and the tag and produce adverse effects [50]. The 

interference in the field can also be due to other RFID reader in the vicinity of the tag. 

Since the tags are Broadband receivers, they may not be able distinguish between the RF 

signal of the desired reader and other sources. Also, increased number of RF sources 

around the tag produces RF noise environment, which attenuates the signal of the desired 

reader, thereby decreasing the signal strength. As a result, the power received at the tag’s 

antenna is decreased, which in turn reduces the probability of tag to respond to the query 

of the desired reader. The capability of a tag that allows it to respond to just desired 

reader and reject the signal from all other source is known as Interference Rejection. 

Interference rejection property can be incorporated in the tag using proper circuitry [51]. 

If the interference rejection is not good, the tag cannot understand which reader to 

respond to and as such the system can fail quite miserably. 
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CHAPTER 5 

ATHENA –THE RFID TAG METRICS 

We define our metric as a value that signifies the generic read performance 

capabilities of a RFID tagged object. Athena - RFID tag metrics, similar to the Octane 

rating, would help the consumer to choose the best tag depending on the requirement. 

The metric is a number that ranges between 1 and 100 with a higher number specifying a 

better performing tag. Metric value will tell us how efficient a tag is for a given set of 

conditions for a given application. So, higher the Metric value higher is the probability of 

the tag being read. And thus higher is the efficiency of the overall system for those 

conditions. Let us consider a tag applied on a paper towel that has to be read from only 

about a few tens of centimeters. As the distance is so small we can consider almost a 

100% read with any tag. But, if the distance is large enough (more than a meter or two), 

we cannot be sure of a successful read. Thus using a tag with a high metric number would 

be a good option in such a condition. By specifying the conditions and the reliability 

required, user can go for the tag with desired metric value. 
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Metric is therefore a very important parameter to choose a tag for a particular 

application. So, if the metric value is specified on the tag, depending upon the application 

and cost, user can easily choose the desired tag without much hassle. 

The RFID performance evaluation can be done depending on various parameters. 

Some of which are the Frequency, power transmitted, power received, orientation and the 

environmental conditions. In calculating the present metrics we have kept the orientation 

constant and also considered minimal effect due to the environment. Here the Metric 

value is calculated using the three important parameters frequency of the operation, the 

transmitted power by the reader and the received signal strength from the tag.  

5.1 Assumptions for the Athena Metrics  

Certain basic rules were set up for developing the metric formula, which are 

discussed as under.  

1. The metric should work for all passive UHF RFID tags.  

2. The metric value should lie between 1 and 100.  

3. The metric should be universal (should apply to other regions of the 

world). 

4. Same formulae should be used for use with different reader systems. 

5. Metric should primarily depend on the tag’s ability to reply to the reader 

signal (Received Signal Strength Indicator).  

6. Other factor affecting the metric should be the reader’s ability to read the 

tag. 

7.  It should be a natural number for easy understanding of end user. 
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5.2 Calculation of Athena Metrics  

We want the Metric to integrate all the important parameters into one formulae 

and thus giving us a simple numerical term which can then be used as a basis of choosing 

a particular tag from a lot, which would work best for the given scenario.  

During the course of thesis work it was tried to combine the values from different 

experiments into various mathematical equations. There are few models which were 

developed of before reaching to the final one: 

1. The first way to combine these parameters is to take an average. If the 

effect of the transmitted power, the effect of frequency of operation and 

the effect of backscatter power could be taken individually on the read 

efficiency of the tag, then these effects could be averaged together. This 

model was discarded because practically, the combined effect was not 

found to be equal to average of the individual effects. Moreover if one of 

the parameter has effects that forces the reads to go down to zero, then the 

total reads should go down to zero, which means that the tag is not being 

read and the metric should have a zero value. This effect was unaccounted 

if an average is taken.  

2. To get a complete combined effect of all the parameters, the product of the 

effect of each individual parameter effect came out to be second choice for 

developing the metric. This worked out to be good but the direct 

multiplication increased the total variance in the Metric value.  

3. Finally, the use of a more complex mathematical equation for the 

development of the metric was considered.  
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The presented metric considers the best frequency and calculates the power on 

that frequency. This frequency value is selected on the basis of the ITU region in which 

the system is being used. Finally it uses the power to get the desired numerical Metric. It 

involves a natural logarithmic function on the received signal strength, and the 

transmitted power is used to scale the metric. 

The metric formula integrates all the above mentioned rules and special 

conditions. Initially the metric was developed using just the backscatter power at the 

desired frequency found out by the previous tests. The value of backscatter power was 

substituted in the metric formulae to get a number between 1 and 100. This value could 

have a fractional part, so it was then rounded off to get the whole number metric. It was 

observed that the metric in some case was not as expected. Thus, the shifting parameter 

using the transmitted power was also involved into the formula. 

We finally concluded upon a value for the metric as  

]112)][/1log(/1[2/7 PtPbMetric −−−=  (5.1) 

In Eq. 5.1, Pb is the backscatter power received by the reader from the tag and Pt 

is the transmitted power at which the tag is read.  As the metric comes out to be a unit 

less quantity, we have decided to name its unit an Athena.  

The value received by using just the backscatter power along with the 

multiplication factor ranges from 0 to 1. To get the desired Metric value we need to 

multiply by 100. Instead of doing that, we multiply it by a factor [112- Pt], this value was 

chosen because the tag response generally starts around 12dBm and so this part of the 

equation acts like a multiplication factors as well as includes the transmitted power to 

shift the metric value up or down depending on the value of Pt.  
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5.3 Steps Involved in Evaluating Athena –The RFID Metric 

To obtain the metric for a particular tagged product we have to go through a series 

of steps. The steps to be followed are listed below. 

1. Desired tag is selected for which the metric is to be obtained.  

2. Multiple frequency sweeps are carried out on the tag in the frequency 

range of 860 to 960 MHz.  

3. The average frequency sweep is obtained from the multiple sweep graphs.  

4. From the average sweep graph, the best frequency of operation is 

obtained. This frequency is chosen from the FCC range 902 -928 Mhz. It 

is the frequency at which the tag is being read at minimum power level. 

5. Using the selected frequency the multiple power sweeps are conducted on 

the tag for the power range of 0 to 28 dBm in 0.5 dBm power increments.  

6. An average is taken on the power sweep data and single sweep is obtained.  

7. From the obtained sweep, the backscatter power at the minimum value of 

transmitted power is obtained. 

