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ABSTRACT OF THESIS

EXPERIMENTAL INVESTIGATION TO INFORM OPTIMAL
CONFIGURATIONS FOR DYNAMIC NEAR-FIELD PASSIVE
UHF RFID SYSTEMS

RFID has been characterized as a “disruptive technology” that has the potential to
revolutionize numerous key sectors. A key advantage of passive RFID applications is the ability
to wirelessly transmit automatic identification and related information using very little power.
This paper presents an experimental investigation to inform the optimal configuration for
programming passive ultra-high frequency (UHF) RFID media in dynamic applications.
Dynamic programming solutions must be designed around the tag’s functionality, the physical
programming configuration and environment. In this investigation, we present a methodology to
determine an optimal configuration to maximize the systems programming efficiency for
dynamic applications.

KEYWORDS:
Radio-frequency identification, passive UHF tags, programming window, optimization, dynamic
programming
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1 Introduction

1.1 Motivation

RFID has been characterized as a “disruptive technology” because it has the potential to “rattle
the walls of the conventional...ultimately reshape[ing] our living experience” [1]. This is
possible because RFID’s luster is based on the ability to provide information. Information is
becoming the currency of society. Information is what drives everything from global economies
to personal day to day living. RFID has the capability to induce a thriving market for such
information, resulting in easy data access for analysts to infer business intelligence and create
deeper relationships between companies and customers. Because of this, RFID tags are widely
held to become ubiquitous in our future.

Many companies are leveraging this type of technology for asset identification, retail item
management, access control, vehicle security, banking, inventory control, supply chain efficiency,
cost reduction and theft / fraud prevention.

Companies such as The Coca-Cola Company [2], The Pub Restaurant [3], Loves Truck Stop [4],
Hanmi Pharmaceutical [5], and the Agricultural Back of China [6] are a few examples. See
Appendix “Application Examples” for details how these companies are benefiting from RFID
implementation.

1.2 Inspiration

The inspiration of this thesis was inspired by the Lexmark T654dn Laser Printer UHF RFID
solution. The Lexmark RFID solution simultaneously encodes RFID tags embedded into various
types of media while also providing human readable data. RFID laser printing solutions have to
be designed around the tag’s functionality. Most passive tag performance deficiencies are due to
energy and signal discrepancies from the Reader [7].

Performing RFID operations in a laser printing system is difficult because of the raster imaging
processing. Once the print job has been initiated it cannot be paused or stopped. This means that
once a single sheet of media has been picked from the input tray it must remain in motion until
the print job is complete.

The RFID operations are performed after the media is in motion. The nominal media speed is 35
pages per minute (ppm), which converts to 6.4 inches per sec (ips). The dynamic factor creates a
limited time where the tag must be identified, programmed and verified in less than one second.
This is called the programming window and it is the main limiting constraint in programming
RFID tags in a laser printing system.

1.3 Problem Statement & Scope

As mentioned above, the main limiting constraint in programming RFID tags in a laser printer is
the limited programming window. The scope of this thesis is to fundamentally understand the
programming factors in a UHF dynamic system in which the programming window can be
optimized. There has been little research conducted in the area. Throughout the thesis the
Lexmark T654n Laser Printer UHF RFID solution will be referenced, but the research is not



limited to this device. The research can be applied to any application that involves programming
UHF tags in a dynamic environment.

Several studies have been conducted to characterize RFID systems for readability rates and
ranges from an experimental approach [8]. However, most studies cover the system from a
manufacturing supply chain standpoint [9] [10] [11]. Others have been conducted in order to
investigate limitations of programming on or near various materials and liquids, such as wood,
metals, food products, and water [12] [13].

The ultimate desired goal is to provide a procedure that can easily be implemented to optimize
dynamic RFID programming systems. This is important because RFID applications are
numerous, unique and difficult to optimize. The technology found in the main hardware
components are constantly changing and each would benefit from the presented process in order
to optimize the performance.

1.4 Thesis format

The format of this section is divided into 9 sections. They are as follows:
» Chapter 2 - Explanation of RFID technology from a high level view. This chapter
discusses why RFID is unique, provides examples of real world applications, the current
market and their challenges, and lays out the benefits of a RFID enabled printer.

» Chapter 3 — RFID system infrastructure. This chapter discusses the RFID system
layout and the components that make up that system. This includes the readers, antennas
and tags. This chapter also wraps up with the standards that govern the RFID industry.

» Chapter 4 — Explanation of the RFID system and communication methods. This
chapter explains the RFID from a system perspective. It includes the Electronic Product
Code (EPC), the different frequencies, communication types and field regions. This
chapter discusses in detail how each of the communication types work: near field and far
field.

» Chapter 5 — Lexmark T654 RFID option. This chapter introduces the Lexmark RFID
enabled printing and programming system. The discussion includes the system layout,
how it works and the challenges.

» Chapter 6 — Printer Programming Simulation — This chapter lays out the design intent
of the LexSlidel test fixture, the programming variables, test fixture hardware and
functionality.

» Chapter 7 — Test Setup — The test specimens, test types, test parameters and data output
are discussed in this chapter.

» Chapter 8 — Test methodology — The test method designed to reduce the degrees of
freedom as the testing progresses in presented in this chapter.

» Chapter 9 -- Statistical Analysis — This chapter contains all the test analysis from all 5
test types. Each of the 5 test types are presented with the test setup, test parameters,
results, conclusions and next steps.



» Chapter 10 — Conclusion — the conclusion is a summary of the entire 5 test summaries
presented in chapter 9. Additional information has been added about recommended next
tests to expound upon the current results

The research thesis wraps up with the references, glossary of terms and appendices.



2 What is RFID technology and Why is it Unique

2.1 Introduction to RFID and why it is Unique

Radio frequency identification (RFID) is a subset of a group of technologies also known as
automatic identification (or auto-1D), which allows machines to uniquely identify other objects.
There is a family of Automatic Identification technologies that includes bar codes and smart
cards. Figure 1 includes other technologies types.

Bar Code
Systems

Optical
Character Passlve RFID

Recognitiol
ﬁ Auto-1D ¥ —d

Technology

Ny
o A

Biometric
Systems

B

Figure 1: The Family of Automatic Identification Technologies [14]

2.1.1 Customer Personalization and the Power of Unique
Identification

RFID technology will provide unique identification in the form “serial number i was at location |
at time t” [15]. This type of information will be the incentive for markets to push forward where
goods are tagged on an individual level. Companies that leverage the power of unique
identification will have the potential to experience success in internal, supplier, and customer
personalization. There are empirically verified economic benefits for companies to personalize
their goods and services [16]. RFID can provide the type of information where these types of
relationships can be crafted. RFID is basically a signal sent to the transponder, which wakes up
and either reflects back a signal (passive system) or broadcasts a signal (active system). [17]. See
appendix B for additional information how passive RFID was first used in WWII.

Data generated through personalization of customer behavior with current products can provide
such information. The captured information will allow companies to answer product —related and
customer- related questions such as:

Which products are likely to be bought together?

What are the characteristics of my customers?

Does the current service provided match the customer’s behavior?

Is there a difference between returning and non returning customers?
Can the customer’s budget be related to their behavior?

Which additional products should I offer to a customer?



When these types of questions can be answered then there is a high potential to:
o turn casual browsers into buyers,
o match customers to the optimal service or product,
o increase customer loyalty,
o maximize profits by understanding what a specific customer is willing to pay,
o Improve customer relationship management.

212 Bar Codes and their limitations

The bar code has become part of our everyday life. It is estimated by the Uniform Code Council
(UCC) that 5 billion bar code are scanned each day world wide [18]. The first transaction with a
bar code was on June 26, 1974 in Troy, Ohio on a Juicy Fruit pack of gum [19]. The introduction
of the bar code was the culmination of over 30 years of research. The first patent for automatic
product coding was developed by two Drexel University graduate students. However, IBM and
NCR eventually developed the foundation of the bar coding system that is used around the world
today [20].

It has become “the ubiquitous standard for identifying and tracking products” [21]. While the
bar code has been institutionalized across most industries and the UCC has become omnipresent
there are limitations.

Due to the structure (as shown in Figure 2), a bar code does not have the ability to uniquely
identify a specific object.

Anatomy of a Barcode

123T45

Manufacturer Code Product Code I

Number System S@uard:0ars Check Digit

Figure 2: Anatomy of a Bar Code

Take, for example, a bar code on a printer box can tell you the type, size, and producer of the
printer. It cannot tell you:

Where the printer was boxed

When the printer was produced

The lot and/or production run during which the printer was made
Where the printer box traveled in its journey to the shelf

The bar code can only provide the product and its manufacturer. This means that all printers of
the same type in a store, on a pallet, distribution center, factory, and throughout the entire supply
chain cannot be uniquely identified from each other. The bar code reads the same for all printers
of the same type.  This means that the bar code cannot provide information to answer the
following questions:

e Where was that particular item manufactured?
e In which lot/shift was the item manufactured?



e \When was the product manufactured?
o When will the product expire?

2.1.3 RFID versus Bar Codes

Both bar codes and RFID are indeed similar. They both are auto-ID technologies that are
intended to provide rapid and reliable item identification and tracking capabilities. The primary
difference is the method in which they identify objects. The bar code requires a reading device
that scans a printed label with an optical laser or image technology. However, RFID readers
scan, or interrogate, a tag using radio frequency signals. This coined the phrase “radio bar
codes”.

Bar codes can only yield information indicating the category of an item. In contrast, an RFID tag

can present much more robust serialized information on a specific item, thus identifying is as a
unique thing. RFID tags are a “supercharged” item identifier, as compared to the bar code [22].
Senator Patrick Leahy described RFID as a bar code “on steroids” [23] [24].

Table 1: Differences between bar codes and RFID tags

Bar Codes RFID tags

Bar codes require line of sight to be read RFID tags can be read or updated without line
of sight.

Bar codes can only be read individually Multiple RFID tags can be read

simultaneously.

Bar codes cannot be read if they become dirty =~ RFID tags are able to cope with harsh and dirty

or damaged environments.

Bar codes must be visible to be logged. RFID tags are ultra thin and can be printed on a
label, and they can be read even when
concealed within an item

Bar codes can only identify the type of item RFID tags can identify a specific item.

Bar code information cannot be updated Electronic information can be overwritten
repeatedly on RFID tags.

Bar codes must be manually tracked for item RFID tags can be automatically tracked,

identification, making human error an issue. eliminating human error.

Bar codes can be copied and re-distributed RFID tags have a chip specific ID value that
making authenticity and / anti counterfeit an can be linked to the user programmable 1D
issue. value. Used together eliminates the possibility

of improper duplication.

Figure 3 below clearly shows the limitation of the barcode and the value add of the RFID tag’s
ability to uniquely identify objects.



Barcode RFID Tag

A bar code only contains the
“UPC” (a product SKU)

9

18577

An RFID tag contains the UPC plus a unique serial number

Item specific serial number
+ 123456789....789012
7808637185779

780863
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Define the product (a product SKU) Defines BOTH the product and the
(but not the instance of that product) specific instance of that product

Figure 3: Barcode vs. RFID - Barcode can identify a product while the RFID tag can
uniquely identify a specific object

Figure 4 provides more detailed list of the many RFID applications that use passive tags. The
figure shows the applications and how much money was spent during 2012 and the first half of
2013. The money spent for the second half of 2013 and 2014 was also predicted. If the data
holds the same trend for the rest of 2013, the money spent on passive UHF applications will be
higher when compared to the previous year. According to the data, the 2012 total value of the
RFID market was $7.67 billion, up from $6.51 billion in 2011 [25].
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Figure 4: Value of passive tags by application in US$ millions [25]

There are numerous UHF RFID applications ranging across many industries throughout the
world. There are many examples from different industries to help provide solutions that are used
today [26][27][28][29][30].

2.2 Current Market

Currently there are four methods to accomplish the task of combining tag programming and
printing human readable data. Three of the four methods program tags and print simultaneously.
The other method does not use a printer to program tags; instead the tags are programmed before
they are embedded into media. This is known as preprogramming.

1. Pre Programmed Tags (Laser) — Tags can be preprogrammed before they are embedded
into the desired media. A secondary operation requires the media with the embedded tag
to undergo the printing process.

2. Thermal Printers —They are limited to smaller media sizes and only one media type can
be in the system. The media has to be manually changed every time a different media
type is required.

3. Inkjet Printers — Inkjet technology allows for a wider range of media types, but at a
higher operating cost.

4. Laser Printers — RFID enable laser printers to offer a wide variety of cut sheet and
continuous roll media types. They can offer a wide range of media types and can
different media types can simultaneously exist in the system.



Table 2: RFID-enabled printer quick comparisons

Pre Programmed Thermal Printers Inkjet Printers Laser Printers
Tags (Laser)

Secondary Process
Wide range of

media Types
Simultaneous
Media types
Cost affective for
large quantities

Many RFID applications that require coded tags also require human readable data. Each of the
industries and companies cited earlier in figure 4 require different types of forms, labels, stickers,
packing slips, manifest, and documents that must be printed. There is a large range of printing
requirements that is associated with RFID document output.

The current RFID-enabled printer market is dominated by thermal printers. Thermal printers
have led the RFID-enabled market because of their ability to print small labels. Early adoption of
RFID has been driven by the demand of programming tags in small labels. The companies that
have succeeded in developing RFID-enabled printers were originally specialized in bar codes
printers. There are currently six companies the make up the current market landscape:

» Datamax datamax-oneil.com
> Intermec intermec.com

> Sato satoamerica.com

» Printronix printronix.com

» Toshiba TEC toshibatec-ris.com
> Zebra zebra.com

The inkjet RFID-enabled printer market is much smaller in comparison to the thermal printer
market. Primarily there is only one main inkjet RFID-enabled printer, the RX-900 Inkjet Printer.
The main advantage of the inkjet printer has over thermal printers, is that it can support label
sizes ranging from 1 inch wide up to 8.5 inches wide [31]

Figure 5: Primary inkjet RFID-enable color printer - RX900 [31]

Another use for inkjet printer technology is its ability to print with metal ink. This capability
allows the printer to print RFID antennas directly to the paper. These types of printers are
transitioning from the feasibility stage to the production stage [32] [33].



2.3 The challenges with Thermal RFID Printing Solutions

As discussed in the previous section, most RFID-enabled environments rely on thermal printers to
generate output. There are several disadvantages with thermal printers when it comes to printing
documents, labels and forms required to run a business that has invested in this type of
technology [34]. Examples of these issues are as follows:

>

Single Use Device - The thermal printer is dedicated to a single printing task, and is
unable to work with multiple forms without the time-consuming manual process of
changing media types.

Limited Flexibility — Thermal printer is a single use device and is optimal when the
volume is low and the forms are simple. Many businesses have high volume printing
environments, which require complex forms. Needing to combine human readable data
and RFID-capability into a single media output drives the complexity of the forms.
Another source of complexity is the different media sizes required for different types of
forms, manifests, packing slips, shipping labels, and bills of laden.

Higher Maintenance Costs — Large operations require different types of printers
designated for individual printing tasks. These printers have associated costs for
maintenance and procurement of supplies. Thermal printers are single use devices and
require all of these costs for one type of operation. Also, when the single use device type
of machine goes down, the entire production process comes to a halt until the printer can
be replaced or repaired. This “down time” adds cost and the resulting dip in productivity
can add up quickly to significant losses.

Difficulty with Wide Formats — Thermal printers were originally designed to print on
small formats such as shipping labels. Larger media types, such as 8.5 x 11 or 8 x 14
inch output, is cost prohibitive for thermal printers.

Output Quality- Thermal printers print in lower resolutions, 203-305 dpi (dots per inch).
The lower resolution produces print quality issues that lead to unreadable bar codes.
Thermal printers transfer the image to the media via a ribbon. This method is known for
wear, smearing and distortion print issues.

2.4 The benefits of RFID-enabled Laser Printers

There are multiple benefits of laser printers. They can offer higher productivity, device
consolidation, forms management, improved print quality, lower costs, and networking
capabilities. Each of these benefits are explained in more detail below:

>

Device Consolidation — Laser printers have network capability, multiple input trays, and
multiple output options. This allows for one single device to carry out different required
printing functions. Fewer devices lead to lower maintenance and supply cost.

Forms management - The multiple input trays on a single printer allows for one device
to accommodate several types of printing functions. The input trays can each hold a
different type of media, such as size and material type (i.e. paper forms, labels, etc.). For
example, one input tray can hold RFID-enabled media while another input tray can hold
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non-RFID media. This can lead to higher productivity because time does not have to be
used to manually change the media type for different print jobs.

» Media Flexibility — Laser printers can print on RFID-enabled media and non-RFID
enabled media. This includes the different types of paper, vinyl labels, carbonless paper
and other type of media.

» Better Graphics Capabilities — Most laser printers operate at 1200 dpi (dots per inch),
while thermal printers operate at 305 dpi. This provides a higher print quality for the
required human readable data and graphics.

2.5 RFID Enabled media

RFID enabled media is an essential component of the total RFID system. The reason is because
the tag is embedded inside label type media or attached directly to the media. The RFID enabled
media couples human readable and RFID encoded tags into one single document. There are
multiple forms of a RFID-enabled media:

Labels,

Documents,

Cards,

Stickers,

And standard paper.

YVVVYY

These types of RFID-enabled media can be up to 8.5 x 11 inches in size. Below are some
examples of RFID enabled media. The first example, figure 6, is a healthcare document used in
hospitals. The image below has 21 2-D barcodes. All the bar codes belong to single patient. 20
of the bar codes are stickers that will be applied to medicine containers, such as a pill bottle and
medical equipment. The wristband will be applied to the patient. When medicine and medical
equipment are brought into the patient’s room they are scanned, along with the patient wristband.
This process is to help ensure the wrong medicine or medical equipment is not introduced to the
patient.

glelghglgt
AAlERN
ol glghglgl
pofoEd A
palghelel
WEP R A
|ﬁ|iﬁ|5g|l?

Figure 6: Medical label with 21 2-D bar codes stickers
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The bar code solution was converted to a RFID solution. 21 RFID tags were embedded
underneath each 2-D bar code. This allowed for the patient, medicine and medical equipment to
be identified via an RFID system. The value add of the RFID tags is as follows:

» Line of sight — Line of sight is not required for verification, therefore, saves time and
effort by the medical staff.

» Automatic verification -- The tags can be checked simultaneously when they enter the
room. Any discrepancies will be identified real time and the medical staff will be alerted
to the issue.

» Reduces system by-pass — 2-D bar codes can be by-passed by the medical staff. The
automatic verification of the RFID system prevents the system by-pass ensuring medical
errors are not made.

Figure 7 is an example of a letter size medical wristband with an embedded RFID tag.

Figure 7: Medical wristband with an embedded RFID tag

Another example is a letter size combination label with an embedded RFID tag. A combination
label is part paper that contains critical human readable and the other part is the label with an
embedded RFID tag (see figure 8)
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Figure 8: Combination label with an embedded RFID tag

Figure 9 is a complete and peeled example of an RFID enabled combination label. The
top section is a completed RFID enabled combination label. The bottom section is peeled
example of an RFID enabled combination label.

Figure 9: Front and back of RFID enabled combination label
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Figure 10 shows an A6 size combination label. The Mexican government registers vehicles
throughout the country using this form. The vehicle owner keeps the human readable information
inside the car, as normal, and applies the RFID label to the windshield. The RFID tag helps in
vehicle fraud. This is possible because the vehicle VIN and other unique information are stored
on the tag.

Figure 10: Combination form with embedded RFID tag for vehicle identification
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3 RFID System Infrastructure

The RFID system infrastructure for tag programming consists of four main components: 1)
reader, 2) antenna 3) tag and 4) middleware (i.e. firmware). It is a balancing act between these
four main components for the RFID system to perform optimally. This section will discuss the
role each component plays in the system and how they interact with respect to one another.

3.1 Simple component system layout

Figure 11 is a diagram of four main components required for tag programming and how they
interact with respect to one another. Many publications are available and also explain the RFID
system infrastructure in greater detail [35] [36]. In laymen terms, the reader coupled to the
antenna transmits an electromagnetic RF signal. It requires an electrical power input source. The
tag receives the transmitted RF signal and powers up (i.e. turns on). The microchip on the tag is
enabled when the tag is powered up. In this state, information can be read from the chip and sent
back to the reader or new information can be written to the chip. This required interaction
between the transmitter and receiver is referred to as a “passive” tag.

The communication link established is considered a “reader-tag-reader” link. This is because the
antenna can transmit and receive simultaneously [37]. The antenna established a link with the tag
and is described as the “reader-tag”. The tag is powered by the electromagnetic field created by
the antenna and established a link back to the antenna and is described as the “tag-reader”. In a
“reader-tag-reader” communication link the tag is enabled to transmit data back to the antenna or
store data in the chip.

Receiver

Transmitter

-
Middleware Reader Antenna - Tag

Figure 11: Simple component system layout

The data from the microchip is then added to an RF signal that is “reflected” by the tag to the
reader via the antenna. This process is referred to as passive backscatter (discussed in greater
detail in section 4.6.1). The reader contains the electronics to receive this signal from the tag,
extract the RFID tag’s code from the signal, and return it to its signal form, and provide the code
to the host computer.

The UHF passive tag systems operate on a “talk first” protocol. This is where the tag is not
activated until it receives a signal from the antenna. Also, only one reader at a time can energize
or create a communication link with a passive tag. If more than one reader attempts to energize a
tag simultaneously a condition known as “reader collision” occurs.
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3.2 Reader

The reader antenna is an important part and has great influence on the performance of the whole
RFID system. The antenna reader is supplied power and establishes a communication link with
the tag. Another name for the antenna reader is “antenna” and will be referred as such throughout
the rest of this paper.

The purpose of the antenna is to transform an RF signal, traveling on a conductor, into an
electromagnetic wave in free space. Antennas demonstrate a property known as reciprocity,
which means that the antenna will maintain the same characteristics regardless if it is transmitting
or receiving. The reader will provide an input signal to the antenna where it will create a radian
sphere (near field) or emit radiation distributed into space (far field).

Embedded inside the reader are powerful microchips and memory, which controls a radio
transmitter and receiver. The reader is also called an interrogator because it recognizes a tag
when it enters the field of view and establishes a link for communication.

3.3 Antenna Types: Reader Antenna and Tag Antenna

RFID antennas can be divided into two classes: the reader antenna and the tag antenna. The
reader antenna transmits the electromagnet energy to activate or awaken the tag, realizes the data
transfer and sends the instructions to the tag. The reader antenna receives information from the
tag. The tag antenna not only transmits the wave carrying the information stored in the tag, but
also needs to catch the wave from the reader to supply energy for the tag operation.

For simplicity the reader antenna will be referred to as the “antenna” and the tag antenna will be
referred to as the “tag” for the remaining of this paper.

33.1 Antenna

An antenna is a device that transmits and/or receives electromagnetic waves. Most antennas are
resonant devices, which operate efficiently over a relatively narrow frequency band. An antenna
must be tuned to the same frequency band that the radio system to which it is connected operates
in, otherwise reception and/or transmission will be impaired.

The antenna is coupled with the reader to work as both the transmitter and a receiver. There are
several antenna characteristics and propagation channel properties that are critical for antenna
performance. The design considerations for the antenna are as follows [36][37][38][39][41]:

» Antenna characteristics
o Operating frequency band,
Gain characteristics (maximum gain, radiation patter, beamwidth, etc.),
Directivity
Impedance Matching
VSWR and Reflected Power
Polarization
Location
Sensitivity to nearby objects with different properties,

O O O O O O O

» Propagation channel properties
o Path loss
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o Radiation patterns
o Spatial and temporal fading statistics
Gain

The gain of the antenna directly impacts the tag read range. It is important to understand the
relationship between the linear gain of the antenna and its circular gain. Linear gain is referenced
to a linear isotropic source and measure in dBil, while circular gain is referenced to a circular
polarized isotropic source measured in dBic. The power gain also affects the ability of the
antenna to concentrate energy in a particular direction.

Directivity

Directivity is the ability of an antenna to focus energy in a particular direction when transmitting
or to receive energy better from a particular direction when receiving. The relationship between
gain and directivity: Gain = efficiency/Directivity. We see the phenomena of increased directivity
when comparing a light bulb to a spotlight. A 100 watt spotlight will provide more light in a
particular direction than a 100 watt light bulb, and less light in other directions. We could say the
spotlight has more "directivity" than the light bulb. The spotlight is comparable to an antenna
with increased directivity. An antenna with increased directivity is hopefully implemented
efficiently, is low loss, and therefore exhibits both increased directivity and gain.

A directional antenna is one that radiates its energy more effectively in one (or some) direction
than others. Typically, these antennas have one main lobe and several minor lobes. Examples of
directional antennas are patches and dishes.

An Omni directional antenna is an antenna that has a non-directional pattern (circular pattern) in a
given plane with a directional pattern in any orthogonal plane.

Impedance Matching

For efficient transfer of energy, the impedance of the radio, the antenna, and the transmission line
connecting the radio to the antenna must be the same. Radios typically are designed for 50 ohms
impedance and the coaxial cables (transmission lines) used with them also have a 50 ohm
impedance. Efficient antenna configurations often have an impedance other than 50 ohms; some
sort of impedance matching circuit is then required to transform the antenna impedance to 50
ohms.

VSWR and Reflected Power

The Voltage Standing Wave Ratio (VSWR) is an indication of how good the impedance match is.
VSWR is often abbreviated as SWR. A high VSWR is an indication that the signal is reflected
prior to being radiated by the antenna. VSWR and reflected power are different ways of
measuring and expressing the same thing. A VSWR of 2.0:1 or less is considered good. Most
commercial antennas, however, are specified to be 1.5:1 or less over some bandwidth. Based on a
100 watt radio, a 1.5:1 VSWR equates to a forward power of 96 watts and a reflected power of 4
watts, or the reflected power is 4.2% of the forward power.

Bandwidth
Bandwidth can be defined in terms of radiation patterns or VSWR/reflected power. Bandwidth is

often expressed in terms of percent bandwidth, because the percent bandwidth is constant relative
to frequency. If bandwidth is expressed in absolute units of frequency, for example MHz, the
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bandwidth is then different depending upon whether the frequencies in question are near 150,
450, or 825 MHz.

Polarization

Polarization is defined as the orientation of the electric field of an electromagnetic wave.
Polarization is, in general, described by an ellipse. Two often used special cases of elliptical
polarization are linear polarization and circular polarization. The initial polarization of a radio
wave is determined by the antenna that launches the waves into space. The environment through
which the radio wave passes on its way from the transmitting antenna to the receiving antenna
may cause a change in polarization.

For maximizing tag range, antenna polarization of the tag must be matched to that of the antenna.
Most RFID tags are linearly polarized. RFID tags that are currently on the market are linearly
polarized. There are two additional polarization types: circular and elliptical. The linear
polarized antennas require the tag to have parallel or perpendicular orientation with respect to the
antenna. The antennas use circular polarization to ensure the tag can be read at any orientation
angle.

As mentioned in the earlier paragraph, there are two types of RFID antenna polarization types: 1)
dipole antennas (linear polarization) or 2) helix, crossed dipoles and patch (circular polarization).
The dipole antenna produces an electromagnetic wave that propagates entirely in one place
(vertical plane or horizontal plane) in the direction of the signal propagation.

1
: /ﬁ »

Linear Circular Elliptical
Figure 12: Antenna Polarization types [42]

The helix, crossed dipoles and path antennas produce an electromagnetic wave that propagates in
two planes creating a circular effect (like a corkscrew) making one complete revolution in a
single wavelength. The linear polarization type antennas are optimal when the tag location is
known. The circular polarization type antennas are optimal when the tag location is unknown
(see figure 12 for polarization types).
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Path Loss

Path loss between the antenna and tag with an established communication link strongly depends
on the propagation environment. This will be discussed in further detail in chapter 4

Antenna Placement

Correct antenna placement is critical to the performance of an antenna. The distance from the tag
to the antenna directly impacts tag programming. The surrounding materials are also critical.
This is especially true for metal material or any similar material that can reflect electromagnetic
waves and interfere with tag programming.

Radiation patterns

The radiation or antenna pattern describes the relative strength of the radiated field in various
directions from the antenna, at a fixed or constant distance. The radiation pattern is three-
dimensional, but it is difficult to display the three dimensional radiation patterns in a meaningful
manner; it is also time consuming to measure a three-dimensional radiation pattern. Often
radiation patterns are measured that are a slice of the three-dimensional pattern, which is of
course a two-dimensional radiation pattern which can be displayed easily on a screen or piece of
paper. These pattern measurements are presented in either a rectangular or a polar format.

Antennas that are being used as a transmitter do not radiate uniformly in all directions. This is
the same for antennas being used as a receiver; they do not detect energy uniformly from all
directions. The directional selectivity of an antenna is characterized in terms of its radiation
pattern. A radiation pattern is a plot of the relative strength of radiated field as a continuous of
the angular parameters for a constant radius. There are four main antenna radiation patterns [43]:

» Isotropic pattern — an antenna pattern defined by uniform radiation in all directions,
produced by an isotropic radiator (point source, a non-physical antenna which is the only
truly non-directional antenna).

» Directional Pattern — a pattern characterized by more efficient radiation in one direction
than another (all physically realizable antennas are directional antennas).

» Omni directional Pattern — a pattern which is uniform in a given plane.

» Principal Plane Patterns — the E-plane and H-plane patterns of a linearly polarized
antenna.

o E-Plane — the plane containing the electric field vector and the direction of
maximum radiation

o H-Plane — the plane containing the magnetic field vector and the direction of
maximum radiation.

Radiation patterns are communicated through graphical representation of the antenna radiation

propertied as a function of position using spherical coordinates (i.e. radial plots). The radiation
pattern plots are constructed of different type of lobes.
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Figure 13: Radiation Patterns - Antenna Pattern Parameters [43]

Below are the descriptions of the antenna pattern parameters [43]:

>

Radiation Lobe — a clear peak in the radiation intensity surrounded by regions of weaker
radiation intensity.

Main lobe — also called major lobe or main beam — radiation lobe in the direction of
maximum radiation.

Minor Lobe — any radiation lobe other than the main lobe.

Side Lobe — a radiation lobe in any direction other than the directions(s) of intended
radiation.

Back Lobe — The radiation lobe opposite to the main lobe.

Half — Power Beamwidth (HPBW) — the angular width of the main beam at the half —
power points.