8. This value of transmitted power and the backscatter power are used to 

obtain the metric.  

The metric calculations for water and paper towels are shown below.   
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Graph 5.1 Frequency Sweep on Two Products 

The Graph 5.1 shows the averaged out multiple frequency graphs for both paper 

and water bottle using the Alien Squiggle tag. From the graph we select the frequency of 

operation that is 915 MHz to calculate the power sweep. 

Multiple power sweeps are performed and the average graph is obtained for the 

values of the transmitted power and the received power.  

 

Graph 5.2 Power Sweep on Both Products 

 

From the power sweeps the following data was obtained  
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Table 5.1 Power Values for Both Products 

Material Transmitted Power(dBm) Backscatter Power(dBm) 

Paper Towel 12.998 -41.546 

Water bottle 16.449 -49.652 

 

 

Figure 5.1 Calculated Metric 

The values of Metric are found out to be 93 and 86 for paper towels and a water 

bottle respectively.  
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CHAPTER 6 

INSTRUMENTS AND EXPERIMENTAL SETUP 

Experimentation and data analysis formed a major part in developing the metric. 

The data is collected in the form of backscatter power received by the reader antenna 

coming from the tag. Two different types of readers were used in the experiments and are 

described in this chapter. 

6.1 Voyantic RFID Reader System  

6.1.1 Hardware Description  

The Tagformance lite measurement unit from Voyantic is enclosed in an 

aluminum enclosure. The signal connectors and three indicator LEDs are located at the 

front of the casing. The backside of the casing includes the PC interface connector, power 

connector and a fuse compartment [52].  

The dimensions of the system measure 250 x 88 x 300 mm and it weighs 

around3.7 kgs.  
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Figure 6.1 Voyantic System (front) [52] 

 

Figure 6.2 Voyantic System (back) [52] 

 

The Tagformance lite measurement unit is an evaluation tool and is designed for 

indoor use only. It has a typical warm up time of 10 minutes, and is designed to work best 

in the temperature range from 32oF – 104oF with non condensing relative humidity of 0 -

95%.  

The Tagformance lite measurement unit uses an external +18V power supply, and 

also includes a Li-Ion battery that can be used to power up the device during 

measurements.  The battery capacity is 4300 mAh and a voltage rating of 14.8 V and the 

charge time and use time of the battery are 180 and 300 minutes respectively.  
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Table  6.1 Carrier Specification Parameters for Voyantic System 

Carrier Specifications Parameter Typical value Unit 

Frequency range (standard) 860 to 960 MHz 

Frequency range (extended) 800 to 1000 MHz 

Frequency resolution 100 kHz 

Frequency accuracy ±10 ppm 

Output power 0 to +27 dBm 

Output power resolution ±0.1 dB 

Output power absolute accuracy ±1 dB 

Output power uniformity ±0.5 dB 

Output impedance 50 Ω 

Modulation modes 
DSB-ASK, PR-

ASK 
 

Modulation depth 0 to 30 dB 

Modulation waveform 
resolution 

16-bit, non-linear  

Modulation waveform sample 
rate 

1000 kS/s 

 

The measurement unit consists of a RF generator unit that is used both for 

generating the RF carrier signal and modulating it with an arbitrary waveform. The 

specification of the carrier and the modulation signal are shown in the table above. 

The RF receiver includes means for retrieving the backscattered signal waveform 

from the reflected carrier. The detailed specifications are presented below. 
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Table 6.2 RF Receiver Parameters 

Parameter Typical value Unit 

Usable linear dynamic range -80 to +10 dBm 

Absolute maximum input power +30 dBm 

Sensitivity -80 dBm 

Backscattered waveform resolution 16-bit  

Backscattered waveform sample rate 1000 kS/s 

Input impedance 50 Ω 
 

6.1.2 Software Description  

To evaluate the performance of RFID tags on different kind objects and to 

determine the metric, tests were performed using the ‘TagformanceLite Measurement’ 

software, hereafter referred to as the Voyantic system [52]. This tool is specifically 

designed to measure the performance of a EPC Class 1 Gen 2 [53][54] ‘passive UHF 

RFID tag’ and is thus of much importance for our analysis.  The specifications of the 

protocols are as in the table below.  

Table 6.3 Protocol Specification Parameters 

Parameter Value 

Supported protocol 
ISO 18000-6c (ePC Class 1 

Gen2) 

Forward link DSB-ASK, Tari = 25 µs 

Return link FM0, fd = 40 kbps 

Supported commands Full command set 

Receiver sensitivity -80 dBm 
 

The system works as follows, a RF carrier signal is generated, modulated and is 

sent to the transponder by the transmitter antenna (command). The receiver antenna then 
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receives the backscatter from the transponder, which is stored and is displayed as the 

acquired waveform (response). 

The sensitivity and the strength of the backscatter signal are the two most 

important performance parameters that a transponder produces. The sensitivity of a 

transponder is measured by determining the minimum power required to be transmitted 

by the reader antenna, for the transponder to be able to respond to a command. The 

backscatter signal, i.e. the modulated carrier returning from the transponder, is measured 

by recording the transponder’s response to the reader’s command. The Voyantic System 

basically gives the user ability to perform two kinds of measurements; the 

Electromagnetic Threshold and the Backscatter Analyzer. The former corresponds to the 

sensitivity parameter of the transponder; it plots the graph of different measurement 

values taking frequency on the base axis (frequency sweep). The latter gives the 

backscatter signal, where the base axis is the transmitted power (power sweep). 

The graphical user interface of the Voyantic system is as shown in Figure 6.3. The 

upper and the lower graph areas represent the Measurement Graph and the Latest 

Response respectively. The measurement graphs here show the frequency sweep on an 

extended frequency range of 800 MHz -1000MHz. 
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Figure 6.3 Voyantic System GUI [52] 

 

The latest response graph shows the waveforms corresponding to any activity on 

the antenna. It shows the waveform for the transmitted signal as well as for the response 

The Voyantic system allows a frequency range of 800 MHz to 1000 MHz but 

what we are specifically interested in is the range between 860 to 960 MHz and the FCC 

approved range in US, which is 902 to 928 MHz, to take all the measurements 

(Frequency Sweep and Power Sweep). 

In case of a frequency sweep, the system calculates the value of transmitted power 

at each frequency. The frequency range used is 860 to 960 MHz. and the frequency step 

is 5 MHz. The power step used is 0.5 dBm. For each value of frequency the system tries 

to read the tag at minimum power and increases the power in step of 0.5 dBm. It saves 
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the minimum value of power at which the tag is read and then jumps to the next 

frequency.  

For a power sweep we set a specific value of frequency at which the power sweep 

is to be carried out. The system calculates the received power at the reader antenna from 

the tags response for each value of transmitted power. The transmitted power range for 

the system is from 0-27dBm. The power step in this case is 0.5 dBm as well. For each 

transmitted power value the reader looks for the tag response, logs it, and jumps to the 

next value of transmitted power. 

6.2 Sirit RFID Reader System  

6.2.1 Hardware Description  

The INfinity 510 is a multi-protocol, multi-regional Radio Frequency 

Identification (RFID) System that operates in the 860 – 960 MHz UHF band. The high 

performance reader supports up to four Tx/Rx antennas and one Listen before Talk 

(LBT) antenna and is equipped with both serial and Ethernet interfaces. Discrete digital 

inputs and outputs are also provided [25]. 

The INfinity 510 is equipped with four status indicators located on the top of the 

enclosure. These LEDs provide indications for the following: 

1. Sense – Indicates reader has detected a tag in the RF field. 

2. Transmit – Indicates the reader’s transmitter is operating (RF on). 

3. Fault – Indicates a fault occurred. 

4. Power – Indicates that power is applied to the reader. 
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Figure 6.4 Sirit System (front)[25] 

 

 

Figure 6.5 Sirit System (back) [25] 

 

The reader is enclosed in an aluminum casing weighing around 3 kgs. The 

dimension measure of the infinity 510 reader are 200 x 300 x 56 mm. The operating 

temperature range of the reader is -4o F to 131o F and is expected to perform well for 

humidity range of 5% to 95%.  

Table 6.4 Power Specification Parameters for Sirit System 

Frequency 860 – 960 MHz 

RF Power 10mW- 1 W conducted (30 dBm) 

Power consumption 13W min – 40 W max 

Connections RS 232, Digital I/O, Ethernet 

Input Voltage 12 to 24 Vdc 

Input Current 2.5- 5 A max 
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The reader power supply takes an input power of 100 – 240 V ac and produces a 

15 V output with a maximum current of 4A. The power consumption of the reader is 60 

W and the input frequency range is 50- 60 Hz.  

The INfinity 510 is equipped with one DB9 type RS-232 serial port for 

communication up to 115200 Baud. The maximum serial cable length is 12 feet at 

115200 Baud. We use the Ethernet port to connect to the computer using a crossover 

cable. The Ethernet connection gives us a higher length of up to 30 meters. By default, 

the reader is configured to use a DHCP server to obtain its IP address and related 

information. The default IP address is 169.254.1.1. The IP address settings can be 

changed if needed. 

The Sirit system uses a Poynting antenna. It can connect up to 4 antennas at a 

time and the antenna specifications are as under.  

Table 6.5 Antenna Specification for Sirit System 

Type PATCH 

Frequency Range 860 – 960 MHz 

Polorization Circular 

Gain 7dBi + 1dBi 

VSWR Max 1.3:1 or less 

Input Impedence 50 ohm 

Power handling 10 W 

Size 245 X 235 X 40 mm 
 

6.2.2 Software Description  

The software used with the Sirit system is the “THEIA” [55]. It is a custom 

software designed for the Sirit INfinity 510 reader [25]. The software/code was created 

using Microsoft’s Visual C# 2008. It contains all the functionalities of the Voyantic 

system with an added advantage of have multiple sweeps at a time and using multiple 
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antenna modes. As it is used on the Sirit system platform the biggest advantage we can 

get here is multiple tags can be identified and can be simultaneously worked on. We can 

get more information from the Theia Software as compared to the Tagformance Lite 

measurement system. The sensitivity of the Sirit system is lower than the Voyantic 

system as it is cheaper and widely used commercial system and the Voyantic system is a 

specially designed analysis system.  

 

Figure 6.6 Sirit System GUI [55] 
 

A single specific tag out of a bunch can be selected using Theia, or multiple tags 

simultaneously can be used. We can then sweep over the entire frequency range 860 to 

960 MHz with power ramp-up at each frequency, hence allowing us to measure the 

power at which the tags starts responding. Similar to the Voyantic system the tag’s 

sensitivity or the backscatter power for a range of transmitted power is determined by 

doing a power sweep. This is done at a fixed frequency and in this sweep the tag’s 

reflected power is plotted against the transmitted power from the reader antenna. This 
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information will be calculated while reading the tag using the Gen2 protocol. The Theia 

system has a power range of 0dBm to 30dBm (1mW to 1W) with a tenth of a dBm steps 

allowed, and a frequency range from 860 MHz to 960 MHz with 100 kHz steps allowed. 

Additional parameters that can be controlled with this software vary from the tag 

field that can be read, to the number of inventory rounds. Theia also provides a spectrum 

analyzer with a frequency span of upto 6.4MHz for the frequency range of 860MHz to 

960MHz and resolution of upto 5kHz. 

6.3 Experimental Setup  

6.3.1 Voyantic System  

Physical setup is a measure of how the different objects around the testing 

equipment effects its behavior. A good physical test setup for testing, includes a number 

of different parameters to be taken care of, these parameter includes the height of the 

antenna above the ground, the distance between the transmitting and the receiving 

antenna, isolation of the antenna from metal, to name a few[56][57]. It also includes the 

issues related to the placement of tags, the tags need to be at the same height as the 

transmitting antenna, and the stand holding the tag should be made of non conductive 

material. The test setup in our case included the Voyantic System. The basic system 

consists of a reader connected to the antenna. The reader and the antenna are mounted on 

a cart together taking the measurements. The cart measures 0.6 x 0.75 x 1 meters with the 

antenna mounted at a height of 1.2 meters above the ground level. The antenna was 

mounted on a plastic stand attached to the cart, with a separation of around 8 centimeters. 

The system uses bi-static antenna; where the Transmitter and Receiver are separate 

entities. The transmitter contains a signal source used to send commands to the 
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transponders, and receiver antenna consists of vector signal analyzer to decode the tag 

response. Transmit and receive antenna are linearly polarized. The transmitter and the 

receiver antenna are placed 30 centimeters form each other[58][59]. 