First Null Beamwidth (FNBW) — angular width between the first nulls on either side of
the main beam.
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332 Basic Far Field Antenna Types

Patch

Much research has been conducted in the area of patch antennas [44] [45] and only the general
characteristics will be discussed. A micro strip or patch antenna is a low-profile antennas that has
a number of advantages over other antennas — it is lightweight, inexpensive, and easy to integrate
with other electrical components. These types of antennas are mono or dual polarized and can
program far field tags only.

z fringe field ,fringe field
- ,probefeed v
” top layer
l I l \ substrate
I . - ground plane
y X N

electrical field

feedline

Figure 14: (right) Cross section of a patch antenna and (left) path antenna

Meander

Figure 15: Meander Antenna

3.3.3 Basic Near Field Antenna types

Much research has been conducted in the area of basic near field antennas [46] [47] [48] [49] and
only the general characteristics will be discussed. The near field antenna types use inductive
coupling to transfer data to and from the tag in a RFID system. Near-field antennas use loop
structures to generate an electromagnetic field for tag programming. The loop structure allows
for the current in the loop circuit antenna to be designed to keep consistent. In turn, the magnetic
field distribution around the loop’s axis will be concentrated and enhanced, which is easier for the
tag to receive more energy from the readers’ antenna. Near field antennas are omni directional
and can program near and most far field tags.

The figure below has three examples of loop antennas: Circular, square and rectangle. All three
produce an electromagnetic field around the antenna.
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Figure 16: Near Field Antenna Configurations [47]

The near field antenna can be made of either a single coil that is typically forming a series
resonant circuit or a double loop (i.e. transformer) antenna coil that forms a parallel resonant
circuit.

The figure below is an example of a transformer loop antenna. The main loop (secondary) is
formed with several turns of a wire. The other loop is called a coupling loop (primary), and it is
formed with less than two or three turns of a coil. This loop is placed in a very close proximity to
the main loop. Most designs place the primary loop on the inside edge and not more than a
couple centimeters away from the main loop. The purpose of this loop is to couple signals
induced form the main loop to the reader (or vice versa) at more reasonable matching impedance.

Coupling Coil
(primary coil)

c2

i
p W
To reader electronics

Main Loop
(secondary coil)
C1

Figure 17: A transformer loop antenna for a reader [47]

The next two figures are antennas used to conduct tests for this research. The antenna on the
right is an array of four near field loop antennas. The antenna consists of a square outer loop with
a circular inner loop. The antenna on the left is a single loop antenna with two rectangular outer
loops.
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Figure 18: Right: an array of four loop antennas. Left: single loop antenna

3.4 Antenna and Tag Design Best Practices

Based upon the information in antenna and tag sections the following best practices should be
used for an optimal RFID system.

Antenna

In most cases the position of the orientation of the identified object is random, and the manner for
attaching the tag to the identified object is random, and the manner for attaching the tag to the
identified object is unfixed. Because of this the antenna should be a circularly polarized antenna.
This will help avoid the polarized loss when the orientation of the identified object is changed.

Tag

The tag will be attached to an identified object, therefore, the size of the tag must be small enough
and the antenna should be small in size. In most cases, the tag antenna should have
omnidirectional radiation or hemispherical coverage. For common applications, the tag antenna
should be low-cost and easy to fabricate for mass production.

3.5 Tags

The purpose of the tag is to contain unique information about the item to which it is attached.
The tag can be thought of as an assembly that includes an antenna and an integrated circuit (i.e.
microchip). The antenna receives the radio signal from and to the reader, while the integrated
circuit acts as the brains for the tag to talk to and understand the signals from the reader. There is
a wide range of RFID tags and it is difficult to find two that are the same. Tag classification is
based up on frequency, passive / active / semi passive and tag memory.

There are three main types of tags: 1) passive, 2) active and 3) semi passive. Passive tags do not
have a standalone power source and become operational powered when they enter the field
created by the reader. Active tags perform the same operations as the passive tags, but include a
battery for a power source. The active tags are always operational, but must be inside the antenna
field to be read. The added power allows the active tags to be read at longer distances. The semi
passive tags are similar to the active type because they include a battery for a power source, but
they combine a sensor enabling environment sensing. The sensing capacity can be for such
environmental monitoring as temperature, shock or vibration and movement.
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Figure 19: Examples of the different types of commercial passive UHF tags

There are three types of tag memory: 1) read-only, 2) read / write tags and 3) combination tags.
Read-only tags store data that cannot be changed. Read / write tags store data that can be altered
or re-written over the original data. Combination tags have some data that is permanently stored
on the tag, along with additional memory capacity that is available for updates and / or sensing.

The design requirements for the tag are as follows:

1. Size and form — This depends on where the tag is embedded or attached on the desired
objects (cardboard boxes, file folders, printed labels, etc).

2. Tag construction — how the IC is attached to the antenna will vary between tag types.
This is important for life of the tag because some designs are much more robust than
others. Tag construction can be difficult to determine due to the small size. Material
engineering methods are useful coupled with specific life tests.
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Figure 20: Tag construction (left) and antenna type (right) [50]

3. Tag Antenna type —The antenna type will impact the performance of the tag. Below are
three examples of tag antenna types. An antenna can be characterized by the feed loop
and by the radiating body. Below are examples of a) typical configuration, b) arc
configuration and c) dual body configuration.

de 2mm o me f——— [ =60.75 mm ——»]

i Feed di=1 Ml ol A1 [T
E:g.yanng '°°P %’ mm) Tm' [ |1=165 mjl' —|
i \\\\ w- 4>IIL4— - -
IR ISIRIS .,\ 2'""‘ /// ))) 42mm_ d 15mm| tSI ?Smrn
// / —
Input port _65"‘"‘\/ lJ —L

(a)

Figure 21: (a) typical configuration, (b) arc configuration and (c) dual body configuration
[51]

4. Integrated circuit type — The IC type depends on the speed of the tag in which the tags
needs to be read or programmed.
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5. Memory requirements — Most application require the “license plate” mode. 96-128 bit
tags are optimal for this type of application. More sophisticated tags are available on the
market with larger capacity.

6. Tag Classes — The EPC framework has outlines for six classes of tags. They are
discussed in the next section under the EPC (electronic product code).

7. Tag Environment — This includes the dielectric loading, proximity to Metal, Proximity
to water and lossy environment.

The figure below represents the parameters for optimal tag design.

IC Parameters

eImpedance at read
threshold

simpedance during
backscatter
*Impedance at program
power
Antenna Parameters
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=Loop inductance
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Requirements
*Height
e Width
*|C Location

Tag Environment

*Dielectric Loading
*Proximity to Metal
*Proximity to Water
*Lossy Environment

Antenna RF
Requirements
*Frequency Bands (Europe,
uUs, Japan)

*Read Sensitivity
eBackscatter Level
*Write Sensitivity

Figure 22: The parameters of optimal tag design

The tag is a critical component of the RFID system. Matching the optimal tag for each
application is critical. Tags are designed for specific applications, this is the main reason there
are a wide variety of tags on the market. The table below is a summary of seven tags and their
optimal application.
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Table 3: Tag summary with optimal application [52]

Antenna Dimensions Pallet Case Item IF;;):ge Range-bridging ;:;’;te g’sglr‘:gij:
ThinPropeller 92 mm x 8 mm v v v v
Satellite | 32 mm x 18 mm | | v v v v
PaperClip 20 mm x 8 mm v v v
Trellis 22 mm x 8 mm v v v
Blade 15 mm x 8 mm | v v v
Button 12 mm round v v v
gﬂ?&rﬁ 11 mm square | ) v v

3.6 Standards
36.1 1ISO

One of the major standards bodies in the world is the ISO (international organization for
standards). 1SO is an organization of the national standards institutes of 146 countries, on the
basis of one member per country, with a Central Secretariat in Geneva, Switzerland, that
coordinates the system.

ISO is a nongovernmental organization: its members are not, as is the case in the United Nations
system, delegations of national governments. Nevertheless, ISO occupies a special position
between the public and private sectors. This is because, on the one hand, many of its member
institutes are part of the governmental structure of their countries, or are mandated by their
government. On the other hand, other members have their roots uniquely in the private sector,
having been set up by national partnerships of industry associations.

Therefore, 1SO is able to act as a bridging organization in which a consensus can be reached on
solutions that meet both the requirements of business and the broader needs of society, such as
the needs of stakeholder groups like consumers and users.

ISO manages several standards related to the area of RFID. 1ISO 11784/11785 relates to animal
tracking. 1SO 14443A/14443B relates to proximity style RFID while ISO 15963 relates to
vicinity tagging. 1SO 18000 pertains to radio frequency identification for item management, and
contains six subsections covering differing frequency ranges. There are many other 1SO standards
relating to test methods, APIs and conformance standards.

362 INCITS

The International Committee for Information Technology Standards (INCITS) is the primary U.S.
focus of standardization in the field of Information and Communications Technology (ICT)
encompassing storage, processing, transfer, display, management, organization, and retrieval of
information. As such, INCITS also serves as the American National Standards Institutes (ANSI)
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Technical Advisory Group for ISO/IEC Joint Technical Committee 1 (JTC 1). JTC 1 is
responsible for international standardization in the field of information technology. INCITS is
accredited by ANSI and operates under its rules, designed to ensure that voluntary standards are
developed by the consensus of directly and materially affected interests.

363 ICAO

The International Civil Aviation Organization (ICAO) is another standards body creating RFID
related standards. In 2003, ICAO specified the technical requirements for RFID technology used
in electronic passports. These specifications were published in ICAO Doc 9303, and are the focus
of the ePassport activities taking place within Department of State.

36.4 NIST

The National Institute of Standards and Technology, NIST, is a non-regulatory federal agency
within the U.S. Commerce Department’s Technology Administration. NIST’s mission is to
develop and promote measurement, standards, and technology to enhance productivity, facilitate
trade, and improve the quality of life. NIST is currently working on RFID technology in the
construction industry, and has ties into smart card technology through its encryption standards.

3.65 EPCglobal

Another very visible standards body applicable to RFID devices is EPCglobal. EPCglobal was
formerly known as the Auto- ID Center, originally started at Massachusetts Institute of
Technology (MIT). The Auto- ID Center originally sought to bring users of RFID together with
technology providers to create an item identification standard as well as to promote technologies
to carry the identification. This identification standard, known as the Electronic Product Code,
can be thought of as a serialized version of the common Universal Product Code (UPC) found on
many consumer goods. However, a key distinction is that while the UPC designates a class of
items (i.e., all copies of a certain product sold in the U.S. will have a common barcode) the EPC
designates an instance of an item (e.g., each copy of that CD will be identifiable from others).

The EPC, a 96 bit number, is expected to provide an address space of roughly 30 trillion unique
identifiers. All users of the EPCglobal system will also have control over their address space — no
repeating will be allowed.

EPCglobal has a number of specifications for RFID, namely Class 0/Class 1 UHF and Class
1/HF. The latter is equivalent to the ISO 15963 standard. EPCglobal’s UHF Gen2 is the
specification that the U.S. DoD (department of defencse) and most retailers around the world are
coalescing around. Since it is becoming a de facto standard, and because so many technology
providers are planning or have announced production of Gen2 products, the RF Feasibility team
is favoring this standard as the key guideline for technology selection.

36.6 Resources

RFID is a hot technology topic, and there is tremendous hype, disinformation, and general noise
on the web. Below are several websites with good information for reference.

http://www.incits.org
http://www.iso.org
http://www.epcglobalinc.org/index.html
http://www.aimglobal.org/
http://www.rfidjournal.com

VVYVYVYYVY
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> http://lwww.rfidhandbook.de
»  http://www.epcglobalinc.org/public_policy/public_policy_guidelines.html
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4 Explanation of the RFID system and

Communicates Types

4.1 RFID Infrastructure

It is important to note that the design requirements are dependent upon the type of application the
RFID is to be implemented. System level design requirements are as follows:

1. Frequency band — Desired frequency band of operation depends on the regulations of

the county where the tag will be used.
Read Range — the maximum required distance tags must be read from the reader.

Mobility — the speed in which tagged objects are traveling and read simultaneously. This
means that the tag spends less time in the read field of the RFID reader.

Cost / budget — the cost must be matched to the system design requirement. Issues will
arise if the design requirements are high and the budget is low. At the same time, an over
designed system is not cost efficient.

Environment — They selected equipment must wok reliably over long periods times in
the local environment (i.e. Temperature, humidity, applied stresses, etc).

RFID reader t s 7
antennas

Boxes with _T-j]/"
smart labels 5

Conveyor
belt

Bar code
RFID tag

Figure 23: Mobility - RFID conveyor belt
application [53]

4.2 Electronic Product Code (EPC)

The electronic product code (EPC) is the unique, item-level identifier for the item to which it is
attached. The actual information is store in the EPC is considered a “pointer” because it points to
the real information in a database. There are four elements of a 96-bit capacity EPC:

1.

2.

The header (or version): Identifies the length of the EPC number, including the code and
version in use (up to 8 bits).

The EPC Manager (or manufacturer): identifies the company or entity responsible for
managing the two EPC elements (up to 28 bits)
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3. The Object Class (or Product): identifies the class of item (Up to 24 bits).
4. The Serial Number: identifies a unique serial number for all items in a given object class
(up to 36 bits).

01.0000A&9.0001kF.00D0LESDCO

Header EPC Manager Object Class Serial Number
0-7 hits 8-3; bits 36-59 bits 60-95 bits

S w——

\ /

Version 8 bits Serial Number 36 bits
(>68 billion)

Manufacturer 28 bits Product 24 bits
(>268 million) (>16 million)

Figure 24: 96-bit EPC [54]

The electronic product code (EPC) framework has six tag classes. The range of capability
increases as the tag class increases.

Table 4: Electronic Product Code (EPC) Tag Classes [55]

EPC Tag Tag Class Capabilities

Class

Class 0 Now obsolete. EPC number is factory programmed onto the tag and is read-
only.

Class 1 Now obsolete. EPC, passive RFID class characterized by the ability to write

tags in the field. Also refers to the EPCglobal specification defining the tag-
reader protocol for RFID systems of this class.

Class 1 Gen 2  Alternative name for Generation 2, the second generation of the EPCglobal
Class 1 specification, featuring a number of advancements that significantly
boosted system performance over Class 1 Generation 1.

Class 2 An EPC RFID class characterized by the ability to read and write tags in the
field and to support expanded memory structures in the tag. This class is
largely obviated by Gen 2, which delivers robust read-write capability and a
significant subset of the memory capability found in Class 2. No Class 2
specification has been ratified as a result.

Class 3 An EPC RFID class characterized by passive tags that are battery assisted to
enable longer range and the addition of sensors and other external functions
such as temperature monitors.

Class 4 The EPC RFID class that corresponds to active transmitter RFID, in which the
tag broadcasts first using a battery-powered, active transmitter.

421 Frequencies

A RFID system comprises of three hardware components and a software component (discussed in
chapters 6 & 7) The frequency types have three main parameters: transmission range, data speed,
and cost. The transmission range is the linear distance between the antenna and tag where data
can be optimally transferred. Data speed is the rate data can be transferred between the antenna
and tag. Cost is the cost per tag. Table 2 has the frequency type and corresponding parameters.
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Table 5: Frequencies, descriptions and ranges

Frequency Band Description Read Data Speed Approximate tag cost
Range in volume (2006) US
$
120-150 kHz Low frequency 10 cm Low $1
(LF)
13.56 MHz High Frequency 10cm-1  Lowto $0.50
(HF) m Moderate
433 MHz Ultra-high 1-100 m Moderate $5
frequency (UHF)
865-868 MHz Ultra-high 1-12m Moderate to $0.15 (passive tags)
(EV) frequency (UHF) High
902-928 MHz
(US)
2450-5800 MHz Microwave 1-2m High $25 (active tags)
3.1-10 GHz Ultra wide band Upto 200 High $5
m

Ultra-high frequency (UHF) is the chosen frequency because of the transmission range, high data
speed potential and low cost for passive tags.

422 Communication Types

The method in which the RFID reader and tag communicate with one another is known as the
RFID coupling mechanism. The type of coupling mechanism used depends on several aspects of
the RFID system including the frequency, range and other RFID hardware elements. The range
of the RFID system can generally be categorized into three different mechanisms. The three
types with corresponding parameters are listed below in Table 3.

Table 6: RFID coupling mechanisms and their parameters.

Coupling Mechanism Range Type Transmission Range Communication
Type
Capacitive Close Within 1 centimeter Near Field (reactive)
Inductive Remote Between 1 cmand 1 Near Field
meter (radiative)
Backscatter Long More than 1 meter Far Field

The RFID coupling mechanism choice will depend on upon the intended application. In general,
capacitive RFID coupling is used for very short ranges, inductive RFID coupling is for slightly
longer ranges and RFID backscatter coupling is used when long distances are needed.

423 Field Regions Types and Boundaries

There are four different types of fields created around the antenna: 1) reactive near field, 2)
radiative near field, 3) transition zone, 4) and far field region. Each RFID system communicates
between the antenna and tag by using near field or far field systems. The near-field systems use
electromagnetic induction where closed loops magnetic waves are formed. The far-field system
uses modulated backscatter coupling, where electromagnetic waves propagated into free space.

31



1 1
\+—— 1 wavelength —_—
[ i
.
b——————————————— 3 wavelengths

. NEAR‘FIEII.D REGION

4~ from 2 wavelengths to infinity —

E TRANSITION ZONE FAR-FIELD REGION
, reactive . radiafive ! The maximum overall
] | i dimension of the source
] : ' antenna "D"is a prime
M2 — ' factor in determining
= . ' this boundary

0.159 ! ] The far-field generally

, wavelength | ' starts at a distance

of 204/ out to infinity

Figure 25: RFID regions (Near field, far field and transition zone) [56]

The electromagnetic fields are having both electric and magnetic components and vary
characteristically with distance from their source. From Figure 10, it is clear that the distance
from their source, which means that they electromagnetic field components are different, defines
the four regions. In order to define the distance the boundaries of the four regions the wavelength
must be defined. The wavelength can be defined as:

Equation 1: Wavelength

where ) is the wavelength of the frequency band (meters), ¢ is the speed of light 3 x 108 ™/,
and f is the frequency at which the RFID system operates (Hz or i).

The figure below shows the different field regions bases upon antenna diameter of the loop.

Far-field(Fraunhofer)
Region

Radiating near-
ﬁeld(Frersinelr) Region

Reactive near-field
Region

D is the physical length of the antenna

Figure 26: Antenna Field Regions [57]
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It is worth noting that UHF passive RFID tags have two resonating elements to the design. One
is the resonating LC loop for near field communication and the other is the far field antenna for
far field communication. This built in feature provides the tag with near and far field
communication capabilities.

Inner Resonating LC Loop Far Field Antenna

Figure 27: Two RFID resonators built into a single UHF RFID tag antenna [58]

The boundaries of the zones are not clearly defined, but the general characterizes of the field
distributions in each of the four regions can be. There are multiple papers that have been
publishes that help describe the field regions [59] [60][61][62] and the following is focuses on the
main characteristic.

4.2.3.1 Reactive Near-Field

The near field region has two sub groups: reactive and radiating. The reactive near field region
is in the immediate vicinity of the antenna and is characterized by standing (stationary) wave,
which represent stored energy. In this region, the fields are predominantly reactive fields, which
mean the E- and H- fields are out of phase by 90 degrees to teach other. Closed magnetic loops
are formed and can be thought of as energy storage fields. The boundary of this region is defined
by the following two equations.

The first equation is for antennas electrically small compared to a wavelength A.

A

r ive < =—
reactive = 5

Equation 2

The second equation is for antennas electrically large antennas,

3

Treactive < 0.62 7

Equation 3

The reactive near-field region exists very close to the antenna. The reactive components of the
electromagnetic fields are very large with respect to the radiation fields. The reactive fields are
created from the electromagnetic charges on the structure, they do not radiate but rather from a
critical part of the radiating mechanism. The field components decay rapidly with the square or
cube of the distance from the source. Because of this rapid rate of decay, the reactive near field is
considered negligible relative to the radiation fields at distances of greater than a wavelength
from the source.
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Reactive and radiation fields of equal magnitudes are produced at distances of % from the source.

This is only true for small infinitesimal magnetic or electrical current. Any other source current
distribution will cause the distance, or crossover point, to be at a smaller. There are no reactive
field regions components for an infinite plane wave.

4.2.3.1.1 Radian Sphere

The radian sphere is referred to as the distance where anything inside is the reactive near field.
Because of the changes in the electromagnetic fields occur gradually, the boundary is not exactly
defined. The field inside the sphere is comprises of closed magnetic loops. At the surface of the
radian sphere is where the closed magnetic loops break away and transition into plane wave that
propagate into free space [62].

Radian$phere$
ReacBve$earField$

Figure 28: Radian Sphere, which represents the reactive near field

4.2.3.2 Radiating Near-Field

The radiating near field region (or Fresnal) is the region between the reactive near field region
and the transition zone. In this region, the radiation fields are dominant and the field distribution
is dependent on the distance from the antenna. This portion of the field is characterized by
radiating (propagating) waves, which represent transmitted energy. The magnetic closed loops
transition into propagating waves. Unlike the far field region the radiation pattern is sensitive to

distance. The equations used depend on the antenna radius compared to A, same as reactive near
field.

The first equation set of is for antennas electrically small compared to a wavelength A.
Tradiating = A

Equation 4

The second equation is for antennas electrically large antennas,

2D?
RRadiating < T
Equation 5

Therefore, the boundary can be defined as:
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y!
— < r < lwavelength

2n
Equation 6
or
D3 2D?
Rreactive <0.62 7 < RRadiating < T
Equation 7

The radiating near-field region is located directly after the reactive near-field region. In the
radiating near-field region the radiation pattern is dependent on the distance from the antenna as
well as the observation angel. This is because the distance from different parts of the antenna to
the observation point varies considerably and consequently the phase and amplitude of field
contributions from the different parts changes proportionally.

As the distance from the antenna increases a point is reached when the relative amplitude and
phase of the components from different parts of the antenna become independent of distance.
This is known as the far-field region.

4.2.3.3 Transition Zone

The region between near field and far field is called the transition zone. This is because the
transition zone contains characteristics found in the near field and the far-field regions. The
boundaries are theoretical and usually require several measurements to characterize the field type.
Figure 6 depicts the two regions and the transition zone between them. The boundaries are not
rigid, but in general are defined between 1 and 2 wavelengths. The transition represents the
region where the electromagnetic waves separate from forming magnetic closed loops and begin
to propagate into free space as plane waves.

It is difficult to predict which type of electromagnetic fields components combination will be
created in the transition zone. Because of this it is best practice to empirically determine the field
component through testing.

4.2.3.4 Far-Field Region

The far-field region is farthest away from the antenna where the field distribution is essentially
independent of the distance from the antenna (propagating waves). The far-field region is where
the components from different parts of the antenna become independent of distance. This means
that the angular radiation characteristics are independent of distance. The distance where the far-
field region begins is commonly defined by

R>2
A

Equation 8
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Where D is the largest dimension of the aperture. At this distance the difference in path length
between the center of the aperture and the edge of the aperture is % corresponding to a phase
difference of 22.5 degrees.

4.2.3.5 Region Field Summary

Table 7: Summary of Region Fields

Region Name Distances from Description
antenna
Reactive Near Field A The region immediately surrounding the
0>r> 2 antenna where the reactive field (stored energy
— standing waves) is dominant.
Radiating Near Field A s> The region between the reactive near field and

2T transition zone where the radiation fields are
dominant and the field distribution is
dependent on the distance from the antenna.

Transition Zone A>r> 22 The region where characteristics of both the
near and far field regions can exists. The
boundary is theoretical and relies upon
empirical testing to determine which field type
exists.

Far Field 2A>r The region farthest away from the antenna
where the field distribution is essentially
independent of the distance from the antenna
(propagating wave).

The figure below clearly indicates all the four RF regions.

Far Field > 2A

2A >Transition Zone > 1A

. A/2m >Reactive NF> 0

Figure 29: The four RF regions around an antenna
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4.3 Radiating Power and Field strength (ERP and EIRP)

The isotropic antenna in the shape of a sphere creates an electric and magnetic field. The
antennas are designed to emit radio waves in a particular direction. The strength is measured as
Effective Radiated Power (ERP). This is different than Effective Isotropically Radiated Power
(EIRP). The EIRP is the amount of power that would be emitted by an isotropic antenna to
produce the peak power density observed in the direction of maximum antenna gain (i.e.
intentionally direction). Maximum allowed EIRP is limited by national regulations and varies by
country. (e.g. in North America it is 4 W)
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Figure 30: Surface created by antenna [63]

A simplified formula for calculation RF field strength:

P
S = Where A
Asphere

sphere=mr?

Equation 9

By using Maxwell’s equations, one could predict the effect, which a larger air gap would have on
RFID tag readability.

Gauss’s Law:

jE-alA:i
&o

Equation 10

Treating the spherical area between the reader antenna and the tag as a Gaussian surface, as the
radius r increases, the electric field E decreases. The ratio of the electric field and the magnetic
field is constant, and can be defined as the speed of light c:

—=cC

B
Equation 11
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Since the relationship between the electric field E and the magnetic field B is considered constant,
apply the decreasing magnetic field to find that it would also decrease the electromagnetic force
inside of the tag.

Faraday’s Law of Induction:

__d B-dA
£ Tt

Equation 12

Lower power leads to higher probability that the tag circuit will not gain enough emf to reach its
threshold power to activate. Therefore, increasing the read range should in theory reduce tag
readability.

The power density of a hypothetical sphere of radius r can be calculated by dividing the
transmitted power by the area of that sphere (Figure 28 is an example of the spherical surface
created by the antenna). Below is the equation used to calculate the power density that will be
seen by the tag, when the reader and tag are separated by a distance r.

p(r) = Watts/m?

41rr2

Equation 13

4.4 RFID units — Comparing Reader Power Outputs

RFID radiating power is an essential figure describing the performance, although it must be noted
that it is not the only one. To put it simply - more power out from antenna mean that tags further
away hear the reader - it is a good thing if long reading distance is the goal. But power output
does not describe all aspects of the reader performance. It does not describe receiver sensitivity -
from how far can a reader hear the tag, it does not describe readers speed or ability to read tags
without orientation sensitivity etc.

There are two common ways to show radiating power: milliwatt (mW) and some form of decibels
(dB). Complexity arises when different types of decibel figures are compared - fine if it is done
correctly, but mistakes are easily done.

Decibels (dB) describe relations of two figures in logarithmic scale.

0dB: X=1*y
3dB: X=2*y
6dB: X=4*y
10dB: x=10*y
20dB: x=100*y
-3dB: x=y/2
-10dB: x=y/10

When RFID readers power is discussed dB is not just a plain dB, but dBm, dBi etc. the part after
dB describes into which the figure is compared to. For example an antenna with gain 3dBi emits
to the main direction 2 times the power of an isotropic reference antenna. The "i" in dBi stands
for the isotropic reference antenna.
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RFID readers power output depends on 2 components. Power output going into the antenna and
antenna gain. Power going into the antenna (RF power) is usually given as milliwatt (mW) or in
dBm. In this case dBm describes the er compared to ImW. In the table below the dBm to mW
relation is described.

Table 8: Relationship between dBm and mW

dBm Watts dBm Watts dBm Watts
0 1.0 mw 16 40 mw 3z 1.6 W
1 1.3 mW 17 50 mwW i3 2.0 W
2 1.6 mWw 18 63 mw 34 2.5 W
3 2.0 mW 19 79 mwW 15 3.2 W
4 2.5 mWw 20 100 mw 36 4.0 W
5 3.2 mW 21 126 mW 37 5.0 W
6 4 MW 22 158 mw kT:] 6.3 W
7 5 mWw 23 200 mw 39 8.0 W
8 & mwW 24 250 mW 40 10 W
9 8 mw 25 316 mW 41 13 W
10 10 mw 25 398 mwW 42 16 W
11 13 mwW 27 500 mw 43 20 W
12 16 mwW 28 630 mW 44 25 W
13 20 mw 29 800 mw 45 3I2W
14 25 mwW 30 1.0wW 45 40 W
15 32 mw 31 1.3 W 47 50 W

Other component - antenna gain - is given as compared to some reference antenna.

dBi describes gain compared to isotropic reference antenna
dBd describes gain compared to reference dipole antenna
dBic describes gain compared to reference isotropic circular polarized antenna

There is a clear relation between the established reference antennas: dipole antenna radiates more
to directions in 90 degree angle to the antenna dipole than ideal isotropic antenna, 0dBd = 2.14
dBi

The following is equation is useful in converting from power (P) in Watts (W) and the power
ratio in dBm (X):

x-30
P=1W %10 10

Equation 14
The following is equation is useful in converting from power (P) in Watts (mW) and the power
ratio in dBm (x):

30
P =1mW 1010

Equation 15
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4.5 Reader Output Powers
ERP — Effective Radiated Power

This is the power radiated by the antenna of the reader in its direction of maximum gain
under specified conditions of measurement and in the absence of modulation.

ERP is calculated by multiplying the measured transmitter output power by the specified
antenna system gain, relative to a half-wave dipole antenna, in its direction of maximum
gain.

EIRP — Effective Isotropically Radiated Power

The amount of power that would have to be emitted by an isotropic antenna (that evenly
distributes power in all directions) to produce the peak power density observed in the
direction of maximum antenna gain. EIRP takes into account the losses in transmission
line and connectors and the gain of the antenna.

1WERP =164 W EIRP

ETSI regulations allow readers to transmit at 2 W ERP = 3.28 W EIRP.
FCC regulations allow readers to transmit at 4 W EIRP = 2.44 W ERP.

US readers can transmit at higher power outputs levels than European readers (1.22 times higher
(2.44 1 2)). Based on the above information, which reader has longer reading distance, a reader
with 30dBm (1.0W) ERP or a reader with 32dBm (1.6W) EIRP?

4.6 RFID Communications Types

Passive RFID tags do not possess an onboard source of power. Instead, the passive RFID tag
receives its power from the energizing electromagnetic field of an RFID reader (or interrogator).
The energy coupled from the electromagnetic field undergoes rectification and voltage
multiplication in order to allow it to be used to power the passive tag's microelectronics. The tag
cannot communicate with host applications unless it is within the range of an RFID reader.

Passive UHF RFID systems use two types of communication or couplings: 1) inductive coupling
(near field) and 2) electromagnetic coupling (far field). Both coupling types require the reader to
provide a field, which the tag uses for both power and as a communication medium. In the figure
below, the tag is in the field provided by the reader.
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Figure 31: Passive Tag Load Modulation [64]
46.1 Inductive Coupling (Near Field)

There has been much research conducted in the area of the inductive coupling [65][66] [67] [68]
[69] [70] [71]. This section covers the fundamental governing equations of inductive coupling.
Inductive coupling is the transfer of energy from one circuit to another via the “mutual
inductance” between two circuits. RFID inductive coupling requires both the tag and the reader
to have induction or “antenna” coils. The “mutual inductance” means that the antenna and tag are
coupled together by a magnetic flux through both circuit’s coils. The transmission range between
the tag and antenna is up to 1 wavelength (i.e. between 1 cm and 1 meter).