6.3.2 Sirit System  

While testing with the Sirit system, the testing was performed in almost the same 

setup as the Voyantic system. In this case the product was placed on a stand made from 

PVC pipes at a height of 1.2 meters and the reader antenna was mounted on a PVC pole 

around the same height. We used 1 meter as the distance between the product and the 

transmitter antenna. The system used mono static antenna configuration where only 1 

antenna is used to do both the transmission and reception. The System was used in a cart 

made of RF shielded material and it measured 1 x 0.8 x 0.8 meters [59].  

6.4 Environmental Setup 

The environment in which tests are conducted has a huge impact on the outcomes 

of any test equipment. As we are testing for a UHF RFID tag, the test environment should 

be free from other EM radiations and high frequency radiations. Moreover the humidity, 

large temperature fluctuations, the reflections from nearby objects, multipath 

interferences also degrade the performance of any passive UHF RFID 

system[60][61][62]. The human interference also degrades the performance of the 

system. The ideal environment for testing an RFID tag is an ‘Anechoic Chamber’, which 

is a shielded room to suppress radiation. An RF anechoic chamber is designed to suppress 

the electromagnetic wave analogy of echoes: reflected electromagnetic waves, from the 

internal surfaces. But, the tags would not be used in the anechoic chamber; they are to be 

used in the real world, with interferences. 
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Figure 6.7 Test Setup in Lab Environment 

 

For the above mentioned two reasons the testing was done in two places – in the 

lab (Figure 6.7) and in an anechoic chamber (Figure 6.8). The lab environment, in which 

the tags were tested, was chosen to be the one closer to the real world application 

environment The tests were carried out in the passage about 3 meters wide. The 

temperature at the time of testing ranged from 20o – 25o Celsius. The tests were carried 

out with minimum human and electromagnetic interferences. Moreover, the tests were 

carried at the same time of the day so that the other environmental characteristics also 

remain same. 
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Figure 6.8 Test Setup in Anechoic Chamber 

 

The anechoic chamber acted as an ideal reference environment for the tags to be 

tested. The tests in the chamber were considered to be the base reference and then the 

comparisons were made. The chamber size was 8 meters wide and 12 meters long with 

all the walls covered with RF absorbers. The temperature during the time of testing was 

around 28o – 30o C and all tests were carried out during the same time to neglect the 

effects of temperature change and humidity.  
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CHAPTER 7 

DATA COLLECTION AND ANALYSIS 

7.1 Introduction 

The following chapter deals with the collection of data and its analysis so as to 

calculate the metric. The experiments were carried out by two kinds of readers Voyantic 

and Sirit. The aim of the project is to test the performance characteristics of different 

Passive UHF RFID tags when attached to different products. There are 2 different tags on 

which the tests are performed, with 6 different kind of products. The tests were carried 

out with the tags in front of the different products. Both the Backscatter Analysis and 

Electromagnetic field threshold are carried out on the tags with and without the products. 

All the tests were carried out for two different environmental conditions. List below are 

the products used for testing. 

7.1.1 Products Used for Testing 

1. Paper Towel 

2. Water Bottle 

3. Metal Sheet 

4. Olive oil Bottle 

5. Wood 
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6. Foam 

All the tests were carried on all the products in same setup and similar fashion and 

at the same time so as to maintain the uniformity in the test results. 

 

Figure 7.1 Picture Showing All Tagged Products 

 

7.2 Types of Tests 

7.2.1 Electromagnetic Field Threshold  

In electromagnetic field threshold tests we use a range from 860 MHz to 960 

MHz for which the system would calculate the transmitted power at which the tag starts 

responding. We have selected the frequency step to be 5 MHz and the power step to be 

0.5 dB [2]. This test gives us a graph between the power transmitted by the reader and the 

frequency, which determines the sensitivity of the tag. It shows us how much power must 
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be transmitted on a particular frequency to turn the tag on. As the sweep starts the system 

tries to read the tag at 860 MHz with a power of 15 dB. If it is able to read the tag, it 

decreases the power and continues the above step till it reaches the minimum transmitted 

power at which the tag can be read. Once it determines this value, it logs this value and 

increases the frequency by the frequency step specified by the user, 5 dB as in our case. 

Now, it looks if it is able to read the tag or not and accordingly increases or decreases the 

power. A similar procedure is carried out till the specified frequency range ends and all 

the points are plotted. This graph in general is called as the frequency sweep graph. The 

flowchart of the procedure is shown in Figure 7.2. 

7.2.2 Backscatter Power Plot 

In case of the backscatter plot, a graph is drawn between the transmitted power 

and the received signal strength at a particular frequency. The transmitted power is varied 

in steps of 0.5 dB form 0 dB to 30 dB. Corresponding values of the received power are 

plotted. The procedure remains almost same except for the fact that is carried out at a 

constant frequency, in our case this frequency is chosen to be the frequency 

corresponding to the least transmitted power in the Frequency Sweep plot. For each value 

of the transmitted power the system looks for the received signal and accordingly plots 

the graph. This plot is known as the power sweep plot in Figure 7.3. 
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Figure 7.2 Flowchart- Working of Frequency Sweep 
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Figure 7.3 Flowchart - Working of Power Sweep 
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7.3 Voyantic System 

7.3.1 Test for Tag Free Environment  

This is the first step to be followed when we start testing. It should be taken care 

that the environment where testing is to be carried out is free from other UHF RFID tags. 

For this a test is run without placing any tag in front of the antenna and the outputs are 

observed. The system ideally should not give any reads/output. If it does, the nearby area 

is scrutinized for any other tag present and if found is removed from the environment. 

The test is carried out 4 to 5 time to make sure that there is no interfering tag present.  

7.3.2 Repeatability Test  

 This is done so as to make sure that the environment does not have much 

effect on the tests or at least the environmental effects are invariable. It also makes sure 

that the Reader system is not faulty. The frequency sweep was carried out on the same 

tag for 10 times and test result shows that all the graphs are overlapping throughout the 

range except at few frequency points.  Graph 7.1 shows the environment characterization 

in free space. The results indicate that the environment effects are constant and there is 

not much electromagnetic interference in the environment.  

7.3.3 Stand Alone Tags  

 This experiment is performed on the tags without the products. This test 

gives us a clear idea of the tag’s performance when there is no effect due to the products. 