The RFID reader provides a short-range alternating current magnetic field that the passive RFID
tag uses for both power and as a communication medium, this magnetic field induces a voltage in
the antenna coil of the RFID tag, which in turn powers the tag. The tag transmits its information
to the RFID reader by taking advantage of the fact that each time the tag draws energy from the
RFID reader’s magnetic field, the RFID reader itself can detect a corresponding voltage drop
across its antenna leads. Capitalizing on this phenomenon, the tag can communicate binary
information to the reader by switching ON and OFF a load resistor to perform load modulation.
When the tag performs load modulation, the RFID reader detects this action as amplitude
modulation of the signal voltage at the reader’s antenna.

The capactior and inductor connected together create an oscillator. Both the capacitor and
inductor store engergy. The capacitor stores energy in the form of an electrostic field and the
inductor stoare energy in a magetic field. The oscilator works by initlally storing energy in the
capacitor. Then the capacitor will start to discharge through the inductor. When this occus a
magentic field is created.

Once the capacitor discharges, the indcutor will try to keep the current in the circuit moving.
This process will charge up the other plate of the capacitor and simultaneoulsy discarge the
inductor; therofore, the magnetic field callopses. This process repeats itself as long as energy is
being provied to the system.
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Figure 32: Calculation of the magnetic field B at location P due to current | on the loop [68]

Ampere’s law states that the current flowing on a conduction produces a magnetic field around
the conductor. The magnetic field produced by a circular loop antenna coil with N-turns as
shown in the figure below can be determined by:

INa? INa? 1
;= Ho 3 :MO 3 fOTT'2>>a2
2(a? +12)72 2 r
Equation 16
Where

> | = current
> r = distance from the center of wire
> U = permeability of free space and given as y, = 4m x 1077 Henry [meter
> a = radius of loop

The above equation is frequently used to calcualte the ampere-turn requiremnt for the read range.
The equation indicates that the magnetic field produced by a loop antenna decays with T% The

figure below displays the relationship between the distnace, r, from the anntenna and magnetic
field strength, B. This near field decaying behavior of the magnetic field is the main limiting
factor in the read range of the RFID device. The field strength is maximum in the plane of the
loop and directly proportionaly to the current (1), the number of turns (N), and the surface area of
the loop.
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Note: The magnetic field produced by a
loop antenna drops off with 3.

Figure 33: Decaying of the magnetic field B vs. Distance r

Faraday’s law is a fundamental principle for passive RFID systems. The law states that a time-
varying magnetic field through a surface bounded by a close path induces a voltage around the
loop. Electromagnetic induction is the production of voltage across a conduction situated in a
changing magnetic flux. Faraday found that the voltage produced around closed path conduction
is proportional to the rate of change of the magnetic flux through any surface bounded by that
path.

_ _49s .
£= — e Faraday’s Law for one loop

Equation 17

When the tag and antenna are within a proximity distance, the time-varying magnetic field B that
is produced by an antenna coil induces a voltage in the tag antenna coil. This is called
electromotive force or simply EMF. The induced voltage in the coil causes a flow of current in
the coil. This is called Faraday’s law.

Magnetic field 4

Transponder

Figure 34: Magnetic Coupling between antenna and tag [67]

When the tag is within transmission range to the antenna the antenna coil will couple to the coil
of the tag. An induced voltage in the tag that is rectified and used to power the tag circuitry
achieves this. All the energy used in the tag is drawn from the primary coil of the antenna.
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Below is a diagram of the reader and tag are coupled together by a magnetic flux created by the
reader. The induced voltage on the tag antenna coil is equal to the time rate of change of the
magnetic flux P.

d¥
V= _NE
Equation 18
where:
> N = number of turns in the antenna coil
> ¥ = magnetic flux through each turn

The negative sign indicates that the induced voltage acts is such a way as to oppose the magnetic
flux producing it. This is known as Lenz’s Law and it emphasizes the fact that the direction of
current flow in the circuit is such that the induced magnetic field produced by the induced current
will oppose the original magnetic field. The magnetic flux ¥ is the total magnetic field B that is
passing through the entire surface of the antenna coil.

Y= j B-dS
Equation 19
Where:
> B = magnetic field
> S = surface area of coil
> - = inner product of vectors B and surface area S

The electrical current flowing through a conductor produces a magnetic field. This time-varying
magnetic field is capable of producing a flow of current through another conductor. This is called
inductance (L). A coil has more inductance than a straight wire of the same material and a coil
with more turns has more inductance than a coil with fewer turns. The inductance L of an
inductor is defined as the ratio of the total magnetic flux linkage to the current | through the
inductor:

NY
L= — (Henry)

I
Equation 20
where:
> N = Number of turns
> | = current
> ¥ = magnetic flux

For a coil with antenna with multiple turns, greater inductance results with closer turns. The tag
antenna coil that has to be formed in a limited space often needs a mutli-layer winding to reduce
the number of turns. The figure below represents a single layer coil. The actual inductance is
always a combination of resistance, inductance, and capacitance.
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Figure 35: A single layer coil [68]

The RFID system’s read range greatly depends on the resonant circuit’s antenna coil. The
antenna coil of the tag and the capacitor form a resonanet circuit that is tuned to the transmission
frequency of the antenna. The voltage at the tag coil reaches a maximum due to the resonancve
in the circuit. The effecieny of the power transfer between the coil of antenna and the tag is
proportional to:

The operating frequency (f)

The number of windsings (n)

The area enclosed by the tag coil (A)

The angle of the two coils relative to each other (a)
The distanve bewtween the two coils (d)

YVVVYY

The resonant frequency of the circuit is deteremined by:

1
fo = 2nVLC
Equation 21
where:
> L = inductance of antenna coil
> C = turning capacitiance

46.2 Electromagnetic Coupling (Far Field) [64]

Backscatter modulation and electromagnetic coupling in the far field occurs when the RFID
reader provides a medium-range electromagnetic field that the passive RFID tag uses for both
power and a communication medium. This is known as electromagnetic coupling (i.e. far field).
The passive RFID tag draws energy from the electromagnetic field created by the antenna. The
energy contained in the incoming electromagnetic field is partially reflected back to the RFID
reader by the passive tag. The characteristics of the reflection depends on the load (resistance)
connected to the antenna. The tag varies the size of the load that is placed in parallel with the
antenna in order to apply amplitude modulation to the reflected electromagnetic waves. This
process enables the tag to communicate information payloads back to the RFID reader via
backscatter modulation.
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Figure 36: Passive tag backscatter modulation [64]

Tags using backscatter modulation and electromagnetic coupling typically provide longer range
than inductively coupled tags, and can be found most commonly among passive RFID tags
operating at 868 MHz and higher frequencies. Far field coupled tags typically provide
significantly longer range than inductively coupled tags, principally due to the much slower rate
of attenuation (1/r2) associated with the electromagnetic far-field.

There are many variables that occur during the electromagnetic coupling. A method called the
link budget is used to account for these variables.

463 Link Budget and the Friis Equation

A link budget is a good method of engineers to calculate RFID system losses and gains in the
radio connection between the antenna and tag. The link budge takes into account the antenna,
tag, feed lines and the path between the antenna and tag, as well as miscellaneous gains and
losses. It is important to note that the link budget is widely applied to far field applications, but it
is becoming more common to near field applications. Much work has been conducted in this area
[68]1[72][73][74]1[75][76][77]1[78] and this section covers the main governing equations and
relationships.

A simple link budget equations looks like this

Received Power (dBm) = Transmitted Power (dBm) + gains (dB) — Losses (dB)
Transmitter Receiver
Forward Link

Reverse Link

Air Gz!\p (r)

Figure 37: Link Budget between antenna and tag

46



According to the figure above

By = Py + Gy — Ly — Lgs — Ly + Gy — Ly Line of sight radio link budget
Equation 22
Symbol Definition Unit Description
P,,  Received power dBm Received power at the tag
P, Transmitter output power dBm The power of signal from the radio
Gix Transmitter antenna gain dBi  Add the antenna gain (isotropic gain)
| Transmitter losses (coax, dB  Subtract losses between radio and
connectors...) antenna
Ly Free space loss or path loss dB  Subtract the free space of path loss

between antenna and radio
L, Miscellaneous losses (fading margin, dB  Subtract the miscellaneous losses that

body loss, polarization mismatch, may occur.
other losses, etc)
(9 Receiver antenna gain dBi  Add the tag antenna gain

L, Receiver losses (coax, connectors...) dB  Subtract the loss between the tag and
receiver circuitry

Figure 38: Radio link budget symbols, definitions, units, and descriptions

All factors must be represented in dBm or dBW. For example, if the transmitter puts out 10
Watts (or 10,000 mW) its power is 10,000 times the reference power of 1 mW. Since 10,000 is
ten to the fourth power, this gives us a transmitted power of 40dBm. To clarify:

0.01 mW =-20 dBm
0.1 mW =-10 dBm
1 mwW=0dBm

10 mW =10 dBm
100 mW =20 dBm
1000 mW =30 dBm

YVVVVVYVYY

Once all factors have been expressed in power levels of dBm or dBW (where 30 dBm = 0dBW
and 40 dBm = 10 dBW) they gains and losses can be subtracted or added.

The available power received by the tag is governed by the Range Equation. The fundamental
power relationship between the transmitter and the receiver of any communication system begins
with consideration of an isotropic radiation source, which emits power equally in all directions.

The power density on a hypothetical sphere of radius r can be calculated by dividing the
transmitted power by the area of that sphere.

4.7 Forward Link

The forward link is created when the radio and the antenna, transmitter, establishes a
communication link with the tag. In order to define the forward link the following needs to be
defined:

» Power available at the tag
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> Power received by the tag

471 Power available at the tag

The power available at the tag is directly dependent upon the antenna and is found by calculating
the free space path loss between the antenna and tag. The free space path loss (FSPL) indicates
the loss of signal strength of an electromagnetic wave that would result from a line of sight path
through free space (i.e. air), with no imperfections. Another way to think about it is that the free
space path loss is a measure of the relationship between the RF power emitted by a reader into
“free space” and the RF power received by the tag.

Below is the equation with A as signal wavelength (m), f as signal frequency (hertz), d as the
distance between the antenna and tag, and c as the speed of light in a vacuum (2.99792458 x 108
m/s):

pspL = (124
S\

amdf\?
FSPL = (”Tf)

Equation 23

The free-space path loss is proportional to the square of the distance between the antenna and tag,
and also proportional to the square of the frequency of radio signal. The equation is only accurate
for far field region where spherical spreading can be assumed, it does not hold in the near field
region.

Below is the FSPL, ar, in log form where r is the distance between the reader and the tag, the
gain G and Gy of the reader’s and tag’s antenna, plus the transmission frequency f of the reader:

ap = —147.6 + 20log(r) + 20log(f) — 10log(G+) — 10log (Gg)
Equation 24

472 Power received or absorbed by the tag

This is the power received or absorbed by the RFID tag, Pg, and is defined by applying the Friis
EM wave propagation equation in free space. The tag antenna intercepts only a portion of the
transmitted power depending upon the effective area A, of that antenna. The received power is
given by,

 4nmr
Equation 25

The equation gives the maximum power available at the tag, given an isotropic radiator and an
effective area of the tag antenna. The FCC always specifies limits on radiation based on an ERIP
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(see section 4.3). In North America the EIRP limit for UHF RFID is 4 Watts. The transmitted
power P, in the Power Density equation can be replaced by the EIRP:

P, = EIRP

e
4172

Equation 26

P. = EIRP Watts

The relationship between the tag antenna gain G, and the tag antenna effective area is

4mA,
Gr="2"
Equation 27

where A = c / fis the free space wavelength, c is the speed of light, and f is the operating
frequency. Replacing A, in the transmitted power equation from the previous equation the final
expression for the available power at the tag due to a given transmitted EIRP is

_ EIRP G,2?

B. = Watt
r (4mr)? ares

Equation 28
This is called the Friis equation. The next equation is the Friis equation is an alternative form:

2 2
PR(T) = (E) PTGTGR WattS

Equation 29
Where
A = The wavelength in free space
r = The operational distance between an RFID tag and the reader (read range)
Pr = The signal power feeding into the antenna by the transmitter
Gr = The gain of the reader antenna
Gr = The gain of the tag antenna

Another common form of the Friis equation is below. It is in units of dB.
A
B. =P, + G + G, + 20 1logy (m)

(Gain has units of dB, and power has units of dBm or dBW)
Equation 30
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The simple form applies only under the following conditions:

>

>
>

R>>A, which implies that the distance between the antenna and tag, R, is much greater
than the wavelength, A. Note that if R< A would imply that the received power is greater
than the transmitted power. This is a violation of the law of conservation of energy.

The antennas are in unobstructed free space, with no multipath.

B. is understood to be the available power at the receiver antenna terminals. There is a
loss introduced by both the cable running to the antenna and the connectors. Note that
the power of the output of the antenna will only be fully delivered into the transmission
line if the antenna and transmission line are conjugate matched (i.e. impedance matched).
P, is understood to be the power delivered to the transmit antenna. There is loss
introduced by the cable running to the antenna and the connectors. Note that the power at
the input of the antenna will only be fully delivered into freespace if the antenna and
transmission line are conjugated matched (i.e. impedance matched)

The antennas are correctly aligned and polarized.

The bandwidth is narrow enough that a single value for the wavelength can be assumed.

Example Calculation

A tag antenna is often a variation of a dipole. A classic half- wave (length = A/2) dipole has a gain
G = 1.64. Using EIRP = 4W, Gy =1.64, r = 10 m, and f = 950 MHz in equation results in a

receive power Py =41.4 uWatts. Clearly, the tag design must have extremely low threshold.

(4 watts) (1.64)(3)?
P. =
r (4mr)?

= 41.4 uyWatts

Equation 31

4.8 Power Absorbed by the tag IC

The tag absorbs the power through its antenna and transfers it to the IC. This is how the data is
accessed in the tag and transferred back to the reader.

Power absorbed by the tag IC

Pavs = Pinc0Gr Ty

Equation 32

P,,s = Power absorbed by tag

p = polarization ef ficeincy (i.e.loss factor)
G, = Gain of antenna

T, = tag impedance matching coef ficient

48.1

Factors Limiting Range

The equation from above only indicates the power available to the tag antenna. The actual power
accepted by the tag circuit could be significantly less, depending upon several loss mechanisms,
including antenna mismatch, polarization mismatch, antenna misalignment, and environmental
scattering. Any number of loss mechanisms can be added to (2.5) by multiplying by loss factors
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ranging from O to 1. For example, we can include a polarization loss factor p, where 0 <p <1 and
an antenna mismatch factor t, where 0 <t <1.

ERIP G, A*pt
Pr(effective) = —(47'[7')2 Watts

Equation 33

p is the polarization efficiency (also called polarization lass factor) t is the mismatch factor and is
defined by

_ _(RRD
Ze+ 2o

Equation 34

where Z, = R, + jX. is the tag chip input impedance and Z, = R, + jX, is the tag antenna
impedance. These equations can be used to compute the power available at the antenna
terminals, given the transmit EIRP and the range. As mentioned earlier, the tag can only begin
operation once the input power has exceeded a certain threshold Pth. Rearranging Pr from above

allows us to compute the range r in terms of the other parameters including the threshold power

and the signal wavelength A:
A ’EIRP G,tp
r=— |[—— meters
T Py,

Equation 35

For example, using the previous values plus a chip threshold power Pty = 10uW, a mismatch
factor of 0.5, and polarization loss factor of 0.5, yields to a range r = 10 m.

482 Reverse link

The reverse link starts when the tag reflects data back to the reader by phenomenon referred to as
backscattering. The reflected signal from the tag is a function of the power reflected back to the
reader.

Much research has been conducted in the area of the modulated backscatter
[79][80][81][82][83][84][85][86]. This section will cover the fundamental governing equations of
modulated backscatter. Modulated backscatter coupling in RFID systems works similar to radars,
in which the antenna provides the radio frequency signal for communication in both directions.
The tag itself does not have a power source, but rather uses the impinging (incident) power from
the antenna on which to modulate its response. The modulated backscatter coupling works

beyond the near field starting approximately between % and 2 wavelengths. The power
decreases by one-quarter as the distance doubles.

Depending on the properties, an antenna reflects part of an incoming electromagnetic wave back
to the sender. The efficiency of reflection is particularly large for antennas that are in resonance
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with the incoming waves. The short wavelengths of UHF facilitate the construction of antennas
with smaller dimensions and greater efficiency.

Backscattered power
The backscatter power from the tag to the antenna is defined by

P, =PK
Equation 36

P, = Backscatter power
P. = Power absobed by the tag
K = backscatter gain (Negative number)

Received power of tag signal at the reader
The power received tag signal at the reader is defined by:

B = PbstathpGrTr
Equation 37

483 Link Budgets limiting factors

In RFID systems, the forward link is limited by the tag sensitivity P.,, while the return link is
limited by the reader sensitivity Py.qqer--When the incident power B. is larger than the tag
sensitivity (or, equivalently, when the absorbed power P, is larger than the tag chip sensitivity
Pchip), the tag is powered and responding. The reader can decode the tag response when the tag
signal power P, received at the reader is larger than the reader sensitivity.

The reader sensitivity is the minimum power of the received tag signal required for successful
decoding and is primarily defined by the level of self-jammer (the signal from the reader
transmitter that couples into the reader receiver) which itself depends on transmitted power and
receiver isolation. In general, the stronger is the self-jammer; the worse is the reader sensitivity.
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5 Lexmark T654 RFID UHF Option

The RFID UHF option is a RFID (EPC Global Class 1, Generation 2 tag, - ISO 18000-6C)
programming device for the T654 laser printer. Integrating the RFID option with the printer
allows for both printing human readable information and RFID tag programming to be carried out
simultaneously. The system is unique because it can print, program and verify the tag on media
ranging in size from 5” x 7” inches up to 8.5” x 14” inches (legal-size).

The RFID option contains the critical RFID components, radio and antenna, that allows for tag
programming. The T654x printer is a vertically stacked system. The printer is stacked in the
following order: printer, non-RFID media option, RFID option, RFID media option (figure 39).
This type of configuration supports multiple types of media, such as vinyl, integrated labels, plain
paper or card stock.

The design intent of the RFID option is to easily upgrade NON-RFID printers. The RFID option
is added below the printer (see figure 39). This also requires another media option to be located
below the RFID option. This is for staging non-programmed RFID enabled media.

Media option )‘ -
Non-RFID ‘

RFID
Option

Media option %

RFID

Figure 39: Lexmark T654x laser printer and option

The tag can be located on the either the printed or non-printed side of the media. It is
recommended that the tag is located on the non-printed side for optimal performance. The tag
can be located within a large area of the media sheet and be oriented either parallel or
perpendicular to the reader antenna.

5.1 System Paper Path

The system paper path is important for performance of the transport of RFID media. The layout
describes the path from two different sources, simples and duplex jobs, and two different output
paths.

1a) Main printer input option tray —The tray is located above the RFID option; therefore, this
is designed for non-RFID media only.
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1b) Added media input options — three extra input options can be added below the main
printer. This includes the RFID media.

2) Imaging Unit - The image is applied to the media and is referred to as the EP (electro
photo) process. The toner is unfused until it reaches the fuser.

3) Fuser — The image is fused to the media by melting toner (operating temperatures can
reach up to 400F).

4and5)  Simplex / Duplex Diverter —

» Simplex — Single side printing. The simplex page travels from the input
option straight to the output option.

» Duplex - double side printing. The duplex page must travel twice
through the imaging unit (EP process) and fuser. In order to accomplish
the page re-enters the system paper path. The transition from the
simplex to the duplex side the page must change directions. This is
accomplished by allowing the simplex page to “peck-a-boo) outside the
machine at (7) , then reverse directions back into the machine. The
duplex path is shown below by (4) and (5). The duplex page reenters the
original path located at the front of the machine and the printing process
begins.

6) Output Option Path — Additional output options can be applied to the top of the
machine. This allows jobs to be easily separated.

7) Output Tray — The output tray is located in the printer and where finished jobs
exit the system paper path.
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Figure 40: System paper path layout

5.2 Antenna Location with respect to the paper path

The Meander antenna is a far field antenna that is designed to operate in the near field regions. In
other words, it is a bad antenna for “far” distances and good antenna for “near” distances. The
purpose of the Meander antenna was to program tags across the max width piece of paper (215
mm). Figure 41 has a graphic of the RFID input tray (left) and a cross section of the tray (right).
The cross section is a layout of the paper with the embedded tag with respect to the antenna. The
paper path and antenna is separated at a distance of approximately 48.5 mm.

Figure 41: RFID Input Option - Houses RFID hardware components

55



Figure 42 is a top view of the RFID option with all required components removed except for the
antenna. The red line below represents the paper location and the yellow thin rectangle is the
antenna. Due to design constraints, the closest possible position was chosen for the antenna to the
media path (i.e. 48.5 mm).

|

Figure 42: Top view of the Meander Antenna (yellow line) location with respect to the paper
path (red line)

The position of the antenna is located on the boundary for the reactive and radiative near field
regions. This is intersecting because the antenna is designed to be a far field antenna that
operates in the near field region. It is not known the programming differences between each of
the near field regions. It is also not known which near field region type in which the antenna
operates in. This location is of interest and brings up research questions such as:

Can the tag programming be predictable and reliable?
e Which type of antenna is optimal for this location (near field or far field)?
Which type of tag is optimal for this location?

52.1 Meander Antenna

The Meander antenna is polarized, meaning that RFID tags can be programmed in two specific
directions: 1) tag and antenna are parallel with respect to each other and 2) tag and antenna are
perpendicular with respect to each other. Programming error dramatically increases when the tag
and antenna are not parallel or perpendicular with respect to each other.

Figure 43: Meander Antenna: A far field antenna that is designed to operate in near field
ranged

The back of the antenna is layered with copper and is critical for programming. When assembled,
the antenna is located against an aluminum layer as the ground plane. The copper backing and

56



alumina layer are essential to tag programming because it affects the field of strength created by
the antenna.

If the surface area of either the copper or antenna is insufficient, programming holes are created
across the antenna. Programming holes are spaces where tags cannot be programmed due to
insufficient field strength.

The antenna is called the Meander, named after the antenna pattern. It is a far field antenna that
is designed to operate in near field ranges; therefore, only far field RFID tags can be reliably
programmed. The antenna pattern can be found in figure 44. The red line is the actual antenna
used for programming.

5.3 Reader — ThingMagic 5e

The Lexmark solution uses an embedded Mercury 5e reader from ThingMagic [87]. The reader
was selected because the design intent is for applications that require UHF tags to be programmed
while moving. It has a maximum tag read rate of over 200 tags per second and has a maximum
tag read distance of over 30 feet (9 m) with 6 dBiL antenna (36 dBm EIRP). Writing specs are
not available from the manufacturer and were determined through empirical testing, which will be
discussed later in Chapter 7.

Figure 44: ThingMagic 5e Reader [87]

5.4 Programming Windows

A portion of the media path is also located in the RFID option, allowing media to pass through.
The programming window is the time the tag spends in the RF field created by the antenna. The
tag programming operation is completed while the media is in the programming window. The tag
programming operation consists of three main parts: read — write — verify

1. Read: read the tag to identify a tag is in the field to be programmed
2. Write: programming the tag with information
3. Verify: read the tag to verify the data was programmed correctly

The critical paper path section is located between the paper drawer with RFID media (bottom)
and the paper tray with non RFID paper (first drawer under printer, figure 45).
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Existing Media
\

paper tray with paper loaded

Radio and antenna

Paper drawer with RFID media

Figure 45: Printer cross section - simple paper path

Figure 46 is a zoomed in picture of the calculated programming window based on radio wave
angles. This calculation is theoretical and was verified. This is discussed in the research found in
the upcoming chapters. The critical paper path section is found in the middle tray that houses the
radio and antenna hardware.

Figure 46: Programming window

Figure 46 depicts the programming window. The L is the distance the media path is from the
antenna and the H is the media path is in the RF field.

Letter size RFID labels can be printed up to 20 pages / minute. This translates to 3.7 inches /
second. The conversion from pages per minute to inches per second is:
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20 pages 11 inches 1 minute

= 3.7 inch d
minute 1page X 60 seconds inches / secon

Equation 38

The time the tag is in the programming window is defined by dividing the media path length by
the tag velocity (defined above).

Media path length  160.3 mm
Tag velocity ~  g39g M
sec

Equation 39

= 1.7 seconds

It is worth noting that the programming window length is calculated by assuming the angle at
which the field is created and optimal is at 45 degrees.

5.5 Identifying Rejected RFID labels

A rejected RFID label is marked with two different symbols. A “X” is printed on top the tag and
second symbol is printed at the bottom of the page (see Figure 47). Pages that fail the verification
stage are marked and separated into a designated media output bin. This is to help ensure that the
rejected labels are not used. When this event occurs, the job is reprinted and reprogrammed.

The rejected label symbol is not sufficient in preventing the rejected tag from being implemented
into the larger RFID system. This reason is because the tag can be removed from the label. The
rejected label symbol could not be seen and the rejected tag would be identified as a good tag.
The printed “X” located on the tag provides a secondary visual to help ensure the rejected tag is
not used.

Figure 47: Rejected Label Symbol [88]

There is a “Stop on Fail” command that does not rely on printed images. The printer will stop
when a rejected label occurs. This is a third fail safe that require the user to take action and
remove the rejected label before continuing.
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55.1 Defining the Four RF Regions created around the antenna

As discussed in section 3.2.3 Field Regions, there are four different regions created around the
antenna. The method the antenna communicates with the tag depends which region the tag is
located. The regions are based on the radial distance the tags are located from the antenna.

The regions are defined by the wavelength of the UHF frequency bandwidth as 860 MHZ to 960

MHZ. The wavelength can be defined as the speed of light divided by the frequency in hertz (or
1/s).

A=-

f
Equation 40
3x108 2% 3x108 2
/1:—51= 0.348mto/1=—51= 0.312m
860x10° < 960x10° <

The wavelength range is 0.312 m to 0.348 m. The distance the reactive near-field regions ends
and the radiative near field regions starts is defined by the wavelength divided by 2x. This
distance is measured from the antenna (i.e. source).

4
"= 21
Equation 41

0.348m 0.312m
r= o =0.055mtor =

= 0.049m

Radian Sphere
Reactive near Field

Figure 48: Radian sphere created around the near field antenna

The boundary between the reactive and radiative near field regions is located between 49 mm and
55 mm from the antenna. See Figure 14 for a representation the radian sphere centered around
the near field antenna.
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The boundary between the radiative near field and the transition zone is determined by one
wavelengths of the UHF frequency, which was calculated earlier.

r=1=0.312t00.348m
Equation 42

The boundary between the transition zone and far field regions is determined by two wavelengths
of the UHF frequency. The boundary is located between 0.624 to 0.396 m.

r=21=0.624t00.696 m
Equation 43

A summary of the four regions boundaries are listed below. The wavelengths are based upon
0.332 m and 0.348 m (using the UHF frequency).

Table 9: Summary of field regions and their locations

Region Boundary Definition Boundary Definition
Near Field - Reactive A 0to 49 —-55mm
0>r> E
Near Field - Radiative A 49 - 55 mmto 312 — 348 mm
% >r> A
Transition Zone A>r> 21 312-348 mm to 624 — 696 mm
Far Field 2A>7r 624-696 mm to infinity

Figure 49 represents all four field regions based upon on the boundary definitions calculated
above centered about the antenna. This figure clearly shows how small the radius of the reactive
near field is around the antenna.
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Far Field > 2A

2A >Transition Zone > 1A

A/2rt >Reactive NF> 0

Figure 49: The four RF regions centered around the antenna

5.6 Previous Research

Previous research in this area has been conducted with a focus on tag rear-error rate profiles [89].
The work aided in laying the groundwork on tag behavior in a passive UHF RFID dynamic
system. More specifically, the research investigated the critical read variables with two different
antennas and over 15 different tag types. The end results indicated that each tag had a unique
rear-error rate pattern and they all could be identified into the following 5 profile subsections:

» Isotropic Error Profile

o

o O O O

UPM Button

UPM Paperclip

UPM Web

Alien ALN 9534 “2 x 2”
Avery Dennison AD805

» Dipole Error Profile

o

O O O O

UPM Raflatac Dogbone
Alien ALN-9540 “Squiggle”
Avery Dennison AD 223
Rafsec “Short Diplole”
Alien ALN-9640 “Squiggle”

» Monopole Skew Error Profile

o

Alien ALN 9662 “Short”

> Patch Error Profile
o Alien ALN-9654 «“G”
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o ALN 1800073-001 "M”
o UPM Raflatac Hammer

» Hybrid Error Profile
o UPM Satellite

Each of the following tags was tested at different air gaps, tag orientations, reader power levels
and antenna types. Below are examples of typical polar plots of read-error rates significance at
Different Orientations (UPM Raflatac Dogbone, Loop System) [89].

5mm
0
5
315 45
270 90
225 35
180

Figure 50: Typical Polar Plots of Read-Error Rates Significance at Different Orientations
(UPM Raflatac Dogbone, Loop System) [89]

63



6 Printer Programming Simulation

The purpose of the experiments performed in this chapter is to identify the combinations of
variables to achieve an optimal tag programming response in a dynamic passive UHF system.
The research conducted can be applied to similar passive UHF RFID dynamic systems. These
types of systems can be found in multiple industries (e.g Figure 22: Mobility — RFID conveyer
applications). However, the research in this thesis focuses on the Lexmark T654 RFID solution
(see chapter 5 for more detailed information).

The scope of this investigation in this section of the paper path is where the media with the
embedded RFID tag passes through the programming field created by the antenna (Figure 41,
RFID media passing through the RFID hardware option). This is referred to as the programming
path. A test fixture, LexSlidel, was created to decouple the non-programming and programming
variables.

6.1 Design Intent

The design intent of LexSlidel had three pillars:

» Simulation
o Simulate the programming path in the T654 RFID solution

» Interchangeable programming hardware components (Includes both near and far field)
o Reader
o Antenna
o Tag

» Adjustable programming variables
Air gap

o Reader power levels

o Tag orientating

o Linear speed

o

6.2 Programming Variables

6.21 Air Gap

The air gap is defined as the unobstructed distance between the antenna and the reader. The
Lexslidel fixture has an air gap range from 0-250 mm. Figure 57 shows the difference between a
large air gap (right) and minimal air gap (left).

Recall the four RF regions defined in section 5.3.1, the LexSlidel has the capability to test the
reactive- near field and radiative near field regions (also see table 5 for a list of each RF region
and their boundaries). The LexSlidel requires additional modifications for transition zone and far
field testing.

Figure 51 shows the antenna set at the highest air gap setting (250 mm — on left) and the antenna

set at the lowest air gap setting (5 mm — on right). The antenna can be set at any position between
the two positions.
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Figure 51: Large air gap (left) and small air gap (right)

6.2.2 Reader Power Level

The ThingMagic Mercury 5e reader has a power level range between 5 dBm and 30 dBm [70].
Power levels in the research were divided into 5 settings: 10 dBm, 14.2 dBm, 18.5 dBm, 22.8
dBm, 27 dBm. The table below used equations 14 and 15 (discussed in section 4.4) to convert
the power to W and mW.

Table 10: LexSlidel reader power level conversions between dBm, W and mwW

Decibel Watts (W) milliWatts (mW)
milliwatts
(dBm)
10 0.01 10
14.2 026303 26.30268
18.5 .070795 70.79458
22.8 190546 190.5461
27 501187 501.1872

6.23 Tag Orientation

Tag orientation is with respect to the reader. The IC of the tag is aligned to the antenna center
and is rotated about this point. The main tag orientation angles were divided into 8 angles every
45° from 0° to 360°. Below are the 8 angles the in which testing was conducted.

= 0°45° 90°, 135°, 180°, 225°, 270°, 315°
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Figure 52: Tag in 0° orientation with respect to the antenna

6.24 Linear Velocity

Linear velocity is the velocity in which the tag travels with respect to the static antenna. A
stepper motor is attached to the linear slide for controlling the linear velocity. The velocity is
measured in centimeters per second (i.e. cmps). This is calculated by the following equation

pages  11inches 1 minute 2.54 centimeter centimeter
N — X X X , = = (cmps)
minute 1 page 60 seconds 1 inch second
Equation 44

Five linear velocities were tested on the LexSlidel: 9, 18, 22, 27, and 31 cmps. The table below
has the conversion between pages per minute (ppm), inches per second (ips), centimeters per
second (cmps), and millimeters per second (mmps):

Table 11: Linear velocity conversions between ppm, ips, cmps, and mmps

ppm ips cmps mmps
19.3 3.5 9 90
38.6 7.1 18 180
47.2 8.7 22 220
57.9 10.6 27 270

6.3 LexSlidel Test Fixture

The design intent for the LexSlidel test fixture is to simulate the programming of RFID media as
it passes through the RFID Lexmark option. This is discussed in more detail in section 5.4
“Programming Window”. The main value add the LexSlidel offers is flexibility for
interchangeable programming components. The next two sections describe the infrastructure and
the interchangeable programming components.
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6.3.1

Infrastructure

The LexSlidel test fixture consists of six main components. They are as follows:

>

Linear Slide — The linear slide is driven by a motor and carries the tag in a linear
direction. The linear slide represents the RFID media with an embedded tag traveling
through the RFID hardware option in the printer system.

Motor Control Box — The Motor Control Box houses all electronics required for
operating the liner slide and antenna. This includes the reader.

Carriage — The Carriage is attached to the linear slide. The Tag Mount is attached to the
top of the Carriage.

Tag Mount —The Tag Mount is a three-piece assembly. It has 2 degrees of freedom. The
Tag Mount can slide laterally for tag alignment to the antenna and can rotate for tag
orientation with respect to the antenna.

Antenna Mount — The Antenna Mount holds the antenna. It is attached to the Tower and
cantilevers over the linear slide. It can translate vertically to allow the Air Gap to be
adjusted.

Tower — The Tower is a static part mounted to the fixture plate. It holds the Antenna
Mount and allows the Air Gap to be adjusted vertically.

Tower (air gap)

4 Antenna Mount

Tag Mount (orientation)

Carriage

Motor control box Linear Slide

Figure 53: LexSlidel Main Components
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6.3.2 Interchangeable Components

The LexSlidel allows the critical programming components to be interchangeable. This includes
the reader, antenna, and tag. All interchangeable components are easy to change, in that they do
not require tools. It is important to note that firmware changes are required when the reader is
interchanged.

e
W
Reader
Antenna
Tag
— | Linear
Slide
DC Motor

Figure 54: LexSlidel test fixture

6.4 Software and the Graphical User Interface (GUI)

Internal software programs were developed to control both the linear slide stepper motor and the
RFID reader. C# was used to create the software and the graphical user interface (GUI) used for
this research. The following are the operations the GUI allows the user to perform and their
descriptions.

» Turn on/off antennas — A total of four antennas can be tested simultaneously. All testing
conducted in this thesis only required one antenna. The GUI allowed the user to turn on
the desired antenna port and turn off all others. The figure below shows that antenna port
1 is on (green) and the other antenna ports are off (red).

Antenna Settings
Test Type Run Type
[stic  ~| [Read -

nnnnnnnnn

Figure 55: GUI - Antenna on / off control

» Test Type - There are three test types that can be selected: static, static offset, and
dynamic. They are in the drop down menu found in “Test Type”.
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> Read / Write — Test can be conducted as read or write tests. This is selected in the drop
down menu under “Run Type”. When a write test is being conducted the tag memory
address and block programming data must be provided.

> Reader Power levels — The “reader start power” and the “reader stop power” are used to
set the reader power limits. The “Reader Power Stops” define the power levels to be
tested. When a test is executed all power level stops are tested. The figure below has the
reader power starting at 10 dB and stopping at 27 dBm. The total number of 5 tests are
executed at 4.25 increments: 10 dB, 14.2 dBm, 18.5 dBm 22.8 dBm and 27 dBm.

Reader Start Power dBm: 10
Reader Stop Power dBm: 27
Reader Power Steps dBm: 425

Figure 56: GUI - Reader power level control

» Test attempts — The “number of loops” are the number of times the test is executed
during each test. 100 test attempts were used for all conducted tests. For example, if 5
reader power levels are to be tested, and the number of loops is 100, then 500 total tests
attempts will be conducted for each test.

» Motor Control — The linear slide motor control is found in the “settings” menu. The

micro steps, distance traveled, start distance, end distance, velocity, and test increments
can be modified.
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University of Kentucky/Lexmark Slide Test . A A 2 e 2w
Seting Antenna Settings
16 Test Type Run Type
4 [static  ~| [Read =)
-8
—— B B [
10 ADDRESSES
0.5 2 Z 2 ?
BLOCKS

Number of Loops: 100 3 c c c

Reader Start Power dBm: 10

Reader Stop Power dBm: 27

Reader Power Steps dBm: 425

@ Move Relative

@ em () in

Backgrounds
Linear Slide COM: Com3
ThingMagic COM: CoM1
FExcel Settings
Raw #0
Directory of the BExcel Rle:
Excel Cell-

CARFID\Results\BLANK.

[ Continuous Mode

Static Test Completed

| Move Absolute ) Slew Rate
Units Direction
@ CLOSER() FARTHER

Other Stuff
cm= in
Cument Slide Position:
0

Tag Distance:
10{(+/-1)m

Tag Orientation:

Tower

Reading RFID Tags

Figure 57: LexSlidel graphical user interface (GUI)

70




7 Test Setup

7.1 Test Specimens

711 Tags

A total of three different tag types were tested. The tags were selected for specific reasons for
testing. The Raflatac Dogbone is the control tag. This is because it has been tested for all
research conducted by the UK RFID team and Lexmark. The Alien SlimLine was selected

because of its current wide use across many industries.

The Impinj Paperclip was selected

because it is a true near field tag. Far field antenna types cannot program the Iminj Paperclip tag.

Table 12: Summary of tested tags

Vendor Tag ID IC Type | EPC | Applications
Alien ALN-9745 | Higgs4 | 128 | Book spines R —
Technology “SlimLine” Doors :
[71] Shipping labels
Raflatac 96 Global Supply
DogBone [72] Chain,Pallets
Cases, Item-
level
Asset tracking
Impinj Monza 2 | 96 Item level ’ ~,
Paperclip [73] Pharma Supply { F'-l )
Chain [74] ' .
Cloths

7.1.2 Antennas

A total of three different antennas were tested. The Meander is a far field antenna that is
designed to program tag in near field ranges. In other words, the Meander was not designed to
operate in the far field, but rather the near field. The Loop and Skyetek are both near field
antennas. They can program both far and near field tags. Below is summary table of all tested

antennas:
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Table 13: Summary of tested antennas

Name Field Tag Field Type Picture
Type
Meander Far Far Field only
Field
Loop Near Far and Near Field
Field
Skyetek Loop Near Far and Near Field
Field

7.1.3 Reader

The reader used for all research is the Skyetek m9 [90]. The m9 was selected because it is
optimized for reading and programming dynamic tags. This includes tags that are traveling at a
certain speed and / or rotating. Secondary reasons are because of its small form factor and
inexpensive RFID reader module. It also supports a wide variety of regions and tag types. The
frequency ranges from 862 UFH to 955 UHF, with 915 UHF as the nominal. The power range is
from 10 dBm to 27 dBm (0.5). The basic tag commands (identify, read, and write) for the
following tag protocols are supported: EPC C1G1, EPC C1G2 (1SO18000-6C), ISO 18000-6B,

and IPx.

7.2 Test Types

Figure 58: Skyetek m9 Reader

When a tag is programmed three different operations are executed: read, write, verify (read).
First, the tag must be read to identify that it is in the field of view of the antenna. Second, the tag
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IC is programmed. Last, the tag data is verified that it is correct. All three operations must be
executed to be a successful write. A failure occurs if any one of the three operations is not
executed successfully.

Verify
N o . (read) —_—

Figure 59: Successful Write = read + write + verify (read)

721 Test Type Definitions

Many combinations of readers, tags, and antennas were tested. Each of these combinations are
referred to as “systems”. Four test types were developed to test the effect of the programming
variables on the various systems. Each test type has a unique purpose and each one is the
foundation for the next test. The test types are: Static Read, Static Write, Static Write Offset, and
Dynamic. Figure 60 has the each section and its primary purpose.

Static read Static Offset

¢ Determine length of
programming window

* Determine optiaml and
max programming
velocity

* Determine optimal
read angle for
detecting the tag. Tag
must be read first
before it can be
programmed

* Determine optimal
programming angle
for static offset and

dynamic

Figure 60: Test Types - each test builds the foundation for the following test

722 Test Type Definitions

Static Read

The purpose of the static read test is to determine the optimal read angle for various systems.
Referring to figure 59 above, three tag operations are executed for each write performed to the
tag. The test decouples the read operation from the overall programming process. This allowed
the data to be compared to the Static Write test data and provide an additional layer of
understanding.

The Static Read setup requires the IC of the tag to be aligned with the center of the antenna (this

is true for all angles). The figure below has two pictures of the setup on the LexSlidel showing
the tag IC aligned with the center of the antenna.
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Figure 61: Static test set up: IC of tag is aligned with center of antenna

Static Write

The Static Write test is performed in the same way as the Static Read test. The difference is that
all three tag operations are executed, resulting in the write process. The purpose of the Static
Write test is to determine the optimal tag programming systems and corresponding programming
variables. The data was used to reduce the number of variable for the Static Offset testing.

Static Offset

The purpose of the static offset testing is to determine the linear distance (or range) of the
programming window. The tag is positioned and tested in the same way as the Static Write test,
but with additional tag offset positions with respect to the antenna. The tag is positioned offset
from the original position from the antenna in both directions. Figure 62 indicates direction.

Negative

Figure 62: Lexslidel static offset direction

There are two criteria specifications for tag to antenna orientation (Both are held constant
throughout the entire test):
1. The tag and antenna are parallel with respect to one another
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2. The tag IC and center of antenna are aligned in the X direction (linear slide translation
axis indicted by red arrow in figure 63).

Figure 63: Static Offset - Tag to antenna orientation and alignment

The nominal or “0” position is shown in figure 64. Both pictures show the antenna centered
directly under the antenna.

Figure 64: Static Offset test at the “0” or “no offset” position. Top view (left) and side view
(right)
Figure 65 shows the tag position offset from the antenna.

Figure 65: Static Offset Test - tag offset from antenna in positive direction
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Dynamic
The purpose of the dynamic test is to understand tag programming performance when the tag is in

linear motion. The optimal system parameters and test conditions that were defined from the
previous testing were used for Dynamic testing.

The setup is similar to the Static Offset test, but with motion. Test data is only collected in one
direction starting from the most positive position and ending on the most negative position on the
linear slide (figure 66)

Test Direction (+ to -)

Figure 66: Lexslidel static offset direction

7.3 Test Parameters

This section covers the basic test setup parameter sample size, variables and programming tag
input.

731 Sample Size

Tag Sample Size
Each tag type consisted of three tags and each tag was tested once for each test. This resulted in
three data points per each test, which was then averaged.

Antenna Sample Size
Each antenna type consisted of a sample size of one.

7.3.2 Variables

As discussed in more detail previously in section 6.2, the test variables are tag angles, air gap, and
reader power levels. The possible values for each variable is as follows:

Angles
8 angles (0 (T), 45, 90, 135, 180, 225, 270, 315°)

Air gaps
4 air gaps (5, 25, 50, 75, 100 mm)

Reader Power Levels
5 power levels (10, 14.2, 18.5, 22.8, 27 mm)
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733 Programming Tag input

Each tag write executed a 96 bit binary number. The number is stored in hexadecimal format,
therefore; a 96 bit binary number/4 equals 24 hexadecimal numbers. The hexadecimal number
stored in the tag is 1111 2222 3333 4444 5555 6666.

7.4 Data Output and the Secondary Process

Each test conducted consists of 100 data points. During the test the tag is interrogated,
information is written to the IC and then verified 100 times. Each successful write results in a
“yes” and each unsuccessful write results in a “no”. The end results in an average of the “no”
results. For example, a 100% test result indicates that all 100 attempts were unsuccessful (all
“no”). Another example, a 10% test result indicates that 10 attempts were unsuccessful, “no”,
and 90 attempts were successful, “yes”.

741 Raw Data

Figure 67 and 68 shows a sample of the raw data output in Microsoft Excel. Each vertical
column is a test conducted at a specified tag angle. Each block of data represents all tests
conducted at a specified air gap. All the data represents the tests conducted for the tag type.

Careful data processing is critical because of the sheer amount of data. The secondary processes

aid in preparing the data in a usable form for analysis. The following discusses the secondary
process used for all data.

Over|1,000,000 Data points

1in/g/7Nn17" nlLREIN'Racaar~ h'

Figure 67: Sample of raw data in Microsoft Excel
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Figure 68 has the raw data on the left. Each vertical row is a different tag angle of the same tag
tested at all five reader power levels. The zoomed in section on located on the right. The top of
the image displays the eight angles and the bottom is the averages for each.

Satellite (1)
Antenna 1Antenna 1Antenna 1Antenna 1Antenna 1Antenna 1Antenna 1Antenna
0 45 90 135 180 225 270 315

(#/-1)mn 5{+/-1)mn5(+/-1)mn5{+/-1)mn 5{+/-1)mn 5{+/-1)mn 5(+/-1)mn 5(+/-1)mr}
Bm 10dBm 10dBm  10dBm  10dBm  10dBm  10dBm  10dBm

0 0 0 0 0 0 0 0
Yes Yes Yes Yes Yes No Yes No
. Yes Yes No No No No No
EatCh COI|L;manS 100 Yes Yes Yes Yes Yes No No
ata pOIn S0 yeS Yes No Yes Yes Yes Yes No
or no. Yes  Yes Yes Yes No No No
Yes = read v v v N N N .
. as es es o o o o
NO = dld not read Yes Yes Yes No No No No
Yes Yes Yes No Yes Mo No
Yes Yes Yes Yes No No No
Yes Yes Yes Yes No Yes No
No Yes Yes Yes Mo Mo No

73 86 85 89 80 10 24 16|

22 14 15 11 20 90 76 84

0.73 0.86 0.85 0.89 0.8 0.1 0.24 0.16

Figure 68: Sample output data and summary

7.42 Data Summary

A summary of the averages is created to place the data in a usable format for all tests conducted.
Figure 69 shows a sample data summary for the Dogbone tag 2 (out of a set of three tags). The
table lists the programming error for each test at all power levels (bold) and air gaps. For
example, at an air gap of 5 mm results in the following programming error data points (10 dBm =
26%, 14.2 dBm = 31%, 18.5 dBm = 34%, 22.8 dBm = 39%, 27 dBm = 55%).
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Dogbone-meander@#2

AirZapdmm)

5 10 15 20 25 30 35 40 45 50
10dBm  10dBm  10dBm  10dBm  10dBm  10dBm  10dBm  10dBm  10dBm  10dBm
74 73 67 58 34 25 9 5 1 0
26 27 33 42 66 75 91 95 99 100

26% 27% 33% 42% 66% 75% 91% 95% 99% 100%

14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm 14.2dBm
69 67 51 49 39 31 17 19 3 0
31 33 49 51 61 69 83 81 97 100
31% 33% 49% 51% 61% 69% 83% 81% 97% 100%

18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm 18.5dBm
66 66 60 58 58 52 37 25 4 1
34 34 40 42 42 48 63 75 96 99
34% 34% 40% 42% 42% 48% 63% 75% 96% 99%

22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm 22.8dBm
61 49 55 49 62 63 38 26 23 21
39 51 45 51 38 37 62 74 77 79
39% 51% 45% 51% 38% 37% 62% 74% 77% 79%

27dBm  27dBm  27dBm  27dBm  27dBm  27dBm  27dBm  27dBm  27dBm  27dBm
45 44 35 43 45 34 27 17 14 12
55 56 65 57 55 66 73 83 86 88
55% 56% 65% 57% 55% 66% 73% 83% 86% 88%

Figure 69
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8 Test Methodology

The test methodology used was primarily to reduce the number of test from the initial text matrix.
Each colored block represents all possible tests at a specific air gap (includes both antenna types
and all three tag types). There are 18 total tests per block. Each cell inside the block is multiplied
by the number of angles tests. There are 8 possible tag angles, which is 18 tests per block x 8
possible angles = 144 tests per block. There are 4 blocks for each air gap, therefore, there are =
576 test.

The number of tests increases by a factor of 5 when the reader power levels are included. The
last parameter to multiply are the three tags per tag type. This results in a total of 8640 possible
tests when all air gaps, tag angles, reader power levels, antenna types, tag types, test types and
tags per tag type are included.

Table 14: Test Matrix (576 possible tests)

5 mm 25 mm
Meander Loop Meander Loop
DB | SL | PC |DB | SL | PC | DB | SL | PC | DB | SL | PC
Static Il 0 0 0 0 0 I I I I I 0
Read
Static 0 0 0 0 0 0 0 0 0 0 0 a
write
Static i 0 0 0 I I I 0
offset
Dynamic 0 1] 0 0
50 mm 75 mm
Meander Loop Meander Loop
DB | SL | PC |DB |SL |PC | DB | SL | PC | DB | SL | PC
Static Il 0 0 0 0 0 I I I I I 0
Read
Static 0 0 0 0 0 0 0 0 0 0 0 a
write
Static i 0 0 0 I I I 0
offset
Dynamic 0 1]
100 mm
Meander Loop
DB | SL | PC | DB | SL | PC
Static 0 0 0 0 0 a
Read
Static 0 a a a 0 0
write
Static
offset
Dynamic
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The raw data to complete the entire test matrix would be multiplied by 100, which would result in
864,000 data points. This was entirely too much data and needed to be reduced.

8.1 Test Reduction Strategy

As discussed in section 7.2, the four test types were designed to build a strong foundation to
reduce the number of tests for the subsequent testing. Each of the static tests required the most
amount of data. This is because they were the initial tests conducted; therefore, all defined
programming variables were tested (i.e. 8, air gaps, reader power levels, tag types and antenna
types).

The purpose of the static read and static write tests were to identify optimal angels, air gaps, and
reader power levels for each tag type and antenna type combination (i.e. programming system).
Once the optimal programming variables were identified, they were used for the static offset and
dynamic tests.

The matrix below is for all tests conducted and lists each test factor. The initial test, Static Read,
consisted of 2,880,000 data points and required 5760 manual tests. The last test conducted,
Dynamic, consisted of 90,000 and 900 manual tests. This was a 97% total reduction in data
points.

The testing required two years and a team of research students.

Test Data Reduction
tag Antenna  antenna  air  power Linear linear  tag sample Total = Manual Data
Types Types angles gaps levels Distances Velocities size treatments| Tests Tests points | Absolute Relative

Static Read 2 3 8 4 3 1 o 3 10 28800 5760 2850000 100%

Static Write 3 3 8 1 5 1 o 3 10 10800 2160 1080000 63% 63%
Static Offset 1 3 3 1 2 5 24 1] 3 10 64300 12960 6480000 -125% -500%
Static Offset 2 1 3 1 3 5 24 o 3 10 32400 6480 3240000 -13% 50%

Dynamic 1 2 1 3 1 nfa 5 3 10 900 500 S0000) 97% 97%
13,770,000]

Figure 70: Test Matrix - test reduction strategy
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9 Statistical Analysis

Two types of statistical analysis were applied to each test: Repeated Measures ANOVA and
DOE. The repeated measures ANOVA (i.e. rANOVA) checked if a significant differenced
existed between the tags (called treatments). Three treatments were used for each tag type. The
DOE 27k factorial testing determined which of the main effects and interactions were significant.

==l Repeated Measures ANOVA

eData Collection: RCBD

eThree treatments

¢10 replicates

*3 trt x 10 rep = 30 data points

eSignicance bases upon the null hpypothsis

sl DOE 27k Factorial

eThree treatments

eone DOE data point is an average of 30 data points
*One data point for each programming enviroenment
eSignicance bases upon the null hpypothsis

Figure 71: Statistical Analysis types: Repeatability and ANOVA

9.1 Programming Environments

A complete programming system includes three main components: reader, antenna and a tag. A
programming environment consists of the same components, but includes the specific type of
each component and the specific programming parameters.

The table below consists of a few possible programming environments:

Table 15: Examples of programming environments

Environment | Reader Antenna | Tag Power | Angle [ Air Linear |
1
2 ThingMagic | Loop Slim 27 dBm | 270 25 25

5e Line mm cmps

9.2 Repeated Measured ANOVA (rANOVA)

The repeatability among treatments statistical testing was conducted first. The purpose was to
confirm that the test results could be trusted for subsequent testing. This type of testing was
conducted for each possible programming environment for the static read and static write tests.
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The purpose of conducting the repeatability tests for all possible programming environments was
to ensure that the data could be trusted for all subsequent tests.

The tests results were used to determine which programming environments were repeatable and
which programming environments that could be repeated. The repeatable programming
environments were used for subsequent testing. Each programming environment was treated
independently and analyzed independently.

9.2.1 Data Collection

Randomized Complete Block Design (RCBD) was used for the statistical model to control known
sources of variability between tag to tag (i.e. treatments) and to reduce error within the blocks.
The blocking constraint is that each of the three tags of the tested tag type appears randomly once
per block. The tags were randomly selected from a larger population.

The table below has the test sequence for the the Meander antenna type and Dogbone tag type.
The test is repeated 10 times, called blocks, for each Dogbone tag. Each block is tested one at a
time. For example, according to the table below the test sequence for block 1 is in the following
order: Test 1 = Dogbone 2, Test 2 = Dogbone = 1, Test 3 = Dogbone 3 = 3. A randomized chart
was produced for each test conducted.

Table 16: Randomized Complete Block Design (RCBD): Example test sequence summary
for Dogbone tag and Meander antenna type.

R T S
Block® 10 28 38 4r 58 68 78 87 Clil 108
DogbonefdlF 20 20 106 20 3@ 3@ 16 20 20 1
Dogbone®2f 1@ 3@ 28 1 10 28 28 13 3@ piE|
Dogbone®3r 3@ 10 3@ 3@ 28 10 3@ 3@ 10 3@

9.3 Statistical Model: Randomized Complete Block Design
(RCBD)

The statistical model used is as follows:

Yij:,ll +Ti+pj+€ij
i=123 j=1,....,10

Equation 45
Where:
» pis apopulation mean for tags
> 1, is a (fixed) treatment effect (tag samples), i = 1,2,.tand ¥f_; 7; = 0
> p; isa(fixed) block effect (blocked by test sequence), j = 1,2,.rand 3.i_; p; = 0
> e ~ 1idN(0,0Z) is an error term for variation among plots.
» In the above example for the Meander antenna and Dogbone tag, t = 3, r = 10; therefore,

there are a total of tr = 30 observations.
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Where u is a parameter common to all treatments called the overall mean and t; is parameter
unique to the ith treatment called the ith treatment effect. €;; is the random error component that
incorporates all other sources of variability in the experiment including measurement, variability
arising from uncontrolled factors, differences between the tags, and general background noise.

The model errors are assumed to be normally and independently distributed with mean zero and
variance 2. Also, the variance o2 is assumed to be constant for all levels of the factor. This
implies that the observations are mutually independent.

Analysis of variance (ANOVA) is used to partition the total variability into component parts.
This method allows the source of variability to be identified. In this case, the variability will be
identified between tag (treatments) or within the tag itself (within treatments)

The total corrected sum of squares is used to measure the overall variability in the data.

t r

SSTot = ZE(YU -Y)?

i=1j=1

Equation 46

¥ij is the average programming average per power level of a specific combination. The y _is the
grand average of all the observations per power level of a specific combination. Three tags were
tested per tag type; therefore, a equals three. Each test was replicated 10 times, therefore, n
equals 10.

The variability between the tags can be measured with the sum of squares due to treatments

t T t
SSTre= ") (1, ~7)* = rzl(n. —7)?

i=1j=1 =
Equation 47

Where the y; represents the average of the observations within the ith treatment. The variability
between the blocks can be measured with the sum of squares due to blocks

r

SSBlk = ii(f,— Y)r= tZ(T,— Y)?

i=1j=1 j=1

Equation 48

Total Error

t T
SSErr = Z Z(YU — ¥, -7, +7)? = SSTot — (SSBlk + SSTrt)

i=1j=1

Equation 49
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Assumptions of the RCBD:

1) Sampling:
a. The blocks are independently sampled

b. The treatments are randomly assigned to the experimental
units within a block.

2) Homogeneous Variance: the treatments all have the same
variability, i.e. they all have the same variance

3) Approximate Normality: each population is normally distributed

931 ANOVA Table for a Randomized Complete Block Design

The benefits of the RCBD is that both effects of the treatments (t) and the blocking (p) are
calculated. The blocking constraints effect how the data is analyzed. A normal ANOVA is not
sufficient. Below is an ANOVA table for the RCBD:

Table 17: ANOVA table for a Randomized Complete Block Design (RCBD)

Source F-statistic

Trt

Block

Error

Total

932 The null Hypothesis

The null hypothesis is used determine if significant relationship exists between the explanatory
variable (i.e programming variables) and the response variables (i.e. programming error). The
data presented here used the null hypothesis to formally investigate if no differences in the
treatment means.

The hypothesis is based upon the treatment means are equal. Each u; represents each tag
treatment and there are three treatments per tag type.

Hotpy = pp = g
Equation 50

The decision rule is the criteria used to decided if the null hypothesis should be rejected or not be
rejected. Both the F-statistic and p-value is shown below.

F-Statistic
Reject Hy if Fy > F,

Do NOT Reject Hy if Fy < F,
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p-value
Reject Hy if p — value > «

Do NOT Reject Hy if p —value < «

Where o = 0.05
P value Wording
< 0.0001 Extremely significant
0.0001 to 0.001 Extremely significant
0.001 to 0.01 Very significant
0.01 to 0.05 Significant
> 0.05 Not significant

The test statistic F, can be calculated and the p-value test statistic is calculated by statistic
software. The F, is calculated by

5 MSR
° " MSE
Equation 51
Where
SSR
MSR = —
1
SSE
MSE = ——
-2
Equation 52

The F, is found in the F-tables at 0.05 confidence by using the equation below (where a = 0.05
and n=total observations)

F(a';l,n—z)
Equation 53
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A decision can now be made my using the F-statistic or p-value on whether or not the null
hypothesis should be rejected. It is worth noting that this process relies on more than the
calculated decision alone. For example, some data sets that fail the null hypotheses are not
rejected. These decisions are made on understanding and experience with the data as a whole.
These decisions were not common, but did occur (these decisions are noted in the data).

9.4 Calculation Software

Two different types of software were used to compute the statistics. Statistical programs were
created in Microsoft Excel to compute the design of experiences and ANOVA. Mini-tab was also
used for larger sets of data.

23

Uum o
Treatment Factorial Effect Treatments [Factor | contrasts | oo Contribution |DOF [ Mean F-Value |Significan|from book|alpha K (# of factor N-k-1
combinations | A B AB C_AC_BC ABC 1 2 3[Total _ AVG _Combos |Effects Square Fo F-alpha 3.1 0.05 3 2

(1) 141 1 1 1 1 1 -

A 1 1 -1 -1 1 -1 1 1 -13.8333 -166| 1148.1667) 6%) 1| 1148.166667| 20.7813|YES

B 1 -1 1 -1 1 1 -1 1 37.66667| 452| 8512.6667 41%| 1| 8512.666667| 154.0754|YES

AB 101 1 1 1 a1 Y -0.33333) -4 0.6666667] o%|  1f 0.666666667| 0.012066{NO

c 141 1 1 1 a1 -31) -37) 5766| 2% 1 s766| 104.362|VES

AC 101 1 1 11 Y 7 8 294 w1 294 5.321267|VES

BC 1 -1 1 -1 1 -1 1 -1 16.83333) 202| 1700.1667] 8% 1| 1700.166667| 30.77225|YES

ABC 1 1 1 1 1 1 1 1) -21.1667 -254| 2688.1667) 13% 1| 2688.166667| 48.6546|VES

Standard Order SSE |pure Error 442 2% 8 55.25 Significant if the Ho is Refected. This means that the coeffi

SST  [Totalerror | 20551.833]

X1 X2 X3 xI2 xIx3 x23 xIx2x3 SSR Residual Error | 20109.833]

y_hat b0 bl b2 b3 bl2 bi13 b23 b123
74.0833 -6.92 18.83 -15.5 -0.17 3.5 8.417 -10.6)

Figure 72: 273 factorial Design Test

9.5 Output data Types

951 Programming Error Radar Plots

The programming error radar plots are a simple graphical method for displaying the programming
error of the RFID system at all tested angles. Below is an example of a programming error radar
plot of a RFID system tested at eight different angles. The line rays that originate from 0
represent each angle tested. Each circle represents the programming error of the RFID system in
20% increments.

Every test conducted is tested at five different reader power levels and is represented by the
different colored lines. According the error radar plot, the optimal tag angle and reader power
level occurs at a tag angle of 270° and 90° with a reader power level of 22.8 dBm. The worst
performance occurs when the tag angle is 0° and 180° at all reader power levels.
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e Seriesl
el Series2
270 ¢ Series3

el Seriesd

Series5

180

Figure 73: Example Programming Error Radar Plot

Programming error radar plots have proven to be a quick and effective method in determining the
optimal tag angle and reader power level for RFID systems.

952 Main Effects and Interaction Pareto Chart

The main effects and interaction bar plots are used to determine the critical programming
variables and / or their interactions. As discussed in section 6.2, the main programming variables
are power (A), air gap (B) and tag angle (C).