The graph below shows a frequency sweep and power sweep carried on Alien Squiggle 

(A.S.) and the Avery Dennison Bow Tie (B.T.) tag.  
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Graph 7.1 Repeatability Test on AS Tag using Voyantic System 

 

 

Graph 7.2 Stand Alone Squiggle and Bow Tie Tag - Frequency Sweep 
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The results in Graph 7.2 show that the Bow Tie tag is read at comparatively low 

power levels as compared to the Squiggle Tag for the overall FCC range. Also the power 

sweep shows that the Bow Tie tag has a quicker response than the Squiggle Tag.  

 

Graph 7.3 Stand Alone Squiggle and Bow Tie Tag - Power Sweep 

 

We calculate the metric for both the tags and found out that the metric for Alien 

Squiggle at 1 meter distance comes out to be 95 and the metric for the Avery Dennison 

Bow Tie tag is 97. This gives a general comparison of the two tags and shows that the 

Bow tie works better than the Squiggle tag.  It is observed that the Alien Squiggle tag has 

a 3dBm difference as compared to the Bow tie tag in the received signal strength. Also 

the alien squiggle tag starts reading 1 dBm after the bow tie tag. Both these factors, 

together account for the difference in the Metric value. 

Table 7.1 Calculated Metric of Stand Alone tag 
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Alien Squiggle tag 95 
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7.3.4 Test on Products  

In this experiment we attached both the A.S. and The B.T. tag to the different 

products. Similar experiments were carried out on all the products. First a frequency 

sweep is performed to find the best frequency suited for the power sweep operation. 

From the results obtained after the power sweep the metric value is calculated. It can be 

observed that the performance of the tag is worst with metal and best with paper towel.  

 

 

Graph 7.4 Alien Squiggle Tag on Different Products - Frequency Sweep 

 

The above graph shows the comparisons of frequency sweeps of different 

products tagged using the Alien Squiggle tag. It can clearly be observed that the tagged 

object requires a higher transmitted power for the tag to be able to respond to the query.  

It can be observed that for the whole frequency range, metal has the worst results as it is 

read at a very high power level. The paper towel shows the best performance in the 
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frequency sweep followed by wood. This data from the frequency sweep is used to 

determine the best operation frequency for the power sweep.  

 

Graph 7.5 Using Alien Squiggle Tag on Different Products - Power Sweep 

 

The power sweep of different products is shown in the above graph. A huge 

difference can be noticed in the power levels at which the tag replies to the reader query. 

It can be observed that the paper towel followed by wood have the best results and thus 

higher metrics than the other products. Tag when attached to metal or the water bottle 

does not give good performance.   
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Table 7.2 Calculated Metric Value for Squiggle Tag 

Product Alien Squiggle Tag (Athena) 

Wood 91 

Paper towel 93 

Water Bottle 86 

Olive oil 86 

Foam 90 

Metal 79 

 

The same tests were carried with the Bow tie tagged products. The graphs below 

show the frequency sweep with the bow tie tag on different products.  

 

Graph 7.6 Bow Tie Tag on Different Products - Frequency Sweep 
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Graph 7.7 Bow Tie Tag on Different Products - Power Sweep 

From the power sweep on different products it is observed that the paper towel 

and wood have the best performance. Metal is the worst, followed by water bottle. All 

these values are collectively used to calculate the metric of the tags on different products.  

Table 7.3 Metric Values of Different Products with Bow Tie Tag 

Metric Bow Tie Tag 

Wood 96 

Paper towel 96 

Water Bottle 80 

Olive oil 90 

Foam 95 

Metal 80 
 

The comparison of the metric on different products is shown below in Table 7.4. 

From the comparison it is observed that the metric value for bow tie tags is in general 

higher than the metric value for the squiggle tag. It is also observed in the case of a water 

bottle the squiggle tag behaves better than the bow tie tag. The metric value of paper 
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the cases metric for the metal came out to be the worst. This experiment gives us a clear 

picture of what tag to be selected for what product.   

Table 7.4 Metric of Bow Tie and Squiggle Tag for Different Products 

Metric Bow Tie Tag Alien Squiggle Tag 

Wood 96 91 

Paper towel 96 93 

Water Bottle 80 86 

Olive oil 90 86 

Foam 95 90 

Metal 80 79 
 

From the above table it is clear that there is a big variation in the value of Metric 

for different products. The metric varies from 96 to 80 Athenas in case of Bow Tie tag 

and the variation ranges from 93 to 79 in case of the Squiggle tag.   

 

7.4  Sirit System Tests 

The same tests were performed for the Sirit System in the lab environment as well 

as in an anechoic chamber.  

 

7.4.1 Test for Tag Free Environment  

Similar to the Voyantic System testing this is the first step to be followed when 

we start testing with the Sirit reader. It should be taken care that the environment where 

testing is to be carried out is free from other UHF RFID tags. For this a test is run without 

placing any tag in front of the antenna and the outputs are observed. The system ideally 

should not give any reads/output. If it does, the nearby area is scrutinized for any other 

tag present and if found is removed from the environment. The test is carried out 4 to 5 

time to make sure that there is no interfering tag present.  
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7.4.2 Stand Alone Tags  

This experiment is performed on the tags without the products. This test gives us 

a clear idea of tags performance when there is no effect due to the products. The graph 

below shows a frequency sweep and power sweep carried on Alien Squiggle (A.S.) and 

the Avery Dennison Bow Tie (B.T.) tag.  

 

Graph 7.8 Frequency Sweep on Stand Alone Squiggle and Bow Tie Tag 

  

From the graph it is observed that the both the Bow Tie Tag and the Squiggle tag 

have almost the same sweep pattern with only the graphs shifted by a little bit. It is also 

observed that the graph has a sudden shift at around 920 MHz and in between the FCC 

range. 920 MHz is observed to be the best frequency for both the tags. So at 920 MHz the 

power sweep is carried out to get the metric of the tags.  

The Graph 7.9 shows the power sweep on the Alien Squiggle and the Bow Tie 

Tags. 
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Graph 7.9 Power Sweep on Standalone Alien Squiggle Tag and Avery Dennison Bow Tie 
Tag 

  

From the above graph it is quite visible that there is a difference between the 

received signal strength from the bow tie tag and the squiggle tag. It is also observed that 

both the tags are active for almost the same range and as the graph is quite linear so it can 

be said that there is certainly a uniform environment. There is a difference of around 4 

dBm in the received signal strength from the alien squiggle and the Bow tie tag.  