The example chart below indicates that the main effect with the most contribution to tag
programming is the power (A) and the interaction between the power (P) and tag angle (C). The
main effects and interaction Pareto charts are useful in identifying which main programming
variables and their interactions have the most influence in programming tags.

Pareto Chart of the Standardized Effects
(response is un-programmed, Alpha = 0.05)
2.056
| Factor Name
A Linear Speed
B air gap
A
E gl
o
AB
T T T T T
0 1 2 3 4 5
Standardized Effect

Figure 74: Example main effects and interaction Pareto Chart
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It is worth noting that “error” represented on the chart represents the unknown contribution in
programming change. A few examples sources of unknown contributions are from bad test
practices, faulty equipment, unstable, and environment.

Bellow is an example of three different tags (Button, Satellite, and Dogbone) tested at two

different air gaps (5 mm and 10 mm). The data is organized horizontally by tag and vertically by
air gap. Programming error radar plots and main effects and interaction plots are provided.

Button @ 5 mm air gap Satellite @ 5 mm air gap Doghone @ 5 mm air gap

315 45 315 45 315 as
—10 —10 —10
—142 —142 —142
27 9 2 9 2 9
0 0 185 0 0 185 70 0 e
—28 —223 —_—2238
—27 —27 7
25 135 225 135 225 135
180

180 180

Satellite @,10 mm air gap Dogbone @ 10 mm air gap

315, a5

—10

—228

225 135

180
180

315 45
i
2 V —142
2 270 %0
5 185
185 270 90 185 D
25 135

Button satellite Dogbone
Factors / Interactions vs. Effect Factors / Interactions vs. Effect Factors / Interactions vs. Effect
35 35 3
30 10 0
25 2 25
lEzn I §m g I I
S1s — T1s &1 1
1 ” I BEEEEE
5 5 5
U — - m (R _mn i lmnm : N
A P H AP AH PH APH A P H AP AH PH APH A P H AP AH PH

factorsand interactions factors and interactions factorsand interactions
Figure 75: Example data - 3 tag types and 2 air gaps

953 Offset Testing Plots

As discussed in section 7.2, the purpose of offset testing is to determine the length of the
programming window. The chart below is an offset test conducted over a total of 12 cm (6 cm in
each direction) in 1 cm increments. The test was conducted at the two optimal programming tag
angles, 90° and 180°. The data below indicates that when the tag is at an angle of 90°, the tag’s
programming window is approximately 2 cm (0 cm to -1 cm) for all reader power levels. Also,
when then tag is at an angle of 180°, the tag’s programming windows is approximately 3 cm (2
cm to — 1 cm) for all reader power levels.
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100
90
80
70

50
40
30

Programming Error

20
10

Offset Distance Vs. Programming Error AVERAGE

— =R G D =

Wﬂ

60 —

—e—10dBm
——14.2dBm
—18.5dBm

22.8dBm

——27dBm

5 mm Air Gap

Figure 76: Example offset testing plot for 90° and 180° tag angles

The offset testing plots have proven to be useful in determining the length of the programming
window. This information can be used to help determine when the tag is initially detected by the
RFID system when the tag is in motion, as in the RFID printer. Larger programming windows
are preferred because they provide more time for the programming operations to be executed.

The programming window becomes more important as demands increase during the tag

programming. For example, more time is required to execute the following demands: increased
data size to the EPC, access the user memory, and password security.
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10Test Analysis

As mentioned in section 7.2.1 Test Type Definitions, each test type builds the foundation for the
subsequent test. The overall goal is to simulate the dynamic printing environment. Before the
dynamic testing could be conducted the fundamental understanding must first be achieved. The
fundamental understanding was achieve by conducted the static read, static write, and static offset
tests. The captured learning from the three tests paved the path to the dynamic testing.

This section discussed each individual test then ties them all together at the end. It is worth
noting that many questions were derived from the test data and not all of them were answered.

All of these questions were collected and discussed in the “Moving Forward” section located at
the end of the paper.

Static Read 3??:;
- — - I

Figure 77: Test strategy

10.1.1 No variance between treatments

The variance between treatments was tested by using the F-statistic. The table below is based on
the F-statistic for all write test conducted. The calculated F-statistic was based upon the cut off
value of 2.46. Six of the eleven red cells are 2.887 or lower, which is close to the cut-off value.
The data point for Slim Line, Skyetek and 10 dBm has the highest calculated F-statistic, at 5.769.
The data was not repeated because a decision was made not to move forward with the Skyetek
antenna.
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Table 18: rANOVA summary (F-statistic)

5mm
Paper Clip Dogbone Slim Line
Loop Skyetek |Loop Skyetek Meander |Loop Skyetek Meander

10 dBm 1.869 0.908 0.816355 1.000 0.279 1 1.000
14.2 dBn 0.750 1.254 0.838972 1.000 1.625 1 1.000
185dBn] © 2.056 2.185 1.861027 1.000 0.707 0.676136 0.676
22.8 dBn 0.586 0.744 1.668796 1.000 0.822 0.677686 0.678
27 dBm 1.139 0.671 0.803279 1.000 0.595 1 1.000
10 dBm 0.142 1.088 0.418 0.768 1.119 2.263 1.000
14.2 dBn 1.347 1.681 0.909 0.569 1.865 0.793 1.000
185dBn| 2 0.540 0.617 1.383 1.273 1.720 0.531 1.000
22.8 dBn 1.786 1.445 1.958 1.938 0.496 0.924 0.629
27 dBm 0.797 0.430 1.063 0.566) 0.806 1.022 0.778
10 dBm 1.037 2.506 0.899 1.017 0.880 0.738 0.538
14.2 dBn 1.157 2431 0.451 1.038 1.824 1.058 0.996
185dBn] & 1.168 0.273 0.594 0.622 0.562 0.471 0.428
22.8 dBn 2.381 1.228 2.243 1.298 0.792 1.427 2.110
27 dBm 0.829 0.842 2.123 1.490 1.393 1.205 0.875
10 dBm 0.373 2.230 0.720 0.924 1.638 0.967 1.000
14.2 dBn 1.128 0.963 1.670 0.849 1.322 1.285 3.038
18.5 dBn E 0.488 0.848 1.023 1.457 0.363 1.893 0.519
22.8 dBn 1.561 2.497 0.185 0.280 1.045 1.332 0.532
27 dBm 1.093 2.247 0.410 0.498 1.270 0.641 1.000
10 dBm 0.813 1.356 0.775256 0.696) 3.237 1.256 1.000
14.2 dBn 0.885 2.233 3.40569 0.471 2.441 0.968 1.000
18.5 dBn § 1.962 2.142 1.394743 0.947 0.345 0.670 1.000
22.8 dBn 0.783 2.366 1.588255 0.962 0.309 1.968 1.000
27 dBm 1.149 2.037 2.864546 0.267 2.625 1.000 1.000
10 dBm 0.955 2.170 0.628 1.000 2.571 0.736 0.621
14.2 dBn 0.793 0.571 0.770 0.872 0.257 0.818 0.961
18.5 dBn ﬁ 0.893 0.699 0.633 0.636 0.459 0.262 0.991
22.8 dBn 0.428 0.808 0.904 1.084 0.873 1.435 2.263
27 dBm 1.533 0.793 0.744 1.190 0.177 1.404 0.397
10 dBm 0.817 0.562 0.279 2.366 5.769 0.475
14.2 dBn 0.476 0.846 0.737 1.629 1.788 1.172
18.5 dBn E 0.816 1.216 1.584 1.889 0.608 0.950
22.8 dBn 1.591 0.780 0.959 1.137 2.204 0.221
27 dBm 0.841 1.623 1.148 2.309 0.648 1.896
10 dBm 1.570 0.596 0.281 0.279 1.004 2.497 0.475
14.2 dBn 1.102 0.802 0.603 0.737 0.968 0.522 1.172
18.5 dBn 5 1.224 1.643 0.502 1.584 1.093 0.783 0.950
22.8 dBn 1.000 1.081 1.273 0.959 1.100 0.673 0.221
27 dBm 0.576 0.666 1.443 1.148 1.211 2.887 1.896
cut off 2.46 F (.05,9,18)
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Table 19: rANOVA summary (programming error)

5mm
Paper Clip Dogbone Slim Line
Loop Loop Skyetek  Meander |Loop Skyetek  Meander
10 dBm 10.033 2.133 72.766667 99.967| 77.566667 99.966667 99.96666667
14.2 dBm 21.900 7.000 78.6 99.967| 87.966667 99.966667 99.96666667
18.5 dBm ° 46.733 16.067 85.533333 99.967] 94.966667 98.4 98.4
22.8 dBm 77.000 36.367 81.833333 99.967| 99.233333 99.466667 99.46666667
27 dBm 59.133 50.100 95.533333 99.967| 86.066667 99.966667 99.96666667
10 dBm 10.867 8.967 64.133 66.733 19.700 72.400 99.967
14.2 dBm 25.033 13.867 43.133 63.300 34.233 67.833 99.967
18.5 dBm g 51.433 28.367 31.867 50.500 50.400 60.800 99.967
22.8 dBm 78.200 53.100 69.033 46.033 69.767 54.833 99.767
27 dBm 59.800 58.233 97.700 59.700 67.300 60.733 99.900
10 dBm 13.000 26.033 49.167 25.800 8.400 69.667 91.767
14.2 dBm 23.700 17.333 38.400 33.500 26.133 64.500 83.767
18.5 dBm & 51.000 21.600 30.233 39.333 47.267 55.200 75.133
22.8 dBm 79.700 43.733 36.567 45.033 65.633 57.800 59.100
27 dBm 60.233 55.200 53.600 63.500 53.967 86.233 89.900
10 dBm 12.533 21.133 69.233 41.200 10.867 79.767 99.700
14.2 dBm 26.033 34.367 44.833 47.233 30.000 73.867 99.567
18.5 dBm a 51.800 47.600 48.233 41.400 47.633 64.633 96.167
22.8 dBm 79.567 76.100 79.233 44.467 66.433 67.433 97.367
27 dBm 58.067 74.500 98.567 63.567 59.667 88.767 99.967
10 dBm 14.767 25.900 95.166667 74.600 9.567 97.233 99.967
14.2 dBm 33.067 16.333 92.433333 68.367 25.033 97.200 99.967
18.5 dBm § 56.433 23.933 85.966667 54.733 41.800 99.233 99.967
22.8 dBm 79.300 52.900 83.333333 46.567 54.233 99.767 99.967
27 dBm 61.600 59.200 88.9 60.833 51.433  100.000 99.967
10 dBm 12.133 36.967 61.133 99.967 22.667 33.033 97.600
14.2 dBm 26.400 30.100 65.667 96.133 39.000 42.933 91.900
18.5 dBm E 53.067 34.933 61.033 74.400 51.267 44.600 83.800
22.8 dBm 80.133 55.367 77.633 56.800 68.133 42.367 85.733
27 dBm 58.300 72.300 96.067 62.000 69.267 56.500 97.633
10 dBm 9.733 5.000 61.500 40.367 15.900 29.567 92.367
14.2 dBm 22.833 13.733 68.230 43.133 30.333 38.800 86.567
18.5 dBm E 48.433 22.433 64.200 38.900 44.400 43.133 78.700
22.8 dBm 78.533 54.667 73.250 41.167 62.067 46.900 81.333
27 dBm 58.733 63.467 92.365 59.333 54.067 51.100 94.100
10 dBm 10.900 2.367 60.400 40.367 73.133 34.767 92.367
14.2 dBm 22.400 6.167 75.467 43.133 67.333 59.600 86.567
18.5 dBm a 45.900 15.367 67.767 38.900 68.800 66.300 78.700
22.8 dBm 78.433 35.067 68.333 41.167 93.633 67.733 81.333
27 dBm 58.900 52.500 85.033 59.333 99.700 68.700 94.100
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10.2 Static Read

Treatment

Variance

Static

Offset

The purpose of the static read test was to lay a sound foundation for tag programming by
identifying the optimal programming sub systems for reading RFID tags. Even though the test is
a read only test it is relevant for programming. This is because the tag must be read before it can
be programmed. The green highlighted row in the table below represents the degrees of freedom
for each programming variable and test parameter.

Table 20: Static Read Text Matrix (green)

Test Data Reduction

tag Antenna = antenna = air  power Linear linear  tagsample Total Manual Data
Types Types angles gaps levels Distances Velocities size treatments| Tests Tests points | Absolute Relative

Static Read 2 3 8 4 5 1 0 3 10 28800 5760 2880000 100%

Static Write 3 3 1 5 1 0 3 10 10800 2160 10280000| 63% 63%)
Static Offset 1 3 3 1 2 5 24 0 3 10 64800 12960 64380000| -125% -500%|
Static Offset 2 1 3 1 3 3 24 0 3 10 32400 6480 3240000| -13% 50%

Dynamic 1 2 1 3 1 n/a 5 3 10 300 900 S0000| 97% 97%|

10.2.1 Test Parameters

The static read test consisted of the most degrees of freedom. This is because it was the first test
conducted and for this research. Limited test data existed outside of this research and the static
read test was conducted. The hope is that the data was repeatable; therefore, it could be trusted.

In all, 2,880,000 data points were collected during the testing. The shear amount of data made it
difficult to analyze. The methods discussed earlier did help make the process more automatic and

less time consuming.

Table 21: Static Read Test Parameters

Tag Types Dogbone | Slim line

Tag Samples 3

(treatments)

Blocks (replicates) 10

Antenna Types Meander | Loop Skyetek

Antenna Angles 0 45 90 135 180 225 | 270 | 315
Air Gaps 5 25 50 100

Power levels 10 14.2 18.5 22.8 27

Linear Velocity n/a
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10.2.2 Statistical Analysis

This section discusses the test results conducted with the Dogbone and Slim Line tag and each of
the three antenna types at a 5 mm air gap. A total of 720,000 data points were collected for this
set of data (2 tag type x 3 tag samples x 10 replicates x 3 antenna types x 8 angles x 1 air gap x 5
power levels x 100 loops = 720,000 data points).

The DOE 22 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two factors tests were: power level (P), angle (A) and the
interaction between power level and angel (P*A). The green cells indicated that the
programming factor or interaction has a significant effect on the programming error. The red
cells indicated that the programming factor or interaction does not have a significant effect on the
programming error.

Note that the interaction between the power level and angel (P*A) should be considered along

with the individual main effects results. This is because one of the main effect values could be
large and the other be small, which could result in the interaction significant.

Table 22: Static Read null hypothesis (p-values)

p-value
P A P*A
Paper Clip Loop 5mm n/a n/a n/a
Dogbone Meander 5mm 0.000 0.001 0.033
Dogbone Loop 5mm 0.000 0.238 0.036
Dogbone skyetek 5mm 0.012 0.009 0.502
Slim Line Meander 5mm 0.998 0.959 0.903
Slim Line Loop 5mm 0.049 0.02 0.933
Slim Line skyetek 5mm 0.167 0.000 0.269

Table 23: Static Read null hypothesis (F-statistic)

F-value
P A P*A
Paper Clip Loop 5mm n/a n/a n/a
Dogbone Meander 5mm 15.71 12.55 4.95
Dogbone Loop 5mm 15.230 1.44 4.75
Dogbone skyetek 5mm 7.07 7.74 0.46
Slim Line Meander 5mm 0.00 0.00 0.02
Slim Line Loop 5mm 4.090 5.92 0.01
Slim Line skyetek 5mm 1.99 25.650 1.26
2.028 |

cut off value
The statistical analysis was performed in Minitab. Below is an example data set produced from

the Minitab analysis. The p-values and F-statistic are highlighted for each of the main effects,
power level and angel, and the interaction between the main effects.
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Factorial Fit: programming error versus power level, angle

Estimated Effects and Coefficients for programming

units)

Term Effect Coef SE Coef T
Constant 79.317 2.310 34.34 0
power level -9.200 -4.600 3.258 -1.41 0
angle 35.733 17.867 3.528 5.06 O
power level*angle 11.165 5.583 4.977 1.12 0
S = 14.6067 PRESS = 9355.34

R-Sgq = 44.53% R-Sqg(pred) = 32.44% R-Sg(adj) = 39.

Analysis of Variance for programming error

Source DF Seg SS Adj SS Adj MS

Main Effects 2 5897.5 5897.5 2948.7 13.
power level 1 425.2 425.2 425.2
angle 1 5472.3 5472.3 5472.3 25.

2-Way Interactions 1 268.4 268.4 268.4 1
power level*angle 1 268.4 268.4 268.4

Residual Error 36 7680.8 7680.8 213.4

Total 39 13846.7

Unusual Observations for programming error

programming

Obs StdOrder error Fit SE Fit Residual
1 1 100.000 71.633 7.292 28.367
21 21 52.000 81.869 2.364 -29.869
29 29 45.333 79.946 2.904 -34.612

1o

1,

(coded units)

error (coded
P

.000

.167

.000

.269

91%

F P
82 0.000
99 0.167
65 0.000

.26 0.269

26 0.269

St Resid
2.24R
-2.07R
-2.42R

R denotes an observation with a large standardized residual.

Estimated Coefficients for programming error
uncoded units

Term Coef

Constant 83.6120

power level -1.19794

angle 0.0362923

power level*angle 0.00417010
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The corresponding Pareto chart and radar plot are shown in the figure below. The table is useful
because the significant main effects and / or interaction can be matched to the programming error
results for each angel and power level.

The data clearly indicates that the power level is strongly significant in changing the
programming error for all Dogbone programming environments. The angle was also significant
when compared to the cut-off value, but less significant overall. This is shown in the p-value and
F-statistic tables above and in the Pareto charts below. The radar plots show that as the power
level increases, so does the programming error. This is true for all angles in the Dogbone
Meander and Dogbone Loop programming environments. The Dogbone Skyetek programming
environment had the highest programming error at all angles when compared to the other two
Dogbone programming environments.
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Pareto Chart of the Standardized Effects
(response is programming error, Alpha = 0.05)
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Figure 78: Dogbone Pareto charts and radar plots for all three programming environments
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Main Effects Plot for programming error Interaction Plot for programming error
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Figure 79: Dogbone Main Effects and Interaction Plots for all three programming
environments

The results for the Slim Line were overall different compared to the Dogbone data. The angle
programming factor had the most significant effect on programming error for both the Slim Line
Loop and Slim Line Skyetek programming environments. The power level was not a significant
programming factor. The Slim Line Meander programming environment did not indicate that
power level or angle had an impact on programming error. Overall, the Slim Line programming
environment had the lowest programming error, except at the 225 degree angle.
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Pareto Chart of the Standardized Effects
(response is programming error, Alpha = 0.05)
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Figure 80: Slim Line Pareto charts and radar plots for all three programming environments

The figure below has the main effects and interaction plots for all angles and power levels (both
programming factors). The plots were generated using Minitab and based upon Design of
Experiments full factorial ANOVA.
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Main Effects Plot for programming error Interaction Plot for programming error
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Figure 81: Slim Line Main Effects and Interaction plots for all three programming

environments

The next two figures list the programming error radar plots for all Dogbone and Slim Line
programming environments. The plots are useful in quickly comparing the programming error
between programming environments.
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Figure 82 : Static Read Dogbone Programming Error Radar Plots
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Figure 83: Static Read Slim Line Programming Error Radar Plots

The main effects and interaction including the antenna type is listed below. The most useful chart
is the antenna plot because it indicates a significant difference in programming error between
antenna types. The angle and power level does show the programming error for each angle and
power level regardless of tag type. The data could be misleading and the individual analysis
should be the primary method.
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Main Effects Plot for programming error
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Figure 84: Static Read main effects for all tests conducted (includes both tag types)
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Figure 85: Static Read interaction plot for all tests conducted (includes both tag types)

10.2.3 Static Read Conclusion

The data clearly indicates that the power level is strongly significant in changing the
programming error for all Dogbone programming environments. The angle was also significant
when compared to the cut-off value, but less significant overall. This is shown in the p-value and
F-statistic tables above and in the Pareto charts below. This is true for all angles in the Dogbone
Meander and Dogbone Loop programming environments. The Dogbone Skyetek programming
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environment had the highest programming error at all angles when compared to the other two
Dogbone programming environments.

The results for the Slim Line were overall different compared to the Dogbone data. The angle
programming factor had the most significant effect on programming error for both the Slim Line
Loop and Slim Line Skyetek programming environments. The power level was not a significant
programming factor. The Slim Line Meander programming environment did not indicate that
power level or angle had an impact on programming error. Overall, the Slim Line programming
environment had the lowest programming error, except at the 225 degree angle.

When comparing all the 5 mm air gap data points, the angle and power level does show the
programming error for each angle and power level regardless of tag type. The data could be
misleading and the individual analysis should be the primary method.

Dogbone Summary:

» The power level had a significant difference for all three Dogbone programming
environments

» The angle had a significant difference for all three Dogbone programming environments,
but less significant than the power level.

» The radar plots show that as the power level increases, so does the programming error.
This is true for all angles in the Dogbone Meander and Dogbone Loop programming
environments.

» The Dogbone Skyetek programming environment had the highest programming error at
all angles when compared to the other two Dogbone programming environments.

Slim Line Summary:

» The angle programming factor had the most significant effect on programming error for
both the Slim Line Loop and Slim Line Skyetek programming environments.

» The power level was not a significant programming factor. The Slim Line Meander
programming environment did not indicate that power level or angle had an impact on
programming error.

» Overall, the Slim Line programming environment had the lowest programming error,
except at the 225 degree angle.

Antenna Summary:
» The Loop antenna had the lowest programming error, while Skyetek had the highest
programming error.

10.3 Static Write

Treatment
Variance

Static

Static Read Offset
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The purpose of the static write test build upon the foundation created from the static read test.
Recall the three steps in programming a tag: read — write — verify. The static read tests decoupled
the read from the write and verify steps. This allowed only one step to be analyzed. The static
write test investigated the entire three step programming process.

It is worth noting, that when the static write data is compared the static read data, the read process

is being compared to both the write — verify process. The green highlighted row in the table
below represents the degrees of freedom for each programming variable and test parameter.

Table 24: Static Write Text Matrix (green)

tag Antenna  antenna  air  power Linear linear  tagsample Total ~ Manual Data

Types Types angles gaps levels Distances Velocities size treatments| Tests Tests points
Static Read 2 3 8 4 5 1 0 3 10 28800 5760 2880000
Static Write 3 3 8 1 5 1 0 3 10 10800 2160 1080000
Static Offset 1 3 3 1 2 5 24 0 3 10 64800 12960 6480000]
Static Offset 2 1 3 1 3 5 24 0 3 10 32400 6480 3240000
Dynamic 1 2 1 3 1 n/a 5 3 10 900 900 90000
| 13,770,000

The static write test consisted of the most degrees of freedom (same as the static read). The
purpose of the high amount of degrees of freedom is because the static read and static write test
analyzes the stability of all the programming environments. The hope is that the data would be
repeatable; therefore, it could be trusted.

This section discusses the test results conducted with the Dogbone, Slim Line, and Paper Clip tag
and each of the three antenna types at a 5 mm air gap. A total of 720,000 data points were
collected for this set of data (3 tag type x 3 tag samples x 10 replicates x 3 antenna types X 8
angles x 1 air gap x 5 power levels x 100 loops = 720,000 data points).

Table 25: Static Write test parameters

Tag Types Dogbone | Slim Paper
Line Clip
Tag Samples | 3
(treatments)
Blocks 10
Antenna Types Meander | Loop Skyetek
Antenna Angles 0 45 90 135 180 225 | 270 | 315
Air Gaps 5
Power levels 10 14.2 18.5 22.8 27
Linear Velocity n/a

10.3.1 Statistical Analysis

The DOE 272 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two factors tests were: power level (P), angle (A) and the
interaction between power level and angel (P*A). The green cells indicated that the
programming factor or interaction has a significant effect on the programming error. The red
cells indicated that the programming factor or interaction does not have a significant effect on the
programming error.

105



Note that the interaction between the power level and angel (P*A) should be considered along
with the individual main effects results. This is because one of the main effect values could be
large and the other be small, which could result in the interaction significant.

A few inferences can be made based upon the tables:
» The angle programming factor is dominate when the Meander antenna is used regardless
of tag type.
» The power level programming factor is dominate when the Loop antenna is used
regardless of tag type.
» The programming factor is not constant when using the Skyetek antenna and depends on

the tag type.
Table 26: Static Read null hypothesis (p-values)
p-value
P A P*A
Paper Clip Loop 5mm 0.000 0.997 0.979
Dogbone Meander 5mm 0.983 0.009 0.897
Dogbone Loop 5mm 0.000 0.775 0.823
Dogbone skyetek 5mm 0.016 0.417 0.926
Slim Line Meander 5mm 0.614 0.0026 0.888
Slim Line Loop 5mm 0.000 0.561 0.82
Slim Line skyetek 5mm 0.284 0.000 0.189
Table 27: Static Write null hypothesis (F-statistic)
F-statistic
P A P*A
Paper Clip Loop 5mm 117.140 0 0
Dogbone Meander 5mm 0 7.55 0.02
Dogbone Loop 5mm 77.580 0.08 0.049
Dogbone skyetek 5mm 6.34 0.67 0.01
Slim Line Meander 5mm 0.26 5.42 0.02
Slim Line Loop 5mm 19.920 0.34 0.049
Slim Line skyetek 5mm 1.18 15.860 1.8
2.028
cut off value

The statistical analysis was performed in Minitab. Below is an example data set produced from
the Minitab analysis. The p-values and F-statistic are highlighted for each of the main effects,
power level and angel, and the interaction between the main effects.

Factorial Fit: Programming Error versus Power Level, Angle

Estimated Effects and Coefficients for Programming Error (coded
units)
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Term Effect Coef SE Coef T P

Constant 45.1442 1.949 23.16 0.000
Power Level 59.5259 29.7629 2.750 10.82 0.000
Angle 0.0194 0.0097 2.977 0.00 0.997
Power Level*Angle -0.2218 -0.1109 4.201 -0.03 0.979

S = 12.3272 PRESS = 6896.53
R-Sq = 76.49% R-Sq(pred) = 70.36% R-Sqg(adj) = 74.53%

Analysis of Variance for Programming Error (coded units)

Source DF Seq SS Adj SS Adj MS F P

Main Effects 2 17800.5 17800.5 8900.3 58.57 0.000
Power Level 1 17800.5 17800.5 17800.5 117.14 0.000
Angle 1 0.0 0.0 0.0 0.00 0.997

2-Way Interactions 1 0.1 0.1 0.1 0.00 0.979
Power Level*Angle 1 0.1 0.1 0.1 0.00 0.979

Residual Error 36 5470.6 5470.6 152.0

Total 39 23271.2

Estimated Coefficients for Programming Error wusing data in
uncoded units

Term Coef
Constant -19.8851
Power Level 3.51457
Angle 0.0015945

Power Level*Angle -0.00008285

The corresponding Pareto chart and radar plot are shown in the figure below. The table is useful
because the significant main effects and / or interaction can be matched to the programming error
results for each angel and power level.

The data clearly indicates that the power level is strongly in changing the programming error for
the Paper Clip Loop programming environments. The angle was not effective in changing the
programming error. The radar plot has a circle shape for every power level tested, indicating that
angle had no impact on programming error.

This is shown in the p-value and F-statistic tables above and in the Pareto charts below. The
radar plots show that as the power level increases, so does the programming error. The 27 dBm
was the only exception; it did improve compared to the 22.8 dBm power level.

The Paper Clip was not tested with the Skyetek antenna due to all results had 100% programming

error. In theory, the Skyetek antenna should program the Paper Clip because both are near field
antennas. The root cause is not known at this time and is part of the plan for future study.
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The Paper Clip was not tested with the Meander antenna because it is a far field antenna;
therefore, it cannot be programmed by the Meander antenna.

Pareto Chartof the Standardized Effects
(resporse is Programming Error, Alpha = 0.05)
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Figure 86: Paper Clip Pareto charts and radar plots for the programming environment
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Figure 87: Paper Clip Main Effects and Interaction plots for the programming environment

The data is mixed with the Dogbone tag. Both the power level and angle are strongly significant
in changing the programming error. The strongly significant programming factor depends on the
antenna type. According to the figure below the Dogbone Meander programming environment is
significantly impacted by the angle programming factor. The Dogbone Loop and Dogbone
Skyetek programming environments are significantly impacted by the power level programming
factor. The other programming factor was insignificant in changing the programming error in all
cases.

The trend continues in that the as the power level increases so does the programming error. There
are a few exceptions found in the Slim Line testing, but the exceptions are not significantly
different than the 22.8 dBm power level. This is shown in the p-value and F-statistic tables above
and in the Pareto charts below. Overall the Dogbone Skyetek programming environment had the
highest programming error at most angles when compared to the other two Dogbone
programming environments. This follows the same trend found in the Paper Clip Write tests.
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Figure 88: Dogbone Pareto charts and radar plots for all three programming environments

The figure below has the main effects and interaction plots for all angles and power levels (both
programming factors). The plots were generated using Minitab and based upon Design of Experiments full
factorial ANOVA
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Figure 89: Dogbone Effects and Interaction plots for all three programming environments

The results are similar to the Dogbone results in that the main programming factors are mixed.
The Slim Line Loop programming environment is significantly impacted on the power level
programming factor. The Slim Line Meander and Slim Line Skyetek programming environments
are significantly impacted by the angle programming factor. The other programming factor was
insignificant in changing the programming error in all cases.

The trend continues in that the as the power level increases so does the programming error. There
are a few exceptions found in the Slim Line testing, but the exceptions are not significantly
different than the 22.8 dBm power level. This is shown in the p-value and F-statistic tables above
and in the Pareto charts below. This follows the same trend found in the Dogbone and Paper Clip

Write tests.
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Figure 90: Slim Line Pareto charts and radar plots for all three programming environments

The figure below has the main effects and interaction plots for all angles and power levels (both
programming factors). The plots were generated using Minitab and based upon Design of
Experiments full factorial ANOVA

111



MainlEtects|Plot fo:/‘programmng erron Interaction Plot for programming error
leans
Data Means
o0 power level angle 100 1 e
S ower
- " N\ VAN M AN \\;}v—« el
T e o S~ \ g w T ——= —e— 100
L < 80 80- Y —a—-—a | |Ta
— . J 185
3 o \ / —a- 28
" 270
60 60 X
o |3 i E
— 5 2 g
— o 40 404
-} (0]
—
® 20 20
0 T T T T T T T T
10.0 142 185 228 270 0 45 90 135 180 225 270 315 0 45 90 135 180 225 270 315
angle
Main Effects Plot for programming error Interaction Plot for programming error
Data Means Data Means
- power level angle 100 Py
—e— 100
- 12
w 80 185
—_— 80 —A- 28
— 27.0
3|5 /\' e ©
O 60 ©
D bo) 5 £
|5 2 40
= 40
>
rD 20
20
0 T T
0 45 90 135 180 225 270 315
0 angle
100 142 185 228 270 0 45 90 135 180 225 270 315
Main Effects Plot for programming error Interaction Plot for programming error
Data Means Data Means
3 power level angle
[%2)
= 1 Wn 80
3 |< -
————
o P V g
— —+ 3 2
—_ 2 b4
S (1)
~ 0
(1]
20
20
0 T T T T T T T T
0 0 45 90 135 180 225 270 315
100 142 185 228 270 0 45 90 135 180 225 270 315 angle

Figure 91: Slim Line Effects and Interaction plots for all three programming

The next figure list the programming error radar plots for all Dogbone and Slim Line
programming environments. The plots are useful in quickly comparing the programming error
between programming environments.
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Figure 92: Static Write 5 mm air gap radar plot summary

10.3.2 Static Write Conclusion

The data clearly indicates that the power level is strongly in changing the programming error for
the Paper Clip Loop programming environments. The angle was not effective in changing the
programming error. The radar plot has a circle shape for every power level tested, indicating that
angle had no impact on programming error.

The radar plot shows that as the power level increases, so does the programming error. The 27
dBm was the only exception; it did improve compared to the 22.8 dBm power level.

The Paper Clip was not tested with the Skyetek antenna due to all results had 100% programming
error. In theory, the Skyetek antenna should program the Paper Clip because both are near field
antennas. The root cause is not known at this time and is part of the plan for future study.

The Paper Clip was not tested with the Meander antenna because it is a far field antenna;
therefore, it cannot be programmed by the Meander antenna.

The data is mixed with the Dogbone tag. Both the power level and angle are strongly significant
in changing the programming error. The strongly significant programming factor depends on the
antenna type. The Dogbone Meander programming environment is significantly impacted by the
angle programming factor. The Dogbone Loop and Dogbone Skyetek programming
environments are significantly impacted by the power level programming factor. The other
programming factor was insignificant in changing the programming error in all cases.
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The trend continues in that the as the power level increases so does the programming error. There
are a few exceptions found in the Slim Line testing, but the exceptions are not significantly
different than the 22.8 dBm power level. This is shown in the p-value and F-statistic tables and in
the Pareto charts. Overall the Dogbone Skyetek programming environment had the highest
programming error at most angles when compared to the other two Dogbone programming
environments. This follows the same trend found in the Paper Clip Write tests.

The Slim Line results were similar to the Dogbone results in that the main programming factors
are mixed. The Slim Line Loop programming environment is significantly impacted on the
power level programming factor. The Slim Line Meander and Slim Line Skyetek programming
environments are significantly impacted by the angle programming factor. The other
programming factor was insignificant in changing the programming error in all cases.

The trend continues in that the as the power level increases so does the programming error. There
are a few exceptions found in the Slim Line testing, but the exceptions are not significantly
different than the 22.8 dBm power level. This is shown in the p-value and F-statistic tables and in
the Pareto charts. This follows the same trend found in the Dogbone and Paper Clip Write tests.

Paperclip Summary:
» The power level had a significant difference for Paperclip Loop programming
environment.

» The angle was not effective in changing the programming error.

» As the power level increases, so does the programming error

> The Paper Clip was not tested with the Skyetek antenna due to all results had 100%
programming error. In theory, the Skyetek antenna should program the Paper Clip
because both are near field antennas.

» The Paper Clip was not tested with the Meander antenna because it is a far field antenna;

therefore, it cannot be programmed by the Meander antenna.

Dogbone Summary:

» Both the power level and angle are strongly significant in changing the programming
error.
The strongly significant programming factor depends on the antenna type.
The Dogbone Meander programming environment is significantly impacted by the angle
programming factor.
The Dogbone Loop and Dogbone Skyetek programming environments are significantly
impacted by the power level programming factor.
The other programming factor was insignificant in changing the programming error in all
cases.
As the power level increases so does the programming error (for most data point
comparisons).
Overall the Doghone Skyetek programming environment had the highest programming
error at most angles when compared to the other two Dogbone programming
environments. This follows the same trend found in the Paper Clip Write tests.

YV V ¥V VYV VYV

Slim Line Summary:
» Both the power level and angle are strongly significant in changing the programming
error.
» The Slim Line Loop programming environment is significantly impacted on the power
level programming factor.
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» The Slim Line Meander and Slim Line Skyetek programming environments are
significantly impacted by the angle programming factor.

» The other programming factor was insignificant in changing the programming error in all
cases.

> As the power level increases so does the programming error (for most data point
comparisons).

Antenna Summary:
» A few inferences can be made based upon the tables:

o The angle programming factor is dominate when the Meander antenna is used
regardless of tag type.

o The power level programming factor is dominate when the Loop antenna is used
regardless of tag type.

o The programming factor is not constant when using the Skyetek antenna and
depends on the tag type.

10.3.3 Static Read and Static Write Comparison

The significant programming factors for the static read are a combination of power level and
angle. There is a shift from a combination of two significant programming factors to one. The
static write test clearly shows one significant programming factor per programming environment.
Further work will be required to help explain why the static read and static write significant
programming factors can possibly be different.
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Static Read Static Write
p-value p-value

P A P*A P A P*A
Paper Clip Loop 5mm n/a n/a n/a 0.000 0.997 0.979
Dogbone Loop 5mm 0.000 0.238 0.036 0.000 0.775 0.823
SlimLine Loop 5mm 0.049 0.02 0.933 0.000 0.561 0.82
Dogbone  skyetek 5mm 0.012 0.009 0.502 0.016 0.417 0.926
SlimLine  skyetek 5mm 0.167 0.000 0.269 0.284 0.000 0.189
Dogbone  Meander 5mm 0.000 0.001 0.033 0.983 0.009 0.897
SlimLine  Meander 5mm 0.998 0.959 0.903 0.614 0.0026 0.888

Static Read Static Write
F-value F-value

P A P*A P A P*A
Paper Clip Loop 5mm n/a n/a n/a 117.140 0 0
Dogbone  Loop 5mm 15.230 1.44 4.75 77.580 0.08 0.049
SlimLine  Loop 5mm 4.090 5.92 0.01 19.920 0.34 0.049
Dogbone  skyetek 5mm 7.07 7.74 0.46 6.34 0.67 0.01
SlimLine  skyetek 5mm 1.99 25.650 1.26 1.18 15.860 1.8
Dogbone  Meander 5mm 15.71 12.55 4.95 0 7.55 0.02
SlimLine  Meander 5mm 0.00 0.00 0.02 0.26 5.42 0.02

2.028 |

cut off value

2.028 |

cut off value

Figure 93: Static read and static write DOE results (p-values and calculated F-statistic)

The next two figures are the main effects and interaction plots from the DOE analysis. They can
be used to make the following inferences:
» The Loop antenna is the best performer and the Skyetek is the worst performer based on
programming error in the static read test. The Loop antenna is the best performed in the

static write, but the Meander and Skyetek antennas are similar in programming error.

» The power level decreases the programming error from 10 dBm t018.5 dBm and then
increases the programming error from 18.5 dBm to 27.0 dBm in the static read. The
programming error increases at a constant rate of change as the power level increases for
the static write (from 10 dBm to 27 dBm)

» The angle programming response is similar in both the static read and static write tests.
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Figure 94: Static read and write main effects DOE plot
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Figure 95: Static read and write interaction DOE plot

The charts below normal probability, distribution, fitted value and observation for both the static
read and static write tests. The charts show that the assumptions for the statistical model are not
clearly violated.
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Figure 96: Static read and write residual plots from the DOE analysis

The next two plots are the main effects and the interaction plots for all static read and static write
tests. Below are the inferences made from the analysis:

No significant difference between test types (p-value = 0.682).

A significant difference between the Slim Line and the other two tags (p-value = 0.032).
A significant difference between the Loop antenna and the other two antennas types (p-
value = 0.0165).

No significant difference between power levels and programming error (p-value = 0.743)
No significant difference between angle and programming error (p-value = 0.139)

VV VYVVV
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Figure 97: Static read and write combine main effects DOE plot
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Static Read and Static Write
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Figure 98: Static read and write interaction DOE plots

10.3.4 Static read and Static write comparison conclusion

The significant programming factors for the static read are a combination of power level and
angle. There is a shift from a combination of two significant programming factors to one. The
static write test clearly shows one significant programming factor per programming environment.
Further work will be required to help explain why the static read and static write significant
programming factors can possibly be different.

Below are the inferences made from statistical analysis comparing the overall static read and
static write separately:

» The Loop antenna is the best performer and the Skyetek is the worst performer based on
programming error in the static read test. The Loop antenna is the best performed in the
static write, but the Meander and Skyetek antennas are similar in programming error.

» The power level decreases the programming error from 10 dBm t018.5 dBm and then
increases the programming error from 18.5 dBm to 27.0 dBm in the static read. The
programming error increases at a constant rate of change as the power level increases for
the static write (from 10 dBm to 27 dBm)

» The angle programming response is similar in both the static read and static write tests.

Below are the inferences made from statistical analysis comparing the overall static read and
static write combined:

» No significant difference between test types (p-value = 0.682).
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A significant difference between the Slim Line and the other two tags (p-value = 0.032).
A significant difference between the Loop antenna and the other two antennas types (p-
value = 0.0165).

No significant difference between power levels and programming error (p-value = 0.743)
No significant difference between angle and programming error (p-value = 0.139)

YV VY

10.4 Static Offset

Treatment
Variance

Static Read

The purpose of the static offset test is to define the length of the programming window for
specified RFID programming systems.  This was the last fundamental step before the dynamic
testing was performed. This is because the static offset test decouples the optimal programming
window by defining it independent of linear speed.

The testing degrees of freedom were reduced because only the optimal angles were tested. The
test initially began with three tag types, two optimal angles, three antennas types, three air gaps
and 5 power levels. The offset tests were conducted every 1 cm from the nominal tag position
(i.e. nominal tag position is when the tag IC is aligned with the antenna center, which is the same
tag position as the static read and static write). The test is highlighted in green below.

Table 28: Static offset test matrix (full — green) and reduced (orange)

tag Antenna  antenna  air power Linear linear  tagsample Total Manual Data

Types Types angles gaps levels Distances Velocities size treatments| Tests Tests points
Static Read 2 3 8 4 5 1 0 3 10 28800 5760 2880000,
Static Write 3 3 8 1 5 1 0 3 10 10800 2160 1080000
Static Offset 1 3 3 1 2 5 24 0 3 10 64800 12960 6480000
Static Offset 2 1 3 1 3 5 24 0 3 10 32400 6480 3240000
Dynamic 1 2 1 3 1 n/a 5 3 10 900 900 90000
| 13,770,000

The preliminary results indicated that the Slim Line were the least optimal tags, which brought
the Dogbone tag into the main focus. The data also indicated that the two optimal angels
produced similar results; therefore, only one optimal angle is required. Reducing the degrees of
freedom by three decreased the total number of possible data points by half. The table above has
the full (green) and reduced test matrix (orange).

10.4.1 Test Parameters

The static offset reduced test focused on the Dogbone tag with various programming
environments. This section discusses the test results conducted with the Dogbone tag and each of
the three antenna types at a 5 mm 25 mm and 50 mm air gap. A total of 324,00 data points were
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collected for this set of data (1 tag type x 3 tag samples x 10 replicates x 3 antenna types x 1
angles x 3 air gap x 5 power levels x 24 offset distances x 100 loops = 324,000 data points).

Table 29: Static offset test parameters

Tag Types Doghbone

Tag Samples | 3

(treatments)

Blocks 10

Antenna Types Meander | Loop Skyetek

Antenna Angles Optimal angel for each tag type

Air Gaps 5 25 50

Power levels 10 14.2 18.5 22.8 27
Offset Distances 24 1 cm increments

Linear Velocity n/a |

The optimal programming angles for the Dogbone were 90 and 270°. This was based on the
results from the static read and static write tests. See figure 77, 86, and 87 for Dogbone test
results.

10.4.2 Statistical Analysis

The DOE 2/2 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two factors tests were: power level (P), offset distance (D) and
the interaction between power level and angel (P*D). The green cells indicated that the
programming factor or interaction has a significant effect on the programming error. The red
cells indicated that the programming factor or interaction that did not have a significant effect on
the programming error.

Note that the interaction between the power level and offset distance (P*D) should be considered
along with the individual main effects results. This is because one of the main effect values could
be large and the other be small, which could result in the interaction significant.

A few inferences can be made based upon the tables:

» The power level programming factor was significant in changing the programming error
in all Dogbone Loop programming environments.

» The power level programming factor was not significant in the two Skyetek programming
environments.

» The power level programming factor was significant at the Meander - 50mm air gap. It
was less significant to not significant at lower air gaps.

» The offset distance programming factor was not dominate in any of the programming
environments. This was analyses by comparing the last point where the programming
error was not zero and the nominal position.

» Both optimal programming angles, 90° and 270°, produced the same statistical results.
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Table 30: Static Offset null hypothesis (90 degree)

p-value F-statistic
D P*D P D P*D
Dogbone Loop 5mm 90 deg 0.000 0.986 0.557 22.79 0.00 0.35
Dogbone Loop 25mm 90 deg 0.000 0.908 0.869 22.1 0.01 0.3
Dogbone Loop 50mm 90 deg 0.023 0.508 0.795 5.43 0.44 0.07
Dogbone Skyetek 5 mm 90 deg 0.696 0.289 0.741 0.15 1.14 0.11
Dogbone Meander 5 mm 90 deg 0.835 0.368 0.919 0.04 0.83 0.01
Dogbone Meander 25 mm 90 deg 0.064 0.35 0.557 3.55 0.89 0.35
Dogbone Meander 50 mm 90 deg 0.001 0.505 0.482 11.06 0.45 0.5
2.00 |cut off value
Table 31: Static offset null hypothesis (90 and 270 deg)
p-value F-statistic
D P*D D P*D
Dogbone Loop 5mm 90 deg 0.000 0.986 0.557 22.79 0.00 0.35
Dogbone Loop 5mm 270 deg 0.000 0.39 0.308 21.54 0.74 1.05
Dogbone Loop 25mm 90 deg 0.000 0.908 0.869 22.1 0.01 0.3
Dogbone Loop 25mm 270 deg 0.000 0.786 0.578 18.15 0.07 0.31
Dogbone Loop 50mm 90 deg 0.023 0.508 0.795 5.43 0.44 0.07
Dogbone Skyetek 5 mm 90 deg 0.696 0.289 0.741 0.15 1.14 0.11
Dogbone Skyetek 5 mm 270 deg 0.891 0.663 0.846 0.02 0.19 0.04
Dogbone Meander 5 mm 90 deg 0.835 0.368 0.919 0.04 0.83 0.01
Dogbone Meander 5 mm 270 deg 0.774 0.067 0.966 0.08 3.54 0.00
Dogbone Meander 25 mm 90 deg 0.064 0.35 0.557 355 0.89 0.35
Dogbone Meander 50 mm 90 deg 0.001 0.505 0.482 11.06 0.45 0.5
2.00 |cut off value

Note that two cells in the F-statistic are identified as significant and the same cells in the p-value
table are not. Even with the F-statistic is close to the 2.0 cut off value and the P-value is close to
the 0.05 cut off value, the relationship is significantly weak to no relationship.

The statistical analysis was performed in Minitab. Below is an example data set produced from
the Minitab analysis. The p-values and F-statistic are highlighted for each of the main effects,
power level and angel, and the interaction between the main effects.

Factorial Fit: programming error versus power level, offset distance

Estimated Effects and Coefficients for programming error

Term
Constant
power level
offset distance
power level*offset distance
= 0.241924 PRESS = 3.95604

S
R-Sg = 14.96% R-Sq (pred)

Effect

-0.03204 -0.
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Coef

0.37171

0.25295 0.12648

01602

0.01774 0.00887
R-Sq (adj)

S

0.

0
0.
0

1

E Coef
03846
.05426
02406
.03394

0.78%

T
9.66
2.33

-0.67
0.26

[eNeNeNe]

(coded units)

P

.000
.023
.508
.795



Analysis of Variance for programming error (coded units)

Source DF Seq SS Adj SS Adj MS F P

Main Effects 2 0.62413 0.34389 0.171947 2.94 0.061
power level 1 0.59817 0.31794 0.317939 5.43 0.023
offset distance 1 0.02596 0.02596 0.025956 0.44 0.508

2-Way Interactions 1 0.00400 0.00400 0.003997 0.07 0.795
power level*offset distance 1 0.00400 0.00400 0.003997 0.07 0.795

Residual Error 61 3.57016 3.57016 0.058527

Total 64 4.19828

Unusual Observations for programming error

programming
Obs StdOrder error Fit SE Fit Residual St Resid
17 17 0.853333 0.307733 0.047253 0.545601 2.30R
18 18 0.796667 0.300896 0.041802 0.495770 2.08R
22 22 0.776667 0.273550 0.041802 0.503117 2.11R
59 59 0.000000 0.491038 0.051892 -0.491038 -2.08R
R denotes an observation with a large standardized residual.

Estimated Coefficients for programming error using data in uncoded units

Term Coef
Constant 0.0611156
power level 0.0159231
offset distance -0.00058882

power level*offset distance 1.73941E-05

Dogbone — Loop Environment Inferences

» The programming window with 55% to 10% programming occurs between -80 mm to 80
mm. A total length of 160mm centered on 0.

» The programming error decreases as the tag approach 0. Or the programming error
increases as the tag moves from 0.

» Both optimal programming angles perform similar. No significant difference.

» The length of the programming window is similar at the air gaps. The programming error
does change, but the window maintains a constant length of 160 mm centered at 0.

o As the power level increases the programming error increases at 25 mm and 5
mm air gaps. The trend does not hold at air gaps larger than 25 mm.

Future testing is needed to more accurate determine where the power level
transition lies.  This information is useful to optimize programming
environments. If this is not understood, it could be possible to unintentionally
modify a programming environment for poor performance.

» The system performs significantly different at the O position as the air gap increases.

o A “dead spot” appears at the 0 offset distance when the air gap is equal to or
greater than 25 mm (this is true for all power levels). The “dead spot” does not
appear at the 5 mm air gap.

One of the main differences is that the 5 mm air gap lies in the Reactive near
field region and the remaining tested air gaps lies in the Radiative near field
region. The radiation pattern changes between the two types of regions, one
resulting in full programming coverage and the other produces a “blind spot”.
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A future are of resting would need to be conducted to defined boundary where
the reactive and radiative is located. Using the current data, the optimal
boundary lies between 5mm and 49 mm.

Far Field > 2A

2A >Transition Zone > 1A

A/2it >Reactive NF> 0

Figure 99: The four RF regions
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Figure 100: Static offset Dogbone Loop programming environments
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Dogbone — Skyetek Environment Inferences

» The programming window with 50% to 20% programming occurs between -10 mm to 10
mm. A total length of 20mm centered on 0.
» The programming error decreases as the tag approach 0. Or the programming error
increases as the tag moves from 0.
» Both optimal programming angles perform similar. No significant difference.
» The power level programming factor does not affect programming error.
» The Offset distance programming factor does have a significant effect on programming
error.
» The system performs significantly different at the 0 position as the air gap increases.
» Additional air gaps were not tested due to the high programming error and limited
programming window.
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Figure 101: Static Offset Dogbone Skyetek

Dogbone — Meander Environment Inferences

>

>

The programming window was skewed in the positive direction for all Dogbone —
Meander programming environments.
The air gap significantly affected the length of the programming window.
o The optimal programming window occurred at the 25 mm air gap. It had a
programming error of 40% to 10 occurred between -20 mm to 60 mm. A total
length of 80mm centered on 20 mm.
Both optimal programming angles perform similar. No significant difference.
At the 25 mm and 50 mm air gaps the programming error was reduced with higher power
levels.
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Figure 102: Static Offset Dogbone Meander

Summary of all Programming Environments

» The optimal programming environment is Dogbone — Loop — 90 deg — 5 mm.
o The Loop antenna had the largest programming window (8 times larger than the
Skyetek and 4 times larger than the Meander)
o The Loop had the lowest programming error.
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Table 32: Static Offset programming window summary

Programming Window

Length | Center Point | Lowest Programming Error
Loop 160mm | 0 <10%
Skyetek 20mm |0 20 %
Meander 80mm | 20 mm 20%

The table above is summary of the static offset programming window results at a high level.
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Figure 103: Static Offset Dogbone Summary

Loop antenna “dead spot”

Recall from section 4.2.3.2, For relatively small antenna apertures the equation to define the
transition boundary from the reactive to the radiative NF is:

3
r=0.62 x/(DT)

Equation 54

Where r is the transition boundary, D is the diameter of the antenna aperture loop (m), and A is
the wavelength (m). Using the following inputs provides a transitional boundary between the
reactive and radiative fields at 16.3-16.4 mm: Loop antenna diameter (0.6096 m = 2.4 in) and
frequency 915 — 928 x 10”6 hertz UHF US). This means that a reactive near field sphere has a
16.3 mm radius that is created around the Loop antenna.
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The radiative near field transition boundary is calculated using the same D and f, but with the
following equation

DZ
r=2()

Equation 55

The transitional boundary from the radiative near field to the transition zone occurs between
22.67 — 23 mm. Figure 10 has each near field sphere centered about the loop antenna.

Figure 104: Reactive sphere and radiative sphere centered about the Loop antenna

Experimental data (Figure 11) indicates that the transition boundary occurs at 17 mm for the
Dogbone tag oriented parallel to the antenna (i.e. 270). This is true for all five power levels
tested ranging from 10 dBm to 27 dBm).

Main Effects Plot for programming error
Data Means

1.0 distance power level

0.8
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Q
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Figure 105: Transition boundary between the reactive and radiative near field regions
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There are two hypotheses for the discrepancy between the analytical and empirical. The first is
that the Loop antenna shape represents an oval instead of a pure circle. This could have an
impact on the equations used because they assume the shape is a pure circle. The second
hypothesis is that that the transitional boundary is tag type dependant. The tag infrastructure can
change greatly from tag type to tag type. This includes the antenna design, IC type and IC
substrate. Additional testing is required to determine if the transitional boundary is dependent
upon tag type.

10.4.3 Static Offset Conclusion

The statistical results were not as clear as the static read and static write tests. The significant
programming factor was not constant across all the Dogbone programming environments. The
offset distance programming factor was not dominate in any of the programming environments.
This was analyzed by comparing the last point where the programming error was not zero and the
nominal position. Both optimal programming angles, 90° and 270°, produced the same statistical
results.

The power level programming factor was significant in changing the programming error in all
Dogbone Loop programming environments, but was not a significant programming factor for the
two Skyetek programming environments. The power level programming fact was significant at
the Meander - 50mm air gap. It was less significant to not significant at the lower air gaps.

Overall the optimal programming environment was the Dogbone tag, Loop antenna, 90 degree
angle and 5 mm air gap programming environment. The Loop antenna had the largest
programming window (8 times larger than the Skyetek and 4 times larger than the Meander). The
Loop had the lowest programming error.

Summary: Dogbone — Loop Environment

» The programming window with 55% to 10% programming occurs between -80 mm to 80
mm. A total length of 160mm centered on 0.

» The programming error decreases as the tag approach 0. Or the programming error
increases as the tag moves from 0.

» Both optimal programming angles perform similar. No significant difference.

» The length of the programming window is similar at the air gaps. The programming error
does change, but the window maintains a constant length of 160 mm centered at 0.

o As the power level increases the programming error increases at 25 mm and 5
mm air gaps. The trend does not hold at air gaps larger than 25 mm.

Future testing is needed to more accurate determine where the power level
transition lies.  This information is useful to optimize programming
environments. If this is not understood, it could be possible to unintentionally
modify a programming environment for poor performance.

» The system performs significantly different at the 0 position as the air gap increases.
o A “dead spot” appears at the 0 offset distance when the air gap is equal to or

greater than 25 mm (this is true for all power levels). The “dead spot” does not
appear at the 5 mm air gap.
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One of the main differences is that the 5 mm air gap lies in the Reactive near
field region and the remaining tested air gaps lies in the Radiative near field
region. The radiation pattern changes between the two types of regions, one
resulting in full programming coverage and the other produces a “blind spot”.

A future are of resting would need to be conducted to defined boundary where
the reactive and radiative is located. Using the current data, the optimal
boundary lies between 5mm and 49 mm.

Summary: Dogbone — Skyetek Environment

>

VV VYVV 'V

The programming window with 50% to 20% programming occurs between -10 mm to 10
mm. A total length of 20mm centered on 0.

The programming error decreases as the tag approach 0. Or the programming error
increases as the tag moves from 0.

Both optimal programming angles perform similar. No significant difference.

The power level programming factor does not affect programming error.

The Offset distance programming factor does have a significant effect on programming
error.

The system performs significantly different at the O position as the air gap increases.
Additional air gaps were not tested due to the high programming error and limited
programming window.

Summary: Dogbone — Meander Environment

>

>

10.4.4

The programming window was skewed in the positive direction for all Dogbone —

Meander programming environments.

The air gap significantly affected the length of the programming window.

o The optimal programming window occurred at the 25 mm air gap. It had a

programming error of 40% to 10 occurred between -20 mm to 60 mm. A total
length of 80mm centered on 20 mm.

Both optimal programming angles perform similar. No significant difference.

At the 25 mm and 50 mm air gaps the programming error was reduced with higher power

levels.

Recommended Next Steps

The recommended next steps are based upon the static offset results:

>

Dogbone — Loop: A “blind spot” at the nominal location was observed at air gaps larger
than 5 mm. The root cause of the “blind spot” needs to be investigated. Also, a more
accurate location where the “blind spot” begins would help answer if it is dependent upon
near field type (i.e. reactive or radiative.

Dogbone — Loop: The trend where the programming error increases as the power level
increases is broken at the 50 mm air gap. A more accurate location where this occurs
would be useful with respect to designing an optimal programming environment.
Dogbone — Meander: The optimal programming window occurred at the 25 mm air gap.
The upper and lower boundaries for the optimal programming window need to be
defined. The results would allow an air gap range in which to produce a optimal
programming window.
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10.5Dynamic

T S
|| | | | | I

Figure 106 Test Suite - Dynamic

The purpose of Dynamic testing is to investigate tag programming error while the tag is moving
at linear velocities. Linear velocity is the only new variable added compared to the previous
static testing. The dynamic tested had the least test parameters. The Skyetek antenna was
removed from the testing because of its poor programming error performance and small
programming window. Only the single optimal test parameter was chosen for the tag type,
antenna programming angle, and reader power level.

There were 5 linear velocities parameters introduced to the test matrix (see “linear velocities”
column in the chart below. How they were determined and calculated will be discussed below.

Table 33: Dynamic Test Matrix (yellow)

tag Antenna  antenna  air  power Linear linear  tagsample Total ~ Manual Data

Types Types angles gaps levels Distances Velocities size treatments| Tests Tests points
Static Read 2 3 8 4 5 1 0 3 10 28800 5760 2880000
Static Write 3 3 8 1 5 1 0 3 10 10800 2160 1080000
Static Offset 1 3 3 1 2 5 24 0 3 10 64800 12960 6480000
Static Offset 2 1 3 1 3 5 24 0 3 10 32400 6480 3240000
Dynamic 1 2 1 3 1 n/a 5 3 10 900 900 90000
| 13,770,000

10.5.1 Test Parameters

The dynamic testing had the least degrees of freedom with respect to test parameters. The test
was narrowed down to where only the Dogbone tag type was used to perform all tests. Also, only
the optimal power level was used for each programming environment. One degree of freedom
was removed from the air gap and antenna types due to high programming error. A total of
900,000 data points were collected for this set of data (1 tag type x 3 tag samples x 10 replicates x
2 antenna types x 1 angle x 2 air gap x 1 power levels x 5 linear velocities x 100 loops = 900,000
data points).

Table 34: Dynamic Test Parameters

Tag Types Dogbone
Tag Samples 3
(treatments)

Blocks 10
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Antenna Types Meander | Loop |

Antenna Angles Optimal angel for each tag type

Air Gaps 5 [ 25 | 50

Power levels Optimal power level for each tag type

Linear Velocity 9 cms 18 cms 22 cms 27 cms 31 cms
(20 (40 ppm) | (50 ppm) | (60 ppm) | (70 ppm)
ppm)

The table below lists the power levels used for each antenna type and air gap. They were
determined from the static write tests results.

Power Level (dBm)

Air gap Loop Meander
5 27 18.5
25 27 22.8
50 18.5 27

Figure 107: Power Level for each antenna type and air gap
1052 Test Setup

The home positions are the most positive location on the linear slide. The antenna always starts
each dynamic test from this position (see the figure below). As the antenna moves from the
negative to the positive direction the tag IC passes direction under the antenna. The tag IC is
aligned with the center of the antenna.

A loop is one pass from the positive to the negative side of the linear slide. The return loop does
not collect data and only the antenna returns to the “home” position.
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Figure 108: Dynamic testing linear slide home position

10.5.3 Data Collection and Linear Velocities

The dynamic test data collection is different than the static tests. This difference is due to the
linear velocity, as the linear velocity increases the amount of data points during the test decreases.
Recall, the static tests collected 100 data points per test. The dynamic tests data points are greatly
reduced, by a magnitude of 5 or greater, and the linear offset distance varies from test to test.

The test conducted at the slowest linear speed collected around 18-20 data points during one loop.

1054 Statistical Analysis

There were three types of analysis performed for the dynamic testing. The three tests are listed
below:

» Type | — Each individual air gap per antenna type was analyzed individually. A total of
six analysis were performed, 3 for the Loop antenna and 3 for the Meander antenna. The
programming error was the response variable.

» Type Il — All three air gaps were analyzed together per each antenna type. A total of two
analysis were performed, 1 for the Loop antenna and 3 for the Meander antenna. The
programming error was the response variable.

> Type Il — All three air gaps were analyzed together per each antenna type. A total of
two analysis were performed, 1 for the Loop antenna and 3 for the Meander antenna. The
percent of un-programmed tags was the response variable.

» Type IV - Each individual linear speed per air gap per antenna type was analyzed. A

total of 30 analysis were performed, 5 per air gap and antenna type. The linear position
was the response variable.
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Each of the three analysis types are discussed in the follow three sections.

10.5.4.1 Dynamic Type | analysis

The Type | analysis consisted of six analysis where 3 test were performed for the Loop antenna
and 3 tests were performed for the Meander antenna. Each individual air gap per antenna type
was analyzed individually. The programming error was the response variable.

The DOE 22 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two main factors tested were linear velocity (V) and block (B).
The interaction tested was between linear velocity and block (V*B). The green cells indicated
that the programming factor or interaction has a significant effect on the programming error. The
red cells indicated that the programming factor or interaction that did not have a significant effect
on the programming error.

Note that the interaction between the linear velocity and bock (P*D) should be considered along
the individual main effects results. This is because one of the main effect values could be large
and the other small, which could results in the interaction being significant.

The expectations were that significant variation existed between the linear velocities and no
variation exists between the blocks.