The Metric Calculated for both of them gives us an idea on the performance of 

both the tags in numerical form. The bow tie metric came out to be 92 and the Alien 

Squiggle Metric was observed to be 90. As both the tags start reading at the same value 

of transmitted power, therefore the difference the backscatter received signal strength is 

accounted for the difference in Metric value. 

Table 7.5 Standalone Tag Metric Calculated Using Sirit 

Tags (Stand Alone) Metric 
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7.4.3 Test on Products  

In this experiment we attached both the A.S. and the B.T. tag to the different 

products. Similar experiments were carried out on all the products. First a frequency 

sweep is performed to find the best frequency suited for the power sweep operation. 

From the results obtained after the power sweep the metric value is calculated. First the 

frequency and sweep with the Alien Squiggle tag are shown as under. 

 

 

Graph 7.10 Alien Squiggle tag on Different Products - Frequency Sweep 

 

From the above graph it is clear that the Squiggle tag performs worst with metal 

and good with paper towel and wood.  It is also observe d that all the graphs have almost 

the same trend with much linear plots. Also it can be noticed that the best frequency of 

operation within the FCC range for all the tagged products is not same. This certainly 

means the frequency of operation for the power sweep would be different in case of 

different products.  

The graph below shows the power sweep for different tagged products.  
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Graph 7.11 Squiggle Tag on Different Products (Power sweep) 

 

It is observed that the paper towel has the best performance and metal and water 

have the worst. It is observed that there is around 6 dBm difference in the best and worst 

performance - tag on paper towel is read at -47.9 dBm and on metal is read at -54.2 dBm.  

 

Table 7.6 Metrics for Alien Squiggle on different products 

Product Metric 

Foam 85 

Metal 77 

Olive oil 82 

Paper towel 86 

Water 78 

Wood 86 
 

It is observed that the Metric of Paper towel, wood and Foam comes out to be 86, 
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metal degrades the performance of the tag attached to it much as compared to the Wood 

and Paper. Though the degradation is also seen in case of wood and paper but it is not as 

much as the metal.   

The graphs below show the frequency sweep of Bow Tie tag on different products.  

 

Graph 7.12 Frequency Sweep of Bow Tie Tag on Different Products 

 

From the above graph it is observed that the Bow tie tagged product graphs have 

almost the same trend with much linear plots. Also it can be noticed that the best 

frequency of operation within the FCC range for all the tagged products is not same. This 

certainly means the frequency of operation for the power sweep would be different in 

case of different products. Also it is observed that there is a large variance in the 

transmitted power to read the tag at a particular frequency. It is observed from the graph 

that at 910 MHZ there is around 12dBm variance in the paper towel and the metal.  

The graph below shows the power sweep for different tagged products 
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Graph 7.13 Power Sweep of Different Tagged Products with Bow Tie Tag 
 

From the power sweep graph of the different products tagged with Bow tie tag 

there is a large variance seen both in the value of the transmitted power and the 

backscatter power of the tag on different products. There is around 13 dBm difference in 

the received signal strength from the tag on Paper and the Tag on metal. The metric is 

calculated using the values of the transmitted and the received power and the results are 

as shown under. 

Table 7.7 Metric Value for the Products Tagged with Bow Tie Tag 

Products Metric (Athena) 

Foam 90 

Metal 75 

Olive Oil 85 

Paper Towel 92 

Water Bottle 81 

Wood 90 
 

It is observed that the metric of paper towel, wood and foam comes out to be 92, 

90, and 90 respectively and the metrics of olive oil, water and metal 85, 81 and 75. Metal 
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degrades the performance of the tag attached to it more as compared to the wood and 

paper. Although the degradation is also observed in case of wood and paper, it is not as 

pronounced as the metal.   

7.4.3.1 Comparison of Metric Values between the Two Tags on All Products.  

The table below shows the calculated metric values for both the tags on different 

products. 

Table 7.8 Comparisons of Metric Values from Squiggle Tag and Bow Tie Tag 

METRIC Alien Squiggle Bow Tie Tag 

Wood 86 90 

Paper towel 86 92 

Water Bottle 78 76 

Olive oil 82 85 

Foam 85 90 

Metal 77 75 
 

From the combined table we can observe that the metric values for the bow tie tag 

are in general higher than those of the squiggle tag. The Variation in the metric vale is 

between 2 Athenas to 5 Athenas for paper towel and wood respectively.  

We have observed that the sensitivity of the Voyantic system is higher than the 

Sirit system and the same is reflected in the calculation of the metric using the two 

systems.  

 

7.4.3.2 Comparisons of Metric of Standalone Tag from Voyantic and Sirit Systems 

The table below shows the calculated metric by the two different systems on two 

stand alone tags.  
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Table 7.9 Metric Comparisons of Two Systems using Standalone Tag 

Tags 
Metric 

Voyantic System Sirit System 

Alien Squiggle 95 90 

Avery Denison BowTie 97 92 

 

From the calculated Metrics it is observed that the Metric using the Voyantic 

system is quite higher than the one using Sirit System. This difference can be accounted 

for the system circuitry. Voyantic System is a specially designed system to do 

performance evaluation of tags and as such have very sensitive components. On the other 

hand the Sirit system is a lower cost, commercially available, and widely used reader and 

is not very sensitive. Thus there is difference in the calculated metrics. 

7.5 Comparisons of Tagged Products Metric, Using Different Readers 

Now we compare the metric calculated for different tagged products for the Avery 

Dennison tag and then the Alien Squiggle tag.  This comparison would truly bring out the 

effect of the system on the metric value and would show how much should a system be 

accounted for the difference in metric. 

7.5.1 Avery Dennison Bow Tie Tag 

We have observed that in general this tag has a better performance on the 

individual system. Here in this section we compare the performance of the tag on 

different products calculated using different systems.  

 As seen from the comparisons in the previous section where stand alone tags were 

compared for the two systems, the metrics differed by 5 Athenas, we can expect the tags 

to have almost the same difference when tagged to the different products. 
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7.5.2 Alien Squiggle Tag 

Now we repeat the same experiment with the Alien Squiggle Tag as well.
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

 In the thesis we developed a methodology for the performance evaluation of 

RFID tagged objects, using a unique numerical metric - Athena. The methodology 

developed to calculate the metric may be performed with off-the-shelf readers and tags in 

a basic environment. The resulting metrics correlate strongly to the readability of the 

tagged objects in practice. Thus, Athena serves as a solution to the problem of 

performance estimation currently being experienced with the use of RFID tags in supply 

chains.  