A few inferences can be made based upon the tables:

» The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

» The linear velocity was most significant at the 25 mm air gap for the Loop antenna and
most significant at the 5 mm air gap for the Meander antenna.

» There was no significant variation between blocks in all Dogbone Loop and Meander
programming environments.

» The interaction between the linear velocity and blocks was only significant in the Loop
50 mm air gap programming environment. This is due to the blocks F statistic value is
the highest compared to the other F-statistic values, which is close to the cut-off value.

» The statistical analyses match the expected results.

Loop
p-value F-Statistic
Vv B V*B \ B V*B
5mm 0.024 0.263 0.763 5.23 1.26 0.09
25mm 0.000 0.878 0.309 29.54 0.02 1.04
50 mm 0.000 0.198 0.032 14.080 1.67 4.66

1.976 cut-off value

Figure 109: Dynamic Loop statistical analysis with all three air gaps individually
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Meander
p-value F-Statistic
Vv B V*B Vv B V*B
5mm 0.000 0.375 0.433 16.19 0.79 0.62
25mm 0.009 0.753 0.735 7.1 0.1 0.12
50 mm 0.028 0.314 0.546 4.950 1.02 0.37

1.976 cut-off value

Figure 110: Dynamic Meander statistical analysis with all three air gaps individually

The statistical analysis was performed in Minitab. Below is an example data set produced from
the Minitab analysis. The p-values and F-statistic are highlighted for each of the main effects,
power level and angel, and the interaction between the main effects.

Factorial Fit: programming error versus speed, block

Estimated Effects and Coefficients for programming error (coded units)

Term Effect Coef SE Coef T P
Constant 0.748863 0.01168 64.10 0.000
speed 0.076023 0.038011 0.01662 2.29 0.024
block 0.041095 0.020548 0.01830 1.12 0.263
speed*block =-0.015714 -0.007857 0.02603 -0.30 0.763
S = 0.140711 PRESS = 3.05141

R-Sq = 4.26% R-Sg(pred) = 0.00% R-Sg(adj) = 2.30%

Analysis of Variance for programming error (coded units)

Source DF Seq SS Adj SS Adj MS F P
Main Effects 2 0.12695 0.12856 0.064278 3.25 0.042
speed 1 0.10360 0.10360 0.103600 5.23 0.024
block 1 0.02335 0.02496 0.024956 1.26 0.263
2-Way Interactions 1 0.00180 0.00180 0.001803 0.09 0.763
speed*block 1 0.00180 0.00180 0.001803 0.09 0.763
Residual Error 146 2.89074 2.89074 0.019800
Lack of Fit 46 0.72194 0.72194 0.015694 0.72 0.889
Pure Error 100 2.16879 2.16879 0.021688
Total 149 3.01949
Unusual Observations for programming error
programming
Obs StdOrder error Fit SE Fit Residual St Resid
1 1 0.52941 0.68245 0.04084 -0.15303 -1.14 X
2 2 0.58824 0.68245 0.04084 -0.09421 -0.70 X
3 3 0.70588 0.68245 0.04084 0.02344 0.17 X
28 28 0.87500 0.73926 0.04084 0.13574 1.01 X
29 29 0.72222 0.73926 0.04084 -0.01703 -0.13 X
30 30 0.64706 0.73926 0.04084 -0.09220 -0.68 X
91 91 0.40000 0.75750 0.02652 -0.35750 -2.59R
112 112 0.40000 0.78169 0.01892 -0.38169 -2.74R
127 127 0.16667 0.77982 0.02453 -0.61316 -4.43R
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141 141 0.50000 0.79110 0.02087 -0.29110 -2.09R

R denotes an observation with a large standardized residual.
X denotes an observation whose X value gives it large leverage.

Estimated Coefficients for programming error using data in uncoded units

Term Coef
Constant 0.637178
speed 0.00432856
block 0.0077406

speed*block -1.58723E-04

Dogbone — Loop Environment Inferences

» At the 5 mm air gap, as the linear velocity increases the programming error increases
from 9 cmps to 22 cmps. Then the programming error decreases from 22 cmps to 27
cmps.

» At the 25 mm air gap, as the linear velocity increases the programming error increases
except at the 27 cmps.

> At the 50 mm air gap, as the linear velocity increases the programming error increase.

» The block data indicates that outliers exist at one or two blocks during the testing. These
outliers could be the root cause of the exception at the 25 mm air gap — 27 cmps. The
overall trend indicates that the programming error should increase. Repeating block 9
and 10 could possibly change the outcome.

» See figures 108 and 109 for supporting data results
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Dogbone Loop
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Figure 111: Dynamic Dogbone Loop main effects and interaction plots for 5, 25 and 50 mm

air gaps
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Dogbone Loop
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Figure 112: Dynamic Dogbone Loop Pareto residuals plots for 5, 25 and 50 mm air gaps

Dogbone — Meander Environment Inferences

» At the 5 mm air gap, as the linear velocity increases the programming error increases
except at the 22 cmps.

At the 25 mm air gap, as the linear velocity programming error is comparable at the 9, 22,
and 27 cmps linear velocities.

>

» At the 50 mm air gap, as the linear velocity increases the programming error increases
except at the 22 cmps.

>

See Figures 10 and 11for supporting data results
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Dogbone Meander
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Figure 113: Dynamic Dogbone Meander main effects and interaction plots for 5, 25 and 50

mm air gaps
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Figure 114: Dynamic Dogbone Meander Pareto residuals plots for 5, 25 and 50 mm air
gaps

10.5.4.2 Dynamic Type Il analysis

The Type Il analysis consisted of two analyses where 1 test was performed for the Loop antenna
and 1 test was performed for the Meander antenna. Three air gaps were analyzed together per
each antenna type. The programming error was the response variable.

The DOE 2/2 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two main factors tested were air gap (A) and linear velocity
(V). The interaction tested was between linear velocity and block (A*V). The green cells
indicated that the programming factor or interaction has a significant effect on the programming
error. The red cells indicated that the programming factor or interaction that did not have a
significant effect on the programming error.

Note that the interaction between the linear velocity and bock (A*V) should be considered along

the individual main effects results. This is because one of the main effect values could be large
and the other small, which could results in the interaction being significant.
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The expectations were that significant variation existed within the air gaps and within the linear
velocities. Also, it was expected that significant variation existed within the interaction between
air gaps and linear velocities.

A few inferences can be made based upon the tables:

>

>

The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

The linear velocity was most significant at the 25 mm air gap for the Loop antenna and
most significant at the 5 mm air gap for the Meander antenna.

There was no significant variation between blocks in all Dogbone Loop and Meander
programming environments.

The interaction between the linear velocity and blocks was only significant in the Loop
50 mm air gap programming environment. This is due to the blocks F statistic value is
the highest compared to the other F-statistic values, which is close to the cut-off value.

Loop
p-value F-Statistic
A Vv A*V A Vv A*V
| Loop summary 0.000 0.000 0.921 49.85 39.51 0.01

1.976 cut-off value

Figure 115: Dynamic Loop statistical analysis with all three air gaps combined

Meander
p-value F-Statistic
A Vv A*V A Vv A*V
Meander summary 0.000 0.000 0.902 60.26 21.81 0.02

1.976 cut-off value

Figure 116: Dynamic Loop statistical analysis with all three air gaps combined

Analysis 2 Dogbone — Loop Environment Inferences

>

>

Programming error is similar at 5 mm and 25 mm air gaps and then increases at the 25
mm air gap.

As the linear velocity increases the programming error increases from 9 cmps to 22 cmps.
Then the programming error decreases from 22 cmps to 27 cmps.

Air gap and linear velocity significantly change the programming error. The interaction
between the air gap and linear velocity does not significantly change the programming
error.

See Figures 112 and 113 for supporting data results
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Figure 117: Dynamic Dogbone Meander main effects and interaction plots for 5, 25 and 50
mm air gaps Combined
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Figure 118: Dynamic Dogbone Meander Pareto Chart and Residual plots for 5, 25 and 50
mm air gaps Combined

Analysis 2 Dogbone — Meander Environment Inferences

velocities.

The programming error is highest at the 5 mm air gap.
The linear velocity programming error is comparable at the 9, 22, and 27 cmps linear

Air gap and linear velocity significantly change the programming error. The interaction

between the air gap and linear velocity does not significantly change the programming
error.
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Figure 119: Dynamic Dogbone Meander main effects and interaction plots for 5, 25 and 50
mm air gaps Combined
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Figure 120: Dynamic Dogbone Meander Pareto Chart and Residual plots for 5, 25 and 50
mm air gaps Combined

10.5.4.3 Dynamic Type lll analysis

The Type Il analysis consisted of a total of two analyses where all three air gaps were analyzed
together per each antenna type, 1 for the Loop antenna and 1 for the Meander antenna. The
percent of un-programmed tags was the response variable.

The DOE 2/2 factorial results are listed below. The tables are the p-values and F statistic from
the null hypothesis analysis. The two main factors tested were air gap (A) and linear velocity
(V). The interaction tested was between linear velocity and block (V*A). The green cells
indicated that the programming factor or interaction has a significant effect on the programming
error. The red cells indicated that the programming factor or interaction that did not have a
significant effect on the programming error.

Note that the interaction between the linear velocity and bock (A*V) should be considered along
the individual main effects results. This is because one of the main effect values could be large
and the other small, which could results in the interaction being significant.

The expectations were that significant variation existed within the air gaps and within the linear

velocities. Also, it was expected that significant variation existed within the interaction between
air gaps and linear velocities.
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A few inferences can be made based upon the tables:

» The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

» The air gap was significant only for the meander. This is due to the extremely poor
performance at the 5 mm air gap.

» The interaction between the linear velocity and air gap was not significant for both the
Loop and Meander programming environments.

F-statistic p-value
Vv A V*A \Y A V*A
Loop 22.22 0.66 0.54 0.000 0.424 0.978
Meander 17.21 5.8 1.1 0.002 0.035 0.318

2.056 cut-off value

Figure 121: Dynamic Type 111 analysis null hypotheses results

The statistical analysis was performed in Minitab. Below is an example data set produced from
the Minitab analysis. The p-values and F-statistic are highlighted for each of the main effects,
power level and angel, and the interaction between the main effects.

Loop analysis

S = 0.165026 PRESS = 0.986277
R-Sg = 46.86% R-Sg(pred) = 25.98% R-Sg(adj) = 40.73%

Analysis of Variance for un-programmed (coded units)

Source DF Seqg SS Adj SS Adj MS F P
Main Effects 2 0.62435 0.621384 0.310692 11.41 0.000
Linear Speed 1 0.60598 0.605059 0.605059 22.22 0.000
22 air gap 1 0.01837 0.017992 0.017992 0.66 0.424
2-Way Interactions 1 0.00002 0.000021 0.000021 0.00 0.978
Linear Speed*air gap 1 0.00002 0.000021 0.000021 0.00 0.978
Residual Error 26 0.70808 0.708076 0.027234
Lack of Fit 11 0.20141 0.201410 0.018310 0.54 0.845
Pure Error 15 0.50667 0.506667 0.033778
Total 29 1.33244
Meander Analysis
S = 0.154604 PRESS = 0.511878
R-Sg = 70.04% R-Sqg(pred) = 41.67% R-Sg(adj) = 61.86%

Analysis of Variance for un-programmed (coded units)

Source DF Seqg SS Adj SS Adj MS F p
Main Effects 2 0.58837 0.54606 0.27303 11.42 0.002
Linear Speed 1 0.42166 0.41135 0.41135 17.21 0.002
air gap 1 0.16671 0.13858 0.13858 5.80 0.035
2-Way Interactions 1 0.02619 0.02619 0.02619 1.10 0.318
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Linear Speed*air gap 1 0.02619
11 0.26293
14 0.87748

Residual Error
Total

0.02619
0.26293

0.02619 1.10 0.318
0.02390

The next two figures are the main effects for the Loop and Meander analysis.

velocity increases (See table 35 below).

Both analyses indicate that the optimal air gap occurs at the 25 mm air gap. The reason the 25
1) length of programming window and 2) field
strength. The 25 mm air gap has an improved length of programming window compared to the 5
mm air gap. Also, the 25 mm air gap has an improved field strength compared to the 50 mm air

mm air is optimal is because of two factors:

gap.

Main Effects Plot for un-programmed
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Figure 122: Dynamic type Il1 analysis main effects — Loop antenna
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It is clear that
linear velocity has a direct affect on the number of un-programmed tags that pass through the
system. This is directly related to the reduced number of tag programming events as the linear




Figure 123: Dynamic type I11 analysis main effects — Meander antenna

Table 35: Dynamic Linear speed and number of total programming events

Main Effects Plot for un-programmed
Data Means
1.0 Linear Speed air gap
0.8
= 0.6
(]
[}
=
0.4 \
0.2 \/.
0.0 - : : T T T T r
9 18 22 27 31 5 25 50

Linear speed Number of total programming events
9 19-23
18 9-12
22 7-9
27 6-8
31 5-7

The interaction plots for both antennas analysis continue to indicate that the 25 mm air gap the
optimal air gap tested. What is interesting is that at the 25 mm air gap tags can move at higher
linear velocities and have minimal negative impact when compared to both the 5 and 50 mm air

gaps. The Meander has little to no negative impact between 18-31 cmps.
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Figure 124: Dynamic type 11 analysis interaction plot - Loop antenna
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Figure 125: Dynamic type I11 analysis interaction plots - Meander antenna

The Pareto charts indicate that the angle significantly changes the number of un-programmed tags
for both the Loop and Meander antenna types. These results align with the f-statistic and p-
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values discussed on page 136. The air gap is only significantly for the Meander antenna because
of the wide range at the 5 mm air gap.

Pareto Chart of the Standardized Effects
(response is un-programmed, Alpha = 0.05)
2.056
| Factor Name
A Linear Speed
B air gap
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£
= B -
2
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Figure 126: Dynamic Type I11 analysis - Loop Antenna
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Figure 127: Dynamic type 111 analysis Pareto Chart - Meander antenna
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The residual charts indicate the Loop antenna fits the linear model better than the Meander. This
is due to the unstable programming environments at the 5 mm air gap. The histograms between
each antenna type clearly show the difference.
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Figure 128: Dynamic type I11 analysis Residual plots - Loop antenna
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Figure 129: Dynamic type I11 analysis Residual Plots - Meander antenna

10.5.4.4 Dynamic Type IV analysis

The Type 111 analysis consisted of 30 analyses where 1 test was performed for each linear speed
per air gap per antenna type. 5 tests per air gap and antenna type, where 15 were performed for
the loop and 15 were performed for the meander. The response variable was the linear distance
and number of un-programmed tags.

The purpose of the analysis was to determine the location where the successful write events
occurred during the programming process. The linear distance is referenced from the center of
the antenna location. The programming location is useful to know in relation to the antenna
location because it indicates how much time is remaining after the successful write event.

The extra time can be used to performed additional operations to the tag. Examples of addition
operations are:

> Read and / or write to tags larger than 96 bit EPC memory,

» Access the extended memory,

» And password lock.

The programming location also indicates if the tags are successfully programmed at the beginning
of the programming window or at the end. It desired that tag be programmed at the beginning of
the programming window. This is important because if the tag is programmed early in the
process the potential of an un-programmed tag passing through the system is reduced. This is
because if the first attempts are unsuccessful then there is time for additional attempts. If the tags
are not programmed until the end of the programming window then the potential of an un-
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programmed tag passing through the system is increases. This is due to the fact there are few to
zero attempts if the programming is unsuccessful.

The figure below is from the Dogbone — Loop dynamic test at 9 cmps. Two tests of the thirty are
shown to represent the successful write events occurring before the antenna (blue) and one
representing the successful events occurring after the antenna (right). 1 indicates a successful
write and O indicates an unsuccessful write.

Successful Program vs. Linear Position

I U Y1
RN
[ Y
A W/ I

-20 -15 -10 -5 0 5 10 15 20
Linear Position

Figure 130: Successful program vs. Linear Position (9cmps)

The figure below is from the Dogbone — Loop dynamic test at 31 cmps. Two tests of the thirty
are shown to represent the successful write events occurring before the antenna (blue) and one
representing the successful events occurring after the antenna (right). 1 indicates a successful
write and 0 indicates an unsuccessful write.

The red test had only one successful write event occurring at the last possible attempt. This is an

issue because the tag was close to passing through the system un-programmed. Also, there is no
time for additional operations to the tag.
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Successful Program vs. Linear Position
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Figure 131: Successful program vs. Linear Position (31cmps)

1055 Dynamic Conclusion by analysis type

Analysis Type |

The Type | analysis consisted of six analysis where 3 test were performed for the Loop antenna
and 3 tests were performed for the Meander antenna. Each individual air gap per antenna type
was analyzed individually. The programming error was the response variable.

>
>
>
>

>

The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

The linear velocity was most significant at the 25 mm air gap for the Loop antenna and
most significant at the 5 mm air gap for the Meander antenna.

There was no significant variation between blocks in all Dogbone Loop and Meander
programming environments.

The interaction between the linear velocity and blocks was only significant in the Loop
50 mm air gap programming environment. This is due to the blocks F statistic value is
the highest compared to the other F-statistic values, which is close to the cut-off value.
The statistical analyses match the expected results.

Dogbone — Loop Environment Inferences

>

At the 5 mm air gap, as the linear velocity increases the programming error increases
from 9 cmps to 22 cmps. Then the programming error decreases from 22 cmps to 27
cmps.

At the 25 mm air gap, as the linear velocity increases the programming error increases
except at the 27 cmps.

At the 50 mm air gap, as the linear velocity increases the programming error increase.
The block data indicates that outliers exist at one or two blocks during the testing. These
outliers could be the root cause of the exception at the 25 mm air gap — 27 cmps. The
overall trend indicates that the programming error should increase. Repeating block 9
and 10 could possibly change the outcome.
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>

See figures 108 and 109 for supporting data results

Dogbone — Loop Environment Inferences

>

>

>

>

Programming error is similar at 5 mm and 25 mm air gaps and then increases at the 25
mm air gap.

As the linear velocity increases the programming error increases from 9 cmps to 22 cmps.
Then the programming error decreases from 22 cmps to 27 cmps.

Air gap and linear velocity significantly change the programming error. The interaction
between the air gap and linear velocity does not significantly change the programming
error.

See Figures 112 and 113 for supporting data results

Dogbone — Meander Environment Inferences

>

The programming error is highest at the 5 mm air gap.

The linear velocity programming error is comparable at the 9, 22, and 27 cmps linear
velocities.

Air gap and linear velocity significantly change the programming error. The interaction
between the air gap and linear velocity does not significantly change the programming
error.

See Figures 114 and 115 for supporting data results

Analysis Type 11

The Type Il analysis consisted of two analyses where 1 test was performed for the Loop antenna
and 1 test was performed for the Meander antenna. Three air gaps were analyzed together per
each antenna type. The programming error was the response variable

>

>
>
>

The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

The linear velocity was most significant at the 25 mm air gap for the Loop antenna and
most significant at the 5 mm air gap for the Meander antenna.

There was no significant variation between blocks in all Dogbone Loop and Meander
programming environments.

The interaction between the linear velocity and blocks was only significant in the Loop
50 mm air gap programming environment. This is due to the blocks F statistic value is
the highest compared to the other F-statistic values, which is close to the cut-off value.

Dogbone — Loop Environment Inferences

>

>

>

>

Programming error is similar at 5 mm and 25 mm air gaps and then increases at the 25
mm air gap.

As the linear velocity increases the programming error increases from 9 cmps to 22 cmps.
Then the programming error decreases from 22 cmps to 27 cmps.

Air gap and linear velocity significantly change the programming error. The interaction
between the air gap and linear velocity does not significantly change the programming
error.

See Figures 112 and 113 for supporting data results

Dogbone — Meander Environment Inferences
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» The programming error is highest at the 5 mm air gap.

» The linear velocity programming error is comparable at the 9, 22, and 27 cmps linear
velocities.

> Air gap and linear velocity significantly change the programming error. The interaction
between the air gap and linear velocity does not significantly change the programming
error.

» See Figures 114 and 115 for supporting data results

Analysis Type 111

The Type I analysis consisted of a total of two analyses where all three air gaps were analyzed
together per each antenna type, 1 for the Loop antenna and 1 for the Meander antenna. The
percent of un-programmed tags was the response variable.

» The linear velocity programming factor was significant in changing the programming
error in all Dogbone Loop and Meander programming environments.

» The linear velocity was most significant at the 25 mm air gap for the Loop antenna and
most significant at the 5 mm air gap for the Meander antenna.

» There was no significant variation between blocks in all Dogbone Loop and Meander
programming environments.

> The interaction between the linear velocity and blocks was only significant in the Loop
50 mm air gap programming environment. This is due to the blocks F statistic value is
the highest compared to the other F-statistic values, which is close to the cut-off value.

From the main effects plots (figure 117 and 118) it is clear that linear velocity has a direct affect
on the number of un-programmed tags that pass through the system. This is directly related to the
reduced number of tag programming events as the linear velocity increases (see table 35).

Both analyses indicate that the optimal air gap occurs at the 25 mm air gap. The reason the 25
mm air is optimal is because of two factors: 1) length of programming window and 2) field
strength. The 25 mm air gap has an improved length of programming window compared to the 5
mm air gap. Also, the 25 mm air gap has an improved field strength compared to the 50 mm air

gap.

The interaction plots (figure 119 and 120) for both antennas analysis continue to indicate that the
25 mm air gap the optimal air gap tested. What is interesting is that at the 25 mm air gap tags can
move at higher linear velocities and have minimal negative impact when compared to both the 5
and 50 mm air gaps. The Meander has little to no negative impact between 18-31 cmps.

Analysis Type IV

The Type Il analysis consisted of 30 analyses where 1 test was performed for each linear speed
per air gap per antenna type. 5 tests per air gap and antenna type, where 15 were performed for
the loop and 15 were performed for the meander. The response variable was the linear distance
and number of un-programmed tags.

The programming location also indicates if the tags are successfully programmed at the beginning
of the programming window or at the end. It desired that tag be programmed at the beginning of
the programming window. This is important because if the tag is programmed early in the
process the potential of an un-programmed tag passing through the system is reduced. This is
because if the first attempts are unsuccessful then there is time for additional attempts. If the tags
are not programmed until the end of the programming window then the potential of an un-
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programmed tag passing through the system is increases. This is due to the fact there are few to
zero attempts if the programming is unsuccessful.

10.5.6 Recommended next Steps

The recommended next steps are based upon the dynamic results:

» Optimal Air gap: Conduct additional tests on both sides of the 25 mm air gap to
determine where the optimal air gap range is. The current results only say that 5 and 50
mm are not as good.

» Number Programming events: Additional testing should be tested with readers that have
better performance specs, such as faster read and write times. The Thingmagic M5e (4x)
and M6e (7.5x) both have faster performance specs than the Skyetek M9. Below are the
tag singulation performance

o Skyetek 50 tags per second
o Thingmagic M5e 200 tags per second
o Thingmagic M6e 750 tags per second
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11Conclusion

The overall test plan was designed to lay the foundation to understand the key factors that affect
tag programming in the static environment. The first test was lengthy due to 960 degrees of
freedom, but proved lay a solid foundation for the subsequent testing. Also, the test results
helped eliminate many degrees of freedom and narrow the focus of the testing. The results
indicated which programming environments were significant in changing the programming error.
For example, the 100 mm air gap, Alien Squigg tag type and seven of eight angels were
eliminated. This reduced the degrees of freedom of the air gaps from 4 to 3, the tag type from 3 to
2 and angles from 8 to 1.

With the reduced degrees of freedom and narrowed focus the static offset focused on the optimal
tag programming angle for each tag type. Linear offset distance was introduced as a degree of
freedom. The purpose of the testing was to define the length of the programming window
independent of linear speed. This was important to understand when the tag entered and exited
the RF programming field.

The static write results indicated that the Loop antenna type had the largest programming window
at all three air gaps. The interested observations were that a programming “hole” appeared at 0
mm, directly under the antenna, at 25 and 50 mm air gaps. Further testing is required to
determine where the boundary occurs. It is believed the root cause of the programming “hole” is
due to the two different near field regions: reactive and radiative. The 5 mm air gap is believed to
be in the reactive near field region where conductive coupling is used to program tags. The 25
mm air gap is believed to be in the radiative near field region where electromagnetic coupling is
used to program tags.

Empirical testing is the best method to determine where the boundary exists between the 5 and 25
mm air gaps. Calculations predict that the boundary should occur between 15-20 mm.

The Meander had a 4 times smaller programming window when compared to the Loop antenna.
The 5 mm air gap was nonexistent, the 25 mm air gap was the optimal air gap and the 50 mm was
minimal.

The Skyetek was the worst performer at all air gaps. The only programming window occurred at
the 5 mm air gap and was 2 cm long. Because of the poor performance, the Skyetek loop antenna
was dropped from the testing.

With the length of the programming window defined independent of speed, dynamic testing was
the next subsequent test. The dynamic testing was the last test in the test suite and was designed
to confirm all testing up to that point. The previous testing confirmed the optimal tag type
(Dogbone), programming angle (270 degrees), and power level (one per air gap).

The dynamic testing was analysis differently. 5 linear speeds were tested at three different air
gaps and two antennas. The linear speed was significant at all three air gaps and both antennas.
The variation between blocks was not significant. This was analyzed again since the dynamic
data was collected differently. The data was repeatable and subsequent testing could be trusted.

Both air gap and linear velocity was significant for all air gaps together for both antennas. As the

linear velocity increases the number of possible programming attempts decreases; therefore, this
lead to lower programming performance for both antenna types. The air gap was less obvious.
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Each antenna type has one air gap that the performance was lower. The Loop experienced the
lowest performance at the 50 mm air gap and the Meander experienced the lowest performance at
the 5 mm air gap.

The programming location also indicates if the tags are successfully programmed at the beginning
of the programming window or at the end. It desired that tag be programmed at the beginning of
the programming window. This is important because if the tag is programmed early in the
process the potential of an un-programmed tag passing through the system is reduced. This is
because if the first attempts are unsuccessful then there is time for additional attempts. If the tags
are not programmed until the end of the programming window then the potential of an un-
programmed tag passing through the system is increases. This is due to the fact there are few to
zero attempts if the programming is unsuccessful.

Both antenna types performed their best at the 25 mm air gap. The most interesting finding was
that as the linear velocity increased the negative impact became minimal. This indicates that the
programming system efficiency could be increased by higher linear velocities with minimal
negative impact on programming performance.

11.1Recommended Programming Environment

The optimal programming environment out of 960 possible programming environments is the
following:

» Tag Type Dogbone

» Programming angle 90° or 270°

> Air Gap 25 mm

> Power level 27 dBm

» Linear Speed 9 cmps (0 un-programmed tags)

31 cmps (most efficient with minimal negative impact on
programming performance)

11.2Recommended Next Steps to expound upon this research
data set

Below are the recommended next steps based upon the questions formed from the results.

The recommended next steps are based upon the static read and static write test results
» Conduct the rANOVA testing for the 25 and 50 mm air gaps (same as the 5 mm air gap).
This will confirm that all possible programming environments are repeatable.

The recommended next steps are based upon the static offset results:

» Dogbone — Loop: A “blind spot” at the nominal location was observed at air gaps larger
than 5 mm. The root cause of the “blind spot” needs to be investigated. Also, a more
accurate location where the “blind spot” begins would help answer if it is dependent upon
near field type (i.e. reactive or radiative.

» Dogbone — Loop: The trend where the programming error increases as the power level
increases is broken at the 50 mm air gap. A more accurate location where this occurs
would be useful with respect to designing an optimal programming environment.

» Dogbone — Meander: The optimal programming window occurred at the 25 mm air gap.
The upper and lower boundaries for the optimal programming window need to be
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defined. The results would allow an air gap range in which to produce a optimal
programming window.

The recommended next steps are based upon the dynamic results:

> Optimal Air gap: Conduct additional tests on both sides of the 25 mm air gap to
determine where the optimal air gap range is. The current results only say that 5 and 50
mm are not as good.

» Number Programming events: Additional testing should be tested with readers that have
better performance specs, such as faster read and write times. The Thingmagic M5e (4x)
and M6e (7.5x) both have faster performance specs than the Skyetek M9. Below are the
tag singulation performance

o Skyetek 50 tags per second
o Thingmagic M5e 200 tags per second
o Thingmagic M6e 750 tags per second

The recommended next steps are based upon improving the LexSlidel test fixture:

» Improve antenna mount design to hold antenna constantly parallel to the tag. Current
design had issues of maintaining parallelism with the tag.

» Add fine adjustment functionality to the air gap and tag programming angle. Current the
air gap sensitivity is 5mm and the angle is 45 degrees. Increased sensitivity would allow
further investigation for areas of interest.

> Build a second LexSlide test fixture that would include a longer linear slide track, higher
tower and with Thingmagic readers.  This would allow testing both sides of the
programming window to define the end, faster speeds with faster readers, and higher air
gaps with more powerful readers.

11.3Recommended Next Steps for further testing

These are the next set of tests based upon the results from this research:
» Repeast small subsets of the previous testing with ThingMagic readers.
» Multi up — programming multiple tags simultaneously with the same data.
» Multi up — programming multiple tags simultaneously with different data.
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A. The First RFID Passive System

Radio frequency identification technology can be traced back to World War 1l and originates
from radar. In 1935 a Scottish physicist Sir Robert Alexander Watson —Watt discovered radar,
which the Germans, Japanese, Americans and British were all using. Radar was used to warn of
approaching planes that were many miles away. The problem was there was no way to identify
which planes belonged to the enemy and which were a country’s own pilots returning from a
mission.

The Germans discovered that if pilots would roll their planes as they approached base the radio
signal reflected back would also change. This crude method was used by the Germans and it
allowed the identification of which planes were friendly and which planes were foes. This is,
essentially, the first passive RFID system

The British, under Watson-Watt, developed the first active identify friend or foe (IFF) system. A
transmitter was placed in each British plane and it received signals from radar stations on the
ground. The plane transmitter broadcasted a signal back that identified the aircraft as friendly.
RFID works on this same basic concept. A signal is sent to the transponder, which wakes up and
either reflects back a signal (passive system) or broadcasts a signal (active system). [17]
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B. UHF RFID Applications Examples

There are numerous UHF RFID applications ranging across many industries throughout the
world. Below are a few examples from different industries to help provide solutions that are used

today.

It is worth noting that for each instance, different types and sizes of RFID tagged forms

are being deployed.

>

Shipping & Tracking — RFID technology has allowed products to be tracked from the
manufacturer to the customer. When the finished or replacement goods are transferred
from destination to destination, each product can be tracked immediately. This is
completed by RFID tags embedded in the pallets and they are scanned when they leave
and enter the trucks and warehouses. In a few seconds, each item’s manufacturer,
product and serial number are sent to the retailer’s inventory system along with the item’s
location and time of delivery.