 In addition to the characterization of the tag performance Athena allows reader 

installation to specify the minimum Athena metric needed to achieve the required 

performance at a location. This information can be used to choose the minimum costing 

tag for serving the requirement thus saving a huge amount of investment on tags.    

 As the metric allows a simple comparison of the general readability of different 

tagged objects, is great asset for a non technical end user looking to buy tags for a defined 

application. Using the metric, performance evaluation on 6 different objects was 
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performed using 2 tags. The metric incorporated the 3 major factors affecting the 

performance of an RFID system - transmitted power, received signal strength and 

frequency of operation.   

 In addition to the performance evaluation of a tag the methodology can also be 

used for comparisons of different readers using Class 1 Gen 2 passive air interface 

protocol. The thesis also shows the comparisons of two different RFID readers based on 

the same methodology.  

8.2 Future Work 

During the course of the thesis work it came to my attention that a more accurate 

performance tool can be created by considering some other factors. Apart from power 

and frequency the other factors like tag read distance and orientation of the tag with 

respect to the reader antenna can be considered for a better performance metric. 

Moreover the evaluations of metric on different scenarios like the dock-door, conveyer 

belt and pallet level items would prove to be great asset for industry oriented 

applications.  

 

 

  



 

81 
 

REFERENCES  

[1] H. Clampitt. (2005, RFID vs bar codes. Retrieved from the Web 6(1), pp. 2007.  

[2] M. Attaran. (2007, RFID: An enabler of supply chain operations. Supply Chain 
Management: An International Journal 12(4), pp. 249-257.  

[3] R. Bansal. (2003, Coming soon to a wal-mart near you. IEEE Antennas and 
Propagation Magazine 45(6), pp. 105-106.  

[4] J. Curtin, R. J. Kauffman and F. J. Riggins. (2007, Making the ‘most’out of RFID 
technology: A research agenda for the study of the adoption, usage and impact of RFID. 
Information Technology and Management 8(2), pp. 87-110.  

[5] K. H. Doerr, W. R. Gates and J. E. Mutty. (2006, A hybrid approach to the valuation 
of RFID/MEMS technology applied to ordnance inventory. Int J Prod Econ 103(2), pp. 
726-741.  

[6] A. Estevez. (2005, RFID vision in the DoD supply chain. Defense AT & L pp. 23–26.  

[7] M. Potdar, E. Chang and V. Potdar. Applications of RFID in pharmaceutical industry. 
Presented at 2006 IEEE International Conference on Industrial Technology.  

[8] K. M. Ramakrishnan and D. D. Deavours. Performance benchmarks for passive UHF 
RFID tags. Presented at Proceedings of the 13th GI/ITG Conference on Measurement, 
Modeling, and Evaluation of Computer and Communication Systems.  

[9] BarcodesInc, "RFID - ROI, Implementation and Tags,"  

[10] R. Want. (2006, An introduction to RFID technology. IEEE Pervasive Computing 
5(1), pp. 25-33.  

[11] K. Michael and L. McCathie. The pros and cons of RFID in supply chain 
management. Presented at Proceedings of the International Conference on Mobile 
Business.  



 

82 
 

[12] R. Want. (2004, The magic of RFID. Queue 2(7), pp. 48.  

[13] D. Ranasinghe, D. Engels and P. Cole. Low-cost RFID systems: Confronting 
security and privacy. Presented at Auto-ID Labs Research Workshop.  

[14] B. Vijayaraman, B. A. Osyk and D. Chavada. (2008, An exploratory study of RFID 
adoption in the paperboard packaging industry. Journal of Technology Management & 
Innovation 3(4), pp. 8.  

[15] I. AIM. (2001, The shrouds of time: The history of RFID. White Paper.Available at: 
Www.Aimglobal.Org  

[16] D. Ranasinghe, D. Engels and P. Cole. Security and privacy: Modest proposals for 
low-cost RFID systems. Presented at Auto-ID Labs Research Workshop, Zurich, 
Switzerland.  

[17] I. K. Mun, A. B. Kantrowitz and D. W. Engels. Emerging RFID applications for 
healthcare. Presented at Proceedings of 2005 IEEE International Conference on Service 
Operations and Logistics, and Informatics.  

[18] K. Finkenzeller and R. Waddington. (2003, RFID Handbook: Fundamentals and 
Applications in Contactless Smart Cards and Identification.  

[19] J. Hanson. (2006, An introduction to RFID development. DevX.Com Online Report  

[20] B. Glover and H. Bhatt. (2006, RFID Essentials (Theory in Practice (O'Reilly)).  

[21] N. Wu, M. Nystrom, T. Lin and H. Yu. (2006, Challenges to global RFID adoption. 
Technovation 26(12), pp. 1317-1323.  

[22] S. L. Garfinkel, A. Juels and R. Pappu. (2005, RFID privacy: An overview of 
problems and proposed solutions. IEEE Security & Privacy pp. 34-43.  

[23] T. Phillips, T. Karygiannis and R. Kuhn. (2005, Security standards for the RFID 
market. IEEE Security & Privacy pp. 85-89.  

[24] K. V. S. Rao, P. V. Nikitin and S. F. Lam. (2005, Antenna design for UHF RFID 
tags: A review and a practical application. IEEE Transactions on Antennas and 
Propagation 53(12), pp. 3870-3876.  

[25] Sirit Inc. Sirit INfinity 510 mannual.  

[26] P. V. Nikitin, K. V. S. Rao, S. F. Lam, V. Pillai, R. Martinez and H. Heinrich. (2005, 
Power reflection coefficient analysis for complex impedances in RFID tag design. IEEE 
Trans. Microwave Theory Tech. 53(9), pp. 2721-2725.  



 

83 
 

[27] Nikhil Ayer, "Evaluation Of Iso 18000-6 Type-C Class 1 Generation 2 Rfid Protocol 
Artifacts," 2008, Master's Thesis, University of Texas at Arlington, Arlington ,Texas.  

[28] T. A. Scharfeld. (2001, An analysis of the fundamental constraints on low cost 
passive RFID system design. Master's Thesis, Massachusetts Institute of Technology, 
Department of Mechanical Engineering  

[29] D. H. Staelin, A. W. Morgenthaler and J. A. Kong. (1993, Electromagnetic Waves.  

[30] J. D. Kraus and K. R. Carver. (1984, Electromagnetics.  

[31] http://helios.gsfc.nasa.gov/glossmn.html, "Cosmicopia, Nasa,"  

[32] D. J. Griffiths and C. Inglefield. (1999, Introduction to Electrodynamics.  

[33] A. Z. Capri and P. Panat. (2002, Introduction to Electrodynamics.  

[34] J. C. Liberti and T. S. Rappaport. (1999, Smart Antennas for Wireless 
Communications: IS-95 and Third Generation CDMA Applications.  

[35] R. C. Johnson and H. Jasik. (1993, Antenna Engineering Handbook.  

[36] R. Garg, P. Bhartia and I. Bahl. (2001, Microstrip Antenna Design Handbook.  

[37] W. Stutzman and G. Thiele. (1981, Antenna theory and design.  

[38] J. L. Hou and C. H. Huang. (2006, Quantitative performance evaluation of RFID 
applications in the supply chain of the printing industry. Industrial Management and 
Data Systems 106(1), pp. 96.  

[39] S. Polito, D. Biondo, A. Iera, M. Mattei and A. Molinaro. Performance evaluation of 
active RFID location systems based on RF power measures. Presented at IEEE 18th 
International Symposium on Personal, Indoor and Mobile Radio Communications, 2007. 
PIMRC 2007.  

[40] Wikipedia, "octane rating,"  

[41] J. J. Kelly, C. H. Barlow, T. M. Jinguji and J. B. Callis. (1989, Prediction of gasoline 
octane numbers from near-infrared spectral features in the range 660-1215 nm. Anal. 
Chem. 61(4), pp. 313-320.  

[42] M. H. Rusin, H. S. Chung and J. F. Marshall. (1981, A" transformation" method for 
calculating the research and motor octane numbers of gasoline blends. Industrial & 
Engineering Chemistry Fundamentals 20(3), pp. 195-204.  



 

84 
 

[43] J. Flores, S. Srikant, B. Sareen and A. Vagga. Performance of RFID tags in near and 
far field. Presented at 2005 IEEE International Conference on Personal Wireless 
Communications, 2005. ICPWC 2005.  

[44] A. Gautham, "Practical Evaluation And Analysis Of 
Passive Uhf Rfid Tags," 2008, Master's Thesis, University of Texas at Arlington, 
Arlington ,Texas.  

[45] U. Karthaus and M. Fischer. (2003, Fully integrated passive UHF RFID transponder 
IC with 16.7-W minimum RF input power. IEEE J.Solid-State Circuits 38(10), pp. 1602–
1608.  

[46] P. V. Nikitin and K. Rao. Performance limitations of passive UHF RFID systems. 
Presented at Proceedings of the IEEE Antennas and Propagation Symposium.  

[47] L. Ukkonen, L. Sydanheimo and M. Kivikoski. (2005, Effects of metallic plate size 
on the performance of microstrip patch-type tag antennas for passive RFID. IEEE 
Antennas and Wireless Propagation Letters 4pp. 410-413.  

[48] S. A. Weis, S. E. Sarma, R. L. Rivest and D. W. Engels. (2004, Security and privacy 
aspects of low-cost radio frequency identification systems. Lecture Notes in Computer 
Science pp. 201-212.  

[49] R. H. Clarke, D. Twede, J. R. Tazelaar and K. K. Boyer. (2006, Radio frequency 
identification (RFID) performance: The effect of tag orientation and package contents. 
Packaging Technology and Science 19(1), pp. 45-54.  

[50] J. D. Porter, R. E. Billo and M. H. Mickle. (2006, Effect of active interference on the 
performance of radio frequency identification systems. International Journal of Radio 
Frequency Identification Technology and Applications 1(1), pp. 4-23.  

[51] P. V. Nikitin and K. Rao. Performance limitations of passive UHF RFID systems. 
Presented at Proceedings of the IEEE Antennas and Propagation Symposium.  

[52] Voyantic Ltd., "Tagformance Lite Measurement System," 2009.  

[53] S. Sarma and D. W. Engels. (2003, On the future of RFID tags and protocols. Auto-
ID Center Massachusetts Institute of Technology-Technical Report, Cambridge  

[54] S. Sarma, D. Brock and D. Engels. (2001, Radio frequency identification and the 
electronic product code. IEEE Micro pp. 50-54.  

[55] J. F. Pareira, "THEIA- Radio Frequency Identification Performance Analysis Tool," 
2009, Master's Thesis, University of Texas at Arlington, Arlington ,Texas.  



 

85 
 

[56] L. Beauvillier, M. J. Brady, D. W. Duan, D. J. Friedman, P. A. Moskowitz and P. 
Murphy. (2000, Method and Apparatus for Testing RFID Tags  

[57] S. E. Moore. (2007, RFID Material Tracking Method and Apparatus  

[58] W. F. Rogers, J. R. Collins and J. B. Jones. (2003, Method and Apparatus for 
Monitoring Operational Performance of Fluid Storage Systems  

[59] R. Clarke and J. Falls. (2006, Methods and apparatus for RFID hotspot testing. 
Journal of Applied Packaging Research 1(2),  

[60] J. D. Porter, R. E. Billo and M. H. Mickle. (2004, A standard test protocol for 
evaluation of radio frequency identification systems for supply chain applications. J. 
Manuf. Syst. 23(1), pp. 46-55.  

[61] D. D. Arumugam, D. W. Engels and A. Modi. (2007, Environmental and 
performance analysis of SAW-based RFID systems. International Journal of Radio 
Frequency Identification Technology and Applications 1(2), pp. 203-205.  

[62] J. Hallberg and M. Nilsson. Positioning with bluetooth, irda and rfid. Computer 
Science and Engineering, Luleå University of technology/2002 125  

 

 

 

  



 

86 
 

BIOGRAPHICAL INFORMATION 

  

Amit Jain is researcher at Texas Radio Frequency Identification and Innovation 

Lab in University of Texas at Arlington. He obtained his Masters of Science degree in 

Electrical Engineering from University of Texas at Arlington, Arlington, Texas and 

Bachelors degree in Electronics from Pillai’s Institute of Information Technology, Navi 

Mumbai, India. He also served as the Senator for Collage of Engineering in UT Arlington 

and was active member and Vice-President of Fine Arts Society of India, UTA. He 

worked as a Graduate Teaching Assistant for four semesters in UTA and mentored 

various graduate and under graduate courses. His research interest include RFID 

performance analysis, UHF antenna design and RFID credit card security related issues.  

 