Manufacturing — The automotive industry has used RFID technology to streamline their
manufacturing process. They have successfully implemented the technology by
embedding tags into parts and then scan the tag throughout the production line. This
allows the manufacturer to identify the stage of the work in process (WIP) very quickly,
report any problems, and tell if the process is on schedule. The part numbers are tracked
to ensure “just-in-time” production efficiencies from the part vendors in the supply chain.
The real-time information gives the parts supplier’s information where their shipments
can be modified to meet the automobile manufacturer’s production goals.

Document Tracking — Many different industries requires document tracking. Medical,
legal and government are a few examples. Critical documents can be embedded with an
RFID tag so the document can be tracked every time it is moved. RFID portals read the
document as is passes through it and it will be prompted to check and verity if the person
has the required credentials to move the document. If the building infrastructure is
equipped with RFID portals the document can be tracked as it moves and the location and
past movement can easily be checked. The embedded tag allows the complete history of
all its users to be recalled along with specific dates and all the locations where the
document has been.

Part Usage History — The construction industry uses RFID tags to track their large parts.
This is beneficial because maintenance and replacement of parts is critical for safety and
cost. The tag that is located on the part can track the location and maintenance history.
This information can be used to monitor the life cycle of the part, and can help determine
when it should be replaced.

Hospital Patient Tracking — When a patient is emitted to the hospital they will receive a
medical wrist band with an embedded RFID tag. The RFID enabled wrist band can
contain personal information, medical history and prescribed medication.  This
information can be used and updated real time as the patient is at the hospital. This type
of tracking and monitoring can ensure that the patient is sent to the correct operation or
recovery room, and that the appropriate medications and treatments are being
administered. This type of system reduced the number of death and injuries due to
mistaken IDs. Also, this results in fewer malpractice suits and lower costs for the
hospital.
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» Product Recalls — RFID technology provides both manufacturers and retailers with
highly detailed product information. The product information can include specific
manufacturing plant where a product was produced, the lot number, item number, color,
flavor, size, model version and other types of similar information. When a product recall
is announced, the RFID information can facilitate in the tracking and specific
identification of the reaming products. This can prevent from pulling all the
manufacturers’ products off the shelf. RFID speeds up the process of removing the
affected items from the distribution channel and allows retailers to safely continue selling
non-recalled versions of the manufacturers’ products that remain in their inventory.

» Theft — Theft is a drain on the retailer’s bottom line. A common method of theft is when
the consumer buys a product from a retailer at a discount and returns it to another retailer
for a higher price. This can be a loss of millions of dollars for retailers. RFID can
prevent this by tagging the items purchased. This allows the retailer to know if the item
was purchased from them or at a different retailer.
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C. Companies that have implemented UHF RFID systems

There are numerous UHF RFID applications ranging across many industries throughout the
world. Below are a few examples from different industries to help provide solutions that are used
today.

e The Coca-Cola Company (retail): The Coca-Cola Company has set out to revolutionize
their dispenser system by incorporating RFID technology into their machines. Their new
Freestyle drink dispenser offers more than 100 drink options in a single machine. The
machine utilizes RFID technology to identify 30 or more cartridges, determine the quality
of flavoring inside each, and transmit data back to Coca-Cola indicating which drinks are
being consumed, and when. [26]

e The Tavern Restaurant Group -The Pub (restaurants): The Pub has implemented RFID
technology to control and manage the delivery of draft beer. Each glycol -cooled line is
monitored by embedded RFID technology in the valve. The backroom server is
accessible via the Internet. They can monitor every ounce of beer going to every tap in
each restaurant 24/7 without being on site. [27]

The Pub also uses RFID embedded cards that they give to customers for use with self-
serve beer taps. The customer scans the card before filling their glass. The card tracks the
amount of beer consumed for payment and to ensure responsible consumption.

e Loves Travel Stops (retail): The company is testing a fuel management system that
enables the drivers to fuel up more efficiently, while also ensuring against fuel fraud.
Truck companies purchasing fuel at Love’s Travel Stops have their trucks equipped with
UHF RFID tags. This will allow the drivers to fuel up without scanning ID cards or
entering data into a keypad. The advantage, for both drivers and their companies, is that
this will not only speed up the fuelling process (by eliminating the need for ID cards), but
also ensure against fuel fraud — a practice by which the fuel company drivers sells to
another driver at the fueling station, at the firms expense. [28]

¢ Hanmi Pharmaceutical (pharmaceutical): The company adopted RFID to gain greater
inventory visibility in pharmacies and to improve circulation throughout their supply
chain. RFID has also improved health safety throughout South Korea by enabling
efficient product recalls and counterfeit prevention. [29]

e Agricultural Bank of China (banking): The bank embeds tags into each money bag to
minimize security risks and enhance reliability. RFID technology allows the money
circulating through the banking system to be readily traced. The tag provides bag
contents, status, location, and personnel who handled the bag. [30]
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D. DOE 273 factorial

A DOE was conducted with three programming factors: Power Level (A), air gap (B) and angle

().
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Figure D1: Static Read ANOVA for Dogbone and Slim Line
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E. Static Write Data

Dogbone-Loop
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Figure E1: Static Offset Dogbone--Loop Pareto and residual charts
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Dogbone — Skyetek
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Figure E2: Static Offset Dogbone--Skyetek Pareto and residual charts
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F. Static Offset Data
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Figure F2: Static offset Slim Line summary
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Dogbone — Meander
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G. Glossary of Terms

Active tag: An RFID tag that has a transmitter to send back information, rather
than reflecting back a signal from the reader, as a passive tag does. Most active
tags use a battery to transmit a signal to a reader. However, some tags can
gather energy from other sources. Active tags can be read from 300 feet (100
meters) or more, but they're expensive (typically more than US$20 each). They're
used for tracking expensive items over long ranges. For instance, the U.S.
military uses active tags to track containers of supplies arriving in ports.

Addressability: The ability to write data to different fields, or blocks of memory,
in the microchip in an RFID transponder.

Agile reader: A generic term that usual refers to an RFID reader that can read
tags operating at different frequencies or using different methods of
communication between the tags and readers.

Air interface protocol: The rules that govern how tags and readers
communicate.

Alignment: See Orientation.

Amplitude: The maximum absolute value of a periodic curve measured along its
vertical axis (the height of a wave, in layman's terms).

Amplitude modulation: . Changing the amplitude of a radio wave. A higher wave
is interpreted as a 1 and a normal wave is interpreted as a zero. By changing the
wave, the RFID tag can communicate a string of binary digits to the reader.
Computers can interpret these digits as digital information. The method of
changing the amplitude is known as amplitude shift keying, or ASK.

Antenna: The tag antenna is the conductive element that enables the tag to send
and receive data. Passive, low- (135 kHz) and high-frequency (13.56 MHz) tags
usually have a coiled antenna that couples with the coiled antenna of the reader
to form a magnetic field. UHF tag antennas can be a variety of shapes. Readers
also have antennas which are used to emit radio waves. The RF energy from the
reader antenna is "harvested" by the antenna and used to power up the
microchip, which then changes the electrical load on the antenna to reflect back
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its own signals.

Antenna gain: In technical terms, the gain is the ratio of the power required at
the input of a loss-free reference antenna to the power supplied to the input of
the given antenna to produce, in a given direction, the same field strength at the
same distance. Antenna gain is usually expressed in decibels and the higher the
gain the more powerful the energy output. Antennas with higher gain will be
able to read tags from farther away.

Anti-collision: A general term used to cover methods of preventing radio waves
from one device from interfering with radio waves from another. Anti-collision
algorithms are also used to read more than one tag in the same reader's field.

Auto-ID Center: A non-profit collaboration between private companies and
academia that pioneered the development of an Internet-like infrastructure for
tracking goods globally through the use of RFID tags.

Automatic Identification:A broad term that covers methods of collecting data
and entering it directly into computer systems without human involvement.
Technologies normally considered part of auto-ID include bar codes,
biometrics, RFID and voice recognition.

Backscatter: A method of communication between passive tags (ones that do
not use batteries to broadcast a signal) and readers. RFID tags using backscatter
technology reflect back to the reader radio waves from a reader, usually at the
same carrier frequency. The reflected signal is modulated to transmit data.

Bar code: A standard method of identifying the manufacturer and product
category of a particular item. The barcode was adopted in the 1970s because
the bars were easier for machines to read than optical characters. Barcodes’
main drawbacks are they don’t identify unique items and scanners have to have
line of sight to read them.

Battery-assisted tag: These are RFID tags with batteries, but they communicate
using the same backscatter technique as passive tags (tags with no battery).
They use the battery to run the circuitry on the microchip and sometimes an
onboard sensor. They have a longer read range than a regular passive tag
because all of the energy gathered from the reader can be reflected back to the
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reader. They are sometimes called "semi-passive RFID tags."

Carrier frequency: The main frequency of a transmitter, or RFID reader, such as
915 MHz. The frequency is then changed, or modulated, to transmit
information.

Checksum: A code added to the contents of a block of data stored on an RFID
microchip that can be checked before and after data is transmitted from the tag
to the reader to determine whether the data has been corrupted or lost.

The cyclic redundancy check is one form of checksum.

Chipless RFID tag: An RFID tag that doesn't depend on a silicon microchip. Some
chipless tags use plastic or conductive polymers instead of silicon-based
microchips. Other chipless tags use materials that reflect back a portion of the
radio waves beamed at them. A computer takes a snapshot of the waves
beamed back and uses it like a fingerprint to identify the object with the tag.
Companies are experimenting with embedding RF reflecting fibers in paper to
prevent unauthorized photocopying of certain documents. Chipless tags that
use embedded fibers have one drawback for supply chain uses—only one tag
can be read at a time.

Circular-polarized antenna: A UHF reader antenna that emits radio waves in a
circular pattern. These antennas are used in situations where the orientation of
the tag to the reader cannot be controlled. Since the waves are moving in a
circular pattern, they have a better chance of hitting the antenna, but circular-
polarized antennas have a shorter read range than linear-polarized antennas.

Closed-loop systems: RFID tracking systems set up within a company. Since the
tracked item never leaves the company's control, it does not need to worry
about using technology based on open standards.

Commissioning a tag: This term is sometime used to refer to the process of
writing a serial number to a tag (or programming a tag) and associating that
number with the product it is put on in a database.

Concentrator: A device connected to several RFID readers to gather data from
the readers. The concentrator usually performs some filtering and then passes
only useful information from the readers on to a host computer.
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Contactless smart card: An awkward name for a credit card or loyalty card that
contains an RFID chip to transmit information to a reader without having to be
swiped through a reader. Such cards can speed checkout, providing consumers
with more convenience.

Coupling: See inductive coupling

Cyclic redundancy check (CRC): A method of checking data stored on an RFID
tag to be sure that it hasn't been corrupted or some of it lost. (See Checksum.)

Data transfer rate: The number of characters that can be transferred from an
RFID tag to a reader within a given time. Baud rates are also used to quantify
how fast readers can read the information on the RFID tag. This differs from
read rate, which refers to how many tags can be read within a given period of
time.

Data field: An area of memory on an RFID microchips that is assigned to a
particular type of information. Data fields may be protected (see below) or they
may be written over, so a data field might contain information about where an
item should be sent to. When the destination changes, the new information is
written to the data field.

Data field protection: The ability to prevent data stored in a specific area of
memory of an RFID microchip from being overwritten. Companies might want to
protect the data field that stores an Electronic Product Code, which doesn't
change during the life of the product it's associated with.

Decibel (dB): A measure of the gain of an antenna.

De-tune: UHF antennas are tuned to receive RFID waves of a certain length from
a reader, just as the tuner on the radio in a car changes the antenna to receive
signals of different frequencies. When UHF antenna is close to metal or metallic

material, the antenna can be detuned, resulting in poor performance.

Die: The silicon block onto which circuits have been etched to create a
microchip.
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Duplex: A channel capable of transmitting data in both directions at the same
time. (Half duplex is a channel capable of transmitting data in both directions,
but not simultaneously.)

Duty cycle: The length of time the reader can be emitting energy. Regulations in
the European Union say readers can be on only 10 percent of the time.

EEPROM (Electrically Erasable Programmable Read-Only Memory): A method of
storing data on microchips. Usually bytes can be erased and reprogrammed
individually. RFID tags that use EEPROM are more expensive than factory
programmed tags, where the number is written into the silicon when the chip is
made, but they offer more flexibility because the end user can write an ID
number to the tag at the time the tag is going to be used.

Effective isotropic radiated power (EIRP): A measurement of the output of RFID
reader antennas used in the United States and elsewhere. EIRP is usually
expressed in watts.

Effective radiated power (ERP): A measurement of the output of RFID reader
antennas used in Europe and elsewhere. ERP is usually expressed in watts and is
not the same as EIRP.

Electromagnetic interferance (EMI): Interference caused when the radio waves of
one device distort the waves of another. Cells phones, wireless computers and
even robots in factories can produce radio waves that interfere with RFID tags.

Electronic article surveillance (EAS): Simple electronic tags that can be turned on
or off. When an item is purchased (or borrowed from a library), the tag is turned
off. When someone passes a gate area holding an item with a tag that hasn't
been turned off, an alarm sounds. EAS tags are embedded in the packaging of
most pharmaceuticals. They can be RF-based, or acousto-magnetic.

Electronic Product Code: (EPC): A serial, created by the Auto-ID Center, that will
complement barcodes. The EPC has digits to identify the manufacturer, product
category and the individual item.

EPC Discovery Service: An EPCglobal Network service that allows companies to
search for every reader that has read a particular EPC tag.
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EPCglobal: A non-profit organization set up the Uniform Code Council and EAN
International, the two organizations that maintain barcode standards, to
commercialize EPC technology. EPCglobal is made up of chapters in different
countries and regions. It is commercializing the technology originally developed
by the Auto-ID Center.

EPC Information Service: Part of the EPC Network. The EPC Information Service is
a network infrastructure that enables companies to store data associated with
EPCs in secure databases on the Web. The EPC Information Service will enable
companies to provide different levels of access to data to different groups.
Some information associated with an EPC might be available to everyone. Other
information might be available only to a manufacturer's retail customers. The
service also includes a number of applications, such as the EPC Discovery
Service.

EPCglobal Network (or EPC Network): The Internet-based technologies and
services that enable companies to retrieve data associated with EPCs. The
network infrastructure includes the Object Name Service, distributed middleware
(sometimes called Savants), the EPC Information Service and Physical Markup
Language.

Error correcting code: A code stored on an RFID tag to enable the reader to
figure out the value of missing or garbled bits of data. It's needed because a
reader might misinterpret some data from the tag and think a Rolex watch is
actually a pair of socks.

Error correcting mode: A mode of data transmission between the tag and reader
in which errors or missing data is automatically corrected.

Error correcting protocol: A set of rules used by readers to interpret data
correctly from the tag.

European Article Numbering (EAN): The bar code standard used throughout
Europe, Asia and South America. It is administered by EAN International.

Excite: The reader is said to "excite" a passive tag when the reader transmits RF
energy to wake up the tag and enable it to transmit back.
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eXtensible markup language (XML): A widely accepted way of sharing
information over the Internet in a way that computers can use, regardless of
their operating system.

European Telecommunications Standards Institute (ETSI): The European Union
body that recommends standards for adoption by member countries.

Factory programming: Some read-only have to have their identification number
written into the silicon microchip at the time the chip is made. The process of
writing the number into the chip is called factory programming. This data can't
be written over or chagned.

Far-field communication: RFID reader antennas emit electromagnetic radiation
(radio waves). If an RFID tag is outside of one full wavelength of the reader, it is
said to be in the "far field." If it is within one full wavelength away, it is said to
be in the "near field." The far field signal decays as the square of the distance
from the antenna, while the near field signal decays as the cube of distance
from the antenna. So passive RFID systems that rely on far field communications
(typically UHF and microwave systems) have a longer read range than those that
use near field communications (typically low- and high-frequency systems).

Field programming: Tags that use EEPROM, or non-volatile memory, can be
programmed after it is shipped from the factory. That is, users can write data to
the tag when it is placed on a product.

Fluidic Self-Assembly: A manufacturing process, patented by Alien Technology.
It involves flowing tiny microchips in a special fluid over a base with holes
shaped to catch the chips. The process is designed to mass assemble billions of
RFID tags at very low cost.

Frequency: The number of repetitions of a complete wave within one second. 1
Hz equals one complete waveform in one second. 1KHz equals 1,000 waves in a
second. RFID tags use low, high, ultra-high and microwave frequencies. Each
frequency has advantages and disadvantages that make them more suitable for
some applications than for others.

Frequency hopping: A technique used to prevent readers from interfering with
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one another. In the United States, UHF RFID readers actually operate between
902 and 928 MHz, even though it is said that they operate at 915 MHz. The
readers may jump randomly or in a programmed sequence to any frequency
between 902 MHz and 928 MHz. If the band is wide enough, the chances of two
readers operating at exactly the same frequency is small. The UHF bands in
Europe and Japan are much smaller so this technique is not effective for
preventing reader interference.

Gain: See Antenna gain.

GTAG (Global Tag): A standardization initiative of the Uniform Code Council
(UCC) and the European Article Numbering Association (EAN) for asset tracking
and logistics based on radio frequency identification (RFID). The GTAG initiative
was supported by Philips Semiconductors, Intermec, and Gemplus, three major
RFID tag makers. But it was superceded by the Electronic Product Code.

Harvesting: A term sometimes used to describe the way passive tags gather
energy from an RFID reader antenna.

High-frequency: From 3 MHz to 30 MHz. HF RFID tags typically operate at 13.56
MHz. They typically can be read from less than 3 feet away and transmit data
faster than low-frequency tags. But they consume more power than low-
frequency tags.

Inductive coupling: A method of transmitting data between tags and readers in
which the antenna from the reader picks up changes in the tag’s antenna.

Industrial, Scientific, and Medical (ISM) bands: A group of unlicensed frequencies
of the electromagnetic spectrum.

Inlay: An RFID microchip attached to an antenna and mounted on a substrate.
Inlays are essentially unfinished RFID labels. They are usually sold to label
converters who turn them into smart labels.

Integrated circuit (IC): A microelectronic semiconductor device comprising many
interconnected transistors and other components. Most RFID tags have ICs.

Input/output (I/O): Ports on a reader. Users can connect devices, such as an
electronic eye to the input port so that when an object breaks the beam of the
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electronic eye the reader begins reading. Devices can also be connected to an
output part, so that when a tag is read, a conveyor is turned on or a dock door
opened.

Interrogator: See Reader.

Licence plate: This term generally applies to a simple RFID that has only a serial
number that is associated with information in a database. The Auto-ID
Center promoted the concept as a way to simplify the tag and reduce the cost.

Linear-polarized antenna: A UHF antenna that focuses the radio energy from the
reader in a narrow beam. This increases the read distance possible and provides
greater penetration through dense materials. Tags designed to be used with a
linear polarized reader antenna must be aligned with the reader antenna in
order to be read.

Low-frequency: From 30 kHz to 300 kHz. Low-frequency tags typical operate at
125 kHz or 134 kHz. The main disadvantages of low-frequency tags are they
have to be read from within three feet and the rate of data transfer is slow. But
they are less subject to interference than UHF tags.

Memory: The amount of data that can be stored on the microchip in an RFID tag.

Memory block: Memory on the microchip in an RFID tag is usually divided into
sections, which can be read or written to individually. Some blocks might be
locked, so data can't be overwritten, while others are not.

Microwave tags: A term that is some time used to refer to RFID tags that operate
at 5.8 GHz. They have very high transfer rates and can be read from as far as 30
feet away, but they use a lot of power and are expensive. (Some people refer to
any tag that operates above about 415 MHz as a microwave tag.)

Modulation: Changing the radio waves traveling between the reader and the
transponder in ways that enable the transmission of information. Waves be
changed in a variety of ways that can be picked up by the reader and turned into
the ones and zeroes of binary code. Waves can be made higher or lower
(amplitude modulation) or shifted forward (phase modulation).

The frequency can be varied (frequency modulation), or data can be contained in
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the duration of pulses (pulse-width modulation).

Multiple access schemes: Methods of increasing the amount of data that can be
transmitted wirelessly within the same frequency spectrum. Some RFID readers
use Time Division Multiple Access, or TDMA, meaning they read tags at different
times to avoid interfering with one another.

Multiplexer: An electronic device that allows a reader to have more than one
antenna. Each antenna scans the field in a preset order. This reduces the
number of readers needed to cover a given area, such as a dock door, and
prevents the antennas from interfering with one another.

NanoBlock: The term Alien Technology uses to describe its tiny microchips,
which are about the width of three human hairs.

Near-field communication: RFID reader antennas emit electromagnetic radiation
(radio waves). If an RFID tag is within full wavelength of the reader, it is said to
be in the "near field." If it is more than the distance of one full wavelength away,
it is said to be in the "far field." The near field signal decays as the cube of
distance from the antenna, while the far field signal decays as the square of the
distance from the antenna. So passive RFID systems that rely on near-field
communication (typically low- and high-frequency systems) have a shorter read
range than those that use far field communication

(UHF and microwave systems).

Noise: Unwanted ambient electrical signals or electromagnetic energy found in
the operating environment of RFID equipment. Noise can be caused by other RF
devices, robots, electric motors and other machines.

Nominal range: The read range at which the tag can be read reliably.

Null spot: Area in the reader field that doesn't receive radio waves. This is
essentially the reader's blind spot. It is a phenomenon common toUHF systems.

Object Name Service (ONS): An Auto-ID Center-designed system for looking up
unique Electronic Product Codes and pointing computers to information about
the item associated with the code. ONS is similar to the Domain Name Service,
which points computers to sites on the Internet.
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One-time programmable tag: Also called a field-programmable tag. An RFID tag
that can be written to once and read many times (seeWORM).

Orientation: The position of a tag antenna vis-a-vis a reader antenna.

With UHF systems, readers can be either circular-polarized or linear-polarized.
When using a linear polarized antenna, the tag reader and antenna reader must
be in alignment in order to achieve the longest reading distance. If that tag
antenna is aligned vertically and the reader is sending out signals horizontally,
only a small portion of the energy emitted by the reader will hit the tag antenna.

Passive tag: An RFID tag without a battery. When radio waves from

the reader reach the chip’s antenna, the energy is converted by the antenna into
electricity that can power up the microchip in the tag. The tag is able to send
back information stored on the chip. Today, simple passive tags cost from U.S.
20 cents to several dollars, depending on the amount of memory on the tag and
other features.

Patch antenna: A small square reader antenna made from a solid piece of metal
or foil.

Penetration: The ability of a particular radio frequency to pass through non-
metallic materials. Low-frequency systems have better penetration
than UHF systems.

Phantom read (also called a phantom transaction or false read): When a reader
reports the presence of a tag that doesn't exist.

Physical Markup Language (PML): An Auto-ID Center-designed method of
describing products in a way computers can understand. PML is based on the
widely accepted eXtensible Markup Language used to share data over the
Internet in a format all computers can use. The idea is to create a computer
language that companies can use to describe products so that computer can
search for, say, all "softdrinks" in inventory.

PML Server: A server that responds to requests for Physical Markup Language
(PML) files related to individual Electronic Product Codes. The PML files and
servers will be maintained by the manufacturer of the item. The name PML
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server has been replaced by EPC Information Service.

Power level: The amount of RF energy radiated from a reader or an active tag.
The higher the power output, the longer the read range, but most governments
regulate power levels to avoid interference with other devices.

Programming a tag: Writing data to an RFID tag. This is sometimes called
"commissioning a tag."

Protocol: A set of rules that govern communications systems. (See Air-interface
protocol.)

Proximity sensor: A device that detects the presence of an object and signals
another device. Proximity sensors are often used on manufacturing lines to alert
robots or routing devices on a conveyor to the presence of an object. They can
be used in RFID systems to turn on readers.

Radio Frequency Identification (RFID): A method of identifying unique items
using radio waves. Typically, a reader communicates with a tag, which holds
digital information in a microchip. But there are chipless forms of RFID tags that
use material to reflect back a portion of the radio waves beamed at them.

Range: See read range.

Read: The process of retrieving data stored on an RFID tag by sending radio
waves to the tag and converting the waves the tag sends back into data.

Reader: A device used to communicate with RFID tags. The reader has one or
more antennas, which emit radio waves and receive signals back from the tag.
The reader is also sometimes called an interrogator because it "interrogates" the
tag.

Reader (also called an interrogator): The reader communicates with the RFID tag
via radio waves and passes the information in digital form to a computer

system.

Reader field: The area of coverage. Tags outside the reader field do not receive

183


http://www.rfidjournal.com/site/glossary-of-terms#Anchor-EPC-35326
http://www.rfidjournal.com/site/glossary-of-terms#Anchor-Commissioning-37516
http://www.rfidjournal.com/site/glossary-of-terms#Anchor-Air-17304
http://www.rfidjournal.com/site/glossary-of-terms#Anchor-Air-17304
http://www.rfidjournal.com/site/glossary-of-terms#Anchor-Chipless-4711
http://www.rfidjournal.com/site/glossary-of-terms#Anchor-Read-49575

radio waves and can't be read.

Read-only tags: Tags that contain data that cannot be changed unless the
microchip is reprogrammed electronically.

Reader talks first: A means by which a passive UHF reader communicates with
tags in its read field. The reader sends energy to the tags but the tags sit idle
until the reader requests them to respond. The reader is able to find tags with
specific serial numbers by asking all tags with a serial number that starts with
either 1 or 0 to respond. If more than one responds, the reader might ask for all
tags with a serial number that starts with 01 to respond, and then 010. This is
called "walking" a binary tree, or "tree walking." (See Singulation.)

Read range: The distance from which a reader can communicate with a tag.
Active tags have a longer read range than passive tags because they use a
battery to transmit signals to the reader. With passive tags, the read range is
influenced by frequency, reader output power, antenna design, and method of
powering up the tag. Low frequency tags use inductive coupling (see above),
which requires the tag to be within a few feet of the reader.

Read rate: Often used to describe the number of tags that can be read within a
given period. The read rate can also mean the maximum rate at which data can
be read from a tag expressed in bits or bytes per second. (See Data transfer
rate.)

Read-write tag:an RFID tag that can store new information on its microchip.
These tags are often used on reusable containers and other assets. When the
contents of the container are changed, new information is written to the tag.
Read-write tags are more expensive than read-only tags.

RFID tag: A microchip attached to an antenna that is packaged in a way that it
can be applied to an object. The tag picks up signals from and sends signals to
a reader. The tag contains a unique serial number, but may have other
information, such as a customers' account number. Tags come in many forms,
such smart labels that can have a barcode printed on it, or the tag can simply be
mounted inside a carton or embedded in plastic. RFID tags can

be active, passive or semi-passive.
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Scanner: An electronic device that can send and receive radio waves. When
combined with a digital signal processor that turns the waves into bits of
information, the scanner is called a reader or interrogator.

Savants: Middleware created by the Auto-ID Center to filter data from EPC
readers and pass it on to enterprise systems. It was envisioned that Savants
would reside on servers across the EPC Network and pass data to one another
and act as a kind of nervous system for the network. The term is being phase
out by EPCglobal and many of the functions of Savants are being incorporated in
commercial middleware products.

Semi-passive tag: Similar to active tags, but the battery is used to run the
microchip's circuitry but not to broadcast a signal to the reader. Some semi-
passive tags sleep until they are woken up by a signal from the reader, which
conserves battery life. Semi-passive tags can cost a dollar or more. These tags
are sometimes called battery-assisted tags.

Sensor: A device that responds to a physical stimulus and produces an
electronic signal. Sensors are increasingly being combined with RFID tags to
detect the presence of a stimulus at an identifiable location.

Silent Commerce: This term covers all business solutions enabled by tagging,
tracking, sensing and other technologies, including RFID, which make everyday
objects intelligent and interactive. When combined with continuous and
pervasive Internet connectivity, they form a new infrastructure that enables
companies to collect data and deliver services without human interaction.

Signal attenuation: The weakening of RF energy from an RFID tag or reader.
Water absorbs UHF energy, causing signal attenuation.

Singulation: A means by which an RFID reader identifies a tag with a specific
serial number from a number of tags in its field. There are different methods of
singulation, but the most common is "tree walking", which involves asking all
tags with a serial number that starts with either a 1 or 0 to respond. If more
than one responds, the reader might ask for all tags with a serial number that
starts with 01 to respond, and then 010. It keeps doing this until it finds the tag
it is looking for. (See Reader talks first.)
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Smart label: A generic term that usually refers to a barcode label that contains
an RFID transponder. It's considered "smart" because it can store information,
such as a unique serial number, and communicate with a reader.

Smart cards: See Contactless smart cards.

SAW (Surface Acoustic Wave): A technology used for automatic identification in
which low power microwave radio frequency signals are converted to ultrasonic
acoustic signals by a piezoelectric crystalline material in the transponder.
Variations in the reflected signal can be used to provide a unique identity.

Synchronization: Timing readers or reader antennas near one another so that
they don't interfere with one another.

Tag: See RFID tag

Tag talks first: A means by which a reader in a passive UHF system identifies
tags in the field. When tags enter the reader's field, they immediately
communicate their presence by reflecting back a signal. This is useful when you
want to know everything that is passing a reader, such as when items are
moving quickly on a conveyor. In other cases, the reader wants to simply find
specific tags in a field, in which case it wants to broadcast a signal and have
only certain tags respond. (See Reader talks first.)

Time Division Multiple Access (TDMA): A method of solving the problem of the
signals of two readers colliding. Algorithms are used to make sure the readers
attempt to read tags at different times.

Transceiver: A device that both transmits and receives radio waves.

Transponder: A radio transmitter-receiver that is activated when it receives a
predetermined signal. RFID transponders come in many forms, including smart
labels, simple tags, smart cards and keychain fobs. RFID tags are sometimes
referred to as transponders.

Ultra-high frequency (UHF): From 300 MHz to 3 Ghz. Typically, RFID tags that
operate between 866 MHz to 960 MHz. They can send information faster and
farther than high- and low-frequency tags. But radio waves don’t pass through
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items with high water content, such as fruit, at these frequencies. UHF tags are
also more expensive than low-frequency tags, and they use more power.

Uniform Code Council (UCC): The nonprofit organization that overseas the
Uniform Product Code, the barcode standard used in North America.

Unique Identifier (UID): A serial number that identifies the transponder. The U.S.
Department of Defense has also developed an identification scheme called UID.

Universal Product Code (UPC): The barcode standard used in North America. It is
administered by the Uniform Code Council.

WORM: Write once, read many. A tag that can be written to only once by the
user. Thereafter, the tag can only be read.

Write rate: The rate at which information is transferred to a tag, written into the
tag's memory and verified as being correct.

XML: See eXtensible Markup Language.
XML Query Language (XQL): A method of searching a database based on the

extensible markup language (XML). Files created using the Auto-ID
Center’s Physical Markup Language can be searched using XQL.
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